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ABSTRACT 

The capability to conduct dynamic tensile testing of sheet steels was established 

and the influence of strain rate on strengthening mechanisms in sheet steels was 

investigated in this work. Several different automotive sheet steels were studied, 

including interstitial free (IF) steel, high strength low alloy (HSLA) steel, dual phase steel 

and transformation induced plasticity (TRIP) steel. 

A method was developed to acquire accurate load and strain data over the strain 

rate range from 0.001 s'' to 500 s"' using a servo-hydraulic tensile test machine. Tensile 

samples were instrumented with high-elongation strain gages to collect gage section 

strain information at all strain rates. At low strain rates (less than 10 s"'), a piezoelectric 

load washer was used to gather load data, while a strain gage movinted directly on the 

grip section of each tensile sample was used to collect load data for strain rates above 

10 s"*. These measurement techniques enabled creation of accurate stress-strain curves 

with the ability to distinguish yielding and strain hardening behavior for all strain rates. 

Stress-strain data for the entire range of strain rates were used to compare differences in 

material behavior with changing strain rate and to evaluate material suitability for high- 

rate applications. 

The tensile test methods developed were used to investigate the effects of strain 

rate on various strengthening mechanisms in sheet steels. IF steels with controlled 

variations in cold work, grain size and solid solution strengthening were obtained and 

samples tested over the strain rate range from 0.001 s"' to 500 s'\ It was found that cold 

work and grain size strengthening were essentially independent of strain rate, while solid 

solution strengthening was a strong function of strain rate. The strengthening increment 

due to solute addition diminished with increasing strain rate. The cold work and grain 

size results were predicted by considering increasing strain rate as analogous to 

decreasing temperature and using the concepts of thermal activation of dislocation 
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motion in BCC materials. The solid solution softening result was consistent with some 

empirical evidence of solute softening with decreasing temperature in iron alloys. 

The Zerilli-Armstrong constitutive model relating flow stress to temperature, 

strain rate, strain, and grain size was modified to include variables for cold work and 

solute additions. The model was found to provide good correlation with experimental 

data gathered on IF steels with variations in cold work, grain size and solute content. It is 

anticipated that this model may be applied to other sheet steels if the grain size, cold 

work, solute content, and quasi-static flow curve are known. 

The effects of strain rate on a TRIP steel with controlled variations in retained 

austenite stability were also examined, and it was found that the differences in flow 

behavior diminished with increasing strain rate. A comparison of the same TRIP steel 

with the other sheet steels studied revealed that the TRIP steel did not strengthen as much 

at high rates as some other low carbon steels. This difference was attributed to the 

reduction of transformation of retained austenite to martensite at high strain rates due to 

adiabatic heating. 
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CHAPTER 1 

INTRODUCTION 

The mechanical response of materials subjected to various strain rates is 

important for many applications ranging from metal forming operations to automobile 

collisions to military projectile effectiveness. To understand the mechanical properties 

under various strain rates requires test equipment capable of imposing those strain rates 

and measuring relevant quantities, such as load and deformation. 

High strength steels are designed for a range of applications and employ a 

combination of strengthening mechanisms, which may include cold work, grain size, 

dispersion, solid solution strengthening, strain aging and multiphase strengthening. 

Designing structures for use in high strain rate environments using high strength sheet 

steels requires knowledge of their mechanical properties over the range of strain rates 

they are expected to encounter. While any potential material could be tested over a range 

of strain rates, it would be more efficient to understand how the strengthening 

mechanisms used in the steel are affected by strain rate, and predict its high-rate 

properties accordingly. 

The two primary goals of this thesis program were to develop dynamic tensile test 

capability for sheet steels and to determine the effects of strain rate on various 

strengthening mechanisms used in sheet steels. The tests discussed in this thesis focus on 

acquiring tensile mechanical properties of sheet steels at strain rates ranging from "quasi- 

static" up to about 500 s'', with the primary industrial application being accurate property 

data for these steels to use in automobile crash simulations. Sheet steels designed to 

isolate various strengthening mechanisms including cold work, grain size and solid 

solution strengthening were tested over this strain rate range. Tensile properties were 

determined and analyzed with the goal of developing a model for predicting high-rate 

flow stress values based on quasi-static properties and microstructure. 



This thesis is divided into two major sections: 1) dynamic tensile testing of sheet 

steels and 2) effects of strain rate on selected strengthening mechanisms of importance in 

sheet steels. Background information and literature review for each major section are 

contained in Chapters two and three. Chapter four describes the experimental procedures 

used for all testing. Chapter five contains results and discussions of the dynamic tensile 

testing section and Chapter six covers resuhs and discussions for the strengthening 

mechanisms section. Chapter seven summarizes conclusions and recommendations for 

further work. 

A wide range of materials was used to conduct experiments to validate the 

dynamic tensile test procedures and to conduct the strengthening mechanisms 

experiments. A list of all the material designations along with each chemical 

composition is shown in Table 1.1. Table 1.2 lists sheet thickness and process history for 

each material, while Table 1.3 gives their quasi-static tensile properties. Figures 1.1 

through 1.6 show optical micrographs of each material. Table 1.4 lists the various tests 

conducted and the materials used for each test. 



Table 1.1:   Material designation and chemical composition (wt. pet.) for each material 
used in this thesis. "NR" means the element was not reported. "IF" indicates 
interstitial free steel, "ULC" indicates ultra-low carbon steel, "HSLA" 
indicates high strength low alloy steel, "DP" indicates dual phase steel and 
"TRIP" indicates transformation induced plasticity steel. 

Designation C Mn P Si Ti Nb Other 

IF-1 0.0038 0.17 0.003 0.002 0.072 NR 
0.0074S-0.06A1- 
0.0042N 

IF-2 0.0024 0.10 0.006 0.01 0.024 0.059 
O.013S-0.O5Cr- 
0.026AK0.003V 

IF-3 0.003 0.2 0.01 NR 0.05 NR 0.04 Al 

IF-4 0.004 0.9 0.09 NR 0.05 NR 0.04A1 

IF-5 0.008 1.42 0.009 0.220 0.128 NR 0.006S-0.016A1- 
0.0030N 

ULC-C 0.0056 0.520 0.032 0.221 0.002 0.012 0.008S-0.010Cr- 
0.081A1-0.0034N 

ULC-D 0.0054 0.550 0.034 0.254 0.003 0.014 
0.006S-0.050CU- 
0.020Ni-0.030Cr- 
0.077A1-0.0032N 

HSLA-1 0.050 0.390 0.011 0.016 0.006 0.029 0.008S-0.029Cr- 
0.039A1-0.001V 

HSLA-2 0.09 1.46 0.020 0.08 NR 0.045 O.OOIS 

HSLA-3 0.08 1.5 0.001 0.5 0.04 0.0017 0.04A1 

DP 0.088 1.00 0.010 0.31 NR NR 
0.006S-0.020Cr- 
0.53A1 

TRIP-1 0.18 1.5 0.009 1.9 NR 0.005 0.003 S 

TRIP-3 0.10 1.52 0.0016 1.48 NR NR 0.51CU-0.0036S- 
0.046A1 

11000-HOO 
copper 

— — ~ — ~ — 99.99% pure copper 



Table 1.2:   Sheet thickness and process history for each material in Table 1.1, 

Designation 
Sheet 

Thickness 
(mm) 

Process History 

IF-1 2.0-4.1 
Commercial Product: Heat treated to achieve various gram 
sizes ~ details contained in Table 4.14 (Section 4.8.1) 

IF-2 0.76 
Commercial Product: Pre-strained to various amounts - 
details contained in 
Section 4.6 

IF-3 1.42 Commercial Product: As-received 

IF-4 1.40 Commercial Product: As-received 

IF-5 1.99 
Commercial Product: Cold-rolled from 4.69 mm sheet and 
heat treated to achieve various grain sizes - details contained 
in Table 4.17 (Section 4.8.2) 

ULC-C 0.72 Commercial Product: As-received 
ULC-D 0.72 Commercial Product: As-received 
HSLA-1 1.6 Commercial Product: As-received 
HSLA-2 3.2 Commercial Product: As-received 
HSLA-3 .     1.2 Commercial Product: As-received 

DP 1.4 
Commercial Product: As-received, 15 volume percent 
martensite 

TRIP-1 2.7 Commercial Product: As-received 

TRIP-3 0.83 
Laboratory Produced: Heat-treated to achieve different 
stability levels of retained austenite ~ details contained in 
Section 4.9 

11000-HOO 3.2 Commercial Product: As-received 



Table 1.3:   Quasi-static tensile properties for each material in Table 1.1. The yield 
strength is given as the lower yield point for materials exhibiting yield point 
elongation and is the 0.2% offset stress for continuous-yielding materials. 

Designation 
Yield 

Strength 
(MPa) 

Tensile 
Strength 
(MPa) 

% Elongation 
(in 50.8 mm gage length 
unless otherwise noted) 

IF-1 
(as received) 

250 300 50% (25.4 mm gage length) 

IF-2 
(as received) 

135 290 42% 

IF-3 195 290 42% 

IF-4 240 335 36% 

IF-5 
(as received) 

380 485 40% 

ULC-C 380 405 21% (76 mm gage length) 

ULC-D 325 390 27% (76 mm gage length) 

HSLA-1 335 415 30% 

HSLA-2 530 600 20% 

HSLA-3 480 605 22% 

DP 330 600 25% 

TRIP-1 635 820 25% 

TRIP-3: LS 395 700 20% 

TRIP-3:HS 405 655 23% 

11000-HOO 80 235 50% 
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Figure 1.2:   Optical micrographs of IF steels, single phase ferrite, 2% nital etch. 
(a)IF-2. (b)IF-3. (c) lF-4. 



Figure 1.3:   Optical micrographs of IF-5 steel, single phase ferrite, 2% nital etch. 
(a) 10 ^m grains, (b) 14 ^im grains, (c) 36 ^im grains, (d) 130 pm grains. 
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Figure 1.4:   Optical micrographs of (a) ULC-C (single phase ferrite), (b) ULC-D (single 
phase ferrite) and (c) dual phase (light = ferrite, dark = martensite) steel. 
2% nital etch. 
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Figure 1.5:   Optical micrographs of HSLA steels. Light colored phase is ferrite and dark 
colored phase in pearlite. (a) HSLA-1, 2% nital etch, (b) HSLA-2, sodium 
metabisulfite etch, (c) HSLA-3, sodium metabisulfite etch. 



11 

Figure 1.6: Optical micrographs of TRIP steels, sodium metabisulfite etch. White phase 
is retained austenite, gray phase is ferrite and dark colored phases are bainite 
and/or martensite. (a)TRIP-l. (b)TRIP-3: LS. (c)TRIP-3: HS. 
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Table 1.4:    Materials used for each test conducted for this thesis. 

Thesis 
Section 

Test Conducted Material(s) Used 

4.1 
Development of High-Rate Machine 
Techniques 

HSLA-1, HSLA-3 and TRIP-1 

4.3 Data Reduction Techniques DP, IF-1 and TRIP-1 

5.1.1 
Screw-Driven & High-Rate Machine 
Comparison 

ULC-D and HSLA-1 

5.1.2 Tensile Sample Geometry Comparison 
HSLA-1, HSLA-2, TRIP-1, 
ULC-C, IF-1, IF-2 and IF-3 

5.1.3 
Low-Strain Accuracy of Stress-Strain 
Curve 

11000-HOO Cu, IF-1, HSLA-1 and 
ULC-D 

5.1.4 Repeatability              * HSLA-2 

5.2.1 Stress-Strain Curve Shapes HSLA-1, HSLA-2, DP and IF-1 

,  5.2.2 Strain Rate Sensitivity HSLA-2 and DP 

5.2.3 High Rate Application Comparison 
IF-1, IF-2, IF-3, DP, HSLA-1 and 
HSLA-2 

6.1 Cold Work Strengthening IF-2 
6.2 Solid Solution Strengthening IF-3, IF-4, HSLA-1 and HSLA-2 
6.3 Grain Size Strengthening IF-1 and IF-5 
6.6 Multiphase Strengthening: TRIP TRIP-3 
6.7 Multiphase Strengthening: DP &TRIP DP, TRIP-3 and HSLA-2 
6.8 IF Steel Constitutive Modeling IF-1, IF-2, IF-3 and IF-4 

6.9 HSLA Steel Constitutive Modeling HSLA-1 and HSLA-2 
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CHAPTER 2 

BACKGROUND INFORMATION: DYNAMIC TENSILE TESTING 

Many authors have attempted to classify behavior of materials as either "static" or 

"dynamic" with sub-classifications in each realm. An example of such divisions 

developed by M.A. Meyers is shown in Figure 2.1 [1 (p. 299)]. Meyers has established a 

strain rate of 5 s"' as a dividing value below which inertial forces are negligible and above 

which there is an "increasing influence of inertial forces due to wave propagation 

effects." Testing done for this thesis covers the range from "Quasi-Static" to "Dyamic- 

Low" as defined in Figure 2.1. This testing supports using the rate of 5 s'' as a separation 

point and tests run below this rate will be designated "low-rate" while tests run above 

5 s'' will be designated as "high-rate." 

2.1 High-Rate Tensile Testing Apparatus and Procedures 

Tensile testing is commonly used to provide mechanical property information for 

structural design. The capability to conduct tensile tests at strain rates up to 1 s'' has long 

been available through the use of screw-driven and, more recently, hydraulic-loading 

machines.   Very high strain rate (> 500 s"') compression testing has existed for over 50 

years through the use of split Hopkinson pressure bar (SHPB) techniques. A great deal of 

work has been done in recent decades to establish test methods for tensile testing at 

constant strain rates in the intermediate range between 1 and 500 s'\ 

In the 1930s and 1940s, many researchers investigated the influence of strain rate 

on the mechanical properties of metals using impact tests [2]. However, in the impact 

test, strain rate varies along the length of the sample as well as changes with time at 

particular points in the sample. In 1950, Clark and Duwez [2] designed a complicated 

machine to conduct high rate constant strain rate tensile tests by expansion of thin-walled 

cylinders. They achieved strain rates of 200 s'' with their device while collecting load 
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infonnation with an oscilloscope and were able to determine stress values as a function of 

time to an accuracy of ±10%. 

STRAK 
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Figure 2.1:   Schematic classification of testing techniques according to strain rate 
[1 (p. 299)]. 
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In 1959, Hockett [3] described a cam plastometer designed to conduct 

compression testing at constant true strain rates up to 1 s''. His machine used an electric 

motor to drive a logarithmic cam via three transmissions and three flywheels. Samples 

were compressed at constant true strain rates as long as the cam speed remained constant. 

The transmissions allowed variation of the cam speed, and therefore the strain rate. 

Hockett's machine was also equipped with a heater unit to allow testing at elevated 

temperatures. 

By the 1960s, hydraulic "rapid-loading" machines were available. Marsh and 

Campbell [4] attempted to run constant strain rate tests in compression on such a machine 

and achieved strain rates up to about 7s''. They used an oscilloscope to collect load and 

deformation information, with the deformation measured by the deflection of steel 

cantilevers moved by the deforming sample. 

In the late 1960's to early 1970's, equipment with hydraulic actuators became 

common for testing in tension, compression and torsion. These machines used closed 

loop control at low speeds and open loop control at high speeds, with strain rates up to 

100 s"' possible with small samples. Pneumatically driven open loop machines were also 

used [5]. 

In 1974, Saxena and Chatfield [6] reported their design of a slack adapter used 

with a "servo-controlled hydraulic imiversal tester" to allow the crosshead of the tester to 

achieve a desired velocity before loading their samples. They achieved strain rates up to 

100 s"' using 31.75 mm gage length flat tensile samples.   Saxena and Chatfield used a 

piezoelectric load cell and an optical extensometer to collect load and strain data, 

respectively, concurrently on a dual beam oscilloscope. Photographs of the oscilloscope 

traces were used to record their results. Saxena and Chatfield reported problems with 

extensometer tracking, hydraulic ram vibration due to excessive dither, and yielding 

outside the extensometer target area. Interestingly, they didn't appear to have issues with 

load cell ringing (discussed in section 2.2.1) during their high rate tests. However, this 

may have been due to an overdamped condition in their test machine. 
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In recent years, most tensile testing for the strain rate range between 1 and 500 s' 

has been conducted using specially designed large servo-hydraulic machines [7-22]. 

These machines typically operate in open loop control for high rate testing and use a 

slack adapter to allow the actuator to achieve the desired speed before loading the 

sample. Piezoelectric load measuring devices are often used, although other methods for 

load measurement have been used to improve load signal quality, including a titanium 

grip combined with a load cell [10], load cell in parallel with the sample [14], and strain 

gages directly mounted on samples [7,21,22]. High rate testing generally causes 

"ringing" in a piezoelectric load cell, which results in large amplitude fluctuations in the 

load data acquired. This ringing phenomenon is discussed in section 2.2.1. Methods for 

measurement of sample deformation vary, and include direct actuator displacement 

measurement with an LVDT, optical extensometry, or direct application of high- 

elongation strain gages. Many researchers have used a variety of curve-fitting routines to 

generate "clean" stress-strain curves, although these methods may not accurately reflect 

the true nature of high rate data, especially in the low strain elastic-to-plastic transition 

region of the flow curve. These methods include using a 3"^ or 4* order polynomial fit 

[8], a cubic spline fit [10-12], Fourier transforms to eliminate natural frequencies [18, 

19], a Voce equation fit [15], Voce equation combined with Fourier analysis [9, 16,17], 

and a running average of the load data [22]. 

2.2 Problems Associated With Dynamic Tensile Testing on Servo-Hydraulic Machines 

There are several issues to contend with when performing dynamic tensile testing 

on servo-hydraulic machines. These issues include load cell ringing, non-uniform 

loading through stress waves, adiabatic heating and data collection difficulties. 

2.2.1 Load Cell Ringing 

Piezoelectric load washers are commonly used to measure load during high-rate 

testing. Conventional strain gaged load cells are not used because of their high mass. 
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which seriously degrades the load signal quality at high rates due to load cell "ringing," 

as discussed below. In a typical high-rate servo-hydraulic tensile test machine, the load 

measuring device is located between the machine crosshead and the upper grip which 

holds the test sample. As shown in Figure 2.2, an actuator accelerates downward with a 

slack adapter. The slack adapter allows the actuator to achieve a desired velocity before 

loading the test sample. When the slack adapter is fully extended, it pulls on the lower 

grip which transfers the load to the sample, the upper grip, through the load washer and to 

the machine crosshead. When the slack adapter engages the grip, an impulse load travels 

through the load train and causes the load washer to resonate at a specific natural 

frequency, which can be seen as oscillations in the load versus time data collected. These 

oscillations are commonly called "ringing" and an example is shovm in Figure 2.3. 

Piezoelectric 
Load Washer 

Test Sample 

dL:ir££_. 

Slack Adapter' 

Lower Grip 

Upper Grip 

> •'?: 

:f.,^v 
-^    Lower Grip 

Actuator 
Motion 

Figure 2.2:   Schematic drawing of high-rate servo-hydraulic tensile test machine. 
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i gft^g 

TJme 

Figure 2.3:   Oscilloscope record of load cell force versus time during a dynamic tension 
test depicting the phenomenon of ringing [23]. 

The ringing of the load washer can be described by equations of motion due to 

free damped vibration of a linear system. Free vibration means that the vibration is 

caused by a single input and not forced to oscillate by a recurring input. Damped 

vibration means that the oscillation amplitude decreases with time. A high-rate tensile 

test essentially imparts an impulse excitation to the load train when the slack adapter 

engages. To understand the equations of motion, it is easiest to start with the basic 

equations of motion for a free undamped spring-mass system which moves only in the 

vertical direction as shown in Figure 2.4. 
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Figure 2.4:   Spring and mass vibration system [24 (p. 17)]. 

The system shown in Figure 2.4 has one degree of freedom (DOF) because its 

motion can be described by a single coordinate, x [24 (p. 16)]. When the mass is 

displaced and released, the mass will be acted upon by the restoring force of the spring, 

kx (where k - spring constant). Summing the forces in the system yields Equation 2.1. 

^ F = ma = -kx [2.1] 

Since acceleration is in the x direction, a 
dt' 

= X which leads to Equation 2.2. 

mx = -kx [2.2] 

The solution to Equation 2.2 is Equation 2.3. 

x(t) =C, sin(c7„t )+C2 cos(c7„t), C7„ =   — 
Vm 

[2.3] 
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Ci and C2 can be evaluated knowing the initial conditions of the system, x(0) and x(0) 

For x(0) = X and x(0) = 0, the solution is Equation 2.4: 

x(t) = x(0) cos(cT„t )+^^ sin(cT„t) [2.4] 

©n is known as the angular natural frequency of vibration of the system. The linear 

natural frequency, fn, can be calculated by Equation 2.5. 

f =5.=j- a 
°     271    271 V m 

[2.5] 

Now, suppose the system is not made up of a separate mass and spring, but 

instead a single bar with mass, m, elastic modulus, E, length, L, and cross-sectional area, 

A, as shown in Figure 2.5. 

yz^z^^!m^^^f^/^z^2Z^^ZL 

Unstretched , 
Position        _x_| ^::S.''K* 

^A 

Figure 2.5:   Single bar vibration system. 
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If the bar is displaced a small amount x within the elastic region, the restoring 

force, F, can be determined using the one-dimensional Hooke's Law, CT = EE, as shown in 

Equation 2.6, where a = stress = F/A and e = strain =^ x/L. 

a = Es    =>    — = E-    =>    F = —X [2.6] 
A       L L "^    ■" 

Equations 2.1 through 2.5 could all be written again substituting EA/L for k. 

Therefore, the natural frequency of a bar displaced longitudinally will vibrate with a 

natural frequency, fn shown in Equation 2.7: 

f„ =—j— [2.7] 
2n VLm 

Now, assume the system is initially disturbed by an impulse function, F. An 

impulse acting on a mass results in a sudden change in its velocity with negligible change 

in displacement [24 (p. 90)]. Therefore, Equation 2.4 simplifies to Equation 2.8: 

x(t) = ^ sin(cr„t) where x(0) = — [2.8] 
CT„ m 

All of the above equations were derived for undamped fi-ee vibrations in a single 

degree of freedom system. For the high-rate system load train, the vibrations are 

"underdamped" which means that the system still vibrates (for a critically damped or 

overdamped system, the motion decays to zero after the first disturbance), but each 

oscillation has a lower amplitude than the previous one. Damping reduces the magnitude 
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of the natural frequency [24 (p. 30)] according to Equation 2.9 where ©d = damped 

natural frequency, and ^ = damping ratio. 

^i = C7„V1^ P.9] 

Equations 2.1 through 2.9 show that the frequency and amplitude of oscillations 

in load data are dependent upon a number of variables, including the mass between the 

test sample and load measuring device. For the best quality load data, it is desired for the 

oscillation amplitude to be as low as possible and frequency to be as high as possible. 

This can be accomplished by minimizing the mass between sample and load washer since 

ringing frequency is inversely proportional to mass, while the amplitude is directly 

proportional to the mass. 

The ringing amplitude is also directly dependent upon the acceleration of the mass 

in the load train.   Therefore, reducing the actuator velocity will decrease the amplitude, 

since actuator velocity directly affects the impulse generated as the slack adapter 

engages, and therefore the resulting accelerations in the load train. 

2.2.2 Elastic and Plastic Stress Waves 

Elastic stress waves travel through solid materials that are dynamically loaded. If 

the material experiences permanent deformation, plastic stress waves are also generated. 

The general equation of motion for a disturbance that remains unchanged and propagates 

through a medium at a velocity V is shown in Equation 2.10 [1 (p.15-16)], where u is the 

displacement, t is time, and x is the direction in which the disturbance is traveling. 

^ = F^^ [2.10] 
at'       ax' 
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For an elastic wave propagating longitudinally through a cylindrical bar (and neglecting 

transverse strains) the wave velocity, Ve, is represented by Equation 2.11, where E is the 

elastic modulus and p is the density. 

Ve-J- [2.11] 
VP 

For steel, the longitudinal elastic wave velocity is about 5200 m/s. Once a material 

deforms into the plastic region, plastic waves propagate at a theoretical velocity, Vp, as 

shown in Equation 2.12, where da/ds is the slope of the true stress-strain curve. 

Therefore, plastic wave velocity varies greatly depending on the work-hardening rate of a 

particular sample. 

[2.12] 

As with all waves, stress waves traveling through a tensile sample will interact 

with boundaries by reflection and transmission [25 (p. 29-36), 26 (p. 24-38)]. For a valid 

tensile test, the sample must be in a state of uniform stress [27]. Davies and Hunter [28] 

have estimated that three reverberations of stress waves are required for stress 

equilibrium in compression testing [29]. The number of longitudinal stress wave 

oscillations can be calculated knowing the test duration, sample length, and stress wave 

velocity using Equations 2.13 and 2.14, where t is the test duration, ti is the wave transit 

time, L is the sample length, and V is the wave velocity. 

# oscillations = — [2.13] 
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t, =- [2.14] 
'     V 

If a minimum of three oscillations is required for uniform stress, one can expect 

valid elastic data after 3 oscillations of elastic waves, and valid plastic region data after 3 

oscillations of plastic waves. For steel, it will take approximately 15 [is for 3 elastic 

wave reverberations in a 25.4 mm gage length sample. For the plastic region, the time 

required is more difficult to estimate. However, if it is assumed that the initial work- 

hardening rate is 1% of the elastic modulus [29], then Vp = 0.10 Ve and uniform stress in 

the plastic region would be achieved after 150 |is. Based on the assumptions above, for a 

25.4 mm gage length sample tested at a strain rate of 100s"', one could expect valid 

elastic data at 0.0015 strain and valid plastic data at 0.015 strain. As strain rate increases, 

gage length must decrease to continue to achieve valid stress-strain data. 

2.2.3 Adiabatic Heating 

During a tensile test, some of the energy of deformation is stored in the material 

via changes in microstructure, while the rest is converted to heat. The fraction of plastic 

work converted to heat is designated by p and its generally accepted value is about 0.9 [1 

(p. 377), 30 (p. 303)], although recent measurements have indicated that p may be a 

ftinction of plastic strain and/or imposed strain rate for some materials [31]. 

The heat generated by plastic deformation must be dissipated to the surrounding 

environment, and the rate at which that occurs depends on a number of factors, including 

the thermal diffusivity, a, of the material being tested and the nature of the surrounding 

environment.   The thermal diffiisivity is calculated for a specific material from the 

thermal conductivity, k, density, p, and specific heat, Cp, according to Equation 2.15 [32 

(p. 51)]. The distance that heat can "travel" during a certain time, t, is called the thermal 
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diffusion distance, dt, and is calculated by Equation 2.16 [1 (p. 375)]. The diffusion 

distance governs whether or not the heat generated can travel far enough through the 

material being deformed to arrive at the sample's outer surface, where it can be dissipated 

to the enviroiunent. A large difftision distance (relative to sample dimensions) is 

expected to produce an isothermal tensile test, which means there is no significant 

temperature rise during the test, while a short diffusion distance results in adiabatic (no 

heat dissipated) heating of the sample. When adiabatic heating occurs, the temperature 

rise in the sample can be calculated by Equation 2.17, where e is true strain and a is flow 

stress [1 (p. 377)]. 

a = — [2.15] 

d, = 2V^ [2.16] 

AT = -^'fod8 [2.17] 
PCpo^ 

Since the thermal diffusion distance decreases with decreasing time, and 

increasing strain rate causes decreasing test duration, the likelihood of adiabatic heating 

occurring increases with increasing strain rate. The strain rate at which adiabatic heating 

occurs will decrease with increasing test sample dimensions. 

For pure iron at 300K, a is 23.1 mm^/s, while for an AISI 1010 steel, the value is 

18.8 mm^/s and the values for other steel compositions decrease with increasing alloying 

[32 (p. A4)]. a values also decrease with increasing temperature due to changes in k and 

Cp with temperature. For a tensile test at a strain rate of 10''' s"\ with a total elongation of 

0.30 strain, the test duration would be 300 seconds, and for a strain rate of 10^ s' with the 
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same elongation, the test duration would be 0.0003 seconds. For AISI 1010 steel, the 

thermal diffusion distance for the low-rate test would be 150 nrni, and for the high-rate 

test would be 0.15 mm. For these extremes, it is expected that the low-rate test would be 

isothermal and the high-rate test would be adiabatic when testing sheet steels. 

In a recent study of adiabatic heating in stainless steels, K. Clarke determined that 

tensile samples with thickness of 1.168 mm achieved adiabatic conditions at strain rates 

above about 1.0 s"', while for sample thickness of 1.651 mm, adiabatic conditions 

occurred at strain rates above 0.1 s"' [22]. For stainless steels, room temperature values 

of a are on the order of 3.5 mm^/s [32 (p. A5)]. Using this value of a, and an average 

total elongation of 0.20 strain for the stainless steels tested by Clarke, the thermal 

diffusion distance for a strain rate of 1.0 s"' is 1.67 mm (about 1.4 times the sample 

thickness), and for a strain rate of 0.1 s'', the thermal diffusion distance is 5.29 mm, 

which is about 3 times the sample thickness. Based on these results, perhaps a simple 

estimate of the strain rate at which adiabatic heating will occur for sheet steels pulled in 

tension can be made by relating the sheet thickness to thermal diffusion distance. The 

sheet thickness would be multiplied by a constant (on the order of 2) and, using that value 

for the diffusion distance, the test duration calculated using Equation 2.16 and then the 

strain rate determined based upon the expected total elongation. For example, using a 

equal to 18.8 mm^/s, total strain to failure of 0.30 and thermal diffiision distance of two 

times the sheet thickness, steel samples with sheet thickness of 1.5 mm would experience 

adiabatic heating at strain rates above 2.5 s" . 

For strain rates at which adiabatic heating is anticipated. Equation 2.17 can be 

used to calculate the expected temperature rise as a function of strain. As the temperature 

rises, thermal effects on mechanical behavior is expected. 

2.2.4 Data Collection Issues 

Tensile tests run at high strain rates have very short test durations, which can be 

estimated using Equation 2.18. 
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t = V [2.18] 

where t = time, 8f = strain to failure, and e - strain rate of the test. For a sample with 

30% strain to failure and a strain rate of 300 s'', the expected test duration is 1 ms. Such 

short test durations require very high rate data acquisition capability. In addition, load 

and strain signal recording will not appear coincident in time due to the finite speed of 

stress waves. 

2.2.4.1 High Rate Data Acquisition 

An objective of high rate tensile testing is to create stress-strain curves for the 

materials tested. In order to capture the important details of the stress-strain curve, a 

sufficient number of data points is required. If 500 data points are desired, and the test 

duration is 1 ms (strain rate of 300 s'' with 30% total elongation), then one data point 

must be collected every 20 |is, which is a data sampling rate of 50 kHz. Higher strain 

rates require faster sampling rates. To achieve these rates requires adequate response 

times for the load and strain measurement devices, as well as the electronic conditioning 

and signal processing and recording devices. 

Piezoelectric load cells are commonly used for high rate load information because 

of their low response times compared to conventional load cells. Unfortunately, they are 

subject to ringing as discussed in section 2.2.1, but the ringing effects can be reduced by 

appropriate placement in the load train, and reduction of mass in the load train. Load can 

also be measured directly from the grip section of each test sample through the use of an 

electrical resistance strain gage [7, 21, 33]. This method produces better load results, but 

is quite time consuming for sample preparation and data reduction. 

A variety of methods can be used for gathering sample deformation information. 

Use of conventional contact extensometers is not feasible due to inertia effects. The 

simplest method is to merely record actuator motion and convert to strain based on the 
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sample gage length. This method is not particularly accurate, since the test frame is not 

perfectly rigid. Use of actuator displacement also assumes a constant strain rate 

throughout the test, which is not possible due to inertial effects during initial loading. 

Another method is optical extensometry, which requires very careful alignment and 

sample preparation. A direct and reliable method [29] for strain measurement is the use 

of a high elongation electrical resistance strain gage directly adhered to each sample gage 

section. This method was employed in the present study. 

2.2.4.2 Time Delays Due to Stress Wave Velocities 

At high strain rates, loading of the sample takes place by stress waves that 

originate at the point where the slack adapter engages and are transmitted through the 

lower grip into the sample. These stress waves continue through the load train and 

eventually arrive at the load washer. During high-rate tests, there is a noticeable time 

difference between the time that the initial stress wave loads the sample and the time it 

arrives at the load washer. Therefore, for high-rate tests, load data must be shifted in 

time to coincide with the strain data, which requires estimation or measurement of the 

time delay. 
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CHAPTER 3 

BACKGROUND INFORMATION: STRENGTHENING MECHANISMS 

High strength steels are designed for a range of applications and employ a 

combination of strengthening mechanisms, which may include cold work, grain size, 

dispersion, solid solution strengthening, bake hardening and multiphase strengthening. 

Strengthening mechanisms typically raise the flow stress of a material by providing 

obstacles to dislocation motion. Cold work employs other dislocations as obstacles, 

dispersion strengthening uses second phase particles, grain boundaries provide grain size 

strengthening, and solute atoms supply solid solution strengthening. 

The effects of various strengthening mechanisms are well known for quasi-static 

loading conditions. Some work has been done to establish the effects of strain rate and 

temperature on strengthening mechanisms. W. Leslie [34 (p. 27)] made the statement, 

"All strengthening mechanisms reduce both the strain-rate dependence and temperature 

dependence of the yield stress." without giving an explanation for the reason. However, 

there is some conflicting evidence, both theoretical and empirical, to question the 

generality of this statement for some strengthening mechanisms, including grain size [35- 

37], second phase [35], and cold work [38]. 

3.1 Fundamentals of Strengthening in BCC Metals 

The flow stress of a material is determined by its resistance to dislocation motion. 

In all materials, the most fundamental obstacle to dislocation motion is the Peierls- 

Nabarro frictional stress, which is the theoretical shear stress required to move a 

dislocation through a crystal lattice, by temporary distortion of that lattice. The frictional 

stress calculated by Peierls and Nabarro is given by Equation 3.1 [39 (p. 90)], where Xf is 

the frictional stress, G is the shear modulus, v is Poisson's ratio, a is the separation 

distance between slip planes, and b is the slip distance (Burger's vector). 
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Tf=:Gexpy r- [3.1] 
_(l-v)b_ 

In Equation 3.1, the frictional stress is minimized when the distance between slip 

planes is large and the Burger's vector is small, which is the reason slip occurs most 

readily in close-packed directions on close-packed planes. For BCC metals, such as iron, 

the slip direction is the close-packed direction <111>, while the most common slip plane 

is {110}. In iron single crystals, different planes containing a <111> direction can act as 

a slip plane [34 (p. 3), 40 (p. 145-6)]. Equation 3.1 can also be written in terms of the 

dislocation width, w, as shown in Equation 3.2 [39 (p. 91)]. As dislocation width 

decreases, the Peierls-Nabarro stress increases. The temperature dependence of the 

Peierls-Nabarro stress relates to the temperature sensitivity of the dislocation width. 

Dislocation width in BCC iron is strongly temperature-dependent, vwith increasing 

temperature causing increasing dislocation width. Therefore, the friction stress of BCC 

iron is also a strong function of temperature [39 (p. 93), 41 (p.l61)]. 

Tf = G exp 
■27t w [3.2] 

In addition to overcoming the Peierls-Nabarro stress, dislocations in a lattice must 

also surmount other obstacles to create plastic flow. These obstacles can be characterized 

as either "short-range" or "long-range" depending on how much an increase in 

temperature helps to overcome them. Short-range obstacles are greatly influenced by 

changes in temperature, while long-range obstacles are not. In general, increasing strain 

rate may be considered analogous to decreasing temperature, and thus strain rate should 

also have a significant impact on ability to overcome short-range obstacles and a less 

significant effect on long-range obstacles. 
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3.2 Influence of Strain Rate and Temperature on BCC Iron 

In BCC metals, at "low" temperatures the primary short-range obstacle to 

dislocation motion is the Peierls-Nabarro stress [41 (p.243)]. Therefore, the temperature 

and strain rate sensitivities of the flow stress in BCC iron are quite high as shown in 

Figures 3.1 through 3.3. In Figure 3.1, the temperature dependence of flow stress for iron 

is slight at high (above about 375K) temperatures, but increases at lower temperatures. 

Between 250K and 375K the temperature dependence increases, with the temperature 

dependence becoming quite pronounced below 25 OK. With room temperature 

approximately 300K, and increasing strain rate considered analogous to decreasing 

temperature, one expects an increasingly strong strain rate dependence of flow stress with 

increasing strain rate, which is illustrated in Figure 3.3. 

In Figure 3.3, flow stress is shown as a fiinction of strain rate for a variety of 

temperatures and three distinct regions of behavior are indicated. In region I (low strain 

rates and high temperatures), the flow stress shows little strain rate or temperature 

dependence. In this region, flow is controlled by long-range (athermal) obstacles. In 

region II, the rate and temperature dependence of flow stress increases considerably, and 

flow is now controlled by short-range obstacles that can be overcome with thermal 

assistance. At very high strain rates in region IV, strain rate dependence continues to 

increase, and may be due to the addition of another mechanism opposing dislocation 

motion, such as dislocation drag, where dislocation velocity is controlled by dissipation 

of energy through interactions with thermal vibrations and electrons as it moves through 

the lattice [42]. 
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Figure 3.1:   Temperature dependence of yield and flow stresses in Fe-0.15%Ti tested at 
-4    -1 Strain rate of 2.5 x 10"^ s'' [34 (p. 23)]. 
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Figure 3.2:   True stress-strain curves at four different strain rates for an interstitial free 
Steel tested in compression at room temperature [43]. 
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Figure 3.3:   Variation of lower yield stress of mild steel with strain rate at different 
constant temperatures [replotted from 42]. 

For this thesis, all tests were conducted at room temperature and at strain rates 

ranging from 10'^ to 10^ s"', which includes regions I and II in Figure 3.3. Over this 

strain rate range, the deformation mechanisms in BCC iron are expected to remain 

constant, with no deformation by twinning or formation of shear bands. This assumption 

has been verified by TEM analysis for room temperature high-rate (2.5 x 10^ s'') 

compression testing of interstitial free steel by Milititsky [38]. 

In BCC iron, the primary slip planes are {110} and {112} at temperatures 

between 143K and 573K [44], with slip by movement of screw dislocations controlled by 

nucleation and migration of double kink pairs [45, 46]. Below 250K, the predominant 

slip planes are {110} [47], while the {112} planes become active above 250K [48]. This 

change of active slip plane is consistent with the increasing temperature dependence of 
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flow stress below 250K as seen in Figure 3.1 and the increasing rate sensitivity of flow 

stress in region II of Figure 3.3. 

3.3 Work Hardening 

The flow stress curves of metals exhibit work hardening, which is the increase in 

flow stress with increasing plastic strain. Work hardening is caused by the fact that 

dislocations are multiplied with increasing plastic strain and these dislocations interact 

with each other. There are a variety of sources for new dislocations, such as Frank-Read 

sources and grain boundaries [30 (p. 176), 40 (p. 124-128)]. Equation 3.3 has been 

observed to relate flow stress to dislocation density for a wide range of metals [39 (p. 

179), 40 (p. 159), 41 (p. 308)]. In Equation 3.3, x is the flow stress. To is the stress 

required to move a single dislocation in the absence of other dislocations, a is a constant, 

G is the shear modulus, b is the Burger's vector, and p is the dislocation density. For 

BCC materials, a is on the order of 0.4 [39 (p. 179)]. 

T = T„+aGbVp [3-3] 

In BCC materials, dislocation interactions are considered long-range obstacles to 

dislocation motion because temperature change doesn't significantly affect the stress 

required to overcome them. This is true because BCC materials have a large number of 

intersecting slip planes that allow relatively easy cross-slip of dislocations at all 

temperatures. Therefore, the intrinsic work hardening rate in BCC materials is not a 

strong function of temperature or strain rate. However, with increasing strain rate, 

experimental results generally show a decrease in work hardening rate in iron and steel. 

This may be due to adiabatic heating. 

In FCC materials such as copper, dislocation interactions are short-range 

obstacles because increasing temperature greatly aids cross-slip in materials with low 
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stacking fault energy, and also assists the formation of jogs to cut across forest 

dislocations [49 (p. 133,141)]. Therefore, FCC materials generally show strong 

temperature dependence of work hardening rate. 

There are several theories to explain the occurrence of work hardening, which are 

complicated by the fact that plastic strain is not a state function, but a path-dependent 

function [41 (p. 310)]. Amount of plastic strain cannot be determined simply by 

examining the microstructure. Three of the well-known theories to explain work 

hardening were developed by Taylor, Seeger and Kuhlmann-Wilsdorf 

The Taylor theory was proposed in 1934 and based upon a parabolic stress-strain 

curve [40 (p. 160), 41 (p. 310)]. In his model, he assumed a uniform distribution of 

parallel edge dislocations moving on parallel slip planes. With a uniform dislocation 

distribution, the average distance between dislocations, L, is equal to p''^ where p is the 

dislocation density. The stress field aroimd an edge dislocation can be shown to be 

inversely proportional to the distance, r, from the dislocation core, according to Equation 

3.4, where x is the shear stress, G is the shear modulus, and b is the Burger's vector. 

Gb 
t«— [3.4] 

r 

As one edge dislocation moves towards another, their stress fields interact and 

this interaction must be overcome for the first dislocation to move past the second. 

Assuming that all stress fields add to zero except that due to the nearest dislocation, and 

if the average distance between the dislocations is L, r in Equation 3.4 can be replaced by 

L. Since L is equal to p'''^. Equation 3.4 can be rewritten as Equation 3.5, where a is a 

constant. 

.1/2 T = a G b p'" [3.5] 
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Adding the friction stress term, Xo (the stress to move the dislocation in the 

absence of other dislocations), gives Equation 3.3 once again. Problems v^th the Taylor 

theory include the fact that dislocations are not uniformly distributed in real materials and 

screw dislocations and cross-slip are not considered. 

In 1957, Seeger proposed mechanisms for each of the three stages observed in 

single-crystal flow curves [40 (p. 160), 41 (p. 311), 49 (p. 133)]. The third stage of the 

single-crystal flow curve is applicable to polycrystalline materials. Seeger assumed that 

the flow stress is composed of two components, TG and xs, where the XG term is 

temperature independent due to the interactions of parallel dislocations, and the xs term is 

a strong function of temperature due to interactions of dislocations cutting through forest 

dislocations, forming jogs which interfere with further dislocation movement. 

In 1985, Kuhlmann-Wilsdorf presented qualitative explanations for the three work 

hardening stages in single crystals based upon formation of dislocation cells and their 

progression to subgrain boundaries [41 (p.312)]. 

3.4 Influence of Strain Rate and Temperature on Work Hardened BCC Metals 

An increase in yield strength is expected as cold work (work hardening) increases 

[30, (p. 231)], simply based upon the shape of the flow curve for a fully annealed 

material. Figure 3.4 shows a family of predicted stress-strain curves based on a single 

flow curve for a fully annealed material. 
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Strain 

Figure 3.4:     (a) Schematic stress-strain curve for a fully annealed material, (b) 
Predicted stress-strain curves for the same material as in (a) but cold- 
worked to the strain levels "1" and "2" as shown in (a). 

In 1955, Cottrell and Stokes [50] presented a procedure (now knovm as a 

"temperature jump test") designed to measure the thermal component of stress at constant 

dislocation structure. Their procedure involved establishing a knovra amount of 

deformation at one temperature, then cooling to a lower temperature and resuming the 

deformation, and measuring the flow stress increment between the two tests. A similar 

method was introduced by Basinski and Christian [51] in 1960 which used changes in 

strain rate (strain rate jimip test) instead of changes in temperature. Both methods have 

established for BCC metals that "the stress increments corresponding to a fixed change of 

temperature or strain rate generally do not vary systematically with the strain. This 

implies that, in contrast to the behavior of FCC metals, the 'obstacles' which are being 

overcome by thermal activation do not increase in density during straining." [50]. 

Christian believes that the strong temperature and strain rate dependence of the flow 

stress of BCC metals is an intrinsic property of the BCC structure and probably due to the 

Peierl's-Nabarro stress and resistance caused by "dispersed impurities." 
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Several studies [38, 52-54] have confirmed that the flow stress increment for BCC 

metals with variations in temperature or strain rate is independent of strain or in other 

words, independent of the dislocation density or amount of cold work.   Figure 3.5 shows 

yield strength as a function of temperature for six different pre-strain levels. For these 

tests, each sample was pre-strained at room temperature and then tested to failure at a 

different temperature [54]. The temperature sensitivity at each pre-strain level is 

approximately the same, as shovra by the lines drawn on the figure. Figure 3.6 shows 

flow stress at 0.02 true strain plotted as a fimction of strain rate (logarithmic scale) for 

five different pre-strain amounts. For these tests, each sample was pre-strained in 

compression at a quasi-static strain rate and then compression tested at a higher strain rate 

[38]. The strain rate sensitivities for each pre-strain level are shovm by the dashed lines 

and are about the same for each pre-strain level. The increase in strain rate sensitivity at 

high rates is typical for mild steels. 
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Figure 3.5:   True stress at yield versus temperature for an IF steel pre-strained to six 
different levels at room temperature. All tests conducted at a strain rate of 
0.04 s"' [54]. 
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Figure 3.6:   Trae stress at 0.02 true strain versus strain rate for an IF steel quasi- 
statically pre-strained in compression to five different levels. All tests 
conducted at room temperature [38]. 

3.5 Solid Solution StrenRthening 

Introducing solute atoms into solution with a pure metal generally creates an alloy 

that is stronger than the pure metal, because the solute atoms interact with dislocations. 

Typically, the addition of solute raises the yield strength and the level of the entire stress- 

strain curve [30 (p. 204)]. If solute atoms are of similar size to the solvent atoms, they 

will occupy lattice sites in the solvent crystal and are called substitutional. Hume- 

Rothery rules were created to predict whether substitutional solid solutions would form, 

and are based on size difference, chemical affinity, valence and crystal structure of the 

two elements. If the solute atoms are small compared to the solvent atoms, they are more 

likely to occupy interstitial sites. 

Substitutional and interstitial atoms have different effects on dislocation 

interactions because they affect the solvent lattice in different ways. Since a 

substitutional atom simply replaces a solvent atom, it creates a purely dilatational (or 
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volume) strain in the lattice, which is either tensile or compressive depending on the size 

of the solute atom. Therefore, the stress field surrounding a substitutional atom has no 

shear component and will interact more strongly with edge dislocations than with screw 

dislocations. However, interstitial atoms create both dilatation (volume change) and 

distortion (shape change) of the solvent lattice resulting in a stress field with both normal 

and shear components. Therefore, interstitial atoms will interact with both edge and 

screw dislocations, and should have a greater impact on strengthening. 

Figure 3.7 shows the increase in strength, Aa, of steel as a function of solute 

content. The solid lines indicate substitutional atoms in the iron lattice, while the dashed 

line indicates interstitial atoms. Clearly, interstitial atoms have a greater impact on 

strengthening in iron. Also, increasing solute content usually increases the strength of the 

alloy because adding more solute atoms creates more obstacles to dislocation motion 

through the solvent lattice. 

C,N 

1.0 2.0 
% ALLOY ELEMENT 

Figure 3.7:   Strength increase, Aa, of steel versus solute content. Solid lines represent 
substitutional atoms in the iron solvent lattice, while the dashed line 
represents interstitial atoms. [41 (p. 465)]. 
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The interactions between solute atoms and the solvent matrix create energy 

barriers to dislocation motion. These interactions include elastic misfit interaction due to 

the size difference, modulus interaction, electrical and chemical interactions, and short 

and long range order interactions [30 (p. 205), 41 (p. 466), 49 (p. 145)]. For metals, the 

elastic interactions (misfit and modulus) are the most important [41 (p. 470), 49 (p. 177), 

55]. 

To calculate the approximate contribution of the elastic misfit interaction to 

strengthening, first the interaction energy must be derived. The force can then be 

determined as the first derivative of energy v^th respect to distance and finally the 

strength calculated based on the force and appropriate dimensions. The calculations 

shown here assume an edge dislocation interaction with a substitutional solute atom. The 

calculations are similar (although more complicated) for interstitial atoms interacting 

with screw dislocations. 

The interaction energy, Uim, is calculated by Equation 3.6, where Vdefect is the 

volume, and <7ij and sy are the stress and strain tensors associated with the defect. 

ij 

For the substitutional solute atom, ay is the hydrostatic stress generated by its 

presence and sy is the dilatation strain, which can be written as AV/V. Therefore, the 

misfit interaction energy, Umisnt, is given by Equation 3.7, where an is the hydrostatic 

stress. 

U„,n,=a,-AV [3.7] 
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Substituting appropriate values for CTH and AV leads to Equation 3.8 [55], where G 

is the shear modulus, b is the Burger's vector, ria is the size misfit parameter, ro is the 

radius of the solvent atom, 0 is the angle between dislocation and solute atom, and r is the 

distance from dislocation to solute atom. 

U-*=4Gbn.r.'fe^ [3.81 

Taking the first derivative of Equation 3.8 with respect to distance, r, results in 

Equation 3.9 for the force, F, exerted on the solute by the dislocation. 

P^-gUn,isn. ^A^,A = 4GbTiA' [3.9] 
dr r 

Next, if L is the spacing between solute atoms that pin a dislocation and C is the 

concentration of solute atoms per unit volume, then L is equal to C"''''. Finally, the stress 

increase can be calculated by equation 3.10 if it is assumed that r ~ b and sin 0 ~ 1. 

Ax = il = ^ [3.10] 
bL      b' 

For binary iron alloys, Leslie [34 (p. 119)] plotted the strength increment for 

specific substitutional alloying elements as a function of the size misfit parameter (Figure 

3.8), and found a strong correlation as expected. However, elements that contract the 

lattice such as silicon and phosphorus provide much greater strengthening than predicted 

by the size misfit. Nickel and manganese also strengthen iron more than can be 

accounted for by size misfit alone. Not surprisingly, these elements are commonly used 

to strengthen steel. 
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Figure 3.8:   Correlation of solid solution strengthening of iron-base binary alloys at 
298K with size misfit parameter [replotted from 34 (p. 119)]. 

There have been a variety of models proposed to explain solid solution 

strengthening, which can be classified into two categories: dislocation locking or 

frictional resistance of solute atoms to moving dislocation [55]. The most accepted 

dislocation locking theories are fi'om Cottrell and Suzuki. Cottrell's theory deals with the 

formation of Cottrell atmospheres where solute atoms congregate near dislocations. 

Suzuki's theory is based on solute segregation to stacking faults. Both of the dislocation 

locking theories support the development of a sharp yield point in solid solution 

strengthened alloys, but fail to account for the fact that alloying generally raises the level 

of the entire stress-strain curve. Two well known models associated with moving 

dislocations are the Mott-Nabarro and Fleischer theories. The Mott-Nabarro theory is 

based on the stress field surrounding isolated solute atoms due to size misfit between 

solute and solvent, while the Fleischer theory is based on contributions of both misfit and 

modulus effects. 
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3.6 Influence of Strain Rate and Temperature on Solution Strengthened BCC Iron 

Since solute atoms are point defects in the solvent lattice, they present short-range 

obstacles to dislocation motion. Therefore, the strengthening effects of solute additions 

will be highly temperature and strain rate dependent. One would expect the solid 

solution strengthening increment to increase with decreasing temperature or increasing 

strain rate for short range obstacles, since thermal energy can help to overcome the 

obstacles. This temperature effect is seen for alloying in iron at and above room 

temperature when tested at quasi-static strain rates. However, for several solute 

elements, peak strengthening occurs at room temperature and drops dramatically as 

temperature decreases as shovm in Figure 3.9, which plots ACT (the yield strength of the 

alloy minus the yield strength of iron) as a function of temperature for 1.5 atomic percent 

of various alloying elements [34 (p. 115-116)]. Strengthening reportedly increases again 

at temperatures below some critical temperature. As shown in Figure 3.9, for a particular 

temperature range below room temperature (about 100 to 220K), silicon, manganese and 

nickel additions actually reduce the strength of iron below its unalloyed strength. For 

solute additions to iron, one might also expect increasing strain rate to decrease the 

strengthening increment up to some critical strain rate value, above which the 

strengthening will increase again. 
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Figure 3.9:   Change in yield strength (Aa) from pure iron to alloy (1.5 atomic %) versus 
temperature for several solute elements.   The curves show both solid 
solution strengthening and softening. [34 (p. 117)]. 

There are two different types of theories to explain solid solution softening in 

BCC metals: extrinsic and intrinsic. The extrinsic theory is based on the solvent material 

containing residual impurity atoms which strengthen it. When the intended solute atoms 

are added, they scavenge the residual impurities, resulting in a net softening of the 

solvent. Several studies support this theory for niobium and tantalum [56, 57]. However, 

the extrinsic theory does not account for the limited temperature range of the softening 

effect. 

The intrinsic theories are based on solute atoms causing reduction of the lattice 

friction (or Peierl's) stress on screw dislocations by "enhancement of the thermally- 

activated nucleation rate of double kinks" [50]. This theory is supported by research on 

molybdenum- and iron-based alloys [50, 57]. It is thought [58, 59] that the elastic and 
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other interactions between the solute atoms and dislocations and the effects of solute on 

interatomic potentials are responsible for the reduced Peierl's stress. The double kink 

nucleation model predicts from theory what is experimentally observed in curves of stress 

versus temperature for several BCC metals which show an inflection. An example of this 

inflection is shown in Figvire 3.10, which plots the critical resolved shear stress for pure 

iron and an iron-carbon (185 atomic ppm) alloy as a function of temperature. Note that 

the iron-carbon curve does not show the inflection, and therefore its critical resolved 

shear stress is less than that of pure iron for a specific temperature range. 
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Figure 3.10: Critical resolved shear stress versus temperature for pure iron (designated by 
"ZrH2-purified") and an iron-carbon alloy (designated by "185 at ppm C") 
[50]. 
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3.7 Grain Size Strengthening 

Material strength increases with decreasing grain size because the grain 

boundaries and difference in orientation between adjacent grains provide obstacles to 

dislocation motion. The Hall-Petch relationship [60, 61, 62 (p. 40)] shown in Equation 

3.11 is often used to predict flow behavior, where a is the flow stress, d is the mean grain 

diameter and CTO and ky are material constants. 

a = ao + kyd-'''^ [3.11] 

The Hall-Petch equation was originally derived from empirical observations of 

the lower yield strength of low-carbon steels as a function of grain size [41 (p. 270)]. 

Since then, a variety of models have been proposed to explain the relationship from a 

theoretical standpoint, including the dislocation pile-up model and dislocation density 

models [63]. These models produce different interpretations for the constant, ky, in 

Equation 3.11. 

The dislocation pile-up model is based on yielding occurring when the stress at 

some distance, r, ahead of a dislocation pile-up blocked by a grain boundary, exceeds the 

required stress for dislocation motion due to the stress concentration caused by the pile- 

up [64]. Figure 3.11 illustrates this model with the dislocation pile-up originating in 

grain "1" due to its favorable orientation for slip. In Figure 3.11, d is the grain diameter, 

and r is the distance from the grain boundary to a dislocation source in grain "2". As slip 

in grain "1" proceeds, the dislocations generated from the source at the center of grain 

"1" pile-up at the grain boundary causing a stress concentration, shovm in Equation 3.12. 

When the stress concentration is large enough, a dislocation soiu-ce in grain "2" is 

activated, and slip proceeds in the polycrystalline material, resulting in macroscopic 

yield. The dislocation source in grain "2" will be activated on its slip plane when the 

stress at the source exceeds some critical stress, x*, according to Equation 3.13 where Xapp 

is the applied shear stress and TQ is the resistance to dislocation motion in the deforming 
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grain "1". Rearrangement of Equation 3.13 to solve for Xapp gives Equation 3.14. 

Converting from shear stress to normal stress results in Equation 3.15, which resembles 

the Hall-Petch Equation 3.11, where ky = x* i^\ To operate the source on a slip plane of 

arbitrary orientation requires including the Taylor orientation factor, m, which produces 

Equation 3.16 for ky [65]. The value of m for cubic materials should be between 2 

(infinite number of slip systems) and 3.1 (twelve available slip systems) [65]. 

Figure 3.11: Dislocation pile-up model of grain size strengthening [43 (p. 182)]. Slip 
begins in grain "1". As dislocations pile-up at the grain boundary, the stress 
concentration eventually activates slip in grain "2". 

stress cone. lactor = — 
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a = a„+T* r/2d"/2 [3.15] 

m'x* r^2 
K= ^  [3-16] 

There are two predominant dislocation density models which assume yielding to 

begin when the applied stress exceeds the back stress of a dislocation array. The two 

models differ in interpretation of the nature of the dislocation array. The dislocation 

density model proposed by Li [66] asserts that grain size affects yield strength due to 

dislocation emission from ledges on grain boundaries. Increasing the number of grain 

boundary ledges able to emit more dislocations will increase the strength. The ability of 

a grain boundary to emit dislocations corresponds to the total length of dislocation line 

emitted per unit area of grain boundary, q. The dislocation density at yielding, p, is 

related to q by Equation 3.17, where d is the grain diameter. Substituting Equation 3.17 

into Equation 3.3 (the relationship between flow stress and dislocation density) yields 

Equation 3.18 where a is a constant, G is the shear modulus, and b is the Burger's vector. 

Therefore, for Li's dislocation density model based on grain boundary ledges, ky is given 

by Equation 3.19. 

^ [3.17] 
Tid 

T = T +aGbj^=T +aGbj^d~^ [3.18] 
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k   =aGkP [3.19] 
V  71 

The second dislocation density model is based upon the sum of geometrically 

necessary and statistically stored dislocations. For small strains, the geometrically 

necessary dislocation density, po, is much greater than the statistically stored dislocation 

density, ps, and therefore the work-hardening strength increment in Equation 3.3 is 

proportional to po. The geometrically necessary dislocation density is defined by 

Equation 3.20, where y is the shear strain, b in the Burger's vector and d is the grain 

diameter [39 (p. 168), 67]. Substituting po for p in Equation 3.3 results in Equation 3.21, 

where a and C are constants and G is the shear modulus, and therefore, ky is given by 

Equation 3.22. Note that Equations 3.21 and 3.22 are only valid for small strain values. 

_ strain gradient _   y .., 2oi p^ _ _ ___ 

T  +aGbj-^=T„+CGV^d"^ [3.21] 
V4bd      ° ^ 

k^=CGV^ [3.22] 

3.8 Influence of Strain Rate and Temperature on Grain Size Strengthening in BCC Iron 

As discussed in section 3.7, there are a variety of models to explain the observed 

Hall-Petch relationship between grain size and flow stress. The models differ in the 

variables affecting the ky constant. It is expected that the Oo constant in Equation 3.11 is 

affected by temperature and/or strain rate because it is the stress required to move 
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dislocations regardless of the grain size and is therefore a function of the other obstacles 

to dislocation motion in the material, including the Peierls-Nabarro friction stress. 

Therefore, cjo should increase with decreasing temperature or increasing strain rate. 

However, the theoretical interpretation of ky determines whether or not it should be 

affected by temperature and/or strain rate. 

The expression for ky due to the dislocation pile-up model was shown in Equation 

3.16 and includes a term, x*, the critical stress required for dislocation motion in the 

second grain, which inherently includes a friction stress. Therefore, if the dislocation 

pile-up model is correct, ky should increase for decreasing temperatures or increasing 

strain rates. Also, if the dislocation pile-up model is correct, pile-ups should be observed 

in the microstructure of deformed materials. They are not commonly found in steel [39 

(p. 182), 68]. 

Equations 3.19 and 3.22 show the expressions for ky based on the two dislocation 

density models discussed in section 3.6. Both equations include the shear modulus, G, 

which has a very slight temperature dependence. The other variables in both equations 

(q - related to grain boundary ledge density, y - shear strain, and b - Burger's vector) are 

not affected by temperature or strain rate. Therefore, if one of the dislocation density 

models is correct, ky should remain nearly constant with changes in temperature and/or 

strain rate. Furthermore, if the model based upon geometrically necessary dislocations is 

correct, ky values should increase with increasing strain for small strains. 

There are several examples in the literature of research investigating the effects of 

temperature or strain rate along with grain size on the yield strength of iron and steel [35- 

37, 69-72]. Most of these show that ky is independent of temperature [37, 69] and strain 

rate [36, 70-72], which suggests that a dislocation density model is accurate for grain size 

strengthening in iron and steel. Figure 3.12 shows a plot of lower yield stress as a 

function of grain size (d'') for three different strain rates. As strain rate increases, (Jo (the 

y-axis intercept) increases, but ky remains essentially constant. In Figure 3.13, upper and 
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lower yield stress values axe shown as a function of grain size (d'"'^') and temperature. For 

either the upper or lower yield strength, as temperature decreases, CTQ increases, and ky 

remains approximately constant. One study [35] shows ky increasing with increasing 

strain rate, which supports the dislocation pile-up model. However, the details of how 

the different grain sizes were achieved were not specified and may have led to some other 

changes in the microstructure in addition to grain size. The results of this study are 

shown in Figure 3.14 as a plot of yield strength versus grain size (d"'''') for three different 

strain rates. As strain rate increases, cio increases significantly and ky increases slightly. 
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Figure 3.12: Effect of grain size and strain rate on the lower yield stress of pure iron 
[replotted from 36]. 
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Figure 3.13: Effect of grain size and temperature on the upper (au) and lower (CTL) yield 
strengths of Armco iron with composition (wt. pet.) of 0.03C-0.005Si- 
0.08Mn-0.007P-0.03S-0.03Ni. [69]. 
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Figure 3.14: Effect of grain size and strain rate on the yield strength of a ferritic single 
phase steel with composition (wt. pet.) of 0.003C-1.5Si-2.0Mn-0.01P [35]. 

3.9 Precipitation Strengthening in Steel 

The addition of small hard particles to a softer matrix material improves the 

strength of the material and causes the work hardening rate to increase. The degree of 

strengthening depends on the volume fraction of particles, particle size and shape, and the 

nature of the particle/matrix interface. Particles provide obstacles to dislocation motion 

and these obstacles are overcome either by the dislocations cutting through them or 

bowing around them. In steel, particles are typically carbides, nitrides and carbonitrides 

which are very hard. Therefore, the predominant method for dislocations overcoming 

these particles is to bow around them, rather than cut through them [41 (p. 491)]. 

According to Orowan [73], for strengthening by bowing, dislocations will bow in 

between particles under an applied stress, T, leaving dislocation loops around them as 

shown in Figure 3.15. 
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Figure 3.15: Illustration of dislocation bowing around precipitate particles under applied 
shear stress, x [adapted from 39 (p. 209)]. 

The approximate shear stress, t, required to bend a dislocation to a radius, r, is 

given by Equation 3.23, where G is the shear modulus, and b is the Burger's vector. 

Gb 

2r 
[3.23] 

If (L - 2r) is the distance between the two particles (as shown in Figure 3.15), then 

the dislocation must be bent to a radius of about (L - 2r)/2 to pass between the particles. 

Therefore, the shear stress required to bow aroimd the particles is estimated by replacing 

r in Equation 3.23 by (L - 2r)/2, resulting in Equation 3.24. The yield strength, Xy, of the 

material can then be calculated by including a term, TQ, to account for the matrix strength 

in the absence of precipitates as shown in Equation 3.25, where x is the distance between 

particles. 
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T«-^ [3.24] 
L-2r 

T,=T,+^ [3.25] 
X 

After the first dislocation passes the particles, leaving behind dislocation loops, 

the distance between the particles is smaller, as shown in Figure 3.15. Therefore, the 

stress required for subsequent dislocations to bow around the particles will increase, 

which is the reason why the work hardening rate of a material increases with precipitation 

strengthening. 

Precipitates are long-range obstacles and thermal assistance is not useful in 

overcoming them. Therefore, changes in temperature and/or strain rate are not expected 

to influence the strengthening increment due to precipitation strengthening. 

3.10 Multiphase Strengthening in Dual Phase and Transformation Induced Plasticity 
(TRIP) Steels 

Dual phase and TRIP steels make use of other phases in the microstructure to 

enhance their properties. Dual phase steel is made up of ferrite and martensite, generally 

with "a dispersion of about 20% of hard martensite particles in a soft, ductile ferrite 

matrix" [74]. These steels are typically continuous-yielding, have low yield/tensile 

strength ratios, high work hardening rate, and high uniform and total elongations, which 

gives them good formability. Multiphase TRIP steels are normally comprised of three 

microconstituents: ferrite, bainite and retained austenite. They may also contain a small 

amount of martenite. When a TRIP steel is deformed, some of the retained austenite will 

transform to martensite. The work hardening associated with this phenomenon is 

responsible for transformation induced plasticity, or TRIP. Like dual phase steels, 
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multiphase TRIP steels may also exhibit low yield/tensile strength ratios, high work 

hardening rates and high ductility, although they often display discontinuous yielding. 

Although dual phase and TRIP steels have many similar properties, the mechanisms 

responsible are different. 

3.10.1 Strengthening in Dual Phase Steels 

Dual phase steels are created by an intercritical anneal (in the ferrite plus austenite 

portion of the phase diagram) followed by quenching to transform the austenite to 

martensite. Variations in annealing temperature and/or time and cooling rate govern the 

amount and type of martensite created. During quenching, as austenite is transformed to 

martensite, dislocations are formed in the ferrite phase to accommodate the shear 

deformation and volume expansion associated with the martensite transformation [75]. 

These highly mobile dislocations are responsible for the low yield strengths and 

continuous yielding behavior typical of dual phase steels [76 (p. 276)]. The work 

hardening behavior may be explained due to the dispersion of martensite particles having 

a similar effect as precipitation strengthening [34 (p. 163), 62 (p. 328)]. This explanation 

is supported by the fact that martensite island refinement correlates with increasing work 

hardening rate [62 (p. 331)]. Some authors [74] have divided the work hardening process 

in dual phase steels into three stages. In the first stage (up to 0.5% strain) rapid work 

hardening is caused by the elimination of residual stresses and buildup of back stresses in 

the ferrite due to its plastic incompatibility with martensite. The second stage (0.5 to 4% 

strain) is due to dispersion strengthening, and the third stage (past 4% strain) is governed 

by dislocation cell structure formation in ferrite and eventual yielding of the martensite 

phase. 
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3.10.2 StrenRthening in TRIP Steels 

TRIP steels are created by an intercritical anneal step to obtain the desired amount 

of equiaxed ferrite, followed by quenching to an isothermal hold temperature that allows 

bainite to form. As bainitic ferrite forms, it rejects carbon into the austenite. Normally, 

FCBC would also form during the bainite transformation, but the high silicon content 

typically found in TRIP steels inhibits carbide formation [77] allowing the austenite to 

become enriched with carbon. The high carbon content stabilizes austenite, causing the 

martensite-start temperature (Ms) to drop below room temperature. After holding at the 

bainite transformation temperature for the desired amount of time, the steel is quenched 

to room temperature. Since the Ms temperature is below room temperature, the 

remaining austenite does not transform to martensite, but remains in the microstructure as 

retained austenite. The particular properties of a TRIP steel are highly dependent upon 

the nature of the retained austenite, including its grain size, morphology, carbon content, 

and volume fraction, all of which are influenced by processing [78-81]. 

TRIP steels often display yield point elongation behavior, which is due to the low 

dislocation densities introduced into ferrite during bainite formation [78]. During 

deformation, strain energy causes retained austenite to transform to martensite. This 

transformation leads to high work hardening and delays the onset of plastic instability 

(necking) during deformation, which results in high uniform elongation [82, 83]. The 

driving force available determines when the transformation from retained austenite to 

martensite will occur. 

For any phase transformation to proceed, the change in total Gibb's free energy, 

AGtotai, from the "parent" phase to the product phase must be negative. The contributions 

to AGtotai for nucleation of the product phase are shown in Equation 3.26, where A is the 

surface area of the nucleus, y is the interfacial free energy between the two phases, V is 

the volume of the nucleus, AGs is the strain energy change, and AGy is the volume free 

energy change [84 (p. 398)]. 
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AGtotai = Ay + VAGs + VAGy [3.26] 

For the nucleation process of martensite, the interfacial free energy term is 

positive since an interface is being created and the strain energy term is positive since the 

parent (austenite) and product (martensite) phases have different crystal structures. The 

sign and magnitude of the volume free energy term will therefore determine whether or 

not the transformation can proceed. Schematic plots of free energy versus composition as 

shown in Figure 3.16 can be used to find the value of AGv as the difference in free energy 

from austenite to martensite at a particular temperature and composition of interest. 

In Figure 3.16, at composition Cx and temperature Ti, AGV(A->M) > 0, at Ta, 

AGv(A-^M) = 0, and at T3, AGV(A->M) < 0. When austenite and martensite are in 

equilibrium, their free energies are equal (T2 in Figure 3.16), and this temperature is 

called To [85]. For a particular composition of steel. Figure 3.17 schematically shows 

free energy versus temperature. In Figure 3.17, the Ms temperature indicates where AGy 

(labeled AGv(crit)) is just large enough to allow the transformation from austenite to 

martensite to proceed. This temperature will vary greatly for different compositions of 

steel. TRIP steels take advantage of this by processing and alloying appropriately to 

cause the Ms temperature to fall below room temperature, thereby allowing austenite to 

be retained in the microstructure. 

The martensite start temperature is directly related to the stability of the austenite 

in the TRIP steel microstructure. The more stable the austenite, the lower the Ms 

temperature. One of the mechanisms for austenite stabilization is to increase the amount 

of carbon in the austenite. In general, as carbon content increases, Ms temperature 

decreases because greater carbon content both increases the elastic energy of the 

transformation and decreases the available chemical driving force [86]. 
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Figure 3.16: Schematic free energy versus composition curves for austenite (A) and 
martensite (M) at different temperatures, where Ti > T2 > T3. 
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Figure 3.17: Schematic free energy versus temperatvire curves for austenite (A) and 
martensite (M) at a fixed composition. 

In TRIP steel, the chemical free energy difference at room temperature between 

austenite and martensite is insufficient to cause a transformation because the Ms 

temperature is below room temperature. During deformation, the total AGv in TRIP 

steels is made up of a chemical driving force, AGc, and a mechanical driving force, AGa 

as shown in Equation 3.27. AG^ is due to strain energy added to the austenite during 

deformation. When the total value of AGv is equal to AGv(crit), martensite nucleation is 

possible at temperatures greater than Ms. Figure 3.17 illustrates this at temperature Tx- 

AGv = AGc + AGa [3.27] 

3.11 Influence of Strain Rate and Temperature on Dual Phase Steels 

In dual phase steel tensile tested at quasi-static strain rates, the martensite islands 

remain largely undeformed until necking begins [87]. If tests were run at elevated 
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temperatures, martensite strength would decrease and would likely reduce the strength of 

the steel. However, tests run at lower temperatures should influence the steel tensile 

properties primarily through the change in properties of the ferrite phase. Increasing 

strain rate would be expected to have the same effect. Therefore, it is expected that 

changes in the volume fraction of martensite in dual phase steel should not affect the 

strengthening increment due to temperature reduction or strain rate increase. A study by 

Miura, et al. [35] confirms this hypothesis for tensile strength as shovm in Figure 3.18, 

which plots tensile strength as a function of volume fraction of martensite for two 

different strain rates. However, Miura's work also showed an increase in the rate 

sensitivity of yield strength (difference between quasi-static yield strength and dynamic 

yield strength) with increasing volume fraction of martensite, as shovm in Figure 3.19 

which plots yield strength versus martensite volume fraction for two different strain rates. 

In Figure 3.19, the static yield strength does not change appreciably with volume fraction 

of martensite. Other studies [88] have shown a decrease in quasi-static yield strength 

with increasing martensite volume percent up to about 10%, which was attributed to the 

transition from discontinuous to continuous yielding behavior. Beyond 10% volume 

percent martensite, the yield strength increased with increasing martensite amounts. 

Perhaps the increase in yield strengthening increment seen by Miura, et al. is actually 

related to the change in yield behavior between static and dynamic tests. This theory is 

supported by their static and dynamic stress-strain curves shown in Figure 3.20, where 

the curve labeled "b" is for dual phase steel. In Figure 3.20, the quasi-static curve is 

continuous-yielding, while the dynamic curve shows a yield point. 



63 

(0 
ffl a. 

850 

800 

750 

£ 700 
o 
i 650 

® 600 
« c 
« 550 

500 

450 
0 2 4 6 8 10 

Volumetric fraction of martensite % 

Figure 3.18: Influence of strain rate and volumetric fraction of martensite on tensile 
strength of dual phase steel [35]. 
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Figure 3.19: Influence of strain rate and volumetric fraction of martensite on yield 
strength of dual phase steel [35]. 
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Figure 3.20: Nominal stress-strain curves at two different strain rates for (a) mild steel, 
(b) solution-hardened steel, and (c) dual phase steel. [35] 

3.12 Influence of Strain Rate and Temperature on TRIP Steels 

In TRIP steels, the nature of the retained austenite phase and its transformation to 

martensite with strain greatly influences tensile properties. The transformation of 

retained austenite to martensite is highly temperature dependent. It will transform to 

martensite at or below its martensite start, Ms, temperature without any mechanical 

assistance. With the addition of a mechanical driving force (strain energy of 

deformation), austenite may transform to martensite above its Ms temperature, with the 

required amount of strain energy increasing as the temperature increases. The nucleation 

of martensite above the Ms temperature may be promoted through either a stress-assisted 

or strain-induced mechanism, as shovra in Figure 3.21 [89-92]. 
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Figure 3.21: Schematic drawing of critical stress for martensite formation versus 
temperature for a TRIP steel. 

At stresses below the yield strength of austenite, martensite will nucleate by the 

stress-assisted mechanism, which provides the needed mechanical driving force through 

the work generated by an applied stress. This occurs at temperatures between Ms and 

Ms° as shown in Figure 3.21. At temperatures above Ms*', the retained austenite will 

plastically deform before martensite nucleation occurs and the critical stress required for 

martensite transformation drops below the extended line from the stress-assisted region 

(see Figure 3.21). There are two prominent theories to explain this phenomenon. The 

first holds that plastic deformation creates dislocations and shear bands in the retained 

austenite which provide more nucleation sites for martensite [90, 93]. The second theory 

proposes that stress concentrations are created at obstacles such as grain boundaries and 

twins during deformation, and that the increased stress at these obstacles is responsible 

for the further martensite transformation [89, 94]. At temperatures above Md, 

transformation from austenite to martensite is found to cease. 
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With increasing temperature, more strain energy is required to cause retained 

austenite to transform to martensite, which delays the transformation to higher strain 

values and may prevent some of the austenite from transforming. Therefore, with 

increasing temperature, work hardening rate and tensile strength might decrease more 

than the amount expected due to simple thermal softening of the steel. This result has 

been verified by Bleck, et al. [95]. If the temperature is high enough (above Md), 

retained austenite transformation will not occur at all, and the work hardening rate, 

tensile strength and uniform elongation values will greatly decrease. 

Decreasing temperature or increasing strain rate may cause competing processes 

to take place which may hinder or promote austenite transformation to martensite. With 

decreasing temperature or increasing strain rate, the yield strength of ferrite (BCC 

structure) increases substantially, while the yield strength of austenite (FCC structure) 

does not change as much [30 (p.301)], although the work hardening rate in austenite will 

increase. Typically, ferrite is the matrix phase surrounding islands of retained austenite 

in TRIP steel. Since the austenite-to-martensite transformation involves a volume 

expansion, it may be inhibited by increasing the strength of the surrounding ferrite. 

However, a lower temperature will also provide more chemical driving force to the 

transformation, and as the temperature decreases, the rate of transformation is expected to 

increase. 

As strain rate increases, the yield strength of FCC austenite does not change as 

much as that of the BCC ferrite. As the yield strength of ferrite increases, a higher stress 

is imposed on the austenite phase, which may cause stress-assisted transformation to 

martensite. Therefore, increasing strain rate may promote austenite transformation to 

martensite. Once the austenite phase begins to work harden, higher strain rate will 

provide more mechanical driving force which may increase the transformation rate 

through the strain-induced mechanism. However, as plastic strain in the steel increases 

during high rate testing, adiabatic heating causes the temperature to rise, which inhibits 

the transformation by reducing the chemical driving force. Figure 3.22 shows the volume 
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fraction of martensite versus effective strain for a 304 stainless steel (austenitic single 

phase) tensile tested at low and high strain rates [96].   At high strain rate, the 

transformation begins immediately and increases linearly with increasing strain. At low 

strain rate, the transformation begins later (after some plastic strain has accumulated) but 

the rate of transformation increases rapidly to a much higher rate than in the high-rate 

test. In Figure 3.22, the point where the two curves cross is designated e*. For strains 

less than 8*, the austenite to martensite transformation is accelerated by higher stress due 

to higher strain rate. However, as strain increases, temperature increases due to adiabatic 

heating, so that for strains greater than e* the transformation is retarded in high rate tests. 

Therefore, the total amount of austenite transformed during a high-rate test is much less 

than during a low-rate test. 

The strain rate dependence of austenite transformation in TRIP steel is expected 

to be complicated. Based on the relationships described above, increasing strain rate 

should initially accelerate transformation, resulting in increased yield strength and initial 

work hardening rate. As the steel work hardens, the high work hardening rate should 

persist until adiabatic heating impedes the transformation, causing a drop in strain 

hardening. 

Several researchers have measured the amount of austenite remaining in the 

necked region of TRIP steels after tensile testing and all have found that the amount 

increases with increasing strain rate, which they attribute to adiabatic heating [97-100]. 

This explanation seems reasonable because the highest strain rates and therefore highest 

temperatures occur in the necked region and the transformation should be suppressed. 

There are conflicting results comparing the amount of austenite transformed as a function 

of strain for low-rate and high-rate tensile tests. A study by Wei, et al. [98] showed less 

transformed austenite at all strains for the higher rate test, while another by Pychmintsev 

[97] showed more transformed austenite at low strains for the higher rate test, but less at 

higher strain values, similar to the 304 stainless steel results. The TRIP steels used in 
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these two studies were quite different, with Wei's material having only about 0.07 

volume fraction retained austenite, while Pychmintsev's had about 0.20 volume fraction 

retained austenite. Another study by Wei, et al. [99] showed waves in some high-rate 

sfress-strain curves for TRIP steels, which they attributed to alternant softening and 

hardening as transformation from austenite to martensite occurred during the tests. 
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Figure 3.22: Volume fraction of martensite formed during straining of 304 stainless steel 
at room temperature in uniaxial tension at high (10^ s'^) and low (10' s' ) 
strain rates [adapted from 96]. 

3.13 Modeling of Flow Behavior with Strain Rate and Temperature 

There are a great many constitutive relationships in the literature used to attempt 

prediction of material properties for different combinations of temperature, sfrain rate and 

strain. Some models predict only the yield strength, while others attempt to model the 

entire flow curve. Models used to predict the entire flow curve are generally not very 

accurate for low (< 2%) strains, as they do not account for subfle yielding effects [101]. 

Modeling of the entire flow curve is also complicated at high rates by adiabatic heating. 
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since the amount of heating is dependent upon sample dimensions. 

Constitutive relationships can also be divided into two categories: empirical and 

physically-based. Empirical relationships have various numbers of constants that are 

determined from analysis of experimental data. Physically-based relationships use 

theoretical analysis of fundamental processes that contribute to flow stress in materials 

together with empirical data to account for specific material behavior. 

3.13.1 Empirical Relationships 

At low strain rates, many metals exhibit parabolic hardening, which leads to 

Equation 3.28, where a is the flow stress, CTQ is the yield strength, k is a constant, s is the 

true strain, and n is the work-hardening exponent. 

o = a„+ke" [3.28] 

For mild steel, the effects of temperature and strain rate can be estimated by 

Equations 3.29 and 3.30, which were determined by simple curve fitting [41 (p. 325)]. In 

Equation 3.29, Tm is the melting point, Tr is a reference temperature at which Oi (a 

reference stress) is measured, T is the temperature for which a is calculated and m is an 

experimentally determined constant. 

o-o. ,_J-T. \ 

•T,y 
[3.29] 

ooclne [3.30] 
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3.13.2 Dislocation Mechanics 

The force, F, on a dislocation per unit length is given by Equation 3.31, where x is 

the applied shear stress and b is the Burger's vector. 

F = Tb [3.31] 

An array of N dislocations per unit area that do not interact with each other 

produce a shear strain, y = tan 9, as shown in Figure 3.23. Since each step in Figure 3.23 

moves a distance b, the total deformation is Nb and therefore y = tan 0 = Nb/L. Since the 

mobile dislocation density, p^, can be written as N/L^, the shear strain can also be written 

as Equation 3.32. Taking the time derivative of Equation 3.32 yields Equation 3.33. 

Assuming the dislocation density does not change with time gives Equation 3.34, which 

is known as the Orowan equation [41 (p. 236)]. In Equation 3.34, v is the average 

dislocation velocity (dL/dt). The shear strain can be converted to longitudinal strain, e, 

by adding the Taylor orientation factor, m, as shown in Equation 3.35. 

c^ 

Figure 3.23: Movement of an array of dislocations causing shear strain y = tan 0 [adapted 
from 1 (p. 331)]. 
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Y = PmbL [3.32] 

^ = ^bL + p„b^ [3.33] 
dt     dt '^'"   dt ^      ^ 

y = bp„v [3.34] 

-bp^v [3.35] 
m 

The mobile dislocation density is some fraction of the total dislocation density 

and may be dependent upon applied stress [102 (p. 14)]. The dislocation velocity is 

dependent upon applied stress, with velocity increasing with increasing stress up to a 

theoretical limit of the shear wave velocity in the material [1 (p. 332)]. An equation 

relating average dislocation velocity, v , to stress for a Fe-3%Si alloy is shown in 

Equation 3.36, where T is the resolved shear stress, to is the shear stress at xmit velocity, 

and m is a constant (not the Taylor orientation factor) [103]. There are three generally 

accepted regimes for dislocation velocities which govern plastic deformation 

mechanisms: thermally-activated, dislocation drag, and relativistic [1 (p. 336)]. 

Dislocation drag effects become significant at strain rates above 10^ s"', and relativistic 

effects above 10^ s"' [102]. Therefore, for the strain-rate range examined in this thesis, it 

is assumed that all deformation occurs in the thermally-activated dislocation motion 

regime. 

v= — [3.36] 
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As discussed in previous sections in this chapter dealing with the influence of 

strain rate and temperature, dislocations encounter various obstacles as they move 

through a material. These obstacles have been classified as long-range (athermal) or 

short-range (thermally activated) depending on whether or not they can be overcome by 

thermal energy. For BCC ferrite, it has been determined that the Peierls-Nabarro stress is 

the primary short-range barrier [1 (p. 341)]. Dislocation interactions, grain boundaries, 

and precipitates are assumed to be long-range obstructions, while solute atoms may be 

short-range obstacles. The flow stress of a material, a, can be expressed by a 

combination of stresses due to long-range (at) and short-range (as) barriers to dislocation 

motion as shown in Equation 3.37. 

a = CTL + cjs, cJs = f(T, £) [3.37] 

Figure 3.24 shows a schematic drawing of the effect of temperature on the applied 

energy required to overcome short-range barriers. Increasing temperature provides 

increasing amounts of thermal activation energy, indicated by the cross-hatched areas in 

Figure 3.24 labeled AG.   At temperature T3, AG3 provides enough energy to overcome 

the barrier with no applied stress. At temperature. To ( = OK), there is no thermal energy 

available and the barrier must be overcome with a high stress, TQ. 
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Figure 3.24: (a) Schematic drawing of thermal energy used to overcome short-range 
obstacles. T3 > T2 > Ti >To. Cross-hatched areas show thermal energy 
contributions, (b) Stress required to overcome a short-range obstacle as a 
function of temperature. [1 (p. 341)] 

The frequency, v, with which a dislocation will overcome an obstacle is given by 

Equation 3.38, where Vo is the vibration frequency of the dislocation, AG is the activation 

energy, T is absolute temperature, and k is Boltzmann's constant [1 (p. 342)]. 

v = v„ exp 
AG 
kT 

[3.38] 

Once a dislocation overcomes one obstacle, there is a period of time. At, before it 

overcomes the next obstacle. This time can be divided into the time required for the 

dislocation to move between obstacles, called the nmning time, tr, and the time it waits, 

tw, for a large enough thermal fluctuation to overcome the obstacle, such that At = tr + tw. 

The average waiting time is 1/v and is much longer than tr and therefore, At ~ tw 
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Returning to Equation 3.35, for short times At, the strain rate can be approximated by 

As/At as shown in Equation 3.39, where AL is the distance between obstacles. 

de    As     1   , AL .^ -f.-, — « — = .—pb— [J.iyJ 
dt     At     m      At 

Substituting 1/v for At in Equation 3.39 and rearranging to solve for AG results in 

Equation 3.40, which shows that increasing temperature or decreasing strain rate 

increases the activation energy available to help overcome short-range obstacles. The 

necessary activation energy can be calculated as the hatched area under the barrier in 

Figure 3.24a using Equation 3.41 if the shape of the barrier is known. In Equation 3.41 

AGo is the activation barrier at OK and the integral is the non-hatched area in Figure 

3.24a. Combining Equations 3.40 and 3.41 gives Equation 3.42. Since the shape of the 

activation barrier determines the solution to the integral in Equation 3.42, the shape must 

be knovm (or assumed) in order for Equation 3.42 to be written in terms of stress. 

AG = kTln^,   B„=^:^P^ [3.40] 
£ m 

AG = AG„-£ X(F)dF [3.41] 

kT In ^ - AG „ - r  UF) dF [3.42] 
A Jo 
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3.13.3 Yield Strength Models 

Several models have been proposed to predict the yield strength of materials as a 

ftinction of microstructure, temperature, and/or strain rate. Two of these models are 

discussed in this section, including the Brunner-Diehl model and the Hahn model. 

3.13.3.1 Brunner-Diehl BCC Model 

The Brunner-Diehl model [45,48] uses fundamentals of dislocation movement in 

BCC metals to predict yield strength as a function of temperature and strain rate. The 

analyses were dependent on temperature, and the only one discussed here will be for 

temperatures between 250 and 340K. In this temperature range, the primary deformation 

mechanism for BCC metals is thermally activated motion of screw dislocations, which 

move by the formation of double kink pairs [48]. 

Similar to Equation 3.37, Bmnner and Diehl divide the flow stress, x, into two 

components, thermal (T*) and athermal (TG), as shown in Equation 3.43. The thermal 

component is dependent upon strain rate and temperature, while the athermal component 

is independent of strain rate and weakly dependent upon temperature through the shear 

modulus, G. According to the Orowan equation (Equation 3.35), the strain rate is 

dependent upon dislocation velocity. The stress and temperature dependence of the 

dislocation velocity can be written with an Arrhenius-type formula wdth activation 

enthalpy, H, which transforms Equation 3.35 into Equation 3.44, where k is Boltzmann's 

constant, T is absolute temperature, and e^ contains geometrical factors, an attempt 

frequency and entropy terms [45]. 

T = T* + To [3.43] 

e = eoexp[^—^1 [3.44] 
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For temperatures between 250 and 340K, H(T*) is replaced with Hkp, the enthalpy 

of kink pair formation, given by Equation 3.45, where Hk is the enthalpy of an isolated 

kink, a is the kink height, b is the Burger's vector, and YO is "the pre-logarithmic factor of 

the elastic part of the line tension of the dislocations" [48]. Combining Equations 3.44 

and 3.45 and rearranging yields Equation 3.46. 

H,p=2H,-2aVx* a = a^Wo [3.45] 

2H^+kTln 
U^ 
v^oy 

2a 
[3.46] 

Published values are used to determine the parameters and then Hk, a and TG are 

adjusted to fit experimental data [22]. For pure a-iron, Brunner & Diehl determined the 

constants shown in Table 3.1. 

Table 3.1:   Constants for the Brunner-Diehl model for pure a-iron [48]. 

Material 2Hk 
(eV) 

a (N'W) eo(s"') 
tG 

(MPa) 
Pure 

a-Iron 
0.92 3.24x10-^'' 30,000 0 
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3.13.3.2 Hahn Yield Drop Model 

The Hahn model [104] is based upon dislocation multiplication and velocity and 

specifically addresses the nature of the yield drop observed in some BCC materials 

including iron. The derivation of Hahn's model starts with the Orowan equation 

(Equation 3.35) and Equation 3.36 which relates dislocation velocity to applied stress. 

The mobile dislocation density, pm, in Equation 3.35 is assumed to be a function of the 

initial dislocation density, po, and plastic strain, E, according to Equation 3.47, where f is 

the fraction of mobile dislocations, and C and P are constants. 

Pm - f(po + Cs^) [3.47] 

Equation 3.36 is modified to use normal stress (where a - 2x) and incorporate a 

strain hardening term (qe) as shown in Equation 3.48. Combining Equations 3.35, 3.47 

and 3.48 and using a Taylor orientation factor of 2 results in Equation 3.49, which relates 

strain rate and stress. Rearranging to solve Equation 3.49 for stress gives Equation 3.50. 

The Hahn model predicts a yield drop (upper and lower yield points) in materials 

which have a low initial dislocation density, po, and/or low values of m (the exponent in 

the dislocation velocity equation). Furthermore, if the strain rate sensitivity of a material 

is calculated as the exponent, r, in Equation 3.51, where a is flow stress, E is the strain 

rate, and B is a constant, Hahn found than m ~ r"\ Therefore, for materials (such as steel) 

where the strain rate sensitivity increases at high strain rates, a corresponding decrease in 

m is expected, which increases the magnitude of the yield drop. Values for the 

parameters in Equation 3.50 are shown in Table 3.2 for 1020 steel. 

v = 
^"^-qs^ 

V     '' 

[3.48] 
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e = |f(p„+Ce') 
%-qe 

'"     ) 

[3.49] 

a = 2qs + 2x„ 
2e 

>f(p„+CeP)_ 
[3.50] 

O = BE' [3.51] 

Table 3.2:   Constants for the Hahn model for 1020 steel [104]. niL is for strain rates less 
than 1 s'', while mn is used for strain rates between 1 and 1000 s' . 

Material f 
(cm-') 

C (cm-') P 
b 

(nm) IBL niH 
to 

(MPa) 
q 

(GPa) 

1020 
Steel 

0.1 10^ 1.6x10^ 0.8 0.248 33 13 100 3.44 

3.13.4 Flow Curve Models 

Many models have been developed to predict the shape of the entire stress-strain 

curve for changes in temperature and/or strain rate. This discussion includes descriptions 

of the empirically-based Johnson-Cook model and the physically-based Zerilli- 

Armstrong and MTS (Mechanical Threshold Stress) models. 

3.13.4.1 Johnson-Cook Model 

The most widely-used empirical relationship [1 (p. 329)] to predict stress-strain 

curves was developed by Johnson and Cook [105]. The Johnson-Cook equation is shown 
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in Equation 3.52, where A, B, C, n and m are experimentally determined parameters, Tr is 

the reference temperature at which A is measured, s is the equivalent plastic strain and e„ 

is a reference strain rate. The basic elements of Equations 3.28 - 3.30 are seen in 

Equation 3.52. In the first set of brackets, A is proportional to yield stress and B and n 

represent the effects of strain hardening. The term in the second set of brackets accounts 

for strain rate, where £ is the dimensionless plastic strain rate for which Johnson and 

Cook used 8^= 1.0 s"'. The third set of brackets gives the effects of temperature. 

0 = [A + Bs"][l + Cln8*][l-(T')'"] 
[3.52] 

8  =—,   T  = 
En 

f "Y 'Y    1 
r 

T   -T 

Johnson and Cook conducted tests at various temperatures and strain rates for a 

wide variety of materials and determined constants for Equation 3.52. Some of these 

constants for iron alloys are listed in Table 3.3. It should be noted that the Johnson-Cook 

equation was developed primarily for use at high strain rates and tends to underpredict 

strength for £• < 1.0 s'^ [106]. Also, moderate rate (quasi-static up to 400 s"') 

experimental data were obtained from torsion tests. Johnson and Cook calculated 

equivalent uniaxial tensile flow stress and strain from torsion data using the von Mises 

flow rule (a = V(3x), 8 = Y/V3). 
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Table 3.3:   Material and constitutive constants for the Johnson-Cook equation (Equation 
3.52) for Armco iron and 1006 steel [105]. 

Material 

Armco 
Iron 
1006 
Steel 

Density 
(kgW) 

7890 

7890 

Specific 
Heat 

(J/kg-K) 

452 

452 

Tm 
(K) 

1811 

1811 

A 
(MPa) 

175 

350 

B 
(MPa) 

380 

275 

0.32 

0.36 

0.060 

0.022 

m 

0.55 

1.00 

Xu, etal. [101] modified the Johnson-Cook equation to better describe the high 

strain rate behavior of several high strength steels for automotive body structure 

applications at room temperature. They contend that if the Johnson-Cook model is used 

for an isothermal test (where T remains constant), it can only predict divergent stress- 

strain curves as shown in Figure 3.25. Since only room temperature results were of 

interest to Xu, et al, their modified Johnson-Cook model neglects temperature and is 

shown in Equation 3.53, where B, C, n and n' are constants and the other terms are 

identical to those in Equation 3.52. By leaving out the temperature-dependent term, the 

modified Johnson-Cook model does not allow strain-dependent temperature change due 

to adiabatic heating. Xu, et al. found better correlation between their model and 

experimental results on several high strength steels than for the original Johnson-Cook 

model. Furthermore, they found that the constant, C, in Equation 3.53 could be 

approximately predicted based on only the quasi-static tensile strength for several steels. 

This relationship is shown in Equation 3.54, where TS is the quasi-static tensile strength. 
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True strain 

Figure 3.25: Divergent stress-strain curves predicted by isothermal use of the Johnson- 
Cook equation (Equation 3.52). e, > Sj > £3 

a = Be" 1 + Ce" in 
U^ 
v^oy 

[3.53] 

C = -0.00003(TS)+0.0402 [3.54] 

3.13.4.2 Zerilli-Armstrong Model 

Zerilli and Armstrong [107] proposed two constitutive equations based upon 

dislocation mechanics. One equation was established for copper and is applicable to FCC 

materials and the other was developed for iron and is appropriate for BCC materials. 

Using the dislocation dynamics concepts discussed in Section 3.13.2, they developed an 

expression for the thermal portion of the stress, GS, as Equation 3.55, where m is the 

Taylor orientation factor, AGo is the activation energy at OK, AQ is the dislocation 

activation area at OK, b is the Burger's vector, e is the strain rate, and C3 and C4 are 

constants. The P term in Equation 3.55 is a function of the activation area, and thus the 

short-range barrier shape. Since for BCC metals, the primary short-range barrier is the 

Peierls-Nabarro stress, the barrier shape does not change wdth increasing plastic strain, 
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and therefore the thermal portion of the stress is independent of strain as shown in 

Equation 3.56. Adding terms to account for the athermal component of stress (CJL), work 

hardening (C5 e") and grain size (kd"'''') gives the final Zerilli-Armstrong equation for BCC 

materials shown in Equation 3.57, where C5, n and k are constants, and d is the grain 

diameter. The simple addition of the work hardening term (C5 s") in Equation 3.57 means 

that changing temperature or strain rate will simply shift the stress-strain curve up or 

dovm, which has been shown correct for iron alloys tested under isothermal conditions 

[108]. Use of Equation 3.57 assumes no change in deformation mechanism, such as 

deformation twinning at very low temperatures or very high strain rates in iron. 

Although the form of Equation 3.57 is governed by physical processes, the constants are 

determined with empirical data. Zerilli and Armstrong determined constants for Equation 

3.57 for iron as shown in Table 3.4. 

a,=a^e-''\      p = C3-C,ln(E) 
A„b 

[3.55] 

Os = C, exp [- C3 T + C4 T ln(e)] [3.56] 

a = a^ + C, exp [- C3 T + C^ T ln(8)]+ C,E" + kd' [3.57] 

Table 3.4:   Constants for the Zerilli-Armstrong equation (Equation 3.57) for iron [107]. 

Material 
(MPa) 

c, 
(MPa) 

C3(K-') C4(K-') C5 
(MPa) 

n 
k 

(N/mm^^2) 
Iron 0 1033 0.00698 0.000415 266 0.289 22 
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Goldthorpe, et al. [108] have proposed a variation to the Zerilli-Armstrong model 

to account for a "transition from the domination of thermally activated processes to those 

controlled by the temperature dependence of the shear modulus" as the strength of iron- 

based alloys increases. Their equation is shown in Equation 3.58, where ^T is the shear 

modulus at temperature, T, p,293 is the shear modulus at 293K, the grain size dependence 

is included in CJL, and all other terms are identical to those in Equation 3.57. The 

temperature dependence of |JT is given by Equation 3.59. For a carbon-chromium- 

molybdenum steel with quasi-static yield strength of 800 MPa, Goldthorpe, et al. 

determined the constant for Equation 3.58 shown in Table 3.5. They also suggest that 

long-range obstacles to dislocation motion, such as precipitates, have their effect through 

the shear modulus and that adiabatic shear may control instability in strong materials. 

a = (OL + C58" Y^ + C, exp [- C3 T + C, T ln(e)] 
M'293 

[3.57] 

HT-= 1^293(1 13-0.000445T) [3.58] 

Table 3.5:   Constants for the modified Zerilli-Armstrong equation (Equation 3.58) for 
carbon-chromium-molybdenum steel with quasi-static yield strength of 800 
MPa [108]. 

Material CTL 
c, 

(MPa) C3 (K-') C4(K-') C5 
(MPa) n 

Iron 710 575 0.0048 0.00032 567 0.41 
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3.13.4.3 Mechanical Threshold Stress (MTS) Model 

Like the Zerilli-Armstrong mode, the MTS model was developed using the basic 

concepts of dislocation mechanics to determine an expression for the thermal portion of 

stress, as. However, the MTS model is based upon the use of state variables and their 

evolution with plastic deformation. It uses a single set of equations for all materials, 

incorporating the shape of the activation barrier into two parameters, p and q as shown in 

Equation 3.60 [109], which gives the activation energy, AG, as a function of stress, a. In 

Equation 3.60, cjo is the threshold stress, which can be described as the height of the 

barrier in Figure 3.24, or the flow stress of a particular microstructure at OK (no thermal 

assistance). AGo is given by Equation 3.61 [110], where \x is the temperature-dependent 

shear modulus, b is the Burger's vector and go is a normalized total activation energy. 

AG = AG, 1- 
^a^" 

V^oy 
[3.60] 

AG„=g>^ [3.61] 

The fundamental aspects of the MTS model include a yield criterion, a stress 

evolution equation, and a flow rule. The yield criterion determines when yielding occurs, 

the flow rule gives the direction of the next increment of plastic strain, and the evolution 

equation describes the strain hardening behavior of the material. The MTS model 

requires the determination of a "mechanical threshold stress", a, which is the flow stress 

of the material at absolute zero temperature. Goto, etal. [Ill] further break down the 

mechanical threshold stress into an intrinsic part, a^, and an evolving part, o^. The 

intrinsic part includes barriers to thermally activated dislocation motion, such as the 

Peierls barrier, and dislocation interactions with other defects. The evolving part includes 
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microstructural evolution with increasing deformation, or strain-hardening behavior. In 

addition to the contribution of the mechanical threshold stress, the model also includes 

the athermal contribution, aa, to flov^ behavior. 

The yield criterion for the MTS model is given by Equation 3.62, vi^here a is the 

flow stress, p is the temperature-dependent shear modulus, |ao is shear modulus at OK, 

and Si and Sg are temperature and strain rate dependent scaling factors, respectively. The 

scaling factors, Sj, are derived from Equation 3.63, where k is the Boltzmann constant, T 

is absolute temperature, e is the strain rate, and e^ is a reference strain rate which is set to 

a high value. 

II     ^ 1^0 Mo 

[3.62] 

1- 
kT 

goj^^b^ 
-In^ [3.63] 

The evolution equation for the MTS model is based on a modified Voce 

hardening rule given by Equation 3.64, where 9o is a temperature and strain rate 

dependent experimentally determined strain hardening rate, a is an empirical constant 

and a^ is a temperature and strain rate dependent saturation stress. The saturation stress 

values are derived from the saturation threshold stress, 6^, using Equation 3.65, where 

8„^^ is a large (saturation) value of strain rate, and goes is a normalized activation energy. 
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tanh a 

e = 
de 

eo(e,T) 
^J^TX 

tanh(a) 
[3.64] 

In 
kT 

In 
£S0 / 

[3.65] 

3.13.4.4 Comparison of Flow Curve Models 

For copper and iron Taylor impact tests, Zerilli and Armstrong [107] found their 

predictions to fit the experimental results better than those using the Johnson-Cook 

model. Johnson and Holmquist [106] also compared the Zerilli-Armstrong and Johnson- 

Cook equations and determined that the Johnson-Cook model has a more simple form 

with constants easier to determine, but the Zerilli-Armstrong model can be extrapolated 

to extended strain, strain rates and temperatures with greater confidence due to its 

physically-based origins. An advantage of the Zerilli-Armstrong model over the MTS 

model is that the testing methodology for the Zerilli-Armstrong model is simpler with no 

requirement for low temperature testing [1 (p. 375)]. 
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CHAPTER 4 

EXPERIMENTAL PROCEDURES 

4.1 MTS High Rate Testing System 

All tensile testing was conducted at room temperature using a servo-hydraulic 

high strain rate testing system manufactured by the MTS Systems Corporation. The 

system consists of a 50 kN (11,000 lb) capacity actuator (model 244.21S, #100-030-675) 

mounted in a 500 kN (110,000 lb) capacity frame (model 318.50S, #100-030-983). All 

tests were run in displacement control, with the actuator moving at a constant speed and 

resulting strain rate measured using methods described in Section 4.1.1. Conventional 

actuator speeds are attained 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.   System control is provided through a MTS TestStar^'^ 

digital controller with associated computer system. The specified peak velocity for the 

system was 13.5 m/s at zero load and 10 m/s at 50% of the peak load capacity. The 

system was verified to meet or exceed these performance specifications. The system is 

equipped with tensile grips capable of testing flat tensile samples with grip width up to 

25.4 mm (1.0 in) and thickness up to 6.35 mm (0.25 in). A slack-adapter is installed 

between the lower grip and the moving actuator to accommodate the required 

displacement to accelerate the actuator. Photographs of the entire system, the loading 

assembly, and installed test sample are shown in Figure 4.1. 

Data were acquired at conventional rates (up to 5 kHz) with the MTS Test Ware ^ 

program and at high rates (up to 5 MHz) with a National Instruments data acquisition 

board and VirtualBench Scope^'^ software. 
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(b; 

Figure 4 1:   Photographs of the MTS servo-hydrauHc high rate testing system, (a) Entire 
system, (b) Loading assembly, (c) Test sample. 
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4.1.1 Strain Measurement 

Several different methods for strain measurement were initially considered. An 

optical non-contacting extensometry system was investigated, but was eliminated from 

consideration due to expense and complex data acquisition methods. Standard contact 

extensometers caimot be used at high rates due to response time limitations. High- 

elongation strain gages were chosen for simplicity of measurement and excellent high- 

rate response. The particular strain gages chosen (Vishay Measurements Group EP-08- 

250BG-120) accurately measure strain up to about 25% when used vdth an appropriate 

high-elongation adhesive (Vishay Measurements Group Epoxy Resin and Hardener #A- 

12) and correct application methods [112,113]. Figure 4.2 shows a photograph of two 

copper tensile samples with high-elongation strain gages attached to the gage lengths. In 

the photograph, each sample also has a strain gage attached to the grip section. The grip 

section strain gages will be discussed in Section 4.1.2. In Figure 4.2, the upper sample is 

shovm prior to testing, and the lower sample is shown after testing to fracture with 

approximately 50% elongation. As evident in the deformed sample, the high-elongation 

strain gage stretched with the sample and remained attached throughout the test. 

0   J^^^ 

I .v^*i'   ,     .   . 1        in mm 

Figure 4.2:   Photograph of two copper tensile samples. The upper sample is shown prior 
to testing and the lower sample is shown after testing to fracture with 
approximately 50% elongation. 
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Strain data were acquired through the use of a standard quarter-bridge Wheatstone 

Bridge circuit. CaUbration of an MTS DC conditioner (model 490.21, serial #1150330) 

to convert Wheatstone Bridge output voltage to strain provides direct strain indication 

through the TestWare™ program for all tests and also through the National Instruments 

data acquisition system for high rate tests. At large strains, output from a Wheatstone 

Bridge becomes significantly non-linear. Therefore, this non-linearity is mathematically 

corrected using Equations 4.1 and 4.2 [114] to determine actual strain values. The 

correction has been verified as accurate (within 2% error) by comparing the 

mathematically corrected final strain values to final strain values calculated directly from 

the resistance of the strain gage after tensile testing. 

s = e + n [4.1] 

F(s)^ 
n: 

2-F8 
[4.2] 

8 = actual strain 

e = indicated strain 

n = incremental error in indicated strain 

F = gage factor 

Quoted strain rates were obtained directly from measured strain-time data of the 

high-elongation strain gage mounted on each tensile sample gage section. Figure 4.3 

shows engineering strain versus time data for TRIP-1 steel tested at low and high strain 

rates. In Figure 4.3, the strain data are nearly linear with time throughout the tests. At 

high strain values the curves turn sharply upward as a result of strain gage failure. 

Engineering strain rates were determined by fitting a line to the linear portion of the 

strain versus time plots. 
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Figure 4.3:   Engineering strain versus time plots for TRIP-1 steel, a) Low-rate test: gage 
length = 50.8 mm, actuator velocity - 6 mm/s, strain rate = 0.12 s'' b) 
High-rate test: gage length = 12.7 mm, actuator velocity = 8 m/s, strain rate 
= 630 s -1 

4.1.2 Load Measurement 

The MTS high-rate system was supplied with a piezoelectric load washer (Kistler 

type 9361B, serial #1022938) for load measurement. The signal from the load washer is 

transmitted to the TestWare^^ computer program and National Instruments data 

acquisition system through a Kistler amplifier (model 5010B, serial #C93013). The load 

washer exhibited some noise (about + 20 N) when used during low-rate tensile tests. 

Load washer data were satisfactory for strain rates at or below approximately 10 s'', but 

for higher rates the load washer data exhibited increasingly large fluctuations, commonly 

referred to as "ringing," as shown in Figure 4.4. Figure 4.4 shows engineering stress 

(calculated from the piezoelectric load washer) versus engineering strain for HSLA-1 

steel tested at four different strain rates. The curve for a strain rate of 10'^ exhibits very 

small amplitude noise, but no noticeable fluctuations. The 10 s"' curve shows small 
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amplitude fluctuations, while the curves at strain rates of 100 and 530 s"' exhibit very 

large amplitude fluctuations. The oscillation frequency is constant at a value of about 

2500 Hz regardless of strain rate, w^hich is the reason a lesser number of oscillations is 

present for tests at higher strain rates. Load washer ringing is an expected phenomenon 

and was discussed in detail in section 2.2.1 dealing Mdth vibration during high-rate 

testing. 

Strain Rates (s'): 
olO^    -lO    DlOO    #530 

0 0,1 0.2 0.3 0.4 
Engineering Strain (mm/mm) 

Figure 4.4:   Engineering stress-strain curves for HSLA-1 steel calculated using load data 
from the piezoelectric load washer at four strain rates. Increasing strain rate 
increases ringing amplitude while ringing frequency remains approximately 
constant. All tests run using 25.4 mm gage length samples with actuator 
velocities of 0.025 mm/s, 250 nrni/s, 2.5 m/s and 13.5 m/s used to achieve 
strain rates of 10'^, 10, 100 and 530 s"', respectively. 

In Section 2.2.1, load cell ringing was discussed along with methods to reduce the 

effects of ringing. One such method was to reduce the mass between test sample and 
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load washer, which should increase the frequency and reduce the amplitude of ringing. 

The effect of reducing the mass on oscillation amplitude and frequency is illustrated in 

Figure 4.5. To create Figure 4.5, two frequency response tests were conducted by 

tapping the MTS high-rate system load train with a hammer and recording the output of 

the load washer. The first test ("High Mass") was conducted with the load train set up for 

a normal test with the upper grip installed as usual. A hammer was used to tap the center 

of the upper grip to impose a load. For the second test ("Low Mass"), the upper grip and 

its attachment post were removed and the hammer used to tap the bottom of the load 

washer assembly directly. Figure 4.5 shows that the lower mass situation results in lower 

amplitude oscillations at a higher frequency, as expected. 

o 

0.002        0.003        0.004 
Time (s) 

Figure 4.5:   Load versus time plot for two frequency response tests. One test ("High 
Mass") was conducted with the upper grip installed, while the other ("Low 
Mass") was conducted without the upper grip installed. The plot shows the 
higher mass test resulted in larger amplitude, lower frequency oscillations. 
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Clearly, reducing the mass between test sample and load washer is important for 

producing the highest quality load data. This can be accomplished by minimizing the 

mass of the upper grip and further reduced by incorporating the load measuring device 

directly into the upper grip. 

Another method to minimize the amplitude of load washer ringing is to reduce the 

actuator velocity and use a shorter gage length sample to achieve the same desired strain 

rate. The effect of reduced actuator velocity is shown in Figure 4.6. To create Figure 

4.6, two tensile tests were run on HSLA-1 steel samples with identical properties and 

dimensions except that one sample had a reduced section length of 25.4 mm while the 

other had a reduced section length of 12.7 mm. The 25.4 mm sample was tested with an 

actuator velocity of 2.65 m/s, which resulted in a true strain rate of about 100 s" . The 

12.7 mm sample was tested with an actuator velocity of 1.27 m/s, which resulted in a true 

strain rate of about 150 s''. As seen in Figure 4.6, the ringing frequencies for both tests 

are approximately the same, while the amplitude is lower for the lower velocity test. 

Although this method effectively reduces ringing amplitude, decreasing the gage length 

reduces the portion of the tensile sample that can achieve a state of uniform stress during 

testing. For this reason, no tensile tests were run using gage lengths smaller than 12.7 

mm, and most tests were run using samples with 25.4 mm gage lengths. 

A method for acquiring accurate load data at high strain rates by greatly reducing 

the mass between test sample and load measuring device was developed. An elastic 

strain gage (Vishay Measurements Group EA-06-250BG-120 or EA-06-125BT-120) was 

installed on the grip section of each tensile sample and strain data acquired through a 

second Wheatstone Bridge circuit and appropriate MTS conditioner (model 490.21, serial 

#1295723H). A schematic drawing of the tensile sample is shown in Figure 4.7. This 

method essentially uses the grip section strain gage as a load cell and significantly 

improves the quality of high-rate load data as demonstrated in Figure 4.8. 

Figure 4.8 shows load washer data versus time for HSLA-3 steel along with load 

data collected from a grip section strain gage. The grip section strain gage data still 
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exhibited some oscillation, but of significantly lower amplitude and higher fi-equency 

than the load washer data. The grip section strain gage load curve shown in Figure 4.8 

has an oscillation frequency of about 22 kHz, which is very close to the expected natural 

frequency of 23 kHz for the tensile sample used in this particular test. The details of how 

the theoretical natural frequency of the tensile sample was calculated are contained in 

Appendix A. 
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Figure 4.6:   Load versus time plot for two HSLA-1 steel tensile samples with different 
gage lengths. One sample (solid line) had a gage length of 25.4 mm and the 
other sample had a gage length of 12.7 mm. The smaller gage length 
sample provided a higher strain rate even with a lower actuator velocity. 
The lower actuator velocity resulted in lower amplitude oscillations in the 
load washer data. 
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Figure 4.7:   Schematic drawing of tensile sample with strain and load measurement 
strain gages attached. 
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Figure 4.8:    Load versus time plot for HSLA-3 steel tensile test at an engineering strain 
rate of 110s"'. Load data from a piezoelectric load washer are compared 
with load data gathered using a grip section strain gage. Sample gage length 
was 25.4 mm and actuator velocity was 2.8 m/s. 

The use of a grip section strain gage for acquiring load data requires that the grip 

section of the tensile sample remain in the elastic deformation region during the entire 
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tensile test. Therefore, tensile samples were designed with appropriate grip-section/gage- 

section width ratios to ensure the grip sections did not plastically deform during testing. 

Details of tensile sample geometry are discussed in Section 4.2. 

In addition to the ringing problems associated with using the piezoelectric load 

washer, loading by stress waves traveling through the load train causes a time delay 

between strain measurement on the sample and load measurement at the load washer. In 

samples instrumented with a grip section strain gage, this time lag can be measured by 

plotting the grip section strain gage data and the load washer data versus time as shown in 

Figure 4.9, and simply reading the time delay between the two signals. In Figure 4.9, the 

time delay is approximately 50 |is. During the test shown in Figure 4.9, there was a 

distance of about 150 mm between the grip section strain gage and the load washer, 

which corresponds to a stress wave velocity of 3000 m/s. 

Since the grip section strain gage is also located a finite distance away from the 

gage section strain gage, the load data obtained fi-om the grip section strain gage should 

be shifted in time to make them coincident with the strain data. In this case, an elastic 

stress wave velocity of 5200 m/s [25 (p. 78)] can be used to calculate the time shift for 

steel tensile samples. 
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Figure 4.9:   Load versus time plot for HSLA-3 steel tensile test at an engineering strain 
rate of 240s"'. Load data from a piezoelectric load washer lags load data 
gathered using a grip section strain gage by about 50 |is. Tensile sample 
gage length = 25.4 mm and actuator velocity = 6.1 m/s. 

4.2 Test Sample Details 

Initial samples made for testing in the high-rate system were machined according 

to the standard ASTM E-8 specifications. However, the long (50.8 mm, 2 in) gage length 

of these samples, limited the maximum achievable strain rate to about 200 s" . Therefore, 

samples were also created according to the subsize ASTM E-8 specifications, which 

stipulate a 25.4 mm (1 in) gage length, and other samples made with 12.7 mm (0.5 in) 

gage lengths. After it was decided to use the grip section of each sample as the load cell 

for high-rate testing, further changes to the sample geometry were made to preclude 

plastic deformation in the grip sections of the samples. Details of ASTM E-8 and other 

tensile sample dimensions are contained in Appendix B. 
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4.3 Data Collection & Reduction Methods 

The MTS high-rate system used for all tensile testing is capable of running 

displacement-control tests over a wide range of actuator speeds. The lowest possible 

speed has not been determined, but the lowest speed used was about 0.05 mm/s which 

was used to achieve strain rates of about lO'"' s'' in tensile samples v^dth 50.4 mm gage 

lengths. For low rate testing, the MTS TestWare^^ program was used to collect data. At 

the TestWare^^ maximum acquisition rate of 5000 Hz, if a minimum of 500 data points 

are desired for a particular test, the test duration must be at least 100 ms. If a maximum 

total strain of 30% under constant strain rate is assumed, a 100 ms duration test translates 

to a strain rate of 3 s'', which is then the maximum strain rate at which the minimum 

number of data points can be collected using the TestWare^'^ program. 

For strain rates greater than 3 s"', a commercially available software program. 

National Instruments (NI) VirtualBench Scope^^, was used to collect data in conjunction 

with a National Instruments high-rate data acquisition circuit board (model PCI-61 lOE). 

The NI system allows data collection at speeds up to 5 MHz. Using 30% total strain and 

constant strain rate assumptions along with 500 data points desired, the NI system is 

sufficient to gather data at strain rates up to 3000 s"'. 

Both the MTS TestWare^'^ and NI data collection systems provide time, actuator 

displacement, load from the load washer, strain fi"om the gage section strain gage, and 

strain from the grip section strain gage for each data point. Each set of raw data was 

imported to an Excel^^ file where fiirther calculations could be performed. 

As mentioned in Section 4.1.2, load data gathered fi"om the piezoelectric load 

washer were adequate for tests run at strain rates at and below about 10s". Above that 

strain rate, load washer ringing was significant and grip section strain gages were used to 

acquire reasonable load information. 

Analyses of stress-strain curve shapes, and how those shapes change with strain 

rate, are very important to understanding material behavior. Therefore, standard methods 
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were developed to convert raw data gathered either from the TestWareTM or NI system 

into engineering and true stress-strain curves. 

4.3.1 Conversion of Raw Data Into Stress-Strain Curves 

In this section, two typical sets of tensile test data are used to show how both low- 

rate and high-rate raw data were converted into stress-strain curves. The example tensile 

tests were run on dual phase (DP) steel, with dimensions shown in Table 4.1, at 

engineering strain rates of approximately 1 s'' and 100 s"^ Ten steps described below 

were followed to create stress-strain curves. 

Table 4.1:   Nominal dimensions of dual phase (DP) steel tensile samples. 

Overall Length 200 mm 
Thickness 1.4 mm 
Gage length of reduced section 25.4 mm 
Width of reduced section 6.4 mm 
Width of grip section 19.1 mm 

1. Correct both gage section and grip section strain data for Wheatstone Bridge 

non-linearity using Equations 4.1 and 4.2 as described in Section 4.1.1. 

2. Plot engineering strain versus time as shown in Figure 4.10. Gage section 

strain gages for these dual phase steel examples remained attached for a large portion of 

each test. For the low rate test, the arrow in Figure 4.10a indicates where the strain gage 

completely detached from the sample at slightly more than 0.18 engineering strain. For 

the high-rate test shown in Figure 4.10b, the strain gage remained attached up to about 

0.3 engineering strain. However the apparent reduction in strain rate between about 0.17 

and 0.22 strain (shown by the arrow in Figure 4.10b) is most likely due to a partial 
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debonding of the gage before its complete failure around 0.3 strain Therefore, the strain 

rate for the high rate test will be calculated using the strains below 0.17. 
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Figure 4.10: Engineering strain versus time for two dual phase steel tensile tests, 
a) Low rate test with gage length = 25.4 mm and actuator velocity = 
25 mm/s. b) High rate test with gage length = 25.4 mm and actuator 
velocity = 2.7 m/s. 

3. Determine engineering strain rate by fitting a straight line through the linear 

part of the engineering strain versus time plot as shown in Figure 4.11. For these 

examples, the engineering strain rate for the low rate test was calculated to be 0.94 s'' and 

for the high rate test to be 110 s"'. 
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Figure 4.11: Linear portion of the engineering strain versus time plots from Figure 4.10 
for two dual phase steel tensile tests. In each figure, the dashed line is the 
linear curve fit. a) Low rate test with gage length = 25.4 mm and actuator 
velocity = 25 mm/s. b) High rate test with gage length = 25.4 mm and 
actuator velocity = 2.7 m/s. 

4. Since actuator velocity is constant, engineering strain rate can be assumed 

constant through the uniform strain portion of the tensile test. Therefore, strain data can 

be extrapolated past the last good strain data point using the strain rate and time. The 

calculation is shown in Equation 4.3. 

'X = e,_,+e(t^-t,_,) [4.3] 

Cx = engineering strain at data point x 

Cx-i = engineering strain at data point (x-1) 

e = engineering strain rate 

tx = time at data point x 

tx-i = time at data point (x-1) 
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5. Calculate engineering stress. This calculation is straightforward for low rate 

tests, as shown in step 5A, but is more complicated for high rate tests, as shown in steps 

5B-1 through 5B-4. 

5A. For low rate tests, calculate engineering stress using Equation 4.4. 

s = -^ [4.4] 
w-t 

s = engineering stress 

F = load (from the piezoelectric load washer) 

w = tensile sample gage section width 

t = tensile sample thickness 

5B. For high rate tests, the calculation of engineering stress required several steps, 

since the grip section strain gage data were used for load information. The following 

steps were used to determine engineering stress for high rate tests: 

5B-1. Determine the elastic modulus of the material. For steel, the elastic 

modulus is about 200 GPa. A more accurate value for the particular material tested can 

be determined by plotting engineering stress versus engineering strain for the grip section 

of a tensile sample during a low rate test on the same material. The grip section 

engineering stress was calculated using Equation 4.4 with the tensile sample grip section 

width instead of the gage section width. As long as the grip section of the tensile sample 

remained in the elastic region, the plot of grip section engineering stress versus strain was 

a straight line with the elastic modulus of the material being the slope of that line as 

shown in Figure 4.12. Figure 4.12 is a plot of engineering stress versus engineering 

strain for the grip section of the dual phase steel low rate tensile test. The approximate 
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value of the elastic modulus for this particular material was 192 GPa. The value is 

approximate because it may vary slightly depending on the placement of the strain gage 

on the tensile sample grip section due to stress concentrations caused by the gripping of 

the sample and the fillets used to transition to the reduced section of the sample. 
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Figure 4.12: Engineering stress versus engineering strain for the grip section of a dual 
phase steel low rate test. The slope of the plot gives the material's elastic 
modulus. Sample gage length = 25.4 mm and actuator velocity = 25 mm/s. 

5B-2. Convert grip section strain data to load data. Assuming the grip section 

remained in the elastic region, the load was calculated using the elastic modulus and grip 

section dimensions as shown in Equation 4.5. 
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f grip      t • Wgrip ' ii " Cgrip [^•-'J 

Fgrip = load calculated from the grip section strain gage 

t = tensile sample thickness 

Wgrip = tensile sample grip section width 

E = tensile sample elastic modulus 

Cgrip = grip section engineering strain 

5B-3. Compare grip section load data to piezoelectric load washer load data. 

Ringing associated with load data from the load washer is caused by oscillations around a 

mean value which is the actual load signal. Therefore, if there were sufficient oscillations 

in the load washer data, a simple data averaging routine yielded the actual load values. 

The data-averaging technique required calculating a running average of the load data, 

which worked well for post-yield load information when there were several oscillations 

during the test, but did not provide details of the elastic to plastic transition (which is why 

the grip section strain gages were used). The data-averaged load values from the load 

washer at large strains were used to verify the amplitude of the grip section strain gage 

load values. As mentioned previously, location of the grip section strain gage may cause 

slight differences in the load information it provides, and may require slight adjustment 

of the elastic modulus value used in Equation 4.5. Therefore, comparing the grip section 

strain gage load data to the load washer load data provided more accurate load 

information. An example of this procedure is shown in Figure 4.13, where load versus 

time data are plotted for the load washer, the grip section strain gage, and the data 

averaged load washer information. In Figure 4.13a, the elastic modulus calculated in step 

5B-1 (192 GPa) was used to determine the load values fi-om the grip section strain gage. 

Since those values were higher than the data-averaged load washer curve, the elastic 

modulus was modified to 189 GPa and plotted again in Figure 4.13b. 
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Figure 4.13: Load versus time plots comparing piezoelectric load washer, grip section 
strain gage and data-averaged load washer data for a dual phase steel high 
rate test. Tensile sample gage length = 25.4 mm and actuator velocity = 
2.7 m/s. (a) Elastic modulus of 192 GPa used to calculate grip section strain 
gage loads, (b) Elastic modulus of 189 GPa used to calculate grip section 
strain gage loads. 

5B-4. Calculate engineering stress using the grip section load. The same 

procedure as used for the low rate tests was used to calculate engineering stress from 

Equation 4.6. 

s = 
W-t 

[4.6] 

s = engineering stress 

Fgrip = load calculated from the grip section strain gage 

w = tensile sample gage section width 

t = tensile sample thickness 
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6. Calculate true strain and true stress values. True strain and true stress are 

calculated from the engineering strain and stress values using Equations 4.7 and 4.8, 

which may only be used up to the uniform strain limit (before the onset of necking) of the 

material. 

e = In (1 + e) [4.7] 

a = s (1 + e) [4.8] 

8 = true strain 

e = engineering strain 

a = true stress 

s = engineering stress 

7. Determine the uniform strain limit. There are a variety of different ways to do 

this. If the material exhibits a high degree of strain hardening, the simplest method was 

to plot the engineering stress-strain curve and visually find the ultimate tensile strength 

(UTS) value which corresponded to the point of maximum uniform strain. This method 

was used whenever possible. One could also simply find the maximum load value in the 

data set and then choose the corresponding strain value. Another, and more accurate, 

method was to plot the true stress-strain curve and on the same graph also plot dcr/de 

versus true strain. The point at which the curves cross is the uniform strain limit [30 (p. 

289-290)]. A graphical method called Considere's construction [30 (p. 290)] can also be 

used where true stress is plotted versus engineering strain and a line drawn from a point 

where engineering strain is equal to -1, to the tangent of the curve. The tangent point 

corresponds to the imiform strain limit. Finally, if the tensile sample exhibits a localized 

region of necking (versus a diffuse neck) and sufficient length of the reduced section 
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existed outside of the necked region, measurements of the width and thickness of the 

uniformly strained portion gave an estimate of the uniform strain Umit according to 

Equation 4.9 [30 (p. 286)]. Note that the error in this calculation is greatly increased if 

the sample dimensions (especially thickness) are small. 

£.. = In 
^w  -t  ^ o       o 

VWu-t„y 
[4.9] 

8u - true uniform strain 

Wo= gage section width before testing 

to= gage section thickness before testing 

Wu= gage section width in the uniform strain region after testing 

tu= gage section thickness in the uniform strain region after testing 

For the example dual phase steel samples, several different methods were used to 

determine the uniform strain limits with the results listed in Table 4.2. From Table 4.2, it 

is clear that methods 1 through 4 give very similar results for each sample, while method 

5 gave similar results to methods 1 through 4 for the low rate sample and gave a 

significantly higher result for the high rate sample. For these examples, both the low rate 

and high rate samples exhibited fairly diffuse necked regions, with the high rate sample 

being more diffuse than the low rate sample. A diffuse necked region made the 

measurement of the uniform strain area difficult and therefore was not a reliable measure 

of uniform strain for these samples. For materials (such as dual phase steel) that 

exhibited a high degree of strain hardening, method 1 was used to determine the uniform 

strain limit. Methods 1 and 4 become more difficult with a material that has a low degree 

of strain hardening, and method 3 may be required. As strain rate increases, the stress- 

strain curve becomes more noisy, which makes methods 2 and 3 unreliable. In the case 
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of a noisy stress-strain curve, method 1 was used if practical (high degree of strain 

hardening). If the stress-strain curve was noisy and had little strain hardening, method 5 

was used to find the uniform strain limit, or method 3 was used after a smooth stress- 

strain plot was created by performing a curve fit of the data. 

Table 4.2:   True uniform strain limits based on different calculation methods for two 
different rate tensile tests on dual phase steel. 

Calculation Method 
True Uniform Strain Limit 

(mm/mm) 
Low Rate Test High Rate Test 

1. Visual plot of engineering stress-strain 0.158 0.141 
2. True strain corresponding to maximiun load 0.161 0.146 
3. Intersection of true stress-strain & da/de vs. s 0.161 0.142 
4. Considere's construction 0.157 0.141 
5. Measurement of sample dimensions 0.162 0.185 

8. Estimate engineering strain values beyond the uniform strain limit up to tensile 

sample fracture. Before each tensile test was run, gage length marks were placed on the 

sample so that the total elongation could be measured after sample fracture. This total 

elongation was used to calculate the engineering strain value at fracture using Equation 

4.10. 

Cf = 
Lf-L„ 

[4.10] 

Cf = engineering fracture strain 

Lf = length between gage marks after fracture 

Lo = length between gage marks before testing 
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The engineering strain rate could only be assumed constant up to the uniform 

strain limit because the strain was concentrated in the necked region after that point. To 

plot the entire engineering stress-strain curve, the post-imiform strain values had to be 

estimated. To accomplish this, the strain rate after necking was assumed to be a constant 

value different fi-om the strain rate before necking. The strain rate value was chosen so 

that the predicted fracture strain would match the actual measured fracture strain. 

9. Plot engineering stress-strain curves. Engineering stress-strain curves for the 

dual phase steel examples are shown in Figure 4.14. 
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Figure 4.14: Engineering stress-strain curves for dual phase steel tensile tests at two 
different strain rates, a) Low rate test with gage length = 25.4 mm and 
actuator velocity = 25 mm/s. b) High rate test with gage length = 25.4 mm 
and actuator velocity = 2.7 m/s. 

10. Plot true stress-strain curves. True stress-strain curves plotted up to the 

uniform strain limit for the dual phase steel examples are shown in Figure 4.15. 
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Figure 4.15: True stress-strain curves for dual phase steel tensile tests at two different 
strain rates, a) Low rate test with gage length = 25.4 mm and actuator 
velocity = 25 mm/s. b) High rate test with gage length = 25.4 mm and 
actuator velocity - 2.7 m/s. 

4.3.2 Interpreting Anomalous Strain and Load Data 

The strain versus time curves (Figure 4.10) presented in Section 4.3.1 were 

typical for samples that did not exhibit a high amount of yield point elongation (YPE), 

while the grip section strain gage load data shown in Figure 4.13 were typical for grip 

section strain gages that remained perfectly bonded during the entire test and for tensile 

samples that did not experience plastic deformation in the grip section. However, some 

materials did exhibit significant YPE, grip section strain gages did not always stay 

completely attached to the sample, and some tensile samples experienced plastic 

deformation in the grip section. Therefore, interpretation of strain and load information 

was not always straightforward. 

Conducting tensile tests using constant actuator velocity on materials with 

significant YPE caused an increase in local strain rate during the YPE, followed by a 

lower strain rate afterwards. A low-rate engineering stress-strain curve for IF-1 steel 

exhibiting YPE extending to almost 0.07 strain is shovra in Figure 4.16a. Figure 4.16b 
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shows the engineering strain versus time plot for the same tensile test. In Figiire 4.16b, 

the strain rate below 0.07 strain is about double the strain rate later in the test. For 

materials exhibiting YPE, quoted strain rates were those calculated using strain values 

beyond the YPE. 
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Figure 4.16: Tensile test results for IF-1 steel sample with gage length of 25.4 mm run 
using an actuator velocity of 27 mm/s. a) Engineering stress-strain curve 
showing yield point elongation (YPE) up to nearly 0.07 strain, 
b) Engineering strain versus time plot showing difference in strain rates for 
YPE region and the rest of the test. 

Occasionally, the grip section strain gage partially debonded during the tensile 

test. This was noticeable by a drop in the load data calculated using the grip section 

strain gage compared to the load washer information as demonstrated in Figure 4.17a, 

where the grip section strain gage experienced partial debonding at the location shown by 

the arrow. For some tests, the grip section of a tensile sample did not remain in the 

elastic region during the entire tensile test, causing the correlation between the actual load 

and grip section strain gage data to become nonlinear. This was evidenced by a rapid 
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increase in load data calculated using the grip section strain gage compared to the load 

washer information as shown in Figure 4.17b. If there were sufficient oscillations in the 

load washer data, the test information was still useable. For both cases, the solution was 

to use load data calculated from the grip section strain gage up to the point where it 

became unreliable either due to gage debonding or plastic deformation. After that point, 

the data-averaged load washer data were used to complete the load time curve as shown 

in Figure 4.18. 
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Figure 4.17: Load versus time plots comparing piezoelectric load washer and grip section 
strain gage data, a) Grip section strain gage partial debond location shown 
by arrow. TRIP-1 steel with tensile sample gage length = 12.7 mm and 
actuator velocity = 350 mm/s. b) Tensile sample grip section experiences 
plastic deformation. Dual phase steel with tensile sample gage length = 25.4 
mm and actuator velocity = 2.7 m/s. 
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Figure 4.18: Figure 4.17 data re-plotted using data-averaged load washer signal after the 
grip section strain gage data becomes unreliable, a) TRIP-1 steel with tensile 
sample gage length = 12.7 mm and actuator velocity = 350 mm/s. b) Dual 
phase steel with tensile sample gage length = 25.4 mm and actuator velocity 
= 2.7 m/s. 

4.3.3 Determination of Mechanical Properties 

In addition to knowing the shapes of stress-strain curves, often it is desirable to 

identify the yield strength, ultimate tensile strength (UTS) and strain hardening exponent 

for each tensile test. In general, the UTS value was the easiest mechanical property to 

determine. If the data collected were not "noisy", the UTS was simply calculated as the 

engineering stress at the maximum load value. If the data were noisy, an engineering 

stress-strain curve was plotted and the UTS value determined visually. A definition of 

the term "yield strength" was required before that value could be determined. In keeping 

with standard practice, the 0.2% offset method was used for continuous-yielding 

materials, while the lower yield point was used for materials exhibiting yield point 

elongation behavior. Both of these methods required a visual inspection of the stress- 

strain curve. 
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The strain hardening exponent is "n" in Equation 4.11, which assumes that the 

flow curve of a material can be expressed as a simple power curve relation [30 (p. 287)]. 

If families of stress-strain curves were plotted on the same chart, a qualitative 

determination of degree of strain hardening was made by visual comparison of the 

curves. An example of this is shown in Figure 4.19 for the dual phase steel example 

tests. From Figure 4.19, it appears that the low rate test had a higher degree of strain 

hardening than the high rate test, which is typical for steel. To obtain a numerical value 

for the strain hardening exponent, a plot of log (stress) versus log (strain) was made, with 

"n" being the average slope of that plot. Such plots are shown in Figure 4.20 for the dual 

phase steel example tensile tests. In Figure 4.20, only one value was calculated for "n" 

for each test. However, if the plots were broken into two regions (low strain and high 

strain), two values for "n" could have been calculated, where the low strain values would 

be larger. 

a = K8" [4.11] 

a = true (flow) stress 

K = strength coefficient 

£ = true strain 

n = strain hardening exponent 

For the dual phase steel examples, the mechanical properties (yield strength, UTS 

and strain hardening exponent) are summarized in Table 4.3. 
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Figure 4.19: True stress-strain curves for dual phase steel tensile tests at two different 
strain rates. Low rate test used sample gage length = 25.4 mm and actuator 
velocity = 25 mm/s. High rate test used sample gage length = 25.4 mm and 
actuator velocity - 2.7 m/s. 
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Figure 4.20: True stress-strain plots on a log-log scale for dual phase steel tensile tests at 
two different strain rates. The slope of each plot is the strain hardening 
exponent. Low rate test used sample gage length = 25.4 mm and actuator 
velocity = 25 mm/s. High rate test used sample gage length = 25.4 mm and 
actuator velocity = 2.7 m/s. 
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Table 4.3:   Mechanical properties of dual phase steel for two different strain rates. 

Low Rate (0.94 s"^) High Rate (110 s"') 
Yield Strength (MPa) 385 480 
Uhimate Tensile Strength (MPa) 615 650 
Strain Hardening Exponent 0.203 0.172 

4.4 Validation of High-Rate Test Methods 

Several experiments were conducted to verify the accuracy of results obtained 

using the MTS high-rate tensile test system. These experiments included a comparison 

between stress-strain curves obtained using a screw-driven tensile test machine with low- 

rate test run on the MTS high-rate machine, an investigation of the effects of using 

samples with different geometries, determination of the low-strain region accuracy of 

stress-strain curves at high rates, and evaluation of the repeatability of results. 

4.4.1 Comparison of Screw-Driven and High-Rate Tensile Test Machine Results 

Ultra-low carbon (ULC) and HSLA-1 steel tensile samples, with dimensions 

shown in Table 4.4, were initially used to develop experimental procedures. Low-rate 

tensile tests using HSLA-1 and ULC-D samples were run on an MTS screw-driven 

tensile test machine with a conventional load cell and contact extensometer. These 

results were compared with the MTS high-rate machine data to ensure accuracy of the 

high-rate machine results at low strain rates. For these tests, crosshead speed on the 

screw-driven machine and actuator speed on the high-rate machine were set to the same 

value. 
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Table 4.4:   Nominal dimensions of ULC-D and HSLA-1 steels used for low-rate tensile 
test comparison between screw-driven and high-rate machines. 

Dimension ULC-D HSLA-1 
Overall Length 240 mm 200 mm 
Gage length of reduced section 76 mm 50.8 mm 
Width of reduced section 12.7 mm 12.7 mm 
Width of grip section 25 mm 19mm 

4.4.2 Geometry Change Effects 

Tensile samples with different geometries were machined to achieve increased 

strain rates and to evaluate the effects of geometry on dynamic material properties. The 

specific gage lengths chosen were 50.8 mm, 25.4 mm, and 12.7 mm, which allowed 

maximum strain rates of about 250, 500, and 1000 s"', respectively, using the highest 

possible actuator velocity. To evaluate the potential effects of geometry on stress-strain 

behavior, tests were run on HSLA-1, HSLA-2 and TRIP-1 steels using different gage 

length samples, while setting actuator speeds to attain approximately the same strain 

rates. Tensile sample nominal dimensions are shown in Table 4.5. During testing, it was 

noticed that thinner samples produced "noisier" stress-strain curves than thicker samples. 

An investigation of the cause of the noisiness was conducted using ULC-C, IF-1, IF-2 

and lF-3 steels with different sheet thicknesses ranging from 0.72 mm to 4.1 mm. 



119 

Table 4.5:   Nominal dimensions of steel samples used for geometry comparison tensile 
tests. 

Material 
Designation 

Gage Section Length 
(mm) 

Gage Section Width 
(mm) 

Grip Section Width 
(mm) 

HSLA -1 50.8 12.7 19 
25.4 6.35 10 

HSLA - 2 
50.8 12.7 25 
25.4 6.4 16 
12.7 6.4 16 

TRIP-1 
50.8 12.7 25 
25.4 6.4 16 
12.7 6.4 16 

4.4.3 Accuracy of Low-Strain Region of the Stress-Strain Curve 

Many types of steel exhibit yield point elongation behavior which may change 

with strain rate. To accurately record this information, it is important to gather stress- 

strain data that reflect true material behavior and are not corrupted by artifacts of the 

testing techniques. To make sure that the test techniques described in Section 4 reveal 

actual material behavior, it was decided to test a pure FCC material known to exhibit 

continuous-yielding at all strain rates. The material selected was 11000-HOO 

commercially pure copper (99.9% Cu) vvdth thickness chosen so that the loads imposed 

during testing would be similar to those experienced by steel samples. This material was 

machined into tensile samples with nominal dimensions shown in Table 4.6 and tested 

over a range of strain rates from quasi-static up to about 400 s'\ 
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Table 4.6:   Nominal dimensions of 11000-HOO Cu used for tensile tests. 

Overall Length 200 mm 
Gage length of reduced section 25.4 mm 
Width of reduced section 6.35 mm 
Width of grip section 18 mm 

4.4.4 Repeatability of Tests 

Whenever tensile testing was conducted, typically two or three samples were 

tested at the same strain rate to check consistency of the results and to reveal statistical 

scatter in the properties of the material. It is important that the testing technique not 

contribute to the scatter and thus mask actual material behavior. Therefore, several tests 

were run at a variety of strain rates on a commercially-produced material believed to have 

consistent properties. The material chosen was HSLA-2 steel. 

4.5 Presentation of Results 

There are a wide variety of options to choose from when presenting tensile test 

data, and the choice of which one(s) to use depends on the information important to the 

user of the data. Much information about how material behavior changes with strain rate 

can be gathered from simply plotting families of stress strain curves. Often, strain rate 

sensitivity plots are made to show the effect of strain rate on either the yield strength or 

UTS values. Strain rate sensitivity is commonly defined as the slope of a plot of log (a) 

versus log (£ ), where "m" is the strain rate sensitivity in Equation 4.12. However, for 

steels [30 (p. 297), 38,115-119], a semilogarithmic relationship may be used, where the 

strain rate sensitivity, "p" in Equation 4.13, is the slope of a plot of a (on a linear scale) 

versus log (e ). Both definitions of strain rate sensitivity assume that the test temperature 

and plastic strain value are held constant. Other properties can also be plotted as a 

function of strain rate to easily show their strain rate dependence. When comparing 



121 

various materials to each other for a high-rate application, it is often desired to plot a 

particular value, such as strain rate sensitivity, dynamic/static strength ratio, or (adynamic - 

ecstatic), for each material versus the material's quasi-static yield or tensile strength. 

o^Cief [4.12] 

a = flow stress 

C = material constant 

£ = strain rate 

m = strain rate sensitivity 

a = plog(e) + K [4.13] 

a = flow stress 

K - material constant 

E = strain rate 

P = strain rate sensitivity 

4.6 Strengthening Mechanisms: Cold Work 

Tensile samples with dimensions shown in Table 4.7 were machined from IF-2 

steel. Samples were divided into five groups for different amounts of pre-straining: 0%, 

2%, 5%, 10% and 18%. An MTS screw-driven machine (Alliance RT/100) was used 

v^th an Instron 25.4 mm gage length 50% extensometer (model # G51-12, serial # 2065) 

and MTS TestWorks 4^'^ software to perform tensile pre-straining using a crosshead 

speed of 0.01 mm/s resulting in engineering strain rates of about 4x10"^ s"' for all pre- 
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strain procedures. Gage marks were placed on the reduced section of each sample at an 

initial distance of 25.4 mm. The distance between gage marks was accurately measured 

before and after pre-straining using a traveling microscope to verify the actual amount of 

pre-strain imparted to each sample. For each group of 21 samples, the minimum, 

maximum, mean and standard deviation values for the amount of pre-strain accomplished 

are shown in Table 4.8. After completion of pre-strain, samples were placed in a freezer 

at -20°C to prevent strain aging. Samples were prepared for tensile testing and tested as 

quickly as possible following removal from the freezer. Since the adhesive used to attach 

the high elongation strain gages required an overnight curing time, total time between 

removal from the freezer and actual testing was at least 24 hours but not more than 48 

hours. 

Table 4.7:   Nominal dimensions of IF-2 steel tensile samples (before pre-strain). 

Dimension IF-2 
Overall Length 215 mm 
Gage length of reduced section 25.4 mm 
Width of reduced section 5.75 mm 
Width of grip section 24 mm 

Table 4.8:   Statistical analysis of pre-strain data for IF-2 tensile samples. 

Pre-Strain Minimum Maximum Mean Std. Dev. 
2% 2.04% 2.34% 2.20% 0.09% 
5% 4.79% 5.27% 5.07% 0.14% 
10% 9.77% 10.12% 9.96% 0.12% 
18% 17.65% 18.05%. 17.81% 0.14% 

Each of the five pre-strain groups of IF-2 steel samples were tensile tested at 

strain rates ranging from about 0.001 to 500 s"*, according to the test matrix shown in 
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Table 4.9. Since the initial gage length of the tensile samples increased with increasing 

amount of pre-strain, actuator speeds were adjusted appropriately to attain the target 

strain rates for each pre-strain group. 

Table 4.9:   Test matrix for IF-2 steel tensile tests. 

Target Strain 
Rate (s'') 0.001 0.1 1 10 30 60 100 500 

# of Samples 2 2 2 2 2 2 2 2 

4.7 Strengthening Mechanisms: Solid Solution Strengthening 

Experiments to determine the effects of strain rate on solid solution strengthening 

were conducted on two IF steels with different compositions and two HSLA steels with 

different compositions as discussed in the following sections. 

4.7.1 IF Steel 

Tensile samples were prepared from IF-3 and IF-4 steel. IF-4 steel has a greater 

degree of solid solution strengthening than IF-3 steel due to greater amounts of Mn and P. 

Three different gage section geometry samples with nominal dimensions shown in Table 

4.10 were tested at strain rates ranging from 0.01 to 800 s"' according to the test matrix 

shown in Table 4.11. 
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Table 4.10: Nominal dimensions of IF-3 and IF-4 steel tensile samples. 

Dimension IF-3A IF-3B IF-3C 
Overall Length (mm) 192 175 164 
Gage length of reduced section (mm) 50.8 25.4 12.7 
Width of reduced section (mm) 12.7 6.4 6.4 
Width of grip section (mm) 25 16 16 

Dimension IF-4A IF-4B IF-4C 
Overall Length (mm) 192 175 164 
Gage length of reduced section (mm) 50.8 25.4 12.7 
Width of reduced section (mm) 12.7 6.3 6.4 
Width of grip section (mm) 25 16 16 

Table 4.11: Test matrix for lF-3 and IF 4 steel tensile samples used for solid solution 
strengthening study. 

Target Strain 
Rate (s"') 

0.01 1 10 100 300 600 800 

Designation & 
# of Samples 

Tested 

A-2 
B-1 
C-1 

A-3 A-3 B-3 B-3 C-3 C-3 

4.7.2 HSLA Steel 

Tensile samples were prepared from HSLA-1 and HSLA-2 steel. HSLA-2 steel 

has a greater degree of solid solution strengthening than HSLA-1 steel due to greater 

amounts of Mn, P and Si. Three different gage section geometry samples with nominal 

dimensions shown in Table 4.12 were tested at strain rates ranging from 0.01 to 500 s' 

according to the test matrix shown in Table 4.13. 
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Table 4.12: Nominal dimensions of HSLA-1 and HSLA-2 steel tensile samples. 

Material 
Designation 

Gage Section 
Length (mm) 

Gage Section 
Width (mm) 

Grip Section 
Width (mm) 

HSLA -1 
A 50.8 12.7 19 
B 25.4 6.35 10 
C 12.7 6.35 10 

HSLA - 2 
A 50.8 12.7 25 
B 25.4 6.4 16 
C 12.7 6.4 16 

Table 4.13: Test matrix for HSLA-1 and HSLA-2 steel tensile samples used for solid 
solution strengthening study. 

Target Strain 
Rate (s"') 

0.01 1 10 100 500 

Designation & 
# of Samples 

Tested 

A-2 
B-1 A-3 A-3 B-3 C-3 

4.8 Strengthening Mechanisms: Grain Size 

Two separate studies were conducted to investigate the effects of strain rate on 

interstitial free steel with different grain sizes. In the first study, samples were prepared 

with four different grain sizes, ranging from 10 to 250 |am. Unfortunately, the tensile 

properties of samples produced with a grain size of 65 ^m did not conform (at any strain 

rate) to the expected Hall-Petch relationship of decreasing strength with increasing grain 

size. This anomalous behavior is likely due to a change in some other microstructural 

parameter besides grain size during heat treating. However, the other three sets of grain 

size samples did follow a Hall-Petch relationship and their tensile data were analyzed. 

Due to the anomaly in the first grain size study, a second grain size study was initiated 

with samples created with grain sizes ranging from 15 to 200 |j,m. Unfortunately, again 
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only three of the four grain size sample sets created followed the Hall-Petch relationship 

and again it was speculated to be due to other microstructural differences created by 

variations in heat treating to achieve the desired grain sizes. In both grain size studies, 

the anomalous behavior of one set of grain size samples was most likely due to variations 

in precipitation strengthening, since both studies used interstitial free steels. 

4.8.1 First Grain Size Study 

IF-1 steel was heat treated to prepare samples with different grain sizes using the 

procedures listed in Table 4.14. 

Tensile samples were prepared from each of the four grain-size materials with 

nominal dimensions shown in Table 4.15. The 10 ^m and 25 pm samples maintained the 

as-received material thickness. The 65 [im and 135 |am samples were surface ground, 

resulting in thinner samples, because heat treating for these two grain sizes produced 

extremely uneven surfaces. Tensile tests were conducted at strain rates ranging from 

0.001 to 500 s"' according to the test matrix shown in Table 4.16. 

Table 4.14: Heat treat procedures used on the IF-1 steel for the first grain size study. 

Mean Grain Size Achieved 
(lam) 

Heat Treatment 

10 None (As Received Material) 
25 Unknown 
65 Heat as-received to 950°C, hold for 1 hour and air cool 

135 
Heat as-received to 1290°C, hold for 30 min and furnace 
cool at 0.75°C/min 
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Table 4.15: Nominal dimensions of IF-1 steel tensile samples used for the first grain size 
study. 

Dimension 10 & 25 urn 65 )im 135 jam 
Overall Length (mm) 143 143 143 
Thickness (mm) 4.1 2.7-2.8 2.0-2.6 
Gage length of reduced section (mm) 25.4 25.4 25.4 
Width of reduced section (mm) 6.4 6.4 6.4 
Width of grip section (mm) 10 10 10 

Table 4.16: Test matrix for IF-1 steel tensile samples used for first grain size study. 

Target Strain 
Rate (s-') 

0.001 0.1 1 10 30 60 100 500 

# of Samples 
Tested 

2 2 2 2 2 2 3 2 

4.8.2 Second Grain Size Study 

A second grain size study was initiated to verify results due to problems with the 

65 i^m grain size samples from the first grain size study. A fully-stabilized IF steel (IF-5) 

available at CSM as hot rolled 4.69 mm thick sheet was chosen for this grain size study. 

The as-received material was cut into 300 x 75 mm strips, pickled in 10% H2SO4 at 75°C 

for 3 minutes to remove oxide layers, and cold-rolled approximately 58% to final 

thickness of 1.99 mm. The cold-rolling was performed at the US Air Force Academy 

Department of Engineering Mechanics laboratory on a Stanat Model TA-215 rolling mill 

with 102 mm roller diameter and roller speed of 84 rpm. 

Multiple heat treat processes were evaluated to determine the optimum heat 

treatment processes to achieve desired grain sizes. The heat treatment processes chosen 

along with the resulting average grain sizes are listed in Table 4.17. Tensile samples 

were prepared from each of the four grain-size materials with nominal dimensions shown 
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in Table 4.18. Tensile tests were conducted at strain rates ranging from 0.001 to 400 s'' 

according to the test matrix shown in Table 4.19. 

Table 4.17: Heat treat procedures used on IF-5 steel for the second grain size study. 

Mean Grain Size Achieved 
(^im) 

Heat Treatment 

\0\im Recrystallization treatment: Hold at 700°C 3 hrs & air cool. 
14 |im Recrystallize. Hold at 900°C 240 hrs, furnace cool. 

36 |am 
Recrystallize. Hold at 1200°C 150 min, cool to 900°C, hold 
150 min, furnace cool. 

130 ^im 
Recrystallize. Hold at 1200°C 180 min, cool to 900°C, hold 
240 min, fiirnace cool. 

Table 4.18: Nominal dimensions of IF-5 steel tensile samples used for the second grain 
size study. 

Dimension 
Overall Length (mm) 159 
Gage length of reduced section (mm) 25.4 
Width of reduced section (mm) 6.4 
Width of grip section (mm) 16 

Table 4.19: Test matrix for IF-5 steel tensile samples used for second grain size study. 

Target Strain 
Rate (s"') 

0.001 0.1 1 10 40 80 150 400 

# of Samples 
Tested of Each 

Grain Size 
2 2 2 2 2 2 2 2 
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4.9 StrenRthening Mechanisms: Multiphase TRIP Steel 

TRIP-3 steel was processed to obtain differing degrees of stability in the retained 

austenite phase. Two different heat treatment processes along with resulting volume 

percentage of retained austenite and retained austenite carbon contents are shown in 

Table 4.20. The heat treatment designed for high stability retained austenite is designated 

"HS" and low stability by "LS". 

Tensile samples were prepared from the HS and LS materials with nominal 

dimensions shown in Table 4.21. Tensile tests were conducted at strain rates ranging 

from 0.01 to 600 s"' according to the test matrix shown in Table 4.22. 

Table 4.20: Heat treatment details for TRIP-3 steel processed to achieve two different 
retained austenite stabilities. 

Intercritical 
Annealing 

Temp 

Isothermal Treatment 
Temperature & Time 

Retained Austenite 
(Volume Percent) 

Retained 
Austenite 

(wt. pet. carbon) 
HS 810 °C 450 °C, 3 minutes 9.8% 1.26 
LS 810 °C 470 °C, 3 minutes 9.0% 1.17 

Table 4.21: Nominal dimensions of TRIP-3 steel tensile samples used for the TRIP 
austenite stability study. 

Dimension TRIP-3A TRIP-3B TRIP-3C 
Overall Length (mm) 192 175 164 
Gage length of reduced section (mm) 50.8 25.4 12.7 
Width of reduced section (mm) 12.7 6.4 6.4 
Width of grip section (mm) 25 16 16 
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Table 4.22: Test matrix for TRIP-3 steel tensile samples used for the TRIP austenite 
stability study. 

Target Strain 
Rate (s'^) 

0.01 1 10 100 250 600 

Designation & 
# of Samples 

Tested 

A-2 
B-1 

A-3 A-3 B-3 B-3 C-3 

4.10 Multiphase Strengthening Mechanisms: Comparison of Dual Phase to TRIP Steel 

Tensile samples were prepared from dual phase steel with nominal dimensions 

shown in Table 4.23. Tensile tests were conducted at strain rates ranging from 0.001 to 

500 s"' according to the test matrix shown in Table 4.24. These results were compared 

with those obtained for the TRIP-3 steels discussed in Section 4.9. 

Table 4.23: Nominal dimensions of dual phase (DP) steel tensile samples. 

Overall Length 200 mm 
Thickness 1.4 mm 
Gage length of reduced section 25.4 mm 
Width of reduced section 6.4 mm 
Width of grip section 19.1 mm 

Table 4.24: Test matrix for dual phase steel tensile samples used for comparison to TRIP- 
3 steels. 

Target Strain 
Rate (s"') 

0.001 0.1 1 10 30 60 100 300 500 

# of Samples 
Tested 

2 2 3 3 2 2 3 2 3 
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CHAPTER 5 

RESULTS & DISCUSSION: DYNAMIC TENSILE TESTING 

5.1 Validation of High-Rate Test Methods 

Several experiments were conducted to verify the accuracy of results obtained 

using the MTS high-rate tensile test system. These experiments included a comparison 

between stress-strain curves obtained using a screw-driven tensile test machine with low- 

rate tests run on the MTS high-rate machine, an investigation of the effects of using 

samples with different geometries, determination of the accuracy of the low-strain region 

of stress-strain curves at high rates, and evaluation of the repeatability of results. 

5.1.1 Comparison of Screw-Driven and High-Rate Tensile Test Machine Results 

Several methods for conducting high-rate tensile testing were discussed in Section 

2.1. Since the MTS high-rate system is a unique servo-hydraulic test machine, it was 

necessary to verify the accuracy of both load and strain measuring methods. This was 

accomplished by performing identical low-rate tensile tests on the high-rate system and 

on an MTS screw-driven tensile test machine which used a conventional load cell and 

contact extensometer. HSLA-1 and ULC-D samples were used for these tensile tests 

which used identical crosshead and actuator speeds for the screw-driven and high-rate 

machines, respectively. The resulting true stress-strain curves are shown in Figure 5.1, 

where it is clear that both the screw-driven and high-rate tensile test machines produced 

similar results, with less than two percent difference at any point in the curves. For each 

material shown in Figure 5.1, both the screw-driven and high-rate machine results show 

approximately the same shape and magnitude of the yield point elongation behavior. 

Therefore, the accuracy of the high-rate system is verified for low-rate tensile tests. 
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Figure 5.1:   Comparison of low-rate true stress-strain curves for tensile tests run on 
screw-driven MTS and high-rate MTS tensile test machines at identical 
crosshead/actuator speeds for a) ULC-D steel with gage length of 76 mm 
and b) HSLA-1 steel with gage length of 50.8 mm. Results in both cases are 
similar. 

5.1.2 Geometry Change Effects 

The engineering strain rate, e, of a tensile test may be calculated using Equation 

5.1, where L is the tensile sample gage length and v is the displacement speed (actuator 

velocity). 

V [5.1] 

In Equation 5.1, if the velocity is constant and increased strain rate is desired, the 

gage length must be reduced. The maximum velocity attainable (under load) with the 

MTS high-rate system was about 10 m/s, which gives a maximum engineering strain rate 

of about 200 s'' wdth a standard ASTM E-8 tensile sample which has a gage length of 

50.8 mm. Reducing the sample gage length increases the maximum attainable strain rate. 
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Also, as discussed in Section 4.1.2, high-rate load measurement using a grip-section 

strain gage may require increasing the grip-section widths of tensile samples to avoid 

plastic deformation. The desire for higher strain rates and grip-section load measurement 

required various tensile sample geometries which differed from the ASTM E-8 standard. 

Therefore, it was necessary to determine whether these geometry changes changed the 

resulting stress-strain curves. 

Tensile samples with different geometries were tested at similar strain rates to 

determine the effects of sample geometry on stress-strain curve results. Sample 

dimensions for each material were given in Table 4.5 in Section 4.4.2. True stress-strain 

curves for these tests on HSLA-1, HSLA-2, and TRIP-1 steels are shovra in Figures 5.2 

through 5.4 and engineering stress-strain curves for the HSLA-2 and TRIP materials are 

shown in Figures 5.5 and 5.6. Figures 5.2 - 5.4 suggest that sample geometry does not 

substantially affect true stress-strain behavior, which is in agreement with a similar study 

carried out by Clark and Wood [120]. Figures 5.5 and 5.6 show that decreasing gage 

length causes an apparent increase in engineering strain to failure, which is a well-known 

and expected result [30 (p. 280)] since the necked region is a larger portion of the gage 

length as gage length decreases. 
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Figure 5.2:   True stress-strain curves for HSLA-1 steel. Each plot shows two different 
gage lengths tested at similar strain rates. 
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Figure 5.3:   True stress-strain curves for HSLA-2 steel. Each plot shows two different 
gage lengths tested at similar strain rates. 
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Figure 5.4:   True stress-strain curves for TRIP-1 steel tested with two different gage 
lengths at similar strain rates. 
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Figure 5.5:   Engineering stress-strain curves for HSLA-2 steel. Each plot shows two 
different gage lengths tested at similar strain rates. 



136 

1000 

a 

2     800 - 
u 

d 
'C 

e 

a 

600 - 

I r 

TRIP-l Steel 

400 

Gage Length = 25.4 mm 
- Actuator Speed = 1.0 m/s 
Strain Rate = 40s' 

Gage Length = 12.7 ram 
■ Actuator Speed = 0.50 m/s 
Strain Rate = 30s' 

_L 
0 0.1 0.2 0.3 

Engineering Strain (mm/mm) 

Figure 5.6:   Engineering stress-strain curves for TRIP-l steel tested with two different 
gage lengths at similar strain rates. 

Although gage section width and length variations do not appear to cause 

significant changes in the data collected, changes in sample thickness seem to affect the 

"noisiness" of stress-strain curves, with reduced sample thickness resulting in noisier 

curves. "Noisiness" means the relative amplitude of fluctuations in the stress-strain 

curve. Examples of this effect are shown in Figure 5.7 which compares stress-strain 

curves at strain rates of approximately 100-200 s"' for various interstitial free and ultra- 

low-carbon steels which had different sheet thicknesses. Note that each steel also had 

different composition so the mechanical properties are expected to be different. Table 

5.1 summarizes the sheet thickness, gage length, strain rate, actuator speed, yield 

strength, and load at yield for each of the materials compared. 
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Figure 5.7:   Engineering stress-strain curves for five different steels with different sheet 
thicknesses. 

Table 5.1:   Sheet thickness, gage length, strain rate, actuator speed, yield strength, and 
load at yield for each of five materials used to compare "noisiness" of stress- 
strain curves in Figures 5.7 and 5.8. 

Material 
Sheet 

Thickness 
(mm) 

Gage 
Length 
(mm) 

Strain 
Rate 

Actuator 
Speed 
(m/s) 

Yield 
Strength 
(MPa) 

Load at 
Yield 
(kN) 

ULC-C 0.72 63.5 210 12.5 450 4.1 
IF-2 0.76 25.4 130 2.5 380 1.9 
IF-3 1.4 25.4 210 5.0 380 3.6 
IF-1 

(65 |Lim grains) 
2.8 25.4 100 2.5 370 6.5 

IF-1 
(10 |a,m grains) 

4.1 25.4 100 2.5 385 10.0 
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In Figure 5.7, a qualitative assessment of the stress-strain curves reveals that the 

ULC-C steel has the noisiest stress-strain curves, followed by IF-2, then IF-3, then IF-1 

(65 )xm) and finally the IF-1 (10 |im) curve is the least noisy. The sheet thicknesses of 

these materials follow the trend of thicker samples giving less noisy stress-strain curves. 

From Table 5.1, the four IF steels each have comparable yield strengths, but due to sheet 

thickness, the loads at yield are different. Plotting load versus engineering strain for each 

of the six materials in Figure 5.8 reveals the explanation for variations in noisiness. In 

Figure 5.8, the noisiness (oscillation amplitude, ALoad) of the load data is smallest for 

IF-2 and IF-3 steels, slightly greater for the two IF-1 steels and greatest for the ULC-C 

steel. The ULC-C steel required a much higher actuator speed to achieve the desired 

strain rate than those used for the IF steels due to the longer gage length of the ULC-C 

steel. The higher actuator speed accounts for the large fluctuations in load data. The 

medium-amplitude load fluctuations in the two IF-1 steel curves is probably due to the 

larger overall loads experienced compared to the IF-2 and IF-3 steels. The noisiness of 

the stress-strain curves for the four IF steels is a result of the calculation to convert load 

to engineering stress, as shown in Equation 5.1, where s is the engineering stress, F is the 

load, and A is the cross-sectional area. 

F 
s = ^ [5.1] 

A 

Rewriting Equation 5.1 in terms of the load oscillation, AF, gives Equation 5.2. 

As = — [5.2] 
A 

In Equation 5.2, if AF remains approximately constant (as it does for the four IF 

steels) and the cross-sectional area decreases. As will increase, resulting in a noisier 
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stress-strain curve. The very noisy stress-strain curve of the ULC-C steel is due to a 

combination of small cross-sectional area and fast actuator speed. 

0        0.1       0.2       0.3       0.4       0.5 
Engineering Strain (mm/mm) 

Figure 5.8:   Load versus engineering strain curves for the five different steels with 
different sheet thicknesses shown in Figure 5.7. 

5.1.3 Accuracy of Low-Strain Region of the Stress-Strain Curve 

To make sure that the test techniques described in Section 4 reveal actual material 

behavior in the elastic-to-plastic transition region of the stress-strain curve, a 11000-HOO 

copper material known to exhibit continuous-yielding at all strain rates was tensile tested 

over a range of strain rates from quasi-static up to about 400 s''. 

The results of the copper tensile tests are shown in Figiu-e 5.9 as true stress-strain 

curves plotted up to 0.05 true strain. Each strain rate is plotted on a separate graph so that 

the details of each curve can easily be seen. As expected [121], the strain rate sensitivity 

of the yield strength is negligible over the strain rates tested, and none of the curves 

shows a yield point elongation or upper and lower yield points, although at higher strain 

rates, the curves become more noisy. For comparison. Figures 5.10 through 5.12 show 
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the low strain regions of true stress-strain curves for IF-1 (10 )im grain size), HSLA-1 

and ULC-D steels which all exhibit clear upper and lower yield points. 
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Figure 5.9:   True stress-strain curves up to 0.05 true strain for copper samples tensile 
tested at six different strain rates. All curves show continuous-yielding 
behavior. All samples had 25.4 mm gage lengths. 
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Figure 5.10: True stress-strain curves up to 0.05 true strain for IF-l steel samples tensile 
tested at three different strain rates. All curves show upper and lower yield 
points. All samples had 25.4 mm gage lengths. 
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Figure 5.11: True stress-strain curves up to 0.05 true strain for HSLA-1 steel samples 
tensile tested at three different strain rates. All curves show upper and lower 
yield points. All samples had 25.4 nmi gage lengths. 
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Figure 5.12: True stress-strain curves up to 0.05 true strain for ULC-D steel samples 
tensile tested at three different strain rates. All curves show upper and lower 
yield points. All samples had 76 mm gage lengths. 

5.1.4 Repeatability of Tests 

To obtain reliable data from tensile tests run on the MTS high-rate machine, test 

results must be repeatable, such that tests run with identical samples at the same strain 

rate should produce the same stress-strain curve. This is important to distinguish true 

differences in material behavior without superposition of variability in test results. To 

determine whether the test methods used gave repeatable results, several tensile tests 

were run at a variety of strain rates on a commercially-produced material (HSLA-2) 

believed to have consistent properties. 

Engineering stress-strain curves are shown in Figure 5.13 for strain rates ranging 

from 0.014 to 420 s"'. In each plot, two or three tests are showTi for the same strain rate. 

For the tests at strain rates below 10 s"', load data were taken using the piezoelectric load 

washer. For strain rates above 10 s"', load data were calculated from the grip section 

strain gage. Figure 5.13 clearly shows that the tensile tests run using different samples at 

the same strain rates are nearly identical, with the exception of total elongation, which is 

a property that often has quite a bit of scatter. 
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Figure 5.13: Repeatability study of engineering stress-strain curves for HSLA-2 steel 
samples tensile tested at five different strain rates. Tw^o tests were run at 
each of the strain rates 0.014 s"' and 235 s'', while three tests were run for 
each of the other strain rates. 

5.1.5 Discussion of High Rate Test Validation Results 

Accuracy of the MTS high-rate tensile test system was verified through a series of 

experiments. Low-rate stress-strain curves from the high-rate system were compared 

with those from a conventional screw-driven tensile test machine using the same 

displacement rates and same geometry test samples, with similar results. This 

comparison confirmed the accuracy of the load and strain measurement techniques used 

on the high-rate system. 

Since ASTM E-8 standard tensile samples had gage lengths too long to achieve 

desired strain rates and grip widths too narrow to prevent plastic deformation for some 
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materials, alternate tensile sample geometries were developed. Samples with different 

geometries were tested at similar strain rates for a variety of materials to establish 

whether the geometry changes affected resulting stress-strain curves. It was determined 

that grip section width, gage section width and gage length did not significantly affect 

results, except for the expected changes in total elongation. However, decreasing sample 

thickness increased the noisiness of stress-strain curves due to the calculation to convert 

load to stress. 

Many of the steel materials tested exhibited upper and lower yield points. 

Typically, the difference between upper and lower yield point values increases with 

increasing strain rate. The Hahn model for predicting yield point behavior (discussed in 

Section 3.13.3.2) predicts increasing difference between upper and lower yield points 

with increasing strain rate if the exponent in Equation 3.48 decreases with increasing 

strain rate sensitivity. 

5.2 Mechanical Properties as a Function of Strain Rate 

A goal of high-rate tensile testing is to provide accurate data for computer models 

used for high-rate applications, such as crash scenarios. These models may require 

specific data points such as yield or tensile strength, or the entire stress-strain curve for a 

variety of strain rates. Another goal is to compare materials for suitability in high-rate 

applications. These comparisons typically include plotting a particular material 

parameter, such as flow stress or energy absorbed, as a function of strain rate. Materials 

may also be compared by visual evaluation of differences in stress-strain curves with 

strain rate. These differences may include yield behavior (continuous or discontinuous), 

relative strength values, and strain hardening. Experimental data over a range of strain 

rates are also required to develop or verify constitutive equations which predict material 

behavior. In this section, several different approaches to displaying high strain rate 

tensile data are presented and analyzed. 



145 

5.2.1 Stress-Strain Curves 

Much information can be surmised from families of stress-strain curves plotted 

over a wide range of strain rates. Qualitative evaluations can be made of how strength, 

strain hardening rate, yield point elongation behavior, uniform and total elongation, and 

energy absorption change with strain rate. Figures 5.14 through 5.17 show families of 

engineering and true stress-strain curves for HSLA-1, HSLA-2, dual phase, and IF-1 

steels. All data shown in Figures 5.14-5.17 were gathered using 25.4 mm gage length 

tensile samples, except for the low rate data (below 10s"') for the HSLA-2 steel shown in 

Figure 5.15 where 50.8 mm gage length samples were used. 

The HSLA-1 steel shovra in Figure 5.14 exhibits yield point elongation behavior 

which becomes more pronounced with increasing strain rate. The yield and tensile 

strengths both increase with increasing strain rate. The strain hardening rate appears to 

decrease (beyond the yield point elongation region) with increasing strain rate. The total 

elongation increases slightly with increasing strain rate while the uniform elongation 

decreases slightly. 

In contrast to HSLA-1, the HSLA-2 steel in Figure 5.15 is nearly continuous- 

yielding at all strain rates. Its yield and tensile strengths increase with increasing strain 

rate and the rate of strain hardening appears unchanged. The total elongation increases 

with increasing strain rate, however the magnitudes of the differences between low and 

high rate tests can not be determined due to the use of longer gage length samples for the 

low rate tests. The uniform elongation values remain relatively constant except for the 

test run at 235 s' . 

The dual phase steel shovra in Figure 5.16 is nearly continuous-yielding at all 

strain rates. Its yield and tensile strengths increase with increasing strain rate and the rate 

of strain hardening appears unchanged. The total elongation increases with increasing 

strain rate, except that the highest rate (490 s" ) test has a lower value than the test run at 

110 s"\ The uniform elongation values decrease with increasing strain rate above 1 s"'. 
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The IF-1 steel shown in Figure 5.17 exhibits yield point elongation behavior 

which becomes more pronounced with increasing strain rate. Its yield and tensile 

strengths increase while the rate of strain hardening decreases with increasing strain rate. 

The total elongation decreases with increasing strain rate up to a strain rate of 15 s' and 

then increases for the higher rates. The uniform elongation values decrease with 

increasing strain rate except for the test run at 100 s'', however the uniform elongation 

values were difficult to determine at high rates due to the limited strain hardening in 

those tests. 
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Figure 5.14: Engineering and true stress-strain curves for HSLA-1 steel samples tensile 
tested at five different strain rates. All sample gage lengths were 50.8 mm, 
except for the 95 s'' test which used 12.7 mm gage length. Actuator speeds 
were 0.50 mm/s, 5.0 mm/s, 50 mm/s, 500 mm/s and 2.5 m/s, respectively, to 
achieve the indicated strain rates of 0.013, 0.097, 1.4, 10 and 95 s\ 
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Figure 5.15: Engineering and true stress-strain curves for HSLA-2 steel samples tensile 
tested at five different strain rates. Sample gage lengths were 50.8 mm for 
the three lowest rate tests and 25.4 mm for the two highest rate tests. 
Actuator speeds were 0.5 mm/s, 50 mm/s, 375 mm/s, 5.0 m/s and 10 m/s, 
respectively, to achieve the indicated strain rates of 0.014, 1.4, 6.4,235 and 
420 s"'. 
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Figure 5.16: Engineering and true stress-strain curves for dual phase steel samples tensile 
tested at five different strain rates. All sample gage lengths were 25.4 mm. 
Actuator speeds were 0.025 mm/s, 25 mm/s, 250 mm/s, 2.5 m/s and 12.5 
m/s, respectively, to achieve the indicated strain rates of 8.9x10"^, 0.92, 7.8, 
110 and 490 s"\ 
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Figure 5.17: Engineering and trae stress-strain curves for IF-1 steel samples tensile tested 
at five different strain rates. All sample gage lengths were 25.4 mm. 
Actuator speeds were 0.025 mm/s, 25 mm/s, 250 mm/s, 2.5 m/s and 12.5 
m/s, respectively, to achieve the indicated strain rates of 1.0x10" , 1.0, 15, 
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5.2.2 Strain Rate Sensitivity of Material Properties 

While families of stress-strain curves provide general information about material 

behavior with changing strain rate, strain rate sensitivity plots (material property versus 

strain rate) allow property trends to be more easily evaluated because they present a large 

amount of data in a compact form. Strain rate sensitivity (SRS) plots are also usefiil for 

verifying the accuracy of constitutive equations, since an effective constitutive equation 

will predict each point in a SRS plot with a single equation. 

In section 5.2.1, families of stress-strain curves were plotted for a variety of 

steels. In Figures 5.15 and 5.16, it appeared that the HSLA-2 and dual phase materials 

had very similar responses to increasing strain rate. A series of SRS plots for yield and 

tensile strengths, work hardening exponents, and energy absorbed to a fixed strain fiirther 

clarify the effects of strain rate. 
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In Figure 5.18, the yield and tensile strengths for both HSLA-2 and the dual phase 

steel are plotted versus the logarithm of strain rate. For both materials, both the yield and 

tensile strengths increase with increasing strain rate, and the rate at which they increase 

(the strain rate sensitivity) increases for strain rates above about 1 s' . The logarithmic 

strain rate sensitivity, p, was calculated as described in Section 4.5 for each material at 

low (up to 1 s'') and high (above 1 s'') strain rates and are listed in Table 5.2. The yield 

and tensile strengths of the HSLA-2 steel increase at about the same rate with increasing 

strain rate. However, the yield strength of the dual phase steel increases much more 

rapidly with strain rate than its tensile strength. As shovra in Table 5.2, the strain rate 

sensitivity of yield strength for the dual phase steel is greater than that of HSLA-2 steel, 

especially at high strain rates, while the strain rate sensitivity of tensile strength for the 

dual phase steel is less than that of HSLA-2 steel at all strain rates. 
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Figure 5.18: Strain rate sensitivities of yield and tensile strengths for (a) HSLA-2 steel, 
and (b) dual phase steel. 
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Table 5.2:   Logarithmic strain rate sensitivities (fi) for the HSLA-2 and dual phase steel 
data in Figure 5.18. 

p 
Low Strain Rates High Strain Rates 

HSLA-2 
Yield Strength 16.8 32.9 

Tensile Strength 15.7 42.9 

Dual Phase 
Yield Strength 18.9 60.7 

Tensile Strength 10.4 27.1 

To further compare the HSLA-2 and dual phase steels, work hardening exponents 

were calculated using the entire flow curve between 0.02 true strain and the uniform 

strain limit.   The results are plotted as a function of strain rate in Figure 5.19, which 

shows that the dual phase steel has a greater degree of strain hardening than HSLA-2 at 

all strain rates. The work hardening exponent for HSLA-2 slightly increases with 

increasing strain rate, whereas for dual phase steel it decreases somewhat with increasing 

strain rate up to 10 s'' and decreases more rapidly at higher strain rates. 

The slight increase in strain hardening exponent with increasing strain rate in 

HSLA-2 steel is unusual and may be a consequence of solid solution softening, which 

was discussed in Section 3.6. Most steels exhibit decreasing work hardening rates with 

increasing strain rate due to softening associated with adiabatic heating. However, in 

materials exhibiting solid solution softening, strength decreases with decreasing 

temperature or increasing strain rate. For the HSLA-2 steel, the combination of 

increasing strain rate and increasing temperature may create a balance between solid 

solution softening due to increasing strain rate and strengthening due to increasing 

temperature, resulting in little change in work hardening exponent with strain rate. 
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Figure 5.19: Strain hardening exponent versus logarithm of strain rate for HSLA-2 and 
dual phase steels. Strain hardening exponents calculated from 0.002 true 
strain up to the uniform strain limit. 

Energy absorption capability over a range of strain rates is very important for 

comparing crash-worthiness of materials. There are several possible ways to determine 

absorbed energy, including crush tests [122-125] and calculating areas under stress-strain 

curves [8, 12, 21]. When using the area under the stress-strain curve, one must decide 

how much of the curve to use because this decision may affect the results of the 

comparison [12,21]. If the material is expected to approach fracture strains as part of the 

crash scenario, then the area under the entire stress-strain curve would be appropriate. 

However, for a typical automobile crash, steel parts experience an amount of plastic 

deformation that is less than the total possible. To estimate the energy absorbed for 

automobile crash scenarios, the area under the stress-strain curve up to 10% strain is 

often used [8, 21].   Therefore, areas under the engineering stress-strain curves up to 10% 

strain were calculated for both HSLA-2 and dual phase steels at all strain rates. The 

results of the energy calculations are plotted versus strain rate in Figure 5.20. In Figure 

5.20, the HSLA-2 steel has greater energy absorption capability at all strain rates. 
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although it appears that the difference between the two steels diminishes slightly with 

increasing strain rate. The greater energy absorption of HSLA-2 steel is due to its much 

higher yield strength. Quasi-static and dynamic engineering stress-strain curves are 

shown in Figure 5.21 for both materials. Visual inspection of the stress-strain curves 

verifies that the area under the HSLA-2 curve is always greater due to its higher yield 

strength. Figure 5.21 also shows that the difference in absorbed energy between the two 

steels changes depending upon the upper strain limit chosen for the calculation of area. 

As strain increases, the differences between energy absorbed decreases because of the 

higher degree of strain hardening in the dual phase steel. 
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Figure 5.20: Comparison of area under the engineering stress-strain curve up to 10% 
strain versus logarithm of strain rate for HSLA-2 and dual phase steels. 
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Figure 5.21: Engineering stress-strain curves for HSLA-2 and dual phase (DP) steels, (a) 
Low-rate tests. Sample gage lengths: HSLA-2 = 50.8 mm, DP = 25.4 mm. 
Actuator speeds: HSLA-2 = 50 mm/s, DP = 25 mm/s. (b) High-rate tests. 
Sample gage lengths: HSLA-2 - ISA mm, DP = 25.4 mm. Actuator speeds: 
HSLA-2 = 11.2 m/s, DP - 11.2 m/s. 

5.2.3 Material Comparison for High Rate Applications 

There are a variety of methods to compare materials for suitability in high rate 

applications. One such measure is the increase in either yield or tensile strength of a 

material when loaded at a high rate (dynamic test) compared to a low rate (static test). It 

is desirable for a structural material to have both high static strength and high increase in 

strength at high rates for crash-worthiness applications. To find the most suitable 

material, the strength increase between dynamic and static tests (Aa) is plotted for several 

materials versus those materials' static strength (either yield or tensile). Such plots are 

shown in Figure 5.22 for six materials, which include three different interstitial free steels 

(IF-1, IF-2 and IF-3), two different high strength low alloy steels (HSLA-1 and HSLA-2) 

and a dual phase steel. In Figure 5.22, the static tests were run at strain rates of 

approximately 0.01 s'^ while the dynamic tests were run at strain rates of about 100 s" . 
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The benefit of making plots like those shown in Figure 5.22 is the ability to compare 

many materials in a single chart. 

The general trend in Figure 5.22 shows that increasing static strength results in 

decreasing static-to-dynamic strength increase (Aa). Materials can best be compared in 

Figure 5.22 if they have similar static strength values, where the best material for the high 

rate application will have a higher Aa value. In Figure 5.22, all three IF steels have 

similar static values of yield and tensile strength. Of the three IF steels, IF-1 has the 

lowest Aa for both yield and tensile strengths. The best IF steel for yield strength 

increase is IF-2, whereas the best IF steel for tensile strength increase is IF-3. 

In Figure 5.22, dual phase and HSLA-1 steels have comparable static yield 

strengths, while the static tensile strength of dual phase is similar to that of HSLA-2 steel. 

Dual phase steels are specifically designed for this large difference in yield and tensile 

strength as discussed in Section 3.10.1.   Dual phase steel has greater Aa for yield 

strength than HSLA-1 steel, but lower Aa for tensile strength than HSLA-2 steel. 
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Figure 5.22: Dynamic strength minus static strength versus static strength plots for 
(a) yield strength and (b) tensile strength. Dynamic strength values 
determined at strain rate of about 100 s'" and static values determined at 
strain rate of about 0.01 s'\ In both (a) and (b), the IF-1 steel has 10 yLtn 
grain size. 

Dual phase and HSLA-2 steels were compared in the previous section (Section 

5.2.2), and Figure 5.19 (comparison of vv^ork hardening exponents) explains the reason for 

greater Aa of tensile strength of HSLA-2 for high rates, since the work hardening rate of 

HSLA-2 steel remains fairly constant with strain rate, while it decreases at high strain 

rates for dual phase steel. 

Since dual phase and HSLA-1 steels have similar yield strengths, they will be 

compared in the same manner as dual phase and HSLA-2 steels were compared in 

Section 5.2.2. Strain rate sensitivity, work hardening exponents and energy absorption 

comparisons are shown in Figures 5.23 through 5.25. Logarithmic strain rate sensitivity 

values are listed in Table 5.3. 

In Figure 5.23a, the yield strength and UTS values for HSLA-1 steel converge 

with increasing strain rate, which indicates decreasing strain hardening rate with 

increasing strain rate, as confirmed in Figure 5.24. The decreasing strain hardening 
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exponent seen in Figure 5.24 for HSLA-1 steel is opposite that found in HSLA-2 steel, 

and may be due to the fact that HSLA-1 steel is a less-alloyed, lower strength HSLA steel 

and is not as affected by solid solution softening. Therefore, adiabatic heating causes a 

decrease in work hardening rate. 

The data in Table 5.3 show that the strain rate sensitivity of tensile strength in 

HSLA-1 steel is higher at all strain rates than for dual phase steel. For yield strength, the 

low-rate strain rate sensitivity of HSLA-1 steel is higher than that of dual phase steel. 

However, for high strain rates, the yield strength strain rate sensitivity of dual phase steel 

is higher than that of HSLA-1 steel. 

In Figure 5.24, dual phase steel has higher strain-hardening exponents than 

HSLA-1 steel at all strain rates. Since the two steels have comparable yield strengths, but 

dual phase work hardens faster, dual phase steel also has better energy absorption 

capability at all strain rates, as shown in Figure 5.25. These differences can also be 

identified by direct comparison of stress-strain curves as shown in Figure 5.26. 
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Table 5.3:   Logarithmic strain rate sensitivities (P) for the HSLA-1 and dual phase steel 
data in Figure 5.23. 

P Low Strain Rates High Strain Rates 

HSLA-1 
Yield Strength 30.0 40.1 

Tensile Strength 21.7 35.9 

Dual Phase Yield Strength 18.9 60.7 
Tensile Strength 10.4 27.1 
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Figure 5.24: Strain hardening exponent versus logarithm of strain rate for HSLA-1 and 
dual phase steels. Strain hardening exponents were calculated for entire 
flow curve between 0.02 true strain and uniform strain limit for dual phase 
and beyond the yield point elongation up to the uniform strain limit for 
HSLA-1 steel. 
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The comparison between IF steels in Figure 5.22a is somewhat misleading. In 

Figure 5.22a, the yield strength Aa difference between IF-1 and IF-2 steels is about 50 

MPa. True stress-strain curves are shown in Figure 5.27 for IF-1 and IF-2 steels at the 

quasi-static and dynamic rates at which the data points in Figure 5.22 were determined. 

In Figure 5.27a, IF-1 steel exhibits yield point elongation while IF-2 steel is continuous- 

yielding. Beyond about 0.05 true strain, the curves are similar with the flow stress of 

IF-1 steel about 20 MPa greater than IF-2 steel. In Figure 5.27b, both steels have similar 

dynamic yield strength values. Therefore, the IF-2 steel does have greater yield strength 

Aa, but the difference is primarily due to the different static yield behaviors. The stress- 

strain curves in Figure 5.27 also show that IF-1 steel has greater uniform strain at both 

strain rates may be advantageous for some applications. 
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Figure 5.27: True stress-strain curves for IF-1 and IF-2 steels. All sample gage lengths 
were 25.4 mm. (a) Quasi-static tests. Actuator speed = 0.025 mm/s. 
(b) Dynamic tests. Actuator speed= 2.5 m/s. 
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5.2.4 Discussion of Mechanical Property Results 

As shown in Section 5.2.1, families of stress-strain curves are usefiil for 

determining general trends in material behavior with changes in strain rate. For materials 

exhibiting yield point elongation, such as HSLA-1 and IF-1 steels, the difference between 

upper and lower yield point stress values increases with increasing strain rate. In 

addition, the shape of the yield drop changes, with the strain between upper and lower 

yield points increasing with increasing strain rate. Both of these trends are predicted by 

the Hahn yield drop model discussed in Section 3.13.3.2 if strain rate sensitivity increases 

with increasing strain rate. Contrary to some published results [6], materials that did not 

show yield point elongation at quasi-static rates (HSLA-2 and dual phase steels) did not 

develop them at higher rates. 

For the dual phase and IF-1 steel engineering stress-strain curves shown in 

Figures 5.16 and 5.17, all tensile samples had the same gage length (25.4 mm) and 

therefore, the changes in total elongations with strain rate can be compared. For both 

dual phase and IF-1 steel, there is a significant increase in total elongation between strain 

rates of about 10 and 100 s'\ This increase may be due to a local change in strain rate 

sensitivity of the necked region at high rates causing a more diffuse neck. In the case of 

the lF-1 steel, the total elongation (ductility) decreases with increasing strain rate up to 15 

s'\ The increase in total elongation at a strain rate of 100 s"' brings its value nearly back 

to that of the quasi-static test. 

In Section 5.2.2 and 5.2.3, dual phase steel was compared to HSLA-2 and 

HSLA-1 steels. The quasi-static yield strengths of HSLA-1 and dual phase steels were 

similar while the static tensile strengths of HSLA-2 and dual phase steels were 

comparable. Various measures of energy absorption were discussed in Section 5.2.2 and 

the areas under stress-strain curves up to 10% engineering strain were calculated to 

compare the energy absorption capabilities of dual phase steel compared to HSLA-2 

(Section 5.2.2) and HSLA-1 (Section 5.2.3) steels. It was found that dual phase steel had 

better energy absorption than HSLA-1 steel at all strain rates due to the higher work 
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hardening rates in dual phase steel. However, HSLA-2 steel had higher energy 

absorption than dual phase steel at all strain rates because of its higher yield strength 

values. These differences were readily apparent from the stress-strain curves shown in 

Figures 5.21 and 5.26. 

In Section 5.2.3, static-to-dynamic changes in strength (Aa) values were plotted 

as functions of static properties in Figure 5.22. While these charts are useful for 

convenient comparison of several different materials, it was noted that the differences 

observed in Figure 5.22 may not convey the differences distinguished by plots of stress- 

strain curves, as illustrated for IF steels in Figure 5.27. 
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CHAPTER 6 

RESULTS & DISCUSSION: STRENGTHENING MECHANISMS 

,^ „-i 

6.1 Strengthening by Cold Work 

IF-2 steel tensile samples were pre-strained at a strain rate of 4 x 10"* s"' to 

various strains ranging from 0.02 to 0.18 as described in Section 4.6. Each of the five 

pre-strain groups of IF-2 steel samples was tensile tested at strain rates ranging from 

0.001 to 500 s"'. Engineering stress-strain curves are shown in Figure 6.1 for tests run at 

a strain rate of 0.001 s''. Figure 6.1a shows the expected result of increasing yield and 

tensile strengths with increasing yield/tensile strength ratios as pre-strain increases. True 

stress-strain curves for the same data are plotted in Figure 6.1b, but the curves are offset 

by the corresponding amount of pre-strain. The nearly overlapping curves in Figure 6.1b 

show that the pre-strain procedures were successful. 
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Figure 6.1:    Stress-strain curves at a strain rate of about 0.001 s"' for IF-2 steel with five 
different pre-strain levels, a) Engineering stress-strain curves, b) True 
stress-strain curves with pre-strained results offset by the appropriate 
amount. 
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To determine the effect of strain rate on the strengthening mechanism of cold 

work, lF-2 samples that were pre-strained at a quasi-static strain rate were then tensile 

tested to failure at strain rates ranging from 0.1 to 500 s''. The results of these tests for 

strain rates of 9 and 150 s"* are shown in Figures 6.2 and 6.3, respectively. In each 

figure, the (a) plot shows a family of engineering stress-strain curves for each pre-strain 

sample tested at the same strain rate. Figure 6.2a shows the expected results of 

increasing yield and tensile strengths, along with increasing yield/tensile strength ratios 

and decreasing total elongations. It is difficult to distinguish the effects in Figure 6.3a 

due to the noise in the high rate curves and the fact that these high-rate samples have very 

little uniform strain before onset of necking, causing the stress-strain curves to drop 

rapidly. This is typical high rate behavior for IF steels [129]. 

Figures 6.2b and 6.3b show the results of pre-strain on true stress-strain curves for 

tests run at 9 s"' and 150 s"', respectively. In both plots, the lower curve is the quasi-static 

flow curve for the unstrained (0% cold work) condition, while the upper curve 

(designated "0%" on the chart) is the dynamic curve at the desired strain rate for the 

unstrained (0% cold work) condition. True stress-strain curves for each pre-strain level 

are also shown with an appropriate offset to account for the quasi-static pre-strain. In 

both Figure 6.2b and Figure 6.3b, the pre-strained flow curves follow the same trend as 

the unstrained sample's dynamic flow curve. In other words, the pre-strained samples 

yield at the same point one would expect if they had been pre-strained by interruption of 

the dynamic tensile test. This is an expected result if the degree of quasi-static cold work 

does not influence the behavior at higher strain rates used in this work. Therefore, 

Figures 6.2b and 6.3b suggest that cold work does not affect the strain rate sensitivity of 

IF steel, and that dislocations and dislocation substructures created by cold work are 

long-range (athermal) obstacles to dislocation motion in IF steel. 

Figure 6.4a summarizes strain rate sensitivity for the IF-2 steel by plotting flow 

stress at 0.02 true strain as a ftinction of strain rate for all five pre-strain levels. For all 

pre-strain levels, Figure 6.4a shows two distinct regions of strain rate sensitivity, with an 
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increase at strain rates above 10 s"'. At low strain rates P is about 25, and increases to 

approximately 83 for high strain rates. Figure 6.4a further supports the result that strain 

rate sensitivity does not vary significantly with different amounts of pre-strain. Figure 

6.4b is a different presentation of some of the data contained in Figure 6.4a. This figure 

plots flow stress at 0.02 true strain versus the pre-strain level for three different strain 

rates. Figure 6.4b makes it easy to see that the strength increment from a low strain rate 

to a high strain rate is approximately constant regardless of the amount of quasi-static 

pre-strain and does not change even when the strain rate sensitivity increases 

discontinously. 
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Figure 6.3:   Stress-strain curves at a strain rate of about 150 s" for IF-2 steel with five 
different pre-strain levels, a) Engineering stress-strain curves, b) True 
stress-strain curves with pre-strained results offset by the appropriate 
amount. 
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6.2 Solid Solution Strengthening 

The effects of solid solution strengthening were investigated for two different 

steel types: IF and HSLA. Both had significant differences in Mn and P content, while 

the HSLA steels also had differences in Si content. 

6.2.1 IF Steel 

Tensile tests were conducted at strain rates ranging from 0.01 to about 900 s" on 

samples prepared from IF-3 and IF-4 steels. IF-4 steel (0.9 Mn, 0.09 P) had a greater 

degree of solid solution strengthening than IF-3 steel (0.2 Mn, 0.01 P) due to the greater 

amounts of Mn and P. Engineering stress-strain curves for each steel are shown in Figure 

6.5. For both IF-3 and IF-4 steels, the yield and tensile strengths increase with increasing 

strain rate, while the yield/tensile strength ratio appears to increase. Comparing the two 

plots in Figure 6.5 reveals that the IF-4 steel is stronger than the IF-3 steel at the lowest 

strain rate, but the strength improvement decreases with increasing strain rate. 
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Figure 6.5:   Engineering stress-strain curves for IF steels tested at five different strain 
rates, a) IF-3 steel (0.2 Mn, 0.01 P). b) IF-4 steel (0.9 Mn, 0.09 P). 
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If it is assumed that the quasi-static strength increase due to solute additions of 

Mn and P are additive, then the expected strength increase could be predicted based on 

Figure 6.6, which plots yield and tensile strengths for an IF steel versus solute additions 

[127]. The difference between the quasi-static yield strengths of IF-3 and IF-4 predicted 

using Figure 6.6a is 45 MPa. The actual difference in quasi-static yield strengths is about 

51 MPa. The grain size of IF-4 steel is about 33 p,ni, while that of IF-3 steel is about 40 

p,m, which may account for the remainder of the yield strength difference. However, the 

predicted tensile strength difference of 85 MPa (21 MPa due to Mn and 64 MPa due to P) 

exceeds the actual tensile strength difference of about 45 MPa. 
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Figure 6.6:   (a) Yield strength and (b) tensile strength as functions of alloying additions 
to an IF steel [replotted from 127]. 

Figure 6.7a shows strain rate sensitivity by plotting flow stress at 0.02 true strain 

as a fimction of strain rate for both IF-3 and IF-4 steels. For both steels. Figure 6.7a 

shows two distinct regions of strain rate sensitivity, with an increase at strain rates above 

10 s"'. For both low and high strain rates, IF-3 steel has higher logarithmic strain rate 
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sensitivity (P) than IF-4 steel, and the values are shown in Table 6.1. Some of the same 

data from Figure 6.7a are plotted in Figure 6.7b as flov/ stress at 0.02 true strain versus 

the IF steel designation for four different strain rates, where "3" is the IF-3 steel and "4" 

is the IF-4 steel. It is clear from Figures 6.7a and 6.7b that the increment of strengthening 

from low sfrain rate to higher strain rate diminishes wdth increasing alloying. In fact, at 

the highest strain rates tested, the flow stress of IF-3 steel is approximately equal to that 

of IF-4 steel, which suggests that the benefits of increased solute content for 

strengthening have completely disappeared. 

These results for the IF-3 and IF-4 steels indicate that solid solution strengthening 

diminishes the strain rate sensitivity of IF steel, similar to the solid solution softening at 

low temperatures discussed in Section 3.6. 
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Table 6.1:   Logarithmic strain rate sensitivities (P) for the IF-3 and IF-4 steel data shown 
in Figure 6.7a. 

p forIF-3 p forlF-4 
Low Strain Rates 31.7 20.4 
High Strain Rates 69.2 61.1 

6.2.2 HSLA Steel 

HSLA steels are strengthened by a variety of mechanisms, including grain 

refinement, precipitation, cold work and solid solution strengthening. They typically 

have ferrite-pearlite microstructures, whereas IF steels have single phase ferrite 

microstructures. Since solid solution strengthening is expected to be the only short-range 

(thermally-assisted) mechanism, differences in solid solution strengthening should show 

the same trend with increasing strain rate as that seen in IF steel. Since HSLA-1 

(0.050C-0.390Mn-0.01 lP-0.016Si) and HSLA-2 (0.09C-1.46Mn-0.020P-0.08Si) have 

significantly different compositions, their respective strain rate sensitivities can be 

compared to see if the higher alloyed (HSLA-2) steel has lower strain rate sensitivity than 

the lower alloyed (HSLA-1) steel. 

Figure 6.8 shows strain rate sensitivity for both HSLA-1 and HSLA-2 steels by 

plotting yield strength as a function of strain rate. For both low and high strain rates, 

HSLA-1 steel has higher logarithmic strain rate sensitivity (P) than HSLA-2 steel, and the 

values are shown in Table 6.2. 

To make it easier to compare just the solid solution strengthening differences 

between the two HSLA steels, the expected difference in quasi-static yield strengths due 

to solid solution strengthening was calculated using Figure 6.6 and determined to be 39 

MPa. The quasi-static yield strength of HSLA-2 steel is actually about 196 MPa higher 

than that of HSLA-1 steel. Therefore, 157 MPa is assumed due to other strengthening 

mechanisms, such as grain refinement and precipitation strengthening. HSLA-2 steel 
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also has slightly more pearlite than HSLA-1 steel due to its higher carbon content. 

However, for low carbon (below 0.3 wt. pet.) steels, the yield strength is not significantly 

affected by the volume fraction of pearlite [128]. To compare HSLA-2 to HSLA-1 based 

only upon solid solution strengthening, 157 MPa was subtracted from all HSLA-2 yield 

strength values shown in Figure 6.8. These modified yield strength values for HSLA-2 

steel are plotted versus strain rate in Figure 6.9a along with the original yield strength 

values for HSLA-1 steel. Some of the same data from Figure 6.9a are plotted in Figure 

6.9b as yield strength versus HSLA steel designation for three different strain rates, 

where "1" is the low solute content steel and "2" is the high solute steel. Similar to the IF 

steel results. Figures 6.9a and 6.9b show that the increment of strengthening from low 

strain rate to higher strain rate diminishes with increasing alloying. 

These results for HSLA-1 and HSLA-2 steels indicate that solid solution 

strengthening diminishes the strain rate sensitivity of HSLA steel, similar to that seen in 

IF steel and is indicative of solid solution softening as discussed in Section 3.6. 
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Figure 6.8:   Yield strength versus strain rate for two HSLA steels with different solute 
content. 
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Table 6.2:   Logarithmic strain rate sensitivities (P) for HSLA-1 and HSLA-2 steel data 
shown in Figure 6.8. 

P for HSLA-1 P for HSLA-2 
Low Strain Rates 30.0 16.8 
High Strain Rates 40.1 32.9 
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Figure 6.9:   a) Yield strength (modified for HSLA-2) versus strain rate for two HSLA 
steels with different solute content, b) Yield strength (modified for HSLA- 
2) versus IF steel designation at four different strain rates. "1" is the HSLA- 
1 steel composition (lower solute content) and "2" is the HSLA-2 steel 
composition (higher solute content). 

6.3 First Grain Size Study 

As mentioned in Section 4.8, two grain size studies were conducted to evaluate 

the effect of strain rate on grain size strengthening in IF steels. The first study used four 

different grain sizes of IF-1 steel achieved by various heat treating processes, which were 

described in Section 4.8.1. The samples were all machined with ASTM-E8 subsize 

dimensions before the need was realized for using a grip section strain gage for load data 
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collection at high rates. The grip sections were not wide enough to prevent plastic 

deformation in the 65 and 135 (im grain size samples. Therefore, results for this study 

are only reported up to strain rates of 35 s"'. The load washer raw data were used for 

strain rates at and below 10 s"^ while the data-averaging procedure described in Section 

4.3.1 was used to curve-fit the load washer data for strain rates of 35 s' . Example true 

stress-strain curves are shovra in Figure 6.10 for each grain size at strain rates of 0.001 

and 35 s''. All of the samples exhibited yield point elongation except for the largest grain 

size. The amount of Liiders strain increased with decreasing grain size, which is 

expected [34 (p. 17), 129]. 

In Figure 6.11, the flow stress at 0.05 true strain is plotted versus grain diameter, 

d"'^, for all tensile tests run between strain rates of 0.001 and 35 s"'. Flow stress values 

for the 65 |am grain size samples do not follow the trend of decreasing strength with 

increasing grain size, which may be due to precipitation strengthening or solute 

segregation to grain boundaries during the heat treating process. Since the 65 fxm data 

did not follow the expected trend, further analyses were conducted using only the 10, 25 

and 135 |am data. 
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Four Hall-Petch plots (flow stress versus d"''^') are shown in Figure 6.12 for yield 

strength, and for flow stress at values of 0.05, 0.10 and 0.15 true strain. Yield strength 

was determined as the lower yield stress for discontinuous yielding materials and the 

0.002 strain offset value for continuous yielding materials. Each plot contains data for 

five different strain rates. Hall-Petch parameters, CTO and k, were calculated for each 

strain rate in each graph and are tabulated in Table 6.3. Figure 6.13 shows plots of ao 

and k for each true strain level as functions of strain rate for the data in Table 6.3. 
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Table 6.3: Hall-Petch parameters, Oo (MPa) and k (MPa Vmm), for each flow stress and 
strain rate shown in Figure 6.12. 

Strain 
Rate 

Flow Stress Measured At: 
Yield 0.05 true strain 0.10 true strain 0.15 true strain 

0^0 k CTo k CTo k Oo k 

0.001 29 23.7 141 13.0 192 12.7 221 13.0 
0.1 101 19.2 164 13.6 213 12.3 239 13.3 

1 143 18.5 189 15.0 225 14.2 255 13.3 
10 181 17.9 240 15.5 265 13.1 289 13.9 
35 249 14.4 264 14.3 286 15.4 303 16.3 
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Figure 6.13: Strain rate sensitivities of (a) CTQ and (b) k for the data presented in 
Table 6.3. 

In Figure 6.12, cio (the y-axis intercept) increases with increasing strain rate for 

each plot. It appears that the Hall-Petch slope in each plot remains nearly constant with 

strain rate, with the exception of the quasi-static rate data in the yield strength plot 

(Figure 6.12a). Figure 6.13 gives quantitative analyses of the effects of strain rate and 
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true strain value on CTQ and k. Figure 6.13a clearly shows increasing Oo with increasing 

true strain and strain rate, as expected due to its strain-rate dependence with the lattice 

friction stress. In Figure 6.13b, k values for yield strength decrease with increasing strain 

rate, while k values for the other true strain levels remain fairly constant or increase 

slightly with increasing strain rate. 

The fact that Oo and k values for yield strength do not follow the same trends as 

Go and k values for flow stresses measured at true strains of 0.05, 0.10 and 0.15 are 

interpreted to reflect the difference in yielding behavior between different grain size 

samples.   The 10 |am and 25 ^m grain size samples exhibited yield point elongation at all 

strain rates, while the 135 (am grain size samples exhibited continuous-yielding at the 

lowest strain rate, but displayed an increasing tendency towards yield point elongation 

with increasing strain rate as shown in Figure 6.14. Yield strength was determined as the 

lower yield point for discontinuous-yielding samples and as the 0.2% offset stress for 

continuous-yielding samples. For two samples of the same material having identical 

plastic flow behavior, but different yield behavior, the continuous-yielding sample will 

have lower yield strength than the discontinuous-yielding sample [76 (p. 129-130)]. For 

example, temper rolling of a discontinuous-yielding steel produces a continuous-yielding 

material with lower yield strength [34 (p. 148-149)]. Therefore, the changes in yield 

behavior of the 135 |am grain size samples may account for the trends seen in QQ and k 

values for yield strength. For example, as shown in Figure 6.12a, the yield strength of the 

continuous-yielding 135 jam grain size sample at the lowest strain rate is quite low which 

causes Oo (the intercept of the fitted line) to be relatively low and k (the slope of the fitted 

line) to be relatively high. Flow stresses measured at true strains greater than 0.05 were 

beyond the yield point elongation portion of the flow curves for all samples and therefore 

do and k values followed expected trends. 

If the yield strength values are ignored, k values are essentially independent of 

strain rate, which is consistent with several other studies [36, 70-72]. The magnitudes of 
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k values in Figure 6.13b fall within the range of k values expected for low carbon steels 

[63, 68] with a mean value of about 15 MPaVmm. 
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Figure 6.14: True stress-strain curves at five different strain rates for IF-1 steel with 
135 mm grain size. All sample gage lengths were 25.4 mm. 

In Sections 3.7 and 3.8, several different models for grain size strengthening were 

described. For each model, the expected temperature or strain rate dependence of k was 

discussed. The dislocation pile-up model predicted increasing k values with decreasing 

temperature or increasing strain rate [64], while the dislocation density models predicted 

the temperature dependence of k to be only related to the temperature dependence of the 

shear modulus [66, 67]. Since k values did not show a significant increase with 

increasing strain rate in this experiment, the dislocation pile-up model does not fit these 

results. This is expected since dislocation pile-ups are not generally found in steels [68]. 

The nearly constant value of k with changing strain rate for the 0.05, 0.10 and 0.15 true 

strain flow stress values, supports the use of one of the dislocation density models, which 

predict this behavior due to the rate independence of k. The true strain values used in 
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these analyses do not allow a determination of the influence of small strains on k values, 

and therefore the suitability of the dislocation density model based upon geometrically 

necessary dislocations can not be adequately determined. 

Similar to the strengthening mechanism of cold work, these results show that 

changes in grain size do not significantly affect the increment of strengthening achieved 

with increase in strain rate, which implies that grain boundaries are long-range (athermal) 

obstacles to dislocation motion. 

6.4 Second grain size study 

The second grain size study was conducted on IF-5 steel heat treated to achieve 

four different grain sizes as described in Section 4.8.2. However, there was quite a bit of 

scatter in actual grain sizes achieved for the samples designed to have grain sizes of 36 

^m. Also, some samples designed to have the same grain sizes were continuous-yielding 

while others exhibited yield point elongation. Heat treating of the IF-5 steel to achieve 

uniform grain growth was complicated by the relatively high alloy content (0.008C- 

1.42Mn-0.009P-0.006S-0.220Si-0.016Al-0.0030N-0.128Ti) which most likely resulted in 

more carbide precipitates than the IF-1 steel (0.0038C-0.17Mn-0.003P-0.0074S-0.002Si- 

0.06Al-0.0042N-0.072Ti) used in the first grain size study. Precipitates tend to pin grain 

boundaries, thus making uniform grain growth difficult [34 (p. 169)]. Figure 6.15 shows 

quasi-static engineering stress-strain curves for IF-1 and IF-5 steel samples with the same 

grain size of 135 ^im. The higher strength and strain hardening of IF-5 steel is 

presumably a result of both solution and precipitation strengthening. 
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Figure 6.15: Quasi-static engineering stress-strain curves for IF-1 and IF-5 steels with 
grain size of about 135 mm. 

In spite of the difficulties in producing uniform grain sizes in the IF-5 steel, 

tensile samples were machined and tested over the strain rate range from 0.001 s" to 

about 400 s"'. In Figure 6.16a, yield strength is plotted versus grain diameter, d''''\ for all 

quasi-static tensile tests. Yield strength values for the 10 ^m grain size samples did not 

follow the trend of increasing strength with decreasing grain size, which may be due to 

precipitation strengthening and solute segregation to grain boundaries occurring during 

heat treating of the other (14, 36 and 130 ^m) samples. Since the 10 jxm data did not 

follow the expected trend, further analyses were conducted using only the other samples. 

In Figure 6.16b, yield strength is plotted versus grain diameter, 6.''^% for the quasi-static 

tests used in the first grain size study with IF-1 steel, and the 14, 36 and 130 ^im quasi- 

static tests run in this study with IF-5 steel, ky (k at yield) values were calculated for both 

sets of results and found to be similar, as shown in Figure 6.16b. 
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Four Hall-Petch plots (flow stress versus d"'''') are shown in Figure 6.17 for yield 

strength and flow stress at values of 0.05, 0.075 and 0.10 true strain. Yield strength was 

determined as the lower yield stress for discontinuous yielding materials and the 0.002 

strain offset value for continuous yielding materials. Figures 6.17a and 6.17b contain 

data for five different strain rates. Figures 6.17c and 6.17d do not contain data for the 

strain rate of 400 s'' because the uniform strain was not sufficient at this strain rate. Data 

for strain rates of 0.080 and 8.5 s'' were omitted from Figure 6.17 to reduce clutter. In 

Figure 6.17, the Hall-Petch slope does not remain constant with strain rate, but there is 

also no discemable trend. 
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Figure 6.17: Flow stress versus (grain diameter)'"'''for IF-5 steel tested at five different 
strain rates, a) Yield stress, b) Flow stress at 0.05 true strain, c) Flow stress 
at 0.075 true strain, and d) Flow stress at 0.10 true strain. All sample gage 
lengths were 25.4 mm. Actuator speeds were 0.025 mm/s, 25 mm/s, 750 
mm/s, 5.0 m/s and 10.0 m/s for strain rates of 0.001, 1, 30, 200 and 400 s"', 
respectively. 
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Hall-Petch parameters, QQ and k, were calculated for each strain rate in each graph 

of Figure 6.17 and are tabulated in Table 6.4. Figure 6.18 shows plots of ao and k for 

each true strain level as functions of strain rate for the data in Table 6.4. Figure 6.18a 

shows generally increasing do with increasing true strain and strain rate, as expected 

since ao includes both long-range (athermal) contributions to flow stress such as cold 

work, and short-range (thermal) contributions such as the strain-rate dependence of the 

lattice friction stress. In Figure 6.18b, there is quite a bit of scatter in the k values, 

however they still fall within the range of k values expected for low carbon steels [63, 

68]. The mean k value for IF-5 steel was about 14 MPaVmm, while it was slightly higher 

at about 15 MPaVmm for IF-1 steel. 

Table 6.4: Hall-Petch parameters, ao (MPa) and k (MPa Vmm), for each flow stress and 
strain rate shown in Figure 6.17. 

Strain 
Rate 

Flow Stress Measured At: 
Yield 0.05 true strain 0.10 true strain 0.15 true strain 

CTo k Oo k C^o k C^o k 
0.001 99 19.0 252 10.0 285 10.6 313 10.4 
0.070 144 16.4 282 8.2 315 8.7 348 7.9 
0.80 138 23.4 261 15.9 294 16.4 326 15.7 
8.5 197 19.8 318 9.5 355 8.6 381 9.0 
30 248 16.5 302 16.0 337 14.9 369 14.4 

200 308 17.5 357 16.6 380 16.3 400 16.1 
400 339 20.2 379 20.2 - - - - 



184 

400 

300 

I   I IIIHI| 1   I IIIIH| 1   I IIIIIJ{ 1   I IIINI{ 1   I llllll 

IF-5 Steel 

200 

O 0.05 True Strain - 

■ 0.075 True Strain 

D 0.10 True Strain 
\   llllllll      I   llllllll      I   IIIIIHI      I   lllllltl      t   IIHIIll      I   Itlltl 0 

0.001 0.01    0.1       1       10     100   1000 
strain Rate(s") 

25 I—I I iiiiri|—I 1 ii]Hi|—I I IJ1111]—I I iiiin|—I in 

IF-5 Steel 

5- 
Vield 

o 0.05 True Strain 
■ 0.075 True Strain 
D 0.10 True Strain 

I I I mill     I I I mill    I I I llllll     I llllllll I I I llllll I I I III 0 
0.001 0.01    0.1      1       10     100   1000 

Strain Rate (s"') 

Figure 6.18: Strain rate sensitivities of (a) CTQ and (b) k for the data presented in 
Table 6.4. 

To compare CTO and k value results between the two grain size studies, Figure 6.19 

shows plots of Co and k at 0.05 true strain as functions of strain rate for both IF-1 and 

IF-5 steels. In Figure 6.19a, Go values are higher for IF-5 as expected due to its higher 

strength, although the trends with increasing strain rates are similar. In Figure 6.19b, 

there is no trend in k values with strain rate for either steel. Although the k values for 

IF-5 steel exhibit more scatter in the data, the mean values for both steels are 

approximately the same. 

As in the first grain size study, the lack of a trend in k values with strain rate 

supports the use of a dislocation density model to describe grain size strengthening. This 

second study also further supports the assumption that grain boundaries are long-range 

(athermal) obstacles to dislocation motion. 
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Figure 6.19: Comparison of the strain rate sensitivities of (a) cvo and (b) k for IF-1 and 
IF-5 steels at 0.05 true strain. 

6.5 Discussion of Cold Work, Solid Solution and Grain Size Strengthening Results 

In the preceding sections, it was established that in the range of strain rates tested, 

strengthening of BCC ferrite by means of cold work or grain refinement is not greatly 

affected by increasing strain rate, but strengthening by solute addition decreases with 

increasing strain rate. Therefore, dislocation interactions and grain boundaries were 

found to be long-range (athermal) obstacles to dislocation motion, while solid solution 

softening was a short-range (thermally activated) mechanism. If this is true, then 

increasing the static strength of ferrite through cold work or grain refinement should not 

change the strengthening increment fi-om static to dynamic loading. However, if the 

strengthening increment (adynamic - ecstatic) is plotted versus static strength values, the 

strengthening increment typically decreases with increasing static strength as shown in 

Figure 6.20. 

The three IF steels shovra in Figure 6.20 all have similar yield strengths, but the 

IF-1 (10 ^im grain size) strengthening increment is significantly less than those of IF-2 or 
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IF-3. However, in Section 5.2.3 it was determined that the difference is primarily due to 

the discontinuous-yielding behavior of IF-1 steel at low rates compared to the 

continuous-yielding behavior of IF-2 and IF-3 steels. The compositions of the two HSLA 

steels are significantly different (HSLA-1: 0.050C-0.390Mn-0.01 lP-0.008S-0.016Si- 

0.029Cr-0.039Al-0.006Ti-0.001V-0.029Nb,HSLA-2:0.09C-1.46Mn-0.020P-0.001S- 

0.08Si-0.045Nb), which contributes to the greater static yield strength in HSLA-2 steel 

and accounts for its lower strengthening increment due to solid solution softening as 

discussed in Section 6.2.2. 

For the controlled experiments carried out for this thesis on cold work, grain size, 

and solid solution strengthening changes in IF steels, static-to-dynamic strengthening 

increments are plotted as a function of static strength in Figure 6.21. Table 6.5 lists the 

static and dynamic strain rates used, along with the true strain value at which flow stress 

was measured for each steel. Yield strength values were not used because of differences 

in yield point elongation behavior between samples. 

In Figure 6.21, static-to-dynamic strengthening increments for the cold work 

experiment (IF-2) and grain size experiments (IF-1 and IF-5) remain approximately 

constant regardless of static strength, while the strengthening increments for the solid 

solution experiment (IF-3 and IF-4) decrease significantly with increasing static strength. 

These results support the conclusions made in Sections 6.1 through 6.4 that cold work 

and grain size refinement add long-range (athermal) obstacles to dislocation motion and 

these strengthening mechanisms are therefore independent of strain rate, while 

substitutional solute atoms are short-range barriers to dislocation motion which cause 

strength to be dependent upon strain rate. 
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Table 6.5:   Strain rates and true strain values used for flow stress measurements in 
Figure 6.21. 

Steel 
Strain Rate (s'*) True Strain 

Static Dynamic 
IF-1 0.001 35 0.05 
IF-2 0.001 150 0.03 
IF-3 0.01 200 0.02 
IF-4 0.01 200 0.02 
IF-5 0.001 200 0.05 

6.6 Multiphase StrengtheninR: Effect of Retained Austenite Stability in a TRIP Steel 

Tensile tests were conducted over the strain rate range from 0.01 to 250 s" for 

each of the two TRIP-3 steels (HS and LS). True stress-strain curves for each steel at two 

strain rates are shown in Figure 6.22. The LS steel shows higher initial strain hardening 

rate and lower elongation compared to the HS steel, although the strain hardening rate 

difference appears to diminish with increasing strain rate. These differences are seen in 

Figure 6.23 where both steels are compared at three different strain rates. 

The isothermal treatment temperature used to create the low stability retained 

austenite (LS) steel was higher than that used for the high stability retained austenite (HS) 

steel, while the hold times were the same. At the higher temperature, diffusion occurs 

more rapidly which increases the transformation rate of austenite to bainite. For equal 

times, the higher isothermal transformation temperature resulted in lower amounts of 

austenite. LS had 9.0% retained austenite, while HS had 9.8%. Also carbides may form 

more easily at higher temperature [130], and the austenite remaining after the higher 

temperature transformation had a lower carbon content, resulting in lower stability 

because its martensite-start temperature is higher. The carbon content of retained 

austenite was 1.17 wt. pet. in LS and 1.26 wt. pet. in HS. Therefore, the low stability 

(LS) retained austenite should need less addition of mechanical driving force than high 

stability (HS) retained austenite in order to transform to martensite, which means the 
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retained austenite in the LS steel should transform earlier (with less strain) in the 

deformation process. If this occurs, the LS stress-strain curve should show higher initial 

strain hardening rate and lower elongation compared to the HS heat treatment, which is 

the case in Figure 6.23a. 
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Figure 6.22: True stress-strain curves at two different strain rates for (a) LS and (b) HS 
TRIP-3 steel. Sample gage length was 50.8 mm and actuator speed was 
0.25 mm/s for both low-rate tests. Gage length was 25.4 mm and actuator 
speed was 6.0 m/s for the high-rate tests. 
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With increasing strain rate, it is expected that the low-strain work hardening rate 

of a TRIP steel may increase as the increased mechanical driving force (due to higher 

overall flow stress) causes more retained austenite to transform earlier in the test. 

R!«l 
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However, at high strain values during high-rate tests, the work hardening rate is expected 

to decrease due to adiabatic heating, which inhibits the transformation. Work hardening 

exponents, n, were calculated for low strain (0.02 to 0.05) and high strain (0.08 to 

uniform strain limit) values for each test shown in Figure 6.23a and 6.23b and the results 

are listed in Table 6.6. The data from Figure 6.23c at 230 s'' were too noisy to calculate 

work hardening exponents. As expected, n at low strain values increases with increasing 

strain rate for both materials, and increases more for the HS steel. The work hardening 

exponents at high strain values were lower than those at low strain values and the 

difference was much more pronounced in the LS steel. This result might be expected 

since the lower stability retained austenite in LS steel should transform quickly (with 

little strain energy) during deformation, while the higher stability retained austenite in HS 

steel should require more strain energy and therefore more deformation for 

transformation to martensite to occur. 

Table 6.6:   Work hardening exponents, n, for low and high strain values for each tensile 
test shown in Figures 6.23a and 6.23b. 

Strain Rate (s'') 
Low Stability TRIP-3 High Stability TRIP-3 

Low Strain 
(0.02 - 0.05) 

High Strain 
(0.08 - Eu) 

Low Strain 
(0.02 - 0.05) 

High Strain 
(0.08 - £„) 

0.012 0.337 0.223 0.264 0.248 
8 0.353 0.225 0.294 0.243 

n (8)-n (0.012) + 0.017 + 0.002 + 0.030 - 0.005 

At the highest strain rate of about 230 s'', the behavior of LS and HS materials in 

Figure 6.23c appears similar. This behavior may be explained by the "saturation" of 

martensite transformation in both steels. The mechanical driving force might be high 

enough to cause all of the retained austenite in both steels (LS and HS) to transform early 
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in the test, causing equivalent hardening behavior in both. In a study by Choi, et al. [21] 

of a TRIP steel with identical composition and processing as TRIP-3 HS steel, it was 

found that all of the retained austenite transformed to martensite during tensile tests at all 

strain rates ranging from quasi-static to 250 s". 

6.7 Multiphase Strengthening: Comparison of Dual Phase to TRIP Steel 

Although a systematic study was not conducted to compare dual phase and TRIP 

steels, data collected on a dual phase steel used to develop a dynamic tensile test 

capability will be compared with the TRIP steels discussed in Section 6.6. Figure 6.24 

shows quasi-static true stress-strain curves for both TRIP-3 steels (low stability "LS" and 

high stability "HS") and the dual phase steel. The dual phase steel is continuous-yielding 

while both TRIP-3 steels have yield point elongation. The uniform strain is about equal 

for the TRIP-3 LS and dual phase steels, while the uniform strain for TRIP-3 HS is 

greater, due to the more gradual transformation of retained austenite to martensite. The 

strain hardening rate throughout the flow curve in the dual phase steel is lower than for 

the TRIP-3 steels. Work hardening exponents at low strains (0.02 to 0.05) and high 

strains (0.08 to the uniform strain limit) were calculated for all three steels and are shown 

in Table 6.7. The work hardening exponents in TRIP steels compared to dual phase are 

higher because of the retained austenite transformation to martensite. 
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Table 6.7:   Work hardening exponents, n, for low and high strain values for the quasi- 
static tensile tests shown in Figure 6.24. 

Material Work Hardening Exponent, n 
Low Strain (0.02 - 0.05) High Strain (0.08 - 8u) 

TRIP-3 LS 0.337 0.223 
TRIP-3 HS 0.264 0.248 
Dual Phase 0.230 0.183 

Figure 6.25 shows logarithmic strain rate sensitivity plots for both yield and UTS 

values for all three multiphase steels. Logarithmic strain rate sensitivity values, p, for 

Figure 6.25 are tabulated in Table 6.8. There are dramatic differences in strain rate 

sensitivity between the three steels. For yield strength, the TRIP-3 HS steel p value is 

constant at 18.9 for all strain rates, while the P value for TRIP-LS increases from 10.9 at 
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low rates to 20.0 for high rates. However, for dual phase steel, the yield strength p value 

at low rates is 18.9 and increases to 60.7 for high rates. Consequently, even though dual 

phase has significantly lower quasi-static yield strength than either TRIP-3 steel (330 

MPa versus about 400 MPa for TRIP-3), its dynamic yield strength of 530 MPa at a 

strain rate of 500 s'' surpasses that of the TRIP-3 steels (about 500 MPa at 600 s"'). 

For tensile strength, both TRIP-3 steels have higher p values at low strain rates 

than dual phase steel, probably because the retained austenite to martensite 

transformation is enhanced by increasing strain rate for strain rates below 1 s' . However, 

at high strain rates, the p value for tensile strength is higher for dual phase than for either 

TRIP-3 steel. In fact, both TRIP-3 steels have lower high-rate p values than low-rate p 

values for tensile strength, which is opposite the trend seen in other low carbon steels. 

This is most likely due to adiabatic heating at high rates which suppresses the retained 

austenite transformation to martensite. 

To summarize the differences between dual phase and TRIP-3 steel, the 

advantages of dual phase steel include its low quasi-static yield strength and continuous 

yielding behavior, which make it better for forming operations, and its high strain rate 

sensitivity values, which may make it favorable for certain high-rate applications. The 

advantage of the TRIP-3 steels is its higher strain hardening behavior which may improve 

energy absorption for crash-worthiness applications. 
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Table 6.8:   Logarithmic strain rate sensitivities (p) for the TRIP-3 and dual phase steel 
data in Figure 6.25. 

P Low Strain Rates High Strain Rates 

TRIP-3 LS 
Yield Strength 10.9 20.0 

Tensile Strength 14.9 6.7 

TRIP-3 HS 
Yield Strength 18.9 18.9 

Tensile Strength 26.5 13.8 

Dual Phase 
Yield Strength 18.9 60.7 

Tensile Strength 10.4 27.1 

In Table 6.8, at high strain rates (above 1 s'') the strain rate sensitivities (P) of 

both yield and tensile strengths for TRIP-3 steels are significantly lower than those of the 

dual phase steel. The TRIP-3 high-rate p values are also lower than any of those 

calculated in Chapters 5 and 6 for all of the IF and HSLA steels investigated. Since p is a 

measure of strength increase with increasing strain rate, TRIP-3 steels have the lowest 

strength improvements at high strain rates compared to all other low carbon steels tested 

in this thesis. This is an important observation for energy absorption applications, such 

as automobile crash-worthiness, because it means that a material which has equal or 

greater energy absorption than TRIP-3 steel at low strain rates (most likely due to higher 

yield strength) may have better energy absorption capability at high strain rates. In 

addition, some materials with less low-rate energy absorption, but high p values, may 

surpass TRIP-3 energy absorption capability at high rates. Testing of pre-strained dual 

phase and TRIP steels may be worthwhile to assess this behavior in conditions that would 

apply to formed parts. 

To illustrate the energy absorption comparison, TRIP-3 HS steel was compared 

to HSLA-2 steel, p values for both steels are shown in Table 6.9. At low rates, TRIP-3 

HS steel has higher p values, especially for tensile strength, but the opposite is true at 

high rates. Therefore, for low strain rates, the energy absorption of TRIP-3 HS steel 
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should increase with increasing strain rates more than HSLA-2 steel. At high strain rates, 

the energy absorbed by HSLA-2 steel will increase with increasing strain rate more than 

the energy absorbed by TRIP-3 HS steel. Engineering stress-strain curves at three strain 

rates are shown in Figure 6.26 for TRIP-3 HS and HSLA-2 steels. 

Table 6.9:   Logarithmic strain rate sensitivities (P) for TRIP-3 HS and HSLA-2 steels. 

P Low Strain Rates High Strain Rates 

HSLA-2 Yield Strength 16.8 32.9 
Tensile Strength 15.7 42.9 

TRIP-3 HS Yield Strength 18.9 18.9 
Tensile Strength 26.5 13.8 
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Figure 6.26: Engineering stress-strain curves for HSLA-2 and TRIP-3 HS steels at three 
different strain rates, (a) Gage length = 50.8 mm and actuator speed = 0.50 
mm/s. (b) Gage length = 25.4 mm and actuator speed = 250 mm/s. 
(c) Gage length = 25.4 mm and actuator speed = 6.2 m/s. 

At all strain rates in Figure 6.26, the yield strength of HSLA-2 steel exceeds that 

of TRIP-3 HS steel, but the TRIP steel strain hardens considerably more. The areas 

under each stress-strain curve in Figure 6.26 were calculated and plotted in Figure 6.27 as 
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functions of engineering strain. At the lowest strain rate in Figure 6.27a, the area curves 

for HSLA-2 steel and TRIP-3 HS steel cross at about 0.16 strain, while they cross at 

about 0.15 strain in Figure 6.27b for the moderate rate. At the high strain rate in Figure 

6.27b, the area curves cross at about 0.24 strain. Therefore, the steel vdth greater energy 

absorption capability depends on the strain rate and strain limit chosen for the area 

calculation. Table 6.10 shows the area under each engineering stress-strain curve up to 

10% strain since this strain level is often used for automobile crash-worthiness 

calculations [8,21]. In Table 6.10, the energy absorption of HSLA-2 steel exceeds that 

of TRIP-3 HS steel at all strain rates, but the amount changes. At low strain rate, the 

difference is 6.6 jW, while for moderate rate the difference is only 3.0 JW due to the 

higher low-rate strain rate sensitivities of TRIP-3 HS steel. At the highest rate, the 

difference in energy absorbed increases to 8.6 J/m^ due to the greater high-rate strain rate 

sensitivities of HSLA-2 steel. 

It should be noted that these analyses of TRIP steel were conducted on a 

laboratory-melted and heat treated TRIP steel and results for other TRIP steels vnll be 

greatly affected by the type and amount of retained austenite. Furthermore, it should be 

recognized that the comparison here between HSLA and TRIP steels is made for 

materials with different as-received yield strengths, and higher strength TRIP steels are 

certain to absorb more energy. 
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Table 6.10: Area under the engineering stress-strain curve up to 10% engineering strain 
for TRIP-3 HS and HSLA-2 steels at three different strain rates as shown in 
Figures 6.26 and 6.27. 

Low Strain Rate 
(0.01 s-') 

Moderate Strain Rate 
(HSLA-2: 6.3 s"' 
TRIP-3 HS: 9 s"') 

High Strain Rate 
(250 s-') 

HSLA-2 59.9 JW 60.2 JW 69.4 JW 

TRIP-3 HS 53.3 JW 57.2 JW 60.8 JW 

Difference 6.6 JW 3.0 JW 8.6 JW 

6.8 Constitutive Equation for IF Steels Strengthened by Cold Work, Solid Solution 
Strengthening and Grain Refinement 

An attempt was made to develop a constitutive equation for the flow stress of low 

carbon steel as a function of strain, strain rate and temperature, which includes variables 

of cold work, grain refinement, and solid solution strengthening. This analysis is based 

on the BCC version of the Zerilli-Armstrong equation (Equation 3.57) [107] that was 

obtained from a model based on physical principles of dislocation mechanics and has 

been shown to accurately predict flow behavior in iron alloys [1 (p.375), 106, 107]. It 

also includes grain size as a variable. 

The Zerilli-Armstrong model was discussed in Section 3.13.4.2 with the 

constitutive equation given by Equation 3.57, which is shown again here as Equation 6.1. 

In Equation 6.1, a is the flow stress, CTL is the athermal (long-range) component of stress, 

8 is the plastic strain, 8 is the strain rate, T is the absolute temperature, d is the grain 

diameter, and Ci, C3, C4, C5, n and k are constants. 
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a = 0L + C,exp[-C3T + C4Tln(e)]+C5e"+kd'^ [6.1] 

In Equation 6.1, the grain size component of strengthening is included in the kd'' 

term. Since cold work effects have been shown to be independent of strain rate, the 

amount of pre-strain, Scw, can simply be added to the plastic strain in the Css" term as 

CsCs + Sew)"- Solid solution strengthening at quasi-static rates can be calculated using 

Figure 6.6, but since solute additions are short-range (thermally-assisted) obstacles to 

dislocation motion, the effect of solute addition must also be included in the temperature 

and strain-rate sensitivity terms. Therefore, it was necessary to add two terms to 

Equation 6.1 to account for solute additions, one for the quasi-static, room temperature 

strengthening increment, ass, and one to account for the change in strain rate (and 

temperature) sensitivity, Css-   These changes are shovm in Equation 6.2, where Css was 

used to modify the constant, Ci. For solid solution strengthening with increasing strain 

rate or decreasing temperature, Css will be greater than 1, and for softening it will be less 

than 1. In Equation 6.2, CL includes other strengthening mechanisms such as 

precipitation and second phase strengthening. The modified Zerilli-Armstrong model in 

Equation 6.2 will be referred to as the "MZA model." Adiabatic heating was included in 

the MZA model for strain rates greater than 1 s"' by using Equation 2.17 to predict 

temperature rise during deformation and updating the temperature as plastic strain is 

updated in the MZA equation. Equation 2.17 is shown again here as Equation 6.3, where 

P is the fraction of plastic work converted to heat, p is density, Cp is specific heat, e is 

true strain and a is flow stress. 

a^a^+ass+CssC, exp[-C3T + C4Tln(8)]+C5(8 + 8cw)"+kd''^        [6.2] 
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AT = 
pCp 

jade [6.3] 

The IF steels to be modeled included IF-1 steel with 10, 25 and 135 mm grain 

sizes, IF-2 steels with 0%, 2%, 5%, 10% and 18% pre-strain, IF-3, and IF-4 steels. Since 

solute strengthening was to be included in Equation 6.2 as ass, the amount of 

strengthening due to solute atoms was calculated for each of the four IF steel 

compositions. In Figure 6.6, the yield strength without any solute additions is about 69 

MPa. The increase in yield strength due to additions of silicon, phosphorus, and 

manganese was calculated for each of the four steel compositions by determining the 

yield strength shown in Figure 6.6 for each solute amount, subtracting 69 MPa (the yield 

strength with no solute), and adding the contributions from each element. The results of 

these calculations are shown in Table 6.11. 

Table 6.11: Quasi-static solid solution strengthening increment for several IF steels. 

IF-1 IF-2 IF-3 IF-4 
Quasi-Static Solid Solution 

Strengthening Increment 
(MPa) 

4 10 15 60 

Ideally, the flow curve behavior of all IF steels can be defined using a single 

MZA equation, with the only variables between specific materials being used to account 

for differences in precipitation or second phase strengthening (at), solid solution 

strengthening (ass and Css), cold work (ECW), and grain size (d). If differences in 

precipitation strengthening are small, a single MZA model is possible. However, large 

changes in precipitation or second phase strengthening will probably also require a 
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change to the constant C5, to account for different strain hardening behavior. MZA 

model constants were determined for all four IF steels and they are shown in Table 6.12. 

The value for k was set equal to the mean value found for IF steels in Sections 6.3 and 

6.4. The details of how other model constants were determined are contained in 

Appendix C. 

In Table 6.12, the Css values for IF-2 and IF-3 steels are equal to 1, indicating that 

small amounts of solute additions do not significantly change the dynamic properties of 

IF steel. However, the Css value for IF-4 steel is significantly lower than 1, which 

illustrates the solute softening effect for larger solute additions. 

Table 6.12: Constants for the modified Zerilli-Armstrong (MZA) equation (Equation 6.2) 
for IF steels. 

Material c, 
(MPa) 

C3 (K-') C4 (K-^) C5 
(MPa) 

n 
k 

(MPaVmm) 

IF Steel 

825 0.00698 0.000415 415 0.475 14 

P P 3 
(kg/m^) (J/kgK) 

0.9 7870 445 

Material (MPa) 
CJSS 

(MPa) Css ecw 
(mm/mm) 

d 
(mm) 

IF-1 
10 ^im 

1 4 1.00 0 
0.010 

25 |im 0.025 
135 ^im 0.135 

IF-2 

0% 

10 10 1.00 

0 

0.030 
2% 0.022 
5% 0.051 
10% 0.100 
18% 0.178 

IF-3 15 15 1.00 0 0.040 

IF-4 25 60 0.85 0 0.033 
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Figures 6.28 through 6.31 show true stress-strain curves for each IF steel at 

several different strain rates along with the curves predicted by the MZA model. In the 

MZA model, adiabatic heating was included for strain rates above 1 s'\ This rate was 

chosen based upon adiabatic heating analysis done by Clarke [22] for ferritic stainless 

steels. In Figure 6.28, the highest strain rate shown is 35 s"' since stress-strain curves 

were not available at higher rates for reasons discussed in Section 6.3. Flow curves for 

strain rates higher than 200 s'' are not shown in Figures 6.29 through 6.31 because 

uniform strain values were very small for those rates. 
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Figure 6.28: True stress-strain curves for IF-1 steel at three different strain rates 
compared with Modified Zerilli-Armstrong model at same strain rates using 
the constants shown in Table 6.12. (a) 10 fam grain size, (b) 25 ^m grain 
size, and (c) 135 ]im grain size. 
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Figure 6.29: True stress-strain curves for IF-2 steel at four different strain rates compared 
with Modified Zerilli-Armstrong model at same strain rates using the 
constants shown in Table 6.12. (a) 0% pre-strain, (b) 2% pre-strain and (c) 
5% pre-strain. 
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Figure 6.30: True stress-strain curves for IF-2 steel at four different strain rates compared 
with Modified Zerilli-Armstrong model at same strain rates using the 
constants shown in Table 6.12. (a) 10% pre-strain and (b) 18% pre-strain. 
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Figure 6.31: True stress-strain curves for (a) IF-3 steel and (b) IF-4 steel at four different 
strain rates compared with Modified Zerilli-Armstrong model at same strain 
rates using the constants shown in Table 6.12. 
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In Figures 6.28 through 6.31, the MZA model generally provides a good fit to the 

experimental data, although yield strength values are not particularly accurate, especially 

for materials exhibiting yield point elongation. In addition, for several steels, including 

IF-3 and IF-1, the model tends to overpredict flow stress values for strain rates of about 

1 s" . This may be due to the fact that the model predicts a continuously increasing strain 

rate sensitivity, while strain rate sensitivity plots for IF steels typically show a rather 

sharp transition in strain rate sensitivity around a strain rate of 1 s'\ In addition, the IF-1 

tensile samples for grain sizes of 10 and 25 ^m were fairly thick (4.1 mm) which may 

cause adiabatic heating to occur at lower strain rates than for thinner materials. 

If yield strength predictions are required for materials with yield point elongation, 

the Hahn model [104] may be used. However, different Hahn model constants would 

have to be determined for each specific material. The Hahn model was discussed in 

Section 3.13.3.2 with the equation given by Equation 3.50, which is presented again here 

as Equation 6.4, where a is the flow stress, s is the plastic strain, £ is the strain rate, po is 

the initial dislocation density, TQ is the shear stress at unit dislocation velocity, b is the 

Burger's vector, and q, C, p and m are constants. 

a = 2q8 + 2T„ 
2e 

bf(Po+CeP)_ 
[6.4] 

For IF-1 steel with 10 ^m grain size, Hahn model constants were determined as 

shown in Table 6.13. To determine these constants, the constants given by Hahn [104] 

for 1020 steel (shown in Table 6.13) were used as a starting point. The constants mt, mn, 

and To were adjusted as needed to provide a good fit. Figure 6.32 shows the results of the 

model by plotting the experimental values of lower yield stress for IF-1 steel and the 

lower yield stress values predicted by the Hahn model versus strain rate. The model fits 
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the data well, which is expected since the experimental data points were used to 

determine the constants. The Hahn model could also be used to predict the magnitudes of 

yield drops. 

Table 6.13: Constants for the Hahn model for IF-1 steel with 10 [im grain size, mt was 
for strain rates up to 1 s"', while mn was used for strain rates above 1 s". 
Model constants given by Hahn [104] for 1020 steel are shown for 
comparison. 

Material f (cm-2) 
C (cm-^) P 

b 
(nm) niL mH 

To 

(MPa) 
q 

(GPa) 

IF-1 
(10 ^im) 

0.1 10^ 1.6x10^ 0.9 0.248 28 22 125 3.44 

1020 Steel 
[104] 0.1 10^ 1.6x10^ 0.9 0.248 33 13 100 3.44 
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Figure 6.32: Lower yield strength as a function of strain rate for IF-1 (10 |4.m grain size) 
steel compared to the Hahn model using the constants shown in Table 6.13. 
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6.9 Constitutive Equation for HSLA Steels 

The Modified Zerilli-Armstrong model developed in Section 6.8 was also used to 

fit flow curves for the two HSLA steels discussed in Section 6.2.2. Since HSLA steels 

have pearlite in the microstructure and typically employ precipitation strengthening as a 

major strengthening mechanism, it was expected that the C5 constant in Equation 6.2 

would need to be increased compared to the IF steel value. Values for ass were based 

upon the solid solution increment calculated using Figure 6.6 in the same manner as 

discussed in Section 6.8. MZA model constants were determined using the methods 

discussed in Appendix C for IF steels, except that HSLA-1 steel was used as a starting 

point. MZA model constants for the HSLA steels are shown in Table 6.14. True stress- 

strain curves for each HSLA steel at four different strain rates are plotted along with the 

curves predicted by the MZA model in Figure 6.33. In the MZA model, adiabatic heating 

was included for strain rates above 1 s"'. The MZA model provides a good fit to post- 

YPE experimental data. 

Table 6.14: Constants for the modified Zerilli-Armstrong (MZA) equation (Equation 6.2) 
for HSLA steels. 

Material c, 
(MPa) 

C3(K-') C4(K-') n 
k 

(MPaVnmi) 

HSLA 
Steel 

670 0.00698 0.000415 0.490 14 

P (kgW) 
Cp 

(J/kg-K) 
0.9 7870 445 

Material 
(MPa) 

o^ss 
(MPa) Css 

C5 
(MPa) 

Sew 
(mm/mm) 

d 
(mm) 

HSLA-1 77 18 1.00 490 0 0.009 
HSLA-2 241 57 0.85 550 0 0.009 
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Figure 6.33: True stress-strain curves for (a) HSLA-1 steel and (b) HSLA-2 steel at four 
different strain rates compared with Modified Zerilli-Armstrong model at 
same strain rates using the constants shown in Table 6.14. 

6.10 Summary of Strengthening Mechanism Results 

The investigation of strengthening mechanisms in IF steels has revealed that 

strengthening provided by cold work or grain refinement is not affected by changes in 

strain rate, while the strengthening increment due to solute additions decreases with 

increasing strain rate. Thermally-activated dislocation motion, as discussed in Section 

3.13.2, predicts that strengthening provided by long-range obstacles to dislocation motion 

will not be altered by changes in temperature or strain rate, while strengthening due to 

short-range barriers will be affected by changes in temperature or strain rate. Therefore, 

the conclusions were made that grain boundaries and dislocations produced by cold work 

are long-range obstacles to dislocation motion, while solute atoms are short-range 

barriers. 

The effect of strain rate on solid solution strengthened IF steels was opposite that 

predicted for short-range obstacles. Resistance to dislocation motion provided by short- 

range obstacles should increase as strain rate increases due to the decrease in available 
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waiting time for thermal assistance to overcome those obstacles. This increasing 

resistance to dislocation motion is manifested in tensile testing by increasing flow stress. 

The short-range barrier of intrinsic friction stress (Peierl's-Nabarro stress) of BCC metals 

follows the expected trend and is responsible for the increase in flow stress with 

increasing strain rate seen in pure iron. The friction stress contribution to increasing flow 

stress with increasing strain rate was observed in Sections 6.3 and 6.4 where CTO in the 

Hall-Petch equation (Equation 3.11) increased with increasing strain rate. One would 

also expect the strengthening increment due to solid solution strengthening to increase 

with increasing strain rate. The fact that the strengthening increment due to solid solution 

strengthening decreases with increasing strain rate is analogous to other experimental 

results showing that the strengthening increment in iron due to solute additions decreases 

with decreasing temperature (for a specific temperature range below room temperature) 

as discussed in Section 3.6. This observation, together with the results for cold work and 

grain size, further supports the equivalence of decreasing temperature and increasing 

strain rate. 

A comparison of two HSLA steels showed the same solid solution softening 

effect with increasing strain rate as seen in IF steels. The magnitude of the softening 

effect in the HSLA steels could be attributed entirely to the solution strengthening 

increment. This result suggests that other strengthening mechanisms (such as 

precipitation strengthening) employed in HSLA steels may be independent of strain rate. 

Strengthening in TRIP steels includes an increment created by transformation of 

retained austenite to martensite, which increases with increasing plastic strain, causing 

high work hardening rates. At low strain rates, increasing strain rate aids the 

transformation by a stress-assisted mechanism associated with the increase in flow stress 

of the matrix ferrite. However, at high strain rates, adiabatic heating becomes important 

and the transformation is hindered, leading to low strain rate sensitivity values. Low 

strain rate sensitivity (P) values translate to low strengthening increment at high strain 

rates, which results in less of an increase in energy absorption capability at high rates. 
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compared to materials with high p values. Since the deformation behavior of TRIP steels 

is highly dependent upon the amount and type of retained austenite, the details of these 

results may not be applicable to all TRIP steels as a class of materials. 

The Zerrili-Armstrong constitutive relationship, which contains a variable for 

grain size, was modified to include terms for cold work and solid solution strengthening 

so that flow curves could be predicted for IF steels with changes in those three 

strengthening mechanisms. It is anticipated that more athermal terms could be included 

to account for precipitation strengthening and possibly volume fraction of martensite for 

dual phase steels. The model could then be extended to HSLA and dual phase steels. 

The primary result of this research is that IF steels (and possibly HSLA steels) 

may be strengthened by cold work or grain refinement without sacrificing the strength 

increase due to increased strain rate. However, the benefit of strengthening by solute 

atoms decreases with increasing strain rate. 

6.11 Relationships Between Dynamic Test Methodology and Strengthening Mechanism 
Investigafion 

The strengthening mechanism research conducted in this thesis would not have 

been possible without the development of a reliable method for generating accurate high- 

rate stress-strain curves. Comparing stress-strain curve shapes between materials at 

different strain rates was an excellent method for evaluating key differences in material 

behavior. Significant information can quickly be gathered from visual interpretation of 

stress-strain curves. 

The use of a single test system for obtaining mechanical property data over a very 

large strain rate range was important. Most reported strain rate dependent data covers 

only strain rates up to about 1 s'' (typically using conventional hydraulic test machines) 

and strain rates above about 500 s"' (using Hopkinson bar tests).   Not only are data 

missing in the strain rate range from 1 s'' to 500 s'\ but the possibility for differences in 

results due to completely different test methods is high. The MTS high-rate tensile test 
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system allowed tensile tests to be run from quasi-static rates up to about 500 s"' with 

appropriate sample dimensions. Since all data were gathered using the same test 

equipment and methods, self-consistency of the results was assured. 

While the results obtained for this thesis were sufficient to evaluate the 

mechanisms studied, there is room for improvement in the test method. Reducing the 

mass between sample and load measuring device is crucial to improvement in load data. 

Although the system of using strain gages mounted to sample grip sections to collect load 

data was effective, it was also extremely time-consuming both in sample preparation and 

data reduction steps. The development of a load measurement device separate from the 

test sample that gives useable results will greatly improve the efficiency of testing. 
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CHAPTER 7 

CONCLUSIONS 

7.1 Dynamic Tensile Testing Conclusions 

•    A dynamic tensile testing method was developed that provides accurate and 

repeatal 

500 s"'. 

repeatable load and strain measurements for strain rates ranging from 0.001 s' to 

Families of stress-strain curves were produced for several different sheet steels 

over a wide range of strain rates. Results were shovm to be independent of tensile 

sample geometry and demonstrated the ability to distinguish important aspects of 

material properties, such as continuous- or discontinuous-yielding behavior, up to 

strain rates of 500 s"'. 

Strain rate sensitivity plots of various material properties, such as yield and tensile 

strengths, work hardening exponents, and energy absorbed, were used to evaluate 

the strain rate dependent behavior of several sheet steels. 
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7.2 Strengthening Mechanisms Conclusions 

Conclusions in this section are valid for room temperature and strain rates ranging 

from 0.001 s'' to 500 s\ 

7.2.1 Single Phase Ferrite Low Carbon Sheet Steels 

• Dislocations and dislocation substructures created by cold work are long-range 

(athermal) obstacles to dislocation motion and therefore the strain rate sensitivity 

of flow stress is independent of the amount of cold work. 

Solute additions provide short-range barriers to dislocation motion and therefore 

the strain rate sensitivity of flow stress is highly dependent on the amount of 

solute. 

Grain boundaries are long-range obstacles to dislocation motion and therefore the 

strain rate sensitivity of flow stress is independent of grain size. 

A modified version of the Zerilli-Armstrong equation was used to predict flow 

behavior of IF steels with changes in cold work, grain size or solute additions. 

With the addition of a method for relating solute content to temperature and strain 

rate sensitivity, this equation may be used to predict flow curves for other IF 

steels if the grain size, cold work, solute content, and quasi-static flow curve are 

known. 
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7.2.2 Multiphase Transformation Induced Plasticity (TRIP) Steels 

• Quasi-static flow behavior of TRIP steels can be altered by heat treating to obtain 

different carbon contents in the retained austenite phase, which changes the 

retained austenite stability.   However, the differences in behavior diminish with 

increasing strain rate. 

• Strain rate sensitivities of yield and tensile strengths at high strain rates (above 

1 s'') for the TRIP steels analyzed in this thesis were lower than those calculated 

for all IF, HSLA and dual phase steels investigated. Low strain rate sensitivity 

values have negative consequences for energy absorption at high strain rates. 

7.3 Suggestions for Future Work 

• Determine the effects of strain rate on a series of materials with controlled 

changes in precipitation strengthening. 

• Determine the effects of strain rate on strain aging or baking response. 

• Develop multiphase dual phase and TRIP steels with controlled microstructure 

variations to investigate the effects of strain rate on dual phase steels with 

variations in martensite fraction, and on TRIP steels with differences in type and 

amount of retained austenite. 

• Obtain several IF steels with controlled variations in solute content to establish 

the effects of the amount of solute on the degree of solid solution softening. 
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Conduct another study to verify the effects of strain rate on grain size using an IF 

steel with very low solute content to minimize effects of precipitation and solute 

segregation. 

Refine the modified Zerilli-Armstrong model to incorporate variations in strain 

rate sensitivity for low and high strain rate regimes. Develop a method to predict 

the solid solution softening coefficient. Extend the model to dual phase and TRIP 

steels. 

Develop a test method that produces accurate high-rate load information without 

requiring the use of strain gages mounted to each sample. 
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APPENDIX A 

NATURAL FREQUENCY CALCULATION FOR TENSILE SAMPLE 

The tensile sample data shown in Figure 4.8 are for a TRIP steel with dimensions 

shown below, where L3 is the total sample length not including the portion of the sample 

contained within the grips. 

Natural frequency calculations for a single degree of freedom system were 

discussed in section 2.2.1. For the tensile sample, the calculations are more complex 

because the sample is fixed on both ends and will vibrate with motion out of the plane of 

the sample [131 (p. 13 5-140,431)]. For longitudinal vibration of a uniform beam fixed at 

both ends, the natural frequency is: 

^     MEA      ^ . ,     , 
i„ =—J^— , where |j, = mass per unit length. 

2 y L n 

For a uniform steel beam, this equation can be simplified to: 

^     2,591      ^     r ■  ■       ■     . i„ = , where L is in units of meters 
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Therefore, by assuming the tensile sample is a uniform beam, the natural frequency of a 

tensile sample with length (between the grips) of 112 mm, would be about 23 kHz. 

W 

i 

L2 
t 
L3 

G J ^ LI 

LI =28 mm 

W = 6.35 mm 

L2 = 50 mm 

C = 15.9 mm 

L3 - 112 mm 

T= 1.4275 mm 

G = 20mm 
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APPENDIX B 

TENSILE SAMPLE DIMENSIONS 

Bl. ASTM E-8 ["1321 Tensile Sample Dimensions 

C 

A  ► 

i w 

B —H 
t 

<  G —► ^h-B R 

Standard Dimensions 
(inches) 

Subsize Dimensions 
(inches) 

G - Gage Length 2.000 ± 0.005 1.000 + 0.003 
W - Width 0.500 ±0.010 0.250 ± 0.005 
T - Thickness thickness of material thickness of material 
R - Radius of Fillet, min. Yi V4 
L - Overall Length, min. 8 4 
A - Length of Reduced Section, min. 2'/4 1 % 
B - Length of Grip Section, min. 2 1 % 
C - Width of Grip Section V4 % 
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B2. Other Tensile Sample Dimensions 

Dimensions (inches) 
2" Gage 
Length 

1" Gage Length 
>/2" Gage 
Length 

G - Gage Length 2.000 ± 0.005 1.000 ±0.003 0.500 ± 0.003 

W - Width 0.500 ±0.010 0.250 ± 0.005 0.250 ± 0.005 

T - Thickness thickness of material 
R-Radius of Fillet '/2 VA VA 

L - Overall Length 8 to 8 Vz 6 to 8 6 to 8 

A - Length of Reduced Section IVA 1 VA 5/8 

Bl - Length of Short Grip Section IVz 2!/2 2'/2 

C - Width of Grip Section VA to 1 3/8 to 1 3/8 to 1 
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APPENDIX C 

DETERMINATION OF CONSTANTS FOR THE 
MODIFIED ZERILLI-ARMSTRONG EQUATION 

The modified Zerilli-Armstrong (MZA) equation was given as Equation 6.2 in 
Section 6.8, with temperature rise due to adiabatic heating calculated using Equation 6.3. 

c-Oj^ +ass +CssC, exp[-C3 T + C4 Tln(8)]+C5(e + ecw)" +kd [6.2] 

AT = 
PCpo' 

Jade [6.3] 

The goal of the MZA equation was to model several different IF steels by writing 

a single equation with the only variable changes between specific steels being allowed for 

changes in precipitation or second phase strengthening (CTL), solid solution strengthening 

(ass and Css), cold work (ecw), and grain size (d). The starting point for the model was 

to use the constants given by Zerilli and Armstrong [107] for iron, since the 

microstructure of IF steel is not much different from pure iron. Those constants were 

given in Section 3.13.4.2 in Table 3.4, which is shovra again here. 

Table 3.4:   Constants for the Zerilli-Armstrong equation (Equation 3.57) for iron [107]. 

Material 
(MPa) 

Ci 
(MPa) C3 (K-') C4(K-') C5 

(MPa) 
n 

k 
(N/mm^^2) 

Iron 0 1033 0.00698 0.000415 266 0.289 22 
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Using Equation 6.2 and 6.3 requires determination of all of the model constants 

shown in Table 3.4 in addition to the additional terms in Equations 6.2 and 6.3. A table 

made for all the required constants is shown in Table Cl. 

Table C1:   Constants required for the modified Zerilli-Armstrong (MZA) equation 
(Equation 6.2) for IF steels. 

Material 
c, 

(MPa) 
C3 (K-^) C4(K-') C5 

(MPa) 
n k 

(MPaVmm) 

IF Steel P P 3 
(kg/m') 

Cp 
(J/kgK) 

Material 
(MPa) 

cfss 
(MPa) Css 

ecw 
(mm/mm) 

d 
(mm) 

IF-1 
10 ^m 
25 |am 
135 urn 

IF-2 

0% 
2% 
5% 
10% 
18% 

IF-3 
IF-4 

Since all tests for this thesis were conducted at room temperature, it was decided 

to leave the temperature-dependent constants, C3 and C4, the same. Some of the 

constants for Table Cl, including k, d, Scw, and ass, were determined based on material 

properties and processing history. The value of k was chosen as 14, which was the mean 

value of k calculated in Sections 6.3 and 6.4 for IF-1 and IF-5 steels. Grain size, d, was 
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determined by the material microstructure. If the cold work done to the material was 

known (as it was for the IF-2 steels in this study), it became the ecw term. The quasi- 

static solid solution strengthening increment term (ass) was calculated as explained in 

Section 6.8. Values for the IF steels to be modeled were shown in Table 6.11, which is 

shown again here. 

Table 6.11: Quasi-static solid solution strengthening increment for several IF steels. 

IF-1 IF-2 IF-3 IF-4 
Quasi-Static Solid Solution 

Strengthening Increment 
(MPa) 

4 10 15 60 

For the constants in Equation 6.3, the density of steel is 7870 kgW and the room 

temperature value of heat capacity for steel is 445 J/kg-K. P was chosen as 0.9 because it 

is a commonly accepted value [1 (p. 377), 30 (p. 303)] for the amount of plastic strain 

energy converted to heat. Thus far, several of the constants for the MZA model have 

been decided as shown in Table C2. 
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Table C2:   Constants for the modified Zerilli-Armstrong (MZA) equation (Equation 6.2) 
for IF steels determined prior to fitting the model to experimental data. 

Material c, 
(MPa) 

C3 (K-') C4(K-') C5 
(MPa) 

n 
k 

(MPaVmm) 

IF Steel 

0.00698 0.000415 14 

P (kg/m^) 
Cp 

(J/kg-K) 
0.9 7870 445 

Material 
(MPa) 

CTSS 

(MPa) Css 
Sew 

(mm/mm) 
d 

(mm) 

IF-1 
10|im 

4 0 
0.010 

25 ^m 0.025 

135 Jim 0.135 

IF-2 

0% 

10 

0 

0.030 
2% 0.022 
5% 0.051 
10% 0.100 
18% 0.178 

IF-3 15 0 0.040 
IF-4 60 0 0.033 

The remaining variables to be determined are Ci, C5, n, UL and Css- Of these 

terms, Ci, C5 and n must remain constant for all IF steels, and GL and Css will vary by 

specific material. To find the remaining terms required adjusting them as necessary to fit 

one set of empirical data. IF-2 steel with 0% pre-strain was chosen as the material to be 

used for fitting the model constants. The reasons why it was chosen was that it was a 

commercially produced product with no additional processing and was therefore expected 

to have constant properties. Also, IF-2 was continuous-yielding and would be easier to 

fit to the MZA model, since the MZA model is confinuous-yielding. Using Excel™, true 

stress-strain curves were plotted for strain rates ranging from .001 s" to 130 s" . 

Equations were written in Excel™ for the MZA model initially using the constants from 
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Table 3.4 for Ci, C5, n, and GL, and using a value of 1.00 for Css- The model results were 

plotted on the same chart as the experimental data. The model curves did not fit the 

magnitudes or strain hardening behaviors of the experimental data, so the Ci, C5, n, and 

(Ji terms were adjusted as necessary to provide a good fit to all four curves. The numbers 

determined were Ci = 825 MPa, C5 = 415 MPa, n - 0.475 and CTL = 10 MPa. The resuUs 

of this fit are shown in Figure CI. 

600 

400 

lii 

% 200 u 
H 

 1 1 1 r 
IF-2 Steel (0% pre-strain) 

0* 
0 

Strain Rate(s') 
—•— 9.2 X 10-^ 
—♦— 0.78 
—-•— 8.9 
  130 
 Model 

0.05      0.1      0.15      0.2 
True Strain (mm/mm) 

0.25 

Figure CI:    True stress-strain curves for IF-2 steel with 0% pre-strain at four different 
strain rates compared with Modified Zerilli-Armstrong model at same strain 
rates. 

No further changes to model constants were made for the other pre-strain levels of 

IF-2 steel (except the already mentioned changes to ECW) and the model continued to fit 

the data well (as shown in Section 6.8). Next, the model was applied to IF-1 steel for 

three different grain sizes, with the only change being a small adjustment to change at to 

a value of 1 MPa, which accounts for quasi-static strength differences such as an 

unknovm amount of prior cold work and precipitation strengthening. Changing the value 
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of at simply shifts all of the model curves up or down by equal amounts. Finally, the 

model was applied to IF-3 and IF-4 steels. In addition to changes in CTL, it was expected 

that the Css term for IF-4 steel would be less than 1 due to solid solution softening. Since 

the solid solution strengthening study in Section 6.2.1 included only two different 

materials, it was not possible to predict the Css term and therefore it had to be determined 

by trial and error. For IF-3 steel, OL was found to be 15 MPa, while it was determined to 

be 25 MPa for IF-4 steel. For IF-4 steel, CSS was determined (by trial and error) to be 

0.85. 

The final results of fitting constants to the MZA model for IF steels are shown in 

Table C3. 

Table C3:    Final constants for the modified Zerilli-Armstrong (MZA) equation 
(Equation 6.2) for IF steels. 

Material c, 
(MPa) 

C3 (K-^) C4 (K-^) Cs 
(MPa) 

n 
k 

(MPaVmm) 

IF Steel 

825 0.00698 0.000415 415 0.475 14 

P (kg/m') 
Cp 

(J/kg-K) 
0.9 7870 445 

Material (MPa) 
<7SS 

(MPa) Css 
Sew 

(mm/mm) 
d 

(mm) 

IF-1 
lOfim 

1 4 1.00 0 
0.010 

25 ^m 0.025 

135 ^m 0.135 

IF-2 

0% 

10 10 1.00 

0 

0.030 
2% 0.022 
5% 0.051 
10% 0.100 
18% 0.178 

IF-3 15 15 1.00 0 0.040 

IF-4 25 60 0.85 0 0.033 


