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EFFECT OF GRAIN SIZE ON THE MECHANICAL PROPERTIES
OF DUAL PHASE Fe/Si/C STEELS
Jae-Hwan Ahn
Materials and Molecular Research Division
Lawrence Berkeley Laboratory
and Department of Materials Science and Mineral Engineering
University of California,Berkeley,Califaornia 894720
ABSTRACT

The present investigation is concerned with the influence of
the prior austenite grain size on the mechanical properties of |
dual phase ferrite—martensite (DFM]'steeLs. The steel used in
this investigation is an Fe/2$i/0.1c alloy with an intermediate
quenching heat treatment. It was found that as the prior
austenite grain size is refined, ;ignificant improvements in
total elongation, reduction in area and impact toughness can be
acheived, while uniform elongation, yield and tensile strengths
are not affected. These improvements are analyzed in terms of
microstructure and fracture characteristics.

Careful observations of the microcracks and fracture profile
shows the cleavage cracks propagate nearly straight without
deviation at the ferrite/martensite interfaces within the sub
units of the DFM structure, but change their path at high angle
sub-unit boundaries. The crack is less likely to be deflected at
the ferrite/martensite interface because the interface is
coherent. In this investigation, the sub-unit of the OFM
structure is defined as the area of aligned fibers of martensite
and ferrite, having nearly the same crystallographic orientation

throughout. This sub—-unit is directly related to the prior



ii

martensite packets, and thus is control}ed by the prior austenité
grain size.

A 6omparision of optical micrographs and SEM fractographs
has shown that there fs close agreement betwéen the sub-unit size
and cleavage facet size. All of the observations above Lead to
the quantitative conclusion that the sub—unit size is the basic
microstructure unit cqntrﬁlling the fracture behavior of DFM
steels produced by the intermediate quenching heat treatment.
Consequently,:it is expected that the fraéture energy will be
improved by refining the sub—unit size of DFM stegls, i.e., the
prior austenite grain siza.

Thus, a controlled rolling process was undertaken to obtain
grain refined DFM steels. The results showed that this process
is an effective way to obtain micro—duplex structures with
attractive mechanical properties in an economical way. Thse
considerable improvements in mechanical properties obtained are
attributed to the ferrite grain refinement through the hot
rolling process. Different processing conditions lead to
variations in the relative amounts of micro—constituents, which
coreglate well with variations in strength, ductility and impact

toughness.



PART ONE - INTERMEDIATE QUENCHING TREATMENT
I. Introduction

Th; need for economical, higher strength steels with good
formability in transportation industries to achieve weight
reductions and fuel savings has spurred intensive development
programs in the area of low—carbon, low alloy steels. Many
design goals have been met by caonventional high strength, low-
alloy (HSLA) steels which derive principal strengthening from
finely dispersed alloy carbides and through grain refinement.
However, their overall mechanical properties are not satisfactory
for applications, such as extensive cold forming, especially when
alloying and processing economics are cohsidered [(1]. Hence,
recent emphasis has been placed on Low carbon dual—-phase (duplex
ferritic-martensitic) steels as a viable alternative due to their
attractive combinations of strength and formability [2-4]. These
optimum mechanical proparties are achieved in essence by the
production of microstructures containing inherently strong load
carrying martensite in a relatively soft ferrite matrix.

The ongoing duplex ferritic-martensitic (DFM] steel design
program at UC Berkelesy, has produced a fundamental understanding
of the origin and‘the characteristic mechanical behavior of
several DFM steel alloys and has shown the effects of different
metallurgical variables such as the volume fraction [S8],
morphology [6], and carbon-content [7], of the martensite and

alloying elements [8,9]. The characteristic behavior of dual



phase steels are high work hardening rate, continuous yielding,
high tensile/yield strength and good elongation to necking.
These characteristics are indicative of excellent formabiltiy in
combination with high strength. The origin of these
characteristics has been attributed to the presence of maobile
dislocations in the ferrite matrix near the ferrite/martensite
intarface. These dislocations are by-products of the austenite
to martensite transformation during quenching after two—phasa
annealing.

Though a great deal of work has been carried out to
understand the origin and the characteristic mechénical behavior
of DFM steels, the effect of grain size on the mechanical
propertieé is not well established. It has been well recognized
that grain size is one of the most important metallurgical
parameters in controlling the strength and assoéiated ductility
of Low-carbon steels [10-12]. Grain size refinement has been
eiercized in numerous systems particularly'because of the benefit
of improving ductility and toughness without a sacrifice in
st rength. Also, in steels hardened by heat treatment, a
strengthening effect through the refinement of the prior
austenite grain size has been demonstrated [13]. The basic
microstructural unit controlling the strength and fracture of
lath martensite, analogous to grain size in ferrite, has been
reported to be packets [14-16], or blocks [17], the size of which
is controlled by>the prior austenite grain size.

As part of an ongoing research program on the relation

between microstructure and mechanical properties in DFM steels,



the purpose of the present investigation is to determine the
effect of refinement of prior austenite grains on the mechanical
praoperties of dual-phase Fe/Si/C steels obtained by the
intermediate quenching process (5), and to obtain the fundamental
information necessary to improve the strength and toughness

through microstructural manipulatiaon.



II. Experimental Procedure
A. Materials Preparation

The alloy used in this investigation was a high purity
Fe/1.9%1i/0.13%C steel. The 20 pound cylindrical ingots were
melted in a vacuum induction furnace at Lawrence Berkeley
Laboratory. They were subsequently homogenized at 1200°C under
argon atmosphere for 20 hours, followed by upset forging and
cross ralling into bars of 5/8 in. x 2-3/4 in. cross section. ALl -
of the above treatments were followed by air cooling. Oversized
Eound tensile and Charpy impact specimen blanks were cut with

their axas parallel to the longtudinal direction of the bars.
8. Heat Treatment

For the purposes‘of this investigatiﬁn, the intermediate
quenching heat treatment was chosed from among the many heat
treatments available for producing a DFM microstructure. It was
chosen because it has been shown previously to produce a
microstructure with favorable mechanical properties (6].
Oversized round tensile and Charpy impact specimen blanks were
austenitized in a vertical tubse furnace under flowing argon
atmosphere for one hour at 1100°C and quenched directly into
agitated iced water. After obtaining a fully martensitic
structure, the specimens were annealed in the (a+y) region for

ten minutes and once again quenched into agitated iced water.



The two-phase annealing températures were chosen so as to obtain
the required volume fraction of martensite as shown in Table I.
To investigate the effect of the prior austenite grain size on
the mechanicaL properties of 2% Si DFM steels, the modified heat
treatment has a second austenitizing and quenching treatment
before two—-phase annealing. This results in significant
refinement of the prior austenite grains.

Based an optical metallography, the second austenitizing
treatment was performed at 20°C above Ay temperature [y— solidus)
for B minutes, which is a suitable holding time. The Ag
temperature was determined to be 980°C after extensive.heat
treatment experiments near Af temperature. The schematic
diagram in Fig. 1 portrays the conventional duplex thermal
treétment used in this study as well as the mbdified graiﬁ
refining treatment, along with the Fe—rich portion of'the 2% Si

section of the Fe/Si/C phase diagram.
C. Mechanical Testing
1. Tensile Test

Tensile properties were determined using one—inch gauge
length round tensile specimens as shawn in Fjg. 2. Oversized
specimen blanks were heat treated and ground to final dimension
following ASTM specification [18]. Approximately 0.05 inches of
material was removed circumferentially around the gauge section

to eliminate the possible effects of surface decarburization.



Tensile tests were performed at room temperature an an
Instraon testing machine with a cross—-head speed of 0.02
inch/minute-aﬁd a full scale locad of 10,000 Lbs. TotaLr
elongation was determined by measuring 1" marks on the gauge
before and after testing with an-optical microscope equipped with
a Vernier translating stage accurate to 0.001 in. The reduction
in area calculationé is based on measurements of the gauge
section diameter befors and after testing. The rest of the
properties were determined from the curves produced by the
testing machine's chart recorder. The values of the tensile
properties reported in Table L are the averages of the three

test.
2. Charpy Impact Test

Impact properties were determined using the standard Charpy
V—notch specimens shown in Fig. 2. Three or four specimens were
tested for each heat treatment and data points were taken as the
‘averages of these. Impact tests were performedlusing a Universal
impact machine with calibrated unites of 0.25 ft~lbs. Law and
high temperature tests were conducted according ta ASTM
specifications (19). To obtain zero and sub zero temperatures,
varioﬁs propaortions of ethyl alcchol and dry ice were used.
Charpy specimens were immersed in these mixtures and kept there
for a sufficiently long time to obtain the required temperature

before testing. For above room temperature tests, a



thermostatically controlled oil bath was used.
D. Metal lography
1. Optical Metallography

Samples for optical metallography were cut from LO0%
martensitic bulk specimens and from the fractured tensile and
impact specimens under flood cooling. After mounting in either
Bakelite or Koldmount, the specimens were mechanically ground
successivley on wet emery paper from 180 to 600 grit. Final
polishing was done with 1 ym diamond polish with kerosene as a
lubricant. In these metal lographic investigations the standard
etchants,l2%vand 5% Nital, were used to reveal the duplex
microstructural features. Prior austenite grain boundaries were
revealed by immersion in an ethcing solution of 1g picric acid,
1g dodecylbenzene sulfonate and 100 mL of water. Samples were

examined on a Zeiss Ultraphot II metallograph.
2. Transmission Electran Microscdpy

Thin foils for TEM were obtained from the tensile and impact
specimens. Slices of about 20 mils thick were cut longitudinally
from these specimens under flood cooling to minimze specimen
heating. These slices were then chemically thinned to about 5
mils thick in a solution of Hy0, containing 2% HF at room

temperature. 3.0 mm—dia. discs were spark cut from these thinned



slices and then mechanically ground to a thickness of about 2
mils and cleaned with acetone. Final thinning was ddne in a
twin—jet electropolishing apparatus at room temperature using a
chromic-acetic acid solﬁuion consisting of 75 gm CrOg, 400 ml
CH3CO0H and 21 ml distilled water. Polishing times varied from 3
to S min. at 50755 ma and 40745 volts. Foils were examined in a
a JEM-7A electron microscope at an acceleration voltage of

100KV.
3. Scanning Electron Microsopy

The fracture morphology was thoroughly examined on the
fracture surfaces of broken tensile and Charpy specimens using an
ISI DS-130 sqanning electron microscope operated at ESKV.
Fracture surfaces seslected for examination were cut,
ultrasonically cleaned and stored in a dessicator until
examination. A number of the fracture surfaces were nickel
plated fob examination in cross—section. Examination was done on
the polished and etched section of the fracturg praofile to
investigate the influence aof microstructure of DFM steels on the

fracture behavior.



III. Results and Discussion
A. Microstructure
1. Initial Martensite

The production of a microstructure consisting of martensite
dispersed in a ferrite matrix can be produced via many different
heat treatments, all of which involve phase transformation in the
(a+y) region. The choice of the specific heat treatment will
depend on the alloy composition, property requirements and
production capabilities. In this investigation the intermediate
quenching hhat treatment was‘adopted so as to fully exploit the
chqrac;aris;ic nature of the initial martensite structure prior
to subsequent annealing in the (a+y) range. This structure has
been shawn to be favorable for austentite nucleation on a fine
scale during two—phase annealing because of the numerous fine
heterogeneities in the structure [20]. It has been also
recognized that martensite is a desirable microstructure for
grain refinement by simple austenitizing thermal cycling [21].

The initial as—quenched martensitic structures and prior
austenite grain sizes of the DFM steel before two phase annealing
are shown in Figs. 3 and 4. The microstructure was completely
martenistic without any evidence of proeutectoid ferrite which
may have been produced during quenching (Fig.3). In Fig. 4., it
is alsoc evident that the prior aﬁstenite grain'size (heat

treatment A) is refined by the second austenitizing cycle (heat



treatment B). For both treatments, the prior austenite grain is
partitioned into several_packets which consist of parallel
highly dislocated laths, typical of low-carbon martensite. Each
tath forms directly from an independent homogeneaus shear and
successive shear transfofmation produce a packet [22]. The lath
boundaries are believed to be frequently of low angle characater,
whereas the packet boundaries are usually high angle [23,24].
The effect of prior austenite grain size on the packét size is
shown in Table III. As the austenite grain is varied from 200
pmto 60 pm , the packet size is changéd from B0 pm to 30 pm.
This result is similar to that obtained for martensite in Fe—0.2C
alloy by T. Maki et al.[25]. The average size of austenite and
packét are aestablished by linear intercept measurements on
optical microscopy [26].

Careful transmission electron microscopy studies of the
initial martensite for both heat treated specimens showed thers
is no observable variation in the morphology and the substructure
of the martensite because of the difference in ;ha prior
austenite grain size. Figure 6 shows a typical initial
microstructure before two-phase énnealing, which consists almost
entirelyof dislocatedlaths on the order of O0.1pmto 1.0 pm
in width. The existence of retained austenite was expected since

its praesence in such low carbon steels had been detectéd earlier
(5,271. The narrow films of retained austenite trapped between
the growing martensite lLaths in the form of narrow thin films
were identified by indexing saelected area diffraction patterns.

Fig. 7 shows the crystallographic relation between austenite and

10



martensite, which exhibits the Kurdjumov-Sachs orientation
relationship <1113, /<110>Y. |

From these optical and transmission electron micrographs,
the initial marteniste stfucturas before being subjected to two—
phase annealing are similar egcept for the packet size,
indiéating that the lath martensite structure itself is not

affected by the austenite grain size at least in the range of the

present investigation.

2. Duplex Microstructure

During annealing of the initial marteniste in the (a+y)
region, the martensite transforms partiatly to austenite and the
residual regions become ferrite as the two phases attain the
volume fractions specified by the tie Lline corresponding to the
holding temperature. The alloy phases will then consist of low
carbon ferrite and higher carbon austenite. Upon final
quenching, the austenite transforms to martensite and the ferrite
‘regions become heavily dislocated as a result of accommodating
the martensite transformation strain. Fig. 5 shows the DFM
structure, the needle—like particles of Llight contrast coﬁrespond
to martensite in the grey ferrite matrix.

As observed earlier [5], there was no evidence of the
nuc leation and growth of austenite particles along the prior
austenite grain boundaries. Evidently these naadlé-tike
particles nucleate and grow along initial martensite Llath
boundaries. This is relaxation of classical nucleation theory

(28], which states that the preferred sites for austenite

1



formation are prior austenite grain boundaries, martensite Llath
boundaries, and possibly other lattice defects.

As a plausible explanatiaoan for this phenomenon, Koo has
postulétad the occurrence of Si segregation along the prior

austenite grain boundaries during solution treatment

[S]. Therefore, austenite nucleation at the prior austenite grain

bdundaries will be prevented by the repellent interactions
between carbon and the precccupied silicon atoms at the
boundaries [29], and will occur at the initial marteniste lath
boundaries. For the Si effect on the austenite growth he has
also postulated that the Si concentration "spike"™ at the
interface between austenite and ferrite will act as a barrier to
carbon diffusion becaﬁée 6f the repellent interaction between
carbon and siLicoﬁ.‘vAé a result, lateral thickening'of'the
austenite particles will be.restricted at the martensite lath
boundaries where the diffusion of carbon is more rapid along the
lath bdundaries where the diffusion of carbon is more rapid by
the lath boundary diffusion and hence auétenite graowth can occur.
Consequently, a completely needle—Llike mﬁrphology along
martensite lath boundaries was adopted for the formation of
austenite from the martensite structure during two-phase
annealing. Quenching to room temperature transforms the
austenite ta martensite, resulting in the fine fibrous martensite
in the ferrite matrix.

From Fig. 5, it can be noticed that the influence of
austenite grain size anq packet size is clearly reflected in the

fine, acicular DFM structurs. The DFM structural sub-unit, which

12



is tﬁe area of aligned fibers of martensite and ferrite, is
refined without changing the interparticle (martensite) spacings
at the same volume fraction of martensite. This result was
expected, since upon two phase énnaaling the austenite nucleates
gnd grows along prior lath martenstie boundaries and forms the
parallel accicular austeni;e pools within the prior packet.
Careful observation by bptical microscopy of the initial
martensite and_DFM structure shows that the average.size of the
éub-unit in DFM structure which is.shown in Teble III corresponds
almost exactly to the packet size of initial martensite before
two phase.annealing, and is a function of prior austenite grain
size. Apart froh the sub-unit size in the DFM structure, the
geometrical features of the OFM structure‘feﬁain Largely
hnchanged as the.prior austenite grain size is varied.

| The morphology of the martensite in these DFM étructures

also consists of dislocated Lath martensite and did not differ

significantly from the fully martensite, except same area of

twinning in substructure due to the increase of carbon amount.
Thé morphology of tha.ferrite region is similiar in all the DFM
structures and is associated with fine subgrain and high
dislocation density near the ferrite/martensite interface, as

shown in Fig. 8.
B. Mechanical Properties

1. Tensile Properties

13



The room temperature tensile test data of the as—quenched

DFM steels are summarized in Table I. At the same prior
austenite grain size, the effect of the volume fraction of
martensite on the values of strength and ductility obey the two
phase mixture rule as demonstrated in many dual phase systems
[5,30]. Figs. 9 and 10 show the effect of prior austenite grain
size on the strength and elongation of DFM steels at each volume
fraction of martensite. While the variation of prior austenfte
grain had Llittle effect on the tensile strengths and uniform
elongation, considerable changes occurred in total elongtion with
austenite grain refinement. Reduction in area was increased
significantly with austenite grain refinement. However, the
values of the reduction in area remain relatively unchanged over
different volume fractions of martensite at the Sama_prior

austenite grain size.

2. Impact Properties

Charpy V-notch impact tests were conducted to determine the
influence of volﬁma pct. martensite and prior au#tenite grain
size on tﬁa ductile to brittle transition temperature (DBTT).
The results of the impact tests are summarized in Table II. The
data reported represent an asverage of at least three tests.
Figs. 11 and 12 show the impact energy curves of the as—quenched
DFM steels with the prior austenite grain size. These curves do
not exhibit a sharp DBTT. However, it is evident that fine-
grained specimens have lower DBTT than course—grained specimens

for all volume fractions of martensite tested. From Table III

14



one can also observe that there is no significant difference in
the impact energy as the volume fraction of martensite varied at

the same austenite grain size.

C. Fractography

The fracture mode of the broken tensile specimens for coarse
and fine grain are predominantly dimple rupture, indicating
stable, subcritical crack extension (Fig. 13). The fracture
surfaces of broken Charpy impact specimens tested at 0°C are
shown in Figs. 14 and 15 and démonstrate the effects of priar
austenite grain size of DFM steels on the fracture surface. For
both fine grained and coarse grained DFM steels, the mode of
fracture is most ly associated with a large proportion of quasi-
cleavage produéed by a high deformation rate dus to impact
loading, In all cases, the small cleavage facets are separated
by tear ridges and contain river pattern and cleavage tongues.
It is clearly seen that fracture surface of the large austenite
grained specimen (Figs. 14-a and 15-a) consist of large and
rather flat fracture facets as a ihola, although many small
cleavage steps or tear ridges are obser?ed. In contrast, the
facets for the small austenite grained specimen are small. As
the testing temperature is raised to 50°C, there is a change in
fracture mode from brittle cleavage to ductile dimple for
specimens having a fine austenite grain size. (Fig. 16-b).
However, Fig. 16—a shows there is no change in fracture mode for
coarse grained specimens at this temperature.

It has been generally accepted that the fracture plane

15



changes its orieﬁtation at high angle grain boundaries, resulting
in quasi-cleavage facets whose average size is essentially
identical with that of a division of microstructure by the groups
of the same orientation [31,32]. Erom this consideration it is
interesting to correlate the fracture facet size with the
microstructure of DFM_steels. By comparing the optical
microscopy and fractogfaphy, the average facet size is found to
be almost identical to the size of the 'sub-unit' of DFM steels
mentioned earlier and the packet sfze of the initial martensite.
Therefore, it is seen that the average cleavage facet size (which
seems to be related to the fracture behavior of DFM steels) is a
fuﬁction of the prior austenite grain size. The average sizes of
the cleavage facets were measured by the sbécfngs between two
neighboring heavy tear Lines of the_fracfdre surface by Linear
analysis [26], and are Listed in Table III. |

Figure 17 shows where the void/micro crack forms first in
OFM steaels. This micrograph was taken at the necked region of a
brokeh tensile specimen. A large density of void nucleation Qas
found near‘thevmaftensite—ferrite interface, but not in the
martensite. At present this phenomenon may be explained in part
due*fo the difference in the flow strengths of ferrite and
martensite. The distribution of stress and strain is very
inhomogeneous during deformation of DFM steels, resulting in
LocaL{zed deformation and/or stress concentration in the area of
ferrite near martensite. Consequently this leads to the fracture
of the ferrite. The propagation of the crack through DFM steels

is shown in Fig. 18, which is taken from the fractured impact

16



specimen tested at -50%C. It is clearly seen that the cleavage
crack runs néarly straight in thé sub-unit of DFM steels and is
arrested by neighboring sub-unit. No apparent change in the
fracture appearance was noticed with regard to the volume

fraction of martensite in this investigation.
D. Microstructure/Mechanical Property Correlation

By examining the corresponding mechanical properties
obtained from both heat treatments, the specimen subjected to
grain refinement displayéd improvements in total elongation,
impact toughness and reduction in area, while uniform elongation,
yield and tensile strengths are not affected. These differences
in meqhanical properties must be related to the effect of prior
austenite grain size sinbe all other metallurgical variables in
the two specimens are virtually identical. It is well known that
total elongation fncludes baoth the uniform elongation, which is
dependent on work hardening rate, and the fracture strain which
relates to the crack path progress [33]. Thus the only difference
ductility for both fine and coarse grained spacimen is the

fracture strain. From this consideration the improvement of

fracture strain and impact toughness with austenite grain

refinement could be analysed in terms of fracture
characteristics. ~

It is well known that one of the most important factors
controlling the toughness of a ferritic steel is the grain size,

in which the crack front propagates nearly straight within a

17



grain and changes its direction at the grain boundary because of
the change in crystallographic orientation [31]. Since the
fracture mode of DFM steels is similar to that of ferritic steel,
it is expected that the natural choice of micro structural unit
contolling the fracture may be a region bounded by high angle
boundaries in which cleavage cracks propagate without deviation.
With the experimental results and micrographs described
earlier, it is possible to define such a region in DFM steels
used in this investigation. By comparing the optical microscopy
and fractography, as Listed in Table III, it was found there is
close agreement batwéan the packet size of initial martensite,
the sub-unit size of DFM structure and the cleavage facet on the
fractured impact specimen. This close agreement between theﬁ
strongly implies the dominant microstructural unit relevant to
the cleavage fracture of DFM steels fs fhe size of the sub-unit,
i.e., the initial martensite packet. Further evidence to verify
the improvement in fracture strain and impact toughness with
prior austenite grain refinement can be provided by examination
of the cross section of nickel plated fracture surfaces of DFM
impact specimen tested at —-50°C. With this technique the
relationship between the microstructure and fracture behaviar of
DFM steels can be correlated. An example of micro cracks found
below the main crack front is showﬁ in Fig. 18. A <cleavage
crack runs nearly straight in the sub-unit of DFM steels without
deviation and is stopped by the sub-unit boundary which
corresponds to be the high angle packet boundary in the initial

martensite structure. It appears that the propagation of a

18



cleavage crack across the sub-unit boundary requires the
initiation of a new crack in the neighboring sub-unit. This
phenomenon is similar to that.of a high—-angle grain boundary in
ferritic steel. The reason why the crack of the DFM al(oys
propagates nearly straight without deviation at the
ferritic/martensitic interface within a sub-unit can be explained
as follows. At present, the most plausible explanation of this
phenomenon could be in part due to the good atomic fit across the
ferrite/martensite interface. During two phase annealing the
. austenite nucleates and grows along prior lath boundaries and
forms the accicular austenites within the packet. Upon
quenching, the austenite tends to transform to the same variant
as the previous martensite. Since the ferrite regions ére
essentially tempered martensite, the entire sub- unit is of
nearly the same crystallographic orientation and ferrite-
martensite boundaries are also of very low angle.

Fig. 20 (courtesy of J.Y. Koo [5]) shows the
conventional bright field (a) and corresponding high resolution
lattice fringe image (b) of a.ferrite/martansite interface in the
2%Si/0.06%C DFM steel. As the (110) fringes cross the interface,
they are distorted but are continuous except for occasional end-

-on dislocation. Thus the advancing crack is Less Likely to be
deflected from its path at the interface, resulting in very
little energy consumption during crack propagation across the
ferrite/martensite interface. This, in turn, can result in easy
crack propagation in the sub-unit area of DFM steels.

An example of the fracture surface profite is shown in Fig.
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19, which shows that the cleavage cracks are nearly straight
through the sub-unit regions but change their direction at high-
angle sub—-unit boundaries. Careful examination of the short
straight segments composing the main fracture profile shows that
the length of this segment, i.e., unit crack, corresponds almost
to the average sub—unit size of DFM-structura.

Considering the aspecfs of crack propagation in DFM steels,
the 'sub-unit' size of DFM structure appears to play an important
role in controlling fracture energy, since the sub—unit size is
directly related to the cleavage facet size. Consequently, it
may be reasonable to be considered that structuralkunit
controlling fracture (especially the cleavage fracture) is the
martensite packet, which, in turn, is controlled by the prior
austenite grain size. These fracturs characteristics are
analogous to the results in the tempered martensite of Low carbon
nickel steel by T. Inoue et ql.[17] and Fe-Mn martensite by M.
J.Roberts [14]. They may have shown that the dominant factor
leading to the ultimate cleavage fracture is the mean Llength of
the packet, which is varied cdnsiderably with the prior austenife
grain size. ALl of the above observations lead to the
qualitative conclusion that by refining the prior austenite grain
size befaore two—phase annealing, the improved total elaongation
and impact toughness are expected at least in the range of
present investigation and for the intermediate quenching

treatment.
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PART TWO - THERMOMECHANICAL TREATMENT

I. Introduction

The previous chapter has shown that the fracture
behavior of DFM steel is controlled by a basic microstructural
unit having the same crystallographic arientation throughout, and
suggested the beneficial effect of fine grain size for the
desirable mechanical praoperties. It has been amply demonstrated
that strain hardening of austenite by deformation, e.g. by
controlled rolling that takes place either prior to or during the
austenite—ferrite transformation leads to a significant decrease
in grain size [34]. In order to realize the full potential of
this process, information is being obtained about a number of
properties ofienginaering significance. The controlled rolling
proéess consists of heating the steel to an optimum soaking
temperature, deforming above and below the austenite
recfystallization temperature, and/ar deforming in the austenite—
ferrite two phase range. Fine ferrite grain size can be produced
on transformation from austenite which reﬁains unrecryétatlized
after hot-rolling and optimum grain siza_canlbe obtained by
careful control of processing variables, especially deformatian
and temperature conditions.

As a step toward providing a fine grain DFM structure, the
present work was undertaken to demonstrate how thermomechaniqal
procssing might be used to obtain as—-hot—rolled DFM structure and
to improve the mechanical properties in the low carbon silicon

steel. Moreover, hot rolling could be an economical process of
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heat treatment, as a continuous process saves energy otherwise

needed to reheat the material.

II. Experimental Procedure

The alloy used in this investigation was a high purity
Fe/2.1%Si/0.11%C steel, which was supplied by Nippon Kokan K. K.
in the form of 1" dia. hot-rolled bars. For thermomechanical
process a test matarial was soaked at 1150°C for 30 minutes, then
rolled down to 0.625" dia. bar in two passes an é two-high
reversing barrmill. After deformatian, the bar was annealed in
the {a+y]l region for 10 ﬁinuﬁes and finished rolled to 0.5" dia.
bar followed by water qdenching or air cooling. The finishing
rotling tamperaturé was chosen similar to those commonly used on
conventional hot wofking practice. Tensile and Charpy speqimené
were machined from thésa heat -treated bars in tﬁa longitudinal
direction. - |

Another heat treatment, step annealing, was conducted to
determine the deformation affect on mechanical properties of DFM
steel. This was done by austenitizing tﬁe machined tensile and
Charpy specimens at1150°c for 30 minutes and then tranferrihg
directly to an adjacentffurnace at the desired two phase
temperature and holding for 10 minutes. Then specimens were
directly water quenched or air cooled. The schematic diagrams of
heat treatment used in this part of the research are illustrated

in Fig. 21.
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III. Results and Discussion
A. Microstructure

In this section, the initial phase before two phase
annealing is austenite. Upon decreasing the temperature to the
two phase range, ferrite nucleates at the prior austenite grain
boundaries and growé into the austenite [35,36]. The
microstructure thus depends on the prior austenite grain size.

The optical microstructure by step annealing process is
shown in Fig. 22a (air cooled] and Fig. Eéb (water quenched].
The microstructural features are coarse two phase aggregates of
large irregular shaped second phase in the coarse ferrite matrix,
which shons‘tha influanée of the large austenite grain beforq two
phase annealing.

Fig. 23 shows the optical microstructure for the hot rolled
and air cooled specimens and Fig. 24, for the haot rolled and
water quenched conditions. From these micrographs it can be seen
that thermomechanical treatment has a strang influence an the
grain sfze. For the thermomechanically treated steels, the
coarse austenite obtéined‘by socaking at 1150°C is broken into
small recrystallized austenite through hot rolling in the
austenite fegion, resulting in‘fine duplex structure after two
phase annealing. When the alloy is further deformed after two
phase and directly quenched/air cooled,.tha dual phase structure
is develoéed in which the second phase is mdre or less

unidirectionally aligned in the ferrite matrix. TEM studies
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revealed that the nature of the second phases was mainly lath
martensite substructure for water quenching and pearlite for air
cooling, which is shown in Fig. 25, regardless of hot rolling or
step annealing. The ferrite areas for the hot-roiled and water
quenched material showed a high density of dislocations and less
recovery due to the deformation in the [p+Y) region followed by

fast cooling (Fig. 26-a) while in the hot rolled and air cooled

condition, ferrite grains consisted of areas of coarse ferrite '

and areas of recovered or recrystallized ferrite as shown in Fig.

Qs-b .
B. Mechanical Properties

, The mechanical properties of tensile and Charpy test are
summarized in Tables IV énd V, and are presentéd graphically in
Figs. 27 and 28. Comparing the values of mechanical properties
between hot-rolled and step‘annealed materials, one observes that
the former provided better combinations of mechanical properties
than the latter treatments. The improvement in mechanical
properties through the thermomechanicalvtreatmentucan be
correlated with the fine grain size which is the main
microstructural changae.

The effect of the ferrite grain size on the flow stress of a

material is generally described by the Hall-Pstch equation

[37,38],C¥=05+kd'1/2 where Oy is the flow stress at constant

strain, d is the grain size and Ob, k are material constants.

Since the ferrite ragion obtained by thermomechanical treatment
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was fine, the ferrite would be effectively strengthened éccordjng

to the Hall-Petch equation. This effect appears to be mainly

responsible for higher strength obtained by hot rolling process

'compared to step annealing forall air cooled specimens. From
Table IV, one can notice that the strength of air cooled specimen
is increased with decreasing the temperature of finish rolling,
presumable because of the finer ferrite grain size (Fig. 23).
This result is similar to those observed by T. Tanaka et al.[38].

For water quenching treatment, there was Lesé difference in
tensile strength between specimens given hot rolling and step
aﬁnealing. This could be understood from the fact that the
specimen given step annealing and water quenching has higher
volume fraction of martensite and large martensite size. In DFM
stesls it haé been shown that tensile strength is increased with
the volume fraction of martensite andllarge size of martensite
develops higher strength' at the same volume fraction of
martensite [6]. Thus the increase in the strength by ferrite
grain refinement balances the increase in strength by high volume
fraction of martensite and coarser martensite size. For the hot
rolled and water quenched material the decrease in strength after
lower finishing rolling temperature is dde to the decrease in
votume fraction of martensite as observed in many dual phase
steels [5,30]1(Fig. 24).

There was considerable increase in dhctility and impact
toughness through hot-rolling, ﬁhich could be analyzed in terms
of ferrite grain size and fracture characteristiés. The fracture

surface of the broken tensile specimen for water quenching is
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shown in Fig. 28. Coarse dual phase structures fracture
predominantly by cleavage as revealed by well-defined facet,
while fine structurasrfracture in ductile manner. The fractﬁra
mode of broken Charpy impact specimens tested at Foom temperature
for water quenching is shown in Fig. 30 and demonstrates the
effect of grain size. It isclearly seen that fracture surface
of step annealed are composed of large and undistorted cleavage
facet, which reflect a low resistance to fracture. In contrast
the cleavage facet of the specimen which had been subjected to
hot rolling is very small. As pointed out in the previous
chapter, the crack front propagates nearly straight within the
area of the same crystallographic orientation (effective grain),
" and will be stopped by the effective barrier. As a result the
crack is forced to reinitiate repeatedly, and considerable energy
is expended as it alters direction in search of the maost likely
propagation plane in the continucus grain. Therefore, the crack
front of fine grain structure changes its direction more often,
resulting in a significant improvement of the toughness of fhe
material. Further evidence of the resistance to crack
propagation of ferrite grain boundaries is given in Figs..32 and
33, in which microcrack and fracture profiles for broken Charpy
specimens at room temperature are shown.

The variation of mechanical properties for the as—hot-rolled
steels at different cooling rate are shown in Figs. 27 and 28.
The water quenched steel exhibits higher strength thaﬁ the air
cooled steel, due to the incorporation of martensite in tﬁe

ferrite matrix. However, the air cooled steel shaws higher
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ductility and impact foughness. The fracture-modes\of the broken
Charpy specimens at different cooling rates are shown in Fig. 30b
(water quenching) and Fig. 31 (air cooling). These behaviors
presumably result because the ferrite matrix in the water
quenched condition is work hardened due to the deformation in the
(a+Y) region followed by fast cooling, while the air cooled
specimen contains a recovered ferrite substructure. Alsao, the
higher volume fraction and the highervstrength of the second
phase in the water quenchéd specimen (martensite] than in thé air
cooled specimen (pearlite] might cause in this behavior [40].
Consequently, all of the ébove observations show the
importance 6f grain size refinement for dual phase steels and

indicate that the hot ralling process is a promising method by

which a fine grain dual phase structure and desirable mechanical

properties can be obtained edonomically. Moreover, the finishing
rolling temperature (950°C-1000°C) for Fe/2Si/0.1C stesl is
desirable for coﬁvantional hot working practice without
encountering excessive rolling load. However, in order to apply
the hot rolling process to.commercial'producfion process, the
effects of rolling schedule, soaking temperature still héve to be
clarified. The general applicability of the results in this

investigation must be regarded as preliminary.
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IV. Conclusions

Based on the present investigation of the effect of grain
size on the mechanical properties of duplex Fe/25i/0.1 steels,
the following conclusions are drawn.

A. Intermediate Quenching Treatment

1. As the prior austenite grains are refined, improvements
in total elongation, reductian in area and impact toughness can
be achieved, while uniform elohgatfon, yield and tensile
strengths are not affected.

2. These improvements in mechanical properties are
attributed to the refinement of DFM structural sub-unit.

3. The sub-unit of the DFM structure is the basic
microstructural unit controlling the fracturalbehavior.

4. The sub-unit size of the DFM structure ié almost
identical to the initial martensite packet size, and can be
controlled by the prior qustenite grain size.

5. Refinement of the prior éustenite grain size does not
cause any observable difference in the morphology or substructure
of the DFM structure except for a decrease in tha size of the
sub-unit.

6. Microcracks are initiated near the ferrite-martensite
interface, not the martensite particle.

7. At a constant prior austenite grain size, the volume
fraction of martensite influences the strength and ductility
according to the 'rule of mixtures'. However, the volume
fraction of martensite has little effect on the impact toughness

and reduction in area.
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B. Thermomechanical Treatment

1. The hot rolling process was proved to be an effective
way to ocbtain microduplex structure and attractive mechanical
properties.

2. For the water quenched steels, the improvement in
ductility and impact toughness was achieved without a sacrifice
of tensile strength Rprough hot rolling.

3. For the air cooled condition, the tensiie strength of
hot rolled alloy was higher than that of non—-deformed allaoy,
without Lloss in ductility.

4. These improvements in mechanical properties by hot
rolling are closely related to the ferrite grain refinement.

5. Finishing rolling temperature in the (a+Y] region has an
influence an the mechanical properties. The strength of the
water quenched specimen decreases with lLower finishing
temperature, but increases for the air cooled condition.

6. From a commercial standpoint, Fe/25i/0.1C alloy is
clearly desirable tao hgve duplex structure at finishing rolling
temperatures similar to those commonly used in conventional hot

working practice.
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TABLE 1.

Tensile Properties After Intermediate Quenching Treatment

Y.S.

U.T.S.

Specimen |[Heat Treatment | Two Phase Aﬁnea11ng Temp. | Vm(%) o Tara) Toen Tors eu(%) eT(A) R.A.(%)
Al A+ T 885°C 30 76.1 525.1 135 931.5 | 16.4 | 23 34
B1 A+B+T 885°C 30 76.0 | 524.4 133 917.7 | 16.5 | 27 49
A2 A+ T 910°C 45 78.3 | 540.3 143.9 [992.9 | 14.9 | 21.6 { 34
B2 A+B+T 910°C 45 78.0 | 538.2 | 143.2 {988.1 | 15.1 | 25.5| 47

A - Austenitization at 1100°C for 1 hour, water quenching

B - Austenitization at 1000°C for 8 minutes, water quenching

T - Two-phase annealing for 10 minutes, water quenching.
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TABLE II. Charpy Impact Properties After
Intermediate Quenching Treatment (ft-1b)

Testing Temperature (°C)
Specimen | Vm(%) | —gg 25 0 25 | 50
Al 30 6.3 7.5 9.2 11.3 17
B1 30 7.0 9.2 11.0 15.3 38.3
A2 45 6.7 7.7 9.2 11.8 22.7
B2 45 9.1 11.2 -12.9 16.6 40.1




TABLE III.

Microstructural Size

36

\3

Specimen | Prior Austenite | Martensite{ Sub-unit | Quasicleavage
Grain,um Packet,um | of DFM,um Facet,um
Al,A2 ~200 80 77 ~70
B1,B2 60 30 28 35




TABLE IV. Tensile Properties After Thermomechanical Treatment
: : Y.S. U.T.S. B
Specimen | Heat Treatment | Two Phase Annealing Temp. s TP (ks D] (MPa) ep(%) | ey (%)
S1 AT + WQ 950°C 72.1 |497.5|120.4 {830.8 | 16.4 11.0
H1 ATR + WQ 950°C | 69.5 |479.2 |117.0|807.3]25.9 15.5
H2 ATR + WQ 1000°C 73.0 |503.7|124.5(859.022.5 12.4
S2 AT + AC 950°C 50.0 |345.0| 77.4534.0)31.0 18.7
H3 ATR + AC 950°C 65.1 |449.0| 90.1]621.0]31.2 16.5
H4 ATR + AC 1000°C 61.9 |427.1 | 87.0|600.3]30.0 14.9

AT - Austenitizing at 1150°C for 30 minutes followed by
ATR- Austenitizing at 1150°C for 30 minutes followed by

for ten minutes, followed by hot rolling.

WQ - Water quenching.

AC - Air cooling.

two phase annealing for 10 minutes.
hot rolling, and two phase annealing
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TABLE V. Charpy Impact Properties After
Thermomechanical Treatment (ft-1bs)

. Testing Temperature (°C)
Specimen =75 50 - 0 25
S -- 5.8 6.5 7.0 9.6
H1 - | 7.5 9.4 | 17.0] 50.8
H3 1.2| 221 59.2| 86.5| 102.5
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FIGURE CAPTIONS
Fig. 1. Schematic of the intermediate quenching heat treatment fn
conjunction with the Fe—-rich portion of Fe—-C phase diagram.
(A) Single austenitizing treatment.
(B) Double austenitizing treatment for grain
refinement.
Fig. 2. Schematic drawing of ASTM specifications for test specimens.
(A} Round tensile specimen.
(B) Standard V-natch impact specimen.
Fig. 3. Optical micrographs of the initial maftensite structure befaore
two phase annealing.
(a) Specimen A1.
(b) Specimen B1.
Fig. 4. Optical micrographs éhowing the prior austenite grain size
before two phase énnealing.
(a) Specimen A1.
[b) Speciman‘B1.
Fig. S. Scanning electron micrographs of DFM structure.
(a) Specimen A1.
(b} Specimen B1.
Fig. 6. Transmission electron micrograph of initial martensitic
structure before two phase annealing for specimen A1,
Fig. 7. TEM micrographs revealing the interlath retained austenite in
the 100% martensite structure of specimen A2.
(a) Bright field image.
{b) Corresponding dark field where thin films of

retained austenite reversed contrast when (002)



Fig. 8.
Fig. 8.
Fig.ﬁﬂ.
Fig.11.
Fig.12.

Fig.13.

Fig.14.

Fig.15.

Fig.16.
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spot was imaged.
(c) Selected area diffraction pattern.
(d) Indexing of the diffraction pattern in (c], showiﬁg
K-S relationship of martensite and austenite.
TEM micrograph showing martensite and dislﬁéated ferrite in
DFM structure of spacimen A1l.
Tensile properties as a function of the austenite grain size

for the DFM steels containing 30% martensite.

Tensile properties as a function of the prior austenite grain

size for the DFM steels containing 45% martensite.
Variation in the Charpy impact energy at different testing
temperatures for the DFM steels containing 30% martensite.
Variation in the Charpy impact energy at different testing
temperatures for the DFM steels éontaining 45% martensite.
Scanning electron micrographs of tensile fracture surfaces.

(al Specimen A1.

(bi Specimen B1.
Scanning electron fractographs of broken Charpy impact
specimens tested at 0°C.

(a) Specimen A2.

(b) Specimen B2.
High magnification scanning electron fractographs of broken
impact specimens tested at 0°c

(a) Specimen A2.

(b} Specimen B2.
Scanning electron fractographs of broken Charpy impact

specimens tested at 50°C.



Fig.17.

Fig.18.

Fig.18.

Fig.20.

Fig.21.

" Fig.22.

Fig.23.
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(a) Specimen A2.
{(b) Specimen B2.
Scanning electron micrographs of void/microcrack nucleation
in the DFM structure during tensile loading taken from the
necked region in the specimen.
(a) Specimen A1,
{(b) Specimen B1.
SEM micrograph of a microcrack found below the main crack
front of fractured impact specimen A1 tested at -50°C.
SEM of fracture profile of broken impact specimen tested
at -50°cC.
(a) Specimen A2.
(b) Specimen B2.
Conven;ionél bright féeld {a) and lattice image (b) of a
ferrite/martensite interface in the 2% Si DFM steel. The
lattice image (b) was taken from tﬁe area encircled in
(a). Martensite tetragonality creates the larger dqg4
spacing in the martensite region. The arrows indicate
the ferrite/martensite interface. (Courtesy of
J. Y. Koo[S]).
Schematic diagram of processing used in Part Two.
(a) Step annealing treatment.
(b) Thermomechanical treatment.
Optical micrographs of spec%mens step annealed at 950°C.
(a) Air cooling (Specimen S2)
(b) Water quenching (specimen S1}.

Optical micrographs of hot rolled and air cooled specimens.
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(a) Specimen H3 (fiﬁish rolléd at 950°C).
(b) Specimen H4 (finish rolled at 1000°C.
Fig.24. Optical micrographs of hot rolled and water quenched specimens.
(a) Specimen H1 (finish rolled at 850°C).
(b) Specimen H2 (finish rolled at 1000°C).
Fig.25. (a) Transmission electron micrograph showing the
martensite in the DFM structure of specimen S1.
(bl Transmission electron micrograph of pearlite
surrounded by ferrite (specimen S2).
Fig.26. Transmission eLéccrpn micrographs showing the ferrite
region for hot rolled specimens. |
. (a) Specimen H1 (water guenched).
(b) Specimen H3 (air cooled).
Fig.27. Total.etongétion vs. ultimate tensile strength of the
step annealed and thermomechanical treated specimens.
Fig.28. Variation in the Charby impact properties at the
different testing temperatures for the stép annea led
and thermomechanical treated spéﬁimens.
All tha specimens waere annealed or finish rolled at
9509c.
Fig.29. Scanning eléctron fractographs of broken tensile
specimens (water quenched].
(a) Specimen S1 (Step annealed).
{b) Speciman H1 [Hof rolled).
Fig.30.SEM fractographs of broken Charpy impact specimens tested
at 25°C. (water quenched).

(a) Specimen S1 (Step annealed].



(b) Specimen H1 (Hot rolled].

Fig.31.SEM fractograph of broken Charpy impact specimen (H3)
tested at 259C (hot rolled and air cooled condition)
Fig.32.Microcracks found below the main crack front of broken

impact specimen tested at 25°C.
(a) Specimen S1.
(b) Specimen H1.
Fig.33 SEM micrographs of fracture profile of broken impact
specimen tested at 25°C.
(a) Specimen S1.

(b) Specimen H1.
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