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HEAT TREATMENT AND CHARACTERIZATION OF DUPLEX 1010 AND 1020 STEELS

M. J. Young
Materials and Molecular Research Division
Lawrence Berkeley Laboratory

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

ABSTRACT

An investigation concerning the heat treatment of duplex
ferritic-martensitic 1010 and 1020 steels has been carried out.
Tensile and impact properties of intermediately quenched and contin-
uously annealed specimens have been characterized and microstructural
correlations established. The rule for two phase mixtures. may be

used as a fairly good approximation of the mechanical behavior of

the duplex system, and improved correlations are possible with suitable
modifications for the size, shape and distribution of the second phase.
The property differentials between the duplex 1010 and 1020

at equal volume fractions of martensite are due mainly to the higher
carbon content (hence, higher strength) of the 1020 martemsite.

Important metallurgical variables include subgrain formation, retained
austenite, transformation twinning and martensite fractiomn. Of these,
the volume fraction of martensite appears to be the most influential
in controlling the strength, ductility and impact properties of the

duplex systems studied.
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I. INTRODUCTION

The ever increasing emphasis on energy and resource conservi-—
tion has triggered intensive derelonment programs resulting in the
introduction of new steel compoeitions‘and processing techniques.
Many programs, e.g., neight savings in the traneportation induetry;
have concentrated efforts in the area of high strength, low elloy
(HSLA) steels which derive their principal strengthening from finely
dispersed Niobium, Vanadium or Titanium carbides. Hany design goals
have been met with the HSLA steels, although formability appears to
be a problen and in numerous cases the alloying and processing

"economics more than offset cost reductions due to the etrength-to—
weight increase. Alternative emphasis, both commercially1 and
academically,z-5 toward duplex, low carbon steels has thus increased,
and results have been very promising. A ’

The processing of steels to obtain the microduplex etructure
of martensite in a dislocated ferrite matrix is not an entirely new
concept. The duplex ferritic~martensite aggregates can be obtained
in several Waye, thus mechanical, thermal-mechanical and thermel 4
metnods*ﬁareibeen inveetigeted. Cairns'and Charles6 instituted en'
eariy‘ﬁéééfém aimed at develooing laminates and.conbositeefthroughl
combinations of mechanical work and heat treatment. They achieved
only limited succeas, especially with commercial steels, but did
ptopoae a useful model for the fiber sttengthening of ateel. A viable

alternative utilizes annealing in the two phase field; huwever the;

Dol




temperatures. Diffuaion characteristics

Hwang8 and Jin et. al..9 have utilized

the (a + 'y) region .m maraging steels to obtain desirable properties

icati)ons.»a,nd. I;nom{t;o‘ and. Fnrubayashi7 have studied

The beneficial effects

‘of Te fined grain size have been asserted by many researchers, and are
10

well un eretood and documented. Miller has shown that stable, ultra-
fme grained microstructurea can be obtained by annealing cold worked
»alloya at relatively low temperatures in the (o + Y) range. Similarly,
*:work by Snape and church with low alloy steels has shown that the
presence of the newly formed phase at the grain boundaries of the

T

primary phase can effectively retard grain growth. The combined

L u? % A

8 fro B ain refinement and the preaence of martensite

ood elongation ductility. Industrial



treatment. After tempering, the martemsite-ferrite aggregate is of
intermediate strength with ductility equivalent to HSLA steels of

comparable strength.

Thus, the advantages of duplex microstructures have been -

established in‘seﬁeral alloy systems. Applications to the low carbon
steels are especlally interesting for several reasons: (1) composi-
tions and required heat treatments are basically simple, with the
possibility of eliminating the need for thermal-mechanical processing,
(2) a very high tonnages are used commercially and'(3)-considerab1e
scope for increasing strength while maintaining good ductility appears
possible. This has been a driving force for the ongoing duplex steel
design program in Professor Thomas' group. It is aimed at char- .
acterizing the duplex microstructure/mechanical property relations
with particular emphasis on further improvements in mechanical
properties, and a fundamental understanding of their origins. As part
of this design program, the present research was intended to establish
structure-property relationships in high purity 1010 and 1020 steels
(0.1 and 0.2 weight percent carbon, respectively) and precedes
selected ternary and quaternary additions to the base alloy. The
immediate research objectives were:

(1) Determine the effects of carbon, in the separate

phases as well as in the overall composition.

(2) Characterize the duplex microstructure in terms

of martensite and ferrite quantities, and establish-

the microstructure-property relations.



Déte‘fm;l,j;g; 4£: further mechanical property: improve-

3. ' m"gntg-, ;g,olevl‘.i;_ab,e-xheata treatment,; would be po‘s”s“ibler.v

3,4 have -been utilized;

'Rgéults of the previous work by Koo
specifically, that.cycling in-the.{o + ¥) region mote than once does

,:pqglrg_ﬂgul_ :in.further grain refinement nor:substantial improvement

,;l.g.}ggcl?ag:j.g:al pj:gpey:t_:igg.,,,uInvestigations concerning processing to
obtain the duplex microstructure, tempering effects and impact -

behavior also have been completed.




II. EXPERIMENTAL PROCEDURE

A. MATERIALS PREPARATION

High purity 1010 and 1020 alloys of the composition shown in
Table 1 were vacuum arc remelted and cast as 20 pound ingots. l These
ingots were subsequently upset forged to approximately 0.5 in. thick-
ness. Portions were further reduced to approximately 0.15 in. by

cold rolling.

B. HEAT TREATMENT

1. ‘Intermed:l..ate Quenching.

Ovetéizé iflat tensile and Charpy impact specimens were
austenitized in a vertical tube furnace (resistance heating) under
an argon atmosphere for 30 minutes at 1100 °C, and quenched directly
into agitated iced brine. Microhardness measurements were taken
across numerous cross sections and compared to values obt?ined by

other r:esearcher:s.]‘l":l5 »16

Later transmission electron microscopy
showed the structures to be almost ‘£u11y martensitic and free of
undissolved carbides. further thermal treatments were accomplished
according to the following schedule:
a. Tvo Phase Annea'iihg.

‘Oversize tensile ‘and Charpy specimens were reheated to the
deésired temperature in the (a +v) fleld and held for 20 minutes.
The vertical furnace with protective argon atmosphere was again .-used.

The specimena vere then quenched directly into iced brine. Extensive




S optical metallography ‘reveale st no evidence of texture resulting
from the .forgingv or cold rolling operations.
b. Temﬁeringfw

. T“el‘npe,ringﬂof;_the martensitic and duplex alloys was effected
by :L‘me;‘ej,ng the samples in a neutral salt bath at 200 °C for 30
ming‘tee. - Selected . samples were also tempered at 400 °C and 600 °C
for 30 minutes.
2. Continuous Annealing.

Oversize flat tensile specimens of the 1010 alloy were

encapaulated in quartz tubes which were then evacuated and backfilled

with 20 inches of argon. ; These were austenitized :ln a box furnace

at 1100°c for30 ltlﬂ.r'n.n:es“at‘ld vthen transferred directly to an adjacent
furnaceatthe '&‘é&iééa' vtwe ehese temﬁerature and held for 20 minutes.
'l‘he éf;eeiifehs vere ehen' directly quenched into agitated iced brine;
the F’él.u‘n:t:z ca.i).e\dies' were iﬁploded simultaneeualy with immersion in

the iced brine to ensure rapid duenching.

C. 'MECHANICAL TESTING

Tena:lle .

Tensile properties were detemined us:lng the flat tensile

ti'v"i"’_-:!..'gq‘l:ﬁe 2A. 'l‘he specimena were originally machined

hedt. treated and ground to f:lnal dimens:l.ons. Approximately
: eech s:lde to eliminete the possible effects
‘e decarburization. Optical metallography reveJ.aed

zat_:lbn did not exceed approximately 10 mils.




-,

ETensile tests were performed at room temperature 6n a
calibrat_:'.ed Instron machine using a cross head speed of 0.05 cm/min
and ful;l. scale load of 1000 Kg. Uniform elongation was continuously
mnito?ed with an optical magnifier accurate to 0.001 in. Total
elongation v;ras detenﬁined by measuring gage lengths before and after

testiﬁg with an optical microscope equipped with a vernier traﬁslat:ing

stag_é accurate to 0.001 in.

2. :‘Imgact: .

; Impact properties were determined using the standard and
suj:size Charpy V-notch specimens shown in Figure 2B. The low hard-
eg’iablity of the 1010 alloy precluded the use of fullsize specimens,

§nd subsize 1020 specimens were included for comparison. Impact

;tests were performed using a Universal Impact machine with calibrated

units of 0.25 ft. lbs. Low and high temperature testing was .conducted
according to ASTM specificat:ions.17 Zero and sub-zero temperatures

were controlled using mixtures of ethyl alcohol and dry ice.

D. DILATOMETRY

Dilatbmetric methods were used to det:etmilue the austenite
start, As’ and austenite finish, Af. temperatures as a prelude to
detémining ﬁhé A3 and A, temperatures for the 1010 and 1020 steels.
Maréenéit:lc transformation temperatures, Ms and Hf, for the completely

martensitic and duplex alloys also were determined.







(75 ¢ CrO3 + 400 ml CHZCOOH + 21 ml distilled HZO)' Polishing times
varied from 3 to 5 minutes at 30-35 ma and 25-30 vults. Foils were

examined in & JEM 7A electron microscope at an accelerating voltage

of 100 RV.

3. Fractography.

Fractu:e.surfaces of tensile and impact specimens were examined
using an AMR 1000 scanning electron microscope with secondary emission
-at ZSVKV. Specimens were cut, ultrasonically cleaned and stored in

dessicators until examination.

F. VOLUME FRACTION DETERMINATIONS

Two methods were used in the martensite fraction measurements:
the linear intercept method, and the systematic count method18 using
a scribed eyepiece. Measurements were made on many optical micographs
and fields of view, on Charpy and tensile fractures and at various

magnifications. Values using the two methods were averaged and

rounded to the nearest 5%..:. .
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. III. RESULTS AND DISCUSSION

Heat treatment in the two phase field does not necessarily

.involve equilibri'um conditions. and the temperatures, the line

‘(ieﬁer tule)- and composition determinations as specified by the
s ‘?Eﬁﬁifihriﬁm;'&iagramlg are not neceasarily applicable. The determina-

, (eutectoid) and A (Y solidus) temperatures for the

_as thus necessitated, and extensive experimental
--jheat_‘treat] nts near the A and A temperatures (from dilatometry)

" were conducted.' Baaed on optical, metallography, the A3 temperatures
>_kwere determined to be <855 °C for 1010 and ~815 °C for 1020. The

. "A for both alloysr was; ~710 °C. "The amount of phase separation
",_'fcorreaponding to 20 minutes at the holding temperature was determined

L,;,v-,in the same: manner.

VQl‘l,al‘-i:_t_,atively,. the lower limit-of the acceptable range of

he-steel will be used. Important parameters may

thrv"
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One of the more important (and difficult to arcumvent) results
of the non-equilibrium conditions concerns the composition of fthe
martensite in the duplex structure. The low atomic weight of carbon
prevented its chemical analysis by x-ray spect;oscopic means, e.g.,
the EDAX at-tachment of the SEM. Diamond pyramid microhardness
measurents of the martensite in the continuously annealed material
appeared to show a valid correspondence (nonlinear) to the volume
fraction, which is inversely proportional to carbon content at a

given temperature. The fineness of the structure of the intermediately

quenched mgtej:ial prohibited‘v'alid testing: indentat;ions resulted
in the deformation of the surrounding ferrite. The microhardness/volume
fraction relationship will be discussed in a later section. One
equilibrium relationship is that at equal volume fractioms, i.e.,
different tie lines, the martensite in the 1020 will have a higher
carbon cbntent than the martensite in the 1010 (see Figure 1). As

will be shown, experimental evidence supports the validity of this

relationship for the duplex system.

A umnosmucmas (OPTICAL, TEM, FRACTOGRAPHY)

1. Inter.media;e Quenching -vs. Coni:inuous Annealing (1010).
* The initial mic;r'ds"tﬁctnré is ‘important in t;\ié duplex proc-
essing of Steel, and martensite has been ‘shown to be "fafdt:éble
‘because of the numerous fine hetetogeneitiés in the structure.2*’

Figure 3A shows the martensitic structure of the steels“iié:fore béing




Bubjected to ‘the diplex treathents of Figure 1. In the intermediate

The high density of

s"and’ othei juenched=in imperfections.

-“qicléacion sites coupled with the slower reaction rate results in a

fine. dispersion of martensite '{siands' in the ferrite matrix as

@ nnealing'is austenite. Decreaéiﬁg the t:}empé'i'ature

nucleat::lon;of "ferrite. - thefe is a fluctuat:ion in carbon .content and

"The 'fefrité ﬂucieates at the

. reduced 23 25 ‘and grows‘:lnto the austenite matt:lx. The microstructure
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Several striking differences in the microstructural aspects
of the two processes were evident in TEM examination. The ferrite
regions in all the specimens were locally heavily ‘dislocated as a
result of ‘accommodating the martensite transformation strainm, but
the significant difference in proeutectoid morphologies was subgrain
size. The ferrite grains in the continuously annealed specimens were
very large, and there was no observable division into subgrains. The
proeutectoid;ferrite in the intermediately quenched material had a
network of subgrains spaced an avefage of 0.5 to 1 micron ‘apart.
The ferrite region in this process does not undergo a phase transforma-
tion as the alpha (martenmsite) is annealed in the two phase region.
As a result, theAdislocations generated by the martensitic transforma-
tion (on quenching from 1100 °C) rearrange themselves into dislocation
walls and form subboundaries in the proeutectoid constituent during
the two phase annealing. Figures 4 and 5 illustrate the subgrain
formation, which is regarded as an important strengthening mechanism.
Warrington26 reported that subgrain size can be related to the fiow
stress of ironuby(the Hall—Petch‘equation.

‘Inbthe continuously annealed material almost all martensite/

ferrite interfaces were. mieroscopically regular and smooth. . While

smooth interfaces were evident in the intermediately quenched specimens,
martensite laths (Figure 4) and regularly shaped regions (Figure SA)
were very prevalent. The ferrite in the immediate vicinity of
marcensite/ferrite interfaces showed numerous regions of fibrous

carbide precipitation resembling pearlite as shown in Figure 6.
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’ austenite houndary grew into the matrix after the nucleation ‘of the

...“Y,+ & + carbide'reaction. ‘There ‘app‘eared to bte a higher and more

ized dens

ty bf the fiiﬁrOus carbides in "'AtA:h’e continuo'uély annealed
: s’pecihié’hlé'.’ .Positive ‘identification of the carbides was not possible

“‘because of the ‘complexity of the diffraction pattems from such areas.

" Thi morphology of” such’ carbides 1€ similar to that observed in simple

chromi'um steels y Campbell"and'* l-lorle_w,'comb'ez7 who identified the car—

bidee s >M7 3, produced by pearlitic type of reaction.

Scanning electron fractographs ‘of the tensile failures for

‘the' two- broée’a'ée's-"éré.'éh‘oWﬂ"in, Figures 7 ‘and” 8. Figure 7A shows the
g thepredominaﬁt:ly bd'inip‘ied' 'rubtﬁré‘surface" of sample 1B which is
dleative of a completely ductile failure.  Figure 8 shows the

fractite sirfates of the continuously atnealéd materials at various

“gqually evident in ‘A and B. ‘l-lig'h mégnificat:ion
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Figures 9 and 10. The microstructure consisted almost entirely of
laths 0.1 to 0.3 microns wide. Krauss and Marderzg suggest that each

lath forms directly from an independent, homogeneous shear, and

successive shears produce a packet. . The broad faces of the laths were
often visible, thereby allowing the packet boundaries to be delineated

»
as in Figure 9A. The lath boundaries are frequently of low angle
character, whereas the packet bouridaries are usually high angle.zg’30
The morphology of martensite in duplex specimens did not differ
aignificantly from the fully martensitic specimens. Figure 9C shows
the complex intersection of laths in specimen 1B, and Figure 4 shows
a martensite ‘region,‘embedded in the ferrite in specimen 2B.

Another prominent feature of the martemsite was the occurrence
of autotempering. The autotempered carbides were of the highest

density in the completely martensitic structures but were evident in

the ferrite of duplex alloys also. The carbide diffraction spots

were very weak, so the carbides were tentatively identified by trace
analysis. Most of the carbides were cementite in the typical {110}
Widmanstatten orientation shown in Figure 10. The carbide morphology
‘was not observed to vary with V .
b Additional Microstructural Features-

The observation of retained austenite was not unexpected since
its presence in such low carbon steels had been detected earlier by
Koo..2 31 The extremely thin films of remained auatenite that were

trapped between growing martensite laths were identified by indexing

selected area diffraction patterns such as the one given in Figure llC.




:icalized:carbon:enrichment. -While no intentional effort to establish

ove: ,;ma"r‘t'en'sit':ee»ff'aétiﬁﬁé"-and“ in"thé 1020 folls.
+ The: descriptions of ferrite and carbide morphologieb for the

'vintermediately quenched 1010 apply also to the intermediately quenched

?As‘is“evideﬁfffrom‘Figure 7, the fracture surfaces for

. 1020:stesli’

ﬁhg two: intermediately quenched alloys were also very similar.

“vo - €L TEMPERED MIGROSTRUCTURES

etc. Tempering of
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d. Impact Fracture Surfaces.

The fracture surfaces of the duplex alloys were very in-
teresting because at most temperatures they showed localized dual modes
of fallure. Ductile failure, as evident by dimpled rupture, and the
characteristic river patterns of cleavage are appafent in Figures 13
and 14; most failures could then be characterized by quasicleavage.
There was somé isolated evidence of éecondary cracking, as in Figure
14C. An analysis to determine unambiguously the origin of such areas
as in Eigﬁre isA, CaBey b& polishing and‘etching a plane normal to

the fracture surface, is in progress.32

B. MECHANICAL PROYERTIES

1. Tenmsile.
a. Intermediate Quenching vs. Continuous Annealing (1010).

A comparison of mechanical properties for the two treatments
is aided by examination of Figure 15. A striking observation is that
the strengths of the contingously annealed material appear to be
very_inggnsitive gq changesAinlthe martensite percentage. This may
be ¢ons}deted,mote’unusualvbecause the elongations are equally as
sgnsit;ye gs_thosg:fpgl}gtggmediate quenching. Below approximately
40% mattensite the 9tremgth§wfor conﬁinuoug annealing are sgperior'
to those for intermediate quenching. Examination of the optiéal
-migrogrgphs_(Figpre 3) aséists,in the explanation. Maintaining:equal
' volﬁmg»frapﬁiqns, at, low values of Vo the martensite. in the interme-

d;ately,quenghgd materials is very uniformly and finely dispersed.




f“n

f and stteﬁgthening of ferrite due to subgrain formation. As mentioned

N

longation values for the contlnuously annealed

Uniform elongations are ZZ lower and

ns-ar, sensitive to V .

ExA

‘*b. Intermediately Quenched 1010 And 1020.

A-epmparisqn of the duplex 1010 and 1020 alloys is especially

one'of the

e ﬁiiibtiem:hte




19

expected to be relatively small. For a given alloy, the tvo phase
temperatures used to obtain differing volume fractions of martensite
were sufficently close, e.g., 15-20 °C, that no marked kinetic
differences would be expected. One relationship evident from equilib-
rium, as discussed previously, is that at equal volume fractions the
martensite in the duplex 1020 steel has a higher carbon percentage
than the martensite in the 1010. Carbon content is thermost important
factor in determining msrtensite strength, as has been documented by
many researchers.ll'.l6
i. As‘Quenched

When the duplex specimen 1is subjected to standarditensile
testing, there are two stress regions of concern.. From the beginning
of the test and until the yield stress is reached, the primary deforma-
tion occurs in the ferrite because it is the continuous phase. It
can then be seen that for a given Vm and morphology that the strength
of the martensite does not play an important role in determining the
yield strength. The carbon contents of the ferrite in the 1010 and
1020 are essentiallyheguai, so there should be little difference in
the yield strengths of the two steels. As Figure716 shows, the yield
strengths of the 1010 and 1020 differ by a maximum of ~5 kei. Given
the limited accuracy of the volume fraction and strength, determinations,
it csn be seen that the yield strengths are very nearly equal, in

agreement with the previously mentioned considerations of continuum

mechanies.
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neckfﬁgil The larger differences in the ultimate

two alloys reflect the differences in martensite

'Efréhgthtdue”faﬁcéfhdﬁ enrichment. The difference increases'noticeably
a8 thé volume fraction increases because there is less ferrite present

”ﬁﬁd Ehéhdiéferénﬁes in the’ strengths of the carbon enriched martensites

are accentuated. "As of course are the differences in work hardening.
The preceding arguments may be used to explaln the elongation

results also. Uniform elongation is measured until necking occurs,

and mainly' flebts the deformation of the ferrite. As can be seen

‘frém Figure 16, the uhifotm'eiohgétiohé%are nearly equal (0.5% maximum

‘différeﬂéeé). Total eléngation encompasses the entire stress region

i of ﬁéifﬁnéfié;défﬁrméﬁioh; dnd the larger differences between the

"Idloﬁéﬁd;ioiosére”ﬁgéfﬁ'réflectiVé of the martensite strength (and

ductility) ‘differencés.

‘The s:‘ll fluctutation in martensite
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percentage from sample to sample (as eﬁidenced optically) is included
in fhe latter uncertainty.

The properties of the fully martensitic materials did not
change appreciably on tempering at 200 °C, mainly attributable to
the high density of autotemperiﬁg (quench tempering). The ultimate
strengths of the fully martensitic structures increase slightly after
tempering, presumably due to diséerison hardening offset (mot quite
equally) by a depletion of carbon in solid solution. Small increases
may also be attributed to increased carbond segregation to, and
locking of, dislocations.22

The duplex steels had significant strength decreases after

200 °C tempering, as shown in Figure 18. Carbide precipitation did

not occur In the ferrite during quenching presumably because there
was unsufficient time for carbon to diffuse over the large distances
involved. During the 30 minutes at 200 °C carbon had sufficient

time to diffuse into the depleted ferrite regions leading to carbide
precipitation.

The yield and ultimate strengths of the duplex alloys appear
to have an equﬁl senaitivity to tempering at 200 °C, and strength/
élongation’ductility reiatiQnships (Figure 23) appear to be changed
from’ihetas queﬁéhéd condition.

L Tﬁe stéengths of the 1010 and 1020 steels containing 35 and

40% mérfensite. respectively, in the as quenched ‘and tempered con-

" ditions are shown in Figure 18. The alloys respond similérly to

tempering at 200, 400 and '600 °C. As expected, the ultimate strengths



'strength

22

:°hreimoreisensitiue‘thénytﬁe‘yield strengths. The elongation curves

Eaow that the ductility (especially as ev1denced by the total elonga-

’)’of 'he ‘1020 1s more ‘influenced than that ‘of the 1010, and the

ility i general is influenced more by tempering than is the

f

‘.i. Impaet.‘

“e;‘ Intermediately Quenched 1010 and 1020.

As previously mentioned the low hardenability of the 1010

prohibited the use of full size charpy impact specimens. Preliminary

' tests established that the maximum thickness that could be quenched

’j'to a fully martensitic structure was approximately 190 mils, so the

. subsize specimens shown in Figure 2 were used. Standard size specimens

were used for the 1020 steel, and subsize were also included for

comparison.

gk, t

In low carbon steels, increasing the Pearlite content increases

33 and decreases the radius of an advancing

¥-.a8 18 clearly shown in Figure 19. The increase in

asing cleavage as V increases was also evident in
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the SEM study of the fractured specimens.

Tnere is some variancc in curve shape.from>1010 and 1020, and
fullsize to subsize, but an essentially similar behavior is snggested.
’Comnaring the magnitudes of subsize full-size is incorrect, because
the failure mode is surely affccted by specimen geometry. The dif-~
ferent slopes of the 1020 subsize vs. fullsize curves may be indicative
of this. Ccncerning subsize specimens though, 1010 specimens_showed

a quite pronounced shear lip at all martensite fractions while the

-1020 did onlyvfoF the fuliy martensitic structure. The difference
in impact energy ia evideng from Figure 19, and an obvious conclusion
is that at equal volume fractionms (but different strengths) 1010 is
more resistant to crack initiation (which the charpy test is indicative
of) than is the 1020.

In all cases, the fully martensitic structures show higher
impact values than any of the duplex structures, presumably due to
the effects of the second phase in stress intcnsification. Predicting
behavior gnoniﬁp to_iooz,martensitc may be considered purely spec-
ulative, as it would be below 25%. Impact values for a completely
ferritic structure, while having practical significance. would be
'.:useful in showing the relationship here. Isolated tests indicate
:;that the impact energies absorbed by the completely ferritic structure

exceed those of the martensitic structure,

b. DBIT (1020).

fullsize 1020 specimens were tested from -75 to +90 °C to

determine the ductile-brittle tranmsition temperature (DBTT) for the



As 18 evidént  from Figure 20

fEély 150 °C'sephtates the

the average energy eritériom,

foom tempersture impact values
- Ari important observation

that néqéiéﬁiiicaﬁi;Cﬁéhge’iﬁ‘fﬁéiéﬁipé‘df the DBIT curves occurs

duplex alloys, but the d1fference is small. Of interest

"m .

15is that ‘at’ 90 °C’ the “values for 257 martensite are very ‘close

ala

'to the IOOZ‘martensite values with the considération that some cleavage

uﬁéﬁ?é%iii’épﬁérénf‘iﬁwA;'tﬁé”ttﬁe“uﬁﬁef shelf values are expected to

Bébéﬁgréiimatély&eqﬁail




where - § = ultimate strength of the duplex alloy

§_ = ultimate strength of the martensite phase.

Sf = stress in the ferrite at the ultimate tensile.
strain of the martensite

Vm = yolume fraction of the martemsite.

It is useful to rearrange the equation to facilitate correspond-

ence to the graphical results as:

Sc = (Sm - Sf)sz+ Sf . . (1a)

In this form, (sm - Sf) refers to the slope of the line, and
Sf is the intercept at 0% martensite. The ultimate strength of the
martensite is known to be strongly influenced by carbon.content, and
many researchers have derived equations relating strength to carbon

content15 20 by such methods as 1east squares analysis. It is gen~-

erally accepted that Sm is proportional to Cll3. The tensile strength
of the ferrite is assumed to be constant for the following reasons:
a) the carbon content of the ferrite is essentially constant, and
b) the major strengthening mechanism of the ferrite, subgrain forma~
ution. is beleived_to be constant also. Analysis of numerous transmis-
siéﬂ electron nicrographs shoued no significantbnifferences in\subgrain
' si;eﬁfrom"the‘intermediately quenched 1010 and 1620 steels, or at
uar&inglnartensite percentages. Microhardness.readings in the;ferritev ‘ ;;

areas of numerous fractured tensile specimens were almost identical.

and substantiate this result.




sted, . The fact that this is not Equation 1 eactly can

with carbon contenl: wh:l.le Sf :l.s unchanged Th_us for the duplex system

small amount of curvature.. The slope of the 1020

which reflects the highet strength of the 1020 martensite at equal

volmne ftact:lons (carbon content 1s higher) Thus Equation 1 appears .

pects, atténtion is turned to the m:lcrostructural

Examinat:lon by transmission electron micros-




copy has shovn no morphological differences in the martensitic phases
of the duplex structures obtained by continuous annealing or interme-
diate quenching.  Some of the difference .in slope may be assigned to
the difference in the ferritic areas: . the intermediately quenched -
materia;,had a ferrite subgrain structure, whereas no observable.
division of the continuously annealed ferrite into subgrains occured.
Extrapolation of the curves to 0% martensite shows a. 42 ksi difference
in 5¢, which can not be_tofally‘attrihqtable to the subgrain structure
difference. The obvious dissimilarity is illustrated in:the optical
micrographs of Figure 3. C is from specimen CC (continuously. -annealed
1010) and D is from specimen 1B (intermediately quenched 1010). The
shape of the martensitic regions [from tﬁe two processes] is drastically
different, and becomes suspect as the cause for the different behaviors.
Thus Equation 1 is inadequate and needs to be modified to include
factors concerning the detailed morphology [size, shape and distribu-
tion] of the second phase in the duplex structure. This result differs
-from that.found for duplex austenitic-martensitic steels.34
- Tempering changes both Sm and Sf, and it is desirable to
isqlate._gs.muCh‘ag possible, .the. effect of Sf. From Table 3 the
. chénge 1n;sm,fF0¢ ﬁhe‘as quenched to the 200 °C tempered condition
can be calculated for the fully martensitic specimens;at 0.1% C the
chaqgé‘is 1% and at 0.19% C the change is 4%. Assumingfa linear
change, which is at least qualitatively reasonable it is possible to
predict the tempering responses of higher carbon martemsites  (with

0.5% Mn) at 200 °C. A complicating factor that remains is that. the
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i1 "tﬁe“niafﬁé 81te’cannot be determinedvaccurately: -

';6;é‘liaﬁvie4'ti'ela'tedf;-liardness valiles to carbon

, and*the converted

‘ossible by making a‘comparison to'a formula relating carbon

»ensile strength e. g. reference 15, and" assuming a linear response

Sf, "decreases as the

Cbﬁpariqg the relative

The stress in the

; Increades:

ges; the total -

also ‘decreases.
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It is emphasized that with so many approximations and assump-
tions that only a very limited estimate of the behavior is possible.

Nevertheless, it can be seen that Equation 1 is a useful empirical

equation to describe the mechanical properties of these duplex systems.

2. Qualitative Relationships.

It is immediately obvious from Figure 23 that the strength/
ductility combinations of the intermediately quenched 1010 are superior
to those of the continuously annealed alloy (1010 C). This can be
attribqted:to the: finer dispersion of martensite in the ferrite matrix,
and to the ferrite sﬁbgrain strengthening. An advantage may also be
assigned to the fewer fibrous carbides at the ferrite/martensite
inte;faces. With the relative inferiority of the continuously annealed
1010, the remainder of this correlation will concern only the interme-
diately quenched 1010 and 1020.

In both the 1010 and 1020 duplex steels, the network of sub-
grains was very obvious. Analysis of numerous transmission electron
. mic;ogrépheAand;general.observations proved that the average subgrain
-spacing was approximately 0.5 microns for both steels, and appeared
to be easentially. independent of Vma Thus, the strengthening variance
.. due to-subgrains: is believed to be negligible.

. fheré is much controversy in the literature concerning.the
.. beneficial aspects of retainmed austenite. 1Its ability to effectively
- inhibit crack growth has especially been contested. ‘However, the
amounts of retained austenite detected in the duplex alloys was very

small, and the effect it would have -on mechanical properties -is. -




11010 ‘and. 1020. - As mentioned previously, the prior austenitic

a: loys was-ASTM: #5.. No significant sttength-

of‘;;tv}i;oning‘; in. the dupiex\ specimens, twinning seemed more prevalent
An: specinen 2B.(1020) than in specimen 1B (1010). Relly and Nutting’>
hovo:Shom that increased carbon and the subsequent lowering of Hs
L-f_-i‘ncr_éasedy the probability of transformation twinning; an assertion
corroborated by Thomas.sv ,The martensite in 2B’ (V = 407) is expected
¢ongiderabl 'hi‘;gﬁe:_; ;qaghomcon:en:t than' that in 1B (V = 35%),
‘ot'ai_'bbservaﬁons are ﬁhuo supportive of the

effect” o"'f;t“vzirin':l.ng: on martensite toughness




impact resistance which is considerably inferior to the duplex 1010.
This is pfesumably due to the larger amounts of twinning in addition
to the higher carbon content inm the 1020.

The final variable to be considered-appears to be the most
influential. ¥or a given steel, the volume fraction of martensite
(and its carbon content) is seen to be the major controlling factor
for the strength, ductility and impact resistance of the duplex mate-
rial. Examination of Figures 15-17 and 19 suppofts this conclusion.
With the other metallurgical variables equal, the higher carbon content
in the 1020 martensite vs. the 1010 martensite at equal volume frac~

tions is chiefly responsible for the differences in mechanical prop~

erties.

D. COMPARISON TO COMMERCIAL SPECIFICATIONS

Figure 23 shows the strength/ductility combinations obtained
with the intermediately quenched, duplex 1010 and 1020 alloys in this
investigation. Also shown are the tensile properties of the commercial
1010 and 1020 in the hot rolled and cold drawn conditionms.

Extrapolation of the curves shows that the properties obtained
with the duplex steels meet or exceed the commercial specifications
(compqae the as quenched to the cold drawn, and the tempered to the
hot rolled), without the need for théfmomechanical treatment. The
strengths obtained in this investigation greatly‘exceed the strengths>
of commercial 1010 and 1020, with the consequent sacrifice in ductility.

As mentioned previously, the final selection of properties is deter@ined
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-steel

Ry

Ther .h'z";é;,,gié' comercial specifications gvailable for 1010 and

sct values, and typlcal values could pot be found in the . .




martensitic and duplex 1010 and 1020 steels in this research, the

following conclusions are made:

1.

IV. CONCLUSIONS

Based on the investigations and characterizations of the fully

The rule for two phase mixtures, Sc = Sme + Sf(l - Vm), may
be used empirically to describe the mechanical properties of
these duplex alloys. Suitable modifications to include the
size, shape and distribution of the second phase are necessary
for more quantitative correlationms. |

For the 1010 steel, the intermediate quench route enables
strength/ductility combinations to be obtained that are supe-
rior to those obtained by continuous annealing.

The largest factor controlling the strength, ductility and
impact resistance of the duplex alloys in this investigation
is the volume fraction of martensite.

fhe property differentials between the duplex 1010 and 1020 .
(intermediately quenched) at equal volume fractions of marten-
site are due mainly to the hihher carbon content (hence,
higher strength) of the 1020 martensite.

Using the average energy criterionm, the ductile-brittle transi-
tion temperafure for the fully martensitic/and duplex 1020
steels is about 25 °C. The DBIT appeared to be essentially

independent of Vm.



It is suggested;fi';at the pooréé impaf:t properties of the

duplex 1020 steel (compared to. 1010) are attributable to

;the large Jamo nts ‘of transformation tw:lnn:l.ng and higher
iicatbon con.tent in. the 1020.

The tensile properties of thev&uplex 1010 and 1020 steels
in’this {nvestigation meet or exéeéd commercial specifications,

w:lithout the need for thermomechanical treatment.




10.
11.
12.
13.

14,

15.

16.

35

REFERENCES

Technology Forecast, Metal Progress, p. 32, Jan. (1977).

J. Y. Koo and G. Thomas, Mat. Sci. and Eng., 24, 187 (1976).
J. Y. Koo and G. ﬁoms, Met. Trams., BA, 525 (1977).

J. Y. Koo, M.S. Thesis; University of California, Berkeley,
LBL-3587, Feb. (1975).

S. Hayami and T. Furukawa, Micro Alloying '75, Symposium on

High Strength, Low Alloy Steels, Products and Processes, p. 78,

Washington, D.C. (1975).

R. L. Cairns and J. A. Charles, J. Iron and Steel Inst., p. 1044
(1967). |

M. Enomoto and E. Furubayashi, Mat. Sci. and Eng., 24, 123 (1976).
S. K. Hwang, M.S. Thesis, University of Californla, Berkeley,
LBL-3503, Dec. (1974). ‘

S$. Jin, 8. K. Hwang and J. W. Morris, Jr., Met., Tramns., 6A, 1721
(1975).

R. L. Miller, Met. Trans., 3, 905 (1972).

E. Snape and N. L. Church, . J. of Metals,.p. 23, Jan. (1972).

R. A. Grange, Met., Trams., 2, 65 (197_1).

Aufomotive Engineering, 84, 49, Nov. (1976).

Edgar C. Bain and Harold W. Paxton, Alloying Elements in Steel,

American Society For Metals, Matals Park (1966).
W. H. McFarland, Trans. TMS-ADME, 233, 2028 (1965). .

K. J. Irvine, J. Iron and Steel Inst., p. 820 (1962).




_17.' ~ Annual Book of Asff'i(.Sfaﬁaéfd,;:‘~'desiénat'1on E23-72, sections 8.2.1

: vaﬁd-.lB._Z.Z, revised Ji.ine;(1972),

e ob‘éi:-l: Déi-‘(dff”“and"FreﬂériEk"Rhine's,.Qu:intitativeﬂicroscopy.

\ g, 'Tgbefl‘.li!'aﬂ'»igh&"[\.f’ Jo ﬂ‘cEVi].y, Jr., Fracture of Structural

Hater:lals, John Wiley and Sons, New York (1967)

E G R. Speich ‘and W.. C. Lealie, Met. Trams., 3, 1043 (1972).

23. Paul G. Shewmon, Transformations in Metala, McGraw—Hi].l,

" New York (1969).

“2h. H. I :iﬂkiii'ons:ér.l, H. A. Domian and G. M. Pound: Trans, AIME, 236,

753 (1966)

: W. Paxton. _"Transformation and Hardenability in Steels",
o climax Molybdemm Co., Am Arbor, Mich., p. 3, 1967.

‘5D.' H. Warringt:on, J. Iron and Steel Inst., p. 610, July (1963).

: K. Honeycombe, Metal Science, 8, 197 (1974).

Matdet, Met:' Ttans‘., 2, 2343 (1971).



33.
34.
35.
36.

37.

38.

37

N. J. Petch, Progr. in Metal Phys., 5, 1 (1954).

P. R. Manganon and G. Thomas, Met. Trams. 1, 1587-1594 (1970).
P. M. Kelly and J. Nutting, Proc. Royal Soc., A259, 45 (1960).
G. Thomas,. Met. Trams., 2, 2373 “(1971V)..‘

J. McMahon and G. Thomas, 3rd Int. Conf. on Strength of Metals

and Alloys, Cambridge, England, 1, 180 (1973).

S. K. Das and G. Thomas, Trans. ASM,:62, 659 (1969).




arbon 0.10

arbon 0.19

v Yield: Strength o

Treatment tion o ksi. .ggag

1010 - AsTP B 775 30 sh  (4k2) 99 (683Y

AHTP 1B - 795 35 66 . (455) 104" (718)
AT wc L UeLE . 45 79 (565) 113 {780).
A M. - 100 124 (856) 144 (994)
A+CTP €& 765 - 30 68 (470) 110
AVGTP cB 775 0 40 69 . (477) 108
A+CTP cc ‘995 . 55 76 (525) 111 . oy
A¥CTP o 810 © 8D 80 (532} 116 - T
A+CTP CE . 740 15 68 (470) 105 Q
1020 ANTP 2A 725 25 57 (393} 96 g
A¥TP 28 746 . 40 73 (504) 122 84!
A#TP 2¢ 755 50 75 (518) 127 , 74
A Vit - 100 170 (1173) 203 (1401) 4

‘A - Austenizat:lon at 1100 °C, agitated iced brine quench. - - e
A¥TP - Adstenilzation followsd by two ‘phase annealing with intermediate quenching. o
AHCTP ~ Austenizac:lon followed by contimuous two phsse annealing.

.

g
m,




Table III.

Mechanical prOperties (tempered 30 min. at 200 °C)

1010

1020

Designation Yield Streng_h Ultimate Strength

_ksi _(MPa) ksi _(MPa)

1A2 51 (352) 80  (552)
.'1B2 53 . (366) 83 . (573)
1c2 54 (373) - 84  (580)
m2 126 (869) = 143  (987)
242 50  (345) 77 (531)
2B2 58  (400) 95  (656)
22 65  (449) 104 (718)
M2 164 (1132) . 195  (1346)

eu et
@& @)
12 21
10 =17,
8.5 16
5.5 9
13 19
11.5 15
10 13
5 9




3> “ (504)

: ' ¢400)
60 55 (379)

1122

95

82
71

(842)
(656)
(566)
(490)

u

LZL

© 9.5

10

‘11
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14
17
18
19
12
15
25
27




Table V. Impact testing of fullsize 1020 for transitfon temperature

Temperature (C)

=75 =50 -25 0 23 90

2 4 11 18 21 35

. .

u 28 4 5 5.5 8. 18

3 ‘

% 2C 3.5 4 4 6 16
™ 11 11 14 20 26, 36
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. PIGURE CAPTIONS

'—'» Sc}leg\égics of heat treatments. (a) and (b) intermediate quench-

_(é)-continuous’dnnesling’ (1010 only).

' peeiﬁéﬁ;gﬁmetfﬁég for mechanical testing specimens.

A, si;éi:ting‘microstructure (1010 and 1020

i j.l?léx—:liiférmgdiate Aquench:l.ng. - C,

D, 1010 duplex,‘ intermediate

4. Compc;"site; transmission electron micrograph of martensite lath

a embedded in the ferrite of specimen 2B (1020). Note the

S

,subgra:ln structure :l.n ferrite.
5, Transmisa:l.on' m:l.crographs of specimen 2B. A, martensite and
;dislocated ferrite. B, subgrain network. C, dislocations

-‘rearranged to‘?form a subboundary. Some background precipitation

p ai:'s :I.n ‘some areas.
0 micrographs. Fibrous catb:l.des at ferrite/marten-

btight field of specimen cc (continuously

1ed:1010), B is: 'he correspond:l.ng dark field. C, specimen

chad sﬁecimedas. ‘All spe’cimens showed ‘a predominantly

‘ductile’fallire. A and B, as quenched. C, tempered at 200 °C

0 minutes.




10.

11.

12.

13.

14.

. C, complex intersection of laths in martensitic phase of duplex

. Transmission micrographs. Extensive autotempering in completely

(1020). A, bright field. B, corresponding dark. field where

Scanning electron fractographs at increasing. magnifi
continuously annealed 1010. . Lbcali;ed dual modes of failure
are evident as shown in C and D.

Transmission electron micrographs. A, composite showing broad
face of martensite lath. Note pocket bounda;ies_and auto-

tempering. B, typical lath martensite in 1010 and 1020 steels.
specimen.

martensitic structures of 1010 and 1020 steels.

Transmission micrographs of retained austenite in specimen 2M

thin films of retained austenite reverseqlgontrasc when (002)Y
reflection was imaged. C, selected area diffraction pattern.
D, indexed SAD proving K-S relationship of martensite and
auateg;;e.‘

Transmission microgréphs of specimen 2B (1020). A, dislocated
ferrite and.fgrrite/martgnsite ipterface.. Note twins at upper
:ight. HB,tggF?emqu_fine transformation twims. |

SE& frggtographs of charpy failures at room temperature. Most
failures may be characterized by quasi cleavage. Note: only
intermediatgly quenched specimens were tested in impact.

SEM fractographs of charpy failures. A and B, room temperature

fractures. ¢, secondary cracking in 2B at -50 °C.




" Note:  No' continuously annealed material

'serengths and elongation ductility vs. martensite fraction for

inter ed:latelyqquenchéd' 1010 ‘and ‘1020 steels. As quenched.

gth and elongat:lon ductility vs. martens:lte fraction for

%’1n:é*“n?réd ately quenchied 1010 and 1020 stéels tefipered at 200 °C

for 30° m:l._ tes.

SRS [ -‘As quenched and tempered properties of intermediately quenched

*1010°ahd 1020- steéls containing 35% and 40% martemsite,

e

19, Chai;py"iﬁbééti"iéhetgies of intermediately quenched 1010 (subsize)

© v and! 1020 (subs:lze ‘and ‘fullsize) steels.

it:lon curves for fully martensitic and

usly” anvnfefaiiiilﬁdijiﬁiex ‘specimens. Approximate

uenched;: 1010 and 1020 steels.
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v

Total elongations vs. ultimate strengths of the 1010 and 1020 '

steels in this investigations. Also shown are the minimum

~commercial specificatioms of hot rolled and cold drawn 1010 and

' 1020 steels.
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A. FLAT TENSILE SPECIMEN

2.165"

B. STANDARD AND SUBSIZE CHARPY V-NOTCH IMPACT
SPECIMENS

XBL775-5406

Fig, 2
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XBB774~4018

Fig, 7
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Fig. 11
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Fig. 13
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