University of Wollongong

Research Online

Faculty of Engineering and Information

Faculty of Engineering - Papers (Archive) Sciences

1-1-2009

Hot ductility of Nb- and Ti-bearing microalloyed steels and the inlfuence of
thermal history

Kristin R. Carpenter
University of Wollongong, kristinc@uow.edu.au

Rian J. Dippenaar
University of Wollongong, rian@uow.edu.au

Chris Killmore
BlueScope Steel, Wollongong

Follow this and additional works at: https://ro.uow.edu.au/engpapers

b Part of the Engineering Commons
https://ro.uow.edu.au/engpapers/2859

Recommended Citation

Carpenter, Kristin R.; Dippenaar, Rian J.; and Killmore, Chris: Hot ductility of Nb- and Ti-bearing
microalloyed steels and the inlfuence of thermal history 2009, 573-580.
https://ro.uow.edu.au/engpapers/2859

Research Online is the open access institutional repository for the University of Wollongong. For further information
contact the UOW Library: research-pubs@uow.edu.au


https://ro.uow.edu.au/
https://ro.uow.edu.au/engpapers
https://ro.uow.edu.au/eis
https://ro.uow.edu.au/eis
https://ro.uow.edu.au/engpapers?utm_source=ro.uow.edu.au%2Fengpapers%2F2859&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/217?utm_source=ro.uow.edu.au%2Fengpapers%2F2859&utm_medium=PDF&utm_campaign=PDFCoverPages

Hot Ductility of Nb- and Ti-Bearing Microalloyed Steels and the I nfluence of Thermal History

Carpenter, K R;Dippenaar, R;Killmore, CR
Metallurgical and Materials Transactions; Mar 2009; 40A, 3; ProQuest Central

pg. 573

Hot Ductility of Nb- and Ti-Bearing Microalloyed Steels
and the Influence of Thermal History

K.R. CARPENTER, R. DIPPENAAR, and C.R. KILLMORE

The hot ductility of Nb, Ti, and Nb-Ti containing steels has been studied under direct-cast
conditions. A Gleeble 3500 thermomechanical simulator was used to determine hot ductility
over the temperature range 1100 °C to 700 °C at a low strain rate of 7.5 x 107 s™'. Tensile
samples were cooled at two different cooling rates, 100 °C/min and 200 °C/min, simulating,
respectively, thick and thin slab casting processes. Complex thermal patterns designed to sim-
ulate the cooling conditions experienced near the surface of a slab during continuous casting
were carried out for the Nb-Ti steel. The Nb-Ti steel had lower ductility than both the Nb and
Ti steels. Increasing the cooling rate generally deteriorated ductility. The low recovery of duc-
tility at higher temperatures is explained in terms of a low strain rate and fine precipitation
delaying the onset of dynamic recrystallization. This can promote intergranular cracking as a
result of grain boundary sliding in the austenite. At lower temperatures, ductility was further
reduced due to the formation of thin ferrite films at the prior austenite grain boundaries.
Simulating the thermal history experienced near the surface of thin (90 mm) cast slab improved
ductility of the Nb-Ti steel by promoting coarser NbTi(C,N). This exposes a potential flaw in a
simplified hot-ductility test: a failure to accurately represent the influence of the thermo-

mechanical schedule on precipitation and, hence, hot ductility.

DOI: 10.1007/s11661-008-9749-1

© The Minerals, Metals & Materials Society and ASM International 2009

I. INTRODUCTION

THE simple hot-tensile test has been found to be
useful in assessing the likelihood that steel will develop
transverse surface cracks during the strai%htening oper-
ation in the continuous casting process.' ™ However,
for such a test to have relevance in practice, it is
imperative that the thermal history of the surface of a
slab that is subjected to straightening be simulated as
accurately as possible in the laboratory hot tensile tests.
It is therefore more appropriate to use tensile specimens
that have been melted in situ (direct cast structures) than
specimens that have been reheated to the test temper-
ature."5% It is specifically important to use in-situ
melting of tensile specimens to_evaluate hot ductility of
steels containing Ti and S.*71 In these stecls, in-situ
melting ensures complete resolution of Ti and sulfide
particles and provides a segregated, coarse-grained
microstructure similar to that observed in continuous
casting practice.

Commercially, small additions of Ti have been found
to reduce the propensity to crack formation during the
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straightening operation in continuous casting of steel
slabs.'™ However, in-situ melted laboratory tensile
tests generally show that Ti has little or even an
adverse effect on hot ductility and it is alleged that
precipitation of fine TiN or Nb-Ti(C,N) particles
during laboratory tests accounts for the detrimental
effect of Ti on hot ductility.?¢*!% This apparent
discrepancy between laboratory and commercial find-
ings could possibly be accounted for by the fact that
the laboratory specimen is subjected to a very simple
cooling cycle, whereas the surface of a slab experiences
a very complex cooling cycle prior to straightening
and, hence, a very different precipitation sequence of
carbonitrides.>®*1  Therefore, it is important to
simulate as accurately as possible the thermal history
of the near-surface region of continuously cast slabs in
laboratory tests.

The present investigation compares the hot ductility,
determined following in-situ melting, of Nb, Ti, and
Nb-Ti containing low alloy steels, cooled at rates of
100 °C/min and 200 °C/min, thus simulating the cooling
conditions of conventional and thin slabs, respectively.
A major difference between conventional and thin-slab
casting is the significantly shorter solidification time
(~22.5 minutes for 250-mm-thick slab and 2.5 minutes
for 80-mm-thick slab) and faster cooling rates for the
thinner slabs. The different thermal history of the
surface of the slab between conventional and thin slab
casting can profoundly effect precipitation and, thus,
hot ductility. Consequently, the influence of thermal
history, based on thin-slab casting, on hot ductility of
the Nb-Ti steel was assessed.
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II. EXPERIMENTAL

The compositions of the steels used in this study are
shown in Table I. The Nb steel was a strip grade for
structural tubing applications, and the two Ti-bearing
steels were plate grades. Samples were cut from 250-mm-
thick continuously cast slab and were machined with
their axes parallel to the casting direction, 115 mm in
length and 10 mm in diameter. A Gleeble 3500 thermo-
mechanical simulator (Dynamic Systems Inc., Poesten-
kill, NY) was used to conduct hot tensile testing at the
University of Wollongong, Australia.

Figure 1 displays the thermomechanical treatment
imposed on the hot tensile tests. Figure 1(a) shows the
direct-cast procedure (pattern I), while Figure 1(b)
shows more complex thermal cycles designed to better
simulate thermal temperature oscillations encountered
in practice (pattern II). In pattern I (Figure 1(a)), the
central part of a specimen is melted, and in order to
compensate for shrinkage during solidification, a com-
pressive deformation of ~7 pct is applied during cooling
from the melting temperature to 1370 °C at a rate of
360 °C/min. The specimen is then cooled at a rate of
either 100 °C/min or 200 °C/min to the test tempera-
ture (between 700 °C and 1100 °C). In pattern II
(Figure 1(b)), a similar melting procedure is followed,
but the specimen is cooled at a rate of 1200 °C/min to
900 °C (Tin). Following cooling to Tpn, three different

thermomechanical cycles were imposed. In cycles 1 and
2, a specimen is heated from Ty, to 1100 °C (Tax) at a
rate of 200 °C/min and then cooled to the test temper-
ature (Tie) Of 900 °C, at an average cooling rate of
200 °C/min. Temperature oscillations were introduced
on cooling from 1100 °C to the test temperature of
900 °C. The amplitude of oscillations was £50 °C with a
period of 30 seconds for cycle 1 and £100 °C with a
period of 60 seconds for cycle 2. For cycle 3, the
amplitude of oscillations was %50 °C, but with an
average cooling rate of 100 °C/min from Tpin t0 Test-

The key temperatures used in pattern IT were selected
from the cooling profile of the near surface region of a
90-mm-thick, commercially cast slab.'® The surface
temperature of a cast slab drops sharply on exiting the
mold but, subsequently, is reheated due to the conduc-
tion of heat from the hot central region of the slab.
Following this, thermal oscillations, during cooling to
the straightening segment, are introduced due to the
alternating impingement of water sprays and guide rolls
on the slab.

Quartz tubes with a diametrical clearance of 0.2 mm
were used to contain the molten zone in the center of the
tensile specimen. Samples were held for 1 minute at the
test temperature and then strained to failure at a rate of
approximately 7.5 x 107* s, followed by an immedi-
ate water quench.

Table I. Chemical Compositions of Steels (Weight Percent) and Calculated Ar; Temperature
Alloy C Mn S Al Nb Ti N Ar; (°C) Ae; (°C)
Nb steel 0.155 0.73 0.013 0.036 0.022 <0.003 0.0033 763.9 823.7
Ti steel 0.165 L.11 0.012 0.033 <0.001 0.018 0.0027 731.9 826.3
Nb-Ti steel 0.160 1.23 0.017 0.027 0.019 0.015 0.0031 726.4 827.8
'y
Melt
Melt 7% Compression © 7% Compression

& o mx 1100°C  Cl t50°C@

® 200 °C/min ‘e 200 °C/min

2 100 °C/min T <

g ¥
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& T =700-1100 °C Y

T min 900 °C Teew
900 °C
C2tl00°C@
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Time
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Fig. 1—Thermal patterns used in the hot-tensile tests: («) Pattern I (no thermal oscillations). (b) Pattern [I with three different thermal oscilla-
tions: C1 % 50 °C at 200 °C/min, C2 = 100 °C at 200 °C/min, and C3 + 50 °C at 100 °C/min (not shown).
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Metallographic examinations were carried out on
longitudinal sections of the tensile specimen, taken close
to the point of fracture. After optical examination, the
specimens were repolished and lightly etched in 2.5 pct
Nital in preparation for carbon coating. To ensure
carbon replicas were taken from adjacent to the fracture
face, only the area adjacent to the fracture face was
exposed for carbon coating. Specimens were then placed
in 5 pct hydro-bromic acid to strip the replicas, which
were washed in two baths of ethanol, then floated for
collection on copper grids in a mixture of 80 pct distilled
water and ethanol. Carbon extraction replicas were
examined in a PHILIPS* CM200 transmission electron

*PHILIPS is a trademark of Philips Electronic Instruments Corp.,
Mahwah, NJ.

microscope (TEM) equipped with EDS. Fracture sur-
faces were examined with a JEOL** JEM-3000 scanning

**JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

electron microscope (SEM) with an LaB6 gun.

III. RESULTS

Figures 2(a) through (c) show the hot-ductility curves
(percent reduction in area (RA) as a function of test
temperature) for specimens subjected to pattern I
treatment. In the industrially important temperature
range 800 °C to 900 °C, there is very little difference in
the hot ductility of the three steels, and in all three cases,
the ductility drops from about 20 pct at 900 °C to about
10 pct at 800 °C. Both the Nb steel and the Ti steel have
a ductility minimum at 800 °C, but there is a signifi-
cantly higher ductility recovery in the Ti-containing steel
compared to the Nb-containing steel when the test
temperature is dropped from 800 °C to 700 °C. By
comparison, the Nb-Ti steel has a ductility minimum at
750 °C and recovers some of the ductility at the lower
test temperature of 700 °C. At test temperatures exceed-
ing 900 °C, the Nb steel is more ductile than the Ti steel.
The Nb-Ti steel displayed a sharp drop in ductility
between 1025 °C and 950 °C, particularly at the higher
cooling rate. This phenomenon was not observed in the
other steels. An increase in the cooling rate caused a
marginal reduction in ductility in all three steels at the
high-temperature end of the ductility trough.

A comparison of the hot ductility at 900 °C of the
Nb-Ti steel treated through patterns I and II respec-
tively, is shown in Figure 3. It follows that the intro-
duction of thermal oscillations prior to hot-tensile
testing improved the hot ductility of the Nb-Ti steel.

In specimens that displayed minimum ductility, thin
bands of proeutectoid ferrite formed on austenite grain
boundaries, as typically shown in Figure 4. In Figure 4,
thin films of ferrite decorated the prior austenite
boundaries in a Nb steel, tested at 800 °C. Thin films

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 2—Hot-ductility curves for tests conducted using pattern I
where (a) Nb steel, (b) Ti steel, and (¢) Nb-Ti steel. Cooling rates
were 100 °C/min and 200 °C/min, respectively.

Cyc2 Cyc3 Melt Melt
100 200

Thermal Pattern

Fig. 3—RA at a test temperature of 900 °C for the Nb-Ti steel. Pat-
tern 11, cycles 1 through 3, is compared to pattern I. The cooling
rates were 100 °C/min and 200 °C/min, respectively.

of deformation-induced ferrite have been shown to be
able to form up to the Ae; temperature,!'”'® which was
calculated using Andrew's formulal'®! to be just above
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Fig. 4—Typical optical micrograph showing thin films of ferrite dec-
orating the prior austenite boundaries, Nb steel, test temperature,
800 °C.

820 °C (Table I). At test temperatures below 750 °C,
larger volume fractions of ferrite formed.

The SEM analysis revealed that the fracture surface
just below the Ar; temperature displayed a mixture of
microvoid coalescence and intergranular decohesion. In
microvoid coalescence, voids initiated during staining,
predominately at inclusions or precipitates at grain
boundaries, link up until intergranular failure results. As
the name of the mechanism suggests, microvoid coales-
cence is characterized by small ductile dimples on the
fracture surface. An example of intergranular failure via
microvoid coalescence is shown in Figure 5(a). Fracture
surfaces obtained from specimens tested in the single-
phase austenite region exhibited intergranular decohe-
sion, displaying flat, featureless facets, indicating failure
due to grain boundary sliding.”!'? An example of such a
failure is shown in Figure 5(b). Large, deep voids were
observed in specimens that displayed high ductility (not
shown).

In the Ti steel, large TiN precipitates, 50 to 250 nm,
predominantly cubic or rectangular in shape, were
found with increasing regularity the higher the test
temperature was, suggesting these particles predomi-
nately formed during testing and not during resolidifi-
cation. Fine, <30 nm, spherical TiN precipitates formed
below 1000 °C. The mean equivalent diameter was used
to measure particle size in order to account for the
unsymmetrical globular particles and to standardize the
measurement technique. The mean equivalent diameter
and the number of particles counted for the Nb steel and
Nb-Ti steel as a function of thermal history are
summarized in Table II. Video-Pro image analysis
software was used to measure the particles to an
accuracy of 0.5 um.

In the Nb steel, fine (<30 nm) spherical, Nb-contain-
ing precipitates were detected in specimens tested
between 950 °C and 875°C at a cooling rate of
100 °C/min and between 850 °C and 750 °C at a cooling
rate of 200 °C/min. This steel also contained spherical-
or globular-shaped Nb(C,N) precipitates. Larger pre-
cipitates (>50 nm) were found in specimens tested above

576—VOLUME 40A, MARCH 2009

Fig. 5—(a) Dimpled fracture surface, test temperature 750 °C, show-
ing typical mixed intergranular failure via microvoid coalescence in
the Ti-steel. (b) Fracture surface, test temperature 800 °C, displaying
intergranular failure with flat featureless facets, typical of grain
boundary sliding in the Nb steel.

Table I1. y of the Mean Equivalent Di
and Count, as a Function of Ther hanical T)
for the Nb-Ti and Nb Steels

Test Equivalent
Thermomechanical Temperature Diameter
Steel Condition (°C) (nm) Count
Nb-Ti pattern | 1000 42.8 22
100 K/min 985 26.4 100
950 11.4 60
900 52 840
850 4.7 100
Nb-Ti pattern 1 1000 23.6 273
200 K/min 975 29.0 48
950 12:2 199
900 5.8 332
850 4.1 245
Nb pattern 1 950 27.2 20
100 K/min 900 13.4 107
850 49 11
Nb pattern | 950 .7 96
200 K/min 900 6.4 90
850 6.2 47
900 4.6 184
850 5.1 74

METALLURGICAL AND MATERIALS TRANSACTIONS A
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900 °C. Specimens tested between 800 °C and 700 °C
contained few precipitates, but several MnS inclusions
were observed.

For the Nb-Ti steel, EDS confirmed the presence of
Nb, Ti, and N in almost all particles, indicating mixed
Nb-Ti carbonitrides, presumably NbTi(C,N). In speci-
mens tested between 950 °C and 900 °C, larger TiN
particles were also present. Precipitates smaller than
30 nm were found in specimens tested at temperatures
up to 1000 °C, and they were slightly finer when the
higher cooling rate was used. Precipitates of the cruci-
form morphology were also found at testing tempera-
tures of 1000 °C and above in specimens subjected to
pattern I treatment.

Histograms of precipitate distributions for pattern II,
cycles 1 through 3 for the Nb-Ti steel, are shown in
Figures 6(a) through (c). Figure 6(d) shows the histo-
gram for specimens subjected to pattern I treatment, test
temperature 900 °C, and cooling rate 200 °C/min. (Note
the change in scale between Figures 6(a) through (d)).
Inspection of the histograms (Figures 6(a) through (d))
reveals that much coarser precipitates formed under

Frequency

120

100
Precipitate size (nm)
(@)

Frequency

T T T ——
60 80 100 120 140
Precipitate size (nm)

(©

0 20 40

cyclic temperature oscillations, compared to the simple
pattern I treatment.

Figure 7 shows that the RA in the hot-ductility test is
increased by an increase in the size of carbonitride
precipitates when tests are conducted in the single-phase

8383

RA %
88

n
o

* ANDTI
10 ONb
0 T

0 10 20 30 40 50
Particle Size (nm)

Fig. 7—RA as a function of carbonitride precipitate mean diameter
in the Nb and Nb-Ti steels in the single-phase austenite region.
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Fig. 6—Histograms of precipitate distributions in the Nb-Ti steel. Test temperature 900 °C where (a) through (c) pattern I1, cycles | through 3,
and (d) pattern |, cooling rate 200 °C/min. (Note the different scale in Fig. 5(d).)
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austenitic region. However, it is interesting to note that
hot ductility is a sharp function of precipitate particle
size in the range 5 to 15 nm, but an increase in
precipitate size beyond 15 nm does not seem to have a
significant influence on hot ductility. It is well estab-
lished that grain boundary sliding is enhanced by
precipitation of fine particles,”! and hence, grain bound-
ary sliding can in large measure be circumvented by
particle coarsening. This finding has important practical
significance and will be discussed further in Section IV.

IV. DISCUSSION

In accordance with currently accepted theory,!'>4€!

minimum ductility for all the steels investigated is found
when a thin ferrite film forms on austenite grain
boundaries, as shown in Figure 4. Thermo-Calc was
used to determine the Ar; temperatures, as included in
Table I. The higher Mn content of the Nb-Ti steel
lowered the Ar; temperature and, hence, shifted the
ductility trough to lower temperatures. Failure at
minimum ductility is due to microvoid coalescence in
the ferrite film, as suggested by dimpled, intergranular
fracture surfaces (Figure 5(a)).

Once the test temperature is high enough to prevent
the formation of ferrite, the observed low ductility in
single-phase austenite is due to failure by grain bound-
ary sliding. A representative fracture surface, tested at
800 °C, displaying intergranular fracture due to grain
boundary sliding is shown in Figure 5(b). The preceding
observation is consistent with the Thermo-Calc predic-
tion that the single austenite region extended below
800 °C.

Grain boundary sliding is enhanced by precipitation
of fine TiN, Nb(C,N), and NbTi(C,N) in the steels.
These findings are in agreement with the well-established
notion that fine particles enhance failure by grain
boundary sliding® and that grain boundary sliding is
characterized by intergranular failure with fractographs
displaying flat featureless facets.

Previous research has shown that increased cooling
rates lead to decreased hot ductility of microalloyed
steels due to a refinement of AIN or precipitates
containing other alloying elements.!" %] The results
obtained in the present investigation support, to some
extent, this premise in the case of the Nb steel. There
was a slight reduction in hot ductility of the Nb steel for
specimens tested in the temperature range of 900 °C to
1000 °C when the cooling rate was increased from
100 °C/min to 200 °C/min. This reduction in ductility at
higher cooling rates may be related to the fact that finer
carbonitrides formed in the steel, which was cooled at a
higher rate. The mean carbonitride precipitate size for
specimens tested at testing temperatures 950 °C and
900 °C, respectively, were 27.2 and 13.4 nm when a
cooling rate of 100 °C/min was used compared to 7.7
and 6.4 nm when a cooling rate of 200 °C/min was used.
As shown in Figure 6, there is a sharp drop in ductility
when the steel contains particles less than about 15 nm.

There was a sharper drop in hot ductility at a testing
temperature of 1000 °C for the Nb-Ti steel at the higher

578—VOLUME 40A, MARCH 2009

cooling rate. The mean precipitate size at a testing
temperature of 1000 °C was 42.8 nm for a cooling
rate of 100 °C/min and 23.6 nm for a cooling rate of
200 °C/min. Although this size difference is out of the
sensitive range shown in Figure 7, the observed differ-
ence in ductility can still be explained by the difference in
particle size achieved at the two cooling rates. This
finding is of specific practical relevance, because the
temperatures of the surface of continuously cast thin
slabs are often close to 1000 °C when the strand enters
the straightening operation, suggesting a higher propen-
sity for the development of transverse surface cracks.

The hot-ductility curves for specimens cast by pattern
I and shown in Figure 2 reveal that the Nb steel has the
best hot ductility at temperatures above 900 °C, fol-
lowed by the Ti steel and then the Nb-Ti steel. The
Nb-Ti steel appeared to contain a larger volume fraction
of fine precipitates compared to the Ti and Nb steels,
and it is suggested that this is the cause of the lower
ductility. Volume fractions could not be established
quantitatively, and the precipitate density determined
from the same number of randomly taken replicas
(equal area) was used as a measure to indicate volume
fraction. Bright-field TEM micrographs of fine precip-
itates, extracted onto carbon replicas from specimens
tested at 900 °C, for the Nb steel and the Nb-Ti steel are
compared in Figure 8. The Nb-Ti steel had a larger
particle density presumably because of the presence
of both Nb and Ti, which enhance the precipitation of
complex carbonitrides as opposed to the formation of
binary precipitates.!'*'

The hot-ductility curves shown in Figure 2 imply that
Ti additions to Nb steels will increase the propensity to
transverse surface cracking, in aﬁreement with earlier
findings in laboratory studies.’””'*! On the contrary,
industrial practice indicates that small additions of Ti
(~0.01 pct) to Nb steel prevents transverse surface
cracking in continuous casting practice.'*'* This
discrepancy between laboratory tests and commercial
experience suggests that laboratory tests fail to accu-
rately simulate conditions during continuous casting,
even if sPecimens for the laboratory tests are cast in situ.
Mintz®'%% suggested that laboratory tests do not
provide a true representation of the influence of Ti
additions to steel, because more complex cooling pat-
terns are experienced by continuously cast slabs prior to
the straightening operation. The present investigation
has indicated that the introduction of thermal oscilla-
tions does improve the hot ductility of Nb-Ti steel by
influencing the precipitation behaviour, and it is perti-
nent to further analyze these findings.

The histograms of particle size distributions at a test
temperature of 900 °C, shown in Figure 6, show that
thermal cycling (pattern IT) produces coarser precipi-
tates than the simple pattern I treatment. More speci-
fically, the average precipitate sizes were 30.8, 12.3, and
21.6 nm for cycles 1, 2, and 3, respectively, while
average precipitate sizes of 5.2 and 5.8 nm, respectively,
were obtained in the case of pattern I treatment at
cooling rates of 100 °C/min and 200 °C/min, respec-
tively. The histograms (Figures 6(a) through (c)) for the
thermal oscillation tests included large precipitates,

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 8—Bright-field TEM micrographs of fine precipitates on carbon extraction replicas, taken at a test temperature of 900 °C for (a) Nb steel

and (b) Nb-Ti steel.

>40 nm, which were excluded from the average particle
size calculations. These large particles were absent in
specimens quenched at T, (900 °C), so they were
almost certainly formed on reheating from Tpni t0 Trnax
(1100 °C).

Increasing the temperature oscillation from +50 °C
(cycle 1) to 100 °C (cycle 2) resulted in a small decrease
in ductility and a smaller average precipitate size. This
finding confirms the earlier work by Mintz,?'! where it
was found that increasing the amplitude of the temper-
ature cycles enhanced Nb precipitation leading to a
wider ductility trough.

Simulation of the complex thermal history of a
continuously cast strand under thin-slab casting condi-
tions has shown that the precipitation behavior of
NbTi(C,N) in steels that contain both Nb and Ti as
alloying elements is influenced by the thermal cycles.
The thermal cycles used in the simulation were patterned
on the thermal cycles experienced in practice during
continuous casting, and it was shown that, under these
conditions, precipitation of coarser carbonitride parti-
cles is encouraged. In the absence of thermal oscilla-
tions, the addition of Ti to a Nb microalloyed steel
reduces hot ductility due to the precipitation of fine
NbTI(C,N). By contrast, when thermal cycles of the
kind described previously are imposed, much coarser
carbonitrides precipitate. This finding not only explains
the discrepancy between laboratory tests and practical
experience (practical experience indicate that Ti addi-
tions to Nb-containing steels improve hot ductility
whereas laboratory tests indicate a decrease in hot
ductility), but it also leads to the important conclusion

METALLURGICAL AND MATERIALS TRANSACTIONS A

that conducting hot-ductility tests with an oversimplified
cooling pattern leads to erroneous results for microal-
loyed steels. It is therefore imperative that the complex
thermal history experienced by the strand during con-
tinuous casting be simulated as closely as possible in the
thermal pattern imposed in the hot-ductility test. This
will ensure that the precipitation kinetics and evolution
experienced in the hot-ductility test represent more
closely the events occurring in practice.

V. CONCLUSIONS

. At low temperatures in the vicinity of the ductility
trough, low ductility is attributed to microvoid coa-
lescence within the thin films of ferrite, which form
on prior austenite grain boundaries.

. Reduced ductility at higher temperature is a result
of the precipitation of fine carbides, leading to
intergranular cracking as a result of grain boundary
sliding.

. This inferior hot ductility of the Nb-Ti steel com-
pared to the simpler Nb- or Ti- containing steels
can be related to the enhanced precipitation of
NbTi(C,N), making it easier for intergranular
cracking to progress by grain boundary sliding.

. The hot ductility measured in a hot-ductility tensile
test is improved if the thermal cycles that the speci-
men experiences more closely simulate the thermal
cycles a strand experiences in practice, because the
thermal cycles promote the formation of coarser
NbTi(C,N) precipitates.
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5. The ability of a tensile hot-ductility test to provide
reliable hot-ductility values is significantly improved
if the thermal cycles the continuously-cast slab is
subjected to are imposed on the specimen during
the hot-ductility test.
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