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ABSTRACT

Knowledge o f high strain rate deformation, fracture and load-carrying behavior o f 

materials subjected to high loading rates is important fo r optimum materials selection, 

design, manufacturing and simulation. Since a large range o f plastic strains is 

encountered during the form ing process prior to assembly o f vehicles, the mechanical 

behavior o f sheet steels under high strain rate deformation conditions must be understood 

after pre-straining, in addition to the as-produced condition. This thesis presents a 

compression testing methodology used to examine these properties, and focuses on the 

effects o f quasi-static pre-strains (from  0 to 0.2 true strain) on the subsequent behavior o f 

a low  carbon interstitial free steel tested over a broad range o f strain rates (from 10"2 to 

2.5x10V1). The key results indicate that the increase in yield stress associated w ith 

increasing strain rate is not substantially influenced by prior cold work. The work 

hardening rate is strongly influenced by strain rate, however, and this occurrence is 

attributed to a combination o f 1) thermal softening due to adiabatic heating, and 2) a 

like ly  change in dislocation interactions resulting from high rate deformation. The 

combined effects o f form ing strains and adiabatic heating dim inish work hardening rate 

to a greater extent at high strain rate. Pre-strain thus reinforces the reduced strain rate 

sensitivity already associated w ith higher values o f dynamic strain. Transmission 

electron microscopy results confirmed that deformation tw inning and shear banding were 

not operative deformation mechanisms under the conditions applicable to this study.
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1.0 INTRODUCTION

Testing at high strain rate initiated in the beginning o f the century but received 

more attention w ith  the advent o f the Second W orld War (1). Although several testing 

techniques have been used and extensive testing o f various materials has already been 

conducted, the application o f the know-how acquired among the larger scientific 

community and in  industrial applications is s till developing.

High strain rate events o f interest include, but are not lim ited to, automotive 

crash-worthiness, aerospace impacts, dynamic structural loading such as that occurring 

during an earthquake, high-rate manufacturing processes including high-rate forging, 

machining, shot-peening, shock welding, and laser surface processing, cavitation and 

particulate erosion in  turbines and marine propulsion and defense applications (2).

Interest in  high strain rate response o f sheet steel has been especially pronounced 

in the last decade because o f increasing demand for energy absorbing structures fo r the 

automotive industry while striving for reduced vehicle weight fo r lower emissions and 

better fuel efficiency. Although these may seem to be conflicting requirements, extensive 

work is being done to develop structures w ith better high strain rate performance, to 

develop constitutive equations that may better predict the performance o f these structures 

at high strain rate in simulated crash events, and to develop steel grades w ith  better high 

strain rate characteristics (3 -9 ) .

Since most industrial components (especially in an automobile structure) have 

been deformed to some extent in  the manufacturing process, this project w ill focus on the 

effect o f pre-strain on the material response at different strain rates (ranging from  10"2 to 

3x l03 s'1). This approach is very important in the determination o f suitable materials for
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energy absorbing structures, as w ell as in obtaining a better understanding o f material 

properties for development o f constitutive equations that can predict material response at 

varying levels o f pre-strain and strain rates. Interstitial free sheet steel was selected in 

order to examine pre-strain effects in the absence o f solute carbon, thus avoiding 

complications associated w ith strain aging.

1.1 Effect o f Strain Rate on Mechanical Properties o f Body Centered Cubic (BCC) 

Materials

Tests on high-strength alloy steels (10), hot and cold rolled low carbon steels (11), 

high strength low alloy steels (HSLA) (12), medium carbon steels (13), m ild  steel (14), 

drawing quality special k illed  (DQSK) steels (15), and annealed titanium (16), confirm  

the already w ell established concept that most metals and alloys exhibit an increase in 

strength w ith increasing strain rate, i.e. positive strain rate sensitivity. Alum inum  alloys 

are also known to have positive strain rate sensitivity, although to a smaller extent due to 

high long-range friction stresses resulting from precipitation strengthening (17).

Negative rate sensitivity has been observed in m ild steel tested at moderately elevated 

temperatures; this behavior is attributed to dynamic strain aging caused by diffusion o f 

carbon and/or nitrogen atoms, which causes an increase in flow  stress at low  strain rates 

(18). The greatest strain rate sensitivity however, is usually associated w ith body 

centered cubic (bcc) materials (19). It is interesting to highlight that a consensus has not 

been achieved on microstructural influences on high strain-rate properties, and extensive 

research is being done on dual-phase and high retained austenite TRIP sheet steels to 

determine the best material for improved crashworthiness.
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The mechanical response o f materials varies significantly w ith strain rate and 

three different regions o f response can be seen on the classical plot (Figure 1.1) o f 

Campbell and Fergusson ( 14) for annealed m ild  steel tested in torsion.

400
293 K

C<7->

'E

200 + 373 Kl

r 2

Strain rate (s  *)

Figure 1.1 Classical plot from Campbell and Fergusson (14) showing the variation o f the 
lower yield strength w ith strain rate at constant temperature.

In Figure 1.1, Region I corresponds to low  strain rates and moderate temperatures, 

where the flow  stress is relatively independent o f strain rate and temperature. The 

controlling mechanism o f flow  is reportedly athermal and due to long-range (relative to 

inter-atomic spacing) friction stresses such as those associated w ith precipitates fo r 

example. This “ athermal”  friction  stress increases w ith increased alloying content and
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Region I behavior predominates in highly alloyed materials. That is the reason why these 

alloys seem less sensitive to strain rate. In general, the higher the quasi-static strength o f 

the steel, the higher the threshold strain rate below which rate-independent behavior is 

obtained.

Region II corresponds to lower temperatures and higher strain rates. The 

mechanism governing the motion o f dislocations is believed to be that corresponding to 

overcoming o f the Peierls-Nabarro force, which is due to the periodic stress fie ld  o f the 

lattice itse lf (20). In Region II  thermal vibrations are relatively more important in 

overcoming short-range obstacles and flow  becomes sensitive to both temperature and 

strain rate. It is said that thermal activation is the rate-controlling mechanism. Above 

Region II (not shown on the plot) is Region III characterized by the incidence o f tw inning 

and a further strengthening o f the material.

A t strain rates above ~104 another change in rate controlling mechanism is 

thought to occur and the thermally activated mechanism can give way to phonon-drag as 

the rate controlling mechanism. Phonon drag is the interaction o f dislocations w ith 

thermal vibrations (19). Some authors however, believe that the dislocation velocity in 

Region IV  is too low for phonon drag to be important (21 ) and the increased rate 

sensitivity is attributed to the rate sensitivity o f dislocation structure evolution rather than 

a change in deformation mechanism (22).

W ith increasing strain rate, a yield point might occur in materials that did not 

exhibit this property at lower strain rates (11). The contributing factors seem to be:

• A  low  in itia l mobile dislocation density resulting from  C ottrell locking in 

body center cubic (BCC) metals.

• Rapid dislocation m ultiplication during straining.

• A  high stress dependence o f dislocation velocity.

Strain rate is sometimes expressed by Orowan’s equation (23)
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£ =  — p .b  V  [1]
u

where £ , M , p, b and V  are the strain rate, orientation factor, mobile dislocation density, 

burgers vector and average dislocation velocity, respectively. The dislocation velocity 

decreases w ith dislocation m ultip lication and is associated w ith a reduction in stress. 

Saxena and Chatfield (11) argue that the drop in flow  stress is more like ly at higher strain 

rates.

BCC materials may show an alternative or additional deformation mechanism, at 

high strain rates or low temperatures, o f mechanical tw inning i f  the stress required for 

dislocation glide becomes to high (24).

1.1.1 Thermally activated dislocation motion

When testing at different strain rates one o f the most important deformation 

mechanisms is thermally activated dislocation motion. One can see from the plot o f 

Campbell and Fergusson (Figure 1.1) that, especially at low temperatures, region II 

(thermally activated dislocation motion) spans over six orders o f magnitude in strain 

rates.

Thermal energy increases the amplitude o f vibration o f atoms. This energy can 

help dislocations to overcome obstacles, as exemplified in Figure 1.2 for periodic type 

barriers sim ilar to Peierls-Stresses.
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ForceV k

[AG,

AG,AG,

Distance
Force) k

Temperature

Figure 1.2 (a) Overcoming o f barriers by thermal energy; (b) Force required to overcome 

obstacle as a function o f temperature (25).

The barrier is shown schematically at four temperatures, To (= OK), T i, T2 and T3 

(To<Ti<T2<T3). The thermal energies are shown by shading while the remaining region 

can be thought o f as the effective barrier height. The effect o f the thermal energy is to 

decrease the height o f the barriers by increasing amounts as the temperature increases. 

Figure 1.2b shows the force required to move a dislocation past the Peierls-barrier as a 

function o f temperature. Strain rate has an opposite effect, as the strain-rate is increased 

there is less time available to overcome the barriers and the thermal energy w ill be less 

effective. One can think o f this behavior as an increase in the effective barrier height 

w ith increasing strain rate. As has already been stated in the previous section, thermal 

energy can only assist dislocations past short-range barriers and at moderate or high 

strain rates it is w ell established that the most effective barrier fo r BCC materials is the
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Peierls-Stress (25). The theory is highlighted below, based on the presentation of 

Blazynski (19) and Meyers (25).

The probability o f an equilibrium  fluctuation in energy greater than a given 

amount or barrier AG is equal to

where k is the Boltzmann’ s constant and T is the temperature. The probability o f a 

dislocation overcoming an obstacle can be considered as the number o f successful jumps 

divided by the total number o f attempts. By taking these values per unit time we have 

frequencies. Thus, the frequency w ith which the dislocation overcomes the obstacle, Vi, 

divided by the vibrational frequency o f the dislocation, v0, is equal to Py:

The time (At) taken for a dislocation to move a distance (A l) between two 

obstacles can be divided into a waiting time ahead o f the obstacle (tw) and a running time 

between obstacles (tr), thus

In general though, the waiting time is reported to be significantly larger than the 

running time, so that Equation 4 may be re-written as

[2]

[3]

— tr + tw [4]

[5]
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and the average waiting time tw (or At) is governed by the probability that an obstacle w ill 

be overcome by an adequately large thermal fluctuation o f the free activation energy. So, 

from  Equation 3, and knowing that tw = 1/V,

1 AG
[6]

By rewriting the Orowan equation (Equation 1) w ith  the dislocation velocity 

expressed as A l/At

ds  1 , A/
—  =  —  p - b   [7 ]
dt M At

recalling that At = tw, we obtain

[8]

The pre-exponential term can be called, for convenience

v 0 - P ' b ’ A l

so
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[9]

By expressing explic itly in terms o f AG,

AG = K  T  ln % [10]
£

we see that AG increases w ith increasing temperature and decreases w ith increasing strain 

rate, as shown graphically in Figure 1.2. That is, at higher temperature w ith a given 

strain rate, a higher thermal barrier AG must have been overcome based on Equation 10. 

Since the Overall Peierls barrier is overcome by a thermal component plus an applied 

force, then the applied force must have been lower at elevated temperature to accomplish 

the applicable strain rate. S im ilarly, fo r a higher strain rate at a given temperature. 

Equation 10 indicates that a smaller thermal barrier AG is overcome; hence a greater 

force must have been applied.

W hile thermal energy can assist dislocations past short-range barriers, long-range 

barriers to dislocation motion are by definition, independent o f both temperature and 

strain rate. Since long-range barriers are microstructural obstacles to dislocation motion 

that are not overcome by assistance from  thermal vibration the total flow  stress o f a 

material can be written as

cr = crG {Structure) + cr * (£, è, T) [11]

where the term Gg is due to the “ athermal barriers”  (long range) and is a function o f the 

microstructure o f the material and o* is due to the “ thermally activated barriers”  (short
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range) and is a function o f strain, strain rate and temperature. Going back to Figure 1.2, 

one can see that at temperature T3 the thermal energy is sufficient to totally overcome the 

short-range barriers. A t this temperature cr* is equal to zero and the flow  stress, given by 

Equation 11, becomes

(J =  crG + < j*  =  cTG

thus the thermal component o f stress becomes zero. A t zero Kelvin, on the other hand, 

the thermal energy is zero, and the flow  stress is

<j =  (JG +  cr0

where ct0 is the component o f stress at absolute zero that may be reduced by thermal 

activation. In Figure 1.3 the combined effects o f strain rate and temperature are shown 

for a metal obeying the general behavior described by Equations 10 and 11, both thermal 

and athermal components o f stress are presented. A t 0 K  as w ell as above To, (which is 

strain rate dependent) the flow  stress is nearly independent o f strain rate. Between 0 K  

and To, the flow  stress is shown to be, as predicted by Equation 10, a decreasing function 

o f temperature and an increasing function o f strain rate. I f  we perceive that the effect o f 

temperature is the inverse o f the effect o f strain rate, one can see the sim ilarity between 

Figure 1.3 and the classical plot by Fergusson and Campbell (Figure 1.1).
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CO
CO
w
DCh*
CO

Iu_

TEM PE R A TU R E, K

Figure 1.3 Flow stress as a function o f temperature fo r different strain rates

( f 3 > f 2 > ); thermal and athermal components o f stress indicated (25).

1.1.2 Effects o f strain and pre-strain

Since the mechanical response to different strain rates is usually measured at 

constant strain, the effect o f strain on the mechanical properties must be understood. 

Also, o f special interest to this project is the understanding o f the influence o f the 

dislocation density, that is, the amount o f pre-strain, on the mechanical response o f the 

material to different strain rates.

Early results by Manjoine (26) indicate that strain-rate sensitivity increases w ith 

increasing strain rate and decreases w ith increasing strain. For high strength low alloy 

steels ( I I )  it was found that the yield stress increased directly w ith strain rate. The work 

hardening rate o f the dynamic curves was greater than the quasi-static curve, but 

decreased w ith strain rate w ith in  the dynamic strain rate regime for the high strength low  

alloy steels. The difference between static and dynamic behavior was attributed to an
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increase o f the dislocation m ultiplication rate and better definition o f a dislocation cell 

structure at higher strain rates (The reported rate dependence o f the cell structure is 

opposite to other studies where cell structures were more commonly observed for 

materials tested at lower strain rates (24, 49)). The same trend o f increasing yield stress 

and decreasing work hardening rate w ith increasing strain rate was also found to be true 

fo r hot and cold rolled low  carbon steels (11), A IS I type 316 stainless steel (27), m ild 

steel (14), and DQSK steel (15). The decrease in work hardening rate is usually 

attributed to dynamic thermal softening due to adiabatic conditions at high strain rates 

(14). Due to the decrease in  work hardening rate at higher strain rates, the strain rate 

sensitivity is usually thought o f as a decreasing function o f strain.

In the now classic work by Cambell and Fergusson (14) some effects o f pre-strain 

were also investigated. Specimens were pre-strained to 7.5, 21, and 38% at 10~3 s'1, 

follow ed by testing, at room temperature, covering strain rates ranging from  10 3 to 10 5 

s’1 (Figure 1.4). A ll tests and pre-strains were executed in torsion. The behavior 

indicates the existence o f three distinct regions corresponding to regions I, II, and IV  

described earlier. W hile an increase in flow  strength was observed, the transition strain 

rates remained essentially unchanged by pre-straining. The convergence o f the different 

curves at very high strain rates was not addressed.
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Figure 1.4 Plot o f shear stress versus the logarithm o f strain rate fo r different pre-strains 

(14).

1.2 Strain Rate Change Tests (Jump Tests)

The logarithm ic rate sensitivity parameter p as defined by Equation 12 below is a 

parameter that is typ ica lly obtained at a given strain level from stress-strain curves 

obtained at different nom inally constant strain rates, p is defined as (27):

[12]
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where p, g and è are the notations for logarithm ic strain rate sensitivity, true stress and 

true strain rate.

P indicates the strength increase associated w ith an order o f magnitude increase in 

strain rate. When fundamental constitutive laws are based on this parameter, it is often 

im p lic itly  assumed that the structural state o f the material, that is, the density and 

distribution o f dislocations is determined by the total plastic strain and is independent o f 

the strain rate history that led to this plastic strain (26). In other words, a ll o f the strain 

rate sensitivity o f the material is then attributed to strain rate effects and not to 

microstructural {i.e. dislocation structure) evolution during straining at different strain 

rates. This assumption may be checked by performing tests in which the strain rate is 

suddenly changed at some predetermined strain (strain rate change or “jum p”  tests) and 

the resulting stress increment at that strain is compared w ith the stress increment 

obtained, at the same strain, from  constant rate tests. I f  the structural state o f the material 

is uniquely defined by the current plastic strain, that is, i f  it is independent o f the previous 

strain rate history, then the two measurements o f rate sensitivity, p, determined from  

constant rate tests (apparent rate sensitivity) or from rate jum p tests (intrinsic rate 

sensitivity) should be the same (27).

The firs t attempt at measuring intrinsic and apparent rate sensitivities u tiliz ing  the 

Hopkinson bar test came from  Campbell, Eleich and Tsao (28) and rate change tests were 

performed w ith strain rates ranging from  10"3 to 1.2xl03 s’1. For titanium  and steel a 

significant amount o f stress is required instantaneously in order to increase the plastic 

strain rate from  10"3 to 103 s'1, while fo r copper very little  change in stress is in itia lly  

required as shown in Figures 1.5 a, b and c.
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Figure 1.5 Stress-strain curves for constant-rate and rate-jump tests, (a) Copper, (b) 

Titanium, and (c) M ild  Steel. The low  and high strain rates are 6xl0"2 and 

1.2xl03 s"1, respectively (27).
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Figure 1.5 - Continued

For copper, titanium  and m ild steel, the response to the rate jum p was found to 

depend very little  on the strain at which the rate-jump is made, for strains up to 0.6. For 

copper, the flow  stress increased gradually after the increase in strain rate and the flow  

stress obtained in the constant high strain rate test was approached only after a large 

additional strain. It appears therefore that most o f the observed rate dependence o f the 

flow  stress for copper is caused by changes in  the dislocation structure w ith strain rate 

history. These changes take place quite gradually w ith increasing strain. For titanium 

and m ild  steel, however, the stress increases very rapidly after the change in rate. This 

result indicates that the behavior o f m ild steel is controlled by the rate sensitivity o f 

dislocation motion (m obility) rather than rate sensitivity o f the dislocation structure.

Upon testing o f face center cubic (FCC) lead, aluminum and copper, Lindholm  

(29) showed that fo r dynamic reloads after quasi-static pre-straining, the flow  stress
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achieved is lower than that corresponding to a constant rate test at high strain rate, 

pointing to a strain rate effect on the dislocation structure. The dislocation structure o f 

the metals deformed at different constant strain rates appeared (using TEM) to be 

different. During static deformation, glide is initiated on a relatively small number o f 

w idely spaced slip bands whereas fo r very rapid deformation an equivalent strain is 

produced by glide on a larger number o f more closely spaced bands.

Because o f the w idely different microstructural responses to strain rate in 

different materials, a comparison o f flow  stresses obtained at constant strain cannot 

readily be used to establish the kinetic law (i.e. dislocation dynamics) controlling flow , 

w ithout consideration o f the specific changes occurring w ithin the material.

1.3 Adiabatic Heating

During deformation under adiabatic conditions, there are two opposing effects, 

namely work hardening and thermal softening, the former being dominant at low  strains 

and the latter being dominant at higher strains (30). Extreme localization o f the 

deformation may occur resulting in the formation o f adiabatic shear bands (ASB), a 

subject that w ill be addressed b rie fly  in this section.

I f  the conversion o f plastic work to heat at high rates o f strain occurs faster than 

the heat can dissipate from  the specimen, the temperature rise can be described as in 

Equation 13c below (31, 32), as follows:

t /A w  =  A Q [13a]
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£

7j-^(j-d£ = p - c v - AT [13b]
0

f 'C y  0
[13c]

where Aw is the work done, AQ the heat generated, a  is the true stress, £ the true strain, p 

the material density, cv the specific heat capacity at constant volume and AT the 

temperature rise, rj is the fraction o f work converted to heat and under perfectly adiabatic 

conditions is equal to 1. Several authors (31, 32. 33) have shown that r\ is equal to 1 

during high strain rate testing u tiliz ing  the split-Hopkinson bar test.

When deformation heating occurs in very localized regions, instability occurs as a 

result o f the reduced strength at higher temperature and adiabatic shear bands (ASBs) are 

formed, w ith very high temperatures eventually developing in these regions. When a 

material undergoes strain, adiabatically, the stress is raised by strain and strain-rate 

hardening, and lowered by the associated rise in temperature. Upon localization o f strain, 

the local temperature rise increases dramatically and thermal softening overcomes strain 

and strain-rate hardening (25). There are two types o f ASBs, namely deformed and 

transformed ASBs. The deformed ASBs occur in materials that do not undergo phase 

transformation, such as copper and aluminum alloys. The transformed ASBs occur in 

materials that undergo phase transformations and have lower thermal conductivity.

These shear bands are typically martensitic, resulting from  austenite that formed at high 

temperature (33). An example o f a transformed adiabatic shear band in a rolled, medium 

carbon steel (51), as seen using ligh t optical microscopy techniques is shown in 

Figure 1.6. Observation o f the microstructure w ith in  the bands can be d ifficu lt to resolve 

by transmission electron microscopy (TEM ), since the grain size developed w ithin the 

bands is very small and can be on the order o f 0.1 pm (33). Although the d ifficu lty  in the
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observation o f the microstructure leads to some controversy, it has been observed for 

0.6% carbon, plain carbon steel (34), 4340 alloyed steel (35), titanium  (36) and shock 

hardened copper (37) that in the adiabatic shear bands there are a very large number o f 

0.05 to 0.3 pm equiaxed grains w ith w ell defined high-angle grain boundaries and a 

relatively low dislocation density. The commonality among these microstructures in 

materials w ith diverse structures is strongly indicative o f a mechanism o f dynamic 

recrystallization taking place concurrently w ith plastic deformation (25). Thus the 

material is continuously being deformed while new grains nucleate and grow w ithin it. It 

is found that as the strain rate is increased, the size o f the recrystallized grains decreases.

Figure 1.6 Light optical microscope micrograph o f a transformed adiabatic shear band 

(51) in  a cold rolled 1060 carbon steel deformed dynamically..
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Bassim (30) found that a number o f factors, including heat treatment, as w ell as 

the presence o f alloying elements in  the steels increased the occurrence o f ASBs. Plain 

carbon steels did not exhibit ASB formation during high strain rate testing in torsion or 

compression. Under adiabatic conditions, materials work harden w ith increasing strain 

and soften w ith increasing temperature (also a function o f strain). I f  the softening 

component becomes larger, then deformation becomes unstable and concentrates on 

narrow bands, therefore materials w ith  low  work-hardening rate and large thermal 

softening are more predisposed to shear band formation (25).
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2.0 M EC HAN IC AL TESTING

The tests b rie fly reviewed here are the ones available for this project at the 

facilities o f Colorado School o f Mines and Los Alamos National Laboratory. Since each 

testing technique has lim itations in the equipment or data acquisition system, several 

testing techniques are often used to cover the whole spectrum o f strain rates. The 

spectrum o f interest fo r this work is from  quasi-static up to Ix lO 3 s'1, which excludes 

shock wave loading applicable to many defense-related situations and strengthening o f 

materials such as Hadfield steels.

The testing techniques used for high strain rate testing are presented in Table 2.1 

(1) w ith the testing equipment available fo r this project highlighted in  ita lic letters. Since 

dynamic fracture, fatigue, and shear testing were outside the scope o f this project these 

tests are not presented in Table 2.1.
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Table 2.1 -  Experimental Testing Techniques for H igh Strain Rate Testing (1)

M O D E A P P LIC A B LE  STR AIN  RATE, S 1 TESTIN G  TEC H NIQ U E

Compression

<0.1 Conventional load frame

0.1 to 100 Special servohydraulic frame

0.1 to 500 Cam plastometer and drop test

200 to 104 Hopkinson bar in Compression

104 to 105 Taylor impact test

Tension

<0.1 Conventional load frame

0.1 to 100 Special servohydraulic frame

100 to 104 Hopkinson bar in tension

104 Expanding ring

>105 Flyer plate

2.1 Conventional and Special Load Frames

Load frames consist o f screw-driven or servo-hydraulic machines. Although the 

screw-driven equipment poses excellent stability at low  strain rates the maximum 

crosshead speed is usually below 20 mm/s. A t these speeds the maximum strain rate is 

about 1 s"1 and lower fo r a specimen o f 10 mm gage length.

The servo-hydraulic machines use o il to power a ram. W ith  this setup these 

machines can generate much higher velocities. Specially equipped machines w ith high



23

power valves and special accumulators can obtain ram velocities on the order o f lOm/s. 

A t this speed a 10mm gauge specimen would be subjected to a strain rate o f 103 s'1. 

However, the d ifficu lty  in  obtaining reliable data w ith conventional measuring devices 

has been reported to lim it the strain rate to around 200 s'1 (1 ). An example o f a special 

high rate servo-hydraulic frame is shown in Figure 2.1.

Figure 2.1 High rate servo-hydraulic test frame (Courtesy o f MTS Corporation).



24

Since strain rate is the change in  strain w ith time, the slope on a strain vs. time 

plo t can be used to determine strain rate. An example is given in Figure 2.1, which is a 

strain versus time plot o f a compression test run on a special MTS 810 frame at the Los 

Alamos National Laboratory. The straight line in Figure 2.2 is a trend line for the strain 

vs. time curve, since the trend line can be w ell approximated by a straight line, the slope 

can be easily determined. The strain rate for this particular test is 46.8 s'1.

0.35

0.3
y = 46.857x

0.25

0.2

H 0.15

0.1

0.05

0
0.002 0.008 0.0090.003 0.004 0.005 0.006 0.0070 0.001

Time (s)

Figure 2.2 Strain versus time plot fo r an intermediate strain rate compression test o f a

304 stainless steel specimen.
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2.2 The Split Hopkinson-Kolsky Pressure Bar

Although the Hopkinson-Kolsky pressure bar has a variety o f different 

configurations, the focus o f this review w ill be on the compression configuration such as 

the one used at Los Alamos National Laboratory for the tests run fo r this project. It is 

important to mention that Los Alamos is currently working to implement a tensile 

configuration o f the Hopkinson bar test.

The sp lit Hopkinson bar (as it is usually called) consists o f two long “ pressure” 

bars that deform a compression sample in between them when hit by a striker bar. The 

striker and pressure bars are made o f high strength material and remain elastic while the 

specimen deforms plastically. The setup used is shown in  Figure 2.3.

Induction  H eating  
Coil

ÿÊssssSærMB ar
M over

Inc iden t B a r

O p tica l RailI  T ra n sm itte d  B ar

Figure 2.3 One o f the Hopkinson-bar test frames at the Los Alamos National Laboratory.
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When the striker impacts the incident bar an elastic (compressive) wave is 

generated and the time dependent incident (compressive) strain (ei) is measured by strain 

gauge “ A ”  located on the incident bar as shown in Figure 2.4, a schematic diagram o f the 

Hopkinson-Bar equipment and the stress waves generated during testing.

Due to a difference in impedance o f the bar w ith regard to the test specimen, a 

reflected (tensile) elastic wave is generated. The time dependent reflected (tensile) strain 

wave (s r ) is then recorded by the same strain gauge “ A ”  located on the incident bar. This 

strain gauge has to be positioned far enough from the specimen so that the incident and 

reflected waves can be measured independently without overlapping o f the signals.

A  part o f the incident (compressive) wave transmits through the specimen and on 

to the output bar where the transmitted (compressive) strain (ej) is measured by strain 

gauge "B " (1, 38).

W ith in the specimen positioned between the incident and transmitted bars, the 

stress pulse bounces back and forth at both ends o f the specimen and equilibrium  is 

quickly achieved. It is important to note that the results obtained are only valid after the 

sample starts to deform uniform ly (based on the assumption o f uniaxial stress state during 

a compression test), which only occurs after *3 reverberations. This makes this test 

results unstable in the beginning o f the stress strain curve (1).
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ei: Incident strain 

eR: Reflected Strain 

et." Transmitted strain

Figure 2.4 Schematic diagrams o f the Hopkinson bar setup w ith a representation o f the 

incident, reflected and transmitted strains as recorded by the strain gauges 

(Schematic o f illustrations in references 1, 28).
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2.3 H istorical Background o f the Split-Hopkinson Bar Technique

It is generally considered that John Hopkinson, in 1872 made the firs t 

experimental demonstration that metals can withstand a larger impulsive tensile load than 

they can under static tensile loading (39, 40). Bertram Hopkinson (John Hopkinson’s 

son, who carried out his father’s work after his tragic death in  an A lpine clim bing 

accident), in  1914 (2, 43) studied the shape and evolution o f stress pulses as they 

propagated down long elastically deforming metallic rods through the use o f momentum 

traps o f d iffering lengths. The split-Hopkinson pressure bar technique is, therefore, 

named after Bertram Hopkinson (41, 42) because o f his pioneering work on determining 

the shapes o f impulses traveling down long elastically deforming rods. The use o f the 

Hopkinson bars to measure material properties at high strain rates became well 

established after the critica l reviews by Davies (44, 45) and Kolsky’s (46) famous paper 

on the use o f two Hopkinson pressure bars in series, w ith the sample sandwiched in 

between. This technique thereafter has been referred to as either the split-Hopkinson 

pressure bar, Davies bar, or Kolsky bar (2).

2.4 Data Processing fo r the Split-Hopkinson Bar

Follow ing is the development o f the basic equations that provide the stress, strain, 

and strain rate in a specimen when the strains in the Hopkinson bars are known (25, 29). 

The terms V i and V 2 are the interface velocities at 1 and 2 in  Figure 2.3; since V i is 

larger than V 2 due to lower impedance o f the specimen w ith  regard to the bars, the 

distance L  (specimen length) decreases w ith time and the specimen undergoes plastic 

deformation.

The strain rate (also a function o f time) can then be calculated as
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é = d1 = Y Æ z } m  (14)
dt L

Expressing velocities as a function o f strains in the strain gages we obtain

( is )

where C, s and Vp are the elastic wave velocity in the Hopkinson bar, elastic wave pulse 

and velocity at any particular place in the bar respectively. Hence we have, at the 

interfaces at the moment the strain impulse reaches the specimen:

Vx=C0 -£i (16a)

(16b)

As the test progresses V i decreases because o f the reflected wave. Thus

y, = C o . ( f, -  (17)

and by substituting 16 (a and b) and 17 in 14 we have

ds  C0 •(£•,.- £ r ) - C 0 •(£,)
dt

(18)

thus
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€( t )—- j - ' ( £x—£r —£t) (19)

The strain is found by integrating the strain rate as a function o f time from 0 to a

time f.

C r
s{t) = — £r{t) —£t{ty\dt (20)

In order to obtain the stress in  the specimen, we assume equilibrium, thus

f,( f)  ,

< 7 = ^ _____A_=m ± ^ i  (2i)
2 2A

where P i(t) and P^(t) are the forces acting on the interfaces 1 and 2 respectively, and A  is 

the cross-sectional area o f the specimen. By applying Hooke’ s law (equation 22) to the 

elastically deforming bars

cr = E0 ■ £ (22)

so

—  — Eq • £ =i> P — Aq • Eq • £ (23)
A)

where E0 and Ao are the elastic modulus and area, respectively, o f the pressure bars. For 

interfaces 1 and 2 we have
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Pj (t) = A0 -E0 - (S; + s r ) (24a)

P ,(f) = Ao Eo (^r) (24b)

Therefore, stress on the specimen is given by

<r(r) = . [£. ( ,)+ £r (,) + £(t) (,)] (25)

In order fo r the equilibrium  condition in the specimen to be satisfied, P i(t) has to 

be equal to P^(t) and therefore

f, +£r = £t (26)

fo r the specimen o f cross-sectional area A , the strain, stress, and strain rate in  the 

specimen become:

£(i) = - ^ L\ s rdt (29)
L  0
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Thus the stress-strain behavior o f the specimen is determined by measurements 

made simply on the elastic pressure bars in a Hopkinson pressure bar test (28).

Since the strain rate is directly proportional to the reflected pulse, £r, the 

compression Hopkinson bar test is not a constant strain rate test. Although the input 

pulse, £i, is o f constant magnitude, as the material strains the cross-sectional area o f the 

specimen increases, making the specimen appear stiffer. The specimen material also 

work-hardens as deformation proceeds, making it harder to deform as strain increases. 

Since the reflected strain, and hence strain rate, depends on the material, the strain rate 

generally decreases during the test. The strain rate figures quoted from Hopkinson bar 

tests are, therefore, generally average values (47). Figure 2.4 shows a strain rate versus 

time plot for a 304 stainless steel, a material that shows high work hardening rate. The 

strain rate decreases significantly w ith  increasing strain.
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Figure 2.5 Strain rate versus time plot for a 304 stainless steel tested in compression.
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3.0 EXPERIM ENTAL PROCEDURE

The experiments conducted during this project involved characterizing m aterial’ s 

mechanical properties as well as developing a sound test methodology to assess the 

effects o f strain rate. Since the equipment available for testing at the intermediate and 

high strain rates at the Los Alamos National Laboratory fac ility  are configured for 

compression testing, testing at all strain rates was conducted in the same configuration to 

maintain a constant loading orientation and strain path between pre-strain and subsequent 

testing. A ll o f the stresses, strains and strain rates in this thesis are true, not engineering, 

values.

3.1 Prelim inary testing

The firs t phase o f the project focused on understanding the basics o f the various 

test procedures available, and in determining the appropriate sample configurations for 

the tests. Sample configuration is especially important for the split-Hopkinson type test. 

Samples must have sufficient gage lengths and are deformed at very high speeds to obtain 

the high strain rates desired for this project, and thus radial inertia could have a 

significant effect on the mechanical response o f the material (31). Another consideration 

is that samples should not be too small because o f frictional end effects (48).

In order to explore the high strain rate test and the influence o f geometry and 

configuration o f the samples on test results, a wide array o f specimen geometries was 

tested. Since the thickness o f the sheet steel o f interest is only 0.94mm, thicker
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compression samples would have to be made by stacking and bonding discs together. 

Discs were obtained by water-jet cutting perpendicular to the sheet surface and bonded 

w ith super-glue (the water-jet cut edges were slightly tapered and rough; follow ing 

studies should consider the application o f w ire-EDM  methods for sample preparation). 

Prelim inary testing on the behavior o f layered samples was conducted by comparing 1018 

steel bulk specimens to layered specimens made using wafers cut from  the bulk material.

The material selected for test method verification was a 1018 carbon steel round 

rod o f 6.35mm (0.25” ) diameter. To see the influence o f specimen size and o f the 

interfaces created by gluing thin sections together, the fo llow ing specimens were prepared 

from  the 1018 steel rod:

♦ 6.35mm (0.25” ) diameter by 7.1mm (0.279” ) bulk samples (for comparison 

w ith  the stacked samples).

♦ 6.35mm (0.25” ) diameter by 7.2mm (0.283” ) long samples consisting o f 

eleven 0.635mm (0.025” ) thick stacked discs.

♦ 6.35mm (0.25” ) diameter by 3.1mm (0.122” ) long consisting o f three 1.03mm 

(0.040” ) thick stacked discs.

♦ 6.35mm (0.25” ) diameter by 3.4mm (0.133” ) long consisting o f three 1.13mm 

(0.045” ) thick stacked discs.

♦ 6.35mm (0.25” ) diameter by 5.4mm (0.212” ) long consisting o f three 1.8mm 

(0.071” ) thick stacked discs.

♦ 6.35mm (0.25” ) diameter by 6.0mm (0.133” ) long consisting o f three 2mm 

(0.078” ) thick stacked discs.

The wafers were removed from the bulk specimen using a diamond abrasive saw. A  

summary o f the specimen configurations is presented in Table 3.1.
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Table 3.1 -  Summary o f the Sample Configurations

Compression

Steel Length (mm) Diameter (mm) Height/Diameter
Number of 

layers

1018

7.1 6.35 1.12 1

7.2 6.35 1.13 11

3.1 6.35 0.49 3

3.4 6.35 0.53 3

5.4 6.35 0.85 3

6.0 6.35 0.94 3

3.1.1 Prelim inary Conventional Quasi-Static Compression Tests

Conventional quasi-static compression tests were conducted on an Instron 1125 

screw driven frame. The samples included were the 1018 bulk specimen and the 1018 

stacked sample w ith a height to diameter ratio o f 1. The samples were a ll tested at a 

constant crosshead speed o f 0.02mm/s (0.05’7min), which gives an average strain rate in 

the order o f 3xlO"3 s '1. A  thin film  o f Teflon was used for lubrication.

3.1.2 Prelim inary Intermediate Strain Rate Tests
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One test was conducted at an intermediate strain rate. The intention o f the test 

was to examine additional capabilities offered for future testing. The test was conducted 

at the Los Alamos National Laboratory (New Mexico) on an MTS frame model 810 

equipped w ith three accumulators and two ninety GPM servo-valves. The equipment has 

a maximum load capacity o f 10,000 kg (22,000 lbs) and data acquisition is made via a 

Tectronix TDS 420A digital oscilloscope interfaced w ith a computer for further analyses. 

A  computer program developed by Los Alamos National Laboratory was used to 

compensate for the compliance (stiffness) o f the test frame.

3.1.3 Preliminary High Strain Rate Tests

A  good description o f the Hopkinson-bar equipment, shown previously in Figure 

2.2, as well as calibration and data analysis is presented in Reference 2. The specimens 

tested were the 1018 bulk specimens and the 1018 “ stacked”  specimens o f different 

height/diameter ratios. A ll tests were conducted at room temperature; the increase in 

specimen temperature during deformation was not measured.

For each test the specimen was positioned between the incident and the 

transmitter bars w ith molybdenum based lubricant (NV grease, manufactured by The 

Lockrey Company in Southhampton, New York) as an interface. Then the gas gun, 

which was calibrated to operate w ith 14,000 psi o f pressure, was triggered and the striker 

accelerated toward the incident bar. Upon impact, the specimen deforms while the bars 

and the striker remain undeformed. Using this procedure strain rates above 103 s'1 were 

obtained. The readings from the strain gauges positioned in the middle o f the incident 

and transmitted pressure bars were captured by an oscilloscope and transformed to stress, 

strain and strain rate by using Equations 27 to 29 described earlier.
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3.2 Strain Rate Effects on the Mechanical Properties o f the Material o f Interest

A fter prelim inary testing o f a plain-carbon bar steel, to determine suitable 

specimen configurations, the steel selected for the project objectives was a galvannealed, 

fu lly  stabilized interstitial free (IF) steel. The galvannealed coating was removed by 

mechanical grinding prior to testing. The selection o f a material that does not exhibit a 

yield point elongation (YPE) while having a relatively simple starting microstructure was 

made to enable a better isolation o f the effects o f strain rate on the mechanical properties, 

since m icrostructural interaction as w ell as issues associated w ith YPE are not o f interest 

fo r this project. The substrate’ s chemical composition is given in  Table 3.2.

Table 3.2 -  Chemical Composition in weight percent o f the Base Steel as Cited by

Silim peri (49).

c Mn S P Si Cu

0.004 0.18 0.007 0.007 0.008 0.034

Cr Ni AI Nb Ti N

0.021 0.028 0.05 0.003 0.068 0.0033

3.2.1 M icrostructure

For the base steel characterization, sections o f the steel sheet were sectioned, 

follow ed by hot-mounting the samples in bakelite and grinding and polishing in the usual 

manner fo r metallographic samples. A fter working w ith more common etchants such as
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nital, Marshall’ s and picral w ith lim ited success, the etchant that proved most effective 

was Beraha’s etchant. This is a tin t etchant and is known to etch both grain boundaries 

and grain interiors, depending on grain orientation w ith regard to the polished surface. 

The composition o f the Beraha’s etchant used here, as published in the Metals Handbook 

desktop edition (48), is given in Table 3.3. The microstructure was analyzed via optical 

microscopy w ith an Olympus PMG 3 Inverted Research M etallurgical Microscope.

Table 3.3 -  Composition o f Beraha’s Etch.

Etch Composition

Beraha’s

• 0.5-1.0 ml HC1,

• 100 m l water,

• 1 g potassium metabisulfite

Follow ing testing, the specimens were mounted in bakelite w ith  the surface for 

observation perpendicular to the loading axis as shown in Figure 3.1. Although this was 

not the preferred situation, trying to mount a ll the samples parallel to the loading axis 

proved to be more d ifficu lt and therefore was only carried out for the specimens deformed 

to the highest strains and strain rates. These specimens were prepared to examine the 

potential presence o f gross differences in deformation mechanisms, such as tw inning or 

adiabatic shear banding.

The dislocation structure o f the as-received as well as the strained material was 

observed on a Philips EM  400 transmission electron microscope. Samples were made by 

mechanically grinding the discs from the compression samples down to 0.011 in (0.28 

mm) followed by punching a 0.118 in (3mm) diameter disc and further grinding down to
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0.006 in (0.15 mm). The 0.006 in th ick discs were then electro-polished in an acetic, 5% 

perchloric solution down to electron transparency.

Loading Axis
Surface observed

Figure 3.1 Orientation o f metallographic samples in relation to the loading axis o f 

compression specimens.

3.2.2 Preparation o f Compression Samples

The final configuration chosen, based on the prelim inary testing, was to stack 

three 4.34 mm diameter discs together to form  compression samples w ith a height to 

diameter ratio o f 0.65. A  slight nub was le ft from the machining work so as to maintain 

the identical orientation o f all the discs w ith  regard to the ro lling  direction. A  schematic 

o f the sample configuration w ith the fina l dimensions is presented in Figure 3.2.
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Figure 3.2 Sample configuration and dimensions fo r compression samples.

3.2.3 Pre-Straining

Prior to testing, the compression samples were pre-strained quasi-statically in  an 

MTS servohydraulic frame at a strain rate o f Ix lO ’2 s"1, the lowest strain rate o f the 

subsequent compression tests. The samples were strained to true strains o f approximately 

0.02, 0.05, 0.1 and 0.2. The material was also tested in the as-received condition.

3.2.4 Compression Tests

Tests were carried out on the IF samples in a sim ilar manner as the prelim inary 

tests presented before. Compression tests run on the as-received as well as the pre

strained materials cover a wide range o f strain rates ranging from 10 2 to 2 .7xl03 s"1. In 

order to cover this wide range o f strain rates, three different tests were employed. For the 

strain rates o f ÎO 2, 10"1 and 1 s"1 the same frame used fo r pre-straining was employed.

For the intermediate strain rate o f around Ix lO 2 s"1, a special high capacity (high power 

valves and special accumulators) servohydraulic frame was used, and for the high strain 

rates o f the order o f 2 .7x l03 s ' the split Hopkinson bar setup was used. The intermediate 

and high strain rate tests were carried out at the Los Alamos National Laboratory (LAN L) 

w hile a ll other tests were performed at CSM. The resulting matrix o f test conditions 

included all the various combinations o f pre-strain and strain rate is presented in Table 

3.4. For each combination o f pre-strain and strain rate, at least three replicate specimens 

were tested.
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Table 3.4 -  Values o f Test Parameters

PRE-STRAINS

0.02 0.05 0.1 0.2

STRAIN RATES (s’1)

0.01 0.1 1 100 2700

In the elastic regime some additional deflection was encountered in  the layered 

specimens, as compared to bulk specimens. This behavior was interpreted to result from 

compliance o f the adhesive film  used to bond the layered specimens together. The stress- 

strain curves o f the layered specimens were therefore adjusted by removing the apparent 

“ excess”  elastic strain so that the slope o f the elastic region matches the expected value 

for carbon steel. The intermediate and high strain rate tests were adjusted for modulus 

using a program developed at LA N L while the procedure adopted fo r the slower strain 

rates is presented below.

3.3 Modulus Adjustment

It must be emphasized that not only the elastic region o f the stress-strain curve 

was adjusted fo r the “ excess”  elastic strains but rather, the entire curve was adjusted. The 

known elastic modulus o f steel (210 GPa / 30.2x103 ksi) was desired as an outcome and 

the stress-strain curve was thereby adjusted to remove the (presumed) deflection o f the
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glue used in creating the layered specimen, fo llow ing the schematic procedure presented 

in  Figure 3.3.

The details o f the adjustment can be thought o f as unloading the specimen (at each 

point) along the apparent or measured elastic modulus, followed by reloading along a line 

based on the true or “ known”  elastic modulus to the same stress level. One can see that 

the stress at each data point thereby remains unchanged, but the strain associated w ith 

each point is adjusted. The mathematical representation o f the procedure outlined above 

is, fo r each point on the stress-strain curve:

_  -e la s t ic  , e lastic  _  r y i
measured apparent true  corrected  L J

and by combining Equation 7 w ith  the stress-strain’s linear relation in the elastic region:

£ measured ~  +  ~  £ Corrected  [ ^ ]
/  apparent /  true

Essentially, the correction involves subtraction o f a strain increment represented 

by the difference between the two lines in  Figure 3.3, labeled “ Experimental E”  and 

“ Predicted E” . The true stresses were correspondingly adjusted by incorporating the 

adjusted true strains in their calculation.
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4.0 RESULTS AND DISCUSSION

4.1 Testing o f 1018 Steel Rod

Testing o f the 1018 material was used to develop a preferred specimen geometry 

and gain experience w ith the Hopkinson-bar testing technique. The influence o f strain 

rate on the flow  stress o f the 1018 material can be seen in Figure 4.1. As expected, an 

increase o f flow  stress w ith strain rate occurred for both the bulk and layered specimens. 

There seems to be only a slight decrease in flow  stress and a small increase in strain 

associated w ith the use o f layered samples. These effects are especially noted at small 

strains, and dim inish w ith increasing strain such that the flow  curves fo r the stacked and 

bulk specimens nearly overlap at large strains.

The influence o f specimen height for the stacked samples tested dynamically is 

shown in Figure 4.2. The specimens tested were the ones comprised o f only 3 layers, 

w ith height-to-diameter ratios (H /D ) varying from 0.5 up to 0.9. The 11-layered samples 

were associated w ith a higher amount o f scatter in the test results. The results fo r the 3- 

layered samples tended to overlap each other, indicating that H /D  is not critica l in the 

range tested. From the prelim inary testing, a height-to-diameter ratio o f 0.56 was selected 

for further testing o f the interstitial free sheet steel.
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The predominant scatter o f the data obtained at high strain rates occurs at small 

strains, and this is because stress equilibrium  in the sample has not yet been achieved in 

the split-Hopkinson bar test. Consequently, it is d ifficu lt to determine the yield stress 

accurately at high strain rates and, instead, flow  stresses at higher strains should perhaps 

be used for characterization o f the material properties. A  procedure available to 

determine when stress equilibrium  is achieved in a Hopkinson-bar type test (or in  other 

words, when the forces at both ends o f the specimen are the same) is presented as 

follows. From the Hopkinson-bar data analysis procedure presented in Section 2.4, 

Equations 24a and b

P\(t) = A) " Eo ' (A, ) (24a)

P2(t) = Aq • E0 • (£t) (24b)

quantify the forces at the ends o f the incident and transmitter bars in contact w ith  the 

specimen, w ith A 0, E0, Si, £r and £t standing for the cross-sectional area and elastic 

Modulus o f the bar, and the incident, reflected and transmitted elastic strain pulses, 

respectively. The average load on the specimen is then:

(30)

but, i f  stress equilibrium  is achieved between the two ends o f the specimen, then the loads 

at both ends o f the specimen-bar interface have to be identical. Thus, Pj is equal to P2 

and the load acting on the end o f the bars may be written as:

P — E0 ■ Aq • s t (31)
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Equations 31, 24a and 30 are referred to as the 1, 2 and 3-wave analysis methods 

o f determining the load (and therefore the stress) on the sample because they use 1, 2 and 

3 elastic waves in the analysis, respectively. The 1-wave analysis is the most w idely used 

analysis since it results in the least amount o f scatter on the resulting stress-strain plot, 

and is the standard method used for data analysis in the present work.

The approach used to determine when the forces at the ends o f the specimen 

become equal is to compare the 1-wave w ith the 2-wave analysis. I f  the specimen is in 

stress equilibrium, the two analyses w ill yield the same output, though dispersion effects 

generate larger oscillations in the results o f the 2-wave analysis. Figure 4.3 is a plot o f a 

1-wave analysis compared to a 2-wave analysis for a single test. Although there is 

somewhat more scatter in the 2-wave analysis, both results almost converge each other at 

strains higher than about 1%, indicating that load equilibrium  is achieved at small plastic 

strains.
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The plot in  Figure 4.4 (for one o f the 1018 steel tests) shows the characteristic 

tendency for the strain rate to decrease w ith increasing strain, due to increasing resistance 

o f the sample to the bar movement w ith work hardening and increasing cross-section o f 

the specimen. However, the variation is much smaller than an order o f magnitude and 

does not dramatically change the general behavior o f the material, as observed on the 

stress-strain curves in Figure 4.2.

1800

1600

1400

1200
V

0»

2 1000
5
.£

I 800

600

400

200

0.00 0.100.01 0.05 0.06 0.07 0.08 0.090.02 0.03 0.04
True Strain

Figure 4.4 A  strain-rate versus strain plot during a split-Hopkinson pressure bar test o f a

1018 compression sample.

The different specimen configurations illustrate that a specific height-to-diameter 

ratio is not critica l, and that the use o f stacked (necessary when testing sheet steel in 

compression) samples is feasible. However, for the stacked samples, a smaller number o f
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thicker layers is preferable, especially at small strains, since this configuration provided 

results closest to the ones obtained using bulk samples.

4.2 Strain Rate Effect on the Mechanical Properties o f an Interstitial Free Sheet Steel 

w ith Varying Pre-strains

The compression stress-strain curves for the IF steel are presented at different 

strain rates in Figures 4.5 through 4.9 fo r pre-strains o f 0, 0.02, 0.05, 0.1, and 0.2 

respectively. The elastic behavior o f the tests run up to a strain rate o f 1 s"1 was adjusted 

using the procedure presented in  section 3.3, while the intermediate and high strain rate 

test results were adjusted using a computer program developed at the Los Alamos 

National Laboratory. The most prominent response o f this material to strain rate was the 

already well-established behavior fo r body center cubic (BCC) materials (19), i. e. a 

significant increase in flow  strength w ith  increasing strain rate. This characteristic is 

demonstrated in Figure 4.5, which shows the stress-strain response o f the as-received (0% 

pre-strain) material at a variety o f strain rates. The results show a large amount o f scatter 

at small strains for the highest strain rates where inertial effects and ringing o f the load 

and deformation signals lead to test instability. From a comparison o f Figures 4.5 

through 4.9, it is observed that w ith  increasing pre-strain there is an increase in flow  

stress and a decrease in work hardening rate (/. e. slope) in the curves at a ll strain rates. 

These topics w ill be investigated further in  the fo llow ing sections, together w ith  the 

evolution o f the microstructure and dislocation structure as well as the effects o f adiabatic 

heating.



52

(ed|/\i) ssajis an ji

co
o

o
o

o

CM

LO

O

O

o

o
8 8 8 2 8 8 3 8 8 o o

{\sy\) ssaits aruj.

I

1

cd

.1
§q-iO
N
g
CL

I
e0

1 
c 
‘5

!
V)
Tf"

I
E



53

(BdlAl) s s a j t s  a n j i

V.

a

tea

I

I

8 S 9 8
(!S>|) ssajis anJi

Ë.
<D

S

cd

1
g
*o

§
I
"I
<D

ë
§
I

I
W
VO

ito



099 
E 

i S
fO

IxS
Z

54

(edlfl) ssajis a n ji

g
CD

O
LO
LO

glO g g 1
O
g § g

CM
O
LO

OO g
CO

LO
CM
Ô

CM
Ô

ioo

oo g oco o
h- g o

LO
oTl- oco o

CM

(is>|) SS9JIS a n jl

<D

(D

O

cd

(D

§
2 %

CL)c/2ti O
§■

<D

ë
g

1
'I

I
I
E



2.
5x

10

55

(BdlAl) s s a jis  a n J i

I 8
<M

8 O
CO
d

s
do

CM
d

LO

O

o

s
d

o

I
§

8 8 8
(is)0 ssajjs am i

Fi
gu

re
 

4.8
 

Ef
fe

ct
 o

f 
str

ain
 

rat
e 

on 
the

 
str

es
s-

st
ra

in
 

re
sp

on
se

 
of 

an 
in

te
rs

tit
ia

l 
fre

e 
ste

el 
af

te
r 

0.1
 

tru
e 

pr
e-

st
ra

in
.



56

(BdlAl) SS9JIS a n jl

oo
00

ooo
00

ooco
ooTj-

oo o

o

00
d

m
CM
d

CM
d

»  I
(/)
0)

LOo

o
CM

OO § § O o
CM

(|s>|) SS0JJS anJi

I
CM
di
i

1
§LmO
(UC/D
§
&
s
c
"c3

I
c0

1
" I

1
ON

5>



57

4.2.1 W ork hardening exponent

W ith increasing pre-strain, there is an increase in flow stress and a decrease in 

work hardening exponent for all strain rates. The work hardening exponent, as defined in 

a power law type o f equation a=ksn where n is the work hardening exponent, was 

calculated by determining the slope o f a plot o f the logarithm o f stress versus the 

logarithm o f strain between strains o f 0.02 and 0.2. The dependence o f the work 

hardening exponent on pre-strain and strain rate is given in Figure 4.10. S im ilar results 

have been reported in References 14 and 15.
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Figure 4.10 Effect o f strain rate and pre-strain on the work hardening exponent.
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The rate o f decrease o f the work hardening exponent (n) w ith increasing pre-strain 

appears to be independent o f strain rate (constant shape o f the trend lines) even though n 

is much smaller at higher strain rates. The decrease in work hardening w ith pre-strain is 

like ly  to be due to the fo llow ing two factors:

•  The usual exhaustion o f work hardening resulting from  plastic strain.

•  Enhanced adiabatic heating under high strain rate conditions, due to higher stresses 

reached at higher pre-strains. Higher stresses are associated w ith a greater area under 

the stress-strain curve and consequently more work converted to heat, thus a higher 

degree o f thermal softening.

4.2.2 Adiabatic heating

When the conversion o f plastic work to heat at high rates o f strain occurs much 

faster than the heat can dissipate from the specimen, the temperature rise can be described 

as in  Equation 32 (32. 33),

where AT is the temperature rise, r\ is the fraction o f plastic work converted to heat, 

which under perfectly adiabatic conditions is equal t o i ,  p is  the material density, cv is the

[32]

specific heat capacity and f ods is the area under the stress-strain curve w ith the stress
Jo
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given in MPa. The values o f p and Cv used in this calculation are 7.871 g/cm3 and 0.4473 

kJ/kg -K  respectively (48). Several authors (30, 33) have shown that r| is equal to 1 

during high strain rate testing u tiliz ing  the split-Hopkinson bar test. Figure 4.11 shows the 

predicted temperature rise under adiabatic conditions, as a function o f pre-strain (or static 

flow  strength) for intermediate and high strain rate testing o f the material used in this 

study up to a dynamic strain o f 0.2.

60

55

2.5x10?

o  50

45

Q.

I  40

35

30
0 0.05 0.1 0.15 0.2

True Pre-Strain

Figure 4.11 Predicted increase in temperature w ith pre-strain at strain rates o f 100 and 

2 .5 x l0 3 s'1. The fraction o f work converted to heat is assumed to be 100%.



60

Closer examination o f the n-values in Figure 4.10, considered in the context o f the 

temperature effects presented in  Figure 4.11, suggests that the work hardening rate may 

be an inverse function o f the temperature rise. Some authors (22, 49) though, attribute 

the decrease in work hardening w ith increasing strain at higher strain rates to a 

combination o f adiabatic heating and m odification o f the dislocation structure evolution 

during straining (for example, reduced cross-slip at high rates, leading to fewer 

dislocation interactions). A  b rie f study o f the influence o f temperature on the flow  

behavior o f the IF steel was conducted and is presented in Appendix A.

An effort was made to better understand the different factors controlling strain 

hardening at high strain rates by attempting to decouple the influences o f adiabatic 

heating and dislocation interactions. Figure 4.12 shows the stress-strain behavior o f the 

as-received material tested at quasi-static (10 2 s'1) and high (2 .5xl03 s'1) rates. In 

addition, the quasi-static curve is shown shifted upward by 320 MPa, the amount o f 

increase in yield stress when the strain rate is increased from  the low to the high value. 

This curve thus represents the high rate behavior that m ight have been “ expected”  in  the 

absence o f differences in work-hardening behavior at high strain rates, i.e. reflecting only 

a change in dislocation m obility. It is especially noteworthy that the curve shapes deviate 

substantially from one another even at very low  strains. Since adiabatic heating is a result 

o f energy produced by plastic deformation and only becomes prominent at high strains, it  

is evident that adiabatic heating is not able to account fo r the reduced work hardening 

associated w ith the elevated strain rate in the low-strain region o f the flow  curve. Thus 

the work hardening behavior at high strain rates is clearly influenced by a change in the 

evolution o f the dislocation substructure, in addition to effects o f adiabatic heating at 

higher strains. The difference in dislocation structure occurs because at high strain rates, 

thermally activated processes such as cross slip contribute less to deformation at small 

strains (24. An interesting potential follow-up investigation to examine these effects 

further could involve dynamic pre-strains followed by quasi-static testing.
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4.2.3 Strain rate sensitivity

Strain rate sensitivity can be defined in several ways; one definition adopted for 

the present work is the logarithm ic rate sensitivity presented in Equation 12 in section 

1.2, as follows

where p, a and e are the usual notations for the logarithm ic strain rate sensitivity, true 

stress and true strain rate, respectively. Figure 4.13 shows the true flow  stress plotted 

against the log o f strain rate at a strain o f 0.02 for all o f the pre-strained conditions (i.e. 

this value is essentially a 2% offset yield stress). From the particular definition o f strain 

rate sensitivity given by Equation 12, the slopes o f the curves are equal to the strain rate 

sensitivity p. There is a significant increase in strain rate sensitivity at a strain rate 

somewhere between 1 and Ix lO 2 s'1 (interestingly, this transition occurs w ithin the range 

o f strain rates o f most interest to auto crashworthiness). Although there is a clear increase 

in the flow  stress w ith  increasing pre-strain, there does not seem to be a relation between 

the slopes (strain rate sensitivities) and pre-strains. That is, the slopes o f the true stress 

vs. the logarithm o f strain rate curves are essentially unaffected by pre-strain. An 

important im plication o f this result is that forming strains apparently do not change the 

rate sensitivity o f the subsequent yielding behavior o f the material.

(33)
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Figure 4.13 True flow  stress versus the logarithm o f the strain rate for a constant strain 

o f 0.02 and pre-strains o f 0, 0.02, 0.05, 0.1 and 0.2.

The strain rate sensitivity parameter ((3) is associated w ith a given amount o f 

strain (e. g. 0.02 strain in  Figure 4.13 above). The decrease in work hardening rate w ith 

increasing strain rate (see Figure 4.10) leads to a decrease in (3 i f  this parameter is 

evaluated at increasing strains. The true flow  stress versus the logarithm o f strain rate is 

plotted in Figure 4.14 fo r a constant pre-strain o f 0.2 and subsequent strains from 0.02 to

0.2. From this plot it  can be observed that the increase in  strain rate sensitivity at strain 

rates above approximately 1 s'1 shown in Figure 4.14 is much less pronounced at higher 

strains. A t the very highest strain rates the flow  stress is actually a decreasing function o f 

strain; as expected from  the negative values o f work hardening rate at these strain rates 

presented in Figure 4.10.
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Figure 4.14 True flow  stress versus the logarithm o f the strain rate for a constant pre

strain o f 0.2 and subsequent strains o f 0.02, 0.05, 0.1 and 0.2.

Since strain rate sensitivity at 0.02 strain seems to be independent o f the pre

strain, or in other words, independent o f dislocation content, it  must be dependent on 

dislocation m obility. This interpretation was further strengthened by the results o f “ rate- 

jum p”  tests, where samples were strained at low  rates to various levels, and then tested at 

a much higher strain rate ( i. e. assuming the microstructure remains stable from the time 

o f pre-straining until subsequent testing at high strain rates). These results are 

summarized in Figure 4.12, which shows the constant rate quasi-static test at Ix lO '2 s'1 

compared to the dynamic tests at 2 .5x l03 s'1 in  various pre-strained conditions. The in itia l 

increase in flow  stress w ith increasing strain rate is almost constant and follows a path 

sim ilar to the quasi-statically imposed pre-strain plus a constant increase in flow  stress o f 

46 ksi (320 MPa) w ith strain rate; so fo r demonstration purpose, the quasi-static-constant 

rate curve is shown shifted upward by 320 MPa. This curve essentially matches the
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“ envelope”  o f yield stresses obtained in the rate-jump tests. The behavior o f decreasing 

work hardening rate w ith increasing strain mentioned earlier is also manifested in Figure 

4.12 through the deviation o f the individual rate-jump tests from  the envelope o f yield 

stresses, at increasing strain.

The increase in flow  stress at a dynamic strain level o f 0.02 is presented in Figure 

4.15. The abscissa shows the static flow  stress prior to the rate jum p, which relates 

directly to the varying levels o f strain imposed at low rates. As one can see, the increase 

in flow  stress is nearly constant and therefore, independent o f any previous dislocation 

structures (/. e. pre-strain), so as to indicate an intrinsic material response to a change in 

strain rate.
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Figure 4.15 Increase in flow  stress w ith a change in strain rate from  10'2 to 2 .5xl03 s'1 for 

materials pre-strained to different levels.
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4.3 Microstmcture

Light optical microscopy (LO M ) and transmission electron microscopy (TEM ) 

were used to investigate whether strain rate had any marked effect on the deformed 

microstmcture. The specific features considered were shear bands and tw inning, 

although the stress-strain curves did not show the dramatic softening or serrations usually 

associated w ith these features (32). The microstmcture o f the material in  the as-received 

condition consists o f equiaxed ferrite grains o f ASTM size 10, as shown in  Figure 4.16.

Figure 4.16 The microstmcture o f the as-received IF steel. The etching technique (tin t 

etching) colors the inside o f the grains, so that the darker regions only 

represent ferrite grains w ith  different orientations.

Figures 4.17 and 4.18 show the material w ithout pre-strain and w ith  0.2 pre-strain, 

after subsequent testing at 2 .5x l03 s'1. These represent the extremes in test conditions. 

There was no evidence o f either tw inning or shear banding (note that the apparent 

difference in grain size is sim ply due to a difference in magnification). S im ilar results 

were found when the microstmcture was viewed either parallel or perpendicular to the 

loading axis. These results indicate that over the range o f strain rates utilized in this work,



67

deformation occurs solely by dislocation motion, and this conclusion is consistent w ith 

previous studies on low carbon steels tested at temperature and strain rates sim ilar to 

those o f the present study (15, 30).

Figure 4.17 The microstmcture o f the IF steel w ithout any pre-strain, deformed 

dynamically to a true strain o f 0.25.

Figure 4.18 The microstmcture o f the material w ith 0.2 pre-strain and subsequently 

deformed dynamically to a tme strain o f 0.25 (total strain o f 0.45).
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A  transmission electron bright fie ld  micrograph o f the as-received material is 

shown in Figure 4.19. The microstmcture consists o f equiaxed, relatively dislocation-free 

ferrite grains. The material pre-strained to 0.2 tme strain and then tested dynamically at 

2 .5xl03 s'1 to a total strain o f 0.45 did not exhibit any evidence o f shear banding or 

deformation tw inning. However, some regions having differences in the appearance o f 

the dislocation stmcture were noted. Two such regions are shown in Figures 4.20 and 

4.21, respectively. One o f the regions exhibits a well-defined dislocation cell stmcture 

(Figure 4.20) while the other (Figure 4.21) is more sim ilar to images which have been 

interpreted in Reference 49 as a long screw-type dislocation network. Additional thin 

fo ils were prepared for specimens deformed at different strain rates; no major differences 

were observed in the dislocation stmctures o f the materials deformed at different strain 

rates applicable to this work.
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Figure 4.19 Transmission electron microscope bright fie ld  image o f the starting 

microstmcture.



Figure 4.20 Transmission electron microscope bright fie ld image o f the material tested 

dynamically fo llow ing a 0.2 true pre-strain.
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Figure 4.21 Transmission electron microscope bright fie ld  image o f the material tested 

dynamically fo llow ing a 0.2 true pre-strain.
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5.0 CONCLUSIONS

This work has highlighted capabilities present fo r testing at conventional, 

intermediate and high strain rates. The evaluation o f different specimen configurations 

illustrates that a specific height-to-diameter ratio is not critical, and that the use o f stacked 

(necessary when testing sheet steel in compression) samples is feasible. However, for the 

stacked samples, a smaller number o f thicker layers is preferable, especially at higher 

strain rates and small strains.

The flow  stress behavior o f an interstitial free sheet steel was shown to be 

sensitive to strain rate (and temperature through adiabatic heating), indicating a 

deformation mechanism controlled by thermally activated motion o f dislocations past 

short range Peierls-Nabarro barriers or other dislocations.

Examination o f the microstmcture did not indicate the occurrence o f tw inning or 

shear banding, suggesting that dislocation motion remains the primary deformation 

mechanism operating in  this steel at the elevated strain rates considered here, i. e. up to 

2 .5x l03 s'1. The dislocation stmcture developed upon straining at the different strain 

rates was found to be comprised o f either well-defined cell stmctures or o f a 

homogeneous dislocation network.

There is a marked decrease in the work hardening rate w ith increasing pre-strain 

at elevated strain rates, leading to decreasing strain rate sensitivity w ith increasing 

amounts o f plastic strain. The decrease in work hardening rate at high strain rates is 

usually attributed to the effects o f adiabatic heating, but is also suggested to be associated 

w ith  the effect o f strain rate on the dislocation stmcture evolution. It is presumed that the 

effect o f adiabatic heating on the material properties prim arily occurs at large strains.

Strain rate sensitivity o f the yielding behavior, p, was shown to be essentially 

independent o f pre-strain. A  significant increase in P was observed at strain rates between 

1 and 100 s'1 for all pre-strained conditions. The constant increase in flow  stress w ith 

increasing strain rate at different pre-strain indicates an intrinsic material response to



73

strain rates associated w ith reduced dislocation m obility at higher strain rates. Since pre

strain does not have an influence on the increase in yield stress w ith increasing strain rate, 

the proposed deformation controlling mechanism at small strains is thought to be the 

thermally activated dislocation motion past the Peierls-stresses and not the interaction o f 

dislocations among themselves.

The large differences in the mechanical properties o f the material tested at 

different strain rate illustrate the importance o f testing at high strain rates for data 

collection to be applied, for example, in  constitutive models. Such models would provide 

better capability to predict vehicle crash performance, w ith less need for costly full-scale 

testing. Previous reports suggest that strain rate sensitivity is an inverse function o f yield 

stress (4, 6-9). For the material tested, however, the increase in yield stress w ith 

increasing strain rate was shown to be independent o f pre-strain, and therefore o f in itia l 

yield stress. Forming strain can therefore be considered an important strengthening 

mechanism fo r this material. It should be noted, however, that the combined effects o f 

form ing strains and adiabatic heating dim inish work hardening to a greater extent at high 

strain rates. Pre-strain, therefore, reinforces the reduced strain rate sensitivity already 

associated w ith higher values o f dynamic strain.
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APPENDIX A

In an attempt to investigate the effect o f adiabatic heating on the flow  stress o f the 

IF sheet steel, the material was tested quasi-statically at temperatures ranging from room 

temperature (23 degrees Celsius/73 Fahrenheit) to 68 degrees Celsius (154 Fahrenheit). 

Samples were heated by conduction from contact w ith  heated compression platens. Test 

temperature was estimated from thermocouples attached to the platen adjacent to the 

specimen. The test temperatures were selected to match calculated temperatures o f the 

sample at different strains (calculations used equation 13c) from the dynamic tests.

These results are presented in Figure A1 and were subsequently used to adjust the 

dynamic results.

The adjustment for thermal softening is shown in Figure A2. The estimated 

temperatures at different dynamic strains are also shown, and the dynamic curve is 

shifted upward by the amount o f thermal softening measured from Figure A1 at the 

appropriate strain (note corresponding arrows in Figures A1 and A2). The adjusted 

stress-strain is then compared to a curve obtained by shifting the quasi-static curve 

upward (by 320 MPa) to match the dynamic yield stress. This shifted curve might be 

interpreted as the “ expected” dynamic behavior in the absence o f adiabatic heating or 

dislocation structure evolution effects. Since this curve does not overlap the temperature 

adjusted dynamic behavior, the decrease in flow  stress cannot be explained merely in 

terms o f adiabatic heating.



81

•H—

□ RT 
o 45 Degrees 

38 degrees 
34 Degrees 

x 58 Degrees 
68 Degrees

True Strain

Figure A1 Effect o f temperature on the flow  stress o f the IF sheet steel tested quasi- 

statically.
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Figure A2 Comparison o f the quasi-static w ith the dynamically tested IF sheet steel 
corrected for the effects o f adiabatic heating.
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