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. ABSTRACT

)

- A modified approach for producing dual phase steels,

based on the TTT curve, has been‘gfamined. Dual phase steels

have been studied'in termis of this modified method of'pro—

13

ducticn (referred to as isothermal reaction treatment) t
correlate their microstructure and mechanical properties.
A comparison with the conventional_iﬁtercritical anhealing
treatment.has beép done.

The Bauschinger tést has been utilized as a method of
measuring the permanent softeniﬁg (or back stress) generated
by the incompatibility of plastic deformation between ferfi-
tic and martensitic phases in dual phase steels.

A strength-differential has been observed between the

-

‘tensile and compressive flow curves of dual phase steels,

the magnitude of which has been measured for different micro-

structures and heat treatments.

The permanent softening has been studied as a function
of tensiie and compressiﬁe'prestrain to compare compressive
and tensile prestrained duai phase specimens with banded,
unbandgd; aged, unaged, intercritically annealed and iso-
thermally reacted microstructures.

' An equation for accurate representation of stress-.
strain behaviour of dual phase steels has been developed épd
its application was found to be in good agreement with
experimenta}“ﬁaté. This equation has also been itilised for
extrapolation of the prestrain part of Bauschinger curves
for a more accurate measurement of the permanent softeLing

parameter.
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CHAPTER 1

1.1 Introduction to Dual Phase Steels

Recentlylhudh attention hes been focdééedion a two
phase steel with a miceostructurelcomérising mainly mar-
tensite 1slands embedded in a ferrite matrlx. .

Most dual phase steels are produced by annealing in
the ferriteé plus austenite intercritical region of the iron-
carbon phase diagram, then cooling fapidiyjenough_to,trans- o
form the austenite to martensite. The merits of this-new
class of steel called dual phase steel lie in its_unusual-
ability to work harden, its high strength-to-ﬁeight ratio,
and its high ductility and formability. .»The properties
favour the manufacﬁure of'cold worked etructural'compdhents‘“
formed with large straine (see Figure 1.1);

fhe first papers to effectively demonstrate the ad-
1 vantages of dual phase steels over other steels were'published
in 1977 by Reshid (1) and Hayami and Furukawa (2) but earlier
discussion of the processing and éroperties are also in the
literatuee (3,4,5). The 1977 papers generated intense prac-
tical and theoretical study of the dual-phase steels, much
of which is recorded in proceedings of three symposia devoted
to dual phase steels in 1977, 1979 and 1981 (6,7,8). In
this period, a number of papers have been published to esta-
blish different structure-property relationships in dual phase
Steels. '

The strength of dual phase steels is raised by an

increase in the volume fraction of martensite as shown in o
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?igure 1.2 whiéh is taken from the work.of Davies (9) on
Fe-1.5Mn~-C dual ph;se steels. More detailed analysis of the
strenéth of dﬁal pﬁase gsteels have shown that the composition,
strength, size and distribution .of the‘mgrtensitic'phase may
cause variations in.the strength. It is therefore not sur-
prising that a range of experimental scatter larger than’
200 MPa has been'repdrtéd'by Davieé (9)."Figﬁ¥e~l.§ from
Speich and Miller (10) shows tﬁat an increase in the -
actual annealing temperatﬁre, which results in a lower carbon
content of the martensite, reduces the strength of dual phase
steels of comparaple mgrtensitic content.

Figure 1.4 shows a minimum in 0.2% offset yield
étrength at low volume fractions of martensite as reported
by Lawson et al (11). The minimum in yield strength has
also been reported by other investig;tors, who changed the |
volume fraction of martensite by applying various inter-
critical annealing tempefatures (12) and cooling fates (13).
Thé volume fraction of martensite at which the minimum yield
strength is achieved appears to be related to the disappear-

"ance .of discontinuous yielding caused by an insufficient
number 6f mobile dislocations (13}. Continuous yielding is
caused by the production of a high'disiocation density in the
ferrite aue‘to the exﬁansion which occurs duriné the
aﬁséenite—to-martensite transformation. ) |

Another parameter influencing the strength of dual
phase steels.is the strength of the‘ferrite matrix which can

be increased by refining grain size, precipitation and solid
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Smaller ferrlte graln sxze can be

solution hardening

- achieved by a finer itial microstructure. Flgdie 1. 5 shows

Sy
the effect of graln size on the 0:2% flow stress of dual
phase steels Wlth a constant volume fractlon of marten51te
ahd.sillcon content. Thls.dependency of strehgth of dnal
phase steels on the inverse square root of. grain diameter
(Hall-Petch relatlon) has beeh‘reported by several investi-
gators (14, 15). . b - ' ‘

The primary commerc1a1 interest in dual phase steels
has been as a means of welght reduction in the automoblle.
The high formability of dual phase steels in sheet metal

.

form holds the promise of large tonnage production as strip.

3

As a result, virtually all of the data quoted in the pre-
ceding review and in Chapter III is for sheet metal‘samples.
Thus there is a lot of tensile data, but very littleﬂtesting
has been done in.compression. ~
| The_ptesent study can be broadly clessified nto
three categorles. Firstly, an.investigation ' e of
the effect of heat treatment schedule on the martensite
moxrphology and its effect on mechanical properties. Secondly,
a new empirical equation for representing tensile and com=-
pressive flow curves has been oroposed. Finally, the
Bauschinger properties of banded; unbanded and aged dual

ﬁhase steels have been studied. The objectives of the pre-

sent work are outlined in more detail in the next chapter.
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' CHAPTER 2 . T

OBJECTIVE OF THE PRESENT WORK

The aim of this work, in-genefal, was to understand
the relatﬁgnshlp between structure and mechanical propert;es
of dual phase. steels. This objectlve was fulfllled in terms

of three other objectives.

2.1 Effect of Heat Treatment Schedule on Microstructure .

There'are two ways of’obtaining dual phase micne—
structures namely, 1ntercr1t1cal anneallng or by lsothermal ‘
reaction. These treatments, in reference to Fe-C equlllbrlum
diagram, have been used to obtain different martensite mox-~
pholoéies:by a number of ‘workers, as mentioned‘ in more
' detail in the next chapter.

In‘the present work, an approach similar in essence
toﬁnhe isothermal reaction treatment, based on the TTT curve,
has been studied for obtaining dual phase structures in
nominally 1020 plain C steel bars. This method offers a
rapid and useful way of qbtaining dual ﬁhase‘structures.

The microstructures obtained by this heet treatment have
been etudied in relation to the mechanical proﬁerties and a
comparison has been made with the microstructure and mech-
anical properties obtained by an intercritical annealing

treatment.
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2.2 Héthematicﬁl Modellinj of Stress-Strain Data

Médeliing of stress-strain curves was attempted in
6rder:to\re1ate ﬁﬁe stress-strain aﬁd work hardéniné_behav-
iour of dual phase steels to their microétructute. This was
"done by obtaining accurate digitized data from experimental

curves and expressing these in terms of weilﬂgstablished.

'Vmodgis of streSs-strain.and.work{haxdening; ‘This has been
atteﬁptéd by other workers in the case of theirfdual.phase
steels and conclusions have been drawn about the strain
mechgﬂisms. Finally, the applicability of the above-
mentioned empirical equations has 5een.discussed along with-
the results of other workers. . |

The extrapolation of data in the present work required
a more suitable empiricalAequation to express the defor-
mation behaviour of dual phése steels. A new equation was
developed and was found to.be valid over a larger strain
interval. This proposéd-equation, was then utilized for extra-
polating Bauschinger prestrain curves for the measurement of

Bauschinger effect in dual phase structures.

2.3 Compressive Compared with Tensile Loading

A ;trength differential eftfect not previously réported
for tﬁis material has been observed in the present work. As
well, the Bauséﬁinger effect and its relationship'to differ-
ent dual phase microstructures was studied. The Bauschinger
effect can be described as a lowering of the elastic limit
in compression (or tension) subsequent to a previous st;ain--

ing in tension (or compression) beyond the elastic limit.

\J -
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A larée Bauschinger effect h#s b ébservéd by other workers
-in two phase-systems ihclpding dua hase-steéls. Brown and
'Stobbs (42—46),:in,thei} models of dispersion hardened systems,
have illustrated the usefuiness of Bauschinger tests in
réé;oﬁalizing.the ﬁechanical behaviour of these materials.
Théy and others (72-~74) have used the Bauschinger effect as
a measure of the internal stresses that develop due to inhomo-
geneity-of plas;ic deformation and have drawn conclusions.about
the init;al work hardening behéviour of materials. To date,
very limited data have been available to evaluate this effect
on a quantitative basis, for different morphologies in dual
phase sﬁeels.

In the present woik, an effort'is made to establish
the relationship between different microstructures and the
Bauschinger effect in dual'phése steels. Different speci-
men microstructures éuch_as banded, unbanded, aged, unaged,
intercritically annealed and isothermally reacted microstruc-
tures were-tested to draw conclusions about the effect of
prestrain on the Bauschinger effect.

A detailed literaturé review, pertinent to each of

the above objectives is presented in the next chapter.



CHAPTER 3

LITERATURE REVIEW

3.1 IAtroduction

‘Structure-property relationships in dual phase.steels,
in general, hayefbeenjrecently reviewed'by.Speiqheeﬁd.Miller .
(16 . A brief review for the ease-of C-Mn dual .phase |
steels, pertinent only . to our objectives is therefere pre-

sented here.
!

3.1.1 Methods of Producing Dual Phase Steels

Dual phase ferrite-martensite structures'have‘been
developed by two dlfferent routes whlch are normally referred
to as 1ntercr1t1ca1 annealing and 1sothermal reaction treat-
ments (l): These two schemes of heat treatment are shown in
Figure 3.1. Intercritical annealing is the most common
_method of producing dual phase steels in the laboratory as
well as on a commercial scale. In this method, rhe-normal-
ized ferritic-pearlitic steel is heafed into the ferrite-
austenite region and held for long periods toiobtain,an
eéuilibrium ferrite-austenite mixture. The steel is sub-
sequently cooled at an appropriate rate, based on the
hardenability of the steel, to transform the austenite into
martensite. In the isothermal reaction treatment. {(5), however
the normalized steel is heated into the single phase austen-
ite field and subsequently,reacted at 4 lower temperature in
the two phase ferrite—austep}te fie;d et temperatgres above
the eutectoid temperature. &his allows the formation of

ferrite from austenite. The steel is held in the two phase

2 | e
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field'until an equilibrium'ferriteaand austenite mixture is
obtained. The steel ia subsequently appropriately'cobled

to produce a ferrite—martensite structure. In bpth.caees,
the temperature,-and the time that the.saeel is held in the

two phase field, are. the main determinants of the resulting

~ microstructure.
. In these two approaches to obtain dual phase struc-
tures, the Fe-~C equilibrium diagram has been/COnsistently
used to obtaln the- necessary dual phase microstructure and
to predlct the volume fraction of the constltuent phases.
ThlS has been possible, because.the specimens have ‘been_ held
in the two phase alpha—gamma flEld for long times to obtaln
equilibrium amounts of ferrite and aus enite without the -
formation of low temperature transformatlon products such
as bainite or pearlite.

In the present work, a different approach, based on
TTT curve, has been attempted to obtain dual phase-struc-
tures. fhis can be described as follows:

1) Heating of as-rolled 'steel specimens in the
aistenite range slightly above the A3 line, for a few;minutes
to obtain small and unifarm austenite grains. The tempera-
ture of austenitizing was primarily fixed by the carbon
content of the steel and was about 860° for the-present
1020 carbon steel bars.

2) The specimens were then rapidly quenched to a
temperature below the eutectoid reaction +témperature as

shown in Figure 3.2. The specimens were held at this
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temperature for a few minuted during which ferrite nucleates
. . .
and grows. The amount of ferrite increases with time but

the equilibrium amount of ferrite is never allowed to form.:

3) The steel was then water quenched to transform

the remaining anstenite to. martensite.

3.1.2 The Kinetics of the Formation of Austenite .

A iarge body of information is available on the aus-
tenitizing reaction, but this feview will be resfrictéd to
someg fairly recent work (16,18,19) on the formation of aus-

_ tenite in low alloy steels from Fe3cfferrite aggregates. The
reaction is undoubtedly one of nucleation and growth. In any
type of Fe3c-f§rrite aggregate, growth consists in the c0h—
vérsion of the aggregate to'the‘gamma phasa at the interface
of the growing austenite nodule; the converstionm to the nodule
does not necessarily mean the dissolution of all carbides,

nor the full dissipation of C concentration gradients.

The kinetic variables are the state variables of time
- and temperature and structural variables of form and dégree
of dispersion of the Fe3C a;d ferrite phases. Th; nucleation
rate, N, has beeﬁ found to increase with. the increase in
the Fe3—C ferrite interfacial area (17). Since diffusion must -
occur in converting this aggregate ﬁé a single soblid solu-
-tion phase, it would bé gxpected that the growth rate G
would be greater the smaller the distance between the
‘carbide particles or the smaller the interlamellar spacing
"in pearlite. Both N and G are thus structure sensitive in

this reaction. Since the diffusion coefficient increases
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with temperafure, G has:élsd been £6und‘to increase wiﬁh
temperature.f a '

In the case of _dual phase steels’ produced by lnter-
critical annealing the austenltizatlon process has been _4
recently studzed.hy a number of'workers (17,18,19) and the
results of Garcia et al (17) are- shown in Flgure 3.3. -The
increase in volume fraction of austenite takes place as
follows: . ‘ - . ~ 7

1) Austenite is nucleated at f339 particles situated
in the_ferrite.grain boundaries and nucleation occurs
throughout the isothermal hoiding periocd.

2) The austenite grain grows into the fefrite_matrix
?nd along the ferrite grain boundaries. The rate of the.
austenite growth into tié ferrite is much smaller than that
aloﬁg the grain boupdaries. ‘

This difference in austenite grain growth is presum-
ably caused by the difference in diffusion coefficient in’
the ferrite grain boundaries compared with the bulk diffu-

‘'sion rate.

3.1.3 Kinetics of Nucleation and Growth of Ferrite

From Austenite

In this.section, a general review of the present
knowledgé of the kinetics of the austenite~ferrité reaction
lin hypoeutectoid plain C steels will be presented. Experi-
mental observations as well as the theory of nucleation and
diffusional growth of ferrite crystals from austenite will

also be briefly presented.

hY
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'-3.1.3.1 Nucleation of Perrite | ' >

Ferrité.preéipitétes from the austenite phase below
the A3 line. Figure 3.4 shows the approxiﬁate temperature-~
composition regions in which ferrite and. cementite are pre-
 sent first in readily obéervahle.ambtnts-ih partially’ reacted
plain carbon steels. -As shown in the'figﬁre, at témperatureé
below the eutectoid, ﬁear;ite_qap;;ecome an-effective com?.
petitor for the ﬁow enﬁi;ely unstable‘austenitg matrix only

at low temperatures or higher carbon contents.

a) gffect of guétenitizing_Temgggé;ggé =A nuﬁber of
workers (20,21,22) have studied'tge effect of austenitiiing
temperature on the nucleation rate of proeutectoid férﬁite
during isothefmal holding. Hull et al (20) first showed
that‘the nucleation rate of‘proeutectoid ferrite* decreases
with'increasing'austenitizing*temperaﬁure. Two factors (21)
may contribute to ﬁhis effect: (i) residual concentration
~gradients from the solution of~ferrite_or carbide in the
austenite may be diésipatedﬂby raising the austenitizingh
temperature, and (ii) the increase in grain size of the
austenite may reduce the number of preferred nucleation
sites af.grain_boundaries. Mazanec and Cadek (22) have
also ascertained the effects of austenitizing temperature

-upon the nucleation rate of ferrite, N_- Using commercial

type 0.4 % C steels containing 0.5 and 1.6 $ W, they

found about three-fold increases at a reaction temperatﬁre
of 745°C and smaller rises in the nucleation rate at 675°C.

Their results are shown in Table 3.1

* ferrite formed in the two-phase ferrite-austenite region.
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TABLE 3.1

Influence of Austentizing Temperature Upon the
Rate of Nucleation(Ns) of Ferrite for a 0.41%C
0.16% Mn, 0.20% Si and 1.56%W Steel(22)

) Auétentizing S Reaction Ns x 1 -4
" temp., C temp.,-C | nuclei/cm”/sec.
950 - 745 0.29
' 1100 745 0.09
950 | 675 0.89
1100 675 0.70
o :
r
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; b) Effect_of Isothérmal Reaction Temperature - Mazanec

and)Cadekuiiif ha&% also. examined the influence of isothermal

reaction temperature on the nucleatlon raté of ferrmte, Ng,

-

by comparing wvalues of Ns at the times when 2% of the austen-

ite had transformed to ferrite. As~shown.ih‘Figure 3.5, N
ihcreasee.rapidly with decreasihg temperature.

Krahe et al (23) heze/more recently observed that
dustenitiziné a.high-purity Fe-0.1l1 pct C alloy at 1300°% to
set the austenlte grain size and then further austenitizing:
at a lower temperature prlor to lsqthermal reaction markedly

increased the overall kinetics of the proeutectoid.ferrite

reaction. When the second austen1t121ng treatment was suf-

'f1c1ently close the Ac3, the trans‘ormatlon kinetics became

so rapid that isothermal reaction studies were no longer

feasible., © ‘ "_ -

c) Ferrite Nucleation Rates - The data which have
been recounted on the nucleation kinetics of ferrite can be
qualitatively rationalized on the basis of the following

simple arguments. Sufficient prolonged holding of a hypo-

- eutectoid steel at a given temperature in the austenite-ferrite

region is taken to establish a steady state distribution of

ferrite'embrYos. The number of embryos of radius, r, per

mole, ny, can be expressed as (21):
- ¥

_ -AFo/RT '
nr = no e {1)

where ho is the number of lattice sites per mole and AF is

the free energy of activation for the formation of a mole

of embryos of radius r. Assuming the embryos to be hemi-
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spheres, formed heterogeneously against a planar austenfke_p
grain boundary (21): |

—— " ' 2 ;
— 2 2 - 3
AFO -_2w; % + nr.v(crOl Urr) + L (AvaW). (2)

where veisanumber less than unity to account for varying
area of cross-section of.the ferrite embryo at the austenite

‘g:ain‘boundary, o is the spe;ific interfacial free energy

ra

of'én'auStenite—férrite-bpundary, crr'is the specific inter-

facial free enérgy of an austenite gféin boundarj.“'The
volume free energy change Fv per unit volume accompanies

the formation of a mole of embryos and W is the volume straiﬁ
energy attending the appearance of the embryos. When the
steel is quenched to a temperature below the au;teﬂite field,
#the volume free energy change associated with-thé fo;mation
of an embryo of radius r becomes neéative. According to
Equation (1) the number of these embryos is.thus considerably °
increased.

‘ The influence of austenitizing temperature upon the
rate of nucleation at a given rgaction température can be
explained in the following manner.

The higher the austenitizing temperature and time
the larger will be the grain growth of austenite and the

smaller will be the grain boundary area of the austenite

grains. This will lead to a decreased nucleation rate.

3.1.3.2 Growth of Ferrite

a) Theoretical Predictions - The rate of growth of
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ferrite perpendicular té.the'boﬁndaryaaGP, can be'treateq"
simply'as a problem in the mass.transport of carbon to or

- from the boundary by volume diffusioﬁ throﬁéh austenite. A
number of wérkers.have solvea;this growth problem by aséum—
ing growth faces of ferrite of . _cert;;p.defined nature.
pubé (24), for simplicity, has thained a solution to the
plaﬂar growth problem, and Frank (25) has solved the-spheri—
cal case;®ener (26) has generalized the Dubé analysis,
making it applicable to one-, two- oOr three-dimensional
growth in thé form of a plate, a cylinder or a sphere: res-
pectively. The mathematics of all these analyses are com-
plex. Results of t@g‘rigoﬁous aﬁalysis by Zener for the

planar and spherical cases (26) yields:

i) For planar growth (Figure 3.6):

- X = al(Dt)% .
(c, -Cy) '
= * * = : Y
where a, klal ¢ Qg Yo % g (3)
(c'”-Cc )Y“*(C_-C )}
Y ¢y
and kL_varies from 1.13 to 1.41 as CY decreases from

c’® to Cu. cre, Ca and CY are the carbon concentrations

Y Y
in austenite at the austenite:ferrite boundary, in
ferrite, and in austenite; respectively. D is the
diffusivity of carbon in austenite at the carbon content
of the austenite in contact with the boundary.
ii) For spherical growth:
K, (C)-c )"

: (pt) ™ (4)
(CY~Cu)

X =r =
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Y
/4' dx

N7/

Figure 3.6 Approximate carbon concentration
profile in the region of an advancing
austenite:ferrite boundary (Zener (26)).
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where Kz.ranges from 1.4 o 2.4 as-cv varies from Cza'to

Ca.

b) Experimental Obsedrvations - Values of Gp as a

function of t 3

, obtained by Mazamec and Cadek (22) are -
plotted in Figure 3.7. Differentiating Equation (3i with
respect to time and grouping the.constahthte:msfiﬁto a new
constant, ¢,

_ dx s

Gp = 3t - °C (S)

3

Thus the linear dependence of Gp upon t ° in Figure
3.7 indicates that ferrite grain growth is controlled by a
raéé of diffusional mass transport. - |

Aséertaining the species whose transport rate controls
the rate of growth is conventionally done by determining the
activ;tion energy of thé growth process. Mazanec and Cedek

(22) performed this determination by means of an equation

' 1
for the rate of growth due to Danilov and Kristal (27).:

G = klexp{(~k2/AT)-T}exp{—Q/RT} ' fs)

where k, and k, are constants and Q is the enthalpy of
activation .for diffusion, ¥hen degree of supéfcooling,z&T,

is aﬁpreciable, '
exp{ (~k,/AT) .T} = 1 (7)

Theréfore,

G = klexp{—Q/RT} (8)

-

Mazanec and Cadek (22) applied the above equation to growth -
rate data obtained from specimen of an 0.42%C, 1.58%W steel
which has been transformed to 2, 5 and 10% ferrite respec-

tively at temperatures from 675 to 730°C (Figure 3.8). The

A
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‘acﬁivationueﬁérgieS'for growth atuthqéé;Ievels of‘trahsfor-
mation were 332‘00;_ 33800; and 34000 cal/mole, in acceptable :
agreement with the energy of activation.for the diffusion
of carbon in austenite qontainihg a similar amount of tumg-
gten.‘ The'rate.o£ grow£h of ferrite, it waS»thﬁS‘condludedf-‘
is controlled by the volume'diffusiop pffcafbon in austenite.
This result is pertinent to the presentiwork becaﬁse it
implies that the carbon distribﬁtiﬁn‘in‘the martensite could
be different in isothermally reacted dual phase steels com-
pared to intercriticallf annealgd‘steelé. This point is
discussed fufther in Chapter 5.

As evident from Figure 3.8,'tﬁ; growth rate of ferrite
increases with decreasing temperature and decreases with in-

creasing volume fraction of ferrite.

3.1.4 Effect of Heat Treatment on‘the~Mechanical

Properﬁies of Ferrite~Martensite Structures .

The ferrite-martensite mixture formed by the iso-
thermally‘reacted path is different from that formed by the
intercritically annealed method. In the case of the iso-
thermally transformed specimens, all the ferrite that is
formed is essentially new fe;rife; transformed from aus-
tenite. In the case of intercritically annéaled heat treat-
ment there.are two types of ferrite which have been termed
'retained ferrite' and ‘'epitaxial ferrite'. The retained
ferrite is that ferrite of the original room temperature
ferrite-pearlite microstructure. The epitaxial ferrite is
the ferrite that grows from the austenite epitﬁxially‘onto

the retained ferrite
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during cooling (28,29). Mn and.Si.m§y paxtition between the
austenite and ferrite during inteicritical annealing and

thus the epitaxial ferrite has been found to inherit a higher
‘Mn and/or lower Si from the parent austenite. For low alloy
steels, the retained ferrite may contaln precip;tates which
are absent in the epitaxial.ferrite. " These composxtlcnal
differences and the relative amouéts of epitaxial andpff;;f’“*‘
tained ferrite have been found to affect the susceptibility
of dual phase steels to room temperature agemng (30). The
relatlve lmportance of the roles of epltaxlal and retaln;é
ferrite on the general mechanical properties has not been
lprdperly elucidated.

Kunio et al (31) were first to study the mechanical
property differences between isothermally transformed and
intercritically annealed ferrite—martensité microstructures.
In their studies in 1975 (before the term 'dual phase steel’
was‘coined to represent these microstructures) they obtained
'ferrite enclosed martengite' and 'martensite enclosed
ferrite' type structures ftbm isothermally reacted and intexr-
critical annealed treatments respectively. The results were
analyzed in terms ‘of tensile and fracture behaviour of the
two marfénsitic morphologies. They reported a higher tensile
strength, a lower ductility and a brittle mode of fracture
in the case of intercritically annealed, MEF, structures.

Recently, Suzuki et al (32) have also studied these

structures for their tensile and fatigue crack growth'pro—

perties. They have reported, in agreement with the work of
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Kunio et al (31), that a éontinuoustmartehsite qptwork'(MEF),
‘results in an increase in strength as compared. to a continuous
ferrite network. In addition, a continuous fériiﬁe network
(FEM) has been found to possess better ductility and an imQA,
proved resistance to fatigué crack growth, érobabif due to a
smaller plaétic zonejSi?e,‘ o ;,h o N -.fﬁ

Tﬂoﬁas'and Roo (33), in their stﬁdies.on~duplex
ferrite—marﬁensite steels (1010),‘have conducted a similar
work on morphology and structure—property.relationshipg..
They state that an_isothermal reaction brings aﬁput a coarsex '
and more connecged martensite geometry écmpared to that
obtained *after intercritically annealing. The latter treat-
ment gives impréved ductility. They répoft.thaﬁ strength,
on the other .hand, is less sensitive to morphology and -
depends to a good approximation on the "law of mixtures"”
(Figure 3.9). These results are clearly in conflict with
. the work of Kunio et al (31) and Suzuki and McEvily (32).
In the case of Thomas and Koo (33), the details of heat
treatment, especially, intercritical annealing and iso-
thermal holdiné times, are not available. This is important
since a banded and connected marténsite morpholoéy has been
) obtained by Garcia and DeArdo (17) for long-interc;itical :
annealing times.

In ithe present WOfk, therefore, dual phase structures
were produced by both isothermal and intercritical annealiné

heat treatments to establish a definite relationship between

martensite morphology and the heat treatment procedure as
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1 .
well as to study the effect of heat.treatment procedure on

structure~property relatlonshlps in dual phase steels.

3.1.5 Effect of Tempering on the Mechanical‘Properties

of Dual Phase Steels .

The mechanlcal properties af dual phase steels can. be
alfefed by low temperature heatlnqror temperlng which pro-
duces varlous mlcrostructural changes ln the steel. Recently,
a few papers (34,35,36) have been published on the effect of
temperlng on lntercrltlcally annealed DP steels. The
relationship between mechanical propertles and temperlng
'treatments as a functlon of steel composition and processing
parameters and on the phase transformations end~ether micro-
structural changes that are prqduced by tempering have been
lnvestlgated. This section deals with a brief review of
the existing llterature on mechanical property changes in
these intercritically annealed and tempered dual phase steels.

Figufe_B.lO, taken from the results of Rashid and
Rao (34), represents in general the effect of tempering on
mechanical properties of afvanadium bearing dual phase steel
(.1%C, 1.5%Mn and .l%V) for tempering times of 1 hour.

The yield strength increased slightly and the ultimate
tensile strength, total and uniform elongation decreaeed
slightly on heating the steel at 200°C. However, on heating
above 200°C, the yield strength increased rapidly with in-
creasing tempering temperature and reached a maximum value,.
A return of the yield point (discontinuous yielding) is

observed above 200°C in low martensite dual phase - steels.
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5 TheiUEQVdegréééé&tcénfiﬁﬁéiiQ:Qith increasing heating tem-.
‘perature and tended to level off at th%;highg: témperatq;gs.
A higher tempering temperature (v650°C) leads-to a return of
yleld point for high martensmte content dual phase steels.
The total and uniform elongatlon decrease rapidly'with im—

"creasxng'temperlng temperatures.

These changes, in mechanical properties on temperlng,\
have been explained.in terms of microstructural changes in -
férrite, martensite and retained ausLenite'observed by TEM
(34,35). .The yield strength increase is bélieved‘to be
caused by the observed relgxation.of residual stresses at
the ferrite marﬁénsite interfaces, the rearrangement of dis-
locations in the ferrite, and the precipitation of carbides
in the retained austenite. The decrease in tensile strength
has been attributed to the tyin boundary precipitation of
cementite particles in the martensite. A slight increase
in yield point was observed due to an increase of dislocation-
Anterstitial coupllng (36). The decrease in ductlllty has\
been ascribed to the obserﬁed decomposition of retained

’anstenite to upper bainite and to the morphologyhgf the
bainite. | |

Figures 3.11-12, taken from the work of Davies (35),
show a marked reduction in tensile strength of an inter-
critiéally annealed, water quenched. low allo? dual phése _
steel, on tempering, compared to high alloy dual phase steels.
This has been explained in terms of a higher carbon content

of'ﬁggh alloyed steels and consequently a. higher

-~
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.;ioolume fraotlon‘of martens;te which retains the.tensxle
hstrength during tempering.‘ The- dlfference 1n the temperlng
behaviour of alr-cooled and water quenched hlgh alloyed -

dual phase steels could be due to (35): 7
1. Auto-temperlng of‘the martens;te‘durlng the air,
coolzng operatlon. '

2. Higher carbon martensite in thevair-cooled dual
phase steels arising from some of the austenite
transforming to ferrite during cooling and so
increasing the carhon.contene of the remaining
austenite, which eventnally é;an;forms to mar-

 tensite. | | \
3. Precipitation in the ferrite dﬁring air cooling.
Low alloy steels have to be water. guenched in order
to transform austenite to martensite due to hardenability
considerations. - S

Water quenched‘dual.phase steels have been found to
have -a poor strength—ductlllty comblnatlon on tempering,
compared to . alr cooled dual phase steels. The overall effect
of tempering of any dual phase steel is to result in an
inferior strength - ductility comblnatlon (34 36). It has
been suggested (34) that the ductlllty of a dual-phase steel
is essentially determlned by the initial structure and the
percentage of ferrite in the structure is the dominant
factor controlling the ductility of dual phase steels; the
l greater the amount of ferrite the greater is the ductility.
The strength of dual phase steels is very strongly deoen-

dent upon the strength of the martensite. . Thus, softening
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the martensite by.témpering will reduce thatstrength of the

dual-phase steel, but not necessarily increase the ductility.

r .

3.2 Bauschinger Effect

. Since Bauschinger discovered the pheﬁomeﬁon in 1381
(37), a nﬁhper of investigators have studied the Bauschihger
effecé in various single crystal and poly&rystalline metals
and alloys. A review of Bauschinqer effect in different
metals will noﬁ'be attempted here since é rather comprehen-

-sive review on Bauschinger effect has’beeh reéenﬁly published' '
bjlséwe;by et al (38). It would,-however, be uséfui to
briefly review the Bauschinger effect in two phase sfstems
and in particular dual phase steels.

The’Bauschinger effect illustrates the anisotropy of
.work‘hérdegihg. Materials sho&ing no.Bauschinger effect
would be mechanically isotropic after unloading and yould
possess a compressive flow stress closely equal to that
achieéed in?ﬁension.before unloading. The Bauschinger effect
can be described as a lowering of the elastic limit in com=-
pression subsequent to a previous stressing in: tension beyond
the elastic limit. Conversely, the elastic limit in tension
would be.reduced for a material strained beyond the elastic
limit in compression (Figure 3.13).

Cyclic torsion tests and cyclic tgnsion-compresSioﬁ
tests where prestraining in tension is followed by reverse
stréining in compression {(or vice versa) are commonly used

to study Bauschinger effect in materials.

Thefshape of the stress-strain curve for reverse



=0 e ————

(83

loading in oompressioo folloeiogrprestraining in tension is.
‘shown'schematioally in Figure 3.13. . The redoction in the
elaSth limit (compare oy with c“g and .the well—rounded '
nature of the Lnitlal portion of the reverse flow curve 15
not untypical of real materlals.

A pronounced Bauschinger effect has been observed in

two phase materials and in partzcular,'the-systems contain-

ing aon-deforming paréfcles in a soft-matrik, fheoretioal.
proposals to explain the B.E. in two phase:systems can be
‘broadly classified.as oeiAg either_macroscopio or microscopic
in nature. |
- The macroscopic approach is based on the contlnoum

theory of plasticity. It attempts to descrlbe the work
hardenlng behav;our of materials for complex loadlng histo-~
ries. Two rules of work hardenlng that have been widely
employed are those of isctropic and kinematic work hardening
(%8). Isotropic work hardening occurs when the initial yield
surface expands uniformly during plastic flow. The initial
yield surface may define an isotropic or an anisotropic
material but it remains centred on the hydrostatic stress
axis. In contrast the kinematic hardening yield surface
does not change in its initial form and orientation, but it
translates in stress space as a rigid body. The theoretical
extension to combinations of these rather.basic concepts

has resulted in models which in principle, allow for contin-
uous expansion, distortion and translation'of the yield

surface in order to describe the work hardening behaviour.

t
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A detailed review of macfoscopic nodels such as Masing -

- model based on elastic-plastic elements, residual stress
models,.Mroz model and other work hardening. modéls _based on
the translat;on, expans;on and distortlon ‘of an initial yield
surface are presanted.ln the, revzew by Sowerby, et,al (38).

It 1; important, however, to mentlon here that these models
still provide a drastmqally oversmmpllfléd version of the
real events. | '

The microscopic approach is based on the inhomogeneity
of the-?lastic flow. This inhomogeneity could be viewed in
terms of dislocation motion at second phase inclﬁsions; the
mgcroscbpic scale of grains, et¢c. The inhomogeniety gives
rise to material incompatibility and the generation of inter-
nal stresses. These internal stresses can be classified 'as
being "short range" or "long range” in nature. 'In a plasti-
cally deformed matrix, containing strong particles which
, femain elastic while the matrix deforms plastiéally; the
particles act as a barrier to dislocations. During'deforma—
tion, dislocation loops are built up around the particles
.~ which suffer purely elastic straip and a “"long range" stress
field will arise. The effect of removing the applied stresé
is to leave the material in a state iﬁ which there is a non
zero back stress within the matrix. .Thié-stress is, of
—course, in aIEEESe to help the plastlc deformation of the
matrix when a reverse stress is externally applled

P

Short range internal'stresseS*are more a function of

local dislocation arrangements, interparticle spacing, and

-
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-solute;atom_inte:actions.
It is to be noted that in general a certain amquntrof
plastic reiaxatiqn will occur around the embedded particles .
oxr other barrieré"dafiﬁg plastic straining; Partial relaxa-
tion still leaves some-incompatability between the matrix
}ahd inclusions. An aﬁerage measure of the incoﬁpatibi;itg
is the unrelaxed strain (defined as ep*) which in turn is

related to the back stress as mentioned later.

3.2.1 Microscopic Models of The Bauschinger Effect .

"{B.E.)

3.2.1.1 Orowan's Approach

v

Orowan (39) invoked ﬂis‘loop.hardening theory in which
a rather specific obstacle distribution Qith regions of bhoth
high and low obstacle density will accumulate dislocation
loops on stressing in one direction. On removing the stress
local adjustment takes place, so that on reapplying the |
stress in the reversed directioh segments are propelled
under both the back stress of the loop accumulations, and the
appliea stress, which will-theréfore be lower ﬁhan in the
‘forward direction. This implies that part of the initial
work hardening is permanently removed by reverse stréining.
X Oroﬁan_has also discussed the problem of back stress
in.terms of the effects of twg generalized types of obstacles.
The build=-up of loops around :Qrmeable obstacles results in

continued hardening but at a much lower rate than for strong

barrier hardening. Grain boundaries and cell walls may be



- considered as weak §bs£aclés ih'single-phaée‘metals, com-

pared to strong'particles in two-phase alloys; It is gener-
ally true,ﬁhat thg permanent softening effects bbsefﬁed iﬁ
m;st single-phase metals are much shaller than‘those'observed
in dispersion-hardening allbys. “;

3.2.1.2 Fisher et al's Model

Fisher et al (40) have treated the work-hardening
problem for a simple case, that of a random distribution of

rigid obstacles of circular section in two dimensions. The

passage of each dislocation leaves. behind an Orowan disloca- -

¥ion loop round each particle intersecting‘the-glide plane.
Fisher et al have pointed out that such loops will exert a
shear sﬁress on the matrix opposing further slip. Assuming
the spacing of dislocation sources to be large compared to
the spaqéng'bf accumulated loops, a uniform distfibuﬁion of
particles was shown to give riée to a hardening étreSs in-

crement (AIH) so that,

~ n 3/2
ATH = BpR £

where, n = number of loops per particle;
R = particle radius;

£

volume fraction of particles. .-

.

This stress field is reversible and is considered as a back
stress which assists deférmation in the reversed direction.
Fisher et al's model neglects the possibility of cross-slip
and therefore the relaxation of highly developed back

stresses around particles. Thus, it overestimates the B.E.

,
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in the two-phase alloys.

'3.2.1.3 Model of Tanaka and Mori .

Tanaka and Mori (41) have developed a theory to ex-
plain the work hardening behaviour of crystals with hon-
deform;ng partlcles oxr fibers. The theory is based on the
stability of a material considering the effect of the applied
‘stress on the Gibbs free energy. Internal stresses are bullt
" up-around the partic;es because of £he constraining effect
oh ehem ﬁy the uniformly deformed matrix. The theory pre- .

dicts a linear hardening in the form:

o
’ 2yfue
0:0'0-}-——.—2
where, ¢ = applied stress; i
9 = initial yield stress;
p = shear modulus; N
€p = the plastic strain in the composite;
y = a geometrical term, 7-5v/15(1l-v) for

sphericei particies where v is the Poisson's
ratio. |
The theory predicts an elastic back stress of nyugp/
(l-f)which acts to help deformation in the reverse direction.
Brown and Stobbs (42-46) have indicated that Tanaka and
Mori's theory provides a lower bound for the strengtﬁ
because any additional heat production will increese'the

flow stress.
' .

3.2.1.4 .Brown and Stobb's Models

Brown and Stobb (42-46) have developed two models to



account‘for work-hardening behaviour in oopber;conteining'
spherical particles of silica. The'firSt modei (elastic .
: modeli assumes no plastic relaxation around the particlesl
-while the second one takes into account the role of plastic
relaxatlon at the: part;cles. '

In the elastic model, plastic relaxation does not |
occur, soO evEry'Orowan loop remains as a shear loop around
the partlcles.. Brown and Stobb showed that, if a volume
fraction £ of the materlal is only elastically stralned then
a uniform back stress of magnitude Huepf exists together w;th
locally fluctuating, inhomogeneous stresses of both signs. -
In the linear hatdening region, the flow stress is_oiven.as:

o] ='uepf %ﬁ/g uepr/z + 200

which shows that for small volume fractions, the image stress
is primarily responsible for the hardening. Brown and Stobbs
showed that the work-hardening predicted by this model is
about three times larger than that experlmentally observed
becagée of the hypothetical assumption of no plastic relaxa-
- tion. They have also emphasized that the work hardening
described by the model is unstable‘ﬁith respect to unlcading,
and that reverse plastic flow will occnr as long as the image
stress is greater than tne,Orowan stréss, so that a vety'
large proportion of plastic strain uld be reversible; In
the model acc0unting.for plastic relaxation (45) the Orowan
loops around the partlcles act together to produce large
stresses in the neighbourhood of the particles. In order to

lower these elastic stresses, plastic relaxation may take

it ) e T
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place by—local:qlimb;of disl&cation.logps; or the screw seg-
ments can cross slip, to produce prismatic loops. Also.
Qariqus processes invoiving secondary slip‘can,occur as pro-
poéed by Ashby - (47). Alltthesé processes of plastic felaxa-
tion lower the work-hardening rate by lowering the local
stresses at the barriers.

Brown and Stobbs have emphasized thét at small strains
and small particles only primary dislocations a;e.involved-
in the stress-reiief process. They inﬁoke-ﬁirsch's mechanism‘
(48-49) which proposes that when the cross-slip bccﬁrs, a
.-shear loop is convertéd into two equal and opposite prismatic.
loops, and the line length of dislccation is increased.

Brown and Stobbs also showed that at la;ge particles
an& large strains the stress-relief mechanism involves the
generation of secondary dislocations and a plastic zone con-
taining a high density of forest dislocations builds up in
the neighbourhood-of particles. The plastic zones have two
effects: they harden the matrix directly and they inhibit
the local slip ﬁhich is required to relieve the elastic
stresses. Thus, the presence of plastic zone prevents full
plastic relaxation, and gives rise to a localized elastic
stress field with its accompanying image stress which acts
as a back stress. : -

With the simple assumption that the flow stress con-
sists of three addiﬁive componen£§: an QOrowan stress tco),

a Forest hardeniﬁg, and a back stress. Brown and Stobb's

treatment predicts a back stress in the form:




- 3 grp ,1/8 / 8be ‘_
g = o_ + /3apf = + auf(a-i-é-;i) _1ﬁ2 ‘

where a is a constant (3 —)'

Thls model prOV1des the most qnantitat;ve treatment'
Eo the problem of work-hardening-in-two-phaseualloys. It
predicts a stfength.indgne direction oflabout,Zf% that
in the'opposite direction. The.theorf treats the problem .
of spherical hard particles in a soft matrix and does nqt:

account for the effect of partiele shape.

In the case of all the models mentioned here, the
degree of correspondence between experlmental data and
theoretical predictions has beeg mixed. Even the SOphlStl-:
cated model of Brewn~and Stobbs does not provmge an a priori
account of the actual behaviour% invariably, some measure-
ments are made on the meterial in its defefmed state in |
order to assign numerical quanfities to coefficients in the
theoretical expressions.l It is also to be noted that pro-
blems exist with the experimentation since it is not easy

to devise controlled laboratory tests which permit complex

lcading paths.

3.2.2 ‘Methods of Measuring the Bauschinger Effect

There have baen several proposals in the literature
to define a parameter which can be used as a guantitative
measure of the Bauschinger effect. 'Among these are, the

difference between forward and reverse flow stress (Bauschin-

ger stress), the Bauschinger strain, the. Bauschinger effect
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factor, the Baﬁs#hin@erreffept parameter, the‘avérage

‘Bauschinger strain, the Bauschinger strain paraﬁeter, the
Pauschigger stress parameter, the Bauschinger enexgy para-
meter and the permanent softening stress. These are indi-

-

viduélly discussed below.

3.2.2.1 Bauschinger Stress

The simplest ahd, from a theoretical standpoiﬁt,.the
‘most easily interpreted measure of the B.E. is the différf
ence between the forwara and reverse flow stresges (Bausch-
inger stress). Assuming that the saﬁe mobile dislocations
which qontributed the last por?ion of forward flow are the
. firs£ to move on reversal, then the difference between the
forward and reverse flow stress is a direct measure of ;he
value of the back stress. Unfortunately, the,streéé—strain |
curve for unloading and stress revérsal is almost always one
of continuous curvature which makes it impossible td
aécurately measure the onset ‘of reverse plastic deformation.
In general, it is difficult to accurately measure the elas-
tic quulué or even to roughly estimaéé {(<15%) the reverse
flow stress.

The Bauschinger effect is thus more than just a stress

lowering effect.

3.2.2.2 Bauschinger'Strain

Woolley (50) and Buckley and Entwistle {51) have
presented their results on B.E. of pure .metals in terms of
Bauschinger strain, B8y, as defined in Figure 3.14. Accord-

ing to them, an annealed specimen is stressed in tension
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e;along ab and then unloaded.to c and the tensile stress is
\'reapplled to the same value b, g1v1ng the curve cb' After
unloadlng, the specimen is now stressed in compress;on along
ce, the reverse strain curve, which is plotted in the same -
direction as cb'. Then the-Bauechiegernstrein; By s can.be
expressea‘as the strain:difference'between cd and cb'.et an
arbitrarily choseﬁ stress'of_n times the‘prestreee.value
where n is either 3/4 or unity. |

| This method has been criticized by a number of
workers'(54,55,56), because the shape of cd variesinla.com_

h plex-ﬁanner'and the Bauschinger behaviour depehds upon the
» : :

“+

value of n selected. |
Abel and Muir (56) have modified this defini%ion of
.Bauschinger strain, -8, to 5the'amoun§ of strain required to
. raise the stress level in the reverse directioh to'thaF of
“the forward direction.” This is also shown in Figure 3#}4'
- This is similar to the Woolley definition with n=1 except
that Woolley‘measu:éslthe strain from the tensile :e*lead

curve whereas Muir and Abel measure it from the unloading

curve.

3.2.2.3 Bauschinger Effect Factor

Juniche e£ al (53). proposed this parameter as a

-~

measure of the B.E. in the form}

O py=0
Bauschinger Effect Factori, BEF = _.%....YS , '
. ve

where,

O = the forward flow stress just befe;e/
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reversal-“

Ufc = the yleld stress in compre951on correspondlng - !

to 0.2% offset in the.reverse directicon

(Figure 3.15).

" The 0.2% offset stress is easier tefmeasure than the

true reverse stress, but is somewhat arbitrery.
Milligan et al (68) have defined Bauschinger effect

factor in a slightly different manner as follows:

BEF = Flow stress 1n comgressmon (0.2 pct offset) : ;
_Maxlmum ow stress in tenslle prestralnlng -
- :J‘] T 1 . !
or,
BEF = cyc/cft' this is shown 1in Flgure 3.15.

Thus, the Bauschinger effect factors suggested by _ a
lche et"al (53) and Mllllgan et al (68) are opposite. In ;
the former case, the BEF lncreases with 1ncrea51ng B.E. | :
hereas 1n the latter case, it decreases w1th increasing B E.:
In addition, in both these approaches, due to yleld stress
dlfference in different materials., dlfflculty arises in com-

parlng the Bauschlnger effect of different materlals as a

function of prestrain.

3.2.2.4 Bauschinger Effect Parameter

The Bauschinger effect parameter, proposed by Ibrahim

and Embury (54), takes into account the yield'stress of the

material, that is:

Bauschinger Effect Parameter, BEP = 5— =5
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Bauschinger Effect Parameter, BEP = T
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Figure 3.15 .Schematic diagram showing Bauschinéer effect factoré
and the Bauschinger effect parameter.



where cft y‘ is equal to twice the back stress °B Since -

% is the initial yield stress (or friction stress) of the
material, Ogp=0g 18 the work hardening accumulatgd in the-

forward direction. The BEP has béen'described as “the

revers;ble fraction of~work hardenxng , 1.e., twice the

backstress stated as a fraction of forward work' hardenlng;
In this method, 0§ ,.13 determined by extrapolating
the part of the reverse éurvé, which is parallel to the
Forward cufve, baéﬁ to zero strain‘as shown in Figuré;3.15.
S is estimated by extrapolating the part of the stress-—

strain'curve corresponding to homogeneous deformation back

to zero plastic strain using a log-log plot.

"3:2.2.5 Bauschinger Strain Parameter
The Bauschinger strain parameter, BE_has been defined

by Abel and Muir (56) as:

- Bauschinger Strain
£ Plastic Prestraln

B
or,
B
e €
P

According to them,.when.BE'= 1.0 the preétrain is

fully reversed and no strain hardening can have taken plaée,

The value of B generally lies below 1.0 although values

larger than 1.0 are possible for some materlals. They pre-

dict a maximum value of 2.0 when all the mobile dlslocatlons
are involved in reverse flow and when all are dlsplaced by

}
twice the distance covered during prestrain. Thié parameter




‘fo~-shown “in-£igure 3. 16:

3.2.2.6 Bauschinger Stress Parameter

The original Bauschinger effect was described as a
yield stress lowering effect. Thié parameter, also proposed
by Abel and*Muir (56) relates.-yield reduction to the pre-

stress as follows (Figure 3.16):"

where the yiel@rreduction Ao = oy * cyé in which Tep is the
prestress and 9ye is the reverse yield stress as described
earlier. When plastic flow takes place during unloading

dyc is positive.sd that Bo_will be larger than 1.0, with a
theoretical maximum of 2.0 when plastic flow starts on

reversal of the load qyc will be negativé and Bc_less than

1.0.

3.2.2.7 Bauschinger Energy Parameter

This parameter has also been proposed by Abel and
Muir (56). They conclude opn the basis'of their resulEs‘thaﬁ
neither stress nor strain, can independent;y provide an
adequate measure of the Bauschinger effect. .They suggest
an approach based on the areas on the stress—-strain plot,
" having dimensions 6f_w§rk per unit volume. The shaded area
in Figure 3.16 can be taﬁen té represent the energy saved
in achieving a ceréain amount of deformation in reverse
loading, as compared with the energy which ﬁould have been
reqﬁired to achieve the same increment of deformation in the

absence of a Bauschinger effect, assuming isotropic-work
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:hardening'., The Bauschinger energy (energy saved) is. defined

as Es and the energy expended during the prestrain as EP. The

e

fatio oi,theée, BE = Es/Ep' has been taken as a measure of

Bauschinger effect.

3.2.2.7 Average Bauschinger Strain

" The A#erage-Bauschinger Strain, ABS, has been defined.

as the area between the elastic unloading curve and the re-

r

" verse curve up to a stress equal to the forward stress, Es

divided by the maximum forward prestress ofé.

ABS is set equal to the shaded area in Figure 3.16,

" divided by maximum prestress and hence it gives an average

width (e} during the reverse flow. Es was described earlier

in the previous section as the energy saved in achieving a
certain amount of reverse deformation. ABS has units of
strain as it is a ratio of energy and stress. This method
is an attempt to define a parameter which allows comparison
of widely different reverse curve shapes. This method‘hés

been utilised by Tseng et al (73) for measuring the B.E. in '

dual phase steels.

*

The‘differént proposals for measuring the B.E. have
resulted in coqsiderable copfusion in comparing different
results, and_there‘is disagreement with respect to the merits
of any particular method ovef the others. As a result, a
number of workers have expressed their results in terms of

more than one method (56,74).
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In ﬁhé next section thé perm#héhtfsoftening stress as
a measure-of'Bauschinger.effect is described. This-aéproach
has been widely acéépted and has been_uséd ﬁo characterize
the back stress as a.function of.prestrain in a wide zange
of metals and alloys.. | |

3.2.2.9 Permanent Softening Stress

McClinfock and.Argon {57) have defined a 'permanenﬁ
_softening-parameter' as the difference in the (absolute)
values of flow‘strength, for continued forward and for
reverse straining, measured at the‘same total strain and
beYond'thelpoint at which the two flow stress curves become
approximately parallgi (Figure 5.16). This paramete}%bained
credence when the x-ray work of Wilsong(58) and Wilson and
Konnan (59) found the back stress to be about half the
amount of permanent softeniﬁg. This relationship between
Nz

B
approximate 'shake down' model conéisging of microscopic

\\\k\gérallel elastic-plastic elements (60).
NN
“d, A difficulty with this. method is that the prestrain

and cpé has also been theoretically supported by an’

curve.m{ t be accurately extfapolated to obtain meaningful
results;l Very few authors discuss how this extrapeclation
was perfggﬁed. Host of them simply drew curveé parallel to
other similar specimens pulled at higher prestrains in ten-
sion. In materials with the sample-to~sample variability
" of steels, this pradtice is qﬁite guestionable.

In the present work, the permanent softening para-

meter, Ups, was used as a measure oflthe Bauschinger effect



but a better extrapolation technique has been devised.

3.2.3 Simple Emplrlcal Representatlon of The Back

Stress as a Function of Prestraln

A mumber of recent papers (62-64) have attempted to
establlsh a relationship between the prestraln and the magnl—
tude of the Bauschinger effect. Kishi and Gokyu (62) have

-

expressed their results in terms of a power relation:

a m
TB = kvp

where Tg is the difference between maximum applied-shear
stress and reverse shear stress at a plastic shear strain_
vp, and k and m are constants. In their investigatiens, a
number of materials including spherodized and notmalised
plain carbon steels ﬁerg found to obey this re;ationsﬁip.
Kishi and Tanabe (63) have confirmed the above relationship
for the case of both torsioh and tension—compression samples.
Gupta aanKodaii (64) have expressed. their experi-
mental results in disagreement hith the above relationship

and have proposed the following expression:

UB = mﬂ,nep + k.

where g is the Bauschinger stress defined as the difference

B
betweeh the forward flow stress, Ops after some forwaxd
prestrain, gP,‘and the yield stress, g, in the reverse :
directien. It is not clear from their paper how gp was
measured, whether at iero'strain or 0.1% reverse offset, or
by some other method.

Recently Moan and Embury (65) have presented argu-

" ments which suggest that the relationship between the

e
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Bauschlnger stress and the prestraln in two phase alloys‘
‘cannot be valld over a large strain range. At small strains,
the deformatlon is unrelaxed and the Bauschingexr stress (or
the long range back stress, or the mean stress in the matrix)
shows a llnear dependence on the prestraln.. As the prestrain :
"anreases some of the subsequent deformatlon becomes relaxed
and ;he linear dependenqe on prestrain is no 1onger valid.
The onset of relaxation is‘shown in Figure_aioﬁ the paﬁer by
Atkinson et al (45). )
Since the character of the deformétion process changes
during'the strain history, it-is unlikel§~that a single‘equé—
tion will suffice to describe the relationship between the

Bauschinger effect and the prestrain.

3.2.4 The Bauschinger Effect in Steels

Several worke;; (50,51,52) have found that_thékmagni—
tude of the back stress and hence the Bauschinger efféct
increases with increasing volume frﬁcﬁion of rigid particleé
for a given size and shape of the particles. Brown and
Stobb's theory predicts guch p:oportionality{l Junigché et
al (53) measured the B.E. in terms of Bauschinéer Effect
Factor, BEF and found a larger B.E. in steels Qith.high
pearlitic content than those with low pearlitic con@?nt, but
the effect was not sensitive to lamellar spacing. KXamakura
f52)'mgasured the_B.E. in terms of Bauschinger strain and
found é reduced B.E. in carbon steel of spherodized pear-
lite compared with the same carbon steel with lamellar peéf—

lite.




The effec; of graih-sizé on the Baﬁschingér-efféﬁt-
in-steels has been investigated~byla number. of workers (66,
67). Harrison et al (665 observed an independence'of Bausch-
inger effect on the grain size in C;Mn steels. A similar _h' ¥
observation was made by Jamieson and Hood (67) in the case:

of HSLA steels..

3.2.4.1 Effect of Prestrain on the B.E.

There have been a few attempés towards establishing a
general relationship between the Béuschinger stress;and pie-
strains in addition to those discussed in 3.2.3.“Jamiesbn‘
and Hood (67) studying the B.E. in_HSiA steels found an in-
creased Bauschinger stress with increasing ‘prestrain. The
Bauschinger effect factor, BEF, was réporﬁed to saturate
after a prestrain of 4%, for pearlitic contents ranging from
" 21 to "40%. Similar proportionality of the B'E'_Efd toréional
prestrain was earlier observed by Xamakura (52}'in sphero- - -
dised steels for prestrains less than 5%. Milligan et al
- (68) also observed a nonlinear increase in Bauschinger effect
with prestrain until saturation was reached at a prestfain_of

about 3.5% for pearlitic, bainitic and martensitic structures

obtained from the heat treatment of a 4340 steel.

3.2.5 Bauschinger Effect in Dual Phase Steels

The Bauschinger effect in dual phase is of interest
for two reaédns, Firstly, dual phase steels consist of a
mixture of a soft ferrite matrix and hard non-deforming
martensitic particles. .A large Bauséhinéer effect has been

observed in similar two phase alloys with a strong non-



P S _ —

shearable secoud-phase,osg,SS,SG). -Secondly, theftrausfor—
mation.of-the‘austenite phase into mertensite in dual phase
steels occurs such that the ferrite phase muSt'plastically
deform to accommodate the . accompanylng volume expans;on

{(*2 to 4 percent) (69,70).' As a result, both a hlgh dis-
location-density and residual stresses.are generated in the

ferrite phase immediately surrounding the martensite parti-

cles. The re51dual stress patterns are on’ too small a  scale

" to be directly measured, but a theoretical analysrs 1nd1cates

that their value would be of the order of the yleld strength
of the ferrite out to “the edge of the plastlc zone and would
decay exponentially (71) beyond that reglon.

Gerbase et al (72), Tseng and Vitovec (73) and Goel et

‘al (74), have recently attempted to study the Bauschinger

effect and deformation behaviour of dual phase steels.
Gerbase et al (72) have utilized the Bauschinger-effect as

a method of measuring the back stresses generated by the in-

- compatibility of plastio deformation between ferrite and

martensite. -The volume fraction of martensite in their steels
varied from 0.10 to 0.17. Their results, presented in Figure

3.17, indicate that in the range of very small plastic strains

(~0.3%), the permanent softening parameter, GPS; increases .

—_——

rapidly with imposed plastic strain until a saturation in

- back stress (or oF°) is reached at a prestrain of about 1%.

This saturation presumably arises due to the onset of some

‘alternative processes, such as, plastic relaxation around

the martensite or plastic yielding of martensite. They have
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Fiqure 3.17 The back .stress and unrelaxed plastic strain

for a dual phase steel containing 10%
martensite (72).



also developed a model for the ﬁork hardening'bf'duai phasé‘
steels and its application has been shown to be'in-agrgemen£'
with their experimental data. | 7 | '
Tseng anleitbvec (73), on the other hand,'have~_‘
- observed no permaneﬁt softening.(seg ?igﬁre 3;18). fhai
reverse curves become tangent to theiexﬁrgpolétion»of the' o
- prestrain. According to them{ however, a étrong-Bauséhihger ;
Lgffect stil; persists as measured by an average Bauschinger
§train, ABS. They have expressed their éxperimgntal results
in tgrmﬁ of'Mroz-Sowerby model for combined kinematic |
hardening and isbtropic hérdening._ Their:résults indicate
that the ihitiation of plasticity is governed by kinematic
hardening and can be described by a simple paﬁallel element
model. Deviations érom kinematic hardening becomé important
as the deformation progresses. .This.deviation between ,
experimental. and theoretical reverse curves is less for
speciméns‘with low C martensites, i.e., with high . intercri-
tical,énnealing temperatures and vice versa as shown in
Figqure 3.18. jThey'h#ve plotted their experimental data in
te:ﬁs of reverse strain and average Bauschingef‘sttain (aBS)
as a. function of prestrain.. From these plots, (Figu:e 3.19)
which seem to shqw.a considerablé scatter, they‘have con-
cluded an increase of Bauschinger s#réin (or back stress)
with increasing preétrain for low C martensite specimens
(high intercritical énqealihg temperatures). - In high C
‘martensite structures, however, the values of reverse strain'
and AES increases only slightly up to ~5% preétrain and then

a saturation is observed,



Tension-compression stress-strain curves
- for different - intercritical annealing
temperatures (and martensitic contents):
KI-theoretical kinematic hardening curves,
R-compression curves and F-tensile curves, -
-volume fraction of martensite.
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Embury and Duncan {75) have discussed these results
]and re-empha31zed that the initial hardenlng rate reflects
the volume fractlon of the second phase ‘via the back stresses

9y

and also that the contributlon of Og ig fixed by the local
strength of the martensite. T - |

»
s

Goel et al (74) in their studies on the Bauschlnger -
effect on.dual phase steels have measured a number of dif-
ferent parameters described eariier as the Bauschinéer
strain 8; the Bauschlnger straln parameter, Be; the :
Bauschinger energy parameter, BEP; the Bauschinger effect
factor, BEF and back stress, Y as a function of volume
fractdon of martensite'(ls—3$%}—and the tensile prestrain.
‘Their results indicate an increase of og, B, Be’ Bép with an
increase in mattensitekcontent up to‘aboﬁt 20 volume percent,
and then a decrease with further increase in the martensite
.c0ntent.A The 1ong range back stress og and Bausohinger
‘straln R are both found to 1ncrease with . 1ncrea51ng tensile
prestraln. The detalls of the measurement of dlfferent
parameters or the explanation-of‘the1r\results~ls extremely
limited. They make noimention‘of permanent softening.

In all the investigations'dealing with the relation-
Shlp between the permanent softening parameter and prestraln,
no mentlon has been made of the- way in which permanent
softenlng,ﬁops,‘was measured. Accurate measureménts will be
possible only if the forward flow curve is clearly established“
beyond the prestrain interval as indicated in‘Figure'aqa ;

Such predictions ! of the. forward flow curve, for accurate -

\
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measurement of Gps’ have not been“cerried out previously.

In the present won&L\3 nuimber of empirical:equations
- were studied forrrepresenting theiforward flow Pufvee of
Bauechinger'tests beyoné prestrain region so that an accurate

value ef‘ops could be.measured,

'3 3 Strength Differential Effect

It has prev1ously been noted that the flow stresses
of certain high strength steels are greater in uniaxial com-
pression than in uniaxial tension. This phenomenon} known
as strength-dlfferentlal or S-D effect, has been studled by
a number of workers (76~B4 ). As a result of these studies |
it has been shown that the S-D effect exists in steels with
'marten51tlc, bainitic or Wldmanstatten ferrjte microstruc-
tures. A common feature of 5;1 these studies is a high
density of dislocations. No S-D effect appears in ennealed
ferrite nor ferrite-peerlite mixturés nor in HSLA steele.
This effect has not been reported, and apparently has not
been previously investigated for.dual-phase steels. Figqure3d.-
2eshows the S-D effect in 4310 martensitic steel. As shown
in the figﬁre, the - S-D phenomenon is manifested not merely
"sin the initial yielding range, but also along stress-strain
| curve up to the maximum strain (~4%)(82).

‘The magnitude of the frectiohal strength differential;
2[([cc|-|cT|)/(]cc|+|gT|)l has been estimated to be in the
range 0.10-0.15 (79). The absolute magnitude of S-D effect

in martensitic steels decreases by tempering as shown



f.ig:Figure- 3.21 i.: The-differential,.however}iperéiets:to'
at least.a t:ue‘sfrain'of 6.7 (79) and is subetantiaily '
constant over this range. In addition, the magnitﬁée‘of
's=D effect lS observed to anrease with decreaSLng test
.temperatures below room temperature and to remaxn relatlvely

constant w1th 1nereasing-plast1c,streln;'

3.3.1 Theories of the S-D Effect

leth and Cohen .(z8) have. dlscussed alvarlety of
tentative explanatlons of the S-D effect. These 1nclude
m;crocracks, resxdual stresses of both.: lcng-range and short-
range types, deformation-induced trensformatlo; of retalned -
austenite , Bauschinger effects arising from martensitic
‘transformation and sol'd‘eoiutioh interaction. Several
' of the tentative-hypot;Lses advanced by Hirth and'éqhee (78)
have been eliminatéd by experimental results. Among‘these:
are frictional effects during cempression, deformation in-
duced transforﬁatidn of the retained austenite and micro-
cracking. Hireh and Cohen (78) have also suggested e theory
based upoe the nonlinearielastic interaction between dis-
locations and interstitial carbén atome. an effective modu-
lus interpretation has been offered.Py fampiilo et al (85).
An explanation fer the observed temperature dependence of‘
the S-D effect, based on a thermally activated double kink
mechanisﬁ of dislocation motion, has been proposed by
Fletcher et al (86).

Radcliffe and Leslie (87), based on their experimental
results, have suggested that a relatively large volume‘ex-

‘ .
pansion during deformation of martensite could lead to the
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s-D effect. fhis has been further investigated-by-ﬁaucn,".
‘et al (84) and Spitzig et al (82,83) MeaSurements‘of the
pressure dependence of yleldlng and flow, and of the volumel
_ changes occurring during_plastlc deformation, have been made_‘
on,as—qqenched martensite (#2), an&en;xaging'steels=(Be); |
The magni_tude of §-D effect has been-found"to be _i_nae' ndent
of hydrostatlc pressure or straln.’ | | |

A complete review of the strength-dlfferentlal
phenomenon would requxre a .- comprehensive descrlptlon of each
of ‘the tentatlve explanatlons of S=D’ effectr a detailed"
description of experlmental results;on dxfferent mechanlsms
as well as a review of various theorles advanogo to.explaln
5-D effect. Such a detailed review-coverinq different as-
pects of S-D phenomenon is beyond the'scope of the present
work and will not be attempted. It is, however; impﬁénant
to point out-thet no attempt has peen made by any of the
workers to correlate the strength-differential effect with
any‘of the Bauschinger effect parameters. & diecussion of
st}ength-differential effect, pertinent to our results on

" Bauschinger tests  will be attempte in Chapter 7.




CHAPTER 4

Experimental Methods

- 4.1 Materials ) _ _
' Tﬁe chemical compositioﬁ of the steel uéed in the
present study was determined by x-ray spectroscopy (at

Domlnlon Forge Ltd. ) and the results are shown in Table 4.1

. Table 4.1 o

Steel . . " Composition (wt$%)
c| Mn | Si S Ni P cr | cu | v1{al

1020 |0.14{1.08{0.20/0.045/0.06|/0.02 0.08|0.17|Nil| Nil

| 1018 [®130.72{0.15{0.024{0.01 0.03]0.04{0.14| Nil| Nil

3

The steels used in the present study were néminally 1020 and
1018 commercial plain carbon steel rods of 0.5 inch diameter.

The 1020 steel fortuitously had a Mn content of 1.08%, well

above the 0.3 to 0.6% specified by the AISI. This made the

production of dual phase steels much easier.

4.2 Heat Treatment

Isqthermal.and intercritical annealing heat treatments
»were done to obtain the dual phase structures. The sequence
of heat treatment was shown earlier in Figure 3.1. These
schemes 1llustrate the path by which the two phase ferrlte--
AgrtenSLte final mlcrostructures were obtained for 1sothermal
and intercritical annealing methods. Commerc;al.salt mix-

tures of NaCl, KCl and BaC12 in two different compositions

(known as NUSAL and No. 800 Neutral salt} manufactured by

L
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Park Thermal Ltd.) were utilized for:%he-austehitizing-aud

reaction salt haths-respectively.

4 2 1 Procedure for Isothermal Reaction

TwO salt pot furnaces. were utilized for isothermal
“heat treatment. The speclmens were heated in the austenite
range (860-980 °c) 1n ocne furnace and subsequently reacted
w:.n another furnace malntained at reactlon temperatures which
ranged from 650°c to 720%. Nucleation and growth of ferrite
takes place at this temPerature. _ _ 'A ' '”‘fi"

, Chremel-Alumel thermocouples, 102 cm long enclosed in
Incouel 600 tublng and attached to a dlgltal temperature
readout were used for uemperature measurement. The tempera-
tures were maintainea within *3°c. Immedidately after rhe_u
isothermal‘reactien, uhe specimens were water quenched in a
cold wauer tub, placed beside reacgtion bauh, to transform-
the remaiuing austenite to martensite and thus obtain a |

-

dual phase microstructure of ferrite and martensite.

4.2.2 Intercritical Annealing

Intercritical annealing was also done in the salf
bath. Specimens were held in the two phase ferrite-
austenite temperatures regien'for about 15-20 minutes.
During this period, the pearlite was transformed. to austen-
ite and an equilibrium amount of ferrite and austenite was
formed. Subsequent water quenching resulted in a mixture
of ferrite and martensite as in the case of isothermal

reaction. The two microstructural features of primary

interest were the ferrite grain size and volume fraction of
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martensite; . e

4.2.3 Control of Ferrite Grein Size

)  The ferrite grain size primarily depends. on the
'prlor austenlte grain size and the reactlon temperature. .
The austenite grain size was generally kept small by heating

the@Steel slightly above the AC, temperature and holding

3
- for a short_tiﬁe. Since the'starting ferrite grain size

was fa}rly'sﬁall, no attempt was made to refine the austen-
ite grain size by cyclic austenitizing treatment., The
:effeet of reaction time and temperatere on the ferrite grain
size was studied.. Small ferrite grain sizes Qere obtained

by using a short soak at a low austenitizing temperature and

a low reaction temperature.

. 4.2.4 Control of Volume Fraction of Martensite:

4.2.4f1;'Isotherma1 Transformation

As mentioned earlier, the volume fraction of marten-
site formed depended mainly on the isethe}mal reaction.tempera-
ture and holding time. A range of isothermal reaction tem- |
peratures and times were selected to obtain varying emounts
of martensite. The isothermal reaction temperetures, in
geﬁeral, were below the eutectoid‘transformation line. No
isothermal transformation diagram was availaﬁle for either
of the 1018 and 1020 steels used in thgzpresent study. The iso-
thermal transformation diagram-of a 1019 steel containing

0.79 Mn was thus used as a quideline for isothermal holding
-times (Figure3.2 ). Reaction times:.in the range from 10

seconds to 60 minutes were tried in the early experiments
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to determiﬁe the rate of éusfenite.deccmpositidﬁ; fIE ﬁas'JJ
found that holding times from l‘to 8 minutes prodﬁced;the
best structures, at'reaction temperatures in the faﬂgé_og
660 to '700°C. | | | |

A similar experimentaijprdcedure'was?élsd'adbpted for
establishiné fhe time reéui;ed fOr'cbmplétetausteﬁizatiOn-a;
different temperatures in'thg aﬁstehite‘ph§se'field. The
specimens were heated in a salt bath_fbrrausteniti;ing'tem—
peratures in the. range of 850°C to 9?0°C fq: 30 seconds to
60minutes and then water éuenched. ThekmicrOStrﬁctures weré
examined and.it was found that auéﬁenitizing time in .excess
of 1 minute was enough to obtain a'coﬁplete austenization of

the ferritic-pearlitic structure.

4.2.4.2 Intercritical Annealing

Specimens for intercritical annealing were held in .
the vicinity of 735°C for about 20 minutes to obtain abouf‘_
25% augtenite. VThe specimen$ were then'qhgnghéd in'wafér to'
obtain thé requiréd ferrite-martensite microstructure. ﬁn—
fortunately, in somé of the Bauschinger specimens, a ferrite
plus martensite struéture was notioﬁtained. -InstéadAa o
ferrite-spherodized pearlité‘structuré was produced. This
was not discovered until after the-spécimens were sectioned
for metallography‘aftef-testing. The probable caﬁse'of this
.was that the Inconel tubing,shielding the'thermocoup;e was

found to be corroded and hot salt leaking into contact with

the thermocouple appears to have given erroneous temperature

i’

readings.

r-\;
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4.3 Quantitative Metallography

4,3.1 Measurement of thePFerrite.Grain‘size

The linear analysis technique was utilized for its' con-
venience and accuracy. in its simplesc,form, nandom'lines cf-
known. length are superlmposed over the mlcrograph and the aum-
ber of Lntercepts are counted. Then, d1v1d1ng the tal length
by the total number of intercepts and the magnxflcatlcn, the |

average graln size 13 obtalned

- &
The s;tuatmon becomes more complex when a second phase

is introduced because the second phase (martensite in the pre-

sent case) may have a different size distribution from the

. phase in whlch it is dlspersed. In such a situation +f an

average graln dlameter is obtained, irrespective of the phases
present, then the value of the grain size obtained will not be
a true value. . -

In the present work, the>microstructure'was traversed |
by random lines and the ferrite grain diameter was obtained
by dividing the total length of the line in fhe_ferrite_bygghc
number of‘ferrite grains traversed and by the magnification V
(88). Micrographs .20 x 25 cm we}e made up for ferrite grain
. size measuremenf.. A transparent grid containing seven random
lines (Figﬁre 4.1)_was superimposed on the microgr%FQ\and
individual lengths of random lines traversed in the ferrite
regions were digitized using an ALTEK digitizer fitted to a
microcomputer. A simple computer program was then used to

calculate the ferrite grain size (Appendix (Il1)).

-
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Measuréiment of the ferrite grain size

by linear  intercept method{ MﬁS-lOOX) :

Figure 4.1
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4.3.2 Measurement of the Volume Fraction of Martensite

A point cOunfing méthod‘ﬁas utilized for measuring the
‘volume fractions of martensite because of its simplicity,
accuracy and'wéde acceptability."in this method a régular
 grid is supe:imﬁosed_on the midrostructure and the numbér of
grid iptersectiﬁns that lie in the dispersed phase (marten-
site in the présent.case) ié determined. The volume ‘fraction
of ;he dispersed phase is equivalent to the‘ratio of the 7
numger of grid iﬁtersections lying in‘the dispersea phasé,fo
the total number of grid intersections. |

In the presentlﬁb;k, a finé grid containing 33 x 26.
points was supgrimposed on 20 x 25 cm magnified micrographs

for accurate point counting.

4.4 Electron Hetallography

4.4.1 Scanning Electron Microscopy
Scanning electron ﬁicroscopy was used fpr the obser-

vation of fracture surfaces of specimens and for obse;ving-
cracking of the second phase particles, and decchesion of
the matrix-second pha;e interface. The use of SEM for these
studies is desirable due to the greater depth of field and
fesolution of the. SEM relatiﬁe to the optical ﬁicrsscope.
This work was aone at the McMaster Medical Centeér. - ‘

. The polisﬁing technique ap?lied was the same as for
the optical microscopy, and the etching method was Picral
for 20 to 30 sedonds, followed by Nital at 2% -for 5 to 10

~seconds. .
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'4;4.2 ‘Transmiésich'ElectronfMicrccccpy - .-_;i:flﬁ“;
-'TﬁM was ut?lizcd to observe the‘microstructﬁﬁe-cf .
dual phase steels at high magnifications. Samples for TEM
were cut from the ends of tensile specimens. Disk shaped |
foils were cut and mechanically poliéhed to a‘thickneés‘of
0.15 ., They were next chemically pcllshed.ln a solution_l
of 5 ml H 02 and 95 ml of HF. Fclls were. flnally electro-
polishéd in a jet polishing apparatus ' (E A. Fischlone tg}g;;
Jet model) using a solutlon consisting of 20% perchlorlc o e

acmd and 80% methanol. The foils were examined in a JEOL -

1100 CX microscope operated at 100 kv.

4.5 Mechanical Tests

4.5.1 Tensile Tests

Tensile tests on different steellspecimens were
carried out using samples with che geometry sketched in
Figure 4.2. An extenscmeter-of 2.54 cm gage length was used
for measurement of elongation. All the tensile,cests were
done an cn.Instron tensile testing machine using a crosshead
speed of .0254 cm/min. The load §s. elcngaticﬁ curves were
'fecorded_forxfhe entire period of deformation uﬁtil fracture.
Sectional areés-werg Obtaipe& from diameter measurements.

Calibrations were performed at regular lntervals to check

e
S

‘the accuracy of the machine. Callbratlon curves were con—.
structed and the error in the loadrvalues Were‘estlmated.
These errors were found to be within + 0.1 %-~

Load elongation curves weré:digitized and the digitized

data were-used to plot the necessary curves as follows: .
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Figure 4.2' Specimen for the tensile test
. (All dimensions are in centi~
meters) :

Lo
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1) true stress vs. tfue strain; -
- fo logltrue'stress vs. 1bg-trﬁf;§§;ain;
3). work hardening rate vs. straiﬁ; _‘ . "
' {)'_log (do/de) vs. log €;
I 5) - -1log (dc/de)iys. log o.
‘ These plote‘were used to draw conclusioné about the

» LI B

deformatlon behav1our of dual phase steels at dlffere

stra::.n‘- levels. . A detailled dlscussn.on on the use-of
plots for studyiné the strain hardening behaviour of

phase steels is presented in Chapter 6.

Computer programs needed to compute and plot the ahpve-
gentloned parameters were developed (Appendxx HI ). An ekam—‘-

ple of each of these plots is shown in Figures 4.3—4.7. £

L -

. '4.5.2 “Bauschinger Tests _ * .

Specimens with the geometry sketched in Flgure 4.8 o
\ were“utilized'. In ordgr to reduce.bending stresses, the-‘lo‘;;i
alignment fixture shown -in Figure 4.9 was borrowed froh Dr.
R, Sowerby of McMaster Unlver51ty The seecimens were pro-
perly allgned in the grips prlor to testlng in the following
mannexr: the'lower threads of Spec1men A were firmly screwed
onto ;he.lower.assembly\cn using vise grips. The upper
threads; on the speeimen were then screwed into the upper
! essembly B as shown in Figure 4.9. The bottom chamber
was then placed in the appropriate position on the cross-
head beam and bolt&d down lightly. The beam was then moved
slowly upward until the‘lower grip bell D attached to the*

bottom of the specimen, was properly placed inside the

3
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Figure 4.3
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£omputer generated plot of the true stress-true
strain curve of a dual phase from the digitized:
load-displacement data.
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Figure 4.4 Computer generated plot of the %n stress vs. &n
strain from the digitized load-displacement data.
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from the load-displacement data.
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bottom chamber E. During this alignment procedure, the
screws on the bottom chamber were tightehed'and the beam was
moved ﬁp'and down by about 5 cm until the bell did not rub
‘against the chamber. If the bell did rub, then the upper |
grip was tilted relative to the.upper loading rod F ﬁsing
the six screws in the upper assembly B to set the axis of
the specimen accurately parallel to the direction of the
Instron crosshead motion. Then the lower chambe; E was
again centered on the lower bell D and the clearance (0.5
rmm) between them checked by the ;ﬁb test described~above.
The lower chamber ﬁ was then lowéred about 30 cm below the

bell D and small pieces df Woods metal (a low meltiné'pqint

loy of Pb, Sn, Sb, Bi) were then placed inside the bottom
was heated )for a few minﬁtes,

with propane torches, until the Woods metal was molten. The
beam was once again moved uﬁ to insert the middle assembly

D into the molten metal chamber.‘ Care was taken to move the
beam slowly and not to compress the specimen accidently dur-
ing this process. The load measurement system was turned on
during the entire specimen mounting procedure so that any
load felt by the specimen was recorded. During the time in
which the Woods metal was freezing, the beam was adjusted
slightly so that‘the specimen was not subjected to any sub-
stantial load. The specimen was cooled with water while the
Woods ﬁetal was freezing to avoid any annealing of the speci-
men during freezing process. The specimen was kept cocl to

the touch (<40°C). The Instron crosshead position was

/
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adjusted periodically during the freezing and coollng perlod
to compensate for different1a1 contractlon or expans;on of .
" the system.
The Bauschinger tests were performed at a crosshead
: speed of-}b254 cm/nin.“ The elongation‘wae measured using a
0.95 em. extensometer attached to the gage 1ength and the
load—exten51on and load—compreSSLOn graphs were obtalned.
Calibrations were done-at regular intervals to check the
accuracy of the machine. The probable error was estimated
from the calibration plots and was found to be within +0.125%.
Exnerimental graphs were digitized and converted into
true stress—-true strain'cunvesufrom‘which other necessary
curves and panameters were determined. The procedure for
- .obtaining final Bauschinger plots for the measurement of the

permanent softening parameter is presented in the beginning

of Chapter 7.
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Results and Discussion of Tensile Tests

CHAPTER 5

E . -
.

5.1 Results T | .

In this chapter, the experiméntal.results of simple -
tensiqn tests are.divided into thréé sections dealing with:
- a) the isothermal heat treatment vaéiableé such as

'~ austenitizing temperature, austeniti;ing time, reaction
temperature, reaction time'and-théir correlation with the
fesulting microstrugture; |

b) +the microstructural parametersisuch as ferrite
grain size, volume fraction of martensite and their cor-
relation with tensile properties; |

8

c) the effect of tempering treatment on tensile

properties. .

»

Chapter 6 will discuss methods for more sophisticated

b

-analysis of tensile test curves. Chapter 7 presents results

for uniaxial compression tests and Bausc@}nger tests.

5.1.1 Isothermal Heat Treatment Variables and Micro-

Structure

In the as-received condition the microstructure of
the steel bar comprised of pearlite in a polygonal ferrite
matrix is shown in Figure 5.1.

Dual phase ferrite-martensite structures were
obtained by isothermal transformation am also by inter-
critically annealing. The isothermally annealed specimens
were heated in the single phase austenite range of 830 to

980°C for 0.5 to 20 minutes. They were .subsequently
\



Figure 5.1 Microstructure of the as received 1020 plain
carbon steel showing free ferrite and pearlite.
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' feécﬁed'in the temperature rapge.of 650°¢C to 7249C in the

two pﬂasefferrite-augtenite:phaée field, for , "t
isothermal reactioh times in the range of 1 to 60 minutes.
The specimehs were then watér'quenched. Thus a wide range

- of austenitizing—and reaction times were utilized to obtain
dual phase steeis with varying'ferrite grain.size and, marten-
sitic content. An optical micrograph of an isothefmally

. Y : .
annealed dual phase steel is shown

Figure 2. " The results
of quantitative metallography along with the heat treatment
variables are shown in Téble 5.1. |

The data in Table 5.1 was st tistiéally analvzed
using linear modelling and the results \are .
Tables 5.2 and.5.§. These tablés repgjsent respectively,
the results of linear regression analysis of ferrite grain
sizes and martensite volume fractions as a fuqctiou of heat
treatment variables; namely, austenitizing teﬁperature,
austenitizing time, reaction température, and reaction time.
The following eméirical equations were obtained by the

1ineaF/regression analysis of the data:

FGS = 6.36 + 0.002ATamp + O.lATime - O.OOITRTemP + O.OlRTime
(3.1)
YM = -59.5 + O'OSATemp - 0'4ATime + O'OBRTgmp - 0'153Qime

(5.2)
The results in Table 5.1 indicate that the |
ferrite grain size remained 'virtually constant for a wide
range of heat treatment variables. The coefficients in

Equation(5.l) also indicate the same trend. Amongst all the
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Figure 5.2 Optical micrograph of an isothermally
reacted dual phase steel.
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heat treatment ?ariables,.aﬁstenitizing‘tgmp;rature was
found to be the mbst effeétive in contro}ling the ferrite
grainbgizé as indicated by Equation 5.1 thch predicts a
larger ferrite grain size Qith highér austenitizing temp-
eratures.

The average'size of the marteﬂsite%islands-as well
as their voluﬁe_fraction, as expected, increased with in-
creasing isothermal reéction.temperature and sQorter-reéér
tion times as indicated in Table 5.1 and Equgiiqn 5.2."Thé
size of the martensite islands is determined by the amount
and distribution of unreacted austenite at the end of éhe
reaction pegiod. Between reaction temperature aﬁd reaction
time, the former was more‘effective in controlling the
volume fraction of marte;site. The éffect of isothermal
reaction time on the voluﬁe fraction of martensite is shown
in Figure 5.3, | .

Some pearlite was observed in specimens with iso-
thermal reaction times in excess of 8 minutes as shown in
Figure 5.4. In all such cases, the péarlite was consistently
observed to be formed at the outer edges of martensite
grains.

Rod-like banding of the martensite was observed in
the longitudinal directibn'in almost all the specimens.

The microstructure of one of the banded specimens is shown
in Figure S5.5. ° |

Dislécations were observed at the ferrite martensite

interface (Figure 5.6) in TEM foils. These dislocations

form in the ferrite duriné the austenite to martensite
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Figure 5.3 Optical micrbgraphs showing the effect of reaction time o
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volume fraction of martensite
steel (Magnification 400X ),



(b) Magnification 1000x.

Figure 5.4 Optical micrographs of an isothermally reacted
dual phase steel for a reaction time of 30 minutes
at 697°C (specimen 3P). :
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Figure 5.5 Optical micrograph from the longitudinal
section of an isothermally reacted dual
phase steel showing ferrite and marten-
site bands({Magnification 200X}.
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Figure 56

TOU

(b) Magnification 100000X

Transmission electron micrographs of an
isothermally reacted dual phase steel showing
a high dislocation density at the ferrite
martensite interface.
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reaction whose expansion causes plastic deformation of the.

surrounding ferrite.

5.1.2 Microstructure and Tensile Properties

~Tensile tests were done to correlate the ferrite

grain size and the volume fraction of martensite with ulti-

mate tensile strength, uniform'elongation‘and.stfain
hardening properties. All the dual phase specimens showed
continuous yielding, (i.e., no yield drop), which is typi4'”
;al of Sﬁch structures.ﬁ‘Tﬁe‘results'pf tensile tests are
presented in Table 5.4, which represénts-the ﬁolume fraction
of'martensifé, ultimate tensile strength, uniform stress,
and uniformlstrain of Qifferent specimens. A range'of
tensile properties were obtained for volume fractions of.
martensite ranging from 30 to 50%.

Once again 1inear regxession analysis was used to
analyze the relationshipé between microstructural parar‘
meters ;nd tensile proéerties. Since ferrite grain sizes
were relatively constant for most specimens-(G—Qﬁ), they
were not included in the regression analysis. The results
of such an analysis-for UTS as a function of veolume frac-
tion of martensite is- shown in Table 5.5. The results can
also be expressed ih terms of the following empirical =

equation:

UTS (MPa) = 723.9 + 5.09 Vi (5.3)

The experimental as well as empirical plot of
ultimate tensile strength as a funcfion of volume fraction

of martensite is shown in Figure 5.7. Figﬁre 5.8ashows true
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Flgure 5.7 Ultimate tensile strength as a functlon of the
volume fraction of martensite (Vm) in isothermally
reacted dual phase steels. The straight line

- drawn in ,the figure corresponds to the empi¥ical

equation: UTS(MPa) = 723.9 + 5.09 V.

'



1000

. 3D

900
1}

800 700 800
_l

TRUE STRESS (MPa)
400 500

Specimen  Volume Fractionm Ultimate Tensile
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Figure S.Gka) True stress - true strain curves of isothermally -
reacted dual phase steels for "différent martensitic

contents.



(ks1)

STRESS

120

06

200

80

40

0 008 0.6 024 032 040 048

Figure 5.8(b)

sTRAIN X 10

work hardening rate vs strain curves of isothermally
reacted dual bhase steels for different rartensitic
contefhts. :
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stress-true strain curves of 4 tensile spécimens*with ﬁary-
iﬁg'martensite'céntengs'and ultimate tensile strengths. Fig-
ure 5.8b presénts the work hardening vs. true étrain curves
6f.the same specimens.' As evident from these figures,

increasing the volume fragtion of martensite produced both

" increasing levels. of strength and high work hardening

rates.

. The uniform strain, £y for each‘speciﬁen was measured
from the Considere Criterion. The_uni£orm strain_as a fﬁn;—“
tion of martensite content was also analyzed by lineér
regression analysis.~ The results ;s presentE§ in Figure 5.8c,
show a 1érge‘scatter so that there is no apparent éiﬁple
dependence on the martensitelcontént.- The decrease in-Eu
with inéreasing flow stress (and UTS) is shown in Figure 5.9
forlépeciméns 4L and‘4D.: ]

Fracture surfaces of specimens were observed at
high magnificatiogs {>500X), after tensile testipg, by scan-
ning electron microscopy. Figure 5.10 shows a composiée
picture of the surface of a specimén containing_22% marten-
site. Examination of é,number of fracture surfaces indicated
that the fracture initiation takes place at the martenéite

particles or at the inclusions. Scanning electron

_micrographs from polished longitudinal sections
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(b) Magnification 1250x.

. Figure 5.1l Nucleation and growth of voids near

: fracture surface. (a) decohesion of ferrite-
martensite interface, (b} cracking of the
martensite phase.
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éhowed“void nuoleation‘and growth below the fracture surface;
occurring preferentially.at‘ferrite-martensite interfaces .
as shown in Figure 5J]1. Martensite cracking was also obeerved‘
in big‘martensite particles. Isolated cleavage of ferrite
grains was also.seen,'ﬁut these cracks may well be initiated
at martensite inteffaces above or below the plane of obser;

-vation.

5.1.3 Effect of Temggring

In this section the results of the effect of temper-

ing on the strength and ductility of dual phase steels are

e

presented.

Some separate tests done on these steels ‘indicated |
that the as—quenched steels would have poor formability in.
a heading type‘of prooess."TherefOre it Was hoped that a
tempering process could be found that would‘retain éood |
mechanical strength but improve the ductility.

Six sets of two‘oual phase steel specinens were
produced by isothermal transformation. As—teoeived speci-
mens were each austenitized at about 870 °c (5 ) for 4
minutes. They were then isothermally transformed at about
686°9C (+ 4 ) for 4 minutes ahd water quenched to obtain the-
necessary;duaifphase structures. B

Pairs of specimens were tempered at either 240°C,
300°c, 360°C, 440°C or -510°q for an hour and air cooled.
The last pairlwas kept at room temperature. The details

of the heat treatment including tempering treatment are given-

in Table 56. Microstructures of specimens in the as—gquenched
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'condltlcn and after temperlng at 240 C, 360 C and 510 ¢ are
shown in Figure 5. 12. ’ .

| The results of the tensile tests are ptesented in iables
5.7 .and 5. 8. Tabie's 7 represents epecimen names, tempering
temperatures, 1n1t1al, unlform and neck dlameters and area of
cross—segtlons. Table 5. 8 shows the dlfferent tens;le pro-
perties}fnemely: yield strength,'yleld p01nt, ultimate ten51le
strength, uniform st;ess,_true fractﬁre stress and stfainr
and strain hardening eipenent. _Differeﬁt parameters from
these tables are plotted in Figures 5.13-5.15. Figure 5.13
shows true stress-true stiain'curves of specimens:tempered
at‘affferent temperatures. Teméering‘at'240°C end above
resulted in a return of diecontinuous yielding, an increase
in flow stress from 0.5 percent strain to the necking strain.
Flow stress curves in the initial stages for all the tem-
- pered specimens were highef than the untempered specimens.
Flgure 5.14 shows a change in ultimate tensile strength, yleld
strength and unlform stress wlth temperlng temperature for
"all the tempered spec1mens. The ultimate tensile strength
and ﬁniform stress decreased continuously with increasing '
tempering tempereture. A decrease in UTS of about 200 MPa
was observed for a tempering température of 510°C. The
yield strength abote 240°C was essentially conetant. For
an undeterminedltempering temperature below 24Q°C, the yield

. process changes from continuous t¢ discontinuous yielding.

f -
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Figure 313 Stress-strain curves of tempered

L]

dual phase specimens.

.
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Figure 314 Effect of tempering temperature
on ultimate tensile strength,
vield strength, yield point and
uniform ‘stress of dual phase

" steels.
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figurg 5.15a is a plot of true fracture stréin and
-true fracture stress'verSus'tempering'témperature. 'The
true straip at fracture increased continuously from .360 at
‘24d°C to .801 at 5109C. The stress at frécture, however,
remained nearly congtant in the range of 975 to 1075 MPa,
with no_discernibl:ftrend with respect to.tempering ﬁempera—
ture. | | |

Figure 5.15b shoﬁs values of thé strain hardening
exponent, n, as a function of tempering temperature.' The
decrease appears to reach a minimum value at about 300°C

although the data are insufficient to prove that this is so.

5.2 Discussion

Prior to embarking on a discussion of the déta ob-
tained from tensile tests; it is of value to compare the‘
isothermal reaction (IR) treatment procedure with the inter-
critical annealing (IA) process commonly used for. obtaining
"dual phase structures. Although the transformation of aus-
tenite by isothermal transformation is similar in metallo-
graphic éppearance to the transformation of austenite after
intercritical annealing, three features make the former
unique. sl
| 1) Intercritically annealed dual phase steel con-
tains two types of ferfite; isothermally reacted steels
contain only one; ° ‘

2) The growth and distribution of phases in the

isothermally reacted specimens are controlled essentially

by kinetic rather than the thermodynamic considerations.

b B b’ e i bl
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Ag a'result, the carbon distribution in the martensite of
thé'isotherpally transformed steel i$ probébly not uniform.
3) The long term amneal in the Ia process produces

martensite ‘at the.ferrite-gfain boundaries.

5.2.1 PFerrite Differences in IR and IA'Structures
—_In the IA treatment there are two types of ferrite,

the room temperature or the retained ferrite which is stable

"in the a+v region, and the ferrite formed by the epitaxial

growth.into austenite on cooling. TEM observations ™  (30)
have shown that there is no strucﬁural ihterféce or boundary
between the retained and epitaxial ferrite, and provides
evidence'for epitaxiality of ferrite with the retained ferrite

acting as a substrate. TEM observation have also shown that‘

precipitates are present inthe retained ferrite during inter- -

critical anneéiing whilst the epitaxial férrite is precipi-
tate free. This reflects the differences in thermal history
and compositiqﬁ between the two types of ferrite. Thus the
work har&ening behaviour of two types of ferriteé wili be
difﬁerent ana this is expected to influence the work harden--
iné behaviour of IA dual phase steels. |

In the isothermally reacted steels, all of the ferrite
is freshly formed from the austenite, and in plain carbon
steels, it is expected that the ferrite will be free of pre-

cipitates.

»

5.2.2 Kinetic vs. Thermodynamic Partitioning

The process by which Bain originally determined iso-

thermal transformation diagrams-was essentially the same as
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that used to produce dual phase steels in the present study.'
" The speczmens were quenched from single phase austenlte to a
.temperature near to or below the eutectOLd traneformatlon,
line on the equilibrium Fe-C diagram. Thus the ntcleation
and growth of ferrite occurred in austenite which was highly -
unstable. A significant feature. of this transformation was
that a large amount of ferritelﬁas formed from austenite in.
a short time resulting in a fine ferrite grain size. No
1sothermal transformatlon dlagram was avallable for the
steel used in the present study. However, the 1019 IT dlagram,
shown earlier in Figure 32 is similar in form but the higher
Mn content.in the 1018 steel will shift the ferrite start
and pearlite start curves‘to the right.

| It was observed that transformetion products such as
pearlite and bainite were suppressed ﬁp_to a reaction time of about
8 minutes at sfo‘c;* Longer reaction times led to Ehe forma-
tion of pearlite, the amount of which increased with reaction
time.

A microstructure ef the specimen held for 30 minutes

at a temperature of 6979C is shown in'FigureSA; As evident
in this flgure, pearlite was observed at the outer edges of
the martensite. A possxble explanatlon is that the reaction
results in_a non-uniform distribgtion of carbon in the
austenite. It has been independently observed that the
austenite-ferrite reaction is controlled by carbon diffusion
in the austenite (22). The center‘of the austenite grains’

would therefore be expected to contain a lower carbon level
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adh hence wbuld_tréngform‘to.ﬁartépsite at a,higher'marfén_

.site.stért ;eﬁperature than the edgeé. The outer edges of

austenite gfains,-being high in carbon and h?ving tﬁerefoxe

A# ld&er ﬁs tgm§era£ure, havé ﬁore time to ttahsfo;m to péér-
lite dﬁ%iﬁg quenching. They also have shorter pearlite

start times at equivalent temperatures.

5.2.3 Effect of the Reaction Path on. Martensite

) Morphologx.

-Another important'aifference bétweeh isothermallf
reacted and intercritically énnealed dual bhase spédiméﬁs,
as mentioned by other workers: (31-33) is:the morpholoéy'of
marténsite particles (previously discussed in Chapter 3).
However, their results'on different martensitic morphologies
are in conflict. Kunio et al.(SI) and suzuki et al (35)

- obtained d 'ferrite enclosed martensite’ typé ané al
'mar#enSite enclosed ferrite“ type stfucture‘f?om‘isother-_w
mal'énd intércritical annealing treatments, }éébectively.

On the othef,hand, Thoﬁés and Koo (33) have observed exactly .
opposite results for, the above-mentioned heat tréatments.

‘In addition, the relative-strengths and ductilities obtained
from the two microstructures are also in conflict.

In the present sﬁudies, a more connected‘martengite
morphology was observed for intercritically annealed :steels upto
sitic contents of 35% as shown in Figure 5.16. At ~ large
martensitic contents, however, a coarser and more connected
martensite mbrphology‘was visible in both isotggymally

reacted and intercritically annealed specimens. Martensite

mart-
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“bands in the,longitudinal.directioﬁ,weie_observedl The
. apparent gonflictlin.observagion between Thomas et al and
" other Qp#kers‘may have %o do wiéh théﬂleng£h of'time the
‘specimens are heid inathé intércritical,regibﬂ. Thomas et
al do not give this information, but it takes some time for
the ausfenite to fannélénqthe ferrite boundaries,Jhnd it
_ . . :

appears that Thomas et al may not be holding long enocugh to :

develop this morphology..

5.2.4 Comparison'of Present Results with Previously

Published Studies

5.2.4.1 Effect of Processing Variables on

-

Microstructure

Among the microstructural features that may influencer‘"

‘the mechapical p;ppertiés*of dual phase steels are ferrite
grain éize, ferrite strength, solid‘solution_alloy additions,
and dispersed phase strengthening. With the ferrite grain
size and solid solution strengthening being maintained at
relatively constant levels in the present study, the focus
'was on the amount and the nature of the martensite second
.phase.. .
| An analysis of the microstructural features of isé—
thermally reacted dual phase steel specimens showed tha£

the polngnél ferrite grain size remaingd small and virtually
lconstant (6-9u). This was due to relatively lower‘austenitiQ
zing temperatures and short austenitizing times which inhi-

bit excessive austenite grain growth. The average size and

volume fraction of the martensite islands, increased with

i,
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1ncreaslng isothermal reactlon temperature and decreasing
isothermalk reaction times. This' was due to aplarge amount
'of austenite prior ho'martenSLtlc tranefOrmatlon: The
effect of isothermal reaction timé was more pronounced in
controlling the volume fraction of martenSLte (Equatlon

5.2 and Table 5.3). ThlS reflects the lmportant role played
by reactlon tlme in controlllng the klnetlcs of austenite-

ferrite reaction. -

5.2.4.2 Structure-Tensile Properties

The results of teﬁsileetestS'indicate an increasing
- level of strength-and~w0rk hardening rate and a decreasing
uniform. elongation with increasing volume fraction of marten-"'
site in agreement with other workers. Figure 5.17 is a
summarized plot of UTS vs. volume fraction of martensite for

a number of plain C and other alloyed intercritically annealed
dual phase steele (our results are-presented by a detted line’
in the figure)._A higher ultimate tensile strength was obser-~
‘ved up to martensite contenhs of 35%. A rather large scat-
ter in the present resulhs indicate that there may be other
factors governing the UTS of dual phase steels in addition

to hartensite content. There is some controversy over the
question of whether the carbon conteht of:the martensite
significantly affects the strength of the ferrihe—martensite
comﬁosite (89;9d). A number of workers have thus explained
their results in terms of a nonlinear variation of, UTS with
martensite content incorporating the effects of the carbon

content of martensite. Other alloy contents also influence
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Figure 317 UTS as a function of volume fraction
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reacted dual phase steel. The scatter
ion in the present data as shown earlier
in T'igure 5.7.
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"the carbon content of martensite (9i). Since the present"

studles have . been limited to a srngle alloy system and one
'level of carbon, a varlatlon in carbon content of the marten—
'Slte w1th a change in martensrte content is inevitable.
This could very well explain theuscatter in the plots of
UTS vs. volume fraction of martensrte. ~
. Several other lnvestlgators have developed linear
regre551on"equatlons spec1f1cally_relat1ng-the tensile
strength of dual-pnase steels to the volume frection of
‘martensite. The replotted coefficients for martensite
range fron about 9.to 16 MPa/l%'martensite as shown in Fig-
ure 5.17. No obvious trends are noted in these studies with
regard to a limited range of martensite volume fraction ih—
fluencrng the magnitude of this coefficient. The factrthat
the constants differed from equation to equation can be
attributed. to variations in ferrite .grain size, 'solid solu-
tion strengthening and ferrite interstitial content.

Figures 5.18 and 5.;9 are plots of uniform eloncation
vs. volume fraction of martensite and nniform,(total elon-
gatlon) vs. UTS respectively for a number of steels. Present
results represented by dotted lines 1nd1cate low elongation
values compared to other workers. This may be due to a
number of reasons as.follows:

1) Effect of Specimen Shape

ITn all but one of the previous studies on dual phase

steels, thin sheet tensile specimens (2.0 mm or less) have

been used compared with the 6.3mmround specimens used in
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tﬁe present study. Sheet spééimens hgﬁe‘a strong g;&staIlo--
gfaphic texture from the rolling process. .Whén a textured . -
dual’phase sheet steel specimen of rectangulgr cross—-section
(width mth greater than its thickness) is. pulled by tension
forces appiied along the length, the cross-sectional strain
is not isotropic. The measure of this is the "r" value, -
which is the .ratio of the strain in width direction to the
strain in the thickness direction. The strain in the thick-
ness direction is less than the strain in the width direction.
As a result, the fracture is delayed and a lérge total
elongation is obtained. Specimens cut from ﬁot rolled round
bars have rotational symmetry along the tensile axis and the
cross~sectional strain is isotropic. There is é more equi-

axed strain distribution at the .neck and a large stress

- triaxiality at the neck results. This leads to an early frac-

.turedénd a lower post-uniform elongation is obtained.

o

Our results of lower elongation values_:or ;ound
speéimené compared to sheet specimens are in agreement with
recently reported results (92) for round specimens.

Th; most qenéral conclusion that can be drawn is
that geoﬁetrica}ly similar specimens develop geometrically
similar necked regions. -According'ta Barba's law, the total
elongation to fracture for geometrically”similar specimens

can be expressed as:

5
o

e, = -—eg
£ LO u

It is, however, generally.recogniied that in order

to compare elongation measurements of different-sized speci-

T T b L o kAW S S b
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mens, the specimensimust be geometrically-similar. The
above equation shows that critical. geometrlcal factor for

. which sim;lrtude ‘must be mamntalned is L /m t * for sheet
specrmens and Lb/Do for round bars. - Thus from the corres—-
ponding valhes of.Lo, Wy s tofor D, for the two different
specimen'shapes, it,is not pOSSible‘to;cemﬁare our elonga-
tion results with those of other woxkers. Furthermore, the
dlmen51onal detalls of the specimens of other workers are

not always avallable, making comparisons 1mpossrble. Ty

2) éllQI_QQEEEEE

The ductlllty of dual phase steels has been known to
improve by alloying elements such as Si, V, Mo and Mn (90,.
'93). Si has been found to have the largest effect on
ductility. Between the 0.58%5i steel and 1.0%Si steels,‘
there exists an increase in elbngation of 5% for the same
tensile strength (90). The addition'of 1%Si creates a gap
between the ferrite and hainite transformations in the TTT
diagram. Si inhibits carbide formation at’ the ‘ferrite-
"martensite interface in‘qtal phase steels produced by inter-
critical ‘annealing (93). These carbides are thought to
help in the decohesion of ferrite-martensite interface during
deformation, thereby decreasing the ductility. 1In micro-’
alloyed dual phase steels centaining v,Nb, etc., nitrides,
carbides and carbenitrides precipitate in retained ferrite

//“z//j>during‘intercritical annealing (93). The precipitate

free epitaxial ferrite has been shown to increase eldngation
with a.moderate declinme in strength.

*1, , , t_and D_ represent initial length, width, thickness
o] o o) o :

and diameters respectively,
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3) Banded_Structures

Rod-like bandihg was- observed in the axi§l.direc-f
tion in al@ost all the specimens in the present studf. It
.ﬁas been re§orted that martensite cracking is greatest when
‘the carbon content is high and ﬁhen the martensite content
is 1arge enough to create martensite bands serlously affect-
ing the tensxle ductility in dual phase steels (94). In-
crea51ng the percentage, of martenSLte shortens the ferrlte
llgaments separatlng the martensxte partlcles so that smaller
total plastxc strains are requlred to rupture them. Marten—
site cracking was observed in the present specimens as men-
tioned earlier. )

4) ©Presence_of_Inclusions

A rather large.-number of inclusions were observed in
the commercial plain carbon ;teel used in the present study.
It is.iﬁportant to mention here that in all the published.
research on dual phase steels a high purity steel has been
s;lected‘as the starting material and no attembf has been
made to study the effect of“non—mgtallic inclusions on the
loss of ductility in dual phase steels. For a long time,
inclusions héve been associated with reducing ductility and
fatigue failure iﬂ steels and it is unfortunate that a study
in this direction for commercially produced dual @hase |
steels is lacking. It is ei@ecﬁed that a number of factors
such as size, shape, chemistry, density, distribu;ion and
volume fraction of non-metallic inclusions would determine

the criticality of inclusions as crack initiators.

RS TEELE R
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5) Retained Austenite .

It has been-reported i95) that there is an’ improved
uniform eléngation with the_increase of-rgtained austenite
content. This has been.exélainéd in terms of transformation
induced incréase in work hardening-rate'wpich, o& the basis
of Considére criterion, delays'the‘onset of necking. Others (95)
flnd a, small amount of retalned austenlte (~2-4%) by water
gquenching as compared to (~ 6—7%) by air coollng from austen-
ite, so, a corresponding decrease in unlform elondgation is "

expected in the present results.

5.2.4.3 Effect of Tempering

The effects of tempering treatment on mechanical
propertiés of isothermally reacted dual phase steels were
presented earlier in Fiéures 5.13 to lé}v The qenéral trend of
the changes in yield strength, ténéile stfength, elongation
etc. with tempering temperature was the same as the inter-
critically ;nnealed dual phase steels. The tempering
behaviour of the latter hasvbeen described earlier iﬁ litera-
ture review. Briefly, the tempering reactions in dual phase
stéels are a combination of those effeéts expected. for each
of the individual phases. Thus, in the martensite phase we
expect to have the decompositionrof.martensite, precipitation
of carbides and the transformation.of the retained austenite
(86). Similarly, in the ferrite phase we expect to have
carbon segregation to digloégfions in the ferrite and pre—-'
cipiﬁation oficarbides. In addition, there are synergistic

effects that can be attributed to the presence of both



phasesm For lnstance, the formation of marten31te generates

: res;dual stresses and a high dislocation dens;ty in the fer-
.rlte, espec;ally near the martens;te/ferr;te interface.

Carbon segregation_to these dislocations, and the elimination

of the residual‘stresses-by the volume contraction of the
martensitejphase_during tempering, is an important part of
the tempéring process. . -

A significant drop of about 200 MPa in UTS, observed
1n the present study, can be attrlbuted to the fact: that no

W

precipitation of alloy carbides is expected in the ferrite

> of plain C steels. In the tempering of alloy steels, pre-
.-?« -

cipitation of alloy carbides leads to secondary hardening

Even a very small addition of .01% +o .08 8V, to low carbon‘

carbon steels, on tempering leads to a coherent precipita-

tion of V,C,; in the matrix as well as on dislocations. The
true fracture stress remained virtually constant and appar-
ently corresponds to the stress requiied fof decohesion‘of
ferrite-tempered marﬁensite interface.

Since no electron microscopy on thin films or X-ray .

work was conducted to observe true microscopic changes during

tempering process in the present study, it is not known if
there are any significant differences in tempering behaviour
of isothermally,reécted and intercritically annealed speci-

mens.

S I e



CHAPTER 6

Empirical Modelling of Stress-Strain.

Curves of Duél Phase Steels

fﬁiéféhapter is di@;@éd intothree sections. In the
first section, a review of well-knoﬁn'empirical equations
used for deéc;ibing stress-strain curves of dual phASE—steels
and other mate;ials is presenféd. In the second seétioﬁ,
the results of fhe aﬁalysis of deformation behéviﬁur ofkdual
‘phase steels based on these‘establishéd empirical stress-
strain relaticnships are described. In the third section,
the results of empirical modelling of isothermally.tfans-
forﬁed dual-phase stégls based on Voce's equation and a
‘newly proposed equation are described. A discﬁssion of

the results is presented in the last section.

6.1 Review of Previous Work on Modelling of g-¢ Curves of

Dual Phase Steels

In general, the deformation behaviour of a multiphase
microstructure is characterized by the deformation of each
pﬁase plus the interaction between the phases.. In dual phase
steels, the deformatién behaviour is expected to be dependent
on the deformation of ferrite, of martensite, and on the com-
patibility between the phases. Furthermore, the ﬁbserved
behavicur should depend on the relative strength and volume
fraction of each phase. For example, for a constant volume |
fraction of martensite, as the carbén coﬁtent in martensite
is increased, it is anticipated that the strain distribution
" between the ferrite and martensite will change, thﬁs altering

, 
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both the initial yleldlng and the straln hardening rate at
low stralns.

Stress-straln curves and the deformatlon behav;our
" of metals are frequently deScribed by means of mathematical
expressions. In past investigations (11 ,10t,102, ‘drstrnct
stages in the deformatlon behaviour of dual phase steels
have been revealed through the analys;s of stress-strain
curves. The stress—straln curves have been analyzed by
four common constltutlve equatlons. the Hollomon Gcm). the
Voce hod thé Ludwik (108 and the modified waft ﬁo@
-equatlons. In the following sectlonsleach.of these egua-

tions and its usefulness for dual phase steels will be dis-

cussed separately. A new equation is proposed, which appears

to be useful over a larger range of prestrain, in the last -
section,
The mathematical expressions which have been most

widely used to describe the strain hardening behaviour of

iron and steel in uniaxial deformation are:

n

Hollomon's equation: o = kg (6.1)

-

Ludwik's equation: o]

co+k'eg' " (6.2)

where ¢ and epare true stress and true plastic strain, and
the other parameters are emplrlcal constants. ' The constants
n and k in Equation 6.1 are determined by consrrhsting a

log ¢ vs. log ep plot. Eguation (6.1l) has been used to
describe the ‘stress=-strain behaviour of dual phase steels
(21,22) in which it is assumed that a single n value des-

crlbed the strain hardening behav1our. The results of Ramos
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et al (10) as well as our results indicate that the log o vs.
log ep'plots are clearly not liﬁear and a single value of n

.ln Eéuetlon (6. l) does not adequately descrlbe the- behavxour
of dual phase Jteels. )
Montelro et al- (107) have shown that a convenient

method for dellneatlng stages in strain hardenlng is by the
appllcatlon of Jaoul («xn—Crussard (109) anaIYSlS to Equation
{6.2). In this analysis, log (do/de) is plotted vs. log e.
-Ramos et al (1o1) , Lawson et al (11) and Crlbb et al 002) have
studled thlS pOSSlblllty for dual phase steels. Crlbb and
ngsbee‘(gn) have expressed theli»resuﬂts in terms of 3 stage
_deformation mechanism for dual phase steels. They attribute
the 3 stages to: '

" 7 1) Homogeneous deformation of ferrite metrix produced
by mobile dislocation/residual stresses surrounding the mar-
tensite particles; ——

- 2) Constrained deformation of the ferrite caused by

‘the presence of rigid martensite and transformation of re-

" tained austenite to martensite;

3) Formation of dislocation cell'structures governed
by dynémic secovery and cross-slip and by eventual yielding
of" the martensite phase. ’

Both Hollomen's equatlon and Ludw1k s equation analy-
zed either by plotting log ¢ vs. log ep or log(dg/de) vs.
rloé ep, have been criticized byh§EedHill et al (111). They
. point out‘ﬁhe drawbacks of.using ep as the ihdependent

variable. According to them, parameters such as n, k and
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Ogr deﬁermined by pld-tting 'l'agrep',tend' to be imprecise becauée-
the slope of a 1n(dc/§sp) {(or log g) vs. log ep curve.depends
on where one locates the strain origin. This is important
_because variations iﬁ structure due to uncertainties involved
in‘thé manufacture of a ﬁetal may bg.considered as eéuivalent
to adding unknown amounts of prestrain. Theyldemonstrate
this problem by comparing Joaul-Crussard plots for specimens
which were presﬁ;ained compared with;specimensvwhich were
not. V ‘

Reed Hill (111) has_presgnted a modifiédlapproach to
Jaoul-Crussard piot'for analyzing different stageslof defor-
mation, based on the mddified Swift equation{

€ =g + ot ' : (6.3)
p .o _

In this analysis &n{do/de) is plotted vs. ino. The
advaﬁtage of this ééproach is that both the instantaneous
values of stress ¢ and the strain ha:dening'rate.QU/dé
depend only on the current arrangement of dislocations and
their barriers. Cribb-et al‘hoﬂ,ana'Lawsoh et al (11) have
used this equatioﬁ, as well, to exbress their results and
find a three-stage strain hardening Eehaviour in dual phase
steels.

Voce (104 in 1948 proposed the following exponepﬁiai
constitutive eéuationoas a simple form of an approach to a
'saturation stress,

g = aé - (cs—co)éxp(—e/ec)p ' (6.4)

where g is the saturation stress, Gy is a characteristic

-
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stress (related te the yield stress) and €, is a character-
istic strain for the material. . This equ&tion hés also been
applied by Lawson et al (11) for the case of dual phase
-gteels. The equatlon is very flexible so a very good fit
is achieved at hlgh strain levels (<3%). But Lawson et al
fdﬁhd thét.Voce's equation did not provide an appropriate
description of the.stresg:gtraiﬁ béhaviour for_the low
Strain'regioﬁ. Voce himself, in his critical analysis of
the eqﬁation, has expressed its limitation at low strains

' (and stresses). -

In contrast to Hollomoﬁ; Ludwik and Swift's equations,
however, the Voce equation has been found to provide the
best fit for ZkCr-lMo steel (ﬁﬂ), deformed Cu (118) and Al
{114 ). Use of the Voce eguation is further supported by
the criticism of ReedHill et al (H1) regarding plotting.ep
logarithmically for the case of Hollomon's and Ludwik's ‘
equations, mentioned earlier. In its strain hardening form,
it does not directly rely on £. {see Table 6,1).-

Figure 6.l indicates schematically the common methods
used to evaluate the stress-strain behaviocur of materials,
as discussed earlier. In Table 6.1, the four constitutive '
equations and the corresponding strain hardening equations
are presénted. The derivations are given in Appendix (II).

In the present work, the applicability of all the
four equations mentioned earlie:, was studied for predicting
different stages in the present dual phase steel specimens

tested in uniaxial tension. ..
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In0"

| In ep
(b)

ln €p
(e)

Figure 6.1 Schematics showing the common plots used
. " to evaluate strain-hardening behaviour.

(a) stress-strain curves (b) nc vs. 2nep, .,

{(c) &n(do/de) vs. 2negp (Jaoul-Crussard pEot).
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As méntioned'latgt;%in;the'reSulgs, all these equa~
tions were found to be insufficient to describe the entire
_stress-strain curvés; Voce‘s'equation, h6wever, showed the
best fit with the experimental data after a certaid imitial
prestrain.' o -

A new equation, proposed by ﬁatt (110), which predicts
the forward flow 'curves to a rEasonéble.dég:ée of aécuracy
has been studied>ip the present work. The proﬁdsed equation’

is based on a differential equation of the following form:

ay -5 -
ax | A k*

where vy and x represent &ndg and lne,‘respectively.' This

equation will be discussed in detail in Section‘6.3;

6.2 Analysis of Deformation Behaviour Using Established

Empirical o-& Relationships
6.2.1 Results

_The following empirical o-¢ relationships were studied:

1. Hollomon Equation g = keg
2. - Ludwik Equation - g =0, * k'eg
3. Modified Swift Equation €5 €6 + co™

where o and ¢ are true stresses and true-plastic strains_and
c&, " k, k', n, n', clané m are empirical constants.

For the present analysis, true stress-true straip.
curves available from the previous tensile tests were utili-
zed. True stress—-true strain curves of specimens represent-

ing a wide range of ultimate tensile strengths

-and volume fractions of martensite were carefully selected.




[

For each specimen abogt_loo pairs of ioad-displacemeqt values
were used. True stress~£rue strein,plots were gonverﬁed into
lnq'vs.\zne,-ln(dc/de)_vé.‘zns and &n(do/de) vs. &no plots,
"usihg apprbpriate computer‘pfograms, to determine the values
of different constants in- Hollomon, Ludwik and modlfled

Swift equations respectlvely.‘ Values of dlfferent constants

. were obtained.from'the slopes and 1ntercepts of these plots

- as described in Appendlx (II) These constants have been
utlllzed to yleld 1nformat10n about deformatlon.nechanisms in
materials. Flgures 6.2, 6 3, 6 4 and é 5 represent ¢ vs. g,
2no vs. 2ne, 2n(do/de) vs. &ne and tn(do/de) vs. Lno plots
respectively of 4Qtepsile séecimens of widely difﬁering
martensitiC‘volume_fractions and ultimate tensile serengths
(Table 6.2). Figure 6.3 shows a #no vs. Lne plot and is
based on ﬁolloman}é equatisn. A contlnuous change in lcg o
.w1th log € is observed for all the 4 spec1mens. _Elgure 6.4,

B0

'referred to as Jaoul-Crussard plot and based”on Ludwik's
equation,'shows a decrease in &n(doc/de) with‘zﬁe in an
irfegular‘manner. A similar decrease in %n(do/dc) with 2no
can be observed in Figure 6.5 which is an analytical form
of the modlfled Swift eauatlon (108 .

In order to study the deformation behavioui of éual
phaselsteels, an attempt_was made to carefully define linear
regions in each curve,.while ignoring local short term
fluctuatione which might resﬁl£ ggbm inherent errors or

transition states from one deformation mehcanism to another.

Straight lines passing through the maxifmum number of-
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'Figure 6.5 4&n(do/de) vs. Ln stress curves
of specimens 3A, 3D, 3I and 3L.



‘Table 6.2

The Ferrite Grain Size, Martensitic Content and Ultimate o
Tensile Streng of Specimens 3A,3D,3I and 3L

) specimen SR Ferritg(gé?in Sizg vﬁartl"(%) lUTS_{Mpa)

T3a L 7.756 |  43.82 994,95

3D | 7.420 36.71 " 965.90

31 S Tu742 | 33.68 956.16
3L 8.2009 50.81 1056.5
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points - on the curve were drawn.as shown in_Fighfe 6.6
L N . . S
which represents a Jaoul—Crussafd plot of one of the speci-
' mens (aF). Each-llnear reglon in the flgure represents a
partlcular Qalue of the constants Ué, k' and n and thus can.
be conSLdered as a deformation stage representing a parti-

' .cular deformatlon mechanlsm. ‘From the slope of eech linear
reglen or defornatmon stage in ln(do/ds) 'vs. .ne curves the
values of constant n' were_computed. Similarly, from the.
slope of.each stage in'inc vs. &ne and tn(dg/de) vs. &no
curves, the values of n and m respectively were computed for
each.deformation stage in a curve. The values of these
constants,namely;~n', n and m obtainedvfrom the slepe of
each stage in En(do/de) vs. &ne, &no vs. Lne and ln(dd/de)
vs. ¢no plots are shown in Table 6.3 and are plotted as a
function of volume fraction of martensite in Figures 6.7,-
6.8 and 6.9 res?ectively. Only 4 stages have been-shown in
Figures 6.8 and 6.9. A wide scatfer in the values of these °
constants for each stege and from sPecimeﬁ to specimen was

observed.

6.2.2 Dlscu55lon
In this section a discussion of the ana1y51s of ten-
sile tests based on Hollomon's Ludwik's and modified Swift
empirical equations, to characterize the work hardening
behav1our of 1sothermally transformed dual- phase steels will
be presented. Hollomon's eguation (o=ke ) assumes that the

strain hardening behaviour can be descrlbed by a single

-

value of n. Present results (Figure‘§.3) show logarithmic
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Figure 6.6 &n(do/de) vs.
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??gure 6.7 Using the Ludwik equation and the

zn(dc/deb) vs. &ne plots, this
figure represents a lack of corre-
lation between work hardening para-
meter n, and the volume fraction of

nartensite.
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Figure 6.8

Ve

Using the Hollomon equation
and the 4n(do/de) vs. lno plots,
this figure represents a lack of

‘correlation between work hardening
. parameter m and the volume fraction

of martensite.
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Figure 6. 9 Using the -Swift . " equation and the &nog
vs. 2ne plots, this figure represents
a lack of correlation between work harden-
ing parameter n, ‘and the volume fraction
of martensite.
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plots of o versus ¢ -for the-diffe:ent dual phase steels. .
'Thése'ploés demonstrate, héwever, that . a uniéﬁeIStraip‘har-
dening parameter,\n,'does‘noﬁ describe the deformation ?
béhAViour of-dﬁal'phase.éteels at any lével df strain._ This

is in_aéfeement?with-the:xesults of athef workers (#. ,92)
foE-inﬁérériﬁicélly:annealed dual phase steels.

The work hardening processes ip dual phase. steels,
based.qn Ludwik's #nd modifie& Swift's equation, héve been
explained in tefﬁs of three stages (30211,16); According to
Cribb et al (102). in the*first.stage-(<0,5%).strain,'a rapid work
hardening is present because of the elimination of residual
séresses-and_thé rapid bﬁildup of back stresses in the fer-
rité caused by the plastic incompatibility'of'thé two phases.

'In the second stage (0.5 to 4% strain); the work hardening
rate of the_ferrité is reduced as the‘plastic flow of the
ferrite is constrained by the hard,'undefofming martensite
particles; Finally in the third stagel(4 to 18% strain),
dislocation cell sﬁructures are formed and further deforma-
tion in ﬁhe ferrite is governed by dynamic recovery and
cross-slip and eventual yielding of the.martensite phase.
Each of these stages have been shown to provide linéar
.regions in 2n(ac/de)'§s. ¢ne and &n(do/de) vs. 2no plots.

- Three stages.of deformation have similarly been reported
for other two phase dispersion hardening systems (1154117 )

In the'present.studies, more than 3 linear regions
were observéd. In some specimens (Figure 6.6) as many as

6 linear regions can be separated on Jaoul-Crussard plots



which are based on Ludka's equatlon. These-olots;'in'éeneral,
showed several linear regions of varying slopes in_the initial
part of the curve. and threafter a continuous nonlinear change
1n these plots was observed. Thus much of the data towards
the end of Jaoul—Crussard plots dld not show a sharp transi—
,taonrbetween dlfferent stages. The presence of addltlonal
stages in the present studf inditates that the strain harden-
ing of dual phase steels may be more complex than the three |
stage deformatlon descrlbed by other workers. Each stage

for deformatlon of dual phase steels, as described by other
workers will now be considered- separately. Accordlng to Cribb,
et al (102) a general yielding of ferrite grains takes place'
during Stage I. Ball ferrite gralns deform and the mean free
path of the dislocations in ferrite is equal to the ferrite
grain size. The hard martensite phase provides.a_ready

supply of dislocations. ‘It seems from their description of
the first'stage +hat the strain hardening rate in this stage
would entirely depend upon the ferrite grain size and the
mobiie dislocation density in the ferrite and it would

, correspond-to a linear region in Jaoul-Crussard plots. This
description ignores completely the non-uniformity of both the-.
varying levels of residual stress and of dislocation density -
in ferrite. The variation of dislocation density and of resi-
dual stress in the fefrite depends on a number of factors

such as volume fraction of martensite; morphology of ferrite-
martensite.ihterface, size and distribution of martensite

particles, and ferrite grain size. This description also ignores
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1nteractxon of dislocations with various precipitates (alloy

carbides, carbonltrldes, etc ) whlch are commonly observed

r

in ferrlte as well as the effects of solid solution strength-‘

i

eniﬁg of ferrite. It isQexpected that all these addltlonal

factors will influence the strength and work hardening rate -

hd L X

. of ‘dual phase steels 1n the 1n1t1al -stages. It is therefore

M

reasonable to assume that lnltlal deformatloniif ferrite may
) not behave as a linear reglon-on Jaoul-Crussard plots-or -
there may be'more than one linear region-corresponding to
strains at which different processes are activated. Stage
IT has beea associated with strong 1nteract10n between the?.
defbrmlng ferrite and the rigid marten51te partlcles 1ead1ng
to_a high dislocation density in the ferr;te and the trans--
formation of retained austenite to_martensite. Clearly,'this
stage depends upon the volume "fraction, morphology ano car- ”
boblconteat of thelmartensite‘and the strains at whicb this
stage initiates is liable to change according to these
variables. In additioa; the transformation of retained:
austenite to martensite woﬁld‘start?at a pariicular strain
and at a characteristic rate different from the buildup of
dislocations in ferrite. Thus these prooesses; referred to
as Stage II} cannot be explained in terms of a 5ingle linear
regin. Finally, Staoe IIT has been attribqted-to the for-
mation of cell structures, cr055vslip aad dgnamic rggovery
processes,tOgthe " initiation and growth of voids at the

-

feérrite-martensite interﬁaoe and within the martensite, and to

the yielaing'of martensite., All these processes are fairly
. . 3 ; . _



;COmplex and it is not reasonable to represent them by a

single llnear region and associate them with discrete defor-u‘
'matlon~mechanlsms.» As mentloned earller in this d15cussron,
no linear reglons were observed in the last stage, ln the
present study,_and instead a cont;nuous non-linear decrease
in the slepe'ﬁas observed in Jaoul-Crussard plots.
Although much of the data (Figure'6.4, 5:5) did'not B
show sharp transitions.betWeeh{drfferenr linear regiohs, in
"an effort to compare oﬁr results with ﬁhe_results of ther
‘workers, 1ines passing thrqugh maximum numberuef points were -
‘: carefully drawn and the ehtire ¢ng vs. &ne, ¢n{do/de) vs.
2ne and 2n(do/de) vs. &no plots were divided into 6 linear
regions for each specimen. This was aone to evaluatelco—
efficients n; an' and-m‘iﬁﬁehe_ﬂolloman,'Ludwik~and modified
Swift equatieﬁs,in a manner analogous to other workers (11,‘
102) as'described earlier. - These coefficients were found to
vary widely'froﬁ'one linear region to another and also from
spepimen to sﬁecimen,'iind no particular trend was ngtice—
able  (Figure 6.4, 6.5). A straiéhtforward correlation of n,
n' and m vs. martensite content as done by Crlbb and
Rigsbee, could not be duplicated here due to a Wlde scatter
in the coefficients. No changes in mlcrqstructure,whlch
correlate wirh changes in these coefficientsQ have been _
“observed by 'aB; of the workers (11 ,101,102) . '
These results, thus cast some serioes doubts esrto
the applicability of empirical equationsznuitheir analytical

functions in delineating different deformation mechanisms




in dual'phase_stgels.- The érocesSes involved during’defor-
_matiop“are so.varied_and.cbmplex that a-single set of para-
-megerécénnbtconéistentlg describe the deformation behaviour
'.wof‘dﬁal‘phase-steels even over a 1imitedu§las£ic strain range.
,;h summary, the lack-of a iinear reéion on a 4no Qs;"
 &ne plot disqualified the_Hollomoﬁ equaﬁion as a valid ées-
c;iptioh Sf thé present data. The plots of ‘&n(do/de) vs.
2ne or &nc did not show a few linear regions Qith common
Slopes frbmispecimen.to specimen;-aqa‘hencé the popular
analyéis.based on Ludwik's or Swift's equétidns were also
not.satiéféctory: It was not clearrif these curves shoﬁed a
substant;al number (>5) of linegr régions or if thef showed
'a continuous éurvature with some pinor fluctuations. In
either case, the conclusion was that the Jaoul-Crﬁssard type

anaiyéis was not particularly helpful for our specimens.

6.3 Results of Empirical Modelling of ¢-e Curves Based on

Voce's Equation and the New Logarithmic Equation

To overcome the difficulties with the poor fit with
ythe Hollom6n,‘Ludwik and Swift equations, a new empirical
- equation for describ;ng‘stress-strain curves Qf dual phase
'steel%‘has been developed:

g;r- - 5 = c‘aA-(k/Z)lns
. ‘ of -

where. g, € are true.stresses and true strainé and S A and
k are'Consfanps.‘

“This equation is similaf, in essence, to the other

three equations mentioned in the previous section as they



all represent parabdlic functions. It diﬁfefs from ﬁoilpmon
and Ludwik's equation in that itlhas an additionallzne term
-as'an*ékéongnt of sﬁrain to_take'inﬁo accouht a decreéséd
‘work hardening fate at la#ger strains. The propo#ed equation
" is based on ﬁ_simple linear diffe:entialreqﬁation of the

'~ following form:

Y - a-
X A-kx

where y and x 'represent &nc and &ne respectively. On inte-- -
gratidn of the above equation, we have,

. : L
y = -% x? + Ax + ¢

or, Lng -g&zne)z + Ane + ¢

and, g = c, eA"-.(k/Z)!?.ne :

The values of constants k, A and c can be obtained from the
slope of (dino/dine) vs. &ne plots (Figure 6.10) in thé final
stages or by nonlinear curve fitting techniques. Subsequently,
in this thesis, this equation will be referred to as_the-log
method. '

The Voce equation was also studied fér empirical
modelling of stress-stress curves. The Voce equa£ion can
.be expressed as:-

. g = cs-(cs-co)exp(*e/ec)‘

where ¢ and ¢ are true stresses and true strains and Ogr O

and € are constants.

The values of different constants namely, og. cotand

S y
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o

a

Figure 6.10 Schematic diacran showing a plot of
‘ (deno/dine) vs. &ne for determining
constants k, A, ¢ in tHe lqg methods.

At g¢ne = =-5,e=0.0067 and at

-23, -e=0.10.
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€q in Voce's equations and k, A and c in the log method
were dgtermined Sy nanlinear fitting techniqﬁes'(Appendix
1) . N | | |

_ Both the Voce equation andlthe 1og:metﬁcd'prcvided a
very good fit to the data; as measured py_the least mean |

square deviation. The Voce equation did not ¥it as well a

wid,

-low strain levels.

In the present study of the Bauschinéer~effect, the

permanent softening pafaﬁeter'was chpéeﬁ to be the most

‘representative méasure'of the Baqschingerveffeét. The

' permanent softening parameter is the stress difference. -

between the extrapolated forward prestrain curve and the
symmetrically in;ferted reverse flow curve (Figuré&ﬂ! ).
This procedure requires an accurate extrapolation of the'
prestrain curve bgyond its experimentally measured strain
limit, Hence, the following procedure was developed to
test the appligabilitf of each of the two equations for

data extrapolation procedures.

Initially, curve fitting using each of the above
mentioned equationg was attempted in a selected strain
interval in the early part of the curve (.005 to .01 and .0l
to .03) aﬁa fhé-values of the constants were determined.
These constaﬂts were theﬁ used to extrapgéfte the remaining

flow stress curve. For example, in .the case of specimens

B13F, Bl4I, the entire strain region extends up to .05 and

0.6¢_Curvé fitting parameters were found in the strain.inter-

val of .005 to .0l and .0l to .03 and the remaining part of

A

\




o

_ : "T0°0-S00°0 ST TeAIa3UT
utexls HBUTIITI 2AIND VYL ‘poulsw boy 8yl pue uorjzenbs s,9004 Y3 . :
putsn saaano poajeloderlxe syl pue JETg USWTIddS I0F aAIND TejuswrIadxy TI°9 2InbTd

—o_ X NIVHLS
ur v R 8z °0 ¥Z°0. 0z o 910 AN do v Y0°0 00 *J
R . =]
[=]
Q
p— - . —
- . & 1_5
uotrienby s,900A O . g
tejusutaadxy ¢
POYlaN .HoT ¥ : . >
: . ‘ | o
W
' o
a
(=]
-
o
a
' w
4 —
m
84
[=]
O x
m..
wy
N
[=]
(=]
0
=
o
Q.
wn
&




. "€E0°0 03 Ho 0 ST Tea
: -J93JUT uiexls mcauuam wbuno maa .@onuoCCOHmsu@nmzoaumsvmmmoo> Msu

‘1vig

» _ mcﬂma mmbuﬂw,anMHOQMMuxm msu.ﬁmm I1y19d uswroads I0JF 9AIND Hmu:mEﬂummxm ZT°9 2anbTg
) e rc_. HIBULE
b, "e 19 5 LI 1 L1 e &0 L) L o e 03 , oo oo,
. L poyisn HoT D . v -
' ) HmucmEﬂhmmxﬂ q . 8
nOﬁumsmﬂ 8 ﬁoob v . ¢ o
5 g

3g 2% 409 co e

(1% §53HLS

1+ 49

TR

R

qa el

20 "DEt



168

‘poyilaw Hbof Syl pue :oaumswm

§,900A B3Y3l mn goaans Tejusuraadxs burjejoderlxe
ut Houum mo.:0aumEaumm ayy burmoys weabeTp OTIEWSBYOS €I1°9 BaInbTJ
. . Ot % NIVHLS ‘ .
09" 9g" 8" oy’ be-o vz 0. 910 800
! LI T T T T ¥ T
poyiey Boq
:Um 8,000A

u

009 OBy 09t ObZ O}

o996 ovg8 ozl

(edll) SS3YILS



‘ , “T0°0 O3 S00°0 TPAIDIUT UTRIIS mnu uT HUT3I3TF 3AaInd
o - x03 uorjenbs s,900A Aq seaano Tejuswuiasdxe burjeyodeilzxs UuT Ioaxg

900 500 ¥00 NIVHLIS €00

¥

p1°9 2anbTg

100
709!

o7t

200

Leig™
| ool
108
{09
{oY
A
0
0z
loy
09

169

A

-3 zid

2l

SRV

Tzly
v elgy

ozl

"

(3AtLvD3IN )

HO4HY3
(ean) ssaUIS

-»



90"

“T0°0 03 §00°0 TBAI23UT UTRI3S JY} UT LUTIFTF D4IN0 103 :
poyszau bHol Aq s8aand Tejusutaadxa purjeroderixs uf Ioaxd GT'9 2INDTJ

NIVHLS :

g0 T - zo'h 10’

ot -

Q
~
i

o
o~
+*

10% +

09 +

O
40443

‘(edw) SSIULS



171

[

=

deTd

€848 T 08T8°96 | 6CTL°8EE |6TZ%"S9L | 8¢9966°L [99ZLET"0 |€08500°0 "g8co*
rA A" 89'Z - 796€°9z | £98Y° 697 |€£8T° 929 | 6TEETI"L 1 666LSE°0 |L9L9E0° 0~ L50° a5Td
Y LT 8y gc- 0%08°8Y | 6%5Z°GLT 6829 Y9 | L69LE9'L | 690L%%°0 |062TY0°0- 760° oyTd
-— ATy - —— T e —— Z079L€°L |€25602°0 [S0T¥00°0 160" beTd

787012 6L°9¢- YIYL TCT | €56€°60€ |EET¥ 9LL | TBEBOY'L | TIVEET 0 [€691E0°0 990° ye1d
Y2 ILT '| €9°6C 0288°6ZT | 06TZ*TOE |%90€°9ZL | 8T186T0°L {966900°0 {908%50°0 960" 1714
£9°€9 ¥8°9 zz€9 L1T | ove8-zcc |s652°60L | €2ZEEZT L .{ 965ST0°0 |#EYESO O ' 620° TAR:
€8 69T~ g0°csy- | €Lv6 L6 | 6879°T18¢ |c€E€1 789 | STTTOY"L |65580T°0 |¥ESSTO"0 LLo’ DAL
8L 9y w1'y - . | ss6L°SL | 89%6°6%7 | 600°618 | T€8TLIL [0T1860°0 |%BOOLD O TL0° az1d
LS LL 18°€T 6€%9°SLT | TTL9°GLT [EYIE~096 | 8Z6£58°9 |0TS%L0°0~|1S0E80°0 6£0" acig
LE* vy 6.°82 0165°€6. | €009°04Z |8Y8Z €9 | %SEBEL°9 | TG6%ED"0-{BTLT90°0 LEO" 2718
16°6€ 68°2T~ -€%0°02T | 6021°82Z |65£8°909 | %96THE*L | T06560°0 [TIZTTIY0 0 00" 11td
£5°8¢ 8. €€ 9%18°0S | SE9E°GEE |E9L0°€YL | SELOEO/L |9%T520°0 [95T1ZS0°0 940" N9
6Z°LE 76T~ €6%Z°00Z | STAT THZ [Z96€°9L9 | %890%6'9 | L66T00°0 |T5%990°0 620" q118

vorienby poyIeH . ’ { -

s,9207 4q 801 4q ﬁuu\aVuu Os Ig o) v A ufeiisaig sueN

20u2333ITA 20oua1a3IId ' gjumjsuo) © uoo> PoYITH uwoA Jo sjupjisuo) Jo pug uawpoadg

soAIn,) Jobutryosned JO jIed UTea}saxd bUTuTewsy

v

: wa» JO UOT3OTPeId 103 HMbnmucH utexls (10°-G00°) :a.maﬁuuﬂm m>uso

w.w 9Tqed .




‘the cnrve was extraPOlated.- The'experimental‘cnrveﬁand.the
extrapolated curves usrng Voce's. equatlon and 1og method are
shown in. Flgure 6 11 and 6.12 for the two straln intervals.
The dlfferences between the extrapolated and experl—
mental £loé etreeses'were measured, along the extrapolated |
region, to ‘estimate the accuraoy of'each of these equations
ln predictiné the-flow stress as illuetrated in Figure 6.13.
The results of such an analysis; for curve fitting in the'
.005-.01 strain interval, for 12 different specimens, is
given in Figure 6:14 and 6.15. The data pertaining to these
figures is oresented in Table 6.4. THeee figures represent
a‘plot'of tne difference between extrapolated and experimental
flow'stresses {referred to. as. 'error in the figures) vs.
straln for Voce's equatlon and log method respectlvely As
shown in these fignres,-the errors for both Voce's equation
and the .log. method increase. as one foves to higher and higher
strains. However, the log method offers a more.accurate extra-
polatlon of the flow stress curves as shown in these figures.
‘The variancefandgthe coefficient-of-variation were determined

as.1393742, 1.2148 and 100.88, 2.1423 for Voce's equation and
log_method respectively. - - .

Figures 6. 16 and 6. 17 represent a similar plot of the
dlfference between the extrapolated and experlmental flow

stresses vs. strains for curve flttlng 1n ‘the straln lnter—

".01 to .03 by-Voce'S'equatlon'and by the loq'method.
p in these flgures, the range. of errors is much

smaller than in the prev1ous case where curve flttrng was-
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Figure 6.17 Error in extrapolating experimental curves
: by Log equation for curve fitting in the
strain interval 0.01-0.03.
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done in .005 to .0l strain interﬁal (Table 6;5), Bath the ¢’

‘ Voce equation and the log method_sﬁowed very close extra-
polations.with the éxﬁkrimental curves. The variance an&]
coeff;cispt 6f’variééion in extrépélégioh,we;e determined:
as 99.222, 1.8676 and 44.3222, -1.2468 for Voce's equation

and log method respectively. .
: -

A discussion on the;accuracy of these two methods will

be dealt with in the next chapter on the results and“discus;r

sion of Bauschinger tests.
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CHAPTER 7

Results of Compression Vs. Tension/Curwes

And Bauschinger ﬂeg;g//f

This chapter is divided into.four-seetione. In the -

. first section, the results of the applicatien.pf the proposed ~
stress-strain equation for the extrapolation of prestrain
curves of Bauschinger tests will be presented. Also included
in this section are the results of heat treatment of Bauschin-
ger spec1mens to obtaln different dual phase mlcrostructures.'
In the second section, the results on strength- dlffe:entlal
observatlon in dlfferent ‘dual phase microstructures will be
presented. In the third section, the results of permanent
soffening as a function of prestrain for different micro-
structures will be'presented. Finally, in the last section,

a brief discussion of Bauscninger test results will be pre-

sented.

7.1. Measurement of the Permanent Softening Paraneter

The degree of plastic incompatibility between the
ferrite and martensite phases was estimated frogjthe reverse
strain cycles by using the offset of the true st;ess—true
" strain cuéges obtained in tension and compression. The

magnitude of permanent softening, © in an ideal case

ps’
! LY

appears as the difference in flow" stress for reverse and

forward ‘deformation.

The magnitude of the permanent softening was evaluated

177
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Figqure 7.1 Procedure for obtaining final Bauschinger
plots for Gps measurements.
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for various tensmle and compressive prestrains using separate
samples to avoid any problems due to cyeclic hardenlng or
softenlng phenomena. -Figpre 7.1_illustrates,.schematically,
how the plote_were,converted from 1oad-elongation curves to
unidirectional true stress-true strain curves for the measure-
ment of'the permanent softening'oerameter on the computer.
The dotted line in Figurel7.lLC) indicates the extrapolated
part of the curve. \ ' |

The two eéuations found most'suitable'for-the extra-
polation‘of stress-strain cnrves were:

l) Voce's Equetion:

g = oI—(oI-oo)ekp(re/ec)
2) Log Method:

o = o AT Ue/2)ane

o
where'o,e‘ere true stresses and true strains and
Op¢ Ogr Er Cqr A and k are empirical curve*fitting
constants.

The iog method, as shown in the previous chapter, pro-
video the least error in estimating the flow curves, for both
-the small prestrain intervals (0.005 to -0l)and the large pre-
strain intervals (.0l to .03). The log methéd was, therefore,
utilized in extraeo%ating all the Bauschinger curves so that
reasonable values of permanent softening parameter, opé}.
could be measured. The results of extrapolation for two
specimens with small and large prestrains are illustrated

in Figures 7.2 and 7.3 respectively.

Curve fitting was done in the entire prestrain regions

-
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. Figure 7.4

Még (150x)

~

Homogenized ferritic-pearlite structure
showing large ferrite grain size.
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of the specimens in order to determine the best bogsible

- values of constants-<k, A and ¢. These constants were then

utilized for extrapolation purpoées. The values of these

constants for each specimen, calculated from the prestrain

~ portion of the Bauschinger curves, are shown in Table 7.1.

7.1.1 Heat Treatment of Bauschinger Specimens 

Dual phase microstructures in as-receiveﬁ Bauschinger
séecimens were produced by isothermal reaction or by inter-
eritical annéaling metpods. This was done to evaluate the
effect of heat treatment procedure on the relationship
between permanent softening and prestrain.

Bandéd, isothermally transformed, dual phése Bauschin-
ger specimens were obtained by heating banded ferrite-
pearlité specimens-in the range of 860°C for 4 minutes. They
were subsequently reacted at about 684°C for 4 minutes. The
specimens were water gquenched from the‘isqthermalutransfor—
mation temperature. ' .

Unbanded, isothermally transformed dual phase speci-
mens were obtained by homogeﬁizing as—receiﬁed banded ferrite-
pearlite steel bars. This was done by heating steel bars,
about 15 éms in length, in vacuum sealed qﬁartz tubes at
1200°C for a-week. At the end of this treatment, the speci-
mens from these bars were mounted for optical microscopy.
Complete homogenization was achieved during high temperature
heating and no banded ferrite-pearlite structure was cbserved.
However, a large ferrite grain size and pearlite iéterlamellar

spacing was observed as shown in Figure 7.4: Bauschinger

/
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specimeee, machined from these bars were‘eﬁsteﬁitized at':
QQOOC and quenehed tO'reduce.the‘austenite grain eize and
prain a finer ferrite grain size comparable_to nonhomogen-
ized specimens.- "

Banded-intercritically anneeled dual phase specimens
were obtained by heating the specimens at about 745°%C for
. 20 minutes in the,ferrite—ahﬁtenite range and water quenching.
spherodized'carbide or pearlite was observed in some speci-
mens along with the martensite phase. This was due to
Alntercrltlcal anneallng temperatures fallleg sllghtly below

“the eutectoid transformation line which could either be due‘

to temperature gradient in the furnace or due to hot salt pen-

a

etrating the Inconel shield around the thermocouple, giving

misleading temperature values. These specimens were, however,

utilized for evaluating the B.E. in ferrite—spherodized pearlite

microstructures.
The details of heat treatment of Bauschinger specimens
‘are given in Table 7.2. Final microstructures resulting from

different heat treatments are shown in Figure 7.5{(a-g). \

7.2 Strength Differential Observations

In this section the strength-differential effect in
dual phase steels is established and various compressive and
teneile true stress-strain curves of different dual phase
microstructures are presented. This section is arranged
into three separate sub;eections dealing with the strength-
differential effect in (a) banded, isothermally reacted ' QL
specimens, (b) unbanded, isothermally reacted specimens, and‘

(c) banded, intercritically annealed specimens.

~
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7.2.1 The S-D Effect in Banded, IsothermallylReacted

(BIR) Specimens

Figures 7.6, 7.7 anq 7.8 represent the compression
‘and tension o-¢€ curves of banded, partially banded; end
banded and aged specxmens cohtaining the same ferrmte graln
size and martensitic contents. As shown in these flgures,
the stress-strain curves in cOmpre551on lie at h;gher stresé
levels for the same plastic strain,.compared with tensile‘
curﬁes.. Paftiallf banded specimens show slightly lower ten-
sile and coﬁpressive flbw curves compared to banded specimens;
Aalthough the gep between tensile and compressive flow curﬁes
els substantlallv the same as for the strongly banded specimens,
(Figures 7 6 & 7. 7) The effect of aging, shown in F;gure 7.8,
is clearly to shift both the tensile and compressive curves
to higher strength levels. |

The felative shift between different compressive and
" tensile® curves was measured by moviné the o-¢ curves up and
‘down the elastic modulus 1ine. The average value of the
- shift in strees between tension and compression curves wes
lthus estimated for banded, partially banded and banded and
aged specimens. The data along with the average shift for
each of the above—mentioned microstructures is presented in

Table 7.3. .

7.2.2 S-D Effect in Unbanded-Isothermally Reacted

(UBIR) Specimens

Figure 7.9 represents the compression and tension

stress-strain curves of UBIR specimens. As shown in the

.-.“
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Figure 7.9 Compressive and tensile true stress-true
strain-curves of unbanded and isothermally

reacted (UBIR) specimens.
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figure, most g-¢ curves lie within a narrow band with- -
compression curves oécupyinq the upper regions of the band.;‘
The specimeﬁs} B13N and Bl3K, as shown in the figuie, were
fdund to have o-e curves markedly aifferent from the rest

of the spééiméns. Quantitative metallog;aphy_revealed that
épeciméns B13N and Bl3K contained fespectively a much higher
and lower martensite content (29.9% and 19.5%)7than_the
average (25.1%).- These specimens ﬁgée'fhus_not included in
the calculations of the average strength differential. The

data for the unbanded specimens is presented in Table 7.4.

7.2.3 S-D Effect in Strongly Banded-Intercritically

Annealed (SBIA) Specimens 1&

Figure 7.10 represents compression and tension curves
of strongly banded-intercritically annealed (SBIA) dual phase
"specimens. ‘A wide scatter in Fhe compression curves, as
shown in the ﬁigﬁre: is attributed to variation in martensite
contengs. The CompresSive curves, in general, seem to be
higher than the -tensile curve for the same mértensitic con-
tent, as shown in Table. 7.5 (Bl4I and §l40) ;althoﬁgh the
exact shift betweeﬁ the compressive and the tensile curves
cannot be determined due to a wide variation in martensitic
conﬁents within compressive curves as well as due to unavail-
ability of tensile curves of similar microstructufes:

Figure 7.1l represents tensile curves of banded
ferrite-spherodized pearlite microstructures. This micro-
structure was accidently obtained from interdritiéal anneal-

&
ing treatment as mentioned earlier. These specimens show
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Table 7.4

The Shift Between Compressive and Tensile'ﬁrestrained

vs. Curves ©

f Unbanded, Isothermally Reacted .

-

e

{(UBIR) Specimens

Compression-Tension Cycles

Compression
:;;;;Eﬁrrxﬁﬁﬁﬂ;

n

-

-

9]

™

@]

& BL3N(CT) | BI3M(CT) | B13J(CT) | BL3H(CT)
] ; _ :
2 "B130 (TC) 174.33 23.62 37.79 9.44
o ‘ . ] . : ‘
§ B13F (TC) 181.20 30.50 - 44.50 | 15.10
§ BL3Q(TCH 203.0 42.62 55.10 26.30
a B13K(TC) 274.0 89.76 110.07 75.50
o

-

/™

. ‘..-"1
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banded, intercritically annealed (SBIA)
dual phase specimens.
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Table 7.5

-

MartenSite contents of Different Strongly Banded
Infercritically Annealed (SBIA) Dua Phase -Speclimens

Specimen Type $a M
L) Name ’ ! . - .
- ) 0 : E&_%— EE—
B14D cT 68 32
B14Q CT 73 . 27
B14I - TC 72.7 | 27.3
Bl4R CT 76.5 23.5 .
Bl4C ~cr | 78.6 | 22.4
N

. .‘_.
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considerably- lower tensile flow curves than the dual phase

specimens as éxpected for these'migrostfuctures.'.The
values of peariitic contents of differeﬂ# ﬁicrostructpres.
are shown in Table 7.6. Some martensite was obtained
along with the pearlite,phaﬁe but thé.émount of martensite

was generally below 5% in these specimens.

7.2.4 Summary of the Strength Differential Results
ﬂIt'appears that a strength differential occurs }n
aual phase steels. For'ﬁhe isothermally reacted steels,
banded, partially banded or banded and aged, this shift was
obvious and averaged aﬁout 7q MPa. For isothermally reaqtéd,
/unbanded steels the shift was smﬁllérl(zs MPa), but in no
_case did a compressive stress-strain curve lie beloﬁ a
tensile curve for the same microstruétural conditions. Con-
siaeriné the specimen~to-specimen variation, this unvidlated
segregation may be somewhat fortuitous. Nevertheless,'thére
‘is no doubt that, even if there'waé an overlap, the means‘
Qould be,sigﬁificantly different. |
Unfortunateiy, for the intercritically annealed
samples,suitaﬁle tensile tests for 6omparative pﬁrposes are
lacking. However, when the Bauschinger permanent softening
rasults, to be presented next, are taken into éccount, itﬁ
seems that a strength differential in the intercriticaily
annealed specimens is also probable.
Before continuing, however, it is important to take
note that the présent work represents the first obgervation

of a strength differential effect in a material which contains
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Table 7.6

Pearlitic and Martensitic Contents of Ferrite-
Spherodized Pearlitic Specimens

Specimen 'd %P + M M
BL4L 76.8 23.19 ~15% E .
B1l4M 77.16 22.14 ~10% .
B1l4N - 79.1 20.8 - < 5%
B140 79.1 . 20.0 < 5%
B145S 78.4 21.6 , < 5% , X
B14T 79.2 20.8 < 5% : .
B14U 78.2 21.8 ~10%
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equiaxed free ferrite grains. -In fact, the only previous
observation of a strength differential in a'ferrite-bearing,'

steel was for a Widmanstatten ferrite,’

7.3 Permanent Softening Results
The results of permanent softening as a function of

prestrain, as measured from final extrapolated Bauschinger

plots will now be presented. The results are divided into

three separate sections, namely,-unbanded—isothermally

‘reacted, strongly bandéd-intercritiéally annealed, and

" .banded, isothermally-reacted 5pééimens.,

7.3.1 Unbanded-Isothermally ‘Reacted (UBIR) Specimens

The results of'Bauschinger.tests on these specimens
ére shownfin Table 7.7 and are also presented in Figure 7.12
in the form of two sebarate curves for tensiop—compreééion
anﬁ compre;sioﬁ—tension‘cycles ghown by triangles and squares.
The permhnept softening parameter, G?S, increases rapidly
with prestrain fox both tensile and compressive prestrained
ﬁpecimené. The compressive prestrained curve lies at a-
significantly higher level indicating a much larger Bauschin—
ger effect. In addition to this, "enhanced Bauschinger
effect", the compressive p%estrained speciméns;also show-a
more rapid increase in qps in the initial stages (up to 0.3%
prestrain) and a stronger tendency towards saturation than
tensile prestrained sPeciméns. In both.cases, however, cps
continued to increase, although at a reduced rate, up to an

imposed prestrain of 3.5%.
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Table 7.7

Permanent Softenin Parameter vs. Prestrain for
Unbanded, Isothermally Annealed and Unaged specimens

Specimen Type Prestrain o (MPa) :
Name T-C/C-T ps :
B13P TC 0.002 ———— :

D TC 0.0035 . 5.1968 - C
K ™ 00131 35.95 . o
mon _TC | 0.0245 50.07 .
F TC - 0.0345 87.40 . ]
Q - TC 0.0482 92.59 '
E CT 0.0011 .|= 11.81 -
~ L CT 0.0128 79.37 oo
J CT ‘0.0685 109.60 :
I CT 0.0167 ——
M- cT . 0.0246 101.57
N cT 0.021 106.062
H . CT 0.0348 - 108.6614

TC means Tensile prestrain, compressive
reversal. == . :




120

100+

80F

 Opg(MPa)

40

20 F

A compressive prestrain

® Tensile prestrain

'S L L i 1

Fiaure 7.2

ot .02 .03 .04 .05 06

PRESTRAIN

Permanent softening parameter vs prestrain
for unbanded isothermally reacted (UBIR)
specimens. -




208 T

7.3.2 Strongly Banded-Intercritically Annealed

~ (SBIR) 'sp'ecimens B

The mlcrostructures obtained £rom, the lntercrltlcal

. anneallng heat treatment of strongly banded speczmens were
‘earlier mentioned as strongly banded lntercrltlcally annealed : '3
(SBIA) dual phase mlcrostructures and SBIA ferrlte—spherodlzed ‘ ;h
pearlite mlcrostructures. The results of ‘these two sets of :
macrostructures are shown in Figure 7.13 along w1th the
results of unbanded-lsothermally reacted (UBIR) spec1mens..
The data is presenteq in Table 7.8. The compre551ve pre-
strained SBIA dual phase specimens were found to have o .
vs. prestraln curve slightly lower than the correspondlng

curve for UBIR spec;mens, but the SBIA dual phase steel curve

was still considerably higher than the tensile prestralned .

i

UBIR specimens.

The tensile prestrained ferrite-spherodized pearlite

b CL T

microstructures show much lower values of permanent softeriing

and a stronger tendency towards saturation at higher pre-

strains (Figure 7.13). The data for the permanent softening
parameter vs. prestrain for these microstructures is presented

: . y
in Table 7.9. .

7.3.3 Banded-Isothermally Reacted (BIR) Specimens

In this section only the results of tensile prestrained
r

specimens will be presented. The results of compressive
a
prestralned specimens could not-be obtalned due to some

experimental problems during Bauschinger testlng. The ex-

: perimental'curves obtained in compression-tension cycles
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'TABLE 7.8

Permanent Softening Parameter vs. Prestrain For

_Intercritically Annealed.

“Strongly Banded,

Dual Phase Specimens

Bl d i T LAY e R b S S i

Specimen Type Prestrain o-_ (MPa)
Name T-C/C-T" . PS
Bl4é CT 0.0052 -
BL4R cT 0.0108 67.5590
'B14D -er 0.0248 ' 94.4881
R14Q cr 0.0316 95.4330
Bl4C CT 0.0535 116.2204

\
A A A T i B it DA ATV

FaZegild,

P




7.9

‘Permanent Softening Parameter vs. Prestrain For

Strongly Banded, Intercritically Annealed And

Ferrite-Spherodised Pearlite- Specimens

.-

. Specimen Type Prestrain (MPa)
Name T-C/C-T - R

B14P TC .0010 | @ e———-

N . TC .0018 | @ eee-a

L TC .0046 | = —===-

"o" TC .0161 32.12

C TC .0261 38.74

M TC .0319 49.60

9] TC .037 59.05

‘B TC .055 52.91
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lshowed‘an unusual slqpe cﬁange at zero loa& after reversél
from compressive prestrain. As a result an accurate mgasufe-
ment of the‘permanent softening values could not be obtained
for these specimens. This prdblem was later rémedied;

This section of the thesis is aivided into threg
parts dealing with 1) unaged, 2) aged, and 3) p}artia\lly

banded, unaged specimens.

R

7.3.3.1 Unaged Specimens
The permanent softening vs. tensile preétfain curves
for these specimens is.shown in Figure17.14. At low pre- .
stfains, the permanent softening wvalues fpr these specimens
are higher than the corfeSponding unbanded specimens described
earlier.‘ The permanent softening parameter, however, decreases
less rapidly and consequéntly shows lower values compared to

unbanded specimens (Figure 7.15).

7.3.3.2 Aged Specimens

These specimenéudiffer from thése in the préceding
‘section in thaé they were strain aged for about 60 days at
room temperature prior to testing. The apparent effect of
aging on pure tensile and compressive specimens was to in-
crease the ultimate £ensiie streﬁgthjand vield strength-by
about 40 MPé and 160 MPa respectively.

Thé effect of aging on the permanent softening vs.
prestfain curveg is shown in Figure 7.14 gnd the wvalues of
UPS and prestrain are recorded in Table 7.10. The.effect
of aging was-to increase cps more rapidly with imposed

plastic strain.
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Table 7
 permanent Softening Parameter vs.'Prestrain For
£ Part:.ally Banded, Intercritically Annealed

. And Unaged Specimens

Specimen Prestrain Oss (MPa) | ' ]
Name P _
B12U ' L0016 ] 000 e

S .00458 35.45
" R .0105 42,51
P .0326 79.95 .
T .07381 -©.89.,21 - ‘ <
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7:3.3.2 Partially Banded, Unaged épecimens
The results of o vs. tehsile_prgstrain for these
specimens ére presentéd in Table'7.ll and are plotted'in
Figure 7.15 along with banded.unaged and banded and.aged
specimens. As seeh in the figqure, the permanent softening
values aie_slightly higher than the bgnded, unaged-specimens.

. ...7.3.4 Summary of the Permanent Softening Results

With the exceétioh'df,théisp5cimens which had been
a?ed, there is a clear.separation in the pérmanent édfteniné
values between specimens which had been loaded in compression-

;Pension compared with those £hat were loaded in tens%pn—
;Sﬁpression. As a rough description, the compreésion pre-
;;rain résults are about 40 MPa above those of the tensile
prestrain values, irrespective of microstructure. A more
detaiied description must note that the unbanded martensite
has a different cps functional dependence on prestrain than
the banded structures.

‘The specimens which were aged had much higher perman-
ent softening values than the corresponding unaged specimens
(remembering that only tensile prestrains were available).

The tensile and compfessive curves for thé aged specimens
were also distinctly higher than the unaged specimens, and

thus the higher prestress values are apparently manifested

by a larger Bauschinger stress.

7.4 Discussions

The tension-compression and Bauschinger tests have

produced two new salient results:
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1) There is a strength differential effect such
that cempressive stress-strain curves of dual phase‘steels.
lie above their tensile stress-strain curves.

2) 'Ehe permanent softening stress observed after -
a compressive prestrain is larger than that feund after a-
tensile prestrain for thege steels.

A descriptive explanatlon of these results can be
developed based on the residual stresses developed during the
t:ansformation of eﬁstenite to martensite when these steels
are heat treated. |

It is postulated that the transformation strains pro-
duced during the expahsion of eustenite,tofmeftensite in
effect prestrain the surrounding ferrite in tension. Figure
7-16lsimplifies and.exaggeraees the effect of‘such a prestrain
to show that it produces the correct general results.

Point O represents the stress-strain origin that
would exist for the ferrite in the relaxed state (i.e.; one
in which the transformatioe strains were zero); Point A
represents the state of stress in the ferrite after the trens—
formation strain has occurred.‘ This is the state that we,
as outside observers, take to be datum point for zero stress
and strain. The simplified tensile and compression curves
drawn in Figure 7.16 (a) are drawn so that they are perfectly
symmetricallfar the true relaxed state at 0. ﬁote thae if
one puts the Etressﬂstrain origin at A, a strength differen-
tial is observed.

Figure 7-16 (b) shows how this shifted origin modifies
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(a)

p——

L

(b)

The effect of transformation strains on tensile

and compressive deformation of dual phase
specimens.

Figure 7.16
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the Béuschihgei effect for équal ten?ile-and ¢om§re3$ive"
plastié prestrains. The two curves are once again symmefric
about polnt 0, but the: stresses (and straln reversals) take
place accordlng to the observed origin at A. The resu;ts is
a much bigger apparent-permanent softening for compressive
‘preshrains. | | |

Note that the strength differential stress should be
equal to twice tﬁe‘residual stress ih the ferrite for this
simple model. 'fhis is also true for the difference in
permanent‘softening stresses although this is sensitive to
the §hape of the reverse stress strain curve. o

The féct that the prestress has a tensile sign is . of
lnterest. A spherlcal expandlng marten51te partlcle creates
a state of pure shear around itself as shown in Figure 7. l?(a)
Thus, for a material subjected to_a load in the vertical direc-
tion, (through the poles of the particle) it is the ﬁéperial
around the_equator df the particle which will réaéh the yield
stress ?irst. For the rod-like banded martensite the ten51le
residual stress fields would be in the coaxial cylxnder sur-
rounding the ;ods (Figure 7.17b)), and this comprises a sub-
stantial volume‘qf material. In.compression, the material
at the poles would yield first. For the banded material;lthe
residual stresses here would be very high but would not extend
over nearly as large a volume. This implies that the yield
strengths would be similar or lower but the early strain

hardening rates would be substantially higher for the

compression specimens. The specimen to specimen variation
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Figure 7.17 Residual stresses around (a) spherical
(b) rod-like martensitic particles in

dual phase steels.
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is éuch/éhat it is not clear frdq the sﬁrgss;curves if this
,predictioﬁ'is borne out. This line of reasoniné, that. ten-"
siie and compreséive §1astié strain take place at differeﬁt.
points in the speqipen, leads to the conclusion th;t the
compreséive as tensile stress‘strain curves would not be
symmetric (as in'Figure 7.16(a)). However, this would be

true principally during the vefy ear;y'stages of plastic

strain. With the onset of general plastic-strain.in the
ferrite, the Brown-Stobbs type  of hard particle strain mis- _ 3

match fields would soon become dominant.




CHAPTER"' 8

CONCLUSIONS

This study has led to_the.foilowing.conclugions:

1) The‘isothermal reaction treatment offers-a
rapid and useful‘methgd of produging dual‘phasé fe:fitic-
, martensitic ﬁicrqstructu;es in steel ba with mechanical
'propefties coqgfrable“£o intercritiéaily annealed dual ph;se
:steels.

2) A ﬁore connected martensite morphology is obtained
by intercritical annealing-treatments up to maftensitie con-
tents qf about 35%. Ng apparent differences in martensite
- morphology are observed af‘hiéher martensite céntents. -

3) Tempering at 240, 350, 360, 440 and 510°C for 1
hour did not improve the' strength-uniform elongation combina-
tion in isothefmally reacted dual phase sSteels. .

4) A unigque strain hardéning parameter, as defined in
the Hollomon, Ludwik and modified Swift equations, does not
describe thé deformation of dual phase steels at all levels

of stra;n. ) *

5) A new equation to fepresent‘the stress-strain
cugvescﬁfdual bhase.steels has been found to be in goaqd
”agreement with the experimental data. It can be used for
extrapolating prestrain regions of ﬁauschiﬁgef cufves from
" about 1-2% strain to 6-7% with a reasonable- degree of
“accuracy, and this permits an accurate estimation of the ‘#///

~ permanent softening parameter.

6) A strength-differential exists between the



tensile and compressive curves of dual phase steels. "The
‘magnltude of the strength— 1fferent1al depends upon the :
mlcrostructure and the type of heat treatment. The magnituée'
is less for unbanded dual phase steels compared to bandee
.enes. |

7) The'permahentrsoftening parameter for different
‘ microstructures; es meesured‘from the Bauschinger .tests, in-
creases rapldly, at first, in the initial stage up to abott 2%
prestraln and then gradually up to 5 § prestrain. No satura-
tion in permanent softening values.is observed up ﬁo 5%
prestrain. | |

8) The permanent softenlng (or back stress) vsS. pre-
‘strain curve remains hlgher for compre551ve prestraxned
specimens compared to tensile‘p:estrains. This has_been
: attributed-to the transformation stresses arising from aus-
tenite to martensite transformation. The residual stress
pattern associated with different martensite morphologies
determines the extent'of.such a back.stress.

9)° Higher permanent softening values have been

observed in aged dual phasé structures.



CHAPTER 9

L3

v ' Suggestions for Future Work’--;
= | . E ’
/ In an attempt to consolidate and ‘extend the use of

e
/%he concepts presenﬁed in this work, it would be useful to
examine the following points. ‘ . |

1) A more comprehensive study of the strength-
ductility relationéhips in isothermally reactéd dual phase
stgels would be reqﬁirgd to completely ;haracterize the
steel for its commercial production. High purity steels

with a range of composition should be. studied.

2) A detailed study'df.the kinetics of the austenite-
ferritg reaction and of the'foimation of dual phase micro-
structure is of technological importance in the_application
of isothermally reacted dual phase steels.

3) A study of the carbon distribution within the
martensitic grains can lead to some valuable information
regarding residual stresses at the férrite-martensite inter-
faces as well as in ferrite adjacent to the interface. The
back stress is clearly very important and thus it would be

" useful to determine the gause of this back stress arising
fiom an internal stress due to transformation strain, or
from the plastic incompatibility between ferritic and
martensitic phases by usipg careful x-ray methods to inves-
tigate thé residual stress in the martensite particle.

4} The equation proposed by Watt (ﬂo).has shown
good agreement with the data on dual phase steels. However,

more experiments with other alloy systems as well as pure

metals have to be carried out to evaluate Its general ’



appliqébility. _ ,

~ 5) The magnitude of £he‘Strepgth'aifferengéal needs
to be.accurately quantified for different,dual'phése sfruc-
tures. Thélrelationship between the magniﬁude of the
strenéth-differential-and the permanent softening parameter
differenéial would be an interesting study as boﬁh seem to
'depénd upon the residual stresses arising from t;éﬂaﬁgﬁéhit; to
martensite transformatibn. The déta for permanent softening’
vs. prestrain curves of intercriticaily annealed banded |
specimens is lacking and needs td be obtained for a more
compléte discussion of the present results.

It would be of interest to ekamine the strength

differential effect and the permanent softening differential

" as a function of carbon content, and of martensite content

with varying carbon contents in the martensite.

el b N L
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. APPENDIX I

ESTIMATION OF ERRORS IN THE MEASUREMENT OF TRUE

STRESS AND TRUE STRAIN -

1. True Stress

True stress is expressed as .

0 = P/A —m——————————— (1)
Where (J = true stress
A = instantenous area of cross-
section of the specimen
P = load

The above equation can be written in a more
general form as

for which the variance in the measurement of o can be
expressed by the law of propagagion of errors as

2 _ Qg 2 da- 2
So *(‘-';;';')Sp +(-§—A—) SA ------------ (3)

2 . ) . ‘
where Sg is the variance in the measurement of stress:;
2, . .
Splls the variance in the measurement of load;

and SA is the variance in the measurement of area.

On substituting in equation (2) the values of
) partlal derivatives (29/3P) and ( &/9A) as 1/A and- l/A
respectlvely we obtaln, :

2102 .2 L, 1.2 2
S~ "' (-A"') | SP + (-—K;). SA__
2 2
2 _ (1,2 .2 + P G e re———— (4)



TS | | IR

For typical values of,

A=0.04364 inches(diameter 0.2358); SA=0.001 inches
- P=1000 lbs ; S,=10 1bs

the standard deviation in stress is
Sé?0ﬂ572 KSi.

and so the standard deviation of the error in measuring the stress
stress is 0.572 Ksi giving a 95% confidence limits at +-0.112 KSi.

2. True Strain

True strain is expressed as

Where D is displacement and can be expressed as

D = distance along the displacement axis
on the chart (Dchart
Substituting the value of D in equation (6) we obtain

) X Extensometer factor.

ll =10+D X Ext

chart

Following the same procedure for the determination of variance
as in the case of stress we obtain the variance in the measure-
ment of 1y as ' '
L 22 3Ly
s% = (_aéi)2 S% o 2 2 SS + (oty2 S%xt
1 o 0 o Dehart chart  Jext

Ao R
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LYY R )

= - ; ‘ !
Wr;gre.-_g]-;:-l, 3,@70 for a fixed chart distapce and_a—E;t'-:-! Dchart
Substituting the values in equation (7) we get '

2 _ 2, . .22 |
81, 510+ (Dehart) ™ Spyy ======w—=—==-- (8)

For typical values of ,

10 = 1 inch} Slo = 0,001 inches; Dchart™ 2 inches

Ext = 0.001(for range 1); and SExt=-10—6
The variance in 17 is v
s1, = 0.001 N — —(9)

Similarly,the variance in the measurement of strain can be
expressed as

a . .
s2 = (g2 .52'1+' c%)z sio
or Cosi= st P sl s (10)

For typical vaiues of

ll= 1.002 inches; Sll = 0.001l(from equation (9))

and 1= 1 inch; S = 0.001 inches
The standard deviation in stress is

s, = l.4lax10™3 TTTTTTTTTTTomTomooes (11)

and so the standard deviation of the error in measuring the

strain is 0.0001414 giving 95% confidence limits at ¥ 0.277 X10~

-

In the case of Bauschinger tests the initial
length of the specimen,ly was 0.375 inches, Slo = 1.875X10_3,

Ext=0.00125 and Sgpyt = 1.25X107°

give

. These values(for Dgpart=2)

S1y = 1.837x10°°

and S (for 11=0.3775)= 7.028X107°

3
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.. and so the standard dexfia_tion' of the error in measuring the
strain in Bauschinger tests is 0.0007028 giving 95% confidence

limits at * 1.164x1073.



Appendix II

Analytical Funetions From Empiricai

g-¢ Relationships

s

.1l. Hollomon's Equation

This equation is expressed as:

. y
= k '
o EP . | (1)

where o and_eP are true stress and strain and k and n are
material constants. Taking the logérithm'of Equation 1, we —

obtain: : S
) f{no = ¢nk + nine - o '
; . D

which is the analytical form of Hollomon's equation as shown

in Figure AIT.l.

2. Ludwik's Egquation

This equation is expressed as:

(IT)

where ¢, k, n, ep have been defined earlier and o, is an
additional constant referred to as frictional stress. Taking

the derivative of Equation II, we obtain:

dg n'-1

= Ty 1
I 0 + k n ep
or,
en d—d"— = an{n'k') + (n'~l)ene
Sp P

This is an analytical form of Ludwik's eguation as described

in Figure AII.Z2.
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3. Modified Swift Equation

This equation is Qenerally'expressed as:

c =€+ ca™ - (TII)

Differentiating the above equation, we obtain:’

-

 de m-1
-aa- 0 + cmo
l-m
dg (4]
Oy & " om :
— do _
or, in 3= = (l-m)&no ~ &n cm

This is an.analytibal form of Modified Swift Equation

as described in Figure AII.3.

4. Vocé's Equation

This equation is generally expressed as:

| £
g = cs-(cs-co)exp(- E;)- (IV)

Differentiating the above equation, we obtain:

g_-a

do O s £
— = { Yexp (- —)
de ec €
or, : € %g = (co—os)exp(- fL)
c
- ' do

This is the analytical form of the Voce equation.

as shown in Figure AII.4.

.o
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Slope= n

LN O

LN €

Figure AZI.1 Ln Stress vs
ln Strain

Slope=1l-m

LN d0/de€

LN O

Figure AIZ.3 Ln(d0/de) vs
‘ 1ln Stress

LN dovde

LN €

Figure AII.2 Ln(d0/d€) vs
- 1n Strain

Slope=€c

d07d€

Figure AII.4 Stress vs
dad/de
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APPENDIX III

Fortran Computer ?Ebgrams

t

\The following computer prbgrams,‘developed for the
present,work:'are enclbsed‘in‘gsserial order. -
1. Calculation of mean ferrite graih size from digitized
daﬁa. o e N o
2. General linear modeiiing. -
3. . Calcuylation and plotting of true stfess vs. true strain
N curves and work hardenihg rate vs. true strain curves
of tensile specimens from load vs. displacement values.

4. Calculation and ﬁlotting of‘mno'Qs. 2ne values.

5. Calculation aﬁd plotting of in(dc/de)‘vs. true stress
" and ¢n{dc/de) vs. true straih values.

6. Calculation and plotting of 'unﬁloppéd' Bauschinger trué
stress-true strain cyrves from load vs. displacement
Bauschinger curves.(ﬁnflopped curve on an ofdinary
plotting.paﬁer is enclosed).

7.  Calculation and plotting of 'flopped’ BauSchinger true
stréss—true strain curves. ;

8. anlinear curve fitting for‘evaluaﬁing different con- -
stants in Voce's and proposed'equation with * output.

9. Evaluation of the difference between calculated stress
values using abovelequations and expefimenta; values-
and plotting of experimental and theoretical_curves.

10.- Calculation and plotting of diLno/dfne vs. 2ne curves

for prestrain regions af Bauschinger curves for check-

ing linearity.
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11. . Calculation and plotting of complete .'flopped’- Bauschinger.
_G vS. € curves, including extrapolated part using Voce's

proposed equations for permanent softening measurement.

!
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$ JOB WATFIV XXXXXXXXXX MURESH JAIN

REAL LEN, LEN 1
IPICl=1 ‘ :
LEN1=0.0

" ICTR=1 =
READ 10, IPIC, LEN
FORMAT (I2,2X,F4.3)
IF (IPIC.EQ.IPIC1) THEN
LEN1=LEN1+LEN
ICTR=ICTR+1
GO TO 15
ELSE
AVG=LEN1/ICTR
PRINT,IPIC1,LEN],AVG
IF (IPIC.EQ.99) THEN
STOP
ELSE
ENDIF
ICTR=0
LEN1=0
IPIC1=IPIC
GO T0 5
ENDIF
END
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APPENDIXIII.2

General Linear Modelling

’




GLM PROCEDURE

The;GLM procedﬁre ahalyzes General Linear !Models,
hence the name GLM. Although GLM is a-régression procedure, -
 it handles claséification variaﬁles -those that name discrete
levels.f as well as.continoué'variaﬁles; thch measure qugt;-

ties. Thus:GLM can be used for ﬁany different analyses:

- . simple regression
- - multiple regrgssion
- analysis of variance, especially for unbalanced data. -
- analysis of covariance
B -
- response surface models : _ .
- weighted regréssion
- polynomiél regression
- partial correlationé

- multivariate analysis of variance

- . others.

Multiple Regression:

[}

In multiple'regression, the value of a dependent vari-

. able (or response variable) are described or predicted iﬁ'terqs_

of one or more independent or explanatory variables. The
statements
_ . PROC GILM -

MODEL depehdent variable = independent variables;

could be used to describe a multiple regression model in GLM.

R T i b L,
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" The GLM printout;is.bxganized into fourgsectioné:

‘overall analysis of variance table. . . )

miscellaneous statistics. .
results of special tests.

'report on the parameter estimates.

1. Analysis of Variance table: The. overall analysis of varian-

table breaks down the total sum of squares for the depend-

ent variable into the portion attributed to the model,

-

‘and thelportion attributed to error.

The mean square term is the sum of squares divided
by the degrees of freedom(DF). The mean square for error
(MS (ERROR)) is an estimaté of.02, the variance of true

residuals.

F VALUE This value is the ratio produced by‘deviding'
MS {MODEL) by MS(ERROR). It tests how well the model as
a whole accounts for the dependent variable's behavior.
If'the significance probability, iebel;ed P%>F, is sméll

/it indicates significance.

R—SQUARE: R2 measures how much variation in the dependent

variable can be accounted for by the model. R?

, which
can range from 0 to 1, is the ratio of the sum of squa-
res for the model devided by the sum of the squares for
the corrected total. In general, the larger the value of

R2 , the better the model's fit}

C.V. : This measure is the coefficient of variation}

¢
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and is often used to describe the amount of varlatmon

in the population. It is equal to the standard devxatlon
_ . ~ p
of the dependent varlable, devided- by the mean, tlmes 100.

The coeffzc;ent of varlation lS often a preferred measure

because it 15 ‘unitless.

‘STD DEV : This is the standard deviation of the dependent
variable. It is'eqnal-to the square root of the square

root of MS(ERROR).

dep MEAN : This'is the mean of the dependent variable.
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Appendix‘III.B

OIHEﬂalcN PLISG), JU1SC) W DTSR (1S0) W XLTH{LISD ) WXLRT(15D)
CIMENSION TRS STINIES) s AREAL 110) + ALLADL1S50) «TRETSI B4 )
DIMENSIGN XLNCTS(IboloXLNSTF(lba)-ASTFS(IEO)1£STRh(15GJ
OIMENSICN STSHSTIS(EL) o STSTNIHE) +SWIES)

OATA STSTN/Z784%0.07 -

DATA SW/34%0.C/ ]
INTEGER Heu o

CaALL PLOTID('NU&ESA JAIN'YW'RLZ2700S602" ‘ .
CALL NLIMIT(LQCC.) : v

AMOVE=-1.0

READ S,NGSPC . . ’ )

FORMAT(ZX.12) ’

D0 3 I=1,NUSPC - . :

READ 5,.,NAME

"FLRMAT(2X.12) : - ‘ 'H e

PRINT 7¢NAME : .
FURMAT(2X,12) : - : e
GAGLA=1,00 . ‘ : L
XLDFR=500.0 Tt i) -
EXTFR=0.0 o T :

-READ 8.,DlaMQ .

FURMAT(&A-FO-Q) X } .
READ 9,NUFTS

FCRMAT(2X,12) _ . _ '
DG 1 M=l sNURPTS

READ 10!15«0!;({\)'[(‘\)1FAC
FCRMAT(I1,1X%, FSad+.lX,Fb. 3-1X|F8-6)
IF(INDEGLH) XLDFR—IOOO Q9
IFCINDJEQ.5) EXTFR=FAC
DISP(NJ=G(N)*EXTrP -
ALTH{N)=GAGLF+D IS2{ N)

ALRTI(N)= XLTH(N)/GAuLh
TRSTN (M) =ALCSIXLFTIND)

P!—...141593 °
AhLAD‘PI#LIAML*u!AuD/4.0
AREA{N)I=ZANEAL/XLETIND

XLUAD(NI=P (i) sXLDFR

TRSTS(N)= SEXLUADIN) Z7AREA{N)
ASTRS(K)= A3S(TFESTSIN)}

ASTEN(NISABSITRETHIND )

XLNSTS{NI=ALLG{ASTRS{N) }
XLNSTRIN)=ALLG(ASTEN(K) )

PRINT 114P(N}D(N}+ TRSTS{N) » F STN(N)

FORHMAT(2F 1043 ,5X47F10e2+5XsF10e7)

CONT INUE

NuNUPTS o .
=NORTS+2 . :

LALL Ci\LCUE(TQSL-'TRqTS'K pAMLVE 910, 210 a2 Cal 18 e o Ca0 42 «eCele—1,2)"

D0 4 N=1.NOPTS

H=N—1 ] L

Q=N+1 ' oo ’ ’
AF(HHeEQ.1) GU TC 2 . v
IF{N. EQ.NOPT:) GC TO 15 .

GU 70 14 . .

STSTS(N)I=TRSTS({ ™)
STSTN(N)‘TRSTN(R)
SWIN)=STSTSINI/STETNIN) .
uC TO 16
ST3{N)={TRST TS{RI+TRSTSINI+TRSTS(Q) ) /3 ‘ .
STSTN(N}—(TRST\(F)+TRST'4(\)+TF STN(Q) ) /3 ’
Jﬁ(N)—(JTJTS(N)‘SISTS(R))/(STSTN(N)—STSTN(R))
GC TO 1o
STSTSIN) = ={TRSTS{FI+THSTS(N) )2
STbTN(P)=(TkoTN[n)+TFSTN(N))/2 .
Swil)= {STSTS(N)—STSTS(F})/(STSTH(NJ—STSTN(RJJ
PEINT 12,STSTS{NI+STSTN(N) +Sw (N} .
FORMAT (ICX.FID.Z.SX.FIO.T.SX-Fl4.¢)
J=ENCP TS+

CUNT INUE -

CALL CALCO2(STSTNISWsds 10431040+10404040,0Ce0o0r)a0slsmle2)
AMCVE=13 . :

CCNT [NUE-

CALL PLTZND(1C.}

5T0P

ENC
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‘Appendix III.4 L . - -

i1

0.

9

e eew. . -CALL PLT&ND(IS.J

B

« CALL PLOTID{ MU

- R=TRSTN{I{N) .. e e

N

NY) .
"PRINT 14, XLNSTR{N) s XLNSTS(N

: FORMAT(lHO-3X.F15-7-5X.F1

TRSTS(200).ASTRS(200).ASTRN(ZO[
s XLNSTR{ 200} e
JAINT, 'RI&?DOS&OE') T

DIMENSION P(200
DIMENSIDON TRSTN

de 20
(200),
DIMENSION XLNSTS(200)
KES
Qe)

O(
0)
1+ 1)
H

CALL NLIMIT(100

AMOVE==1.0 - . ‘

READ SeNOSPC . = ... ...

FORMAT(3X, [2) . R ST

DO 9 I=1,NOSPC N ‘ ‘ i

READ 6 NAME - S R

FORMAT(3X.X2) - ... ... . o ai e ieene

PRINT 11.NAME . .

FORMAT(3X,.12)

READ 104NOPTS

FORMATU(3X. I3Y .. ... .. . .. ... ... . e ——
=0.0 - - 2 Co TR : TN

DO 1 N=1.NGPTS : U

READ 24MsPIN) 4D (N) s TRSTS{N)  TRSTNIN) -

FORMAT&t1,sx.F6.3.1x.F6.3.2x.F9.2.Lx.F10 k & P

IF{M.EQeQ) GO TO 7

IF(M«ECG.1) GO TO 3

IF(M.EQ.2) GO TO &

Ve = .y

G0 TQ 7. . L ' - ST
TRSTN(NI=(R=TRSTNIN) )
PRINT 12,NeP{N)+D{N) s TRSTS(N) » TRSTN(N)

'FORMAT(lHOoI1oSX-F603s1X1F6-3.2X.F9.2.1X.FID-T)

ASTRS(N)I=ABS{ TRSTSI(N))

ASTRNIN)=ABS({TRSTN(N)) ' C N
XLNSTS{N)=ALOG( ASTRS( :

XLNSTR{N F=ALOG{ ASTRN( (N3
Se7)
CDNTINUE .

J=N+2.
CALL CALCDZ(XLNSTR.XLNSTS-J-AMOVE-IS--10..—8...5-10;

~

* AMOVE=1S5S.

CONTINUE

sToprP |
END ) '
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Appendlx III. 5

. _DIMENSION- TRSTN(

8 . : . ,
"""""""’truzﬁua«g.m:xp*rs""'”‘"""1 A A

" GAGLH=1. 00
XLDFR=500.0

249

Lt Lo . .
LR e .-

DIMENSION P(ISO) OJ.XLTH{ISO).XLRT(ISO)
0AD(150).TRSTS(B4)
}.ASTRS(ISO)-ASTRN(ISO]
geA)

eXSW({150)

'
84
.DIMENSION XLNSTS(
DIMENSION STSTS{3
DIMENSION XSTSTS(
DATA STSTN/84%0.0/

--pv-b

" DATA” SW/B4*0.0/ ""”“ﬁ T TR LTI e

INTEGER R,Q : LT
CALL PLOTS(53 «0s=9) " A - T
AMOVE=—=1.0 e e B L
READ S4NOSPC
FORMAT(2X,12}
DO 3 I=1.NOSPC
READ 6,NAME T
FORMAT(2X.TI2) . ~ .77 7 . =~ : B
PRINT 7.NAME = - - - - e -
FORMAT{2X»12) ‘ ’ '

D e me mamime s T mes PR U

READ B+DIAMO
FORMAT(2X F64 4}

FORMAT(2X,12) , N _
DO 1 N=1,NOPTS . . k .
_READ . 10.1ND.D(N).D(~).FAC VU0 S
"FORMAT(IL1 3 1XsF5.3+¢1X+F6o 3.1x.Fa.6)
IF{IND«EGas6) XLOFR=1000.0
IF{IND.EQ.5) EXTFR=FAC

DISP{N) D(N)*EXTFR e i e . :
XLTHI{NY ZGAGLH+DISP{NY™" T e e
XLRT(N) =XLTH{ N) /GAGLH . o

. TRSTN(N) ALDu(XLRT(N)) ) : . .
PI=3.141593 _ T o L
AREAU-PI*D[AMD*DIAMD/4.0 : -
AREA { N)ZAREAQ/XLRT(N) : jd .
XLOAD [N) =P (N) ¥XLDFR
TRSTS{MN)=XLOAD (N} /7AREA(N)
ASTRS{N)= ABS{TRSTSI(N))
ASTRS{N)=0.006894%ASTRS{'N)

. ASTRN{N)=ABS( TRSTNINJ) ' !

L PRINT ll.P(N)'D(N)oASTRS(N)-ASTRN(N)‘_‘_J. K
FORMAT{2F10.3 ,5X+F8s+2,5X+F10. 7) :
CONTI NUE i ) .
N=NOPTS

DO 4 N=1,NDPTS
R=N—1

g=N+1 . . :
“IF(N«EQ.1) GO TO 2 .. ¢
IF(N.EQ.NOPTS) GO TO 1s , , ‘ .

GO TG 14 ‘ ‘

STSTS(N) =ASTRS(N)

STSTN{N)}=ASTRN(N)

SW(NJ-STSTS(N)/STSTN(N)

.l GG TO- [6 B C T IR PINPEES . "‘._*“""“:‘:Y-.‘“
STSTS(N)—(ASTRS(R)+ASTRS(N)+ASTRS(Q))/3 b

STSTNINI=(ASTRN{R) +ASTRN (NJ+ASTRN(TJ))/3
SWINI=ISTSTSI(N)=-STSTS{R) }/{STSTNIN) - -STSTNI{R))} _
‘G0 TO 16
STSTS(h)‘(ASTRS(R)+ASTRS( Y/

STSTN(MN)=( ASTRN(R)} +ASTRN( )/

SWIN)=(STSTSIN)=STSTS(R) }/ (ST STN(NI—STSTN{R))
XSTSTS{N)=ALOG(STSTS{N)) - Ty
XSTSTNIN)=ALQOG(STSTN(N]) ) ’ S . - BN
XSWiNY=ALOG(SWIN)) oL ST
PRINT lE-XSTSTS(NloXSTSTN(N)1XSW(N) .
FORMAT (10X,F10s2+5X«F1047+5X+Flsa2)

JuNCPTS+2

K=NJPTS+2

CONT I NUE

N}
N)
7

. CALL . ZPLGTZ(XSTSTN-XSWOK .AMGVEI 150!!0."‘13-'1.0 13"""1-

. CALL ZPLOT2(XSTSTS.XSWsJ s15+415.,10e =302l 30e=1onls
AMOVE=15, _ ,
CONTINUE .

CALL PLOT(1540,0.0,959) --

STOR

END
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10

"CALL NLIMIT(1000Q.)

" IF{IND«EQ.5) EXTEP=FAC

‘\‘ '
0)-XLTH(25030XLRT(250)

DIMENSION P(250), D(250)+DISP (35
DIMENSION TRSTN(250) » AREA (250 )y XLOAD (250 ) » TRSTS (250)
DIMENSION XLNSTS(250) 4 XLNSTR(250 15 ASTRS (250 ) , ASTRN( 250

INTEGER R.Q

CALL PLOTID( YMUKESH - JAIN®Y, 'Rlzroossoa')
AMOVE=~1,0 . N

READ -5,NOSPC . : ) h
FORMAT(2X,12) t
DO 3 I=1,NOSPC

""READ 64,NAME

FORMAT(2X.12)
PRINT 7,NAME
FORMAT({2X,12)
READ 2,GAGLH
FORMAT(2X»FS.3)
XLDFR=1000.0
EXTFR=0.0"

"READ B.DTaMO
FORMAT(2XsF5448)

READ 9, NOPTS
FORMAT(2X,13)

D81 N=1,NOPTS = ) TTT e e e

READ 1040(N)+P(N), FAC.IND
FORMAT(E7.3,1XsFS5.3,1Xy "8 G21X,11)
IFCINDeEQ.5) XLDFR=2000. Opﬁ

IF(INDeZQe4) XLDFR=1000.0
DISP(N)=D{N)*EXTFR
XLTH(N)Y =GAGLH+DISP(N)

" XLRT{N}=XLTH(N)/GAGLH

TRSTN{N)=ALOG (XLRT(N)) .
PI=3.141593 .
AREAQO=PI*DI AMO*DIAMO/ 4.2
AREA(N)=AREAQ/XLRT(N) !
XLOAD{N)I=P(N) %X DFR :
TRSTS(N)=XLJIAD(N)}/AREA{N}

ASTRS{N)= ABS(TRSTS(N))

TASTRN(N) =ABS{ TRSTNI{N))

XLNSTS{N)}=ALDG(ASTRS(N))
XLNSTRIMN)I=ALOG{ASTRN{N))
PRINT. 11 ,NeP(N)}»D(N) s TRSTSIN)} 4 TRSTNIN)

FORMATI{LHO» I3 +45Xs2F10,3:5XsF1l0.245XsF10.7)

CONTINUZ

N=NOPTS

K=NOPTS#+2 -

CALL CALCOZ(TRSTN.TRSTS,K.AMDVE-IO.-lO--0.0.0.0oO 050
AMOVE=10.

CONTYINUE

CALL PLTEND(!O-)

sSTOP oo,

END

™

RS JPrC

SRAD: S el

[Bar it
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10

W

FORPMAT(2X,12) -

251

ny

DIMENSION P(250), D(250)
DIMENSION TRSTN(250),TR3TS(250} -
CALL PLOTIO('MUKESH JAINTY,
CALL NLIMIT(1000.) ‘
AMOVE=~1,0

READ S5,NOSPC

‘RIZTOOSGOE')

D0 9 I=1,NOSPC
READ 64+NAMZ=
FORMAT(2X,.12)
PRINT 11 ..NAME
FORMAT(2X.12) -
READ 124+NO?TS"
FORMAT(2X,13)

R=0.10

DO 1 N=1.,NJ2T

READ 2, M-P(N)OD(N)-TPSTS[N)-TRSTN(N)
FORMAT(ﬁX.[lgﬁX FEe348X 37 6e316X+sF9e245X+F10.7)
IF(M.EQ.0) GC TO 7 :
IF{M.EQ.1) GO TD 3

IF(M.EO.Z) GG TO &

R=TRSTN({N) ' ' -
GO TO 7 o )
TRSTN{N) =R+(R-TRSTN(N))

PRINT 124P{NM)DI{N)L.TRSTS{N} +.TRSTN(N)
FORMAT{LHO s FS e338XsF6.3+6X,FG42¢5X,Fl10.7)
CONT [NUE °® ’

J=N+2

CALL CALCO2{TRSTN+TRSTS s JyAMOVE 4110291049 0+0+0+0+s040+0.¢

AMOVE=10.

CONTINUZ

CALL PLTENO{(10.) ~
STOP

END

g
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FORMAT {3X. 12)
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Appquix.IIi.Q

DIﬁENSIQN TRSTN(200)-TRST5(200)-SLﬂb(ZOO)oDIFFl(ZOOI

. DIMENSION SS(200)-ST(200).VST=(200)|DIFF2(200)

REAL K -

INTEGER O

CALL PLDTS{53,0,-9) S . :
AMOVE=—1 40 L e : .
READ 15 NQSPC iy
FORMAT {3Xe12)
DO 9 M=1,NOSPC
READ 6 NAME

"FORMAT(3X,12) 7

PRINT 11NAME
EORMAT (3X, I2) °
READ 10,NOPTS

DO 13 N=1,NOPTS

READ 2+sTRSTS({N)»TRSTN(N)

FORMAT{9XsF6e2s6XeF9a7) _ ’
SS{N)=ALOG(TRSTS{N}) . ° T T e e e
STINI=ALOG(TRSTN(N)) A
CONT ENUE . , ‘ - S
READ 34.1P .. - L
FORMAT (3X,11)" o . T :
L=1

IF(L.LE.IP)GO TO 33"

GO TO 9 ° -

.SLAOGIN)= EXP((—K/Z)*((ST(N))**2)+(A*
)

READ 234KeAgC =™ = —ve= - S C e e I R

PRINT 23+sK+AsC
FGRMAT(2X.F9.6.IX-FQ.G-IX-FQ 6)

"READ 273SI+S0s8

PRINT 27.51,50:8
FORMAT(1X+F9, 43 1 XeF924,1X,F9.4)

DO 1 N=14+NOPTS

T(N)))+C)

vh

VSTSIN)=SI—((SI-SO)I*EXP(-BxTRSTN(N T
DIFF1(N)=TRSTS{N)—SLOG(N)} -
DIFF2(N)=TRSTS{N)}-VSTS(N)

CPRINT 12 TASTSINY « SLOGIN) +VSTS{N), TRSTN(NJ.DIFFI(N)vDIFF2(N)
"FORMAT (1HO»1X e F 9424 1 X FB.d-lX:FE-3.lx.FlG ToelXsFSe241X,F5.2)

CONT INUE

L=L+1

J=ENOPTS+2

CALL ZPLOTZKTRSTN-TRSTS.J.AMOVE-17.u10.-G-o.CC4o0-o120.-1- 1
VSTS{NOPTS+1)=TRSTS{NOPTS+1)

VSTSINGPTS+2)=TRSTS{NOPTS+2)

TRSTN(NOPTS+1 }=TRSTN{(NOPTS+1)

TRSTN(NOPTS+2)=TRSTN{NOPTS+2)

CALL ZPLOT2(TRSTNsVSTSsJs0ev17+4+10440.+0.004, 0..120.-19—1|2)
SLOG{NOPTS+1)=VSTS(NOPTS+1)

SLOGG (NOPTS+2) =VSTS(NOPTS+2)

TRSTNINOPTS+1 )=TRSTNI(NOPTS+1)

TRSTN(NOFTS+2 )=TRSTN(NGPTS+2)

S CcaLL ZPLOTZ(TRSTN.SLOG-JOO-I17-|10-l0.v0 004+Cev120esls—1,2)

AMOVE=1T7 .

GO 7O S

CONT INUE

CALL PLOT(1740+0.04599)
S5TQOP

END

- m—— e

. e T e

221}
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© Appendix ITII.10

- DIMENSION P(ZDO). D (200 : -
DIMENSION TRSTN{200).TR srszzooa.gsrnstaoo:-Asrnu(zooa
DIMENSION XLNSTS(200) s XLNSTR{200),5(2 . :
CALL PLOTID(!MUKESH JAIN','R1 27005602')

CALL NLIMIT(1000.)" :
AMOVE==1.0 " }
) READ S3NOSPC - o ; IR e s e
5 . FORMAT(3X,I2) . o P E : '
: DO 9 I=1,NOSPC . :
A READ 6, NAME o O -
6 FORMAT(3X. 12) o
 PRINT 11,NAME .
11 FORMAT (3X,I2) .
- READ 10,NOPTS ) - .

10 FORMAT(3X,13) oo : oI e T e
R=0 .0 . - : ’ T o
D0 1 N=1, NUPTS R

.. ... READ- Z.M.P(N).D(N)oTRSTS(N) TRSTN{N) e

2 FORMAT(I'1,5XKs FG o3y 1XyFEe .ax.F9.2.1x.F10.7). A
IF(MsEQ.0) GO TO 7 _

IF(M.EQ.1) GO TG 3
IF(M.EQ.2) GO TO 4

2
L]
)

BTN T

3 "‘"l -ww-- R__T RSTN( NJ - -~»--.—--- .-r-~‘ Al B :*_---..1:; .:'.:--.-_--:‘-r_\—.-— ' - " R -:""T"":';T'" .
3-:; GQ To-7 -;.. . ) Lo
4 e TRSTN(N)-{R—TRST N(N) )~ o
T .. PRINT 124N4P(N),D D(NY» TRSTS{N) s TRSTN(N}
12 FORMAT(IHD-II-SX F6-3'1x.F603|EX|F902‘1x.F10 o

ASTRS(N)=ABS({TRSTS(N))
ASTRN(NJ=ABS(TRSTNIN) )
XLNSTS (N)=ALJG{ ASTRS (N) o -

" XLNSTR(N)= ALOG(ASTRN{N)) : - B
IF(N<EQ.1)G0 TO 16
5(N)—l(KLNSTS(N)‘XLNSTS(N—I))/(XLNSTR(N) XLNSTR(N—L)))
S{1)=1.2 -

PRINT 14,XLNSTR(N)»XLNSTS(N)¢S(N)
FOR
ca

-
O

MATLLlHD s 3X s F 1S5a7 945X FLlSa7s SXsFl8a7)"
NTINUE.
Ss(1)=s5(2) ) o . R
TTJ=N+2 ) T )
CALL CALCO2(XLNSTR, SpJoAMDVE.IS..IO-.-ll 2..5 0.0,0.2,1
AMOVE=15.
9 CCNT INUE e ] L
CALL PLTEND{(1S5.)
STOP T, :
END ) : ’

e

R T T T TR




11

23
10

Appendix III.1l - -

v

DIMENSION TRSTN(ZOO).TRSTS(ZOO)-VSTS(ZOO)
DIMENSION EPSIL(30)oSIGMA(30)

REAL K ‘ . ﬂf_?_? P e e ke

INTEGER Q»S»T )
CALL PLOTS(S3, 0.-9)

 AMOVE=-1.0 . . - = T _ e
READ S,NOSPC ™. = ce e e L

FORMAT(3X, 12)
DO '9 I=1.NOSPC

"READ 63 NAME

FORMAT({3X,I2) ’ e

PRINT 11 4+NAME

FORMAT (33X, 12)

READ 23.KsasC e e e e o e
PRINT 23:+K,As C ’ ”
FURMAT(IX-FQ-ﬁ;IXth 6:1x,F9-63 .

READ 10.NOPTS :

FDRMAT(3X.I3) ‘ : =

R=0.0 i e e i e+ e

.

DO 1 N=1,NOPTS ' _— . o
READ 2:M.TRSTS(N), TRSTN(N) ConE -
FORMAT(I1.,6%sF9. 2.F11 7). : 3 : . - S
IF(M.EQ.0) GO TO 7 .

IF(MJEQel) GO TO 3 - .

IF{M+EQe2) GO TO & :

RETRSTN(NY o

GO TO 7 et e AT
TRSTN(N)= R+(R-TRSTN(N)).1

TRSTN{N)=ABS{TRSTNIN))"

TRSTS(N)=,.0068948% TRSTS(N)

‘VSTS(N)—EXP((-K/Z)*((ALDG(TRSTN(Nl))**2)+(A*ALGG(TRSTN(N))J+C)'

PRINT 12+:TRSTS(N)}+VSTS{NY,TRSTN(NY
FORMAT[1H0o6XoF9.c.5X:F8o3pSXsF10 7
CONT INUE

D0 25 T=1.NOPTS ~

N=T+1" -

S=N-1

IF(TRSTS(N).LT-TRSTS(S)) GO TO 17
GG Yo 25

EPSIL(1)=ABS{TRSTN(S)) "

- SIGMA(1)=TRSTS(S)

PRINT 26,SIGMA(1),EPSIL{1) i o
FORMAT (10X,F942,5XsF10.7) ’
DO 20 L=1,20 '

SIGMA(L)=EXP( {— K/Z)*((ALQG(EPSIL(L))Jt*2)+(A*ALCG(EPSIL(L)))+CT

EPSIL(L+1)=EPSIL{L)+C.002
PRINT 15,SIGMA(L)+EPSIL{LY
FGRMAT(IHOoéX-FQ 23 5XeFl0.7)
CONT INVE

GO TO 28

CONT INUE

a=L+2

J=NOPTS +2

- CALL ZPLUTZ(TRSTN.TRSTS.J.AMGVE.17-.LO..O...OGAgO--lEO..ls-1-2J

SIGMA(L+1)=TRSTS{NOPTS+1)

SIGMA{L+2)=TRSTS{NOPTS+2)

EPSIL(L+1)=TRSTNINOPTS+1)

EPSIL{L+2)=TRSTN(NOPTS+2} .

CALL ZPLGTE(EPSIL.SIGMA.D.O.i17..10..O.,G-CC4-0-.120..1}—1.2)
AMOVE=17.

CONT INUE

CALL PLOT(1740,0.0,999)

STCP

END

el it e e 4 L - Aeh e o R

.
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