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Abstract: Novel steel microalloyed with 0.73 (Cr + V + Nb) has been subjected to thermomechanical
processing (TMP) with varying parameters to simultaneously maximise the steel strength and ductil-
ity. Optical and electron microscopy studies coupled with uniaxial tensile testing were carried out to
analyse the processing-microstructure-properties relationship. For the suggested steel composition,
the simultaneously highest yield stress (960 MPa), ultimate tensile strength (1100 MPa), and elonga-
tion to failure (25%) were achieved following simulated coiling at 650 °C and holding for 30 min. The
variation in the finish rolling temperature affects the ferrite grain size and the ratio of precipitates
formed in austenite and ferrite. If a significant amount of solute is consumed for precipitation in
austenite and during subsequent growth of strain-induced precipitates, then a lower fraction of
interphase and random precipitates forms in ferrite resulting in a lower strength. Extended time at a
simulated coiling temperature resulted in the growth of interphase precipitates and precipitation of
random ones in ferrite. Fine tuning of TMP parameters is required to maximise the contribution to
strength arising from different microstructural features.

Keywords: microalloyed steel; interphase precipitation; mechanical properties; thermomechani-
cal processing

1. Introduction

Growing competition in the steel market initiates further research into new steel
compositions and processing technologies which would guarantee the highest properties
at a lowest cost. One of the key directions to reduce the steel manufacturing cost is to
simplify its chemical composition. However, reduced contents of microalloying elements
may adversely affect mechanical properties, as a result of decreased strengthening contri-
butions from solid solute atoms and precipitates. Therefore, lean steel compositions require
sophisticated processing schedules to compensate for the strength loss.

Interphase precipitation of carbides/carbonitrides (when particles align in rows) was
shown to be an effective way to utilise microalloying elements as precipitation strength-
ening agents [1-7]. This mode of precipitation occurs during austenite to ferrite transfor-
mation if the transformation start temperature is approximately equal to the precipitation
temperature. During migration of the austenite—ferrite interface, the particles nucleate
at the interface and continue growing in ferrite [8-11]. Interphase precipitation could
contribute up to 400 MPa to the yield stress (Table 1). Such a high contribution originates
from a combination of high particle number density and fine particle size of ~3-5 nm.

Since the 1960s, interphase precipitation has been observed in steels microalloyed
with various carbonitride forming elements: Nb [12-15], Ti [2,16-18], and V [1,10,19-23].
A substantial body of research has been dedicated to investigate the effect of Mo on
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interphase precipitation, especially in Ti-microalloyed steels [2,6,24-28]. TiMoC particles
were found to nucleate as Mo-rich clusters and then grow into particles via increasing the
Ti concentration [28]. Mo reduces the lattice misfit between the carbide and ferrite, thus
making the nucleation process easier [29]. The presence of Mo in TiC is thermodynamically
unfavourable [30]. Thus, due to the slow rate of Mo diffusing out of the carbide, the
coarsening process of particles is slowed down. It was also shown that Mo slows down
the coarsening rate of TiC clusters [31]. Therefore, TiC particle sizes and intersheet spacing
become smaller with Mo addition [32]. The overall steel strength was shown to depend on
Ti/Mo ratio as it affects the absolute values of particle sizes and number densities [2].

The effects of various processing parameters on interphase precipitation has been
recently summarised in review papers [33,34] showing that processing has a complex
effect on the interphase particle characteristics and mechanical properties. For example,
TiMoC clusters/precipitates became finer and their intersheet spacing decreased with hot
deformation, compared to the non-deformed condition [27,35]. Similarly, ~50% reduction
in intersheet spacing of VC was noted after deformation of austenite prior to phase trans-
formation [36]. In 0.06C-0.1Ti-0.5Cr (wt.%; hereafter all compositions are given in wt.%)
steel, a decrease in holding temperature from 720 to 640 °C resulted in more planar rows of
TiC, their size and intersheet spacing decreased, number density increased, and the steel
hardness increased [37]. In another Ti-microalloyed steel containing 0.06C-0.1Ti-0.2Mo, a
decrease in temperature from 720 to 630 °C also resulted in the sheet spacing decreasing
and strength increasing, although various morphologies (irregular and regular intersheet
spacing, and curved or straight row lines) of interphase precipitates were observed in differ-
ent grains [24]. Similarly to Ti-microalloyed steels, in a V steel containing 0.1C-0.2V-0.5Mo,
a decrease in holding temperature from 650 to 630 °C coupled with Mo additions decreased
the intersheet spacing and particle size, leading to a strength increase; however, this effect
was more prominent in the V steel compared to the Ti steel [38]. Despite this noted increase
in the precipitation strengthening contribution with a decrease in holding temperature, the
strength dependence on temperature shows a peak. Thus, in 0.05C-0.05Nb steel, hardness
increased with decreasing temperature from 750 to 650 °C, due to decreasing intersheet
spacing; however at 600 °C the hardness decreased as no precipitation occurred [39]. In
another 0.06C-0.056NDb steel, interphase NbC precipitated at 750 °C and did not precipitate
at the lower temperature of 600 °C; however, the strength was higher after coiling at 600 °C
due to finer ferrite grain size [40]. In 0.11C-0.11Ti-0.21Mo steel, the intersheet spacing
decreased with decreasing temperature from 700 to 650 °C; however, hardness was max-
imised at 670 °C for undeformed and at 660 °C for deformed conditions, as below these
temperatures, precipitation ceased [41]. The strength dependence on holding time also
exhibits a maximum. For example, in 0.04C-0.05Ti-0.22Mo steel, the strength maximum
was observed after 18 min holding time at 650 °C [42]; in 0.04C-0.1Ti-0.22Mo steel—at
40 min holding time at 650 °C [31]; and in 0.07C-0.086Nb-0.047Ti steel—at 60 min holding
time at 650 °C [43].

In this work, we investigate a novel CrVNb-microalloyed steel processed to obtain
interphase precipitation. Nb and V were expected to precipitate as NbVCN, and Cr
was added to mainly increase solubility of other microalloying elements and reduce the
precipitate sizes [44]. Effects of three processing parameters were considered and discussed:
finish deformation temperature, simulated coiling (holding) temperature and time.
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Table 1. Strengthening contribution from interphase precipitation (published data).
Steel Composition, wt.% Processing o ppt, MPa Method of Calculation Reference
. Reheat at 1050 °C, cooling at 20 °C/s, Based on the experiment compared

0-1C-0.1Ti-0.6Cr holding at 650 °C for 2 min 160 to steel without Ti (7
0.5 strain at 880 °C, cooling at

0.06C-0.1Ti-0.5Cr 30 °C/s, holding at 760-640 °C for 220-320 Dislocation looping [37]

5 min

Heating to 1200 °C, cooling at

0.06C-0.1Ti-0.2Mo 15 °C/s, holding at 720-630 °C for 230-400 Dislocation looping [24]

30 min

0.04C-0.09Ti-0.2Mo

Subtraction of other strengthening
300 mechanisms from experimental yield [2]
strength value

Finish rolling at 900 °C, cooling at
10 °C/s, holding at 620 for 60 min

0.1C-0.2Ti 240
0.1C-0.2Ti-0.5Mo Heating to 1200 °C, cooling at 260 . . .
0.1C-02V 10 °C/s, holding at 630 °C for 90 min 130 Dislocation looping [38]
0.1C-0.2V-0.5Mo 240
0.1C-0.2Ti-0.6Cr Reheat at 1050 °C, cooling at 20° C/s, 326 Dislocation loopin (18]
0.1C-0.2Ti-0.1A1 holding at 650 °C for 8 s 300 ping
- Finish rolling at 900 °C, cooling at . . .
0.1C-0.04Nb-0.11Ti 10°C/s, coiling at 650 °C 112 Dislocation looping [16]
0.44C-0.3V Reheating at 1200 °C, holding at 180 Based on the experiment compared [23]
0.44C-0.5V 650 °C for 2 min 320 to steel without V i

0.07C-0.086Nb-0.047Ti

Subtraction of other strengthening
234 mechanisms from experimental yield [43]
strength value

From room temperature reheating to
650 °C, holding for 60 min

Finish forged at 910 °C, cooled at

0.023C-0.34Nb 0.13 °C/s to room temperature 210 Dislocation looping [13]
0.08C-0.085Nb-0.085Ti-0.11Mo Finish rolling at 835 °C, cooling at 320 . . .
o o . _— Dislocation looping [32]
0.08C-0.047Nb-0.079Ti 2°C/s 10600 °C, no holding 170
~(0.08 + 0.003)C-1.5Mn-0.3Si- ) . 5
0.2Ni-(0.0131 + 0.0002)N-0.68 otal strain 1.35, coiling at 600 °C, 401 Dislocation cutting 7]

(Cr + Mo + V + Nb)

15 min holding

2. Materials and Methods

The steel containing ~(0.08 + 0.003)C, 1.5Mn, 0.3Si, 0.2Ni, 0.03Al, 0.003S, 0.015P,
(0.0131 £ 0.0002)N, and 0.73 (Cr + V + Nb) (wt %) was melted by Hycast Metals Pty Ltd.
(Smithfield, NSW, Australia) and cast as 75 x 100 x 150 mm? blocks. The blocks were
homogenised at 1250 °C for 30 h, to equalise chemical composition, then forged in the
temperature range of 1250-900 °C along the 100 mm side to 28 mm plate thickness, to assure
3.5 times reduction of the as-cast microstructure. The forged plates were machined into
standard 20 x 15 x 10 mm?® Gleeble samples. Thermomechanical processing (TMP) was
carried out in a Gleeble 3500 simulator (Dynamic Systems Inc., Poestenkill, NY, USA) using
the following schedules: austenitising at 1250 °C for 180 s, followed by a set of deformation
in both recrystallised and non-recrystallised austenite regions to a total strain of 1.35. In
two sets of samples, the finish rolling temperatures were 900 °C and 850 °C, designated as
high finish temperature (HFT) and low finish temperature (LFT). The simulated coiling was
carried out at 650 °C or 600 °C (CT) for either 15 or 30 min, followed by air cooling to room
temperature. Here, we present data for six selected TMP conditions, which are subsequently
referred to according to their TMP schedule as HFT/CT/time and LFT/CT/time.

Microstructure characterisation was carried out using optical, scanning (SEM) and
transmission (TEM) electron microscopy. For optical and SEM microscopy the Gleeble
samples were cut parallel to the ND-RD plane, where ND is the compression direction
and RD represents the rolling direction in Gleeble simulation. For TEM and tensile prop-
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erties testing the samples were cut parallel to the ND-TD plane, where TD represents the
transverse direction in the simulation. Optical and SEM sample preparation included
polishing with SiC papers and diamond suspensions followed by etching with 5% Nital.
Foils for TEM were prepared by hand polishing with a number of SiC papers followed by
electropolishing using a Tenupol machine. Optical microscopy was conducted on a Leica
DM6000M microscope (Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany) equipped
with Leica Application Suite (LAS) 4.0.0 image processing software (Leica Mikrosysteme
Vertrieb GmbH, Wetzlar, Germany). SEM was carried out using a JEOL 7001F FEG scanning
electron microscope (JEOL, Tokyo, Japan) operating at 15 kV for imaging and 7 kV for
energy dispersive X-ray spectroscopy (EDS) of precipitates. For the determination of ferrite
grain sizes, more than 400 grain were manually measured for each of six studied conditions.
In the SEM, visible size range precipitation was scarce. Thus, only a limited number of
<100 particles was analysed for each processing condition with respect to precipitate sizes,
number density and area fraction values. The EDS semi-quantitative point analysis was
carried out for 20+ particles for each studied condition using an AZtec 2.0 Oxford SEM
EDS system (Oxford Instruments, Abingdon, United Kingdom). Transmission electron
microscopy was conducted on a JEOL JEM2010 TEM microscope (JEOL, Tokyo, Japan). For
the analysis of interphase precipitation several grains were imaged for each processing
condition. The precipitates type was analysed using selected area diffraction. The foil
thickness was measured to be ~80 nm; a convergent beam diffraction technique was ap-
plied for this measurement. Imaging of dislocation structure was performed near the [011]
ferrite grain zone axis. Tensile testing for the six studied conditions was carried out on a
Kammrath and Weiss GmbH mini-tensile stage (Kammrath and Weiss GmbH, Dortmund,
Germany). Testing was performed using 3 mm wide, 1 mm thick, and 7 mm gauge length
flat specimens. The constant crosshead speed of 7 um-s~! was applied and resulted in
1 x 1073 s~ strain rate. Two specimens were tested per condition.

3. Results
3.1. Effect of Processing on Microstructure

The representative optical (Figure 1) and SEM (Figure 2) micrographs of the mi-
crostructure after the TMP show the main phase being polygonal ferrite after all processing
schedules. For the same coiling temperature of 600 °C and time of 15 min, the average
ferrite grain size has reduced from ~9.5 um for HFT to ~7 pm for LFT samples (Table 2).
A higher coiling temperature of 650 °C for HFT sample resulted in a slight reduction of
grain size from ~9.5 um to ~8.3 um. The second phase constituted approximately 0.04 area
fraction in samples after coiling at 600 °C, whereas after 650 °C holding, it increased to
~0.1 (Table 2). The nature of the second phase also changed from pearlite at lower holding
temperature to bainite /martensite at the higher one.

The presence of precipitates with sizes ranging 20-80 nm (Figure 3, Table 2) was
evident in ferrite. Their size decreased and number density increased when the finish
rolling temperature was reduced. For HFT samples, a higher coiling temperature of 650 °C
also produced a finer and more dense distribution of these precipitates compared to 600 °C
condition (Table 2). Based on EDS analysis (Figure 4), these particles were identified being
NbV-rich and V-rich possibly carbo-nitrides.

TEM analysis revealed the predominant arrangements of fine particles in rows
(Figure 5) and some randomly arranged particles between the rows. The diffraction pattern
analysis confirmed two types of precipitates (Figures 6 and 7). One of them (denoted as
MC, metal carbide, but could be also carbo-nitride) has NaCl-type lattice and exhibits the
standard Baker-Nutting orientation relationships (B-N OR) with body centred cubic ferrite
lattice (&) [45]:

(100) / /(100) e, [011] o,/ /[010]yye, [011] 7 /[001])mic
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Figure 1. Optical images of microstructures for studied conditions: (a) HFT/600/15, (b) HFT/650/15, (c) LFT/600/15,
(d) HFT/600/30, (e) HFT/650/30, (f) LFT/600/30.

Figure 2. SEM images of microstructures showing the phase balance: (a) HFT/600/15, (b) HFT/650/15, (c) LFT/600/15, (d)
HFT/600/30, (e) HFT/650/30, (f) LFT/600/30.
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Table 2. Microstructural parameters and mechanical properties in the studied steel.

HFT LFT
Parameters
600/15 600/30 650/15 650/30 600/15 600/30
Average ferrite grain size, um 95+47 93+41 83 +3.9 85+4.0 7.0+3.0 6.6 +£29
Second phase fraction 0.04 0.03 0.11 0.10 0.04 0.04
Average size, nm 48 £ 24 42 +£19 33+16 32 +16 30+13 27+9
=20 nm Number density, pum 2 0.22 0.32 0.88 0.88 0.85 1.65
P?Srgﬁ/l[‘;s Area fraction 0.0005 0.0005 0.0009 0.0009 0.0007 0.0011
Chemistry v oy N sy v v
Average size, nm 5+2 11+2 3+1 5+1 3+1 5+1
Interparticle spacing, nm 22+5 22+7 1242 1244 22+4 22+5
<20 nm Intersheet spacing, nm 28+9 28+£7 20£5 21£2 55+ 11 55+15
p{’;’ﬁﬁ? Number density, x10% pm~3 23 23 54 52 12 12
Volume fraction 0.0015 0.0161 0.0008 0.0034 0.0002 0.0008
Chemistry (VCrNb)C
Dislocation density, x10* m~—2 11+02 12+0.1 07+0.1 0.8+£0.1 1.8+02 12+0.1
YS, MPa 872 + 50 946 + 15 885 + 35 960 + 20 875 + 45 940 + 20
UTS, MPa 1030 £ 30 1075 £ 20 1030 £ 30 1100 £ 20 1035 + 15 1055 £ 10
Elongation, % 23+2 23+£2 23+3 25+2 21+£3 21£2

n NbV-rich particles

Figure 3. SEM images of ferrite grains showing the Nb- and V-rich particles: (a) HFT/600/15, (b) HFT/650/15,
(c) LFT/600/15, (d) HFT/600/30, () HFT /650,30, (f) LET/600/30.

200

B NbV-rich particle m V-rich particle

160

160
120 120
£ £
g 80 g 80
o o
40 40
0 0
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
a keV b keV

Figure 4. Typical SEM-EDS spectra of >20 nm (a) NbV-rich and (b) V-rich particles.



Metals 2021, 11, 107 7 of 14

Figure 5. TEM bright field images of precipitate arrangements in ferrite: (a) HFT/600/15, (b) HFT/650/15, (c) LFT/600/15,
(d) HFT/600/30, (e) HFT/650/30, (f) LFT/600/30.

Figure 6. TEM diffraction patterns used to determine the type of precipitates in the <15 nm size range: (a) HFT/600/15,
(b) HFT/650/15, (c¢) LFT/600/15, (d) HFT/600/30, (e) HFT/650/30, (f) LEFT/600/30.

(211)4 (211)4

N,

= ®_(200)npven
/" (020)npyen \\\

Q

Z, = [011] 1 Zggye = [001] Z, = [011] 1l Zyyyen = [001]
Figure 7. Analysis of the diffraction patterns characteristic for the studied steel in all processing
conditions: (a) Fe3C and (b) NbV-rich carbide.

Calculation of the unit cell size gave a = 0.425 nm for these particles, which is in the
range of values measured for VC, a = 0.417 [30], VN, a = 0.413 [46], and NbC/NDbN, a
= 0.436-0.450 [46—48]. The second type of precipitates was cementite Fe3C, precipitated
randomly between the rows of interphase particles (Figure 7a). Chemical analysis of these
interphase precipitates was not carried out in this study. However, the composition of
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interphase precipitates and fine random precipitates in the same steel composition but
after slightly different processing schedule was previously determined using atom probe
tomography and EDS in STEM [7,49]. They were found to be (VCrNb)C. The dislocation
substructure in ferrite grains is shown in Figure 8. The dislocation number density was the
lowest in HFT specimens coiled at 650 °C (Table 2).

Figure 8. Selected TEM bright field images of dislocation substructure in ferrite after 15 min simulated
coiling: (a) HFT /600, (b) HFT /650 and (c) LFT/600.

As expected, the characteristics of interphase precipitates varied with the TMP sched-
ule (Table 2): (i) for the same HFT, the higher coiling temperature of 650 °C resulted in
finer sizes and higher number density (narrower interparticle and intersheet spacings) of
interphase precipitates; (ii) for the same coiling conditions, a lower finish deformation tem-
perature led to finer particle sizes and lower number density of interphase precipitates; (iii)
particles grew with coiling time; however a possible decrease in number density occurring
during coarsening was not observed here. Detailed analysis of these parameters will be
provided in Discussion.

3.2. Effect of Processing on Mechanical Properties

The stress-strain and work hardening rate behaviours are shown in Figure 9. The de-
termined uniaxial tensile properties are listed in Table 2. The stress—strain curves exhibited
the continuous yielding behaviour with yield strength (YS) ranging from 870 to 960 MPa,
ultimate tensile strength (UTS) from 1030 to 1100 MPa and total elongation from 21 to
25%. The highest strength and elongation were exhibited by steel subjected to HFT/650/30
TMP schedule. However, this was accompanied by the lowest work hardening rate at
the early stages of plastic deformation. The overall lowest combination of strength and
ductility were in LFT/600/15 and HFT/600/15 conditions. These indicate that a higher
finish rolling temperature, a higher coiling temperature and an increased holding time (up
to 30 min in this study) provide better mechanical properties.

1200 20,000 ——HFT-600-15
---—HFT-600-30
1000 16,000 ——HFT-650-15
----HFT-650-30
& 600 12,000 —— LFT-600-15
= a8 ——HET-000:15 8 ----LFT-600-30
@ ‘ ----HFT-600-30 £ on
% — ——HFT-650-15
| ---=HFT-650-30
200 ——LFT-600-15 4000 4
i ----LFT-600-30
04 . . . . , 0 T T T
a 0 0.05 0.1 0.15 0.2 0.25 b 0 0.02 0.04 0.06 0.08 0.1
strain strain

Figure 9. (a) Stress—strain curves and (b) work hardening rate for the studied steel.

4. Discussion
4.1. Coiling Temperature

The presence of a high volume fraction of the second phase in the samples coiled at
higher temperature indicates that austenite to ferrite transformation was not completed,
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thus lower temperature phases (bainite or martensite) formed from remaining austenite
on cooling to room temperature. Furthermore, as the extent of ferrite formation was
less, it also manifested in a smaller ferrite grain size and finer precipitation in HFT /650
samples compared to HFT /600 samples. A smaller ferrite fraction after coiling at a higher
temperature of 650 °C could be related to the nose of austenite to ferrite transformation
curve being closer to the temperature of 600 °C. In such a case, the ferrite transformation
would start earlier during holding at 600 °C compared to 650 °C and proceeded longer,
giving more time for the completion of ferrite formation and for the growth of both
ferrite grains and interphase precipitates at this temperature. Conditions for the pearlite
transformation could also be reached at this temperature as the remaining small amount
of austenite is enriched in the rejected from polygonal ferrite carbon. Coiling at higher
temperature assisted the rearrangement of dislocations leading to the decrease in their
number density.

According to the literature data, the intersheet spacing initially rapidly decreases with
decrease in isothermal transformation (coiling) temperature, with much slower decline
below 650 °C [34,50]. This trend is due to the complex interplay between the driving forces
for ferrite formation and interphase precipitation, and the increased segregation of carbon
at v/ interface at lower temperatures leading to a slower interface mobility [51]. Zhang
et al. [51] identified a larger driving force for interphase precipitation as the main factor in
their size refinement and density increase. However, they also pointed out that at relatively
lower V content, when the driving force for precipitation is relatively small, the growth
rate of ferrite may also play a role affecting the characteristics of interphase precipitation.
The changes in the interphase precipitation characteristics are also related to the reduction
in the diffusivity of alloying elements with decreasing temperature.

In contrast, our observations showed that the intersheet spacing increased from 20 to
28 nm when the temperature was reduced from 650 to 600 °C. Simultaneously, the size of
precipitates and interparticle spacing also increased. This could be related to the complex
interplay between lower interface mobility at lower temperature and lower diffusion rate
of solutes, as well as the lower amounts of solutes available (following a more intense
precipitation in austenite after deformation). These require further investigation.

4.2. Finish Deformation Temperature

For the same coiling temperature of 600 °C, the average ferrite grain size and the sizes
of all types of particles became finer with a decrease in the finish deformation temperature.
The decrease in ferrite grain size could be related to less time being available for recovery
processes and austenite grain growth taking place after deformation at 850 °C, compared
t0 900 °C, as well as the effects on the austenite to ferrite transformation associated with
austenite grain size and dislocation sub-structure. The decrease in >20 nm particle sizes
can be associated with a larger number of particle nucleation cites on dislocations due to
their higher density after the lower finish deformation temperature of 850 °C. The average
size of >20 nm precipitates has decreased after extended holding time at 600 °C for both
finish deformation temperatures. This could be explained by the growth of all precipitates
present and that the originally finer precipitates reached the detectable by SEM size and,
thus, shifted the mean size of >20 nm particles to lower values. This correlates with the
~50% increase in total number density of the >20 nm precipitates.

With respect to <20 nm interphase precipitates, the following observations can be
highlighted:

e intersheet spacing after LFT (55 nm) was twice that after HFT (28 nm) for the same
coiling temperature of 600 °C;
particle size was 1.7-2.2 times (depending on coiling time) smaller after LFT;
growth of these particles during 30 min holding time was slower after LFT (from 3 to
5 nm) than that after HFT (from 5 to 11 nm).

Taking into account the size and number density of coarse precipitates (Table 2), which
presumably formed in austenite, it could be suggested that in LFT samples a pronounced
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strain-induced precipitation depleted the remaining austenite matrix in Nb, V, N, and C.
Consequently, there was less solute available for interphase precipitation in LFT condition.
This extensive strain-induced precipitation was caused by the deformation temperature
of 850 °C being significantly below the non-recrystallisation temperature of 975 °C and
approximately at the start of austenite to ferrite transformation. As the increase in driving
force for interphase precipitation and the corresponding increase in the number density of
precipitates and reduction in intersheet spacing were linked with an increase in V content
in steel composition [22,52], our results for LFT and HFT conditions correlate well with the
relative amounts of V/Nb remaining in austenite at the start of ferrite formation.

4.3. Holding Time

Extending to 30 min holding time at both temperatures had only a slight effect on
the reduction of the second phase fraction but nearly doubled the size of fine precipitates.
Furthermore, longer holding time at 650 °C promoted a larger carbon partitioning into
remaining austenite increasing its hardenability; therefore, martensite formed instead of
bainite after longer holding of 30 min (compare Figure 2b,e). Although the fine precipitates
size increased by ~50% with increase of holding time by 15 min, the particles still remained
nanosized. The rate of precipitate growth and subsequent coarsening depends on several
factors including the amount of solute available, solubility limit, interfacial energy, the
diffusion rates of carbide/carbonitride-forming elements and effect of other elements
present in solute and multi-component precipitate [19,53]. As the number density of
fine precipitates did not vary with an increase in holding time from 15 to 30 min, this
indicates that interphase precipitates still undergo growth and not yet coarsening, as during
coarsening the number of precipitates decreases. For example, during prolonged isothermal
holding, the number density of clusters/fine precipitates gradually decreased with time,
whereas their overall coarsening took place accompanied by a significant reduction in their
numbers after 100 h [54]. Furthermore, as was reported previously, a significant number
of clusters serving as pre-cursors for interphase and random precipitates formation are
present in ferrite of microalloyed steels [7,28,31,35,54]. During extended holding time at
simulated coiling temperatures, it is expected that these clusters grow and form nanosized
precipitates, which will also lead to an increase in the number density of fine precipitates
observed in TEM.

4.4. Mechanical Properties

The tensile properties rely on the contributions from the range of microstructural
features: ferrite grain size, dislocation density (including local pile-ups around the second
phase grains), solute concentrations in ferrite, clustering, and precipitation.

Thus, for the same coiling temperature of 600 °C, both HFT and LFT samples displayed
similar YS and UTS values (Table 2, Figure 10), with only slightly lower total elongation
for the LFT condition. However, for the LFT conditions the ferrite grain size was 26-29%
smaller, the number density of >20 nm particles was 3.9-5.1 times higher, the number
density of <20 nm particles was 50% lower, the dislocation density was similar, and the
matrix unit cell size (indicative of the solid solute concentrations) was also similar.

For the same finishing deformation temperature of HFT, the higher coiling temperature
of 650 °C resulted in 13-14 MPa higher YS, up to 25 MPa higher UTS, and similar elongation.
However, for the higher coiling temperature, the ferrite grain size was 13% smaller, the
number density of >20 nm particles was 2.7—4 times higher, the number density of <20 nm
particles was 2.3 times higher, and the dislocation density was only slightly lower. This
indicates a generally positive contribution of increased coiling temperature on properties,
although the effect of precipitation strengthening was not proportional.
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Figure 10. Variations in microstructural parameters and the yield stress with processing schedule.

An increase in holding time (from 15 to 30 min) at the same coiling temperature
brought a substantial increase in strength (by 65-75 MPa YS and 20-70 MPa UTS). This
corresponds to the only major change in microstructure, which is the growth of <20 nm
particles, leading to an increase in their volume fraction. This supports the effect of a single
particle size on the precipitation strengthening contribution to mechanical properties: in the
case of a similar number density, larger nanosized particles (5-11 nm) are preferable. In ad-
dition to the growth of interphase precipitates, longer holding time stimulates (i) transition
of solute atoms into atom clusters, (ii) evolution of pre-existing atom clusters into very fine
nano-sized precipitates (not observed here with TEM but reported previously [7,28,31]),
and (iii) nucleation and growth of random precipitates if a sufficient amount of solute
atoms was left unconsumed by the interphase precipitation.

Overall, the microstructure-properties analysis indicated an absence of a particular mi-
crostructural parameter that was predominantly responsible for the mechanical properties
formation. To achieve the desired combination of mechanical properties, the TMP sched-
ule should aim to maximise the strengthening contributions from all the microstructural
features.

5. Conclusions

The investigation of the effect of TMP parameters on microstructure and tensile
properties of newly designed CrVNDb-containing microalloyed steel led to the following
conclusions:

1. Lower finish deformation temperature resulted in finer ferrite microstructure with a
higher number density of >20 nm strain-induced precipitates, compared to the higher
finish deformation temperature.

2. Interphase precipitation occurred under all processing conditions but with various
characteristics. For the same coiling temperature, the intersheet spacing decreased
when the deformation was finished at a higher temperature. This was associated with
more solute present (lower volume fraction of >20 nm particles) in austenite at the
start of austenite to ferrite transformation.

3. Reduction in simulated coiling temperature led to unexpected increase in intersheet
and interparticle spacing, which requires further investigation.

4.  The increase in volume fraction of interphase precipitates due to their growth during
extended holding time to 30 min at simulated coiling temperatures was responsible
for the observed strength increment of up to 75 MPa.
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