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ABSTRACT

The effects of microstructure and strain rate on Stage 

III strain hardening, i.e., the strain hardening which 

occurs just prior to instability, and ductility in dual 

phase steels were studied by tensile testing specimens 

produced by i ntercr i t i ca1 1 y annealing 0.08C-1.45Mn-Q.21Si 

steel. The steel was cold rolled 50 percent and heat 

treated to obtain either normalized, martensitic, or 

tempered martens itic microstructures prior to intercritical 

annealing at 717°C for five minutes and ice-water 

quenching. Some specimens were intercritica1 1 y annealed 

directly after cold rolling.

Stage III strain hardening was found to be a function 

of microstructure, with specimens produced from cold rolled 

and normalized initial microstructures exhibiting higher 

strain hardening rates than those annealed with initially 

martens itic or tempered martens itic microstructures. A 

microstructure produced by subcritica1 1 y annealing the as- 

cold rolled alloy exhibited a slower decrease in strain 

hardening rates in Stage III. The difference in strain 

hardening behavior was attributed to the effects of 

microstructure on the rate of d i s 1ocat i on substructure 

generation and consolidation.

Uniform elongation increased with increased strain

i i i
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hardening rates at a true strain of 0.12, a result of the 

fact that high strain hardening rates at a given strain 

correlated with slower decreases in strain hardening rates 

in Stage III, thus delaying instability to higher strains.

. Tensile tests conducted at engineering strain rates of
0.000067, 0.00067, and 0.0067 sec™1 indicated that Stage 
III strain hardening rates near instability decreased more 

rapidly at the lowest strain rate than at the higher strain 

rates. Strain rate sensitivity as determined by strain 

rate jump tests was 0.002 for all microstructures when 

tested at the lowest strain rates and 0.005 at the two 

highest rates. Dynamic strain aging may have caused the 

increase in strain rate sensitivity as strain rate 

increased. The value of 0.005 was similar to values 

reported for other dual phase steels (~0.007) and close to 

the majority of values reported for plain low carbon steels 

tested at the same strain rates.

Both uniform and postuniform elongation increased with 

increasing strain rates. Low uniform elongations at low 

strain rates were due to lower strain hardening rates near 

instability. Postuniform elongation increased because 

strain rate sensitivity increased with increasing strain 

rate.

i v
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CHAPTER 1 

INTRODUCTION

Recently, considerable interest has arisen in reducing 

the weight of automobiles in order to meet federally- 

mandated fuel consumption requirements. Since sheet steel 

constitutes a large percentage of the weight of cars, 

research was initiated to discover stronger, but still 

ductile, sheet steels. One such steel, commonly known as 

dual phase steel, was extensively studied by Rashid (1). 

This steel provides superior combinations of strength and 

ductility as compared to other high strength sheet steels, 

as shown in Figure 1.1, which compares ultimate tensile 

strength to total elongation for dual phase, HSLA, and 

recovery annealed steels.

The term "dua1 phase steel" refers to steels which 

primarily contain a dispersion of martens i te in a ferrite 

matrix (2). Depending on alloying, annealing parameters, 

and cooling rate, bainite, retained austenite, and 

cementite may also be present in the microstructure (3).

While the ductility of dual phase steel is superior to 

that of other high strength grades, it is still inferior to 

that of plain low carbon steel (4). Thus, it would be 

desirable to increase the ductility of dual phase steels to
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Figure 1.1 Ultimate tensile strength versus total
elongation for commercially produced dual phase, 
HSLA, and recovery annealed steels (From R. G. 
Davies and C . L. Magee, "Physical Metallurgy of 
Automotive High Strength Steels”, Structure and 
Propert ies of Dua1 Phase Steel s , TMS-AIME, New 
York, 1979, p. 2.).
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match those of plain carbon drawing steels. Strain 

hardening behavior and strain rate sensitivity strong 1 y 

influence ductility, as was made readily apparent in a 

numerical analysis of tensile testing by Ghosh (5). This 

analysis assumed that the relationship between the 

effective flow stress (a), the effective strain (e), and 
the effective strain rate (e) is 

given by

ô=K(ë+m 1 n (ë/eo )) (1)

where K is a strength coefficient, n is the strain 

hardening exponent, and m i s a  strain rate sensitivity 

index. Figures 1.2 and 1.3 are plots of engineering 

stress-strain curves which show, respectively, the effect 

of increased strain hardening and increased strain rate 

sensitivity on the ductility of a theoretical material. 

Clearly, increases of either of these parameters can 

produce dramatic increases in ductility. In the following 

sections both strain hardening and strain rate sensitivity 

will be discussed as they apply to dual phase steels.

1.1 STRAIN HARDENING

The following sections examine various aspects of 

strain hardening. Empirical equations used to describe 

flow behavior are discussed first, and then stages of
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strain hardening, microstructural effects on strain 

hardening, and strain hardening models are covered.

1.1.1 Empirical Equations For Flow Behavior of Metals

Several empirical laws which attempt to describe the 

deformation behavior of metals have been proposed ; four of 

them are shown below:

Hollomon (6): a=ken (2)

Ludwik (7): a=a0+ k '^  (3)

Swift (8): s=:eo +calTI ( 4 )
Voce (9): a=B-(B-A)exp(-s^/c') (5)

In the above equations o is the true stress, ep the true 

plastic strain, and the other variables are empirically- 

determined constants. All of these laws suffer from one 

major shortcoming--a11 assume that the plastic deformation 

of a metal is described by a single set of parameters for 

all values of strain. However, iron (10), dual phase steel 

(11), nickel (12), and copper (13) show separate stages of 

strain hardening which cannot be described by the above 

equations. Thus, either constitutive equations which 

include multiple stages of strain hardening must be 

formulated, or else such equations could be eschewed 

entirely and either the actual strain hardening rates of
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materials could be compared at a given strain or else some 

"instantaneous" strain hardening parameter could be used 

for comparison purposes. It should be noted at this point 

that because the material investigated in this work 

exhibited multiple stages of strain hardening, no attempt 

was made to fit strain hardening data to empirical laws.

1.1.2 Stages of Strain Hardening in Dual Phase Steels

As was previously noted, dual phase steels exhibit 

three stages of strain hardening which shall hereafter be 

referred to as Stages I, II, and III; at least five 

investigations have revealed this phenomenon (11, 14-17).

In this analysis a "stage in strain hardening" refers to a 

region of the stress-stra i n curve which could be described 

by a unique set of coefficients with one of the laws listed 

in Equations 2 through 5. Attempts to explain the observed 

strain hardening behavior have been based on the theory 

that differing strain hardening mechanisms control in the 

three stages. Cribb and Rigsbee (14), for example, 

theorize that Stage I hardening is associated with general 

yielding of the ferrite matrix with martens i te islands, 

which are zones of high stress concentration, serving as 

local dislocation sources. Stage II, where the rate of 

decrease of strain hardening rate slows, is attributed to a
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strong interaction between the ferrite and second phase 

particles (martensite or bainite). During this stage, the 

constraining effect of the second phase particles raises 

the dislocation density above that for a plain carbon steel 

and produces a relatively high strain hardening rate. 

Retained austenite may also affect strain hardening in 

Stage II by "tripping" (i.e., transforming to martensite by 

the applied strain), which introduces additional 

dislocations into the ferrite because of the transformation 

strain (14).

Stage III behavior initiates when a cellular 

dislocation substructure has formed throughout the ferrite. 

Korzekwa (18) confirmed this theory by correlating the 

beginning of Stage III strain hardening with the formation 

of dislocation cells by direct TEN observation in a 0.063C- 

1.3Mn-0.24Si dual phase steel.

The three stages of strain hardening noted above 

generally occur in three distinct strain ranges (18). The 

first stage generally exists from the beginning of yielding 

to a strain of approximately 0.01, while Stage II occurs 

from the end of Stage I to a strain of between 0.05 to 

0.11, depending on microstructural parameters, with Stage 

III behavior occurring from the end of Stage II until 

fracture (19). This thesis concentrates primarily on
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strain hardening in the Stage III regime. The following 

section, which deals with microstructural effects on strain 

hardening behavior, will emphasize works dealing with 

strain hardening at high strains, although general strain 

hardening investigations will also be covered.

1.1.3 Microstructural Effects

Several microstructural parameters affect the strain 

hardening of dual phase steels; among these parameters are 

the ferrite grain size, the martensite volume fraction 

(MVF), the strength (carbon content) of the martensite, the 

distribution of the martens i te, and the presence of 

retained austenite. The following paragraphs discuss how 

these variables affect strain hardening in dual phase 

stee1s .

Ramos (15), Burford (16), and Zhang et al. (19) have 

studied the effect of ferrite grain size on the strain 

hardening behavior of dual phase steel. Each found that 

decreasing grain size increased strain hardening rates in 

Stage II, but that the Stage III strain hardening behavior 

remained virtually unchanged. The strong effect of ferrite 

grain size on Stage II hardening is shown in Figure 1.4, 

which plots In(da/de) versus ln(s ) for an alloy heat 

treated to produce varying grain size with a constant
*

martens i te volume fraction. This plotting technique, which
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Figure 1.4 Jaoul-Crussard plot of strain hardening data for 
a series of dual phase steels with a constant 
MVF and different ferrite grain sizes (15).
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was original!y used by Jaoul and Crussard (see references 

in Ref. 16), provides a convenient means of revealing and 

comparing the stages of strain hardening in dual phase 

steels. This analysis accentuates differences in strain 

hardening at low strains while compressing strain hardening 

data at high (Stage III) strains, and reveals in Figure 1.4 

that strain hardening rates below a strain of approximately 

0.03 vary considerably with ferrite grain size.

The reason for increasing strain hardening rates in 

Stage II with decreasing ferrite grain size may be 

explained as follows: yielding occurs in the ferrite

during Stage I deformation with the martens i te islands 

acting as dislocation sources. Also, regions of high 

dislocation density surround the martens i te islands as a 

result of the austenite to martens i te transformation. For 

a given martensite volume fraction, a smaller ferrite grain 

size will be associated with a larger interfacial area 

between the ferrite and martensite (16), which implies that 

a larger volume of ferrite will contain dislocations 

introduced by the austenite to martens i te transformation. 

These dislocations will interact with those generated 

during plastic deformation and cause strain hardening. 

Clearly, microstructures with a small ferrite grain size 

will be affected by this strain hardening mechanism to a
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greater extent than one with a large ferrite grain size and 

will thus exhibit a higher strain hardening rate. As the 

martens i te volume fraction increases the increase in Stage 

II strain hardening rates is even more pronounced (19).

The insensitivity of Stage III strain hardening rates 

with respect to ferrite grain size may be due to the 

formation of dislocation cells in the ferrite grains.

Leslie (20) shows that in iron the dislocation cell size 

stabilizes after approximately 4 to 8 percent strain, which 

corresponds roughly with the beginning of Stage III strain 

hardening behavior. In addition, Embury et al. (21) claim 

that at high strains the dislocation cell size plays a 

major role in controlling the flow stress of a metal.

Hence, at high strains the deformation behavior of these 

dual phase steels may be controlled by dislocation cell 

structure whose size is relatively constant, with the 

result that Stage III strain hardening is insensitive to 

ferrite grain size.

While Stage III strain hardening is relatively 

insensitive to ferrite grain size, strain hardening rates 

in Stage III increase slightly with increases in MVF (14- 

17,19,22,23), although Ramos and Burford (15,16) found that 

Stage III strain hardening rates were slightly lower for 

specimens with higher MVF. However, an example of the more
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frequently observed increased strain hardening rates in 

Stage III with increased MVF is Figure 1.5, which plots the 

strain hardening rate at a true strain of 0.2 against the 

volume fraction of the martens i te-reta i ned austenite 

constituent in a series of dual phase steels containing 

0.11C-1.OMn-0.2Si and either vanadium, titanium, or 

molybdenum and chromium.

While MVF does affect Stage III strain hardening 

rates, its effect is considerably smaller than at low 

strains (e.g., in Stage II). Zhang's work (19) studied the 

effect of MVF at constant martensite carbon content on 

strain hardening rates in 1.6Mn-1.665i-0.24A1 dual phase 

steels true strains of 0.01 and 0.05, as shown in Figure 

1.6, which plots the strain hardening rate at these strains 

versus MVF. This figure shows that a change in MVF 

sufficient to cause a 15,000 MPa change in the strain 

hardening rate at a true strain of 0.01 causes a change of 

about 900 MPa at a true strain of 0.05. This phenomenon 

again indicates that at high strains dynamic recovery in a 

fully developed substructure may limit increases in strain 

harden ing.

The strength of the martens i te constituent also 

influences work hardening behavior. Speich and Miller (24) 

demonstrated that, for a constant MVF, a higher carbon (and
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steels containing various microalloying 
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1.6Mn-1.66SÎ-0.24A1 dual phase steels with 
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consequently higher strength) martens i te produced higher 

strain hardening rates in the Stage II regime but, that at 

strains above approximately 0.05, the lower carbon 

martens i te produced higher strain hardening rates. This 

latter effect is shown in Figure 1.7, which is a plot of 

strain hardening rate versus strain for two dual phase 

steels with the same MVF but differing martens i te carbon 

contents. The greater strain hardening effect of the 

stronger martens i te was attributed (24) to greater plastic 

incompatibility between the ferrite and martens i te as well 

as higher residual stresses caused by lower transformation 

temperature. Rigsbee and VanderArend (25) note that higher 

strength martens i te causes "greater nonhomogeneous internal 

stress fields which could effectively restrict dislocation 

motion and produce a higher rate of work hardening." In 

addition, they point out that at higher strains the partial 

transference of the load from the matrix to a stronger 

second phase could lead to increased work hardening rates. 

As for the observed decrease in strain hardening rates with 

increasing martens i te strength at high strains, Speich and 

Miller (24) conclude only that "a change in strain 

hardening mechanism must occur."

The decrease in Stage III strain hardening rates with 

increased martens i te strength may be due to the higher



Ao
/A
e,
 1
04 

MP
a

T-3192 17

2.0

1.5
C = 0.4% C/ m

1.0

Cm = 0.2% C
0.5

60 42
TRUE STRAIN, pet

Figure 1.7 Strain hardening rate versus true strain for 
dual phase steels with equal MVF's but 
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strain hardening rates at lower strains. These high strain 

hardening rates in Stages I and II could more rapidly 

induce the dislocation substructure changes that mark the 

beginning of Stage III behavior, while a steel containing a 

weaker martens i te would have lower strain hardening rates 

at low strains and thus delay the formation of the cellular 

substructure throughout the ferrite matrix necessary for 

the initiation of Stage III strain hardening.

The manner in which a given amount of martensite is

dispersed throughout a ferrite matrix can have a

significant effect on strain hardening behavior at high

strains, as was demonstrated by Balliger and G 1 adman (23)

in dual phase steels with ferrite grain sizes ranging from

6.8 to 15.5 urn and martens i te volume fractions varying from

0.1 to 0.52. Figure 1.8 shows the strain hardening rate at

a true strain of 0.20 for 0.11C-1.OMn-O.2S i dual phase
1 / 2steels as a function of the parameter (f/d) , which

combines the volume fraction of second phase (f), as well 

as the diameter of the second phase particles (d) and gives 

an indication of how dispersed the second phase is. This 

figure shows that the strain hardening rate at a strain of 

0.2 increases linearly as this parameter increases.

The reason for the linear relationship between strain
1 /2hardening rate and (f/d) is the manner in which
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dislocation networks develop around the martens i te 

particles. This strain hardening mechanism will be 

discussed in Section 1.1.4, which deals with theoretical 

models of deformation and strain hardening in two phase 

composite materials.

Although martens i te affects strain hardening in dual 

phase steels, retained austenite can significantly affect 

strain hardening because it can transform to martens i te 

during deformation. The following paragraphs will first 

examine how retained austenite affects strain hardening in 

dual phase steel, and then the effect of strain-induced 

austenite to martens i te transformation on strain hardening, 

and finally how the stability of the austenite can affect 

strain hardening behavior.

In general, the presence of retained austenite leads 

to increased strain hardening rates during the plastic 

deformation of dual phase steel (25). Rigsbee and 

VanderArend (25) found that the work hardening parameter in 

a series of dual phase steels increased with increasing 

retained austenite content and indicated that work 

hardening increased to the greatest extent between strains 

of 0.01 to 0.05. Sachdev (26), by varying the temperature 

at which he tested his specimens of a 0.12C-1.4Mn-0.55i- 

0.06V-0.007N dual phase steel, was able to alter the
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stability of retained austenite and thus shift the strain 

range for which retained austenite altered strain hardening 

rates. Increased test temperatures increased the stability 

of the austenite and shifted higher strain hardening rates 

to higher strains. This is shown in Figure 1.9, which 

compares the incremental strain hardening exponent (which 

increases with an increase in strain hardening at a given 

strain) against true strain. It is also important to note 

that uniform elongations (denoted by solid circles) 

increase up to a point with increasing temperature and 

hence increasing austenite stability.

Other investigators have noted increased strain 

hardening rates as retained austenite content increases.

Yi et al. (27) found that their 0.07C-1.8Mn-1.365i dual 

phase steel had higher strain hardening rates above strains 

of 0.04 when cooled slowly (5°C/sec) from the intercritical 

annealing temperature than when specimens were cooled more 

rapidly. The slow cooling rate produced a relatively high 

(8 percent) retained austenite content, which implies that 

retained austenite may have played a role in increasing 

strain hardening rates. However, the slow cooling rate 

also changes other aspects of the post-intercritical anneal 

microstructure (17), and so Y i's investigation may not have 

totally isolated the effects of retained austenite.
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Figure 1.9 Instantaneous strain hardening exponent versus 
true strain for 0.12C-1.4Mn-0.5Si-0.06V-0.007N 
dual phase steel tested at different 
temperatures (26).
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Miller (28) produced a series of ultra-fine grained 

steels consisting of ferrite and retained austenite by warm 

rolling in the ferrite plus austenite phase field and 

discovered much higher strain hardening rates for the 

steels in which the austenite transformed to martensite 

during deformation. Figure 1.10 shows two stress-stra i n 

curves for the steels he studied. Curve A , which was 

obtained from a steel in which austenite transformed to 

martens i te during deformation, has a much higher slope 

(i.e., strain hardening rates) after the Luder's strain 

than Curve B , in which the austenite did not transform 

during deformation.

The research mentioned in the preceding paragraphs 

has shown that metastable retained austenite can increase 

strain hardening and ductility in dual phase and other 

steels. Mechanisms for these latter effects are 

discussed in the following paragraphs.

A review by Olson (29) summarized the mechanisms which 

increase ductility when strain assisted transformation of 

austenite to martensite occurs. He mentions that the 

transformation introduces not only a "static hardening" 

effect caused by the introduction of a hard second phase 

into the matrix which also produces an effective reduction 

in the mean free path of the matrix. In addition, a
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Figure 1.10 Engineering stress strain curves for ultrafine-
grained high nickel or manganese steels. Curve
B is that of a steel in which no "tripping” of
austenite occurred, while Curve A exhibited 
strain-induced transformation of austenite to 
martens i te (28).
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"dynamic softening" effect occurs which is due to the 
transformation as a deformation mechanism. These three 
mechanisms can alter the shape of a true stress-strain 
curve to one that greatly delays plastic instability. If 
dynamic softening is combined at 1ow strains w ith statîc 
hardening at high strains, then a stress strain curve can 
be obtained which approximates a theoretical curve which 
postpones instability indefinitely. This idealized flow 
curve, which is given by the equation a=a0exp(£), is shown 
in Figure 1.11 along with the flow curve of a material 
following Hoilomon-type behavior (i.e., a=k(e)n ). The open 
circle on the Hollomon curve denotes the point at which 
instabi1ity occurs.

01 son (29) mentions that the instability strain of the 
material exhibiting Hoilomon-type behavior could be roughly 
doubled by shifting that part of its flow curve which lies 

above the a=a0exp(e) curve downward to superimpose on the 
exponential curve. This doubling of the instability strain 
was accomplished by effectively lowering strain hardening 
rates at low strains rather than by raising strain 
hardening rates at high strains. Further increases in the 
instability strain could be obtained by raising the part of 
the Hollomon curve which lies below the ideal curve at high 
strains until it superimposes on the latter curve (i.e., by
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exhibiting ideal exponential strain hardening 
behavior and one which exhibits Hoilomon-type 
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increasing strain hardening rates at high strains). TRIP 

(Transformation-Induced Plasticity) steels, which consist 

of metastable austenite, combine dynamic softening at low 

strains with static hardening at high strains to produce 

almost ideal stress-strain curves for delaying instability, 

an examp 1e of which is shown in F igure 1.12.

The above explanation of transformation induced 

plasticity describes materials which completely '’trip1' to 

martens i te, but further explanation is needed to explain 

how the tripping of a small amount of retained austenite 

can increase the strain hardening and ductility of dual 

phase stee1s .

Rigsbee and VanderArend (25) state that the austenite 

to martens i te transformation introduces dislocations into 

ferrite which increase strain hardening rates at strains 

between 0.01 and 0.05. After the austenite has transformed 

to martensite, strain hardening behavior reverts to that of 

a ferrite-martensïte mixture, although the higher 

dislocation density caused by the TRIP mechanism may cause 

strain hardening rates at higher strains to remain slightly 

higher than would occur otherwise.

This description of retained austenite effects on 

strain hardening demonstrates how it can effectively act as 

a mechanism for dynamic softening at low strains while
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providing static hardening at higher strains in dual phase 

steels. At low strains retained austenite will be ductile 

and not produce the strain hardening that harder martensîte 

particles would, while at higher strains the austenite 

would trip and produce the strain hardening effects noted 

above. This is the combination of properties that 01 son 

noted as providing optimum ductilities in TRIP steels. 

Although the actual mechanisms differ, retained metastab 1e 

austenite can play a role in improving ductility in dual 

phase steels, just as it does in TRIP steels.

For retained austenite to have a significant impact on 

ductility, however, it must possess sufficient stability to 

remain untransformed until the desired plastic strains are 

achieved. The following discussion examines the observed 

forms of retained austenite in dual phase steels, how 

stable the austenite is, how its stability can affect 

strain hardening and ductility, and how its stability can 

be changed.

There are generally three morphologies of retained 

austenite present in dual phase steels, of which one 

transforms during deformation to martensite. The 

transformable austenite is present as isolated particles 

with diameters greater than 1 micrometer (30). Yi et al. 

(27) state that the other two forms, austenite present
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inside martensite islands and isolated austenite particles 

with diameters less than 1 micrometer do not transform 

during deformation. The austenite in martens i te islands 

does not transform because it is "protected” by the 

martensite surrounding it, while it is theorized (30) that 

the submicron, isolated particles remain untransformed 

because they have such a high surface area to volume ratio 

that ferr i te/austen i te coherency strains and interfacial 

energy are strong enough to suppress the martens i t i c 

transformation even when the particles are subjected to 

very large strains.

Several investigators have studied the rate of 

austenite transformation as a function of strain in dual 

phase steel (25-27,3 1-33) and have found that what 

austenite transforms generally does so in the first ten 

percent strain applied to a specimen. This figure varies 

considerably depending on the investigation; this is 

probably due to differences in alloying and austenite 

particle size. An example of this behavior is shown in 

Figure 1.13, which plots the percent retained austenite as 

a function of elongation in a dual phase steel. After 

seven percent strain the remaining austenite ceases to 

transform.

Two studies have demonstrated how dual phase steels
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Figure 1.13 Percent retained austenite versus elongation in 
a 0.07C-1.8Mn-1.45i dual phase steel (27).
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would behave if the retained austenite had greater 

stability and transformed at larger strains than was noted 

by the investigators mentioned in the previous paragraph. 

Sachdev (26) changed the stability of austenite by 

adjusting testing temperature. This made it possible to 

retain larger amounts of austenite well past ten percent 

strain, as Figure 1.14, a plot of retained austenite versus 

engineering strain, shows. A comparison of this figure 

with Figure 1.9 indicates that the testing temperatures 

which produced more stable austenite produced the highest 

strain hardening rates at high strains, while strain 

hardening rates at low strains are well below those of the 

specimens tested at lower temperature (i.e., with less 

stable austenite). Sachdev's experiment demonstrates that 

the combination of low strain hardening rates at low 

strains and high strain hardening rates at high strains 

whi ch opt imizes duct i1ity in materia 1s whose deformation is 

completely or partially controlled by TRIP mechanisms.

Sangal et al. (34) mathematically modeled the 

deformation of dual phase steels with varying MVFs, ferrite 

contents, and austenite contents and stabilities. Their 

results reveal that austenite which mostly transforms at 

strains between 0.01 and 0.6 increases the uniform 

elongation of dual phase steels, and that increasing
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amounts of this austenite are of greater benefit. These 

two effects are demonstrated by Figures 1.15 and 1.16 

respectively, in which theoretical stress-stra i n curves and 

strain hardening rates of dual phase steels with varying 

amounts of ferrite, martens i te, and austenite are plotted 

as functions of austenite stability and amount of 

moderate 1 y stable austenite. These plots confirm that 

austenite which transforms in the previously mentioned 

strain range, and larger fractions of that austenite 

increase uniform elongation and boost strain hardening 

rates at high strains.

The stability of austenite can be increased either by 

reducing its particle size or by increasing its chemical 

stability (28). Particle sizes can be reduced by shorter 

intercritical annealing times (so the austenite particles 

have insufficient time to grow to their equilibrium size), 

or by using a lower intercritical annealing temperature, 

which produces a lower equilibrium amount of austenite 

(35), and if a smaller austenite partic1e size the same 

number of austenite nucléation sites exist as at higher 

intercritical annealing temperatures, a smaller austenite 

particle size.

Chemical stability of austenite is increased by 

increasing its content of austenite stabilizers such as
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manganese and carbon (36). Pussegoda et al. (37) point out 

that larger amounts of manganese are concentrated in the 

martensîte of dual phase steel by increasing the 

intercritical annealing t i me--th i s gives manganese more 

time to diffuse to austenite. Lower intercritical 

annealing temperatures also partition austenite stabilizers 

to austenite, since, by the 1 ever law of phase equilibria 

(38), lower temperatures will result in a stronger 

partitioning of elements between the different phases.

Another method of producing austenite with a higher 

content of austenite stabilizers would be to nucleate it 

near sites of high manganese and carbon concentration. Cai 

et al. (39) discovered that fine platelets of cement i te in 

pearlite can be highly enriched with manganese, even with 

respect to larger platelets of cementite. Thus, relatively 

stable austenite could be obtained in a dual phase steel by 

intercritically annealing a microstructure containing very 

fine particles of cement i te (like those found in a tempered 

martens i t i c microstructure (36)).

1.1.4 Theories of Deformation Behavior of Two Phase 
Mater ials

This chapter has demonstrated how a variety of 

microstructural parameters affect the strain hardening of
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dual phase steels. Many researchers have modeled the 

deformation behavior of two phase composites; dual phase 

steels, with their combination of hard martens i te 

particles in a soft ferrite matrix, could be considered 

such a composite. An examination of some of these 

deformation theories may indicate why dual phase steels 

deform and strain harden in the observed manner. The 

following discussion will recount several of the theories 

concerning strain hardening and deformation behavior in 

two-constituent materials.

A variety of theories have been proposed to explain 

the effect of hard (i.e., nondeforming) second phase 

particles on the deformation of a metal. Among the 

earliest was that of Fischer et al. (40), who base their 

model on the formation of dislocation loops around second 

phase particles. They assumed that a Frank-Read source 

generated dislocations which intersected an array of second 

phase particles in the slip plane and then formed loops 

around those particles. The formation of the loops raises 

the stress required to reactivate the Frank-Read sources, 

which produces an increase in the flow stress required to 

continue deformation. Eventually, the number of loops 

around the particles reaches an equilibrium number and the 

stress due to this effect becomes constant. Combining
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these assumptions with the assumption that the dislocation 

sources are far from the loops compared to the loop 

diameters, these investigators derived an equation relating 

the total strength increment as a function of the number of 

loops around the particles, the radii of the particles, and 

the volume fraction of the particles:
th=3(N/r)f(3/2) (6)

where is the "hardening stress," N is the number of 

loops, r is the radius of the particles, and f is the 

volume fraction of the particles. This theory was found to 

agree reasonably well with a study conducted on aluminum- 

copper a 11oys.

Ashby (41) developed an important theory to describe 

the deformation behavior of dispersion strengthened 

materials. He stated that a material containing a 

dispersion of nondeforming particles could deform without 

undergoing fracture at the matrix/particle interface by 

slip occurring around the particles in order to 

maintain the matrix/particle interface. The 

dislocations generated by this slip (known as 

geometrica11y-necessary dislocations) then interact 

with the dislocations acting in primary slip systems to 

produce an increment of strain hardening.

The dislocation networks that form around the
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particles can take the form of either loops around the 

particles or prismatic loops that are "punched out" by the 

particles. Combinations of these two mechanisms may also 

occur; however, regardless of the mechanism these 

dislocations interact with those responsible for bulk 

deformations and gives rise to an increase in flow stress 

given by

0-ao=O.24Gm (b*f*a/d)1/2 (8)

where a is the flow stress, a0 is the yield stress, Gm is 

the shear modulus, b is the magnitude of the Burgers 

vector, f is the volume fraction of second phase particles, 

a is the shear strain, and d is the particle diameter.

This equation can be differentiated with respect to strain 

to obtain an equation for the strain hardening rate :

da/de = 0. ̂ G ^ 1/2b 1/2 (f/d) 1/2 (9)

Here it is important to note that the strain hardening rate

is proportional to the quantity (f/d) 1 //2. Balliger and

G 1 adman (23) verified that strain hardening rates are
1 /2proportional to (f/d) at high strains in dual phase 

stee1s .

Brown and Stobbs (42) noted, however, that the 

geometrical 1y-necessary dislocations also introduce an
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unrelaxed back stress which should be included in the 

equation describing the flow stress of the material. This 

contribution is smaller than the increment of the flow 

stress caused by the interaction of the geometrically 

necessary dislocations with dislocations in primary slip 

systems by a factor of f 1 and is most important at high 

volume fractions of second phase particles.

Thus, while Ashby's theory of work hardening does 

appear to agree reasonably well with experimental results 

obtained with dual phase steels, it was designed for 

dispersion hardened materials, in which the second phase 

particles are very small (on the order of hundreds of 

Angstroms), nondeforming, and present in quite small volume 

fractions (less than 5 percent). Also, the actual 

development of the dual phase microstructure introduces a 

source of strain hardening not accounted for by either 

Ashby or Brown and Stobbs. As Sarosiek and Owen (43) note, 

this source is the austenite to martens i te transformation, 

in which dislocations are introduced into the ferrite 

matrix in far greater numbers than when geometrica11y- 

necessary dislocations are generated during plastic 

deformation of the bulk material. This large number of 

dislocations causes much higher strain hardening rates low 

strains than either the models of Ashby or Brown and Stobbs
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predict, but the higher dislocation density could also lead 

to higher strain hardening rates at high strains.

Other investigators have introduced theories of 

deformation behavior that include the presence of a ductile 

second phase. Milieko (44) formulated a general model for 

the deformation of a composite containing a ductile matrix 

and ductile, continuous reinforcing fibers. He assumed 

each of the materials exhibited strain hardening behavior 

of the form

s=a*£ 1 y/nexp (~e ) (10)

where s is the engineering stress, o* is the true stress at 

plastic instability, e is the true strain, and n is a 

constant. This equation is a slightly different form of 

the Hollomon equation (see Eq. 2).

Milieko next assumed that the interface between the 

matrix and the particles is ideal; i.e., no decohesion can 

occur between the components and that necking in one 

component causes necking in the whole composite. This 

assumption is reasonable for dual phase steels; Koo and 

Thomas (45) found coherent boundaries between the ferrite 

matrix and martens i te particles by lattice fringe imaging 

techniques. It should be noted, however, that at high 

strains interface decohesion between ferrite and martens i te 

can occur (46).
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Milieko finally assumes that both components are 

subjected to the same strain while the flow stress of the 

composite is a weighted average of the flow stresses at a 

given strain. By making these assumptions and making some 

substitutions, he presents the following equation to 

describe the stress-strain behavior of the composite:

e*2o=Vfra#2 (e/e*2 ) exp(e*2-e ) +

e* i
(1- Vf )o# 1 (e/e*1) exp(e#1-e) (11)

where a is the flow stress of the composite is the 

volume fraction of the second phase, a*1 and a*2 are the 

flow stresses at instability of the matrix and fiber, 

respectively, e*j and e*2 are the instability strains of 

the matrix and fiber, respectively, and e is the true 

strain. This equation can be differentiated with respect to 

strain to give the strain hardening rate (the variables are 

the same as those given above):

E * 2do / d £ = V ,pO *2 (e/£#2) (E*2 / E* — 1 )GXp(£*2)"+"

e* 1(1-Vf )o*1(£/£*1)

(E*i/E*-l)exp(£*^) (12)

The variable e# is the strain in the composite at which 

instability occurs.

Figure 1.17 illustrates how the flow curve of the
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Figure 1.17 Flow curves of the two constituents of a two-
component fiber-reinforced composite as well as 
the flow curve of the composite material (44).
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composite compares to those of its constituents. Four 

important aspects of this figure are immediately apparent : 

first, fracture of the fiber is delayed because the matrix, 

in combination with the ideal interface, restrains it; 

second, the strain hardening of the composite is 

intermediate between that of the matrix and the fiber; 

third, some of the stress from the fiber is transferred to 
the matrix when £*2 is surpassed; and, fourth, the 

elongation of the matrix is reduced considerably, 

presumably by the restraining influence of the fiber on the 

matrix material.

Milieko found that his theory agreed reasonably well 

with observed necking strains and ultimate tensile 

strengths in Ni-W and silver-stainless steel composites. 

Davies (47,48) found that Milieko's theory applied well to 

the flow stress of two series of dual phase steels he 

tested and found reasonable agreement between the values of 

n (the strain hardening exponent in the Hollomon equation 

(Eq. 1)) calculated for his steels and those predicted by 

this theory.

Although Milieko's theory was found to fit certain 

aspects of the deformation of dual phase steels, it assumes 

that the matrix is reinforced with continuous fibers of the 

second phase. Dual phase steels, on the other hand,
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contain a random dispersion of roughly equiaxed particles 

of martens i te. Tomota et al. (49) derived a model in which 

ellipsoidal particles are randomly dispersed throughout the 

matrix (a much closer analog to dual phase steel) and 

envisioned deformation taking place in three stages.

First, the two phases deform elastically, after which the 

softer phase yields and deforms plastically while the 

harder phase continues to deform elastically, and finally 

both phases deform plastically. Since it is assumed that 

the elastic constants of the two phases are roughly equal, 

little internal stress is generated in the first stage of 

deformati on.

During the second phase of deformation, internal 

stresses arise from the plastic deformation that takes 

place in order to maintain the integrity of the 

matrix/particle interface. These stresses both inhibit 

flow of the matrix and also concentrate stresses on the 

particles and promote their yielding. The flow stress of 

the material during this stage of deformation is calculated 

to be

a=af̂ (ep /l-f) + (f/l-f)Aep ( 13)

where a is the flow stress, â J is the flow stress of the 

softer phase, ep is the average plastic strain, f is the 

volume fraction of second phase particles, and A is a
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constant given by

A=E(7-5v)/(10(l-v2)) (14)
where E and v are the elastic modulus and Poisson's ratio 

of both phases.

At some strain the harder phase yields and both 

constituents deform plastically. Tomota's theory presents 

an equation for the flow stress of the composite which is 

similar to that of Milieko (44), except that a linear 

strain hardening law for the materials is assumed. This 

assumption would produce less accurate results than 

assuming Ho 1 1omon-type deformation behavior (i.e., a=k(e)n ) 

deformation behavior and would thus have a deleterious 

effect on the predictive ability of this model. This was 

observed in the comparison Tomota et al. (49) made between 

experimental data and their theory; Figure 1.18 compares 

experimental and theoretical stress-strain curves for 

ferr i te/austen i te steels they tested and shows that the 

theory overestimates the yield point while the strain 

hardening rates of the composite are consistently 

underestimated.

Bhadeshia and Edmonds (50) did, however, discover that 

Tomota's theory predicted the strain hardening exponent as 

a function of MVF in a series of dual phase steels more 

accurately than Milieko's theory, as shown in Figure 1.19.
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Figure 1.19 Strain hardening coefficient (n in the Hollomon 
Equation [see Eq. 1]) versus volume fraction of 
hard phase for a series of 0.04C-0.63Mn-2.01S i- 
0.1V dual phase steels and the prediceted 
values according to the models of Milieko (44) 
and Tomota et. al. (49) (figure from Ref. 50).
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Arakî et al. (51) independently derived a model identical

to that of Tomota et al. and found that their predicted 

stress-strain curves for a series of dual phase steels 

agreed quite well with the those obtained experimentally.

The theories mentioned above are either strictly 

dispersion strengthening models or continuum mechanics 

models. However, Zia-Ebrah imi (52) noted that neither of 

these groups of theories accurately described the 

deformation of dual phase steels. She pointed out that 

dispersion strengthening models assume complete plastic 

relaxation near second phase particles and that the load 

bearing capacity of those particles is ignored. Likewise, 

continuum mechanics models severely overestimated stresses 

in the composite and predicted large strains, which are not 

observed, in the martens i te islands. From this, Zia- 

Ebrahimi introduced a model which incorporated both 

continuum mechanics and dispersion strengthening concepts 

to allow for stress and strain partitioning between the two 

phases while allowing for plastic relaxation near 

martens i te particles. Her tests on a series of 0.08C- 

1.45Mn-0.21S i dual phase steels indicated that her model 

qualitatively described the deformation of those steels 

quite well.

In summary, the above discussion demonstrated that a
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variety of models for the deformation of two phase 

composites have been expounded and applied to dual phase 

steels, sometimes with considerable success. However, 

certain aspects of these theories could be changed to 

further improve their accuracy. One example of this would 

be, in the case of Milieko's and Tomota's models, to 

include multiple stages of strain hardening behavior in the 

flow equations for the individual phases when applicable. 

Thus, in the future deformation models which will even more 

accurately describe the deformation of dual phase steels 

may be developed.

1.2 STRAIN RATE EFFECTS

Section 1.1 emphasized that strain hardening plays an 

important role in the deformation behavior and ductility of 

dual phase steels. The strain rate sensitivity of dual 

phase steels can also have an influence on their ductility. 

The beneficial effects of high strain rate sensitivity on 

ductility are summarized in Figure 1.3, which shows stress 

strain curves of a theoretical material in which all 

variables are held constant except for the strain rate 

sensitivity. Figure 1.3 reveals that increasing strain 

rate sensitivity (m) produces dramatic increases in 

postuniform elongation. This section will examine the
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values of the strain rate sensitivity found in dual phase 

steels experimentally, some examples of how strain rate 

sensitivity can affect the ductility of materials, how 

strain rate sensitivity is measured, and some of the 

problems associated with interpreting the results of those 

measurements.

1.2.1 Strain Rate Sensitivity in Dual Phase Steels

The strain rate sensitivity (m in the equation o=k£m ) 

of dual phase steels has been found (53-56) to range 

between 0.006 and 0.008 at room temperature. Stevinson 

(55) noted, however, that the value of m in a dual phase 

steel produced from AISI 1010 steel was "at best zero and a 

case could be made for a slightly negative strain rate 

sensitivity." He also states that the other values he 

measured (0.006 to 0.008) were slightly lower than those 

generally accepted for plain low carbon steel, which lie in 

the vicinity of 0.012.

Conrad (56) discovered that the strain rate 

sensitivity of a dual phase steel went through a minimum of

0.0034 at 400K and increased rapidly with either decreasing 

or increasing temperature. Ayers (57) found implications 

of this behavior in some plain low carbon steels, in which 

the strain rate sensitivity at 363K was lower than that at
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298K. This dip in strain rate sensitivity may be due to a 

dynamic strain aging effect, which occurs when interstitial 

solute atoms interact with dislocations during deformation 

(58). Some of the effects of dynamic strain aging can be 

greatly increased work hardening rates, an independence of 

flow stress with respect to temperature, and, most 

important 1 y for this discussion, a minimum in strain rate 

sensitivity (58). A decrease in strain rate sensitivity 

can have deleterious effects on the ductility of dual phase 

steels (see Fig. 1.3).

1.2.2 Effect of Strain Rate on Strength and Ductility of
Dual Phase Steels

Few studies have been conducted on the effects of 

strain rate on the strength and ductility of dual phase

steels. El dis (59) studied the effect of strain rate on

the yield strength, ultimate tensile strength, and total 

elongation of a molybdenum-bearing dual phase steel. His 

results, summarized in Figure 1.20, indicate that strain 

rate has no significant effect on these mechanical 

properties. Ayres (57) obtained similar results for AISI 

1008 steel.
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1.2.3 Mechanisms for Strain Rate Sensitivity

Campbell and Ferguson (60) summarized the mechanisms 

which lead to strain rate sensitivity in materials. The 

primary cause is the interaction of dislocations with short 

range barriers, but this is true only if the temperature is 

low enough that thermal fluctuations can help the 

dislocations move through past these obstacles. At higher 

temperatures dislocations can easily pass by these barriers 

and another mechanism, such as the interaction of 

dislocations with thermal and electronic waves in the 

crystal lattice, becomes dominant.

For the purposes of this discussion it is sufficient 

to note that the aforementioned mechanisms can cause 

materials to be strain rate sensitive. At the strain rates 

and temperatures used to determine m for dual phase steels 

(see Sec. 1.2.1) thermal barriers play an important role in 

impeding dislocation motion (60), while dislocation 

interactions with thermal and electronic waves are of 

secondary importance.

1.2.4 Measurement of Strain Rate Sensitivity

The measurement of strain rate sensitivity requires 

that the deformation rate of a material be changed. The 

following paragraphs will discuss how strain rate
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sensitivity is measured and why the results thus obtained 

should be accepted rather cautiously. The possibility of 

two components of strain rate sensitivity also exists; this 

concept will a 1 so be examined briefly.

There are four methods by which strain rate 

sensitivity may be measured (61). First, the strain rate 

may be changed during the test of a single specimen by 

changing the crosshead speed of the testing device 

(popularly known as a strain rate jump test), or tests on 

separate specimens can be conducted at different strain 

rates (Wagoner (61) calls these "continuous tests").

Wagoner (61) mentions that the other methods include 

stress-re1axation (or "creep") tests, and the computer- 

assisted deconvolution of t i me-stra i n data obtained from a 

single specimen to produce both strain hardening and strain 

rate sensitivity data. In this method, changes in strain 

rate arise from the elongation and subsequent necking of 

the test specimen.

Wagoner (61) also discusses disadvantages for each of 

these methods. Strain rate jump tests can cause changes in 

the structure of the material, especially after several 

jumps are made. On the other hand, tests conducted on 

separate specimens at different strain rates are based on 

the assumption that metallurgical structure is dependent on
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strain only and is not affected by strain rate. Stress

relaxation tests are difficult to perform and are

applicable only for very low strain rates (usually <10 ^
— 1sec ). The last method, developed by Wagoner (61), can 

only be used on a limited number of metals whose 

deformation behavior can be very accurately described by a 

constitutive equation.

Another disadvantage of strain rate jump tests (which 

are the most common means of determining strain rate 

sensitivity) is that the flow stress of the material must 

be extrapolated to the point at which the strain rate 

change occurred. Wagoner (62) emphasized that these 

extrapolations could lead to significant differences in the 

calculated value of m . Figure 1.21 shows two stress-strain 

curves for the zinc sheet he tested at two different strain 

rates as well as the flow curve of a specimen that was 

subjected to the lower strain rate and then the higher 

strain rate. This figure shows both the transient behavior 

that occurs when the strain rate is changed and also the 

values of m that were obtained with differing 

extrapolations of the flow stress to the point at which the 

strain rate change occurred. The variation in the values 

of m shown in Figure 1.21 accentuate the importance of 

extrapolating flow stresses from regions on the flow curve
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Figure 1.21 Stress-strain curves of zinc sheet tested at 
two different strain rates and the transients 
resulting from changing the strain rate from 
one to the other during a single test (62).
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where the stress transient has essentially disappeared.

Wagoner's work (62) also indicated that, if the 

stress extrapolation included some of the transient 

behavior that occurs when the strain rate is changed, the 

value of m calculated from an "up-jump” in strain rate was 

generally lower than that determined from a "down-jump." 

Thus, great care must be exercised when conducting strain 

rate jump tests to obtain accurate values of m.

Strain rate jump tests should yield m values which 

are comparable with those obtained by other methods ; 

however, as Wagoner (63) demonstrated with AIS I 1008 steel, 

this is not necessarily the case. In a comparison of 

values of m obtained by strain rate jump tests and 

continuous rate tests he found that the jump tests produced 

lower values and had a strong dependency on strain rate as 

compared to the continuous tests. Figure 1.22 compares m 

versus strain rate for jump and continuous tests which 

Wagoner conducted on A15 1 1008 steel. Further differences

were noted between values of m determined by Wagoner's 

deconvolution method (61) and the other methods mentioned 

previously; his deconvolution method produced values of m 

for aluminum- killed low carbon steel which were from two 

to four times higher than other reported values (64).

The observations mentioned in the previous paragraph
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Figure 1.22 Strain rate sensitivity (m) versus strain rate 
as determined by strain rate jump tests and 
continuous tests for AISI 1008 steel (63).
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indicate that there may not be a single value of strain 

rate sensitivity for a given material since different 

testing methods may produce different microstructural 

changes in that material. This has led to the idea that a 

metal may actually have two strain rate sensitivities; the 

following paragraphs will briefly examine a debate between 

two researchers concerning constitutive equations defining 

strain rate sensitivity and how the idea of two components 

of strain rate sensitivity was incorporated into it.

The debate mentioned above began when Wagoner (64), as 

a result of the observed variation of m as a function of 

strain rate for jump tests (see Fig. 1.22), proposed a new 

equation for the dependence of strain rate sensitivity on 

strain rate which took the following form :

m=bea (15)

In this equation m is the strain rate sensitivity, é is the 

strain rate, and a and b are experimentally-determined 

constants.

Ferron (65) criticized Wagoner's article, saying that 

Eq. (15) was not actually new, but was really a result that 

was nearly identical to the equation for strain rate 

sensitivity at constant structure expounded by Hart (66) 

for materials deforming at a low homologous temperature.
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In addition. Perron was not surprised that the values of m 

which Wagoner observed were from two to four times higher 

than usual because he attempted to define strain rate 

sensitivity with one parameter. Ferron notes that strain 

rate sensitivity is comprised of two components; one is a 

coefficient that applies under conditions of constant 

structure and a second which exists for a state of constant 

strain hardening. Thus, a single strain rate sensitivity 

parameter (e.g., m) represents some combination of these 

two components. For example, a strain rate jump test is 

conducted under conditions approximating constant 

structure, while the single specimen test conducted at a 

single strain rate combines both constant structure and 

constant work hardening.

The above discussion shows that there are many 

complications involved in the measurement of strain rate 

sensitivity and that strain rate sensitivity may be 

considered to consist of two components. More information 

concerning the two-component nature of strain rate 

sensitivity is found in works by Hart (66,67), Ferron (65), 

and Ferron and M 1i ha-Touat i (68).

1.3 THESIS OBJECTIVES

Sections 1.2 and 1.3 have shown that considerable
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research has been conducted on dual phase steel in order to 

characterize its strain hardening behavior as a function of 

microstructure and that some efforts have been made to 

determine the strain rate sensitivity of these steels. 

However, most of these experiments have focused on strain 

hardening in Stages I and II and dealt with dual phase 

steels produced from hot-rolled prior microstructures with 

intercritical annealing temperatures at or above 730°C.
Yang et al. (69) recently discovered that a desirable 

combination of strength and ductility could be obtained 

from dual phase steels produced by intercritical annealing 
at 717°C. Yang's dual phase steels contain, in addition to 

ferrite and martens i te, sphero i di zed cementite which 

results from the incomplete dissolution of pearlite during 

the intercritical anneal.

Generally speaking, the purpose of this thesis is to 

investigate the Stage III strain hardening characteristics 

and strain rate sensitivity of ferr i te-martens i te- 

spheroidized carbide steels produced by intercritical 

annealing at temperatures just above the A^. Specifically, 

the objectives of this thesis are

1. To examine the effect of pre-intercritical anneal 

microstructure on the ductility and the 

mechanical. Stage III strain hardening, and strain
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rate sensitivity behavior of dual phase steels.

2. To compare the ductility and the mechanical. Stage 

III strain hardening, and strain rate sensitivity 

behavior of these dual phase steels with those of 

dual phase steels whose microstructure consists of 

ferrite and martens i te.

3. To correlate the strain hardening behavior of 

dual phase steels in Stage III with the strain 

hardening model of Ashby (44).

4. To correlate Stage III strain hardening behavior 

and strain rate sensitivity to the ductility of 

dual phase steels.
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CHAPTER 2 

EXPERIMENTAL PROCEDURE

2.1 MATERIAL

Table 2.1 gives the composition of the steel used in

this research. Forty-five kg air melted ingots of this

steel were heated to 1232°C and rolled in eleven passes to

12.7 mm thick plate, with finishing temperatures ranging 

from 1000 to 1021°C. After cooling to room temperature, 

the plates were reheated to 1232°C and then rolled to 2.5 

mm strip in three passes with finishing temperatures 

varying between 788 and 843°C.

The steel in the as-received condition had a grain 

size of 12 um and contained 15 volume percent pearlite 

distributed in bands (16). Burford (16) noted that this

banding is due to manganese segregation (70). No

homogenization procedure was used to eliminate the 

manganese segregation. Attempts to homogenize the steel 

caused severe decarbur i zat i on where ceramic spacer rings 

(used to separate the steel plates during heat treatment) 

touched the steel. Thus, this step was omitted. The as- 

received steel was cut into plates 102 by 241 mm and then 

cold rolled parallel to the original hot rolling direction 

from 2.5 mm to 1.25 mm in eight passes. Before cold
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TABLE 2.1

Composition of Steel Used in this Research, Weight Percent

Des i gnat i on Ç Mn Sj_ A 1

82-1-95 0.08 1.45 0.21 0.045
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rolling, mill scale was removed from the steel by pickling 

in a heated solution of 50 percent water-50 percent 

hydrochloric acid. During rolling, the rolls were kept 

well-oiled with Mobil DTE-26 lubricating oil. The cold 

rolled plates were sheared, parallel to the rolling 

direction, into strips 25.4 mm wide and then straightened 

by loading the strips in tension on an Instron tensile 

testing machine. The strain imparted to the steel by this 

straightening procedure was less than two percent and 

produced very well straightened material.

2.2 TEST SPECIMENS

Heat treatment coupons were sheared from the cold 

rolled strip to allow investigation of the microstructures 

produced by various combinations of pre-intercritical 

anneal heat treatments with differing intercritical 

annealing treatments. These coupons were nominally 12.7 by

12.7 mm square.

Tensile specimens were machined from the cold rolled 

strip in accordance with ASTM specification E-8 for sub

sized specimens. The tensile axes of the specimens were 

machined parallel to the rolling direction of the strip.

The specimens were surface ground 0.13 mm on each side to 

remove any decarburization. The final dimensions of the
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gauge length of the specimens were 3 1.75 mm long, 6.35mm 

wide, and 1.1 mm thick.

2.3 HEAT TREATMENT

Test coupons and tensile specimens were heat treated 

in neutral salt baths. Heat treatments above 850°C were 
carried out in K-45 high temperature salts produced by the 

Park Chemical Company. This salt contains approximately 

90% barium chloride, melts at 785°C, and has an operating 

range from 815 to 1150°C. For heat treatments below 850°C, 

Liquid Heat 980 salt, produced by E. F . Houghton Company 

was used. This salt contains 50% barium chloride, melts at 

525°C, and is used between 595 and 900°C. The salt baths 

were stabilized before each heat treatment and remained 
within 2°C of the desired temperature during testing. 

Temperatures were monitored with a digital thermometer with 

a type K thermocouple.

Specimens (except for those undergoing normalizing or 

tempering heat treatments) were quenched in iced water after 

heat treatment. Slight warpage of specimens was observed in 

some cases.

2.4 MICROSTRUCTURAL DESIGN

In Section 1.4 it was noted that Yang (69) produced
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dual phase steels by annealing both as cold rolled and 

normalized specimens of Inland Alloy 95 at a temperature of 

717°C followed by an ice water quench. In this 

investigation four different initial microstructures were 

selected to investigate dual phase steels having a variety 

of martensite distributions but with a constant martens i te 

volume fraction. A constant MVF was desired in order to 

reduce the effects of varying MVF on strain hardening and 

strain rate sensitivity. The four microstructures selected 

to produce dual phase steels were as cold rolled, 

normalized, austenitized and quenched (to form a 100% 

martens i t i c microstructure), and a highly tempered 

martens i t i c mi crestructure. A fifth microstructure, which 

consisted of spheroidized pear 1i te in a ferrite matrix, was 

also produced to compare with the intercritica11 y annealed 

stee1s .

Of the four initial microstructures which were 

intercritica1 1 y annealed, three (the normalized, 

martens i t i c , and tempered martens i t i c ) required heat 

treatment before intercritical annealing. The normalized 

specimens were immersed in 900°C salt for 20 minutes and 

then air cooled. This cycle was repeated twice. The 

martens i t i c specimens were austenitized in 900°C salt for 

20 minutes followed by an ice water quench, while the
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tempered martens 11 i c specimens were tempered in 600°C salt 

for eight hours and air cooled after the 

austenitization/quench cycle.

Dual phase microstructures were produced in the as 

cold rolled, normalized, martens i t i c , and tempered 

martens i t i c specimens by a five minute immersion in 717°C 
salt followed by an ice water quench. The ferrite carbide 

specimens were produced by immersing as-cold rolled tensile 

specimens in 705°C salt for five minutes, followed by an 

ice water quench. A summary flow chart of the 

thermomechanical treatments used to produce the five 

microstructures is shown in Figure 2.1.

2.5 TENSILE TESTING

Tensile tests were conducted on an Instron tensile 

testing machine equipped with a 9,100 kg load cell. The 

specimens were measured for thickness and width at five 

locations along the gauge length of the specimen and were 

also e 1 ectrogridded (to provide permanent ’’scribe marks’’ to 

indicate the gauge length) prior to being placed in the 

grips of the machine. The e 1ectrogridding process etched a 

grid into the specimen by making it the anode of a galvanic 

couple. Microscopic examination revealed no observable loss 

of material from this process, which indicates that the
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gr i dd i ng procedure introduced no significant changes in the 

cross-sectional area of the specimen.

After these preparations were finished, the specimen 

was placed in the grips of the testing machine very 

carefully to insure that they would be subjected to pure 

uniaxial tension— the specimens were positioned at the 

center 1i ne of the grips and a level was used to verify that 

the specimens were perpendicular to the grips. A 0 to 50 

percent in 25.4 mm gauge length extensometer was then 

attached to the specimen with elastic restraints, after 

which the load caused by gripping the specimen was removed 

by adjusting the crosshead; after this the strain measuring 

circuits were zeroed. The desired crosshead speed was then 

selected, the data acquisition system readied, and the test 

was then conducted.

Tests were run for each microstructure at crosshead

speeds of 12.7, 1.27, and 0.127mm/mi n , corresponding to

engineering strain rates of 0.0067, 0.00067, and 0.000067 
- 1sec • At least two specimens of each microstructure were 

tested at each strain rate, and in the case of the as cold 

rolled specimens five were run at each strain rate in order 

to examine the reproducibility of results.

Strain rate change tests were also conducted on 

specimens of each microstructure. For each microstructure
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a specimen was tested with strain rate changing from 

0.000067 to 0.00067 sec-1* while another was tested with
_ ithe rates changing from 0.00067 to 0.0067 sec . The 

strain rate was changed between the two lower strain rates 

simply by pressing the appropriate crosshead speed button. 

In this case there was no pause in the straining of the 

specimen. However, it was necessary to stop the machine 

momentarily to shift the speed range when testing between 

the two higher strain rates. This pause was a maximum of 

two seconds long, and so it is doubtful that this affected 

the test significantly.

During tensile testing, data were recorded on both a 

chart recorder and on magnetic disk through a data 

acquisition system which utilized arv MTS 433 ana 1og-to- 

digital converter connected to a Digital Equipment 

Corporation PDF 11/40 minicomputer. The digitized strain

load data acquired with this system was later processed to 

obtain a variety of information concerning the tensile test 

(see next section).

2.6 MEASUREMENTS AND DATA PROCESSING

Mechanical properties of the specimens were obtained 

from data acquired by the computer system and processed 

with a suite of programs developed by Burford (16). The
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raw digital data was first summed, smoothed, and converted 

to engineering stress-strain data, after which true stress- 

true strain data, strain hardening data (both with respect 

to true strain and true plastic strain), and uniform 

elongation and true stress at uniform elongation data were

obtained. These data files were then reduced in size by

removing points at equal intervals and then plotted.

Other data were processed manually. Total elongation 

of the specimens were measured with a traveling microscope, 

while the data from strain rate change tests were processed 

manually by reading load and engineering strain data from 

the chart recorder and then using these values in the 

equat i on (71)

m=ln(<72/c3r1 )/ln(£2/e1 ) (16)

where m is the strain rate sensitivity (for a constant 

strain and temperature), Gj and ê  are, respectively, 

the flow stress and true strain rate before the strain rate 

is changed and o2 and e2 are the flow stress and strain

rate after the strain rate is changed.

2.7 METALLOGRAPHY

Specimens for metallographic examination were cut from 

the grip ends of tensile specimens and mounted in phenolic 

such that the long transverse side of the specimen was
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visible. These specimens were then ground on 120, 180,

240, 320, 400, and 600 grit silicon carbide papers 

successively, after which they were rough polished on 6 

micron and then 1 micron diamond paste on napless nylon 

cloths. Polishing was completed with 1 and 0.05 micron 

gamma alumina. Etching the specimens consisted of a 2 

second pre-etch in 2% nital followed by a 20 second 

immersion in a solution containing 10 grams of sodium 

metabisulfite dissolved in 100 ml of water. This etch 

renders ferrite light tan, martens i te and cementite black, 

and retained austen i te white (72).

Optical microscopy was conducted on a Neophot 2 1 

metallograph to characterize microstructures and to obtain 

micrographs of the materials. Both conventional and oil 

immersion objectives were used depending on the 

magnification required. Grain size determinations and 

point counts were conducted in accordance with ASTM 

specifications E-112 and E-562 respectively, while mean 

free path in ferrite and martens i te particle size were 

calculated using the equations given by Cribb (73), which 

are shown below:

Xa=4V®ZSj6 (17)

>g=4V!-/Sv6 US)
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where Aa is the mean free path in ferrite, V® is the 

volume fraction of ferrite, S ^ i s  the interface area between 

the ferrite and martensite(which is given by 2P°^ where 

is the number of ferrite/martensite boundaries intersected
oper unit test line), Ag is the martens i te grain size, and

pVv is the volume fraction of martens i te. The mean free path 

in ferrite represents the average distance between the edges 

of second phase particles in the ferrite.

Mean martensite particle diameters were also measured 

by video analysis of scanning electron images of the etched 

steels obtained with a JEOL scanning electron microscope. 

This was accomplished by etching metallographic specimens 

in 27. nital for two minutes to form enough relief between 

the martens i te and ferrite to obtain a usable image. 

Comparisons of optical micrographs with scanning electron 

images indicated that this relatively long etch did not 

alter martens i te particle sizes. The specimens were placed 

in the SEM after etching and images obtained from the SEN 

were processed with a Tracor Northern computer with 

Tracer's Particle Recognition and Characterization program 

to obtain mean martens i te particle diameters.
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2.8 RETAINED AUSTEN I TE MEASUREMENTS

The retained austenite content of the five 

microstructures was determined by transmission-mode 

Mossbauer spectroscopy (74). Specimens were prepared by 

cutting coupons from undeformed grip ends of tensile 

specimens, grinding them to 0.25mm on 240 grit SiC paper, 

then grinding to 0.13mm on #1 emery paper and then to 

0.08mm on #0 emery paper. The specimens were then 

chemically thinned to 0.025mm with a solution of 80%
(30%), 15% HgO, and 5% HP (48%) cooled to 0°C. After

preparation, the specimens were placed in the Mossbauer 

spectroscopy apparatus and tested to obtain the fraction of 

iron atoms present in the austenite phase.
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CHAPTER 3 

RESULTS AND DISCUSSION

This chapter presents the results of the experiments 

conducted to evaluate microstructures, variability of 

results, stress strain behavior, strain hardening behavior 

at high strains, strain rate sensitivity, and the effects 

of high-strain strain hardening and strain rate on the 

ductility of the steels used in this investigation.

3.1 MICROSTRUCTURAL CHARACTERIZATION

Figure 3.1 shows micrographs of the five 

microstructures evaluated in this research. It should be 

noted that in the rest of this chapter the intercritical 1 y 

annealed m i crestructures will be referred to by their pre- 

intercritical anneal microstructure for the sake of 

clarity and brevity. The starting microstructures prior 

to final heat treatment are indicated on the micrographs. 

The cold rolled, normalized, martens i t i c , and tempered 

martens i t i c microstructures were intercritica1 1 y annealed 
at 717°C, while the ferrite carbide microstructure was 

subcritically annealed at 705°C. The cold rolled and 

normalized steels differed primarily in the shape of the
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Figure 3.1 Micrographs of the five microstructures tested 

in this investigation? (a) cold-rolled, (b) 
normalized, (c) martens i t i c , (d) tempered
martens i t i c , and (e) ferr i te-carb i de.
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ferrite grains (elongated' in the cold rolled versus 

equ i axed in the normalized), although the martens i te 

islands in the cold rolled microstructure tend to be more 

elongated in the rolling direction of the sheet than in 

the normalized material. Both microstructures have some 

fine spheroidized carbides near the martensite islands.

The martens i te in the martens i t i c steel, in contrast 

to the cold rolled and normalized steels, is concentrated 

at prior austenite grain boundaries or martens i te packet 

boundaries. The micrograph of the martens i t i c steel also 

shows a large number of subboundaries which are remnants 

of the initial martens i t i c microstructure (36). Cementite 

particles are also present on prior martens i te lath 

boundaries and randomly dispersed throughout the matrix as 

a result of tempering during intercritical annealing (58).

The tempered martensitic steel is similar to the 

martens i t i c steel, except that the microstructure is more 

variable with respect to ferrite structure and martens i te 

distribution, fewer subboundaries are present, and many 

more carbides are present in the ferrite matrix. The 

carbides were present after the tempering operation (see 

Ref. 58), but were not effective austenite nucléation 

sites, perhaps, as Ca i et al. (39) pointed out, because 

they were isolated from grain boundaries or other sites of
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high Mn content.

The ferrite carbide microstructure (see Figure 3.le) 

is very similar to the cold rolled microstructure except 

that the martensite present in the cold rolled steel is 

absent in the ferrite carbide steel. Only ferrite grains 

and regions of spheroidized pearlite are present.

One tempered martens i t i c specimen also exhibited 

signs of deformation-induced martens i te. The 

microstructure of the grip section of this specimen.

Figure 3.2a, consists predominantly of ferrite with 

carbides and retained austenite, and shows very little 

martens i te (which would appear as irregularly-shaped black 

regions). Figure 3.2b is a micrograph taken in the 

deformed section of the specimen and shows considerably 

more martens i te than is present in Figure 3.2a. Attempts 

to determine the strain at which the austenite transformed 

to martens i te were unsuccessful because the metal lographic 

specimen which contained the shoulder region of the 

tensile specimen showed only martens i te instead of a 

transition from austenite to martens i te.

Table 3.1 summarizes the microstructural parameters 

of the steels used in this investigation as we 1 1 as those 

of the intercritica1 1 y annealed steel produced by Yang 

(69) using the same heat treatment parameters. This table
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Figure 3.2 Micrographs of a tempered martens i t i c specimen 
which exhibited signs of stra i n-i nduced 
transformat ion of austenite to martens i te. (a)
micrograph taken in grip section, showing 
retained austenite (arrowed) and few martensite 
islands (black areas). (b) Micrograph taken 
in gauge length showing increased amounts of 
martens ite.
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shows that the ferrite grain sizes of the steels studied 

were quite similar, and were the same to within the 95% 

relative confidence limits determined by quantitative 

metallographic calculations. The fact that the ferrite 

grain size of the normalized steel is about the same as 

that of the cold rolled and ferrite carbide steel is 

coincidental; the paragraph below will discuss the grain 

size of the normalized steel in greater detai1. Ferrite 

grain sizes of the martens i t i c and tempered martens i t i c 

steels were not determined because of the difficulty in 

differentiating between ferrite grain boundaries and 

subboundar ies.

Table 3.1 shows that the ferrite grain sizes of 

Yang's materials are either larger, in the case of the 

normalized steel, or smaller for the cold rolled steel 

than those of the materials used in this research. This 

may be due to the fact that Yang's normalized steel was 

subjected to only one cycle of 900°C for 15 minutes 

followed by an air cool, while the steel used in this 

investigation was normalized twice. Burford (16) showed 

that thermal cycling reduced the ferrite grain size in 

dual phase steels.

A comparison of the martens i te volume fractions of 

the various steels shows that all (except for the
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martens i t i c steel) have roughly the same amount of 

martens i te. The steels produced by Yang (69) have similar 

martensite contents.

The differences observed in the MVF of these steels 

may be due to differences in deformation and strain energy 

prior to intercritical annealing (75). Greater strain 

energy present in as cold rolled material causes more 

rapid nucléation and growth of austenite than in 

normalized material (75). Martens i te, with its highly 

dislocated structure, would have an even higher strain 

energy content and thus have more austenite nucléation 

sites than the as cold rolled material. The tempered 

martens i t i c steel would have not only the lowest strain 

energy because of the extreme tempering, but also would 

have the greatest partitioning of Mn to cement i te 

particles. Both of these phenomena would act to reduce 

austenite formation and subsequently the martens i te volume 

fraction (58). Thus, it would have one of the lowest 

martens i te volume fractions of the steels tested.

Table 3.1 also reveals that the mean martens i te 

particle diameters of the four dual phase steels were 

quite similar, with an average diameter of approximately

1.1 ym, as determined by light and scanning electron 

microscopy. The mean free path in ferrite for the cold
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rolled, normalized, and ferrite carbide microstructures 

are also shown in Table 3.1. Values of the mean free path 

in ferrite for the martens i t i c and tempered martens i t i c 

steels were not determined because of the difficulty in 

determining the ferrite grain sizes of these steels. 

However, the values calculated for the other three steels 

indicate that the mean free path for these steels is quite 

s imi 1ar.

Just as the martens i te volume fraction and martens i te 

particle size were similar for most microstructures, the 

retained austenite contents were also similar. Table 3.2, 

a summary of retained austenite contents of the five 

steels, shows that these steels have very low retained 

austenite contents--1ow enough that their effects on the 

mechanical behavior of the steels would be expected to be 

negligible (25). The martens i t i c and tempered martens i t i c 

microstructures both have somewhat higher austenite 

contents than the others. The martens i t i c steel formed 

more austenite during the intercritical anneal, as 

indicated by its high martens i te volume fraction, and 

therefore might be expected to retain a larger amount of 

austenite. The tempered martens i t i c steel, however, could 

have formed more stable austenite during the intercritical 

anneal since the tempering operation could have
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TABLE 3.2
Retained Austenite Contents of Microstructures 

Investigated As Determined by Transmission Mode Mossbauer

Spectroscopy

M icrostructure

Coi d Rol 1ed

Norma 1 i zed

Martensi t i c

Tempered 
Martensi t i c

Ferrite-Carb ide

Retained Austenite Content, % 

1 .0 
0.7

2.3

2.3 

1 . 0



T-3192 90

concentrated Mn to areas at which austenite later formed, 
as was discussed by Pussegoda et al. (37). Hence, more 

of the austenite in the tempered martens i t i c steel may 

have remained untransformed because of its high chemical 

stab i1 ity.

3.2 REPRODUCIBILITY OF STRESS-STRAIN BEHAVIOR

The reproducibility of data obtained from tensile 

testing was examined by testing five cold rolled and 

intercritically annealed steel specimens at each strain 

rate used in this research. The true stress-strain curves 

up to uniform elongation of the five specimens tested at 
0.00067 sec 1 are shown in Figure 3.3. True stress at 

uniform elongation varies by 40 MPa and uniform elongation 

varies by approximately 2%. Similar results were obtained 

at the other strain rates.

The variability of the strain hardening rates of the 

specimens was determined by plotting the strain hardening 

rate versus true strain for strains from 0.07 to uniform 

elongation. Figure 3.4 is the plot of this data for five 

specimens tested at each strain rate and shows the ranges 

of strain hardening rates for specimens pulled at each 

strain rate. The curves for the specimens pulled at the 

three strain rates all roughly superimpose on each other,
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0 .0 8 C-1.45 Mn-0-2ISi Steel 
Cold-Rolled DP 
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Figure 3.3 True stress strain curves up to uniform
elongation 5 cold rolled specimens tested at 
0.00067 sec . Note variation between curves.
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1700
0.08 C, 1.45 Mn, 0.21 Si Steel 
Cold Rolled
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1300
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500 0.200.150.05 0.10

TRUE STRAIN

Figure 3.4 L 1 near-11 near plot of strain hardening rates in 
Stage III versus true strain for cold rolled 
specimens tested at all strain rates.
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except that the scatter band of the specimens tested at 
0.0067 sec- 1 is slightly wider than those of the specimens 

tested at the other strain rates, and the strain hardening 

rates of the specimens pulled at the slowest strain rate 

drop off more rapidly than those of the specimens pulled 

at the other strain rates ; these two effects will be 

discussed in Section 3.6.2. Overall, the fact that the 

scatter bands almost completely overlap implies that the 

variation in strain hardening rates due to random 

differences in specimen chemistry and geometry, as well as 

experimental procedure, largely mask any variations 

produced by the differing strain rates.

The total, uniform, and postuniform elongation were 

measured and calculated for the five cold rolled specimens 
pulled at 0.0067 sec 1 in order to observe the scatter in 

these parameters. The total elongation varied 2.7%, while 

uniform elongations var i ed 2.6% and postuniform 

elongations varied 0.9%. Since the total elongation is 

the sum of the uniform and postuniform elongations, it is 

clear that most of the variation in the total elongation 

is due to differences in the uniform elongation and not 

the postuniform elongation. The reasons for this are 

discussed below.

The variability observed in the strength, ductility.
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and strain hardening behavior of the specimens tested in 

this investigation can arise from many sources. The test 

specimen itself can vary in several ways. First, the 

chemical composition can vary from specimen to specimen 

since they were machined from different areas of a given 

sheet of material —  if one assumes that the ingot from 

which the strip was produced had some center 1 i ne 

segregation of alloying elements, then specimens cut from 

the center 1 i ne region would have higher alloy contents 

than those cut from the edge. No attempt was made to 

ver i fy the presence of such segregation, however. This 

difference in alloy content could then affect the strength 

and ductility of a specimen by changing, for example, the 

increment of solid solution strengthening (58) or the 

hardenabi1ity of austenite (24).

The presence of defects in specimens, while having 

little effect on their strength and strain hardening, can 

cause considerable variations in their ductility 

(primarily in the uniform elongation) (76-78). Two types 

of area 1 defects are considered to exist: first,

geometric defects, in which material is removed from the 

specimen without cold working the remaining material.

These defects could be introduced during the machining of 

a specimen, for example. The other class of defects,



T-3192 95

mechanical defects, do not involve the removal of 

material, but instead are created by mechanical damage to 

a section of the specimen. The mechanical damage produces 

a region which is prestrained relative to the bulk of the 

material. While both of these defects can cause the 

premature onset of plastic instability, geometric defects 

have an influence on flow localization which is ten times 

greater than that of mechanical defects (76).

Hosford and Caddel1 (78) present an analysis of how a

geometric defect of a given size can change the total 

elongation of a tensile specimen. They assumed a material 

following Ho I 1omon-type flow behavior with a strain 

hardening exponent was 0.2 and found that uniform strain 

in a specimen could be reduced by 47» if a geometric defect 

with an area equal to 0.996 that of the rest of the 

specimen were present. This result implies that the 

uniform elongations observed in this investigation could 

easily vary by a few percent, when one considers that a 

scratch 0.005 mm (0.0002 in.) across the width of a 

specimen of the size used in this investigation would 

produce a geometric defect whose area is 0.996 that of the 

rest of the specimen. Area 1 variations of this magnitude 

were routinely observed when the specimens were measured 

for width and thickness prior to tensile testing. Thus,
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it seems very likely that much of the scatter present in 

the uniform (and hence total) elongation is due to the 

variation in geometric defects between the different 

spec imens.

The foregoing discussion has indicated that the test 

specimen can introduce significant differences in the 

strength and ductility obtained from a tensile test. 
However, variability in the heat treatment of the 

specimens and the tensile testing could also produce 

differences in the measured strength, ductility, and 

strain hardening of specimens. For example, even slight 

variations in salt bath temperature (e.g., 1 to 2°C) cou1d

result in variations in the amount of austenite (and hence 

martens i te) that forms in the specimen (75). The effects 

of MVF on the properties of dual phase steels was 

discussed in Section 1.2.

Another source of variation caused by experimental 

procedures lies in specimen alignment in the grips of the 

tensile testing machine, although care was exercised to 

prevent this from occurring. Slight tilting of the 

specimens in the grips, or failure to have the center 1 i ne 

of the specimen aligned with the center 1 i ne of the grips 

can cause a bending moment to be applied to the specimen. 

This would cause a stress gradient to form across the
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width of the specimen and cause nonun i form yielding of the 

specimen, which would result in the presence of a 

"deformation gradient." The deformation gradient would 

alter the apparent strain hardening behavior of the 

specimen since different areas in the specimen would be 

strain hardening at different rates because the metal in 

those areas would be strained different amounts.

In summary, this section has demonstrated that there 

is sufficient variability in tensile test results to 

largely mask the effects of strain rate on the strain 

hardening rates and the shape of stress-stra i n curves. 

However, as the following sections will show, other 

variations in mechanical properties were readily apparent 

even with the amount of scatter observed.

3.3 MECHANICAL PROPERTIES

Figure 3.5 shows typical true stress-strain curves up 

to uniform elongation for the five microstructures tested 

in this investigation. Some general trends are 

immediately obv i ous--the martens i t i c steel had the highest 

strength but the lowest ductility, while the cold rolled 

and normalized steels have lower strengths and greater 

uniform elongations. The tempered martens i t i c steel 

exhibits behavior which is intermediate to that of the
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Figure 3.5 Typical true stress strain curves up to uni Form 
elongation of specimens of each microstructure 
tested at 0.00067 sec .
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martensitic and the cold rolled steels. The ferrite 

carbide steel exhibits the lowest strengths but highest 

uniform elongation of the five steels. The ferrite 

carbide steel exhibits discontinuous yielding, but without 
the sharp yield point noted in most commercial grades of 

low carbon sheet steel (20).

Table 3.3 summarizes the 0.2% offset yield strength, 

ultimate tensile strength, uniform, and total elongations 

of each steel tested at 0.00067 sec *. The quantities 

given in this table are averaged from the results of at 

least two specimens. This table agaîn demonstrates that 

the cold rolled and normalized steels have similar 

mechanical properties, although the yield strength of the 

normalized specimens was 36 MPa higher. The yield 

strength is greater in the normalized steel because slight 

variations in the shape and distribution of martens i te 

particles may have affected yielding behavior.

The martensitic steel, however, exhibits considerably 

higher yield and ultimate strength but lower ductility 

than the other steels, which is due in part to the higher 

MVF of this steel (15). In addition, the presence of 

remnants of dislocation substructure in the ferrite matrix 

also raises the strength of the martensitic mi crostructure 

over that of the other steels. Embury (21) discussed the
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TABLE 3.3 

Mechanical Properties for Specimens 

Tested at 6.7 x 10 ^ Sec ^

Tota 1
M icrostructure 0.2% YS, MPa UTS, MPa Elongation, % 

Cold Rolled 249 559 22.8

Normalized 285 548 23.1

Martensitic 378 638 17.6

Tempered
Martensitic 372 576 19.8

Ferr i te-Carbi de 274 476 27.3

Norma 1ized by
Yang (69) 291 498 3 1.0
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strengthening effects of subboundaries and showed that the 

yield and flow stress of iron increased with the presence 

of subboundaries.

The tempered martensitic steel exhibits a yield 

strength similar to that of the martensitic steel but has 

an ultimate tensile strength similar to those of the cold 

rolled and normalized steels, which can be explained by 

the different strain hardening behavior of the two 

microstructures. The reason for this steel exhibiting 

this combination of strengths and ductility may be the 

inflection in the stress strain curve after yielding 

observed in this steel. Lower strain hardening rates 

cause this inflection, which results in decreased flow 

stresses at higher strains compared to the martensitic 

steel. The hypothesis that the difference in UTS is due 

to the inflection observed near yielding is corroborated 

by noting the difference in the increase in flow stress 

from strains of 0.2% to 1% for the martensitic and 

tempered martensitic steels. The martensitic steel 
exhibits an increase in flow stress of 140 MPa, while the 

tempered martensitic steel shows an increase of 50 MPa 

over the same range. The difference between these two 

values (90 MPa) corresponds closely with the difference in 

flow stresses observed in these two microstructures at
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high strains.

The component of discontinuous yielding observed in 

the tempered martensitic steel may be due to there being 
too little martensite present to introduce sufficient 

unpinned dislocations into the ferrite matrix to promote 

continuous yielding (25). The low martens i te volume 

fraction also may be ineffective in promoting the strain 

hardening mechanisms which operate in Stages I and I I in 

other dual phase steels (see Sec. 1.3). Thus, the low MVF 

found in the tempered martensitic steel may be the source 

of both its discontinuous yielding and low ultimate 

tensile strength.

The ferrite carbide steel has considerably lower 

strength than any of the intercritically annealed steels 

but noticeably better ductility. This mi crostructure 

contains 1ittle or no martensite and thus does not have 

the enhanced strain hardening rates of dual phase steels 

(see Sec. 1.3). Hence, the ferrite carbide steel has 

lower strength but better ductility than the other steels 

tested in this work.

The microstructures investigated in this study show 

some differences in strength and ductility as compared to 

other dual phase steels. The strength and ductility of 

the normalized steel can be compared directly to those of
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the same steel produced by Yang (69) with the same heat 

treatment. As noted earlier, Yang used homogenized steel 

and normalized once instead of twice as in this 

investigation. Table 3.3 shows that Yang's steel had a 

lower UTS but considerably greater ductility than the 

normalized steel used in this investigation. These 

variations could arise from the differences in 

homogenization and normalizing procedures.

The effect of a lack of homogenizing heat treatment 

on the distribution of martens i te and austenite has been 

discussed previously. Presumably, the more uniform 

distribution of martensite in the homogenized steel would 

lead to increased constraint of the ferrite matrix for a 

given MVF and thereby produce higher strengths than in an 

unhomogen i zed steel. However, this effect was not 

observed, possibly because the larger grain size of Yang's 

steel caused a decrease in flow stress (as observed by 

Burford (16)) which offset any gain in strength due to 

homogenization procedures. Burford's results (16), 

however, indicate that the difference in ferrite grain 

size is not large enough to account for the decreased 

strength of Yang's steel compared to the present one, a 

result that might be consistent with the present 

observation only if the magnitude of grain size effects is
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different for dual phase microstructures produced from 

different starting microstructures.

The comparison of ultimate tensile strength and total 

elongation of the steels studied in this investigation 

with general trends observed in many other dual phase 

steels is shown in Figure 3.6. This figure shows that the 

steels studied in this investigation have, for any given 

total elongation, lower ultimate strengths than other dual 

phase steels. The reasons for poorer mechanical 

properties include the lack of homogenization, geometric 

defects in the specimens, and errors in experimental 

procedure.

In conclusion, this section has shown that the 

differences in stress-strain behavior between the steels 

investigated in this thesis can be reasonably well 

explained. However, it is clear that these steels have 

somewhat poorer combinations of strength and ductility 

than most other dual phase steels.

3.4 STRAIN HARDENING ANALYSIS

The strength and ductility of dual phase steels is 

dependent on their strain hardening behavior. The 

following section will compare the strain hardening 

behavior of the steels examined in this work, with an
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emphasis on Stage III strain hardening and the effects of 

strain hardening on ductility. Comparisons will also be 

made to the Stage III strain hardening behavior of other 

dual phase steels.

3.4.1 Observed Strain Hardening Behavior

Figure 3.7 is a Jaou1-Crussard plot of strain 

hardening data for the five microstructures used in this 

investigation and clearly shows the three stages of strain 

hardening in these steels at a constant strain rate of 
0.00067 sec~1• Three observations can be made about this 

figure: first, the strain hardening behavior of the cold

rolled, normalized, and martensitic steels is quite 

similar in Stages I and II; second, the strain hardening 

rates of the tempered martensitic and ferrite carbide are 

somewhat lower than the other three steels in Stage I; and 

third, the tempered martensitic and ferrite carbide steel 

curves show a dip which correspond to the inflection 

points in the stress-strain curves presented earlier.

The differences and similarities in strain hardening 

behavior are readily explained by the strain hardening 

mechanisms proposed for dual phase steels for Stages I and 

II. The cold rolled, normalized, and martensitic steels 

all exhibit similar strain hardening behavior in Stages I
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and II because they all have the same basic 

microstructure--a ferrite matrix containing 6 to 10% 

martensite. Apparently the subboundaries present in the 

martensitic steel play a minor role in Stage I and II 

strain hardening since its strain hardening behavior is 

similar to that of the cold rolled and normalized steels, 

which have few or no subboundaries following the 

intercr i tical annea1 .

The lower Stage I strain hardening rates in the 

tempered martensitic and ferrite carbide steels relative 

to the others is probably due to the smal1 amounts of 

martensite present in their microstructures (25). Rigsbee 

and VanderArend (25) mention that martens i te islands 

generate dislocations which increase strain hardening 

rates by increasing the number of dislocation 

interactions. Without the martens i te islands, these extra 

dislocations would not be generated and so strain 

hardening rates will be lower, as observed in the tempered 

martensitic and ferrite carbide steels.

Likewise, the dip in strain hardening rates in Stage 

II for the tempered martensitic and ferrite carbide steels 

corresponds directly to the development of a component of 

discontinuous yielding in these steels (11). Since Stage 

II strain hardening rates in dual phase steels may be due
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in part to the strong interaction of the deforming ferrite 

with the relatively nondeforming martens i te (14), it is 

logical that steels having very little or no martens i te 

would exhibit strain hardening rates lower than those of 

dual phase steels. Also, in specimens with low martensite 

contents, the density of unpinned dislocations may be too 

low to sustain continuous yielding. While the tempered 

martensitic steel does have some martens i te, because of 

the non-uniform distribution of martens i te relatively 

large volumes of ferrite are free of martens i te ; thus, 

some areas of the ferrite will lack the unpinned 

dislocations required for continuous yielding. Korzekwa's 

work (79) indicated that areas of h igher-than-average 

dislocation density extended at least 2.5 ym into ferrite 

grains; however, the tempered martensitic steel had many 

areas over 2Qym in diameter which were free of martensite 

part ides.

While Figure 3.7 revealed differences in Stage I and 

II strain hardening behavior, it compressed Stage III data 

so much that differences in this strain range were not 

readily observed. However, Figure 3.8, a linear-linear 

plot of strain hardening rates versus true strain for the 

five steels makes the differences in Stage III hardening 

behavior more apparent. Strains above 0.08 were used to
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assure that Stage III behavior was being observed (note in 

Figure 3.6 that above a strain of 0.08 the curves of all 

the steels show a constant slope, which indicates that a 

single strain hardening mechanism is operating above this 

strain).

Three facts may be noted from Figure 3.8. First, the 

strain hardening rates of the cold rolled and normalized 

specimens are virtually identical and consistently the 

highest over this strain range. Second, the martensitic 

and tempered martensitic steels exhibit nearly identical 

low strain hardening rates over this range. Last, the 

ferrite carbide steel exhibits strain hardening rates 

similar to those of the martensitic steel at the lowest 

strains shown in Figure 3.8, but, because of a slightly 

lower slope to its curve, has strain hardening rates 

similar to those of the cold rolled and normalized steels 

at the highest strains.

Strain hardening in Stage III is largely controlled 

by dynamic recovery effects since Stage III begins when 

dislocation cells form (14,79). Thus, the strain 

hardening behavior noted in the above paragraph may be due 

to the rate at which dislocation cell structures form in 

the five steels. The martensitic steel had a substantial 

number of subboundaries in its microstructure, with the
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result that it may have had the precursors of a cell 

structure even before deformation began, and that 

therefore a well-developed cell structure would form more 

quickly than in the other microstructures. Consequently, 

for any given strain, dynamic recovery mechanisms would be 

more advanced and thus strain hardening rates would be 

1ower.

The tempered martensitic steel also has some 

substructure which may, through the mechanism just 

mentioned, bring about a decrease in strain hardening 

rates. However, the tempered martensitic steel also 

contains a dispersion of fine cementite particles which 

can increase strain hardening rates (41) by dislocation 

generation at particle/matrix interfaces to relax back 

stresses and maintain particle/matrix interface integrity 

(41,42). The increased number of dislocations could also 

lead to a comparatively early maturation of the 

dislocation substructure and thereby lower strain 

hardening rates at high strains.

The above explanation also accounts for the higher 

stain hardening rates of the cold rolled and normalized 

steels compared to the two martensitic steels. These 

specimens lack the substructure and/or precipitated 

carbides that lead to the early development of cell
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structures. The dislocation cells in the cold rolled and 

normalized steels would therefore require greater strains 

to become fully developed and consolidated; thus, strain 

hardening rates would remain higher at higher strains.

The ferrite carbide steel has noticeably different 

Stage III behavior in that the slope of its curve in 

Figure 3.8 is less than that of the specimens containing 

martens i te. The presence of martens i te particles requires 

the generation of geometr i ca1 1y-necessary dislocations, 

according to Ashby's theory (41), to maintain the 

integrity of the ferrite/martensite interface. These 

extra dislocations could increase the rate at which 

dynamic recovery processes occur in Stage III as compared 

to a steel (i.e., the ferrite carbide steel) in which 

martens i te is absent. This implies that the decrease in 

strain hardening rates in Stage III would be slower for a 

martensite-free steel, as was observed in the ferrite 

carbide stee1.

The hypothesis expounded in the previous paragraphs 

concerning the reasons for the differences in Stage III 

strain hardening behavior might be evaluated by a 

transmission electron microscopy study similar to that of 

Korzekwa (79). This study would characterize the 

dislocation substructure present in the five steels at



T-3 192 1 14

varying amounts of plastic strain. This proposed study 

could indicate whether or not d i s 1ocat i on cells do indeed 

develop more slowly in the cold rolled and normalized 

microstructures than in the martensitic and tempered 

martensitic microstructures and whether substructure 

consolidation is even slower in the ferrite carbide steel.

3.4.2 Comparison With Other Results

The results discussed in the previous section have 

shown that there are systematic differences in the Stage 

III strain hardening behavior of the steels studied in 

this investigation. The following paragraphs compare 

Stage III strain hardening behavior of the present 

specimens to that of other dual phase steels.

One such comparison is shown in Figure 3.9, which is 

a Jaoul-Crussard plot of the specimens used in this study 

and those of a series of dual phase microstructures 

produced by Burford (16) in the same steel. The 

microstructures differed in ferrite grain size and MVF. 

Figure 3.9 shows that the three stages of strain hardening 

of these two groups of steels show very little difference, 

with the exception of the tempered martensitic and ferrite 

carbide steels. This is generally true in Stage III, 

where the strain hardening rates of the two groups of
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steel superimpose, except for the two largest-grained 

steels of Burford (16), which exhibit considerably lower 

strain hardening rates early in Stage III. These two 

steels exhibit a slope in Stage III more like that of the 

.ferrite carbide steel than of the other intercritica1 1 y 

annealed specimens.

The reason these large-grained steels have this 

anomalous Stage III behavior may be due to the grain size 

being large enough that the martensïte fails to influence 

the entire volume of the ferrite, with the result that the 

material behaves similarly to the ferrite carbide 

microstructure. Ashby (41) estimated that the zone of 

increased dislocation density around a second phase 

particle at a shear strain of 10% was roughly 5 times the 

second phase particle diameter. Examination of 

micrographs of Burford's large-grained specimens indicated 

that if envelopes 5 times the diameter of the martens i te 

particles were drawn around those particles, there would 

be "paths" through the ferrite which would not be strong 1 y 

affected by the martens i te islands. This, then, could 

explain the observed behavior of Burford"s large-grained 

dual phase steels.

The Stage III strain hardening data of this 

investigation were also compared with those of other
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investigations (14,15,17) for which such data were 

available, and it was found that the Stage III strain 

hardening behavior was essentially the same in all 

investigations. The implications of this observation are 

c 1ear--Stage III strain hardening in dual phase steels is 

microstructure-insensitive as compared to strain hardening 

i n Stage I I.

3.4.3 Correlation to Ashby's Model

The above section demonstrated that the Stage III

strain hardening behavior of the stee1s studied in this

investigation was similar to that of other dual phase

steels. An attempt was also made to correlate the Stage

III strain hardening behavior of these steels with Ashby's

strain hardening model (41), which postulates that strain

hardening rates of a d i spers i on-strengthened material are
1 /2proportional to (f/d) , where f is the volume fraction

of second phase particles and d is the mean diameter of 

the second phase particles. Figure 3.10 is a plot of the 

strain hardening rate of the five steels at an
1 / 2arbitrarily-selected strain of 0.12 versus (f/d) . This

plot, unlike a similar one generated by G 1 adman and 

Balliger (23, see Fig. 1.7), fails to show a clear 

correlation between strain hardening rate and the square
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root of f/d.

The poor correlation observed in Figure 3.10 appears 

to have arisen from the low strain hardening rates found 

in the martensitic microstructure for reasons discussed 

previously. If data for the martensitic steel is 

discarded, then a direct relationship between strain 

hardening rates at high strains results.

It is possible, however, to plot the data from this

investigation with those of other work to determine if

these data agree with Ashby's model when incorporated into

a larger body of data. Figure 3.11 is Figure 3.10

expanded to include the results of Burford (16). This

figure shows that the strain hardening rate at s=0.12

increases with increasing values of the square root of

f/d, with some of the data points for the martensitic and

tempered martensitic steels having anomalously low values,

perhaps because of the as-heat treated substructure in the

martensitic specimens. Figure 3.11 supports the

observations of Lanzilotto and Pickering (22) and Balliger

and G 1 adman (23). The gradient observed in Figure 3.11 is 
1 /21180 MPa ym , slightly higher than the value of 1150 MPa 

1 / 2urn noted by G 1 adman and Balliger in their study, but is 

approximately twice that predicted by Ashby's theory (41). 

The gradient observed at. a strain of 0.12 should be
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higher, according to the Ashby model, than that for a 

strain of 0.20 since the gradient is proportional to 

s''/?.
Thus, the Stage III strain hardening behavior of the 

steels studied in this investigation qualitatively agrees 

with Ashby's theory (4 1) with the only exceptions the data 

for the mi crostructures with substructural features not 

accounted for by Ashby's model.

3.5 STRAIN HARDENING EFFECTS ON DUCTILITY

Previous investigations (22,23) have found that 

increasing Stage III strain hardening rates lead to 

increases in uniform elongation. Figure 3.12, which plots 

uniform elongation versus strain hardening rate at a true 

strain of 0.12 for all microstructures, demonstrates this 

effect. However, the strain hardening rate of a material 

at a single strain fails to reveal the differences in 

strain hardening behavior as a function of strain. The 

slope of a Jaoul-Crussard plot is a measure of strain 

hardening behavior over a range of strains and represents 

a more meaningful parameter with which other variables may 

be compared. For example, Lawson (17) reported that 

uniform elongation increased with decreasing slope of the 

Jaoul-Crussard plot in Region II for 0.06C-1.29Mn-0.24Si
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dual phase steels. Similarly, Figure 3.13, a plot of 

uniform elongation versus Stage III slope of a Jaoul- 

Crussard plot for the steels examined in this study shows 

that uniform elongation increases as the slope in Stage 

III decreases. Lower or less steep slopes in either 

Stages II or III indicate that high strain hardening rates 

are maintained with increasing strains and thus instability 

is shifted to higher strain.

Figure 3.12 showed that uniform elongation increased 

with increasing strain hardening rate at a strain of 0.12 

increased. This correlation may be coincidental, however, 

because a lower slope in Stage III maintains higher strain 

hardening rates. Figure 3.14, plots the strain hardening 

rate at a strain of 0.12 against the slope of the Jaoul- 

Crussard plot in Region III for specimens tested at 
0.00067 sec 1. This plot confirms that lower slopes in 

Stage III directly correlate with high strain hardening 

rates at this strain.

In contrast to uniform elongation, postuniform 

elongation is relatively insensitive to Stage III strain 

hardening behavior. Figure 3.15, a plot of postuniform 

elongation with the slope in Region III of the Jaou1-
_  iCrussard plots of specimens tested at 0.00067 sec , 

demonstrates the insensitivity of postuniform strain to
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strain hardening.

3.6 STRAIN RATE EFFECTS

Figure 3.16 shows an example of a load-strain curve 

for a specimen used in this investigation that was 

subjected to strain rate jump testing. This figure shows 

that increasing strain rate produces only a small increase 

in load, which indicates that the strain rate sensitivity 

of this material is small but positive. Table 3.4 lists 

the values of strain rate sensitivity in Stage III for the

five steels studied. Values of m calculated for strain
-  1 -  1 rate changes from 0.000067 sec to 0.00067 sec

- i — i(low/intermediate) and 0.00067 sec to 0.0067 sec 

(intermediate/high) are included. Because of the 

precision with which data could be measured, the values of 

m determined at either group of strain rates are the same 

to within experimental error. However, it is clear that 

the values of m measured at the lower strain rates are 

lower than those measured at the higher strain rates.

This phenomenon was also noted by Wagoner (64), who 

discovered that m increased exponentially with increasing 

strain rate for jump tests conducted in low carbon steels 

with ferrite-pear1 ite mi crostructures.

The observed increase in m with increased strain rate
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TABLE 3.4

Strain Rate Sensitivities for Different M icrostructures

Determined by Strain Rate Jump Tests at 0.000067, 0.00067,
- 1and 0.0067 sec

Microstructure m (low/intermediate) m (intermediate/high) 

Cold Rolled 0.002 0.004

Normalized 0.002 0.004

Martensitic 0.003 0.005

Tempered
Martensitic 0.003 0.006

Ferrite-Carbïde 0.003 0.005
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may be explained by considering the effect of dynamic 

strain aging on dual phase steels. Figure 3.17 is an 

idealized plot of the flow stress of a material versus 

temperature at three different strain rates. Increasing 

strain rate shifts the range over which dynamic strain 

aging occurs to higher temperatures (59). In the region 

marked A an i ncrease from e ̂ to produces a larger 

increase in than in changing from e2 to . It is this 

change in flow stress with strain rate that was observed 

in this study.

Evidence that dynamic strain aging (which is caused 

by drag forces which interstitial solute atmospheres exert 

on dislocations during deformation) is responsible for the 

observed strain rate sensitivity behavior was provided by 

Conrad et al. (56), who discovered that the strain 

hardening exponent of his 0. 15C-1.39Mn-0.75 i-0.05V dual 

phase steel had a maximum at 300K and that strain rate 

sensitivity decreased from 200 to 400K. A maximum in 

strain hardening rates occurring simultaneously with a 

decrease in strain rate sensitivity is a well-recognized 

indication of dynamic strain aging (58), and so it seems 

quite likely that dynamic strain aging is the reason for 

the observed strain rate sensitivity behavior in dual 

phase stee1s.
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Since, at room temperature, strain rate sensitivity 

is near a minimum while strain hardening is at a maximum 

for dual phase steels, it is possible that changing the 

testing temperature may produce a combination of strain 

hardening and strain rate hardening behavior that will 

enhance ductility. Decreasing test temperatures have been 

found to improve ductility in Nb-mod i f i ed dual phase 

steels tested by Goe1 et al. (54) and in non-dual phase 

sheet steel by Wagoner (80).

Table 3.5 lists the values of m for other dual phase 

steels and non-dual phase sheet steels, and shows that the 

strain rate sensitivities obtained for the mi crostructures 

used in this research are the same or slightly lower than 

those obtained by other researchers for other dual phase 

steels, and, depending on the investigation, either quite 

similar to or considerably less than values of m for non

dual phase steels. Although strain rates used in these 

investigations were not indicated in several cases, it is 

assumed that they were conducted at standard tensile 
testing rates (i.e., 10  ̂ to 10  ̂ sec *). The

variation in the data contained in Table 3.5 again 

emphasizes that values of m depend greatly on 

testing technique and strain rate. However, it does 

appear that the strain rate sensitivity of non-dual



T-3 192 133

TABLE 3.5

Values of Strain Rate Sensitivity (m) for Dual Phase and 

Non-dual Phase Sheet Steels Tested at Room Temperature

Invest igator Materi a 1 Strain Rate Used, sec m

Wagoner (81) DP 10'4 0.004
Conrad (56) DP Id"4 0.007
Waddington (53) DP io-3-io“2 0.007
Goel (54) DP 1 o"4 0.007
Stevinson (55) DP 1o”3-10-2 0.006-0.
Korhonen (82) Non-DP — — — 0.02
Goel (54) Non-DP io"4 0.007

Wagoner (63) Non-DP

CM101inio 0.022

Va 1ues 
Reported 
by Wagoner 
(63) Non-DP o 1 0.008

Non-DP io"4 0.007
Non-DP 10"4 0.008
Non-DP io"4 0.010

*
Abstracted from other works.

1 Result obtained from continuous tests
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phase low-carbon sheet steels is not significantly different 

than that of dual phase steels at strain rates normally used 

in tensile testing.

3.6.2 Strain Rate Effects on Strain Hardening

Figure 3.4 demonstrated that there was very little 

effect of strain rate on Stage III strain hardening in the 

cold rolled steel. A comparison of these results also 

indicated that this observation was true for the other 

steels in Stages I and II.

The only apparent effect strain rate had on strain 

hardening behavior can be seen in Figure 3.4 for the 

specimens tested at 0.000067 sec-1. These specimens, as 
well as the other four m icrostructures, showed a sharper 

drop in strain hardening rates near instability than the 

specimens tested at the higher strain rates. Since, at 

strains near instability, dynamic recovery occurs by 

dislocation annihilation (79), the slower strain rate may 

lead to more efficient dislocation annihilation and induce 

greater substructural stability, and thus produce a rapid 

decrease in strain hardening rates.

3.6.3 Effect of Strain Rate on Ductility

While strain rate had relatively little effect on
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Stage III strain hardening, it did have a significant 

effect on the ductility of the microstructures 

investigated. Figure 3.18 plots the uniform elongation 

versus the log of strain rate for each of the steels.

This figure indicates that the cold rolled, normalized, 

and ferrite carbide microstructures exhibit slight 

increases in uniform elongation with increasing strain 

rate, while uniform elongation of the martens i t i c and 

tempered martens i t i c steels are essentially insensitive to 

strain rate. On the other hand. Figure 3.19, which 

compares postuniform elongation to the log of strain rate 

for all steels, shows that all steels exhibit noticeable 

increases in postuniform strain with increasing strain 

rate. Other investigations have also noted increases in 

elongation values with increasing strain rate (80-82), 

although others (83,84) failed to detect any changes in 

elongation with increasing strain rate.

Low uniform elongation values at the lowest strain 

rate (see Fig. 3.18) would be due to the decrease in 

strain hardening rates near instability for specimens 

tested at the lowest strain rate (see Fig. 3.4). The 

latter explanation would account for a lower uniform 

elongation at the lowest strain rate, but does not explain 

the increase in uniform elongation observed between the
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Figure 3.18 Uniform elongation versus log of strain rate 
for (a) cold rolled, (b) normalized, (c) 
martens i t i c , (d) tempered martens i t i c , and (e) 
ferrite carbide microstructures.
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Figure 3.19 Postuni Form elongation versus log of strain
rate for (a) cold rolled, (b) normalized, (c) 
martensitic, (d) tempered martensitic, and (e) 
ferrite carbide microstructures.
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intermediate and highest strain rates. Examination of 

Figure 3.18 reveals that the increase in uniform 

elongation between the highest strain rates is smaller 

than that observed between the lowest and intermediate 

strain rates ; thus, it is possible that strain hardening 

rates were slightly higher near instability at the highest 

strain rate as compared to the intermediate strain rate. 

This possible difference in strain hardening rates was too 

small to be detected with the data acquisition and 

processing techniques used.

The increase in postuniform elongation observed with 

increasing strain rate can arise from the increase in 

strain rate sensitivity with increasing strain rate.

Ghosh (5) showed theoretically and Ayers (57) demonstrated 

experimentally that increasing strain rate sensitivity 

leads to greater postuniform elongations. Since Table 3.4 

indicated that strain rate sensitivity increased with 

increasing strain rate, it is likely that this is the 

source of the larger postuniform elongations observed in 

the specimens tested at the higher strain rates.
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CHAPTER 4 

SUMMARY AND CONCLUSIONS

The interrelationship of microstructure. Stage III 

strain hardening behavior, strain rate, and ductility 

was investigated in a series of dual phase steels 

produced from different initial microstructures. The 

following conclusions may be drawn from the results of 

this research :

1. Stage III strain hardening behavior is affected by dual 

phase microstructure. However, the effects are 

relatively small because strain hardening in Stage III 

is primarily controlled by dislocation cell structure 

formation in the ferrite matrix rather than by an 

interaction of the ferrite matrix with martens i te 

islands. Dislocation substructure formation is, in 

turn, influenced by strain rate and the presence of 

martensite, carbide dispersions, and dislocation 

substructure. Highest strain hardening rates in Stage 

III are promoted by low martensite contents, an absence 

of dispersed carbides, and/or a low initial dislocation 

dens i ty.

2. Stage III strain hardening data for the cold rolled.
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normalized, and tempered martensitic dual phase 

microstuctures are in qualitative agreement with 

Ashby's theory of strain hardening.

3. High strain hardening rates in Stage III lead to 

increased uniform elongations. However, this 

correlation is due to the fact that higher Stage III 

strain hardening rates are associated with lower slopes 

in Stage III of Jaoul-Crussard plots. Low slopes 

indicate that higher strain hardening rates are 

maintained to higher strains and thereby shift the 

instability point to higher strains. Postuniform 

elongation was insensitive to Stage III strain

hardening.

4. Stage III strain hardening behavior is independent of 

strain rate for the microstructures studied, except at 

the lowest strain rate, where strain hardening rates 

near instability decrease more rapidly than at the 

higher strain rates.

5. The strain rate sensitivity of the microstructures 

investigated is the same for any given strain rate but 

increases with increasing strain rate over the strain 

rates tested. The strain rate sensitivities measured 

are close to those measured for other dual phase steels 

and non-dual phase low-carbon sheet steels tested in
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this strain rate range.

6. Uniform elongation increased slightly with increased 

strain rate for most of the mi crostructures tested, 

while postuniform elongation increased significantly 

with increasing strain rate. Decreased uniform 

elongations at low strain rates were attributed to a 

decrease in strain hardening rates near instability, 

while increased postuniform elongation was due to the 

increase in strain rate sensitivity with increased 

strain rate.
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APPENDIX

Rockwell B Hardnesses of M icrostructures 

Used in This Investigation

The Rockwell B hardness of the mi crostructures studied 

in this research was determined from two specimens of each 

microstructure. At least five hardness readings were taken 

for each specimen; subsequently, the readings for the two 

specimens of each microstructure were averaged to obtain a 

hardness value for that particular microstructure. Table 

A-1 lists the hardness values thus determined.
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TABLE A-1

Rockwell B Hardnesses of Mlcrostructures Used 

in This Investigation

M icrostructure Hardness, Rockwell B

Cold Rolled 87.0

Norma 1ized 87 . 0

Martensitic 87.7

Tempered
Martensitic 85.5

Ferrite Carbide 82.5


