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A steel containing 0.088 wt% C, 1.2 wt% Mn, and 0.78 wt% Cr was rolled at intercritical temperature
(790 °C) and quenched to produce dual-phase microstructure. Rolling caused anisotropic increase in
tensile strength and little change in ductility. The results suggest that rolling increased strength by a
combination of strengthening of the ferrite and an increase in the stress transferred to the marten-
site. Up to 20% rolling reduction strengthened the ferrite by work hardening, larger reductions then re-
duced the strength of ferrite, anisotropically, due to increased recovery. Subgrains in ferrite were
observed after rolling in the intercritical region which can contribute to the ultimate strength of the
rolled material.

Keywords dual phase steel, intercritical region, strain, stress, led rolling in the intercritical annealing region (Ref 16). Roll-
tensile properties ing in the intercritical regions can produce fibers of martensite

in the ferrite matrix resulting in an anisotropy in the tensile
properties. The aim of the present study was to investigate the
effect of rolling on the longitudinal and transverse tensile prop-
erties of the warm rolled, dual-phase steel.

Dual-phase steels offer a combination of properties in ten-
sion (Ref 1-3), which make them unique among high-strength,
low-alloy (HSLA) steels. Their main characteristics are con- 2 - Experimental Work
tinuous yielding, low elastic limit and 0.2% offset yield
strength, high work hardening rate in early stages of deforma-

tion, and usually high uniform and total elongation. The low | o:arial was provided by British Steel Corporation in the
elastic limit and absence of discontinuous yielding in dual- t5-m of hot rolled, 12 mm slabs. Metallographic examination
phase steels has been explained in terms of residual stresses agfl 55_received microstructure showed it consisted mainly of
high dislocation density in the ferrite matrix surrounding the ferrite and pearlite.

martensite particles (Ref 4). Lattice shear and volume expan-

sion accompanies the austenite to martensite transformation ) . .

(Ref 5, 6) during cooling from the ferrite plus austenite phase 2-1 Thermomechanical Processing for Mechanical

field and causes distortion in the product (martensite) and the Testing

matrix (ferrite). This distortion generates residual stresses (Ref  Rolling reduction of 0, 20, 30, and 50% were planned after

7, 8) and a high density of mobile dislocation in the ferrite adja- annealing at 790 °C. This temperature was selected from an-

cent to martensite particles and causes plastic flow at low plas-other set of experiments in which a plot was drawn between

tic strains (Ref 1). Because the plastic flow begins at many sitesvolume fraction of austenite and the intercritical heat treatment

throughout the specimens, discontinuous yielding is sup- (ICHT) temperature. The volume fraction of austenite was 50%

pressed (Ref 9). at 790 °C. The final dimensions of the specimens after rolling
There appears to be general agreement that the strength ofere such that tensile specimens in both longitudinal and trans-

dual-phase steels is linearly proportional to the percentage of

martensite in the struct_ure (Ref 10-12) and also to the (_:arbonTab|e 1 Chemical composition of the steel used

content of the martensite (Ref 13). For the same material, the

1. Introduction

The composition of the steel is described in Table 1. The

flow stress at 1% strain is linearly dependent upon the marten-Element Composition , wt%
site volume fraction. At a given carbon level, the higher the in- 0.088
tercritical annealing temperature, the larger the flow stress (Refs; 0.26
10). Other studies (Ref 14-15) have shown that strength ofMn 1.2
dual-phase steel is dependent only on the volume fraction of? 0.01
martensite and not on the carbon content of martensite. Similar,, g:%}g
effects of volume fractions of martensite and its carbon contentyg 0.04
on tensile properties were studied in connection with control- Ni 0.15
Cu 0.20

- - Sn 0.017
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verse directions could be machined from each of the slabs. ltwith a bold outline. A Swift point counter (James Swift, Bas-
was required that the final thickness be 5 mm (for consistencyingstoke, England) was used to determine the fractions of vari-
of rolling) after each rolling reduction. Therefore, the speci- ous phases. A magnification of 100@as used for counting
mens were machined initially to different lengths and thick- 1000 to 1500 points for each specimen. Ascanning electron mi-
nesses. Very little increase in width was obtained after rolling. croscope was used to examine the substructure formed in the
A hole of 2 mm diam was drilled through the width of each rolled specimens.
specimen, to contain a thermocouple with its junction in the
center of the specimen. The hole was packed with alumina
wool. OL_Jtsidethe ;pecimen, the thermocouple wires were insu-3_ Results and Discussion
lated with ceramic beads and sheaths. The specimen was
mce)ztn;ei‘oéc:glﬁlnzt.eel rod to facilitate handling during heat treat Tr_le tensile data of the spt_ecimens are Iistegl in Tabl_e 2. The
To record the history of temperature changes inside the SPECIMENS are COd?d accordlngt_o th(_e quenchm_g medl_um used,
specimen during rolling and quenching in different media, a the planned rgductlon, and the direction Qf tensile t?stlr,\’g with
flatbed millivolt recorder was used. The chart recorder output respect to _rolllrlg rfductlon. For example, in BRSQL, BR rep-
of millivolt versus time was used to estimate the cooling rate. reselr‘ltf brine, “50" refers to_pla_nned percent rolll_ng reduction,
The speed of the chart recorder was changed according to th nd °L” represents the Iongltudmal testing direction. The car-
cooling rate. on contents of martensite were es_tlmated from the approxi-
The rolling speed of 17 mm/min was used for all specimens. mate carbon content OOf the ferrite (0.01%), the carbon
All rolling reductions were performed in a single pass except content .Of steel (0.08%), and the volume fraction of the
the 50% reduction that was completed in two passes. After themartensite. .
required rolling reduction, the specimens were quenched in, The true stress-true strain curves 0f 0,19, 29 ano_l 48% roll-
iced brine solution at -5 °C so that all the austenite could transIN9 reductions, to the onset of necking, are shown (Fig. 1a, b, c,
form to martensite. and d). The comparison of behaviors in longitudinal and trans-
verse directions shows that the true stress at the instability was
approximately the same at 0% reduction, but increased more in
the rolling than in the transverse direction as the rolling reduc-
Tensile testing was conducted on an Instron machine (|n_ti0n increased. At 0 and 19% I‘OIIing redUCtionS, dUCt|I|ty was
stron Corporation, Canton, MA) having 100 kN load capacity. greater in the transverse direction, but at the higher reductions
All tests were performed at the crosshead Speed of 0.5 mm/m”“t was gl’eater in the |0ngitudina| direction. These trends are il-
in normal atmosphere. An extensometer with a 25 mm gaugelustrated (Fig. 2a, b).
length was used, and plots of load versus strain were obtained The martensite particles became more fibrous with increasing
in each case. rolling strain. The fibrous structure of specimens BR50L and
BR50T and the equiaxed structure of specimens BROL and BROT
are shown (Fig. 3a, b, respectively). In the longitudinal direction
the martensite fibers are lengthened and are reduced in thick-
Long transverse sections were used from the rolled and not-ness by rolling. In the transverse direction they are not length-
rolled specimens. All the specimens were etched in the 2% nitalened but thinned in the direction normal to the rolling plane.
solution that revealed ferrite-carbide constituents as black ar-Thus the aspect ratio of the fibrous martensite particles will be
eas, leaving martensite unetched and differentiated from ferritegreater in the longitudinal than in the transverse test pieces.

2.2 Tensile Testing

2.3 Metallography

Table 2 Tensile data of various rolling reductions and quenched in iced brine solution

Carbon

Reduction content of Maximum True uniform Total Uniform  0.2% Proof
Specimen obtained, Martensite, martensite, Testing true stress, strain, elongation, UTS, elongation, stress,
code % % % direction MPa % % MPa % MPa
BROL 0 42.2 0.19 Longitudinal 848.9 8.64 17.2 778.6 9.02 345
BROT 0 42.2 0.19 Transverse 851.4 11.18 761.3 11.83 386
BR20L 19.2 50.6 0.16 Longitudinal 978.5 5.61 14.0 925.1 5.8 546
BR20T 19.2 50.6 0.16 Transverse 961.0 8.15 13.0 885.8 8.5 507
BR30L 28.7 50.3 0.17 Longitudinal  1022.6 10.66 16.4 919.26 11.25 540
BR30T 28.7 50.3 0.17 Transverse 901.8 6.64 11.6 843.91 6.86 430
BR50L 48.0 455 0.18 Longitudinal  1020.5 9.70 18.0 926.1 10.2 384
BR50T 48.0 45.5 0.18 Transverse 938.5 7.6 11.6 869.8 7.9 461
0.12% steel (a) 44.3 0.28 788 14.0
0.16% steel(a) . 50.3 0.32 920 10.2
ICHT at 780 °C(b) 0 55.0 12.0 924.09 6.39
ICHT at 780 °C(b) 50 48.9 8.9 1014.76 8.9

(a) Ref 13. (b) Ref 16
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Fig. 1 True stress-true strain curves after intercritical annealing at 790 °C followed by (a) 0%, (b) 19%, (c) 29%, and (d)¥8% rolli

reductions. All the specimens were quenched in iced brine solution.
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Fig. 3 (a) Fibrous martensite in specimens BR50L and
Q Transverse BR50T, 25&. (b) An equiaxed structure in specimens BROL
(b) and BROT, 258. (Art has been reduced to 65% of its original
| 1 1 ] 1 size for printing.)
0 10 20 30 40 50
Rolling reduction (%) These observations suggest that improvement of strength

Fig.2 Effect of rolling reduction on (a) UTS and maximum with rqlling reduction was caused _by two_principal changes_ in
true stress and (b) uniform elongation, after quenching in iced the microstructure: (a) The formation of fibrous martensite in-
brine solution creased the area of contact with the matrix (ferrite) compared to
the equiaxed structure of unrolled martensite. Therefore, stress
The comparison of true strain values for longitudinal and transfer from the matrix to the fiber might be more efficient;
transverse specimens, up to the onset of necking, also showand (b) Deformation produced subgrains in the ferrite, which
that for rolling reductions of 0 and 19%, ductility was greaterin Might have increased the strength of the matrix
the transverse direction. For reductions of 29 and 48%, ductil- A comparison of ultimate tensile strength (UTS) and uni-
ity was greater in the rolling direction. The formation of sub- form elongation with some results reported by Speich and
structure in the ferrite as a result of 48% reduction is shown in Miller (Ref 13) and those by Sarwar and Priestner (Ref 16) are
Fig. 4. Tanaka (Ref 17) and Sarwar and Priestner (Ref 16) alsanade in Table 1. The tensile data of Speich and Miller with dif-
observed the formation of substructure in the ferrite after defor-ferent carbon contents of the steels showed a dependence of
mation in the intercritical temperature range and subsequentJTS and uniform elongation on carbon content in the marten-
cooling to room temperature. Tanaka showed that even heavysite. In the present work, unrolled specimens of similar marten-
deformation in the fully austenitic region produced only grain site content but lower carbon concentration in the steel and the
refinement of the resultant ferritic structure after cooling, martensite, had similar strength, with lower ductility, to that of
whereas deformation of a mixture of ferrite and austenite pro-the 0.12% carbon steel tested by Speich and Miller. Rolling at
duced a substructure in the ferrite which contributed to the the intercritical temperature increased both strength and ductil-
strength of the material. ity in the rolling direction, whereas the strength increase ob-
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4.

Conclusions

Anisotropy in the tensile properties was developed after
warm rolling. The strength of the steel is greater in the lon-
gitudinal direction than in the transverse direction at all
rolling reductions.

The formation of the fibrous martensite and subgrains in
the ferrite contributed to the increase in strength both in the
longitudinal and transverse directions.

Warm rolling in the intercritical region increased the work
hardening rate by better stress transfer from the matrix (fer-
rite) to the fiber (martensite) during plastic deformation.
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