
Lawrence Berkeley National Laboratory
Recent Work

Title
EFFECT OF GRAIN SIZE ON THE MECHANICAL PROPERTIES OF DUAL PHASE Fe/Si/C STEELS

Permalink
https://escholarship.org/uc/item/2fj9603p

Author
Ahn, J.-H.

Publication Date
1983-08-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2fj9603p
https://escholarship.org
http://www.cdlib.org/


I ." 

LBL-18682 

Lawrence Berkeley Laboratory 
UNIVERSITY OF CALIFORNIA REL~v~~N~EED 

Materials & Molecul.ar 
Research Division 

JAN? 1985 

LIBRARY AND 
DOCUMENTS SECTION 

EFFECT OF GRAIN SIZE ON THE MECHANICAL PROPERTIES 
OF DUAL PHASE Fe/Si/C STEELS 

J.-H. Ahn 
(M.S. Thesis) ( 

~- --~--,----- ----

+, ' .• ~": 

TWO-WEEK LOAN COpy~:;;:~~:; 
, "~ 

This is a Library Circulating Copy .. "~<;; August 1983 

b ed for two weeks. '''''1 
which may be orrow ~'~ 

,/ :;;;~: 
-!l..~4,,,JJ ... "'-. ~'"f ", 

~'r'~7~.~ .-

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 

r 
\jJ 
r 
\ 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



• 

LBL-18682 

EFFECT OF GRAIN SIZE ON THE MECHANICAL PROPERTIES 
OF DUAL PHASE Fe/Si/C STEELS 

\1 

Jae-Hwan Ahn 

M.S. Thesis 

August 1983 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Science, 
Division of Materials Sciences of the U.S. Department 
of Energy, under Contract Number DE-A~03-76SF00098. 



EFFECT OF GRAIN SIZE ON THE MEOiANICAL PROPERTIES 

.. 
OF DUAL PHASE Fe!S;/C STEELS 

Table of Contents 

Page 

ASST RACT •••••••••••••••••••••••••••••••••••••••••••••••••••• ; 

PART ONE - INTERMEDIATE QUENCHING TREATMENT 

I. INTRODUCTION •••••••••••••••••••••••••••••••••••••••••• 1 

II. EXPERIMENTAL PROCEDURE •••••••••••••••••••••••••••••••• 4 

A. Mater;als Preparation •• ~ ••••••••••••••••••••••• ; •• 4 

B. Heat Treatment ..••••.••.••••.•••••.•••.••••••••.•• 4 

C. Mechan;cal Testing ••••••• ~ •••••••••••••••••••••••• 5 

1. Tensile Testing •••••.•.•••••.••••••••••••••••• 5 

2. Charp.y Impact Test •••••••••••••••••••••••••••• 6 

D. Metallography ••••••••••••••••••••••••••••••.•••••• 7 

1. Optical Metallography ••••••••••••••••••••••••• 7 

2. Transmission Electron Microscopy •••••••••••••• 7 

3. Scanning Electron M;croscopy •••••••••••••••••• 8 

III. RESULTS AND DISCUSSION •••••••••••••••••••••••••••••••• 9 

A. Microstructure ••••.•••••••••••••••••••••••••••••.• 9 

1. Initial Martens;te ••••••••••••••••••• ; •••••••• 9 

2. Duplex Microstructure •••••••••••••••••••••••• 11 



B. Mechanical Properties •••••••••••••••••••••••••••• 13 

1. Tensile Properties ••••••••••••••••••••••••••• 13 

2. Impact Properties •••••••••••••••••••••••••••• 14 

c. Fractographye ••••••••••••••••••••••••••••••••••• 815 

D. Microstructurel Mechanical Property Correlation •• 17 

PART TWO - THERMOMEOiANICAL TREATMENT 

I. INTRODUCTION ••••••••••••••••••••••••••••• " ••••••••••• • 21 

II. EXPERIMENTAL PROCEDURE •••••••••••••••••••••••••••••.• 22 

III. RESULTS AND DISUSSION •••••••••••••••••••••••••••••••• 23 

A. M;crostructure ••••••••••••••••••••••••••• ~ ••••••• 23 

B. Mechanical Properties •••••••••••••••••••••••••••• 24 

IV. CONCLUSION ••••••••• ,a •••••••••••••••••••••••••••••••• • 28 

ACKNOWLEDGEMENTS •.••••.••••.•.•••••.••••.•••••.•.•••••••••• 30 

REFER ENCES ••••••••••••••••••••••••••••••••••.• •••••••••••• •• 31 

TABLES ••••••••••••••• CI ••••••••••••••••••••••••••••••••••••• 34 

FIGURE CAPTIONS •••••••••••••••••••••••••••••••••••••••••••• 39 

FIGURES •••••••••••••••••••••••••••••••••••••••••••••••••••• 44 

to 

• 



EFFECT OF GRAIN SIZE ON THE MECHANICAL PROPERTIES 

OF OUAL PHASE Fe/Si/C STEELS 

Jae~wan Ahn 

Materials and Molecular Research Division 
Lawrence Berkeley Laboratory 

and Department of Materials Science and Mineral Engineering 
University of California,Berkeley,California 94720 

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/2Si/0.1C alloy with an intermediate 

quenching heat treatment. It was found that as the prior 

austenite grain size is refined, significant improvements in 

total elongation, reduction in area and impact ~oughness 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 micr~cracks 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 t~ be deflected at 

the ferrite/martensite interface because the interface is 

coherent. In this investigation, the sub-unit of the DFM 

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 
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martensite packets, and thus is controlled by the prior austenite 

grain si ze. 

A comparision of optical micrographs and SEM fractographs 

hes shown that there is close agreement between the sub-unit size 

and cleavage facet size. All of the observations above leed to 

the quentitative conclusion that the sub-unit size is the basic 

microstructure unit controlling the fracture behavior of DFM 

steels produced by the intermediate quenching heet treatment. 

Consequently, it is expected that the fracture energy will be 

improved by refining the sub-unit size of DFM steels, i.e., the 

prior austenite grain size. 

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. The 

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 

corelate well with variations 1n strength, ductility and impact 

toughness. 
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PART ONE - INTERMEDIATE QUENCHING TREATMENT 

I. Introduction 

The need for economical, higher strength steels with good 

formabi lity 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 conventional high strength, low

alloy (HSlAJ 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 considered [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 properties are achieved in essence by the 

production of microstructures containing inherent ly strong load 

carrying martensite in a relatively soft ferrite matrix. 

The ongoing duplex ferritic-martensitic (DFM) steel design 

program at UC Berkeley, 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 [5], 

morphology [6], and carbon-content [71, of the martensite and 

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

dislocations in the ferrite matrix near the ferrite/martensite 

interface. These dislocations ere by-products of the austenite 

to martensite transformation during quenching after two-phase 

annea ling. 

Though a great dea l of wo rk has been ca rri ed out to 

understand the origin and the characteristic mechanical behavior 

of DFM steels, the effect of grain size on the mechanical 

p ropert i es is not we II estab li shed. It has been we II recogn i zed 

that grain size is one of the most important metallurgical 

parameters in controlling the strength and associated ducti lity 

of low-carbon steels [10-12]. Grain size refinement has been 

exercized in numerous systems particularly because of the benefit 

of improving ductility and toughness without a sacrifice in 

strength. 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 frecture 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 m ic rost ructure and mechan ica l p ropert i es in DFM stee ls, 
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the purpose of the present investigation is to determine the 

effect of refinement of prior austenite grains on the mechanical 

properties 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 manipulation. 
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II. Experimental Procedure 

A. Materials Preparation 

The alloy used in this investigation was a high purity 

Fe/1.9~i/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 12000 C under 

argon atmosphere for 20 hours, followed by upset forging and 

cross rolling into bars of 5/B in. x 2-3/4 in. cross section. All 

of the above treatments were followed by air cooling. Oversized 

round tensi le and Charpy impact specimen blanks were cut with 

their axes parallel to the longtudinal direction of the bars. 

B. Heat Treatment 

For the purposes of this investigation, the intermediate 

quench ing heat treatment was chased from among the many heat 

treatments available for producing a DFM microstructure. It was 

chosen because it has been shown p rev i ous ly to produce a 

microstructure with favorable mechanical properties (61. 

Oversized round tensile and Charpy impact specimen blanks were 

austenitized in a vertical tube furnace under flowing argon 

atmosphere for one hour at 1100 0 C and quenched di rect ly into 

agitated iced water. After obtaining a fully martensitic 

structure, the specimens were annealed in the (a+yJ region for 

ten minutes and once again quenched into agitated iced water. 
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The two-phase annealing temperatures were chosen so as to obtain 

the required volume fraction of martensite as shown in Table I. 

To inv'estigate the effect of the prior austenite grain size on 

the mechanical properties of 2% 5i 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 on opticaL metaLLography, the second austenitizing 

treatment was performed at rooc above A3 temperature (y- so li dus) 

for B min ute s, w h i chi s a sui tab L e h 0 L din g tim e. The A3 

temperature was determined to be 9BOOC after extensive heat 

treatment experiments near Af temperature. The schematic 

diagram in Fig. 1 portrays the conventionaL dupLex thermal 

treatment used in this study as weLL as the modified grain 

refining treatment, aLong with the Fe-rich portion of the 2% Si 

section of the Fal5i/C phase diagram. 

C. MechanicaL Testing 

1. Tens; Le Test 

TensiLe properties were determined using one-inch gauge 

Length round tensi Le specimens as shown in Fig. 2. Oversized 

specimen bLanks were heat treated and ground to finaL dimension 

foLLowing ASTM specification [1B]. ApproximateLy 0.05 inches of 

materiaL was removed circumferentiaLLy around the gauge section 

to eLiminate the possibLe effects of surface decarburization. 
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Tensile tests were performed at room temperature on an 

Instron testing machine with a cross-head speed of 0.02 

inc h / min u t ea n d a full scale loa d 0 f 1 0 , 000 l b s • Total 

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 calculations is based on measurements of the gauge 

section diameter before 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 tensi le 

properties reported in Table l are the averages of the three 

test. 

2. Cha rpy Impact Test 

Impact properties were determined using the ~tandard 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 performed using a Universal 

impact machine with calibrated unites of 0.25 ft-lbs. low and 

high temperature tests were conducted according to ASTM 

specifications (19). To obtain zero and sub zero temperatures, 

various proportions of ethyl alcohol 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 
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thermostatically controlled oil bath was used. 

O. Metallography 

1. Optical Metallography 

Samp les for optica l meta llography were cut from lOO% 

martensitic bulk specimens and from the fractured tensi le and 

impact specimens under flood cooling. After mounting in either 

Bakelite or Koldmount, the specimens were mechanically ground 

successivLey on wet emery paper from 1BO to 600 grit. FinaL 

polishing was done with 1 .,.m diamond polish with kerosene as a 

Lub ri cant. In th ese meta L Lographi c invest igati ons the standard 

etchants, 2% and 5% Ni ta L, were used to revea L the dup Lex 

microstructuraL features. Prior austenite grain boundaries were 

reveaLed by immersion in 'an ethcing soLution of 19 picric acid, 

1 g dodecy Lben zen e su L fonat e an d 100 m L of wat ere Samp Les were 

examined on a Zeiss ULtraphot II metaLLograph. 

2. Transmission ELectron Microscopy 

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 

mi ls thick in a solution of H20 2 containing 2% HF at room 

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

7 



slices and then mechanically ground to a thickness of about 2 

mil s an d c leaned wit h acetone. Fin a l t h i n ni n g was don e ina 

twin-jet electropolishing apparatus at room temperature using a 

chromic-acetic acid soltuion consisting of 75 gm Cr03' 400 ml 

CH3COOH and 21 ml distilled water. Polishing times varied from 3 

to 5 min. at 50-55 me and 40-45 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 

lSI 05-130 scanning electron microscope operated at 25KV. 

Fracture surfaces selected for examination were cut, 

ultrasonically cleaned and stored in a dessicator until 

examination. A number of the fracture surfaces were nickel 

plated for exemination in cross-section. Examination was done on 

the polished and etched section of the fracture profile to 

investigate the influence of microstructure of OFM steels on the 

fracture behavior. 
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III. Results and Discussion 

A. Microstructure 

1 • In it i alMa rt en sit e 

The production of a microstructure consisting of martensite 

dispersed in a ferrite matrij can be produced via many different 

heat treatments, all of which involve phase t~ansformation in the 

(o,+Y) region. The choice of the specific heat treatment wi II 

depend on the alloy composition, property requirements and 

production capabilities. In this investigation the intermediate 

quenching heat treatment was adopted so as to fully exploit the 

cha racteri st ic nature of the in it ia l martensite structure p ri or 

to subsequent annealing in the (o,iIy) range. This structure has 

been shown 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 also evident that the prior austenite grain size (heat 

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

lath forms di rect ly from an independent homogeneous shear and 

successive shear transformation produce a packet [22]. The lath 

boundaries are believed to be frequently of low angle characater, 

whereas the packet boundaries are usua lly high an\~ le [23,24]. 

The effect of prior aust;enite grain size on the packet size is 

shown in Table III. As the austenite grain is varied from 200 

JAm to 60 JAm , the packet si ze is changed from 80 ",m to 30 ",m. 

This result ;s simi lar to that obtained for martensite in Fe-Q.2C 

alloy by T. Makl et al.[25]. The average size of austenite and 

packet are established by linear intercept measurements on 

optical microscopy [26]. 

Careful transmission electron microscopy studies of the 

initial martensite for both heat treated specimens showed there 

is no observable variation in the morphology and'the substructure 

of the martensite because of the difference in the prior 

austenite grain size. Figure 6 shows a typical initial 

microstructure before two-phase annealing, which consists almost 

entirelyof dislocatedlaths on the order of 0.1 ",mto 1.0 ",m 

in width. The existence of retained austenite was expected since 

its presence in such low carbon steels had been detected earlier 

[5,27] • The narrow films of retained austenite trapped between 

the growing martensite laths in the form of narrow thin fi lms 

were identified by indexing selected area diffraction patterns. 

Fig. 7 shows the crysta llog raph ic re lat ion between Busten ite and 

10 
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martensite, which exhibits the Kurdjumov-Sachs orientation 

relationship <111>a 1<110>y. 

From these opticel and transmission electron micrographs, 

the initial marteniste structures before being subjected to two

phase annealing are similar except for the packet size, 

indicating 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 line corresponding to the 

holding temperature. The alloy phases wi II then consist of low 

carbon ferrite and higher carbon austenite. Upon final 

quenching, the austenite transforms to martensite and the ferrite 

'regions become heavily dhlocated as a result of accommodating 

the martensite transformation strain. Fig. 5 shows the DFM 

structure, the needle-like part ic les of light cont rast correspond 

to martensite in the grey ferrite matrix • 

As observed earlier [5], there was no evidence of the 

nucleation and growth of austenite particLes along the prior 

austenite grain boundaries. Evidently these needle-like 

particles nucleate and grow along initial martensite lath 

boundaries. This is reLaxation of cLassical nucLeation theory 

[28], which states that the preferred sites for austenite 
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formation are prior austenite grain boundaries, martensite Lath 

boundaries, and possibLy other Lattice defects. 

As a pLausibLe expLanation for this phenomenon, Koo has 

postuLated the occurrence of Si segregation aLong the ptior 

austenite grain boundaries during soLution treatment 

[5]. Therefore, austenite nucLeation at the prior austenite grain 

boundaries wiLL be prevented by the repeLLent interactions 

between carbon and the preoccupied siLicon atoms at the 

boundaries [29], and wi LL 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 because of the repellent interaction between 

carbon and silicon. As a resuLt, LateraL thickening of the 

austenite partic Les wi LL be restricted at the martensite Lath 

boundaries where the diffusion of carbon is more rapid aLong the 

Lath boundaries where the diffusion of carbon is more rapid by 

the Lath boundary diffusion and hence austenite growth can occur. 

ConsequentLy, a compLeteLy needLe-like morphoLogy aLong 

martensite Lath boundaries was adopted for the formation of 

austenite from the martensHe structure during two-phase 

anneaLing. Quenching to room temperature transforms the 

austenite to 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 and packet size is cLearLy refLected in the 

fine, acicuLar DFM structure. The DFM structuraL sub-unit, which 
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;s the 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 annealing the.austenite nucleates 

and grows along prior lath martenstie boundaries and forms the 

parallel accicular austenite pools within the prior packet. 

Careful observation by optical microscopy of the initial 

martensite and DFM structure shows that the average size of the 

sub-unit in DFM structure which is shown in Table 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 from the sub-unit size in the DFM structure, the 

geometrical features of the DFM structure remain largely 

unchanged as the prior austenite grain size is varied. 

The morphology of the martensite in these DFM structures 

also consists of dislocated lath martensite and did not differ 

significantly from the fully martensite, except some area of 

twinning in substructure due to the increase of carbon amount. 

The morphology of the ferrite region is simi liar 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. 

8. Mechanical Properties 

1. Tensile Properties 
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The room temperature tensi Le 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 m i xtu re ru Le as demonst rat ed in many dua L phase sy st em s 

[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. Whi Le the variation of prior austenite 

grain had LittLe 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 same prior 

austenite grain size. 

2. Impact Properties 

Charpy V-notch impact tests were conducted to determine the 

infLuence of voLume pct. martensite and prior austenite grain 

size on the ductiLe to brittLe transition tamperature (DBTTJ. 

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 a lso observe that there is no significant difference in 

the impact energy as the volume fraction of martensite varied at 

the same austenite grein size • 

C. Fractography 

Tha fracture mode of the broken tensile specimens for coarse 

and fine grein are predominently dimple rupture, indicating 

stable, subcriticel crack extension (Fig. 13). The fracture 

surfaces of broken Charpy impact specimens tested at aOc are 

shown in Figs. 14 end 15 end demonstrete the effects of prior 

austenite grain size of DFM steels on the fracture surface. For 

both fine grained and coarse grained DFM staels, the mode of 

fracture is most ly associated with a large proportion of quasi

cleavage produced by a high deformation rate due 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 whole, although many small 

cleavage steps or tear ridges are observed. In contrast, the 

facets for the smell austenite greined specimen are small. As 

the testing temperature is reised to 50 oC, there is a change in 

fracture mode from brittle cleevege to ductile dimple for 

specimens heving 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 
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changes its orientation 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]. From this consideration it is 

interesting to correLate the fracture facet size with the 

microstructure of DFM steeLs. By comparing the optica l 

microscopy and fractography, 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 size of the initia l 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 

function of the prior austenite grain size. The average sizes of 

the cleavage facets were measured by the spacings between two 

neighboring heavy tear Lines of the fracture surface by Linear 

anaLysis ·[26], a~d are Listed in TabLe III. 

Figure 17 shows where the void/micro crack forms first in 

DFM steeLs. This micrograph was taken at the necked region of a 

broken tensile specimen. A Large density of void nucLeation was 

found near the martensite-ferrite interface, but not in the 

martensite. At present this phenomenon may be expLained in part 

due~to 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 

LocaLized 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. 1B, which is taken from the fractured impact 

16 

., 



.. 

.. 

specimen tested at -50 0 C. It is clea .. ly seen that the cleavage 

c .. ack .. uns nearly straight in the sub-unit of DFM steels and is 

ar .. ested by neighbo .. ing sub-unit. No apparent change in the 

fracture appea .. ance was noticed with regard to the volume 

fraction of ma .. tensite in this investigation • 

O. Mic .. ostructu .. e/Mechanical Property Correlation 

By examining the co .... esponding mechanical prope ... ties 

obtained from both heat t .. eatments, the specimen subjected to 

grain .. efinement displayed improvements in total elongation, 

impact toughness and reduction in a .. ea, while uniform elongation, 

yield and tensile strengths are not affected. These diffe .. ences 

in mechanical p .. ope .. ties must be .. elated to the effect of prior 

austenite grain size since all other metallurgical variables in 

the two specimens are virtually identical. It is well known that 

tota l e longat i on inc ludes both th e un i fo .. m e longat i on, wh i ch is 

dependent on wo .. k ha .. dening rate, and the fractu .. e st .. ain which 

relates to the crack path p .. og .. ess [33]. Thus the only difference 

ducti lity for both fine and coa .. se g .. ained specimen is the 

fracture strain. F .. om this conside .. ation the improvement of 

fracture st .. ain and impact toughness with austenite grain 

refinement could be analysed in terms of fractu .. e 

characte .. istics. 

It is well known that one of the most importan.t factors 

controlling the toughness of a fe .... itic steel is the grain size, 

in which the crack front propagates nea .. ly straight within a 
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grain and changes its direction at the grain boundary because of 

the change in crystallographic orientation [31]. Since the 

fracture mode of OFM steels is similar to that of ferritic steel, 

it h expected that the natural choice of micro structural unit 

contolling the fracture may be a region bounded by high angle 

boundarias in which cleavaga cracks propagata without deviation. 

With tha axperimental 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 

c lose agreement. between the packet size of initial martensite, 

the sub-unit size of OFM structure and the cleavage facet on the 

fractured impact specimen. This close agr.eement between them 

strongly implies the dominant microstructural unit relevant to 

the cleavage fracture of OFM steels is the 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 OFM 

impact specimen tested at -SOoC. With this technique the 

relationship between the microstructure and fracture behavior of 

OFM steels can be correlated. An example of micro cracks found 

below the main crack front is shown in Fig. 18. A cleavage 

crack runs nearly straight in the sub-unit of OFM 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 
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cleavage crack across the .sub-unit boundary requi res 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 aLloys 

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 

fer r i t e/ mar t en sit e i n t e r fa c e. 0 uri n g two ph a sea nne a Li n g 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 pr~vious martensite. Since the ferrite regions are 

essentiaLLy tempered martensite, the entire sub- unit is of 

nearLy the same crystaLlographic orientation and ferrite

martansite 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/martensita 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 Lass likeLy to be 

deflected from its path at the intarface, 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 profile 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 structure. 

Considering the aspects of crack propagation in DFM steels, 

the 'sub-unit' size of DFM structure appears to p lay 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 structural unit 

controlling fracture (especially the cleavage fracture) is the 

martensite packet, which, in turn, is controlled by the prior 

austenite grain size. These fracture characteristics are 

analogous to the results in the tempered martensite of low carbon 

nickel steel by T. Inoue et ale [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 length of 

the packet, which is varied considerably with the prior austenite 

grain size. All of the above observations lead to the 

qualitative conclusion' that by refining the prior austenite grain 

size before two-phase annealing, the improved total elongation 

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 orientation throughout, and 

suggested the beneficial effect of fine grain size for the 

desirabl'B mechanical properties. 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 of engineering significance. The controlled rolling 

process consists of heating the steel to an optimum soaking 

temperature, deforming above and below the austenite 

recrystallization temperature, and/or deforming in the austenite

ferrite two phase range. Fine ferrite grain size can be produced 

on transformation from austenite which remains unrecrystallized 

after hot-rolling and optimum grain size can be obtained by 

careful control of processing variables, especially deformation 

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 otherwhe 

needed to reheat the mater;a L. 

II. Experimental Procedure 

The aLloy used in this investigation was a high purity 

Fel2.1%S;/0.11%C steel, which was suppUed by Nippon Kokan K. K. 

in the form of 1" dia. hot-ro lled bars. For thermomechanica l 

process a test material was soaked at 11500 C for 30 minutes, then 

rolled down to 0.625" dia. bar in two passes on a two-high 

reversing bar mi ll. After deformation, the bar was annealed in 

the (a+-yJ region for 10 minutes and finished rolled to 0.5" dia. 

bar followed by water quenching or air cooling. The finishing 

rolling temperature was chosen similar to those commonly used on 

conventional hot working practice. Tensile and Charpy specimens 

were machined from these heat -treated bars in the longitudina l 

di rect ion. 

Another heat treatment, step annea ling, was conducted to 

determine the deformation effect on mechanical properties of OFM 

steel. This was done by austenitizing the machined tensi le and 

Charpy specimens at 1150 0 C for30 minutes and then tranferring 

di rect Ly to an adjacent- furnace at the desi red two phase 

temperature and holding for 10 minutes. Then specimens were 

di rect ly water quenched or ai r coo led. The schemat ic diag rams of 

heat treatment used in this part of the research are illustrated 

in Fig. 21. 
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III. ResuLts and Oiscu.ssion 

A. Mic rost ructure 

In this section, the initia L phase before two phase 

annea Ling is austenite. Upon decreasing the temperature to the 

two phase range, ferrite nuc Leates at the prior austenite grain 

boundaries and grows into the austenite [35,36]. The 

micr9structure thus depends on the prior austenite grain size. 

The opticaL microstructure by s~ep anneaLing process is 

shown in Fig. 22a (air cooLed) and Fig. 22b (water quenched). 

The microstructuraL features are coarse two phase aggregates of 

Large irreguLar shaped second phase in the ~oarse ferrite matrix, 

which shows the influence of the Large austenite grain before two 

phase annea Ling. 

Fig. 23 shows the opt ica L m ic rost ructure for the hot ro Lled 

and air cooLed specimens and Fig. 24, for the hot rolled and 

water quenched conditions. From these micrographs it can be seen 

that thermomechanicaL treatment has a strong influence on the 

grain size. For the thermomechanicaLLy treated steeLs, the 

coarse austenite obtained by soaking at 1150 0 C is broken into 

smaLL recrystallized austenite through hot roLling in the 

austenite region, resuLting in fine dupLex structure after two 

phase annealing. When the alloy is further deformed after two 

phase and directLy quenched/air cooLed, the duaL phase structure 

is deveLoped in which the second phase is more or Less 

unidirectionaLLy aLigned in the ferrite matrix. TEM studies 
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revea Led that the nature of the second phases was main Ly Lath 

martensite substructure for water quenching and pearLite for air 

cooLing, which is shown in Fig. 25, regardLess of hot roLLing or 

step annea Ling. The ferrite areas for the hot-ro L Led and water 

quenched materiaL showed a high density of disLocations and Less 

recove ry due to th e defo rmat i on in the b+y) reg i on fa LLowed by 

fast cooLing (Fig. 26-a) whi Le in tha hot rolled and l3ir cooLed 

condition, ferrite grains consisted of areas of coarse ferrite 

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

26-b. 

B. MechanicaL Properties 

The mechanicaL properties of tensiLe and Charpy test are 

summarized hl TabLes IV and V, and are presented graphicaLLy in 

Figs. 27 and 28. Comparing the vaLues of mechani~aL 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 thermomechanicaL treatment can be 

correLated with the fine grain size which is the main 

microstructuraL change. 

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

materiaL is generaLLy described by the HaLL-Petch equation 

[37,381,af=ao+kd-1/2 where af is the fLow stress at constant 

strain, d is the grein size and 00' k are materiaL constants. 

Since the ferrite region obtained by thermomechanicaL treatment 
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was fine, the ferrite would be effectively strengthened accord~ng 

tot h e H a ll-P etc h e qua t ion. Th i s e f f e c tap pea r s t 0 b e m a i n l y 

responsible for higher strength obtained by hot rolling process 

compared to step annealing for all air cooled specimens. From 

Table IV, one can notice that tha strength of air cooled specimen 

is increased with decreasing the temperature of finish rolling, 

presumable because of the finar farrite grain size (Fig. 231. 

This result is similar to those observed by T. Tanaka et al.[39]. 

For water quenching treatment, there was less difference in 

tensi le strength betwaen specimens given hot rolling and step 

annealing. 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 

steels it has been shown that tensile strength is increased with 

the volume fraction of martensite and large size of martensite 

develops higher strength: at the sanie volume fraction of 

martensite [6]. Thus the increase in the strength by ferrHe 

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 due to the decrease in 

vo~ume fraction of martensite as observed in many dual phase 

steels [5,30](Fig. 241. 

There was considerable increase in ductility end impact 

toughness through hot-rolling, which could be analyzed in terms 

of ferrite grain size and fracture characteristics. The fracture 

surface of the broken tensi le specimen for water quenching is 
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shown in Fig. 29. Coarsa dual phase structures fracture 

predominantly by cleavage as revealed by well-defined facet, 

whi le fine structures fracture in ducti le manner. The fracture 

mode of broken Charpy impact specimens tested at room temperature 

for water quenching is shown in Fig. 30 and demonstrates the 

effect of grain size. It is clearly seen that fracture surface 

of step annealed are composed of large and undistorted cleavage 

facet, which reflect a low resistance to fracture. In contrast 

th e c leavag e fac et '0 f th e spec i men wh i ch ha d been subj ect ed 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 effect ive ba rri ere As a resu lt the 

crack is forced to reinitiate repeatedly, and considerable energy 

is expended as it alters direction in ,search of the most likely 

propagation plane in the continuous grain. Therefore, the crack 

front of fine grain structure changes its di rection more often, 

resulting in a significant improvement of the toughness of the 

materia l. 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 than the air 

cooled steel, due to the incorporation of martensite in the 

ferrite matrix. However, the air cooled steel shows higher 
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ductiLity and impact toughness. 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 wate~ 

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. Also, the 

higher volume fraction and the higher strength of the second 

phase in the water quenched specimen (martensite] than in the air 

cooled specimen (pearlite] might cause in this behavior [40]. 

Consequent ly, a II of the above observations show the 

importance of grain size refinement for dual phase steeLs and 

indicate that the hot rolling process is a promising method by 

which a fine grain dual phase structure and desirable mechanical 

properties can be obtained economically. Moreover, the finishing 

rolling temperature (950 0 C-1000 oC) for Fe/2Si/O.1C steel is 

desirable for conventional hot working practice without 

encountering excessive ro lling load. However, in order to app Ly 

the hot rolling process to commercial production process, the 

effects of rolling schedule, soaking temperature still have 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/2Si/O.1 steels, 

the following conclusions are drawn. 

A. Intermediate Quenching Treatment 

1. As the prior austenite grains are refined, improvements 

in total elongation, reduction in area and impact toughness can 

be achieved, whi le uniform elongation, yield and tensi le 

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 fracture behavior. 

4~ The sub-unit size of the DFM structure is almost 

identical to the initial martensite packet size, and can be 

controlled by the prior austenite grain size. 

5. Refinement of the prior austenite grain size does not 

cause any observable difference in the morphology or substructure 

of the DFM structure except for a decrease in the size of the 

sub-unit. 

S. 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 ducti lity 

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 obtain microduplex structure and attractive mechanical 

p ropert i es. 

2. For the water quenched steels, the improvement in 

ductility and impact toughness was achieved without a sacrifice 

of tensile strength through hot rolling. 
\ I 

3. For the air cooled condition, the tensile strength of 

hot rolled alloy was higher than that of non-deformed alloy, 

without loss 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 on the mechanical properties. The strength of the 

water quenched specimen decreases with lower finishing 

temperature, but increases for the air cooled condition. 

6. From a ·commercial standpoint, Fe/2Si/O.1C alloy is 

clearly desirable to have 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 

Specimen Heat Treatment Two Phase Annealing Temp. Vm{%) 

- -

Al A + T 885°C ,\,30 

Bl A + B + T 885°C ",30 

A2 A + T 910 0 e "'45 
B2 A + B + T 910 0 e '\..45 

_ .. _-_. __ ._- --- --

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 quenthing. 

-

y.s. U.T.S. 
(ksi) (MPa) (ksi) (MPa) 

76.1 525.1 135 931.5 
76.0 524.4 133 917.7 
78.3 540.3 143.9 992.9 
78.0 538.2 143.2 988.1 

" 

eu{%) e T(%) 

16.4 23 
16.5 27 
14.9 21.6 
15. 1 25.5 

R.A. (%) 
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Specimen 

A1 
B1 
A2 

B2 

TABLE II. Charpy Impact Properties After 
Intermediate Quenching Treatment (ft-1b) 

Testing Temperature (OC) 
Vm(%) -50 -25 0 25 

'1,,30 6.3 7.5 9.2 11.3 
'1,,30 7.0 9.2 11 .0 15.3 
rv45 6.7 7.7 9.2 11.8 

rv45 9. 1 11.2 12.9 16.6 
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50 

17 
38.3 
22.7 
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TABLE III. Microstructural Size 

Specimen Prior Austenite Martensite Sub-unit Quasicleavage 
Grain,llm Packet, Ilm of DFr1, Ilm Facet,llm 

A1,A2 ",200 'V80 ",77 ",70 

B1 ,B2 ",60 ",30 ",28 ",35 



· , 

TABLE IV. Tensile Properties After Thermomechanical Treatment 

~pecimen y. s. U.T.S. e u (%) Heat Treatment Two Phase Annealing Temp. 
(ksi) (MPa) (ks i) (MPa) eT(%) 

, 

51 AT + WQ 950°C 72.1 497.5 120.4 830.8 16.4 11.0 
Hl ATR + WQ 950°C 69.5 479.2 117.0 807.3 25.9 15.5 
H2 ATR + WQ 1000°C 73.0 503.7 124.5 859.0 22.5 12.4 
52 AT + AC 950°C 50.0 345.0 77 .4 534.0 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 two phase annealing for 10 minutes. 
ATR- Austenitizing at 1150°C for 30 minutes followed by hot rolling, and two phase annealing 

for ten minutes, followed by hot rolling. 
WQ - Water quenching. 
AC - Air cooling. 

I 

W 
'oJ 



TABLE V. Charpy Impact Properti es After 
Thermomechanica1 Treatment (ft-1bs) 

Specimen Testing Temperature 
-75 -50 -25 0 

Sl -- 5.8 6.5 7.0 

H1 -- 7.5 9.4 17.0 

H3 11.2 22.1 59.2 86.5 
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°C) 
25 

9.6 

50.8 

102.5 
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FIGURE CAPTIONS 

Fig. 1. Schematic of the intermediate quenching heat treatment in 

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) Standa rd V-notch impact spec imen. 

Fig. 3. OpticaL micrographs of the initiaL martensite struriture before 

two phase anneaLing. 

(a) Specimen A1. 

( b) Sp ec i m en B 1 • 

Fig. 4. OpticaL micrographs showing the prior austenite grain size 

before two phase anneaLing. 

(a) Spec imen A1. 

(b) Specimen B1. 

Fig. 5. Scanning eLectron micrographs of DFM structure. 

(a) Sp ec i m en A 1 • 

(b) Spec imen 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 fi lms of 

retained austenite reversed contrast when (002) 
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spot was imaged. 

[c) Selected area diffraction pattern. 

[d) Indexing of the diffraction pattern in [c), showing 

K-5 relationship of martensite and austenite. 

Fig. 8. TEM micrograph showing martensite and dislocated ferrite in 

DFM structure of specimen A1. 

Fig. 9. Tensi le properties as a function of the austenite grain size 

for the DFM steels containing 30% martensite. 

Fig.10. Tensile properties as a function of the prior austenite grain 

size for the DFM steels containing 45% martensite. 

Fig.11. Variation in the Charpy impact energy at different testing 

temperatures for the DFM steels containing 30% martensite. 

Fig.12. Variation in the Charpy impact energy at different testing 

temperatures for the DFM steels containing 45% martensite. 

Fig.13. Scanning electron micrographs of tensile fracture surfaces. 

[a) Specimen A1. 

[b) Specimen 81. 

Fig.14. Scanning electron fractographs of broken Charpy impact 

specimens tested at OOC. 

[a) Specimen A2. 

[b) Specimen 82. 

Fig.15. High magnification scanning electron fractographs of broken 

impact specimens tested at OOC 

[a) Specimen A2. 

[b) Specimen 82. 

Fig.16. Scanning electron fractographs of broken Charpy impact 

specimens tested at 50oC. 
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(a) Specimen A2. 

(b) Specimen 82. 

Fig.17. Scanning eLectron micrographs of voidlmicrocrack nucleation 

in the DFM structure during tensiLe Loading taken from the 

necked region in the specimen. 

(a) Sp ec i m en A 1 • 

(b) Spec imen 81. 

Fig.18. SEM micrograph of a microcrack found beLow the main crack 

front of fractured impact specimen A1 tested at -SOoC. 

Fig.19. SEM of fracture profile of broken impact specimen tested 

at -SOoC. 

(a) Spec imen A2. 

(b) Specimen 82. 

Fig.20. ConventionaL bright fieLd (a) and Lattice image (b) of a 

ferrite/martensite interface in the 2% Si DFM steeL. The 

Lattice image (b) was taken from the area encircLed in 

(a). Martensite tetragonaLity creates the larger d101 

spacing in the martensite region. The arrows indicate 

the ferrite/martensite interface. 

J. Y. Koo[S]). 

(Courtesy of 

Fig.21. Schematic diagram of processing used in Part Twa. 

(a) Step anneaLing treatment. 

(b) ThermomechanicaL treatment. 

Fig.22. Optical micrographs of specimens step anneaLed at 950oC. 

(a) Air cooLing (Specimen S2) 

(b) Water quenching (specimen S1). 

Fig.23. Optical micrographs of hot rolled and air cooled specimens. 
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(a) Spec imen H3 (finish ro lled at 950°C) • 

(b) Spec imen H4 ( fi n ish ro lled at 10000 C. 

Fig.24. Optical micrographs of hot rolled and water quenched spec imens. 

(a) Spec imen H1 ( fi n ish ro lled at 950 0 C) • 

(b) Specimen H2 (fi n i sh ro lled at 1000 0 C). 

Fig.25. (a) Transmission electron micrograph showing the 

martensite in the OFM structure of specimen 51. 

(b) Transmission electron micrograph of pearLite 

surrounded by ferrite (specimen 52). 

Fig.26. Transmission eLectron micrographs showing the ferrite 

region for hot roLLed specimens. 

(a) Specimen H1 (water quenched). 

(b) Specimen H3 (ai r coo.led). 

Fig.27. TotaL eLongation vs. uLtimate tensiLe strength of the 

step anneaLed and thermomechanicaL treated specimens. 

Fig.28. Variation in the Charpy impact properties at the 

different testing temperatures for the step annealed 

and thermomechanical treated specimens. 

All the specimens were anneaLed or finish rolled at 

950 0 C. 

Fig .29. Scanning electron fractographs of broken tensi Le 

specimens (watar quenched). 

(a) Spec imen 51 (Step annea led) • 

(b) Specimen H1 (Hot roLLed). 

Fig.30.SEM fractographs of broken Charpy impact specimens tested 

at 25 0 C. (water quenched). 

(a) Specimen 51 (Step anneaLed). 
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(b) Specimen H1 (Hot rolled). 

Fig.31.SEM fractograph of broken Charpy impact specimen (H3) 

tested at 25 0 C (hot rolled and air cooled condition) 

Fig.32.Microcracks found below the main crack front of broken 

impact specimen tested at 250 C. 

(a) Specimen S1. 

( b) Sp ec i m en H 1 • 

Fig.33 SEM micrographs of fracture profile of broken impact 

specimen tested at 250 C. 

(a) Specimen S1. 

(b) Spec imen H1. 
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Fig. 5 
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Fig . 14 
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Fig. 15 
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Fig. 16 



60 

( . 

XBB 837-6264 

Fig. 17 
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XBB 837-6266 

Fig. 18 
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XBB 837-6265 

Fig. 19 
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Fig. 22 
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Fig. 23 
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XBB 837-6259 

Fig. 24 
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Fig. 25 
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XBB 837 - 6533 

Fig . 26 
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Fig. 29 
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Fig. 30 . 
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