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ORIGINAL RESEARCH ARTICLE

Effect of Niobium Supersaturation in Austenite ®

Check for

on the Static Recrystallization Behavior of Carbon

Structural Steels

B. RAKSHE, J. PATEL, and E.J. PALMIERE

This work describes the effect of Nb supersaturation in austenite on the suppression of static
recrystallization of austenite during an isothermal holding period following hot deformation.
The investigation involved three carbon structural steels with varying Nb concentration at
constant C (0.20 pct) and N (0.007 pct) levels. The isothermal double-hit deformation technique
led to the determination of Ts pe and Tos peq (recrystallization-stop and full recrystallization
temperatures, respectively) as a function of a true strain and interpass time. The results indicate
that the T’ . increases with increasing Nb supersaturation in austenite at a rate of 40 °C per
0.006 pct Nb supersaturation for a true stain ¢ =0.40. At each respective T's ¢, all tested steels
exhibited an Nb supersaturation ratio > 7.5 in austenite. A high, localized strain-induced
precipitation of Nb(CN) was observed at the austenite subgrain boundaries in the unrecrys-
tallized microstructure. This translated into higher values for local precipitate-pinning forces
(Fpin), which were significantly higher than that predicted from equilibrium thermodynamics.
The critical Fpyy for retardation of static recrystallization was found to be 1.6 MPa at the
respective Ts o for each steel. The present study has contributed to advancing our knowledge
of the interplay between Nb solute supersaturation and volume fraction of Nb(CN)
precipitation in particular for carbon structural steels. It has also highlighted an opportunity
to apply niobium, even an ultra-low addition (i.e., < 100 ppm) to commodity-grade structural

steels to reduce overall alloying costs.

https://doi.org/10.1007/s11661-022-06733-y
© The Author(s) 2022

I. INTRODUCTION

THE principal role of niobium in the thermome-
chanical treatment of austenite is well established and
industrially practiced for several decades towards the
development of high strength steels, in particular the
additions of small (micro) amounts of niobium to
carbon-manganese steels. The main mechanisms at play
being (i) precipitation of niobium carbonitride
(Nb(CN)) particles in austenite during hot rolling,
where the formation of fine precipitates significantly
retards (delays) the recovery and recrystallization of
austenite and subsequent grain growth prior to trans-
formation, and (ii) precipitation of further finer Nb(CN)
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particles during austenite phase transformation and/or
after that provide strengthening contribution from
dispersion hardening.

The ability of niobium in retarding austenite recrys-
tallization has been extensively researched and today is
commonly accepted that this happens through the stages
of (i) niobium atoms in solution, i.e., a solute-drag
effect, and (ii) strain-induced niobium carbonitride
precipitates. The majority of investigations have shown
that it is the latter mechanism that is by far dominant,
with many suggesting that there is a critical precipitate
supersaturation which is required for significant retar-
dation to occur.l' ! Others strongly advocate that it is a
combination of the two mechanisms, especially as there
has to be a point concentration of niobium atoms in the
first instance to develop critical precipitate supersatura-
tion,>*® while others have presented compelling cases
for the solute-drag effect to have an equal level of
importance.”:"!

About half of the total steel produced worldwide goes
into the building and infrastructure sector. As an
example, 919 million tons of global crude steel was
used in the construction sector for year 2019 accounting
for 52 pct of overall world steel demand. A significant
portion of structural steels produced remain that of


http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-022-06733-y&amp;domain=pdf

conventional plain C-Mn variety with relatively low
yield strengths ranging from 235 to 355 MPa even with
advances in the steel-processing technologies. Today,
the construction industry is facing significant challenges
in developing sustainable structures using a cost-effec-
tive method especially within the built environment.
Consequently, the structural engineering community is
now increasingly using advanced high strength steel
(HSS) grades for building lighter and stronger fabrica-
tions as well as composite structures to overcome these
challenges. It is well known that HSS has a higher
load-bearing capacity due to its higher yield strength
compared to equivalent mild-steel grades, which reduces
the weight of the structure, and total cost saving in a
range of 10 to 30 pct is possible through weight
reduction and associated benefits.!'®'!]

Structural steels typically have a carbon content
between 0.15 and 0.20 wt. Pct C which limits the
solubility of Nb in austenite at hot deformation
temperatures. Therefore, higher soaking temperatures
are often required to fully utilize Nb precipitation
potential in controlled rolling of austenite for typical
structural steels. However, many commodities-grade
structural long product steel producers use lower
soaking temperature (75 < 1150 °C) and hot charging
of billets to save in energy costs. In effect, the amount
of Nb available in austenite solution and its precip-
itation contribution can be restricted by lower reheat-
ing practices and finish-rolling temperatures near and
above 950 °C. Therefore, the use of conventional
Nb-microalloying technology has been somewhat lim-
ited with mainstream commodity structural steels and
only when higher yield strengths, > 350 MPa, or heavy
sections or plates are required. Evidence suggests that
lower Nb additions (100 to 150 ppm) can have a
beneficial effect on the mechanical properties of
structural steel long products.'> ' Small Nb addi-
tions suppress static recrystallization under certain
rolling conditions for some steel products.!'>'®) How-
ever, many of these investigations lacked detailed
analysis and mechanism as to the role of Nb at these
lower additions in such low-strength commodity struc-
tural steel grades, where Nb is not traditionally
applied.

The purpose of this paper is to contribute to the
understanding of low (i.e., 100 to 200 ppm Nb) and
what is termed ultra-low (i.e., <100 ppm) additions of
niobium on pinning forces (Fprn) developed by
strain-induced precipitation towards the retardation of
austenite recrystallization in typical carbon structural
steels. The main goal was to measure and understand
the differences in Fpyn resulting from a volume fraction
of Nb(CN) localized around austenite subgrain bound-
aries. The measured pinning force was subsequently
related to the results of the fractional softening studies
and solute supersaturation of Nb in the austenite at a
given deformation temperature.

Table I. Chemical Composition of the Experimental Heats in

Wt Pct
Element C Mn Si P S Nb N
BO/Base 0.20 1.03 0.20 0.018 0.008 0.0000 0.0058
Bl 0.20 1.03 0.19 0.018 0.008 0.0066 0.0056
B2 0.20 1.01 0.19 0.015 0.007 0.0121 0.0074
B3 0.20 1.01 0.19 0.015 0.007 0.0214 0.0070

II. EXPERIMENTAL PROCEDURE

A. Material Processing

A series of carbon structural steels were designed to
have a different precipitation supersaturation by varying
the Nb concentration (50 to 200 ppm) for a constant
level of a carbon composition (0.20 pct C). Table I gives
the chemical composition of these experimental heats.
All the steels were vacuum induction melted and ingot
cast (30 kg each) in the former Swinden Technology
Centre of Tata Steel. The as-cast ingots were subse-
quently rolled to refine the as-cast microstructure and to
produce material of suitable gage for subsequent
machining of plane strain compression (PSC) test
specimens. The ingots were homogenized at 1300 °C
and hot rolled down to plates of 25 mm (7) x 105 mm
(W) x 1500 mm (L) size in multiple passes.

It is essential to dissolve the Nb(CN) precipitates back
into solid solution and restore a fully equiaxed
microstructure prior to hot deformation studies. Hence,
the as-rolled plates were homogenized at 1250 °C for 1
hour in a box furnace filled with N, atmosphere. The
reheating temperature of 1250 °C was predetermined
from published solubility equation of Irvine er al.'” for
complete dissolution of Nb in austenite solution. Imme-
diately following a soak time, specimens were quenched
in a tank filled with ice water so that the composition of
austenite at 1250 °C could be retained. After cooling
down to room temperature, the PSC specimens of
rectangular geometry having a dimension of
10 mm x 30 mm x 60 mm were machined from
homogenized plates.

B. Static Softening Studies

The isothermal hot deformation studies were con-
ducted under a constant true strain rate condition using
a purpose-built thermomechanical compression (TMC)
machine at The University of Sheffield, UK. Figure 1
illustrates the temperature—time experiment schedule
designed to measure the overall softening of austenite
under a prescribed delay time (fp) of 5 and 20 seconds.
Each specimen was coated with a boron nitride (BN) to
minimize adverse friction effects and sticking during the
hot deformation studies.
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The PSC specimen was again reheated to 1250 °C
within an inductive heating system of TMC machine
and held for 2 minutes to allow for equilibrium within
the specimen. Following the hold time, the reheated
specimen was forced air-cooled at a rate of 20 °C/s to
one of the five deformation temperatures (1050 °C, 1000
°C, 950 °C, 900 °C, and 850 °C) and immediately
transferred to test furnace for hot deformation. The hot
deformation was immediately undertaken in a double
pass of the equal magnitude of a true strain from ¢; = &,
= 0.40 with a hold time of 5 and 20 seconds in between
two passes. The deformed specimen was instantly water
quenched to room temperature (quench time 1 to 1.5
seconds) after the second deformation pass (g). A
constant strain rate of 15 s~ was applied during the
deformation passes. An uninterrupted deformation was
also carried out for total strain e=¢ + & = 0.80
without any intermediate holding time at selected
temperature for each steel.

C. Recrystallization and Grain Size Measurements

The hot deformation under PSC condition is assumed
homogeneous across the specimen thickness in theory;
however, inhomogeneities exist in the strain, strain rate,
and temperature distribution. Mirza ez al.l" studied the
effect of frictional conditions and initial specimen geom-
etry on strain distribution in a PSC testing. The central
deformation regions represent applied plastic strain;
hence, microstructure characterization was focused only
on the central area of 0.5 to 1.0 mm?® along the
rolling-normal direction (RD-ND). The strain inhomo-
geneities in industrial rolling conditions are far higher
than those observed under PSC deformation on the TMC.

The metallographic preparation was carried out using
a standard grinding and polishing technique on dou-
ble-hit specimens. The prior-austenite grain boundaries

»
>

Homogenization
Treatment

1250°C

Temperature

Water
Quench

(PAGB) were revealed using a solution of saturated
picric acid at 85 to 90 °C."?% The mean prior-austenite
grain size and aspect ratio were measured using an
optical microscope. The linear intercept grain sizes L;
and L; were measured from the counts in RD and ND
directions, respectively, after the second hit deformation
cycle. The means PAGS (L; * L3)” and aspect ratio
(Li/L3) were calculated assuming an axial s]ymmetry of
the grains from the above measurements.”*!

D. Nb(CN) Precipitate Measurements

For Nb(CN) precipitate observations, PSC specimens
were deformed to initial true strain, ¢ = 0.40 in a
single-hit cycle, isothermally held for 20 seconds, fol-
lowed by immediate water quenching. Quantitative
electron microscopy was performed to determine size
and volume fraction of Nb(CN) precipitates. Carbon
extraction replica and thin foils samples were prepared
with standard five-stage process and subsequently ana-
lyzed in FEI Tecnai 20 and JEOL 2010 analytical
electron microscopes. Energy dispersive X-ray (EDX)
analysis and electron energy loss spectroscopy (EELS)
were performed on Nb(CN) precipitates to determine
their chemical composition at a spot along a line or in a
particular area.

The mean diameter of the precipitate and its confi-
dence limits were determined directly from precipitate
size measurements over multiple locations in the carbon
extraction replica using the ImageJ software. An average
of 100 particles were measured to determine the precip-
itate size distribution in the planar section. The number
of precipitates per unit area (Ny) and per unit volume
(Ny) were calculated using Woodhead analysis
method.®" The volume fraction of Nb(CN) precipitates
(fy) was then calculated according to the method of

—Fractional Softening Studies
Double Hit Simulation
€,: 0.40 + Hold: 5/20 Sec + €,: 0.40 + WQ
Deformation Temp: 850- 1050°C
Constant strain rate: 15s™

== Precipitation Studies

Single Hit Simulation

€,: 0.40 + Hold: 20 Sec + WQ
Deformation Temp: 850- 1000°C
Constant strain rate: 15s™

Water
Quench

Time

Fig. 1—Time-temperature schedule designed to measure static softening of austenite of steel BO-B3.
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Ashby and Ebling®? assuming extraction of spherical
particles from replica:

fv = ENs (2 + o?) 1]

where Nj is the number of particles per unit area and X is
the planar arithmetic mean and ¢ is the standard
deviation.

III. RESULTS

A. Fractional Softening Studies

The raw load—displacement data were converted into
equivalent stress—strain flow curves using a guide for the
best practice developed at The University of Sheffield in
collaboration with the National Physical Laboratory in
the UK."** The instantaneous temperature of specimen
rises by 20 to 30 °C for the strain rate of 15s™ during
the hot deformation. The temperature rise during the
deformation is not adiabatic, and the flow stress has to
be corrected to represent true isothermal test condi-
tion.!*3! The corrected isothermal stress (0iso) 1s used for
estimation of fractional softening of austenite.

Figure 2 shows the high-temperature flow curves from
the uninterrupted compression tests at different defor-
mation temperatures for a true strain, ¢ = 0.80. The
amount of stress increases with decreasing deformation
temperature for a given strain level and at a constant
strain rate, consistent with the Zener—Hollomon rela-
tionship.”*! Another notable feature is that there was no
evidence of dynamic recrystallization resulting from the
deformation conditions used in this research. This
observation is important in that the fractional softening
measured from the double-hit test will be exclusive of
the static restoration events (i.e., recovery and recrys-
tallization) during the hold time.

The percent fractional softening of austenite is mea-
sured from area under flow stress curves as a function of
an isothermal temperature and hold time. The fractional
softening parameter, Xx, first used by Kwon er al.,*”
has been adopted in this present study. The details of
this technique and the method of calculation are
described elsewhere.**!*2>] The expression of X, is
given as follows:

Xy == 2]
where A; is the common area under the flow stress
between the first deformation in an interrupted test and
the part in the monotonic test to the same prestrain
level. A, is the area under the flow curve of the second
deformation in the interrupted compression test, while
Ajz is the area under the flow curve in the monotonic test
over the strained region equivalent to the second
deformation in the interrupted tests.

Figure 3 graphically depicts the percent fractional
softening behavior during the 5 and 20 seconds hold
times for all steel as a function of deformation temper-
ature. As expected, the amount of fractional softening
observed for each steel increased with increasing defor-
mation temperature. For steels, B0-B3 softening curves

exhibited a typical sigmoidal shape with three distinct
stages. The rate of fractional softening was initially slow
(Stage I: static recovery), rising at an intermediate stage
(Stage II: partial static recrystallization), and decreased
as the static recrystallization proceeded to completion
(Stage III: full recrystallization) for each steel.

The amount of fractional softening measured during
PSC tests corresponds to the total net softening of austenite
during the hold times of 5 and 20 seconds, respectively.
Hence, the total net softening is considered to compose of
all staticrestoration and/or strengthening events: softening
due to recovery and recrystallization, as well as hardening
due to precipitation. The fraction softening due to static
recovery would be small in these steels because the stacking
fault energy of austenite is relatively low (75 mJ/m?) and
would, therefore, have more difficulty of dislocation
cross-slip.[3’4’19] Therefore, the overall softening behavior
presented in Figure 3 largely represents the softening due to
static recrystallization of austenite.

The observed plateau of initial softening in stage I (up
to 20 pct total fractional softening) is attributed to
recovery process alone. This result is in agreement with
findings from previous investigators®*2®?”! who had
also observed 20 pct of softening due to recovery.
Beyond this regime, further softening is attributed to
static recrystallization of austenite for a set hold time of
5 and 20 seconds. The Ts .. (recrystallization-stop
temperature) for each steel composition was determined
from Figure 3 by employing criteria that 20 pct of total
softening is due to recovery of austenite.

The Ts po results are shown in Figure 4 for steel
B0-B3. The Ts . increases with increase in amount of
Nb added to base steel in the following order: 820 °C
(ONb), 855 °C (0.007 pct Nb), 894 °C (0.012 pct Nb),
and 943 °C (0.021 pct Nb) for a hold time of 20
seconds,. For steel B3, measured Ts ¢ is 120 °C higher
than BO (base grade) which is significant considering
that it has only 200 ppm level of Nb addition. As

300
WWW”MME
250 ~
d/f
200- o
1504

100
—— 850°C —— 1000°C
—— 900°C —— 1050°C
501 — 950°C

Equivalent Stress (MPa)

000 020 040 060 0.80

Equivalent Strain

Fig. 2—Flow stress for steel Bl at different deformation
temperatures during uninterrupted deformation (¢ = 0.80). A
constant true strain rate of 15 s~ was applied.
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Fig. 3—Percent fractional softening of austenite versus deformation
temperature for steel BO-B3 as determined from interrupted
compression testing (FH: Fractional Hardening, SReV: Static
Recovery, Partial SReX: Partial Static Recrystallization and Full
SReX: Full Static Recrystallization).

austenite restoration is thermally activated process,
measured Ts o for a hold time of 5 seconds was
marginally higher (5 to 10 °C) than 20 second hold time.

As the deformation temperature increased, acceler-
ated recrystallization kinetics were observed which
might be due to reduced Nb(CN) precipitation potential
at the higher temperature. Therefore, the convergence of
softening curves above 70 pct fractional softening value
is indicative of complete static recrystallization. The
Tos peq (recrystallization-limit temperature) for each steel
was then determined corresponding to 70 pct of overall
softening of austenite. The Tos ¢ temperature also
increases as Nb increases for steel BO-B3: 881 °C (OND),
908 °C (0.007 pct Nb), 944 °C (0.012 pct Nb), and 980
°C (0.021 pct Nb). The fraction-softening results show
that the window of partial recrystallization is highest for
steel BO (70 °C) while lowest for steel B3 (30 °C) for both
hold times.

The results shown in Figures 3 and 4 are unique in
that the fractional softening of austenite is measured as
a function of deformation temperature at a constant
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delay time. The five deformation temperatures (850 °C
to 1050 °C) selected in this study represent the typical
finish-rolling processing window for the long products.
Similarly, the holding time of 5 and 20 seconds was
chosen to represent an industrial rolling practice for
light to heavy sections as well as plate mills.

B. Microstructure Studies: PAGS

Figure 5 shows the microstructure of steel BO—B3 after
reheating to the temperature of 1250 °C for 1 hour and
followed by immediate water quenching. All microstruc-
ture appears to be fully martensite, mostly a lath
structure. There was no indication of pro-eutectoid
ferrite formation along the PAGB. The mean
prior-austenite grain sizes (PAGS) of steel BO-B3 were
in the range of 140 to 165 um.

The fractional softening data in Figure 3 were further
complemented using quantitative metallography. This
was necessary to verify the correspondence between
20 pct fractional softening and Ts e criteria. Excellent
agreement is obtained between microstructure and
fraction-softening data from the compression tests. At
temperatures below 75, for each steel, the
prior-austenite grains were completely unrecrystallized.
These deformed grains were elongated in a direction,
which was perpendicular to the axis of compression. At
temperatures above the respective Tos , for each steel,
the prior-austenite grains were completely recrystallized,
i.e., consisting of small equiaxed grains.

Figure 6 shows the series of microstructures of steels
B1 [Figures 6(a) through (d)], B2 [Figures 6(e) through
(h)], and B3 [Figures 6(i) through (1)] exhibiting this
behavior for different deformation temperatures, respec-
tively. These samples were subjected to a single-hit cycle
of strain, ¢=0.40, isothermal hold time of 20 seconds
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Fig. 4—Effect of initial Nb content on recrystallization-stop
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temperature (Ts ) of steel BO-B3 (reproduced from Ref. 32).




followed by immediate water quenching. As an example,
the microstructure corresponding to a deformation
temperature of 950 °C reveals a completely unrecrystal-
lized prior-austenite grain structure [Figure 6(k)] in steel
B3. The microstructure corresponding to a deformation
temperature of 1000 °C indicates a completely recrys-
tallized austenite microstructure [Figure 6(1)]. The Ts e
and Tos e for steel B3 were measured as 953 °C and 980
°C, respectively, from interrupted compression testing.
The sequence of microstructures validates the finding
from the softening studies that temperature range (7's pe
< T4er < Tos per) Where partial recrystallization can
occur is very narrow for steel B3, no greater than 30 °C.

The recrystallization-driving forces and precipi-
tate-pinning forces are of comparable magnitude in
steel B3 due to higher Nb supersaturation in austenite
which has led to very narrow recrystallization region in
steel B3 in comparison to steel Bl and B2. The
experimental evidence for this observation will be
discussed in the following sections based upon actual
measurements of Frxn and Fppyn at different deforma-
tion temperatures and the subsequent interaction
between them.

Figure 7 shows the mean prior-austenite grain size
(PAGS) and aspect ratio for steels BO to B3 as a
function of deformation temperature after double-hit
compression tests. These parameters were taken as
indicators of the degree of recrystallization or work
hardening of the austenite grains. For example, the
mean PAGS of unrecrystallized austenite was in the
range of 130-150 um while recrystallized austenite
exhibited the mean PAGS of 25 to 35 um. At temper-
atures below T ., steel BO-B3 exhibit an aspect ratio
in the range of 10 to 20, signifying an elongated or

163 +
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unrecrystallized austenite microstructure. At tempera-
tures above the Toys ¢, all steel has aspect ratio of
approximately 1.1 to 1.2, signifying a fully recrystallized
austenite microstructure. At intermediate deformation
temperature, the variation in aspect ratio was observed.

C. Electron Microscopy: Nb(CN) SIP

Figure 8 shows the TEM micrograph depicting
Nb(CN) precipitates in steel B3 which was deformed
in single hit at 950 °C, ¢=0.40 and isothermally hold for
20 sec followed by immediate water quenching. The
microstructure is characteristic of low-carbon marten-
site (&) and often referred to as lath martensite due to
lath or plate-like morphology [Figure 8(a)]. The lath
thickness of the microstructure was found to be 0.20 to
0.50 pum. The dark-field TEM micrograph of same area
revealed localized non-random Nb(CN) precipitation in
linear arrays manner at the austenite grain boundaries
[Figure 8(b)]. The selected area diffraction pattern
(SADP) analysis revealed the orientation relationship
between the Nb(CN) precipitates and quenched marten-
site matrix [Figure 8(c)]. The close-packed directions
from both the precipitate and matrix were found to be
parallel, [110]npc//[111];. The observed precipitate
exhibits a Kurdjumov—Sachs (KS) orientation relation-
ship with the matrix which signifies that precipitates
were formed in hot-deformed austenite as a function of
applied strain. The precipitates were identified by EDX
at multiple locations [Figure 8(d)]. The observed Nb L,
peaks confirm that precipitate is Nb rich and can be
considered as Nb(CN).

Figure 9 shows the bright-field TEM micrographs
depicting morphology of strain-induced Nb(CN)

Y

158

R

10 pm
o

%

Fig. 5—Microstructure of steel (a) B0, (b) Bl, (¢) B2 and (d) B3, respectively, which were reheated to 1250 °C, isothermally hold for 1 h and
WQ. The prior-austenite grain sizes were revealed by etching with saturated picric acid solution.
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Fig. 6—Microstructure evaluation in steel BI-B3 at the respective deformation temperature: (a) through (d) Steel Bl, (e) through (/) Steel B2,
and (i) through (/) Steel B3. The microstructure was obtained after a single-hit deformation at strain ¢=0.40, an isothermal hold of 20 s, and
WQ. The constant strain rate of 155~ was applied. Based on fractional softening studies, steel BI-B3 had a Ts pet 0f 855 °C (0.007 pct Nb), 900

°C (0.012 pct Nb), and 943 °C (0.021 pct Nb), respectively.

precipitation in steel Bl [Figures 9(a) through (d)], B2
[Figures 9(e) through (h)], and B3 [Figures 9(i) through
(D], respectively. The samples were deformed at
850-1000 °C, £=0.40, and isothermally hold for 20
seconds followed by immediate water quenching. The
micrographs show evidence of precipitates in a close
proximity to remnant of austenite subgrain boundaries.
The lognormal particle size distribution was observed
for all deformation test conditions with a mean particle
sizes range from 15 to 30 nm. The measured particle size
and distribution were typical of Nb(CN) strain-induced
precipitation in low-carbon-microalloyed steels. The
EDX spectrum demonstrated that these particles con-
tain predominately Nb, C, and N elements.

The precipitate location is essential, as they provide
much more grain boundary pinning potential if they are
located on austenite subgrain boundaries rather than
located randomly throughout the matrix. An example of
this localized precipitation is shown in Figures 8§ and 9
which seems to be typical nature of strain-induced
Nb(CN) precipitation in deformed austenite. This
behavior has been reported in numerous investigations
on a low-carbon Nb-microalloyed steels over the last
five decades.t! *?%2
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Table II summarizes the quantitative measurement of
precipitate size, volume fraction, and corresponding
Fpin from multiple TEM images shown in Figure 9. The
result shows that the precipitate formed at lower
deformation temperature (high Z condition) is finer
compared to one formed at higher temperature (low Z
condition) in steel B1-B3. The precipitation kinetics
behavior of Nb(CN) in steel BI-B3 is similar; however,
the observed volume fraction in steel B3 is significantly
higher than steel Bl and B2.

Quantitative measurement further indicates that the
volume fraction of strain-induced Nb(CN) precipitates
increases with decreasing deformation temperature,
irrespective of whether precipitation had occurred
locally on the grain boundary or in the matrix. This
behavior is illustrated for steels B1-B3 in Figure 10. The
experimentally measured volume fraction, f, gxp), can
be further compared to what would have been predicted
from thermodynamic calculation. The equilibrium vol-
ume fraction, f, gom) was calculated using a mass
balance approach with assuming a fixed stoichiometry in
Nb(CN) precipitation.?’*"" A" comparison between f,
@exp) and £, som) values for steels Bl to B3 is shown in
Figure 10. It is clear from Figure 10 that the f, gxp) is
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around 4 to 10 times higher than £, gqm) at any given
deformation temperature for all steel.

IV. DISCUSSION

A. Influence of Nb(CN) Supersaturation Ratio on T’ p,

A very agreeable result is obtained between the T ¢
obtained from the present investigation vs CuddP/’s
original results as shown in Figure 4. Cuddy’s®”
experiments involved multi-pass rolling on low-carbon
steels with total strain, ¢ = 1.0 (5 x 0.20) at different
temperature while the present study had two deforma-
tion passes with total strain ¢ 0.80 (2 x 0.40).
However, the strain rates, interpass time, and method
of deformation were similar, which is one of the main
reasons for the favorable agreement. The results also
show that the window of partial recrystallization is
highest for steel BO (70 °C) while lowest for steel B3 (30
°C) for both hold times.

The base composition (0.20C-1.0Mn-0.20Si) in these
steels was chosen to represent typical levels in structural
steel grades for beams sections and rebar applications.
Steel BI-B3 displayed three different forms of Nb in the
austenite solid solution at any given temperature if
similar reheating and deformation conditions are
applied. Accordingly, Nb(CN) precipitation behavior

in hot-deformed austenite should be different within
steel B1-B3 due to systematic variation of Nb supersat-
uration in austenite, [Nb]sg at respective deformation
temperature.[H]

[Nb]ss is given by solubility product, ks = [NDb][C]
where [Nb] and [C] are the concentration of Nb and C
dissolved in the austenite.”*** Nb supersaturation ratio
in austenite, [Nb]ssg, is defined as being the ratio of the
solubility product of Nb(CN) in austenite at reheating
temperature to the solubility product of austenite at the
deformation temperature. Irvine er all'”' solubility
equation allows the calculation of [Nb]ss and [Nb]ssr
using the following relation:

[Nblss = [Nb]

— [Nb],

B3]

2
/

[Nblssr = [Nb]y /INb], (4]
where the term [Nb], and [Nb], represent the amount of
Nb in solution at the respective reheating and deforma-
tion temperatures. Table III shows the estimated values
[Nblss and [Nb]ssr at the respective deformation
temperature for each steel composition.

Some interesting behaviors can be noted after com-
bining the fractional softening data presented in
Figure 3 with Table III. The suppression of austenite
recrystallization is not associated with a unique [Nb]gg

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 8—TEM micrographs for steel B3 (0.021 pct Nb) which was deformed at 950 °C, strain ¢ = 0.40, isothermally hold for 20 secs followed by
immediate water quenching: (a) bright-field TEM micrograph of Nb(CN) precipitates, (b) dark-field TEM micrograph of (a) depicting Nb(CN)
precipitation along austenite subgrain boundaries, and (c) selected area diffraction pattern of precipitate and (d) corresponding EDS spectrum.

and varies for each steel at the respective T’s ,¢; as shown
in Figure 11. However, an interesting trend can be
observed that increasing Ts , is associated with
increasing [Nb]s in the austenite. An earlier investiga-
tion!"? had suggested that a critical degree of [Nb]g
must be exceeded for profuse the strain-induced
Nb(CN) precipitation which then retards austenite
recrystallization at T's ¢, temperature. Palmiere et al¥
found that a [Nb]s was not constant at respective T's pe
and was dependent on the initial steel composition. He
observed that a [Nb]ss ranged from 0.019 to 0.045 wt pct
at respective Ts ¢ for a series of low-carbon Nb-mi-
croalloyed steels. The present result is in favorable
agreement with both the above findings with the view
that retardation of recrystallization is not associated
with unique a [Nb]g.

In previous investigation, it was suggested that the
suppression of static recrystallization was associated
with a similar [Nb]ssg in austenite.l'! Accordingly, the
two steel compositions exhibited an [Nb]ssg of 7.5 and
5.0 when reheated at 1250 °C, deformed at 950 °C in a
single pass of strain, ¢=0.70. Hence, Hansen et al.
proposed a critical [Nb]ssg limit in between these values
to retard static recrystallization through strain-induced
precipitation.!”) In the present investigation, the static
recrystallization was retarded for steels Bl to B3;
whenever, the [Nb]gsgr = 7.5 for any given deformation
temperature showing a favorable agreement with work
of Hansen et al!" Figure 12 highlights the relationship
between [Nb]ssg, and percent fractional softening for
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steel Bl to B3 at respective deformation temperature.
Steel B3 exhibited a [Nb]ssr of 7.8 at its respective Ts pe¢
(i.e., 953 °C). It was obvious that a [Nb]ssr of 5.1 in steel
B2 at 950 °C was not sufficient to retard complete
recrystallization resulting in partial recrystallization.

Cuddy er alP¥ calculated the [Nb]ssr ratio at the
respective Ts o, for several steels which were simulated
in multi-pass deformation on a laboratory rolling mill.
These steels were soaked at several temperatures (950 to
1200 °C) to obtain range of initial solute Nb levels and
[Nb]ss. The observed [Nb]ssr at respective Ts pe was
not constant and ranged in value between 5 and 40. He
reported the uncertainty in his results because soluble
Nb was calculated from published solubility product of
Nordberg et al®¥ However, he calculated [Nb]ssr as a
ratio of solubility product (k) at reheating and defor-
mation temperatures which could have given overesti-
mated values of [Nb]ssg. The recalculation of [Nb]ssr
based on Irvine er all'” solubility product gives values
in range of 3.10-6.20 at respective Ts .. The modified
results of Cuddy er al.?* investigation compare favor-
ably with the results of the present study.

During high-temperature deformation, recrystalliza-
tion and precipitation are competing processes and the
rate of each process depends upon which is occurring
preferentially. Precipitation is the one which is signifi-
cantly influenced by available [Nb] prior to deforma-
tion at any given deformation temperature. As
highlighted earlier, static recrystallization suppression
is not associated with unique [Nb],,; however, a constant



Fig. 9—TEM micrographs depicting Nb(CN) precipitation along austenite subgrain boundaries in steel BI-B3 at various deformation
temperatures: (@) to (d) Steel Bl, (e) to (h) Steel B2, and (i) to (/) Steel B3. All the samples were deformed in a single hit for a true strain, ¢ =

0.40, isothermally held for 20 s, and immediately water quenched.

[Nb]ssr was observed at each respective Ts . in the
present study. It is expected that there will be sufficient
volume fraction of Nb(CN) precipitates at the critical
[Nb]ssr, leading to the necessary pinning force to inhibit
the recrystallization kinetics. The experimental evi-
dences backing these observations are discussed in
following sections.

B. Interaction Between Fryy and Fppy

In the present study, the use of a well-controlled TMC
machine and PSC test enabled the more accurate
determination of the increase in flow stress (Ag) and
corresponding change in the dislocation density (Ap).
The Frxn was calculated according to strain-induced
boundary grain motion (SIBM) model which is a widel
accepted recrystallization nucleation mechanism. 3!
This model was originally put forth by Beck and
Sperry®®37 and was subse%uently advanced through
work of Bailey and Hirsch.*® The shear modulus of
austenite and the average burger vector were, respec-
tivelg}/, assumed to be 4 x 10* MPal"! and 2.5 x 107'°
m.®” Figure 13 shows the variation of both precipi-
tate-pinning force (Fpryn) and driving force for recrys-
tallization, (Frxn) with deformation temperature.

The curve for Frxn in Figure 13 showed strong
dependence on deformation temperature as the recrys-
tallization is a thermally activated process. The Ap is
directly influenced by the deformation temperature; it
becomes smaller with an increase in temperature due to
the increasin% number of operative slip systems.**-4!!
Sellars et al?”* correlated the combined effect of
deformation temperature and strain rate on increase of
Ao and Ap in low-carbon steels through Zener—Hol-
lomon parameter (Z) parameter. Frxy values ranging
from 1.5 MPa (at 1000 °C, low Z) to 3 MPa (at 850 °C,
high Z) were observed depending upon the deforma-
tion-processing conditions. The Frxy did not show any
dependence on Nb additions at any given deformation
temperature for steel B1-B3.

The Fpn was measured using the subgrain boundary
model (SBM) of Hansen ez al.'" All input values (r, f,, /)
into the SBM models were experimentally measured in
this investigation, with the exception of interfacial
energy between the Nb(CN) and austenite. The average
mean linear intercept between austenite subgrain bound-
aries was determined to be 0.50um from thin-foil TEM
studies. An example of a subgrain structure in steel B3,
deformed at 950 °C, is shown in Figure 8. The high
localized volume fraction of NDb(CN) at austenite

METALLURGICAL AND MATERIALS TRANSACTIONS A



Table II. Quantitative Measurement of Nb(CN) Particle Size and Volume Fraction for Steel B1I-B3 as a Function of Deformation
Temperature
Local Precipitate Distribution Data
Experimental Measurement
Deformation Temperature gllrir)n (r]I\l[-Sz) (r]r\1]’\§) L(])rcal
: recipitate-Pinning Forces a
(°C) v Precipitate-Pinning F (MPa)
Steel Bl 850 121+22 53 x 102 43 x10*° 42 x 10* 2.18
900 162+23 18x 102 1.1 x10*® 25x 10* 0.74
950 186+19 68x 10" 37x10° 12x10* 0.27
1000 169+19 99 x 10" 59 x10® 15x%x10° 0.04
Steel B2 850 1774+19 72 x 102 41x10*° 12x 103 2.91
900 157+ 18 55x%x 102 35x10®° 72x10* 2.24
950 258 £22 1.6 x 102 62 x 10 5.6 x 10* 0.65
1000 240+ 1.4 49 x 10" 2.1 x 10  1.5x 10* 0.20
Steel B3 850 162+1.8 1.7x 102 1.1x10* 24x10° 6.97
900 18.7+21 1.1 x 102 60 x10*° 2.1x10? 4.54
950 261 £2.1 46x 102 1.7 x10®° 1.6 x 107 1.83
1000 217+12 19 x 102?85 x 10 4.6 x 10* 0.74

All the samples were deformed in a single hit for a true strain, ¢ = 0.40, isothermally held for 20 secs, and immediately water quenched.
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Fig. 10—Volume fraction of Nb(CN) precipitation at different deformation temperatures in steel Bl to B3: Experimental (Exp) measured/f, (exp)
versus equilibrium (Eqm)/f, qom)- All the samples were deformed in a single hit for a true strain, ¢ = 0.40, isothermally held for 20 s, and
immediately water quenched.

Table III.

Nb Supersaturation (Wt Pct) and Nb Supersaturation Ratio as a Function of Deformation Temperature for Steel
B1-B3

[Nb|g5=[Nb],—[NBb],

Nb Supersaturation (Wt Pct)

Nb Supersaturation Ratio

[Nb}SSR:[Nb}y/[NbL

Deformation Temp, °C BO Bl B2 B3 BO B1 B2 B3

850 0.0010 0.0058 0.0112 0.0206 2.16 7.93 14.51 25.87
900 0.0003 0.0051 0.0105 0.0199 1.20 4.39 8.03 14.32
950 0.0000 0.0040 0.0094 0.0188 0.70 2.55 4.66 8.31
1000 0.0000 0.0023 0.0078 0.0172 0.42 1.54 2.83 5.04
1050 0.0000 0.0000 0.0053 0.0147 0.27 0.97 1.78 3.17
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subgrain boundaries is translated into high values of
local Fpyy for steels Bl to B3.

The Fpin curve in Figure 13 also shows a strong
dependence on deformation temperature (i.e., high or
low Z condition). This dependence arises because of the

direct influence of the Z parameter on the density of
nucleation sites.”®! The measured Fpyn also increases
with increasing [Nb]ss for steels Bl to B3 at any
constant deformation temperature. The high volume
fraction of Nb(CN) at prior-austenite grain boundaries
is translated into high values of precipitate-pinning force
(Fpin). The measured Fpin was significantly higher than
those predicted from equilibrium thermodynamics. The
Fpin estimation with the SBM model is in agreement
with the previous investigation®*2”! which validates the
acceptance of SBM as the most realistic pinning model.

The interaction between Fpin and Frxny showed good
correspondence with fractional softening and quantita-
tive metallography measurements. The recrystallization
is retarded only when the precipitate-pinning forces
(Fpin) become higher than recrystallization-driving
force (Frxn). If the precipitation occurs before the
onset of recrystallization, a significant retardation in the
recrystallization kinetics is achieved. The accurate esti-
mation of Frxn and Fpyy in present work rationalizes
the interaction between the recrystallization and precip-
itation process for investigated steels.

At temperature below the respective Ts o, the Fpry
appears to be of comparable magnitude or higher to the
Frxn as illustrated in Figure 13. Static recrystallization
was inhibited for steels Bl to B3; whenever, Fpin >
Frxn corresponded to a critical Fpyy of 1.6 MPa. This
agreement confirms validity of precipitate pinning in
suppressing the static recrystallization of austenite
during interpass time by essentially locking the sub-
structure. It also validates that experimentally measured
size and volume fraction of localized precipitation were
in right range to retard static recrystallization of
austenite. For example, steel B2 showed a fully unre-
crystallized microstructure at Ts i of 900 °C. The
pinning force corresponding to an estimated 7’ ¢ is 1.8
MPa, which exceeded Frxn resulting in a complete
retardation of static recrystallization for steel B2. If the
Ts pet is defined as the intersection of Fpin and Frxn
curves, then a prediction of Ts o, = 920 °C is very close
to one measured from fraction-softening curves and
metallography, Ts o = 900 °C.

However, favorable agreement was not obtained in
steel B1 as the measured Fpry were lower than Frxy at
all deformation temperatures. Steel B1 showed a fully
unrecrystallized microstructure at a corresponding T's pe
of 855 °C. TEM analysis showed the presence of
strain-induced precipitation in deformed austenite at
850 °C. However, the measured volume fraction of
precipitates was very low which resulted in lower values
of local Fpyn, equal to 2.18 MP. Also, the local Fpn
would have been higher than the current value if the
volume fraction of missing fine precipitates (2 nm) was
considered.

As mentioned previously, the steels B1 to B3 exhibited
a different [Nb], at their respective T’ po. This is
summarized in Table IV, along with measured Fpyy for
steel BI-B3 at respective Ts po. The table indicates that
steel B3 had [Nb], of 0.020 at Ts e of 943 °C which was
83 pct larger than steel B2. The higher [Nb]s subse-
quently resulted in different precipitate volume fraction
as shown in Figure 10. Steel B3 exceeded a critical
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Fig. 13—Interaction between Fppy and Frxn versus deformation temperature for steel BI-B3. Data to the left of the intersection point will
result in complete suppression of austenite recrystallization. Data to the right of intersection point will result in partially or fully recrystallized
austenite microstructure. All the steels were deformed in a single hit for a true strain, ¢ = 0.40, isothermally held for 20 s, and immediately

water quenched.

pinning force of 1.6 MPa at Ts ,; because of this both
coupled phenomena. However, at their respective T's
steel B2 and B1 showed a similar value of Fpry in a
range of 1.8-2.5 MPa. Additionally, steels B1-B3
exhibited a critical [Nb]ssgg = 7.5 resulted at their
corresponding T's e for £¢=0.40.

As a closing remark, we got quantifiable evidence on
the interaction between austenite recrystallization and
precipitation as a function of chemistry (i.e., Nb level)
and processing parameters (temperature, strain, and
strain rate) for a given 0.20 pct C base composition. The
findings from the present study have significant impor-
tance showing the influence of [Nb], critical [Nb]ssg,
and its associated precipitation potential in retarding the
static recrystallization for commodity-grade carbon
structural steels. Even the lowest addition of 66 ppm
Nb (i.e., ultra-low levels) could retard recrystallization
and raised 75, temperature over the base steel
composition by as much as 40 °C. Consequently, it is
possible to develop a viable deformation schedule to

best benefit even lower strength structural steels through
the use of ultra-low Nb additions. Better control of
austenite microstructure evolution will improve the
mechanical properties of existing low-value commod-
ity-grade products through ferrite grain refinement,
which in turn can permit a reduction in other substitu-
tional alloying elements such as Manganese as Nb
provides a greater level of strengthening effect even at
66 ppmNb.

V. CONCLUSIONS

1. The isothermal PSC testing proved to be an easy
and straightforward method for determining recrys-
tallization-stop (7s po) and recrystallization-limit
(Tos per) temperatures. The Ts . was associated
with 20 pct fractional softening of austenite. A

Table IV. Comparison of Parameters at Ts ., for steel BI-B3 (As Measured for This Investigation: £=0.40 + Hold Time: 20

s+ WQ)
Parameter B1 B2 B3
Softening Studies Ts oo, °C 855 894 943
aspect ratio 14.01 11.30 10.96
Nb Solubility bulk Nb Concentration, wt pct 0.0066 0.0121 0.0214
Nb soluble at 1250 °C, wt pct (1) 0.0066 0.0121 0.0214
Nb soluble at Ts e, Wt pet (2) 0.0009 0.0014 0.0024
Nb supersaturation at Ts ¢, Wt pet (1)-(2) 0.0057 0.0106 0.0190
Nb supersaturation ratio at Ts ¢ (1)/(2) 7.46 8.60 8.95
Interaction Frxn (MPa) 2.95 1.98 1.56
Fpin (MPa) 2.18 2.24 1.83
recrystallization suppressed (yes/no) YES YES YES

Irvine er al. ' solubility equation was used to calculate [Nb], and [Nb],.
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T's et of 825, 855, 900, and 943 °C was measured for
steels BO, B1, B2, and B3, respectively, for a ¢=0.40
plus isothermal hold time of 20 seconds. The
measured 75 ¢ for hold time of 5 seconds was
marginally higher (5 °C to 10 °C) than 20 second
hold time for similar deformation condition.

2. The Ts , increases with increasing Nb supersatu-
ration in austenite for steel BI-B3. In the present
investigation, T's ¢ increases by 40 °C per 0.006 pct
increase in Nb supersaturation over base grade.
However, the level of Nb supersaturation was not
constant at respective T's ¢ for steels Bl to B3.

3. The high volume fraction of Nb(CN) at
prior-austenite grain boundaries translated into
high values of precipitate-pinning force (Fprn). At
any given temperature and strain, the local Fpy
increases with increasing dilute Nb concentration
from steel Bl to B3. A Frxn value ranging from
1.5 MPa (at 1000 °C, low Z) to 3 MPa (at 850 °C,
high Z) was observed depending upon Z
conditions.

4. The interaction between Fpyy and Frxn showed
good correspondence with fractional softening and
quantitative metallography measurements. At cor-
responding Ts ¢ (RST), static recrystallization of
austenite was inhibited when Fpy = Frxn, COrTe-
sponding to critical pinning force of 1.6 MPa. This
agreement confirms validity of precipitate pinning
in suppressing the static recrystallization of austen-
ite during interpass time by essentially locking the
substructure.

5. The Nb supersaturation ratio, [Nb]ssg, is a critical
factor in determining whether an effective recrys-
tallization and precipitation interaction will take
place at particular temperature. The static recrys-
tallization was retarded for steel Bl to B3 whenever
the [Nb]ssr exceeded a critical value of 7.5 for any
given deformation temperature for a true strain of
0.40.
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