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Abstract The microstructural evolution during continu-
ous cooling has been investigated in an ultralow-C and
high-Nb containing steel and compared to that of a tradi-
tional Nb—Mo pipeline steel. The deformation promotes the
formation of fine-grained quasi-polygonal and acicular
ferrite in coarse grain sized austenite. Lowering the aus-
tenite grain size leads to a loss in hardenability of austenite
despite the fact that grain sizes of the final microstructure
are refined. The high-Nb and Nb-Mo bearing materials
have the nearly same effect on lowering the onset tem-
peratures of transformation, but the former is somewhat
faster in the progress of transformation due to an additional
work-hardening effect. Thus, to obtain sufficient amounts
of ultrafine-grained acicular ferrite, cooling rate must be
increased to suppress the formation of high-temperature
transformed products in high-Nb materials.

Introduction

Acicular ferrite, firstly reported by Smith et al. [1] in the
early 1970s, has been widely accepted as one of the most
attractive microstructures for the oil and gas pipeline steels
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because of its high strength and toughness potential [2—4].
Mo element is commonly added to pipeline steels in order
to obtain this desired acicular ferrite structure through the
suppression of high-temperature transformation products
[5, 6], i.e., polygonal ferrite. However, for Mo-containing
steels, there are also some inherent disadvantages such as
high alloying cost, large mill load, and low production
efficiency due to low temperature heavy deformation in
non-recrystallization region of austenite. Thus, driven by
economic benefits, some steel makers have recently
adopted a new high-Nb microalloying technology in the
development of high strength pipeline steels, which allows
Nb content up to 0.1% in steels and using high-temperature
processing (HTP) technology in rolling [7, 8]. This is
mainly because that, the high lever of Nb in austenite is
capable of promoting the acicular ferrite transformation
from the undercooled austenite by restraining the formation
of polygonal ferrite due to strong solute drag and precipi-
tation pinning effect [9, 10]. In addition, the addition of Nb
heightens austenite’s non-recrystallization temperature
through strongly retarding static and dynamic softening,
thereby reducing flow stress and mill load greatly. This
HTP-technology, as a feasible alternative to the conven-
tional Mo-alloying method in high grade pipeline steels
[11], is showing a developing tendency and prospect in a
variety of applications. There are, however, few reports on
the microstructure and mechanical properties of high-Nb
HTP steels and the comparisons between this material and
traditional Nb—Mo pipeline steel. Also, in HTP steels the
transformation behavior of acicular ferrite and their effects
on the combination properties are detailedly not known.
Therefore, it is necessary to investigate the microstructure
evolution of HTP steels, especially for their transforma-
tions behaviors, and how those transformations are affected
by changes in alloy additions and processing parameters.
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A continuous cooling transformation (CCT) diagram is a
useful way to better understand the transformation behav-
ior of a material as a function of thermomechanical
processing parameters. In this study, the effect of micro-
structure, hot deformation and cooling variables on phase
transformation of the ultralow-C and high-Nb bearing
HSLA steel and some significant differences compared to
the traditional Nb—Mo steel are presented. The aim of this
study is to clarify the formation of the acicular ferrite
dominated microstructure in this high-Nb and Mo-free
material by investigating the effects of alloy additions and
hot deformation on the CCT behaviors.

Material and experimental procedures
Material

The high-Nb and traditional Nb-Mo bearing HSLA steels
used in this study were, respectively, prepared in a 120 kg
vacuum induction melted furnace. Table 1 shows the
chemical composition of the present two steels. Notably, in
steel A the Nb content is 0.1% and there is no Mo addition,
i.e., it is significantly different from that of steel B with
predominantly Mo microalloying. In addition, by lowering
carbon content, i.e., less than 0.03 weight % and using Ti/N
treatment where sufficient Ti was present to combine with
N in the steel, large amounts of Nb can be dissolved in
austenite during reheating. C and S were measured by
CS-244 Infrared Analyzer, N and O were measured by PC-
T36 Nitrogen/Oxygen Determinator and the other elements
were measured by ICP Direct-Reading Spectrometer.

Experimental procedures

In smelting and casting, electromagnetic stirring were
employed to significantly reduce and micro- and macro-
segregation and improve homogeneity. The cast ingots were
forged into square billets of 100 mm thickness and 100 mm
width. The austenitized and homogenized treatments were
done at 1200 °C for 1-3 h, and then these square billets were
rolled into the 10—11 mm thick plates using a laboratory hot
rolling mill. Standard cylindrical specimens with initial
heights of 15 mm and initial diameters of 8§ mm were
machined from the plates with the specimen axes parallel to
the plate transverse direction. In order to examine micro-
structural detail, laboratory tests were conducted on a

Table 1 Chemical composition of the tested steels (wt%)

Gleeble 2000 thermomechanical simulator including aus-
tenite grain growth, single and double hit as well as CCT
tests. The austenite grain growth tests were carried out to
determine reasonable austenitization conditions for sub-
sequent deformation and transformation studies that require
different initial austenite grain sizes. In this study, cylin-
drical specimens of 8 mm diameter and 15 mm length were
heated at 20 °C/s to reheating temperatures in the range of
1000-1200 °C followed by holding for 3 min before
quenching to reveal the prior austenite microstructure using
etching and optical microscopy. The average linear intercept
grain size was measured for at least 10 random fields using
computer aided image analysis to describe the effect of
initial grain size on transformation behavior.

CCT tests with and without deformation were performed
to measure the austenite decomposition with dilatometry
and metallographically analysis as a function of cooling
rate and initial austenite microstructure. Following au-
stenitization, cylindrical specimens of 10 mm diameter and
15 mm length were cooled at 10 °C/s to a designated
temperature, i.e., 900 °C, where they were held for 30 s for
temperature homogenization. Subsequently, the specimens
used for no-deformation test were directly cooled to room
temperature,and the others used for hot deformation test
were compressed with the strain of 0.2 or 0.4 and then
cooled to room temperature,where the cooling rates was
controlled to vary in the range of 1-40 °C /s.

A combination of the optical microscopy and dilato-
metric analysis and transmission electron microscopy
(TEM) were employed in determining the microstructures
of the specimens. The specimens for metallographic anal-
ysis were mechanically polished and etched with a 3%
Nital solution, and then observed using optical microscopy.
For TEM observation, the thin foils were mechanically
thinned from 300 to 50 pum, and then electropolished by a
twin-jet electropolisher in a solution of 10% perchloric acid
and 90% acetic acid. The thin foil specimens were
observed using H-800 TEM with 200 kV.

Results and discussion

Effects of initial grain size and prestrain amount
on microstructure after transformation

This acicular ferrite is defined as a low-carbon bainitic
structure with lath characteristic that forms during cooling

Steel C Si Mn Cu Ni Nb Mo Ti Al N
A 0.024 0.17 1.49 0.26 0.15 0.10 - 0.01 0.027 <0.0036
B 0.05 0.21 1.58 0.12 0.16 0.05 0.19 <0.01 0.025 <0.0040
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through a combined mode of diffusion and shear trans-
formation at a temperature range slightly higher than upper
bainite. This microstructure containing high density dislo-
cations and a great deal of substructure due to its relatively
low transition temperature exhibits a superior strength and
toughness combination and thus widely accepted in the
manufacturing and application of pipeline steels. However,
the acicular ferrite observed in optical micrographs is not
isolated but commonly combined with polygonal ferrite,
quasi-polygonal ferrite and bainitic ferrite, etc., as shown in
Figs. 1 and 2.

Figure 1 shows the optical micrographs for the tested
steel at different prestrains. The transformed microstructure
without deformation is mainly bainitic ferrite and a fairly
small amount of acicular ferrite. The corresponding trans-
formed microstructures in deformed conditions, comprising
acicular ferrite and quasi-polygonal ferrite, are markedly

Fig. 1 Optical micrographs
for the tested steel at different
strains (d, = 65 um;
ve=5°C/s):ae=0;
be=02;andce=04

@ Springer

different in shape and volume fraction of each phase from
those in undeformed cases. The acicular ferrite matrix is
characterized by the non-equiaxed ferrite, which has various
size grains distributed in a random manner and the sizes are
reduced with increasing the strain. It is also found that the
deformation promotes the formation of acicular ferrite and
quasi-polygonal ferrite.

The effect of initial grain size on transformed micro-
structure is illustrated in Fig. 2 for a strain of 0.4 and
a cooling rate of 10 °C/s. The acicular ferrite dominant
microstructure can be obtained for all initial austenite grain
sizes referred here. For the grain size of 65 pm, the trans-
formed products seemingly form at relatively low temper-
atures, and it possesses a great deal of irregular bainitic and
acicular ferrite grains in shape and size and distributed in a
chaotic manner with random orientations. Small amounts of
coarse quasi-polygonal ferrite can also be observed. As the
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Fig. 2 Optical micrographs for
the tested steel at different
initial austenite grain sizes

(e = 0.4; v. = 10 °C/s):

ad, =65um;bd, =43 pm;
and cd, = 11 um

prior austenite grain size is reduced to 43 um from 65 pm,
the volume fraction of quasi-polygonal ferrite increases and
bainitic ferrite can still be seen in some areas. For the lower
austenite grain size of 11 pm, a significantly elevated pro-
portion of equiaxed ferrite is present in the final micro-
structure, and their sizes are refined greatly. Thus, it can be
seen that, austenite decomposition kinetics strongly depends
upon the prior austenite condition such as grain size and
retained strain that appears just before the start of the
transformation. Reducing prior austenite grain size can give
rise to the larger number of favorable nucleation sites, hence
enhance greatly nucleation rate and promote the refinement
of the final microstructure.

These results can be further explained from the point of
view of the theory of interface mobility control transfor-
mation as follows. Assuming that the velocity (v) of the y/o
interface is proportional to the deviation of Gibbs free
energy caused by the finite interfacial mobility (AG™), it
is then described by the following expressions

v =M, exp(—R—QT>AG';};t (1)

N N

D) -]
A -3-(“‘
o

-

AGY = AGY! — AGy! — AGY — AGRe (2)
AG;? =AG'* = AG hem + AGger (3)
AGger = 0.5Gb*pVy, (4)

where R is the gas constant, 7 the temperature, Q the
activation energy for atomic motion at the interface, M, the
pre-exponential factor, and AGY' the total driving force for
the y/o transformation. In the case of transformation from
deformed austenite, the total driving force AG'™* is
expressed as the summation of chemical driving force
AG¢hem and the additional driving force arising from the
stored energy of deformationAGy., G the shear modulus of
Fe and bthe Burgers vector of dislocation, p the dislocation
density, and V,, the molar volume of the matrix. AG3T
AGfI‘lj and AGP® are the Gibbs energy dissipation due to the
solute drag, the diffusion in the matrix ahead of interface
and the pinning effect of precipitation particle. From these
equations, it can be seen that, although sufficient solute Nb
segregated in phase interface can lower the velocity of the
7/ interface through the increase of AGS [9], raising the
strain would lead to the increase in dislocation density p

@ Springer
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and deformation stored energy AGges, thus elevating the
transformation driving force and promoting the moving of
phase interface. This is in accordance with the metallor-
graphical results observed in Fig. 1. That is to say, with
increasing strain, a microstructural change from the bain-
itic ferrite to acicular and massive ferrite appears in the
final transformation products.

The other important parameter in the y/o transformation
kinetics is the effective grain boundary area in austenite S,
which would determine ferrite nucleation site density.
Adopting the equiaxed and spherical geometry for unde-
formed austenite grain, the prior austenite grain boundary
per unit volume, Sy, can be calculate by 2/ d, [12], where
d, is austenite grain size. When deforming below the non-
recrystallization temperature, the austenite grains are
elongated and there is an increase of the specific grain
boundary area. This causes an increase of nucleation site
density. The same effect is attributed to the dislocations,
deformations bands and twins that can also form during
deformation. An effective boundary area can be defined by
considering all these effects together, as shown in the
following equation [13].

Sv=q-Svo+Swb=¢qg - Svo+A-e+B (5)

where ¢ is the ratio of the grain boundary area of pancaked
austenite after deformation corresponding to that of equi-
axed austenite prior to deformation, being considered as a
function of strain. ¢, is the accumulated strain in non-
recrystallization region, A and B are the constants. In the
present case, there is a large increase of effective grain
boundary area for smaller austenite grain sizes, for exam-
ple, d, = 43 pm or d, = 11 pm in Fig. 2. Even assuming
austenite grain is equiaxed, that is, not taking the effect of
deformation into account, the Sy¢ value varies from 31 to
181 mm~" when decreasing the austenite grain size from
65 to 11 um. As a consequence, lowering the austenite
grain sizes leads to the occurrence of more mounts of
transformation products formed at somewhat higher tem-
peratures. The other common feature of these microstruc-
tures is an apparent refinement of grain size with reducing
austenite grain size. This is also attributed to the increase of
effective grain boundary area acting as nucleation site,
when austenite grain size is greatly refined.

Continuous cooling transformation diagram

The static and dynamic CCT diagrams for different prior
austenite grain sizes are done using the thermal dilation
method and the aforementioned microstructural observa-
tion, as illustrated in Fig. 3. The major transformation
curves of the tested steels almost lie in the temperature
range from 470 to 690 °C in undeformed samples, and
from 490 to 790 °C in deformed samples, where initial

@ Springer

grain sizes are ranged from 11 to 65 pum. In these tem-
perature ranges, the formed microstructures may include
acicular ferrite, polygonal ferrite, quasi-polygonal ferrite
and bainitic ferrite. In the static CCT diagram (Fig. 3a), the
transformed microstructures contain bainitic ferrite, and a
small amount of acicular ferrite and quasi-polygonal fer-
rite, and polygonal ferrite is avoided in the tested cooling
rate range. Figure 3b, ¢ and d are the dynamic CCT dia-
grams at the prior strain of 0.4 and their initial austenite
grain sizes are 65, 43 and 11 pum, respectively. It can be
observed that, for initial grain size of 65 pum, the starting
temperatures of acicular ferrite and/or quasi-polygonal
ferrite in deformed samples (¢ = 0.4) are higher than that
of undeformed ones by 10-20 °C. With the decrease of
initial austenite grain size, the corresponding transforma-
tion curves gradually move toward the top left corner, the
nonisothermal austenite-polygonal ferrite transformation is
also enhanced, and especially at initial grain size of 11 pm
bainitic ferrite is completely suppressed for all applied
cooling rates.

As stated above, the acicular ferrite grain can be sig-
nificantly refined by adjusting austenite state such as
increasing prior strain and decreasing initial austenite grain
size. But, on the other hand, the high-temperature trans-
formed products, i.e., polygonal ferrite, etc., may form at a
faster rate and present in the final microstructure at a lager
volume fraction. This is not expected because the increase
of polygonal ferrite not containing high density dislocation
would impair strength and toughness of steels. Therefore, it
is necessary to ensure enough amounts of acicular ferrite to
form by strengthening the subsequent cooling. For example,
in the high-Nb steel, when ¢ = 0.4 and d, = 43-65 um,
the cooling rate should be at least higher than 5 °C/s, and
with decreasing initial grain size, the value should be
higher.

Comparisons between high-Nb material and traditional
Nb-Mo pipeline steel

The comparison of optical micrographs between high-Nb
steel (steel A) and traditional Nb-Mo X70 steel (steel B) at
different cooling rates is shown in Fig. 4. At the cooling
rate of 5 °C/s, the polygonal ferrite, quasi-polygonal ferrite
and acicular ferrite dominate the microstructures of the two
steel, and there is no essential difference in morphology
and structure type, except that grain sizes of steel A are
smaller. When cooling rate is heightened to 20 °C/s, the
transformed microstructure of steel A is mainly quasi-
polygonal ferrite, acicular ferrite and small amounts of
polygonal ferrite, and their sizes are further refined.
Figure 5 is the representative TEM micrographs of fine-
grained quasi-polygonal and acicular ferrites in the ultra-
low-C and high-Nb steel. The corresponding transformed
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Fig. 3 CCT diagrams of steel A in undeformed and deformed conditions (BF bainitic ferrite, AF acicular ferrite, PF polygonal ferrite, OF quasi-
polygonal ferrite): a d, = 65 pm, e = 0; bd, =65 pm, e =0.4;¢cd, =43 um, e = 04;andd d, = 11 pm, ¢ = 0.4

microstructures of steel B (Fig. 4), comprising acicular
ferrite and quasi-polygonal ferrite, are evidently different
in shape from the former. Some acicular ferrites continue
to grow up along the particular direction and start to exhibit
the acerose lath characteristic, and additionally, the quasi-
polygonal ferrite has various size grains distributed in a
random manner throughout the matrix. The difference of
transformation products between the two steels is related to
the level of austenite work-hardening during hot defor-
mation. The result in Fig. 6 indicates that, at ¢ = 0.4, all
the stress values of steel A are higher than that of steel B by
approximately 19-35 MPa in the range of 900-1100 °C.
Equation 6 gives the relationship between flow stress and
dislocation density, where ¢ and o, are the flow stress and
yield stress, respectively, at the deformation temperature,
M is Taylor factor and « the constant.

o= (i) ©

It can be seen that, with the increase of the flow stress,
the dislocation density and deformation stored energy (see
Eq. 4) increase, the driving force and site density for
nucleation are elevated, and hence the grain sizes of the
transformed acicular ferrite and quasi-polygonal ferrite are

greatly refined, especially at a relatively high cooling rate.
That is to say, compared to traditional Nb—-Mo X70 steel,
under reasonable rolling and cooling conditions, the high-
Nb steel can obtain a uniform and ultrafine acicular ferrite
grain in sizes, which is a very attractive microstructure for
high grade pipeline steels. Noting that, cooling rate must be
increased to suppress the formation of high-temperature
transformation products.

On the other hand, the transformation times () for steel
A are found to be shorter than that of steel B, though there
is no significant difference in transformation starting tem-
peratures (7) of both steels, as shown in Fig. 7. This result
indicates that both steels have the nearly same effect on
lowering the onset temperatures of transformation, but the
progress of transformation is faster in high-Nb steel com-
pared to Nb—-Mo steel at various cooling rates. Effect of
dissolved Nb on y/o transformation is already well known.
For the role of precipitation, some authors [14, 15] believe
that the precipitates formed in austenite, particularly those
precipitates which form at temperatures approaching the
transformation, can pin the interphase interface during
transformation. In this study, whether Nb is in solution or
Nb is present as strain induced precipitates (particularly at
relatively low cooling rates), high-Nb material exhibits the
strong effect of retarding the transformation relative to

@ Springer
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Fig. 4 Optical micrographs for
the tested steel A and B at
different cooling rates (¢ = 0.4;
d, = 11 um): a Steel A, 5 °C/s;
b Steel B, 5 °C/s; ¢ Steel A,
20 °C/s; and d Steel B, 20 °C/s

Fig. 5 TEM micrographs
showing: a quasi-polygonal
ferrite containing high density
of dislocations and b acicular
ferrite with fine lath
morphology in the high-Nb steel

nucleation, and hence T is pushed toward the relatively
low temperatures. However, the retarding effect of Nb on
the progress of transformation in high-Nb steel seems to be
somewhat lower than that of Nb—Mo steel, which is of
course related to higher deformation stored energy in the
former. Additionally, the relatively high Mn content in

@ Springer

steel B is also responsible for this sluggish transformation
kinetics to a certain extent. It is well-known that Mn in
steels could act as the elements to broaden the austenite
region. Thus, the relatively high levels of manganese will
further suppress the formation of high-temperature prod-
ucts through stabilizing the austenite and solute drag effect.
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Fig. 7 Comparison of the times (f) and onset temperatures (7) of
transformation in both steels at various deformation temperatures

Conclusion

In this study, the effects of initial grain size, prestrain
amount, and cooling rate on the CCT behavior of an
ultralow-C and high-Nb bearing steel were investigated. It
has been found that the transformed products and their
grain size of the high-Nb steel are strongly dependent on
prior austenite conditions such as initial grain size and
retained strain, as well as cooling parameters after hot
deformation. For coarse grain sized austenite, the onset

temperatures of acicular ferrite and/or quasi-polygonal
ferrite in deformed samples are higher than that of unde-
formed ones by 10-20 °C. Lowering the austenite grain
size leads to an increase of the volume fraction of new
phases formed at somewhat higher temperatures and their
sizes are refined greatly. The overall transformation occurs
in the temperature range from 470 to 690 °C in unde-
formed samples, and from 490 to 790 °C in deformed
conditions, at initial grain sizes ranging from 11 to 65 pm.
The comparison between high-Nb and Nb-Mo bearing
materials indicates that both have the nearly same effect on
lowering the onset temperatures of transformation, but the
former is somewhat faster in the progress of transformation
at various cooling rates due to an additional work-hard-
ening effect. Thus, to obtain sufficient amounts of ultrafine-
grained acicular ferrite, cooling rate must be increased to
suppress the formation of high-temperature transformation
products in high-Nb materials.
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