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Abstract

The grain growth behaviour during reheating between 950 °C and 1300 °C of as-cast
Al-Nb steel (containing 0.019 wt% Nb and 0.057 wt% Al) and rolled Nb-containing
steel (containing 0.028 wt% Nb and 0.031 wt% Al) have been investigated. In
particular the role of microalloying element segregation during casting and, hence the
spatial distribution of microalloying precipitates, on grain boundary pinning during
reheating has been considered. The AI-Nb containing steel has been examined in
separate initial conditions, including as-cast (segregated structure), homogenised and
forged (reduced separation of segregated bands) samples. It was found that microalloy
segregation occurred between the dendritic and interdendritic regions, where the
secondary dendrite arm spacing (SDAS) was 150 + 50 pum. Nb showed strong
segregation into the interdendritic regions resulting in a higher number density of
Nb(C,N) precipitates (2.64 x 10* /mm?) compared to the dendritic region (0.73 x 10*
/mm?). However, Al did not show strong segregation resulting in relatively well-
distributed AIN precipitates in the matrix (1.29x 10* /mm?in the interdendritic region
and 1.89x 10* /mm?in the dendritic region). After forging, the separation between the
segregated bands was reduced to 65 + 10 pum from the previous 150 + 50 pm in the as-
cast sample. The increased Nb content in the rolled Nb-containing steel compared to
the Al-Nb steel gave a greater extent of segregation in the solute-enriched regions
resulting in a larger number density of Nb(C,N) present (5.9x 10* /mm?), whilst the
separation between in the segregated bands in the as-rolled Nb-containing steel was

35+ 10 pm.



The composition profile of Mn (due to microsegregation) predicted by DICTRA at the
proeutectoid reaction temperature is generally close to the measured experimental
results (cumulated profile of Mn from ranking data obtained by SEM-EDS) of the
concentration (Mn) at dendritic-centre and interdendritic-centre regions. The
precipitation behaviour of Nb(C,N) and AIN was then predicted by Thermo-Calc for
the as-cast Al-Nb steel in the interdendritic and dendritic regions (with the segregated
Nb and Al levels predicted by DICTRA at the complete solid stage) and for the
homogenised Al-Nb steel (with the average composition as input). The measured
volume fraction of precipitates agreed well with the predicted values. The particle
dissolution temperature was then predicted by Thermo-Calc to determine the reheating

temperatures where abnormal grain growth might occur.

During heat treatment, abnormal grain growth was seen on reheating the homogenised
Al-Nb steel to 1170 °C (predicted dissolution temperature of AIN with 0.057 wt% Al).
Normal grain growth was observed on reheating to higher temperature at 1200 °C,
agreeing with the literature reports. However, bimodal grain growth occurred on
reheating the as-cast (segregated composition) Al-Nb steel to temperatures of 1160 °C -
1200 °C, i.e. above the predicted dissolution temperature of the most stable precipitates
in the dendritic region (1160 °C for dendritic AIN with 0.059 wt% Al) but below the
predicted dissolution temperature of the most stable precipitates in the interdendritic
regions (1230 °C for interdendritic Nb(C,N) with 0.062 wt% Nb). The bimodal grain
structure was characterised by bands of coarse grains and fine grains, with the
separation of the bands being similar to the SDAS, whereas abnormal grain growth

was characterised by very large grains randomly distributed and surrounded by finer



grains. Bimodal grain size distributions have been reported in the literature for as-cast
material due to Nb segregation; in this work the results indicate that the addition of Al,
and hence formation of AIN in the dendritic region, can be used to reduce the
temperature range over which bimodal grain growth occurs in a similar Nb-only
containing steel (presumably < 1160 °C), as the AIN in the dendritic region had a
higher dissolution temperature than the Nb(C,N) in that region. It was found that the
severity of bimodal grain growth (defined as the ratio between the coarse and fine
grains) depends on the segregation spacing (i.e. SDAS). However, no bimodal grain
growth has been observed in a forged Al-Nb steel, where the separation between the
segregation bands had been reduced to 65 + 10 um, which means the uniform grain
structure occurred in the narrower SDAS (forged). No abnormal grain growth was seen

in the as-cast or forged Al-Nb steels for any reheating conditions.

Abnormal grain growth occurred on reheating the rolled Nb-containing steel at 1090 °C,
which had a segregation band spacing of 35 + 10 um. A larger grain size ratio (largest
grain size to mode grain size) of around 7 was seen in the homogenised Al-Nb steel (at
1170 °C) compared to a ratio of 3 in the rolled Nb-containing steel (at 1090 °C), this is
believed to be due to random particle dissolution in the homogenised steel resulting in
local unpinning such that when the abnormally large grains grow, they do so relatively
unimpeded, compared to unpinning in the rolled Nb-containing steel in the ‘dendritic
solute-depleted’ regions with the reduced thickness and spacing of the segregated
regions being insufficient to pin the growing grains (hence abnormal grains can form)

but giving some pinning to limit the resulting large grain size.



In summary, the grain growth behaviour (normal-abnormal-normal or normal-
bimodal-normal) and temperature ranges can be predicted, based on knowledge of the
segregation distance (related to the solidification rate) and segregated composition,
from the particles’ dissolution temperatures. The results are novel to science that have
systematically compared and distinguished the abnormal grain growth (AGG) and
bimodal grain growth (BGG) in terms of morphology (AGG: localised phenomenon
with large grains having isolated nature; BGG: microstructure consisting of bands of
large grains and bands of small grains) and grain size distribution (AGG: a
significantly skew size distribution; BGG: double mode grain size distribution). The
occurrence of these non-uniform grain growth behaviours has been successfully
predicted at the reheating temperatures by Thermo-Calc and DICTRA, and suggestions
to avoid them have also been made which most previous research work has not

discussed.
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chapter 1 Introduction

Carbon steels are the most widely applied structural alloys globally due largely to their
excellent property mixes and competitive price. In order to meet ever stricter
requirements for a greater range of applications, there has been much research work
carried out over the years, to design and improve carbon steels with better properties
mixes (mostly mechanical). Most studies have focused on changing the composition
and microstructure to improve the final mechanical properties which are strongly
influenced and mainly determined by grain size, precipitates and secondary phases.
High Strength Low Alloyed (HSLA) steels are designed to provide better mechanical
property mixes, such as greater strength and higher toughness than conventional
carbon steels. Their designed properties are derived from grain refinement and
precipitates strengthening from minor additions of V, Ti, and/ or Nb (less than 0.1
wit%), which also give grain pinning during processing by casting, reheating and
thermo-mechanically controlled rolled (TMCR) process. HSLA steels have been
widely used in industrial sectors, such as construction industry, oil and gas industrial
equipment, automotive and other areas where the high strength and toughness are

required [1-9].

The general processing route for HSLA steel [10] is shown in Figure 1-1, including

three important processes:



Steel making vessel

Continuous casting

Air cooling / stack cooling / pit cooling

Reheating

Thermo-mechanically Controlled Rolling (TMCR)

Figure 1-1 Flow graph showing the common route of HSLA steel making in a simple process
with continuous casting, reheating and TMCR highlighted [10].

1. Continuous casting is widely applied during steelmaking as it can improve the
quality of steel with a higher productivity and lower energy cost than batch ingot
casting routes. The common process of continuous casting [11] is shown in Figure
1-2, the molten steel is poured into the water cooled copper mould and a thin shell
is formed to support the liquid steel through the primary cooling zone. The strand
then passes through the secondary cooling zone with water sprays to give
completed solidification, and subsequently goes to radiative cooling process.
Generally, three morphological crystal zones are observed in casting of an ingot,
including fine grained chilled zone at the surface then followed by a columnar zone

and central equiaxed zone [12-15]. Dendrite structures with interdendritic
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segregation (as the solubility of alloyed elements in the solid are usually lower than
in the liquid) are observed in the columnar zone, which results in a non-uniform
precipitates (mainly are carbide, nitride and carbonitride) distribution in the cast

steel. (e.g. Nb (C,N) show a large population in the interdendritic region) [16, 17].
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Figure 1-2 Basic process of continuous casting [11].

2. After casting, the slabs are often cooled and stored before being reheated to the
chosen re-austenite temperature prior to rolling, in order to make the steel soft
enough for the desired reduction in thickness to be achieved during the hot rolling
stages. It is very important to control the prior austenite grain structure during the
reheating process, as the grain size distribution of the final refined microstructure

after deformation depends on the starting austenite grain size [18]. The kinetics of



austenite grain formation and growth are influenced by chemical composition,
initial microstructure, heating parameters [19-21] and pinning effect from grain
boundary microalloying precipitation. A non-uniform grain growth has been
observed mainly due to the particles having an inhomogeneous distribution in
HSLA steel. A bimodal grain structure (with the bands of fine and coarse grains) is
observed in Nb-containing cast slabs, as the grain growth in the solute-enriched
region (with higher segregated Nb contents) is prevented markedly by the particle
pinning force which is stronger than that in the solute-depleted region [22-26].
Abnormal grain growth which gives a relatively large grains surrounded by smaller
ones, has been studied by many researchers [27-33], identifying the phenomenon as
being associated with reheating temperatures at/or close to the particle’s dissolution
temperature resulting in a different local pinning force, as discussed fully in section
2.4.3.1. It has also been reported that these non-uniform grain structures can affect
the recrystallised grains in the final product after the thermo-mechanically

controlled rolling (TMCR) process [34].

. Thermo-mechanically controlled rolling (TMCR) process makes a contribution to
the improvement in both the strength and toughness of the HSLA steel by
refinement of final grain size. With microalloying element being dissolved in
solution, strain induced precipitates are formed during deformation which can
effectively restrict the recrystallised grain growth [35]. However, it has been
reported that any non-uniform parent austenite structures (e.g. bimodal grain size
distribution) can result in a non-uniform final recrystallised grain size, Figure 1-3,

and increase scatter in toughness properties [36].



Therefore, selection of an appropriate reheating schedule requires a better
understanding of the austenite grain growth behaviour during the reheating process to
generate a more uniform structure from hot rolling and/or thermo-mechanically
controlled rolling processes. In this study, the development of austenite grain size
distributions in HSLA steels (with different initial conditions) has been studied, which

is based on the prediction of precipitates thermodynamic stability by Thermo-Calc.

In this thesis, microsegregation during solidification, microalloying precipitation and
austenite grain growth behaviour are reviewed in the chapter 2. The methodology and
experimental design for the investigated HSLA steels is described in the chapter 3. In
the chapter 4, the initial microsegregation and precipitate distributions are
characterised, while the composition profile and microalloying precipitate thermal
stabilities are simulated in the Al-Nb steels for the as-cast and homogenised conditions.
Then the experimental results after reheating treatments are analysed for the
homogenised (chapter 5), as-cast (chapter 6), and forged (chapter 7) conditions.
Additionally, the modelling predication and experimental results of as-rolled Nb-
containing steel are also discussed in the chapter 7. Finally, the conclusions and the
future work for designing advanced steel are given in chapter 8 and chapter 9

respectively.
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Figure 1-3 (a) Microstructure of ferrite and pearlite; and (b) bimodal grain size distribution of a

TMCR plate in 0.1 C-0.045 Nb [36]. ECD: equivalent circle diameter.



chapter 2 Literature review

As mentioned in chapter 1, the development of grain structure and precipitates during

casting and reheating is significant to the subsequent TMCR process. The distribution

of microalloying particles is strongly linked to the segregation behaviour during

solidification which may result in an inhomogeneous pinning effect on grain growth

after reheating. In order to obtain the desired uniform microstructure prior to

subsequent rolling, this study is carried out which includes segregation and

precipitation in a solidification structure during the casting process, and prior austenite

grain growth behaviour during the reheating. The chemical compositions of

investigated microallyed steels from the literature report are summarised in Table 2-1.

Table 2-1 Chemical compositions of steels reported from literature (wt %).

Pipelin ~ Structu  Ship Slab-1  Slab-2 Slab-3 Slab-A Slab-B  Al- Nb-V
e ral build [16, [24, [24, [39, [39, steel steel
[16, [16, [16, 24,25, 25,38] 25] 40] 40] [30] [40]
37] 37] 37] 37]
C 0.03 0.06 0.14 0.1 0.1 0.09 0.09 0.07 0.2 0.09
Si 0.25 0.3 0.38 0.31 0.28 0.38 0.33 0.18 0.2 0.28
Mn 1.7 1.52 1.35 1.42 141 1.52 1.42 1.2 0.8 1.22
0.008 0.01 0.015 0.017 0.013 0.011 0.01 0.012 0.015 0.01
S 0.005 0.003 0.007 0.005 0.001 0.002 0.003 0.005 - 0.01
Cr - 0.021 0.027 - - - - - - -
Mo - - 0.001 - - - - - - -
Ni - - 0.01 0.32 0.3 0.51 - - - -
Al 0.052 0.036 0.039 0.046 0029 0.036 0.035 0.034 0.04 0.03
N - - - 0.008 0.008 0.007 0.007 0.007 0.006 0.008
Nb  0.063 0.052 0.002 0.045 0.027 0.02 0.05 - - 0.05
Ti - - 0.004 0.002 0.001 0.009 0.019 0.041 - -
\Y 0.082 - 0.003 0.052 0.05 - 0.05 - - 0.06




2.1 Dendrite structure

2.1.1 Dendrite structure development during solidification

The crystals in the chill zone which grow fastest are those with preferred
crystallographic orientation (e.g. <100> for the cubic metals) linked to the direction of
heat flow, such as perpendicular to the mould walls and parallel to the maximum
temperature gradient [12]. Due to heat being able to be removed more effectively at the
tip of the protrusion (the increasing effectiveness of heat conduction as the radius of
curvature decreases) than from the surrounding regions in the supercooled liquid,
growth of elongated grain shape (dendritic structure) is favoured in the columnar

region [12, 13]. The dendritic solid structures with branched or tree-shaped crystals

form into columnar zone grains, as shown in Figure 2-1 below.
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Figure 2-1 Dendritic structure develops in columnar grains which contains many primary

dendrite arms [13].

In Figure 2-2 below, several length values have been used to characterise the dendritic

structure, such as the distance of the primary dendritic structure, A;; and the secondary
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arm spacing (SDAS) of A, which is more significant to the microsegregation as will be

fully discussed in section 2.2 [41].

Figure 2-2 Dendritic structure with important length scales: A;-Distance of primary dendrite

arm space; A,-Secondary arm space distance [41].

The development of dendritic structures is mainly due to the nucleation rate of dendrite
correlating to constitutional supercooling and the coarsening of dendritic solid within
the freezing time. It has also been found that an increased cooling rate resulted in a
decrease of the dendritic arm spacing (which is consistent with the observation of
lower dendrite arm spacing towards the cold mould wall) , due to there being less time
for dendrite coarsening and requiring smaller cell or arm spaces to avoid constitutional

supercooling.

2.1.2 Phase transformation during solidification

Solidification process in steels starts as 6 ferrite or austenite (y-Fe), depending on the
alloying element contents (e.g. carbon contents) and the cooling rate. Figure 2-3 below

shows a Fe-C phase diagram in an equilibrium condition, where a peritectic reaction

9



can be observed for a low carbon content, theoretically in the range of 0.09 wt% to
0.17 wt%, as indicated in the range of ‘b’, and the low carbon (< 0.09 wt%) steel

would be expected to solidify as the 6 phase, as indicated in the area of ‘a’.

In general, HSLA steels which contain low carbon at around 0.1 wt% may be expected
to have a peritectic reaction during solidification. The solidification route may be
changed if a non-equilibrium state has been given. It has been reported that peritectic
reaction could occur in a lower carbon steel (0.06 wt%) if segregated compositions

were achieved during solidification [37].
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Figure 2-3 Part of an Fe-C phase diagram in an equilibrium condition [13].
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During dendrite solidification through the peritectic reaction, the y-austenite forms at
the interface of the pre-formed &-dendrite solid and liquid phase, therefore coating at
the dendritic structure, then growing into both the &-ferrite and liquid phase during
cooling, as shown in Figure 2-4 below [42]. The thickening rate of the y-austenite can
be influenced by the diffusion of carbon through the layer [43, 44]. The peritectic
reaction temperature has been reported as being a few degrees below the peritectic
temperature, due to the addition of substitutional dissolved alloying elements to the Fe-
C system [45]. The peritectic reaction temperature decreases with the addition of the
alloy elements of S, P, Ti, Si, Mo, and W, whilst it can be increased if the alloy
elements of Mn, Co, Ni and Cu are added [46]. It has been shown experimentally that
the peritectic temperature can be expected to decrease with an increased cooling rate

[47].

700

Figure 2-4 Simulation of austenite development in the interface of liquid and ferrite during

peritectic solidification [42].
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2.1.3 Dendrite structure in HSLA steel

With further cooling under As, the ferrite phase is formed from prior austenite grains
[48, 49], whilst pearlite (the lamellar structure of ferrite and cementite) is also formed
when the carbon steel is subjected to slow cooling under A; [50-52]. It has been
reported that the transformation of pearlite occurred at the regions which inherited a
higher content of Mn in solution (such as solute-enriched regions) [30]. The grey
dendritic ferrite and dark interdendritic pearlite can be observed in HSLA steel (Figure
2-5), corresponding to the original dendritic structures during solidification, as will be

discussed fully in section 2.2.2.

The mean value of the secondary dendrite arm spacing (SDAS) in the microstructures
of ferrite and pearlite can be measured by the centre to centre distance of the
interdendritic (pearlite) regions, as seen in Figure 2-5 (a) [38]. The measured SDAS
values of HSLA steels (reported in the open literature for the chemical compositions
shown in Table 2-1) with various carbon contents can be seen in Table 2-2, which
demonstrates that the reduced SDAS has been observed in the steels containing more
carbon contents (e.g. a narrower SDAS (90 + 15um) has been seen in ship building
steel (C: 0.14 wt%, as seen in Table 2-1) [37] than that in a Slab-B steel (SDAS: 170

pm; C: 0.07 wt%, as seen in Table 2-1) [39]).

12



Figure 2-5 Dendrite structures consisting of grey dendritic ferrite and dark interdendritic
pearlite at 1/4 position of width and depth in the HSLA steel: (a) cast Slab-2 steel [38]; (b) ship
building steel [37]; (c) cast Slab-1 steel [24]; (d) cast Slab-B steel [39].

Table 2-2 Secondary dendrite arm spacing is shown with various carbon contents at the quarter

position of width and depth in HSLA steels.

Carbon content/ wt% SDAS/ um
Slab-2 [38] 0.1 117+15
Ship building[37] 0.14 90+15
Slab-1 [24] 0.1 211436
Slab-A[39] 0.09 160
Slab-B[39] 0.07 170
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The solidification rate can be expected to influence the SDAS, as seen in Figure 2-6,
where the SDAS is reduced with an increased cooling rate in the low carbon steel [53].
Therefore, in a cast steel, the SDAS can be expected to increase from the chill surface
to the quarter and centre positions (Figure 2-7 [39, 54]), with the decreased cooling
rate [14, 53-58]. Using the data from Figure 2-6 and Figure 2-7 below, the cooling rate
(of around 500 °C/ min) in subsurface regions (at 10 mm from the surface with SDAS
of approximately 50 pum) is nearly ten times quicker than that at the 1/4 thickness
position (of around 50 °C/ min with SDAS of approximately 150 pum). The clear
typical dendrite structure can be seen in the quarter position (see Figure 2-5), therefore,
many investigations of precipitation and grain growth behaviour correlated

microsegregation were carried out at this region [18, 24, 37, 38].

Consequently, an empirical equation has been proposed by Won [59]; equation 2-1,
which can be used to predict the SDAS for a low carbon steel, and takes into account

the cooling rate and carbon content, as discussed above.

Aspas = (169.1 — 720.9 (%C)) x C7 04935 for 0 < (%C) < 0.15

= 143.9 x CR%3616 x (9 ()(0-5501-1.996(%C)  for 0,15 < (%C) 2-1

Where Cg is the cooling rate (°C/s) and (%C) is the carbon content in wt%. This
empirical equation is also frequently used to roughly calculate the cooling rate with a
given carbon content and the measured value of SDAS. With the same carbon content
(0.1 wt%, see Table 2-1) given in Slab-2 [38] and Slab-1 steel [24] (see Table 2-2), a
larger SDAS has been observed in the Slab-1 steel (211+£36 pum ) than that in the Slab-

2 steel (SDAS: 117+15 um). This has been ascribed to the cooling rate (0.2 °C/s)

14



calculated in the Slab-1 steel being lower than that in the Slab-2 steel (0.68 °C/s).
Generally, a narrower SDAS can be expected in the HSLA steel which has larger

carbon content and/ or a greater cooling rate.
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Figure 2-6 Secondary dendrite arm spacing against the cooling rate for the steels with C: 0.1-
0.9 wt% [53].
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2.2  Segregation during solidification

Solute segregation occurs mainly during solidification, which results in a non-uniform
composition distribution in the slab. There are two types of segregation that can be
observed: macrosegregation resulting in composition variation over distances relative
to the size of the specimen, and microsegregation giving a composition change on the
scale of the secondary dendrite arm spacing. There are several types of
macrosegregation indicated in Figure 2-8, which is mainly due to the fluid flow in and
the slow cooling of a large ingot of steel [60]. Macrosegregation is not significant for a
small ingot of steel (thick< 300 mm) which has a faster cooling rate and less fluid flow
[18, 24, 37-40]. Therefore, microsegregation (e.g. dendritic segregation) can be
investigated during solidification which strongly affects abnormal (bimodal) grain

growth, as will be fully discussed in section 2.4.

Solidification
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Figure 2-8 Different types of macrosegregation observed in large ingots. Positive segregation
is denoted “+”; and negative segregation is represented by “-” [61].
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2.2.1 Theory of segregation

Solute can be partitioned between two adjacent phases during the phase transformation.
Within a solid-liquid two-phase field, solute atoms are re-distributed during
solidification following the equilibrium partitioning of chemical elements. At a given
temperature, Cs is described as the equilibrium composition of solute in the solid phase,
and the solute concentration of liquid can be referred to C,. The equilibrium partition
coefficient k, as shown in equation 2-2, describes the partitioning behaviour of each

element between the solid and liquid phases [12, 14].

k:Cs/CL 2-2

During segregation in the solidification process, if k <1, then the solute prefers to
enrich in the liquid, otherwise, the solute partitions to the solid phase. Furthermore, the
degree of element segregation into liquid is higher in steel when a lower partition of
the coefficients (k<1) is given. k can also be characterised as ks and k, if there is a
direct solidification as a & or y solid phase. Partition coefficient values can be
determined from the concentrations of elements at the interface of two different phases
(e.g. in a phase diagram). In a multicomponent system, phase diagrams can be obtained
through Thermo-Calc calculation (as will be fully discussed in section 2.2.4). Table 2-3
shows the summarised equilibrium partition coefficients of ks [38, 58, 62-67] and k, [64,
66-68]. In general, it can be assumed that these values are independent of temperature
and are determined from the binary phase and/ or multi-phase diagram (e.g. from

Thermo-Calc calculation).
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Most alloying elements prefer to enrich the interdendritic liquid region, especially Nb
which has a stronger segregation tendency than any other microalloying element to
enrich in the liquid phase. Some substitutional elements, such as V, have low tendency
to enrich the liquid region (as k is close to 1), which shows a nonsignificant
segregation behaviour during solidification compared to Nb. Al demonstrates a
different partition behaviour (k >1) compared to other substitutional elements, which
indicates that a slight enrichment can be expected in the solid phase. Different partition
behaviours have been seen in o-ferrite and y-austenite, as shown in Table 2-3, which
indicates that some elements have a lower partition ratio in austenite than in 5-ferrite,
such as V, Al, Ti and Nb. This means that these elements have more severe segregation
in the interface of liquid-austenite than that of liquid-o-ferrite; whilst other elements,
such as Mn and Ni, have a greater partition coefficient in austenite than in d-ferrite,
indicating that more solutes can be expected in austenite than in the &-ferrite during

solidification process.
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Table 2-3 Equilibrium partition coefficients of solute elements in 5-ferrite [38, 58, 62-67] and
in y-austenite [64, 66-68].

Elements K [38, 58, 62-67] Ky [64, 66-68]
C 0.13-0.20 0.30-0.36
Si 0.63-0.83 0.50-0.52

Mn 0.68-0.90 0.75-0.95
0.13-0.29 0.06-0.13
S 0.02-0.05 0.02-0.05
0.25-0.28 0.48-0.54
Al 0.92-1.26 0.60
Nb 0.19-0.4 0.22
\% 0.90-0.93 0.63
Ti 0.25-0.61 0.30-0.33
Ni 0.79-0.83 0.95
Cr 0.33-0.95 0.85-0.86

It is known that the elements have a fast diffusion rate in the liquid phase. Therefore, a
uniform composition can be expected after the atoms have been rejected from the solid
phase. However, a low diffusion rate exists in the solid phase which may result in a
composition profile that occurs from the solute-depleted region (early formed solid) to
the solute-enriched region (solid develops from the last remaining liquid phase) after
the solidification is completed. The diffusion of elements driven by the composition
gradient in the solid phase continues to minimise the segregation level towards a
relative homogenised composition (close to the bulk composition). The diffusion
constant (Do) and activation energies (Q) are the determined parameters to describe the

diffusion behaviour for microalloying elements; D (in cm?/s) is calculated from
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equation 2-3, with temperature of T (in Kelvin) and universal gas constant of R, 8.314

Jmol Kk,
D=(Do) exp(-Q/RT) 2-3

The diffusion distance, X depends on the diffusion coefficient, D, and diffusion time (t)
in equation 2-4 [18, 69], which means that the homogenised distribution can be
expected at a high temperature (faster diffusion rate) with a long reheating time. For
example an homogenisation treatment was carried out at 1225 °C for 4 days for Nb
atoms to diffuse 100 um, hence removing microsegregation to be a homogenised
condition in a Slab-1 steel [18]. Table 2-4 shows the various parameters of (Do) and Q
based on previous research work on the austenite and ferrite phase [18, 24, 59, 66, 68-
71], indicating that the diffusion rates of C and N are much higher than other alloying
elements in the austenite. Therefore, the uniform distributions of C and N are expected
to be close to the bulk composition. Using the parameters in Table 2-4, a lower
diffusion rate is observed (according to equation 2-3) in austenite for most elements
(except C and N) than that in the ferrite, which means that the segregated elements
may have a slow diffusion behaviour at the austenite temperature. Therefore, a final
microsegregation may be expected at room temperature during the re-distribution of

the elements in the transformation of austenite to ferrite below A.; temperature.
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Table 2-4 The diffusion constant (D,) and activation energies (Q) for the alloying elements in

the ferrite and austenite phases [18, 24, 59, 66, 68-71]. The maximum value of D in ferrite (at

800 °C) and in austenite (at 1200 °C)

Element (Do) (cm?/s) Q(kJ/mol)in Dcm?/sat (Do) (cm?/s) Q (kd/ mol)in D cm?/s at
in ferrite ferrite 800 °C in austenite  austenite 1200 °C
C 0.0127-0.062 80.4-81.3 6.83E-06  0.1-0.15 134.6-1435  2.53E-06
Si 8.0 248.9 6.11E-12 0.3 251.5 3.61E-10
Mn 0.76 224.4 9.04E-12  0.055 249.4 7.87E-11
2.9 230.1 1.82E-11 0.01 182.8 3.29E-09
S 4.56 214.6 1.63E-10 24 223.4 2.87E-08
N 0.008-0.5 77-79.1 8.92E-05 0.91 168.5 9.62E-07
Al 5.9-30 2345-241.4  1.15E-10 59 241.4 1.62E-08
Nb 1.3-50 240-251.9 1.04E-10 0.83-5.3 266.5-344.6  2.94E-10
\% 0.61-4.8 240.0-267.1  9.94E-12  0.25-0.284  259.0-264.2  1.85E-10
Ti 3.15 247.7-248 2.66E-12 0.15 251.0-251.2  1.88E-10
Ni 1.6 240.0 3.31E-12 0.34 282.4 3.28E-11
Cr 2.4 240.0 497E-12  0.0012 219.0 2.06E-11

2.2.2 Dendritic segregation

During dendrite solidification, microsegregation occurs due to the most of the alloying

elements having the partition ratio k <1. Therefore, more solute is expected to be

rejected from the dendrite solid to the interdendritic liquid, as shown in Figure 2-9; the

dark shade around the solidifying dendrites represents the solute rejected to the liquid

[72]. Pottore reported that steel with the carbon content 0.08-0.012 wt% confirmed to

this dendritic segregation scheme. Figure 2-10 shows that two-phase mushy structures

consist of the last liquid during solidification corresponding to the solute-enriched

region which can be etched out preferentially [73]. At temperatures below Acs, a-ferrite

can be formed in the previous solute-depleted (dendritic solid) region, whilst the
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pearlite originates from the solute-enriched (interdendritic liquid) region due to the
high content of Mn appearing (as was explained in section 2.1.3) [30]. Generally, the
composition profile can be obtained by following the distance of secondary dendrite
arm spacing which includes to the regions of dendritic ferrite and interdendritic pearlite
[58], as discussed in section 2.1.3. A greater space of solute-depleted region can be

expected if a larger SDAS is obtained during solidification.
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Figure 2-9 Schematic of the dendritic solidification with the solute rejected from solid to liquid.
[72].
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500 UM

Figure 2-10 Micrograph consist of two-phase mushy structure existing prior to the quench. The
deeply etched microstructure represents the liquid phase (L) and the coarse grey dendrites
represent the solid phase (5 ferrite) at the condition: steel with 0.12 wt% carbon had been
melted at 1600°C, control-cooled at 12 °C/ min, isothermally held at 1500 °C for 15 minutes,
then subjected to water quench (quench rate was approximately 600 °C/s) to room temperature
[73].

Microsegregation can be analysed through element distribution which can be
characterised by equipment such as scanning electron microscope-energy dispersive
spectroscopy (SEM-EDS). The precision of EDS detection is approximately + 5% [37],
and a calibration is required for the experimental data obtained from EDS analysis.
Generally, the microsegregation is characterised in a 2D section with a quantitative

data being obtained from a large investigated region, which can be used to describe a

spatial element distribution in the 3D material [37].

Line-scan analysis is used to characterise the composition changes along a selected line,
for example through areas containing solute-enriched (interdendritic pearlite) and
solute-depleted (dendritic ferrite) regions. A general segregation trend can be observed

to analyse any non-uniform distributed elements within the selected line. Figure 2-11
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shows that the typical measurements of C and Mn cross the SDAS to characterise the
segregation, which indicates that a greater value of Mn is observed in the solute-
enriched region compared to that in the solute-depleted region. Carbon shows a
relatively uniform composition, which means that a uniform distribution of C can be
expected during the cooling process as fast diffusion of carbon occurs in the solid
phase [74] (discussed in section 2.2.1). Measurements for the elements in HSLA steel
were carried out by Zhang [37], as shown in Figure 2-12. It indicates that Mn shows an
obvious segregation behaviour (two content peaks have been seen in Figure 2-12 (b))
across the dendritic ferrite and interdendritic pearlite regions, compared to other
elements such as Ni and Si in a slab measured at room temperature. However, the line-
scan method cannot establish an accurately measured composition profile for a 3D
dendrite structure, as segregated contents in the regions of dendritic centre and
interdendritic centre may be missed in the line-scan analysis, which may not be on a

plane that passes through these.

The cumulative profile is a method that ranks the measured contents for an element
from grid-mapping detection (area scan technique) to build the composition profile
describing segregation behaviour [75]. Grid-mapping was used by Zhang in a
continuously cast steel Slab-1[37], by carrying out EDS analyses on a grid of 200-400
points with a spacing greater than the SDAS, to provide the elemental concentrations
across the regions of pearlite (interdendritic solute-enriched region) and ferrite
(dendritic solute-poor region). Then the cumulative profiles were obtained by ranking
the composition data from the grid points in ascending order (k < 1 of Nb) or

descending (k > 1 of Al) against the segregated distance from centre to centre regions
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of dendrite and interdendrite (such as the half value of SDAS). The cumulative profile
can provide more accurate segregation data than that from the line-scan method, as the
subjective selection of a line (through the solute-enriched and solute-depleted regions)

can be avoided when describing a composition profile from the 3D structure [76].

Banding structure can be observed in a rolled or forged steel, as shown in Figure 2-14,
containing alternating ferrite (the bright region) and pearlite (the dark region) phases
which are parallel to the rolling direction [77]. Solute segregation can be expected
across a band structure which corresponds to the ferrite and pearlite phases, as seen in
Figure 2-15, and it shows that a large content of Mn is present in the pearlitic regions
whilst the concentration of Mn in the ferrite regions is low for an Al-rolled steel (Table
2-1) [30, 78]. However, after this Al-rolled steel was homogenised at 1300 °C for three
hours, a nearly uniform distribution of Mn was observed in the structure with randomly
distributed ferrite and pearlite, Figure 2-16. This is due to full diffusion of Mn
occurring when holding at a high temperature with a sufficient time, as discussed in

section 2.2.1.

Segregation ratio for the elements is commonly used to describe a microsegregation
level in the steel, which can be defined as Cpax/Cnin, Where Cpax IS the maximum
element concentration; and Cp, is the minimum element concentration. This has been
widely used to characterise the segregation level in HSLA steel, to give a ratio

describing the experimental results and the predicted values [18, 24, 37].
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Figure 2-11 Variations in the concentration of C and Mn (measured by EDS) cross the SDAS
(200-300 pm) in the quenched and tempered 4140 low alloy steel bar [74].

0 100 200 300 400 500
D (um)
(a) (b)
0.7 0.5
0 T T T T 1 o T T T T 1

0 100 200 300 400 500 0 100 200 300 400 500

D (um) D (um)

(c) (d)

Figure 2-12 Line-scan for Slab-1 steel at 1/4 position crosses dendrite structure: (a) SEM

image show the dendrite arm structure with a line-scan trace and the content distribution of (b)
Mn, (c) Ni, and (d) Si along the red line [37].
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Figure 2-13 SEM image of as-cast Slab-1 steel indicates the grid-mapping covering the
dendritic ferrite and interdendritic pearlite regions [37].

Rolling Direction

Figure 2-14 Banded structures consist of ferrite (light grey) and pearlite (dark black) phases in
the 1020 hot-rolled steel [77].
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Figure 2-15 The segregations of alloying elements related to the banded structure: (a)
alternating ferrite and pearlite phases present in a banded sample for the Al-containing steel
after hot rolling; (b) the content distribution of Mn and Si along the selected line AB in a range
between pearlite and ferrite [30, 78].
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Figure 2-16 Correlation between (a) ferrite-pearlite structures in an Al-containing steel (Al:
0.04 wt%, Table 2-1) after homogenisation treatment at 1300 °C for three hours followed by air

cooling to room temperature and (b) the distribution of Mn content along the selected line of
AB [30, 78].

2.2.3 Prediction of dendrite segregation

Generally, the principle of most microsegregation models is the relationship between
solute concentration and solid fraction, producing a composition profile across two
adjacent phases, which takes into account the solute partition and elements diffusion
during cooling and transformation. Modelling approaches for microsegregation,
involving numerical calculation [37, 59, 79-90] and thermodynamic software (Thermo-
Calc and DICTRA) [16, 18, 24, 25, 37, 38, 79, 91-95], have been developed to predict

the composition profiles during cooling process.
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Table 2-5 shows the suggested equations to predict the composition profile for various
liquid and solid diffusion rate assumptions. The lever-rule model has simulated the
composition changes, which assumes complete diffusion in the solid and liquid phases.
However, the diffusion of elements in the solid phase is slow (as seen in Table 2-4),
especially for the substitional solute element such as Nb. Therefore, a complete

diffusion assumed in the lever-rule mode is unrealistic in practice.

Figure 2-17 shows the Scheil model [13], which assumes that there is no diffusion in
the solid, but fully mixing in the liquid during solidification. The first solid would form
with composition k,Co (K, is the same partition ratio k as mentioned above, Table 2-3)
and the solute is rejected in the liquid, which results in the content in liquid being
higher than C,. With continued solidification, the next layer of solid is formed with a
richer solute than in the first or previous solid, due to the mixing of rejected solutes in
the liquid. Consequently, the concentration of element in the solid gradually increases
with the development of solidification, resulting in the composition in the solid at the
end stage of solidification being higher than that in the first solid [13, 58], as seen in
Figure 2-17. This model can be used to predict the composition profile for a rapid
solidification process, for example with cooling rate over 100 °C/s during laser welding
process [86]. In the steel-making process of continuous casting and ingot casting,
solidification is mostly different to the Scheil model, where a low cooling rate is

expected and the element diffusion in the solid occurs during the cooling process.

The Clyne-Kurz model can be used to predict the composition profile taking into
account a modified back-diffusion parameter f, as seen in Table 2-5. The partition
coefficient at the solid-liquid interface is assumed to be constant in local equilibrium
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condition for this model. Complete diffusion in the liquid phase is assumed in the
Clyne-Kurz model which takes into account finite solute diffusion in the solid, making
the Clyne-Kurz model more applicable than the lever-rule model and the Scheil model,
to predict the microsegregation that is close to the experiment results [37, 59, 79, 82].
Figure 2-18 shows that the prediction from Clyne-Kurz model at solidus temperature is
closer to the experimental data, compared to an extreme segregation profile predicted
by Scheil model [37]. However, due to the partition coefficient being assumed constant
(but being affected by other elements) at the interface of the solid-liquid phase, the
Clyne-Kurz model is limited to only simulate the process of solidification under a local

equilibrium condition.
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Table 2-5 Different numerical equations were used to predict the segregation behaviour during
solidification [59].

Model Lever-rule Scheil Clyne-Kurz
Condition | Dy —> o0 Dy -0 0<Dg <o
Equations | ¢, = —= Cs = kCo(1 — fOD Cs = kCol1 + f;(Bk — 1)] A~/ (Bk-D)

S T 1-(1-K)f;

1/(k—1) (1-Bk)/(k-1)
T,—T 1 1T
fs=1—<L > fs:(l—ﬁk)[l_<Tf—T) ]
T,—T 7T

A= () (=)
p=2a(i-on(-3)) e (-3)

Dyt;

Parameters | T: given temperature;

Cs: the concentration of element in the solid phase;

Co:  average chemical composition

k: element partition ratios in equilibrium condition;

fs solid fraction;

T.:  liquidus temperature;

Ty melting temperature of pure material;

B:  back-diffusion parameter;

a:  Fourier number of the solute elements;

Ds:  solute diffusion coefficient in the solid phase;

t local solidification time;

X:  distance of the microsegregation.
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Figure 2-17 Composition profile predicted by Scheil model: the solid with no diffusion and the
liquid with full diffusion [13].
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Figure 2-18 Composition profiles of Mn in 6-ferrite at a solidus temperature for structural steel
with Mn: 1.52 wt% (Table 2-1) from: (1) Scheil model; (2) Clyne-Kurz model; (3) Thermo-
Calc software; (4) and experimental result [37].

33



Thermodynamic modelling software has been developed to predict the segregation
behaviour in a multi-component alloy system. Thermo-Calc is widely applied for
analysing a wide range of materials, especially for the steel manufacturing process. It is
a flexible commercial software developed with database package for phase equilibrium,
phase diagrams, phase transformation calculations and thermodynamic assessments [91,
96-98], to carry out equilibrium simulations for up to 40 components. Simulations have
been applied in HSLA steel, including the solidification sequence, phase
transformation, composition in a phase, precipitation, and the thermal stability of
microalloying precipitates. Segregation behaviour in the HSLA steel was predicted
based on Thermo-Calc calculation in literature reports, as will be fully discussed in

section 2.2.4.

DICTRA is able to predict the diffusion-controlled phase transformation in
multicomponent alloys, which closely links to Thermo-Calc thermodynamic
calculations, and combined to the mobility database [92, 95, 98-100]. Many
researchers have used it to predict the microsegregation profile in steels [37, 92, 93,
95]. For example, the composition profile of Cr simulated by DICTRA, as shown in
Figure 2-19, was consistent with the experimental results of Cr across the secondary
dendrite arms spacing [92]. In the simulation of Mn for the structural steel[37], as
shown in Figure 2-20, it indicated that the final experimental result (measured at room
temperature) agreed with the composition profile simulated by DICTRA after
proeutectoid reaction. It indicates that the composition profile at the solid-state can be

predicted by DICTRA software which is more useful compared to Clyne-Kurz model.
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Figure 2-19 Composition profile of chromium simulated by DICTRA compared to
experimental result for as-cast AerMet100 across a 100-pum secondary arm spacing [92].
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Figure 2-20 Comparison of the experimental result and the DICTRA prediction for Mn
composition profile for structural steel (composition is shown in Table 2-1).
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2.2.4 Dendrite segregation in HSLA steel

HSLA steel has various carbon contents between 0.04 wt% and 0.2 wt% resulting in
different solidification sequences and different final solid phases such as d-ferrite, or y-
austenite (through the peritectic reaction) [101]. An assumption proposed according to
the Fe-C diagram, has been verified by the research on steel with carbon content of
0.08 wt%, 0.12 wt% and 0.16 wt%, which show solidification sequences of L+9,

L+8+y and L+y, respectively [73].

The solidification sequences of four HSLA steels were predicted by using Thermo-
Calc (Figure 2-21). The compositions of these steels can be seen in Table 2-1, and they
contain various carbon contents[16], where a fully &-ferrite solidification can be
predicted in the pipeline and structural steels (C wt% < 0.06 wt%), whilst the ship
building and Slab-1 steel have shown the coexistence of 5-ferrite and y-austenite before
final solidification occurs as austenite (C wt% > 0.1 wt%). These sequences have been
simulated under equilibrium condition, which may be different to an actual
solidification in steel (as was discussed in section 2.1.2). However, a reasonable
description for solidification sequence can be expected from Thermo-Calc prediction

[16, 37] as the experimental results are found to follow the assumption generally.
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Pipeline steel: L o L+d o & —3 &+ — ¥

Temperature, “C 1523.2 1402 8 1480 14254
Structural steel: L — L+ — & —3 &+ — ¥

v
Temperature, “C 152007 1480.7 1477.9 1446.4
Ship building L » L+ » L+ ¥ L+ * ¥
steel: & G+
Temperature, *C 15133 14825 1478.7 1463.5
Slab 1 steel: L —» L+ —r L + &+ —  L+y =

4 ¥

Temperature, *C 1516 1485 1472 1460

Figure 2-21 Solidification sequences with temperatures for four steels (the compositions are
shown in Table 2-1) [16].

Thermo-Calc can be used to predict the partitioning behaviour of elements by
calculating the contents in solid and liquid phase during solidification. Figure 2-22
shows that the predicted partition ratio (content of elements in each phase compared to
the bulk composition) is generally consistent with the equilibrium coefficient observed
in Table 2-3, where Nb shows a strong segregation tendency in the liquid phase, and Al
indicates a relatively uniform distribution during solidification [25]. Greater values are
seen in o-ferrite than in y-austenite for both Nb and Al, which is consistent with the
higher partition coefficient observed in the d-ferrite than that in the y-austenite (Table
2-3), as discussed in section 2.2.1. The summarised maximum partition ratios at last
liquid stage (the content in the last liquid compared to the buck composition) for three
slab steels [25], can be seen in Table 2-6; a stable segregation ratio of Al (0.98) can be
observed, while Nb shows the similar ratios in the range of 6.45-7, correlating to an
increased Nb amount in these slab steels. However, it has been reported that the
Thermo-Calc prediction is significantly greater than the experimental result, when
using the last liquid composition as input. Evidence for this is shown in a structural
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steel [16], which has a lower value (3.12) in measured results than that (7.11) of the
Thermo-Calc prediction at the last liquid stage. The maximum segregation ratios have
also been reported [16] by using the composition in the last liquid against the contents
in the first solid (3-ferrite), as seen in Table 2-7, which is too extreme as no back

diffusion has been taken into account.
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Figure 2-22 Partition ratio during solidification predicted by Thermo-Calc for slab-1 [25] with
(@) Nb; (b) Al

Table 2-6 Partition ratios of content in last liquid compare to average composition, predicted
by Thermo-Calc for different slab steels [25].

Element Slab 1 Slab 2 Slab 3
Mn 1.42 1.41 1.42
Ni 1.21 1.13 22
Si 1.58 1.61 1.60
C 3.84 3.80 3.80
Al 0.98 0.98 0.98
Nb 7.00 6.45 6.47
P 5.20 4.50 4.58
Ti 5.36 4.94 5.16
N 2.47 2.47 2.40
S 70.99 60.57 63.90
A% 1.78 1.69 0.00
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Table 2-7 Maximum ratios of the last liquid composition (wt %) to the first solid composition

(wt %) for pipeline steel predicted by Thermo-Calc [16].

First solid (i-ferrite) Last liquid Max. ratio

C 0-0043 0-2022 47-02
Si 0-159 0-408 2:57
Mn 1-471 2-491 1-69
P 0-0021 0-0290 13-81
S 0-00043 0-22239 217-19
Al 0-0593 0-0403 0-68
V 0-0677 0-1076 1-59
Nb 0-0128 0-3113 24-32

A simple theoretical assumption has been proposed by Zhang [37, 79] to determine the
regions of solute-enriched and solute-depleted areas during the peritectic reaction.
Figure 2-23 indicates that austenite appears to nucleate at the liquid/é-ferrite interface,
resulting in the formation of a low diffusivity barrier layer of austenite (due to the
diffusion rate in austenite being low, Table 2-4) to trap the enriched solutes in the
liquid (assuming that very few substitutional elements can transport through the
austenite layer [96, 102]). Therefore, the solid phase at the peritectic temperature
becomes the solute-depleted region and finally transfers to a-ferrite, whilst the
interdendritic liquid becomes the solute-enriched region and finally transfers to the
pearlite. It was reported that the volume fraction of a pearlitic structure was close to the
predicted volume fraction of the interdendritic liquid at the peritectic point for the
HSLA steels, as seen in Table 2-8 [18, 37]. However, a difference of around 5% is
seen between the prediction and the measured result, which may arise from the fact
that non-equilibrium cooling is expected in the solid state in a slab [38]. It has been
reported that the solidification sequence can affect the segregation behaviour [37], for

example, a severe segregation of Mn (segregation ratio: 2) was predicted for the steels
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which experienced a peritectic reaction (such as ship building steel with 0.14 wt% C
and slab-1 steel with 0.1 wt%, Table 2-1) than the steels (e.g. structural steel with C:
0.06 wt% and pipeline steel with C: 0.03 wt%, Table 2-1) solidified without the
peritectic reaction (segregation ratio: 1.7) [37]. However, this assumption based on the
peritectic reaction cannot predict a complete composition profile describing the
segregation behaviour at the final solidification stage, for example if the solute shows
significant continued partition from austenite to liquid, then the latter is expected to be

enriched gradually after peritectic reaction occurs.
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Figure 2-23 Assumed formation of solute-enriched and solute-depleted regions during

solidification with the peritectic reaction for the cast slab [37, 79].
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Table 2-8 Fraction of the solute-enriched and solute-depleted region predicted by Thermo-Calc
at the peritectic temperature compared to the measured experimental result, for the slab-1 steel
[18] and slab-2 steel[38], with the same content of C: 0.1 wt% and Mn:1.42 wt%, (Table 2-1).

Solute-enriched region Solute-depleted region

Thermo-Calc Measured Thermo-Calc Measured
Slab-1 12.5% 19% 87.5% 81%
Slab-2 13% 18% 87% 82%

DICTRA can predict a composition profile, taking into account the diffusion-
controlled phase transformation, to deal with the variant partition coefficients and
diffusion behaviours (e.g. diffusion of elements in liquid can be calculated) during the
process of solidification, and even in the solid-state during cooling. More detailed
composition profiles can be predicted as a function of temperature and time. For
example in a ship building steel, various composition profiles of Mn predicted by
DICTRA at different times can be seen in Figure 2-24 [37], including the distributions
of Mn during the solidification process at 80s and 110s, and a profile with diffusion
being considered in a longer time of 2500s. A step can be observed in the composition
profile at 80s (Figure 2-24) indicating that a higher amount of Mn is observed in the
austenite than in the o-ferrite, which is due to the partition ratio in austenite being
greater than in d-ferrite (Table 2-3). However, the composition profile should be used
carefully as it might not be accurate when precipitation has been taken into account (as
discussed fully in section 2.3). The composition profile at the final solidification stage,
even in the solid-state, can be expected to be predicted by DICTRA due to verified

simulation of elemental redistribution and diffusion-controlled phase transformations.
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Figure 2-24 DICTRA predictions for Mn distribution as function of distance (half SDAS of 90
pm, as seen in Table 2-2) for ship building steel at different simulated cooling times[37].

2.3 Precipitation during casting and precipitate dissolution during reheating

Precipitates in steel are important to the mechanical properties due to the facts of grain
refinement and hardness improvement. The formation of precipitates, related to their
nucleation and growth, depends on the supersaturation (amount of solutes above the
equilibrium composition) and temperature. The formed particles have different pinning
effects on restricting grain growth during steel processing. Different thermal stabilities
(which relate to the elements’ distribution behaviour) of the particles provide various
pinning effects during reheating, such as local unpinning occurring in solute-depleted
regions whilst pinning force is still expected in the solute-enriched regions for the same
reheating temperatures [24, 25, 103]. Therefore, the distributions and pinning effect of
the microalloying precipitates are significant to understanding the grain growth
(especially in terms of abnormal grain growth) during reheating treatment in HSLA

steel.
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2.3.1 Theories of precipitates formation during cooling

During the cooling process, some solute element atoms are assembled, therefore
resulting in the precipitation reaction, [M] + [X] & (MX), where M is the
microalloying element and X is the interstitial element (C or N). The microalloying
elements mostly prefer to combine with carbon or nitrogen to become carbides or
nitrides, reducing the amount of free C and N solutes in the solid solution [104]. Based
on the thermodynamic principle, the solubility product describes the equilibrium
constant (Ks) for the precipitation reaction and the reverse dissolution reaction. The
equilibrium constant refers to the concentration of solutes that are present in the

saturated solution, as shown in the equation 2-5
K, = [M] - [X] 2-5

Here, the [M] and [X] are the concentration in wt%, and the solubility product (Ks) is

linked to the temperature, which is described as:
In(K,) = A — § 2-6

Where A and B are the constants and T is the absolute temperature. Equation of 2-6
indicates that a greater solubility product can be expected at higher temperatures. This
equation has been applied to calculate the solute concentrations in many investigations
[104-112] in a binary-system, for various microalloying elements, such as Nb, Ti, V
and Al under an equilibrium condition (Figure 2-25). However, the formation of more

complex precipitate (e.g. carbonitride precipitates) can be predicted by Thermo-Calc,
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in a multi-component system within the various compositions, to provide more details

such as volume fraction, mole fractions, and the composition of the precipitated phase.
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Figure 2-25 Solubility products for different carbides and nitrides of precipitate in

microalloyed steel [112].

Due to precipitation occurring in the cooling process, the composition profile predicted
by DICTRA for those precipitating microalloying elements (e.g. Ti, Nb, V, Al) should
be used carefully, as the composition might not be accurate if precipitation occurs
(composition is reduced in the matrix phase) during the cooling process, as discussed

in section 2.2.4.
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2.3.2 Precipitates in microalloyed steel

Various precipitates formed with the microalloying elements in the HSLA steel have
been investigated by applying scanning electron microscopy and transmission electron
microscopy (TEM) equipped with an energy dispersive X-ray spectroscopy facility.
Precipitates containing microalloying elements of Ti, Nb, V and Al have been

characterised in HSLA steel.

Ti: Large cubiform TiN particles (Figure 2-26(a)) form at the high temperatures (>
1350 °C), with large sizes up to 1 pum (with Ti 0.05 wt% and N 0.028 wt%) [113]. TiN
precipitate is generally assumed to be formed in the melt prior to solidification which
means that a high thermal stability can be expected during any reheating treatment.
Hence, TiN is generally believed to be the most stable microalloying particle which
remains in the austenite grain growth at a high temperature [114]. However, it has been
found that coarse TiN particles can affect the toughness of steel as they act as a
cleavage initiation site in the fracture [115-118]. The precipitation of TiC occurs at the
temperature above or close to Ac3 [119], as it has a higher solubility product compared
to TiN (and Ti has stronger affinity to nitrogen compared to carbon) at same
temperature, as shown in Figure 2-25 above. It has been reported that the pinning
effect of TiC on grain boundaries can be expected to increase the yield strength in the

Ti-microalloyed steel [120].

Nb: Nb is widely applied in HSLA steel to effectively prevent the austenite grain
growth during reheating by Nb(C, N) particle. Generally, it forms as a spherically
shaped, or irregular particles, as shown in Figure 2-26(b), at temperatures of around

900 °C -1200 °C, which results in a precipitation of fine particle size (60-200 nm) in
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large numbers [17, 38, 104], because of the relatively low diffusion rate in a
supersaturated austenite solution. Nb is significant in controlling the grain size during
recrystallistion due to the strain-induced fine Nb(C, N) particles effectively restricting
the recrystallised grains’ growth. It has been reported by Cuddy that Nb is the most
effective microalloying element to prevent static recovery and recrystallisation and
also influences the precipitate strength after deformation [121, 122]. Much research
work has been carried out to confirm the strong segregation of Nb in the interdendritic
regions [16, 18, 24, 25, 39], resulting in the non-uniform austenite grain growth under

the inhomogeneous local pinning force during reheating treatment.

V: V forms to carbide and/ or nitride precipitates during the transformation of
austenite to ferrite at around 700 °C - 900 °C (with a low diffusion rate), resulting in
precipitate strengthening for the steel with a fine particle size of around 5-20 nm [123,
124], as seen in Figure 2-26(c). Due to the instability of V-rich particles during re-
austenite heat treatment (> Ac3), the pinning effect of V-rich particle is not significant

to prevent austenite grain growth, compared to the particles formed with Nb and/or Ti.

Al: Al is not usually classified as a microalloying element, but has been reported to
contribute to grain size controlling [18, 30]. Aluminium in HSLA steel does not show
strong segregation behaviour compared to Nb, and has a partition ratio, k>1 calculated
by Thermo-Calc [16, 18, 24, 25, 38]. It has been found that AIN has no obvious spatial
inhomogeneity in an as-cast Slab-1 steel [25]. Faceted AIN precipitates, or with the rod,
needle, rounded and irregular shapes are shown in Figure 2-26 (d) [111, 125],
appearing in the size range of around 50-400 nm [18]. AIN normally forms at
temperatures of around 1000 °C -1200 °C, which has a similar thermal stability
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compared to Nb-rich particle. It was reported that the presence of AIN particle below
1100 °C restrained grain growth (grain size of 40 um after holding at 10 minutes)
during an isothermal annealing treatment, whilst fast grain growth was observed when
AIN precipitates were dissolved at a high temperature [126]. The addition of Al in Nb-
containing steel may provide the pinning effect in the Nb-depleted regions and

possibly a uniform pinning force in segregated Nb-containing sample.

Complex particles: Many complex precipitates in a multi-phase can be observed,
which indicates a particle of one phase attached to or surrounded by another particle of
a second phase [127], for example, Nb (C,N) caps have been found on TiN-based
substrates (Figure 2-26(e) [17, 123, 127-130]. Duplex AIN-Nb(C,N) precipitates can
also be observed in the microstructure, as shown in Figure 2-26(g), with the formation
of AIN wings on a pre-existed Nb(C,N) particle [131]. Figure 2-26(f) shows that the 50
nm AIN plate with Nb- and C-containing cap formed irregular complex particles in an
as-rolled steel with 0.036 wt% Al and 0.023 wt% Nb [128]. In Figure 2-26(h), the
precipitates present at the interfaces of (Ti,Nb)(C,N) particles were identified as
(Nb,Ti,V)C carbides [132]. It has been found that the thermal stability of complex
particles was enhanced compared to that of normal precipitates, e.g. a higher
dissolution temperature of (Ti,Nb)(C,N) was expected than that for a pure NbC

precipitate in the Nb-bearing steel[114].

However, it has been found that the most particles in HSLA steel are simple
precipitates containing one microalloying element [18, 24], such as TiN, Nb(C,N),
V(C,N) and AIN, which are summarised in Table 2-9: Ti-rich particle forms at high
temperatures in a large size, which may correlate the fracture; small V-rich particle
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might not have a significant effect on restricting austenite grain growth, due to a lower
thermal stability during reheating treatment (< 700 °C). A similar size can be observed
for Al-rich and Nb-rich particles that formed in a similar temperature range, which
may have an equivalent pinning effect to restrict the austenite grain growth. However,
AIN shows a relatively uniform distribution which is different to the inhomogeneous
distribution of Nb(C,N) particle in HSLA steel. Therefore, an investigation on AIN and
Nb(C,N) is required for HSLA steel, which includes the distribution during casting
with microsegregation (as will be discussed in section 2.3.3) and dissolution during

reheating (which will be discussed in section 2.3.4).
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Figure 2-26 Precipitates observed in microalloyed steel: (a) Cubiform shaped TiN [113]; (b)
spherical NbC particles [128]; (c) irregular, cuboidal and spherical V-rich precipitates [123]; (d)
AIN particles [111]; (e) complex particle of (Ti,Nb)(C,N) [17]; (f) Nb and C coated on a
spherical AIN particle [128]; (g) duplex AIN-Nb(C,N) particles [131]; (h) particle ‘C’ is
(Nb,Ti,V)C precipitation and particle A is undissolved (Ti, Nb)(C,N) at 850-900 °C [132].
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Table 2-9 Summarised information for particles contain microalloying elements of Ti, Nb, V,
and Al [17, 18, 24, 25, 38-40, 104, 113, 114, 123-125].

Ti Nb Vv Al
Precipitate TiN Nb(C,N) V (C,N) AIN
Shape cubic spherical Irregular, needle irregular, facet
Size/ nm >500 60-200 <50 50-400
Temperature/ °C ~ >1350 900-1300 700-900 1000-1200
Segregation ratio 5 7 2 1

2.3.3 Precipitation during casting

Due to the various partition behaviours of elements during solidification (discussed in
section 2.2), a large proportion of the microalloying elements present in solution is
expected to partition to the solute-enriched region. Therefore, more precipitates appear
at the previous interdendritic solute-enriched regions. Figure 2-27 shows that the
inhomogeneous distribution of precipitates has been observed in the 0.045 wt% Nb
containing cast Slab-1, where the precipitate-rich region, indicated as A, B, and C, is
separated by regions of precipitates-poor region (D region) [25]. It is reported that the
distance between separated precipitate-rich regions is consistent with the second
dendrite arm spacing [24, 25]. Nb has been shown to have strong segregation resulting
in the large number of precipitates of Nb(C,N) being formed in the solute-enriched
regions [16-18, 24, 25, 38-40]. Taking into account the large scale of specimen, there
are various local distributions of precipitates where Nb-rich precipitates presenting in
the sub-surface region are significantly less than the mid-position (which is formed
with final solute-enriched liquid) [17]. AIN particles were found to be distributed

uniformly between solute-enriched and solute-depleted regions [25], or slightly more
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Al-rich particles were observed in the dendritic ferrite region (solute-depleted regions)

[38], corresponding to the partition ratio in Table 2-3.

Table 2-10 reported by Chakrabarti indicates that a greater number density of Nb(C,N)
can be seen in the interdendritic region (60x10* /mm?) than that in the dendritic region
(12x10* /mm?) in the Slab-1 steel [25]. However, a lower number density (30x10”
/mm?) of interdendritic Nb(C,N) is seen in the Slab-3 steel compared to that in the
Slab-1 steel (60x10* /mm?), which is due to the lower content of Nb in Slab-3 than that

in the Slab-1 steel, Table 2-1.

After homogenisation treatment, it was reported that the volume fraction of particles
observed in the homogenised specimens was lower than that in a segregated condition,
for example the lower volume fraction of around 3x10™ was observed in the non-
banded Al-containing steel (with homogenisation treatment) compared to that (of
around 13.16x10™) in the banded (segregated condition, same composition with no
homogenisation treatment) sample [30]. This result indicates that reduced numbers of
particles can be expected per unit area as being associated with a well-redistributed

solute element in the homogenised specimen.
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Figure 2-27 SEM analysis of inhomogeneous distribution of precipitates for the cast Slab-1
steel (segregated condition) containing 0.045 wt% Nb with bright pearlite and dark ferrite; the
precipitate-rich regions were identified as A, B and C; and the precipitate-poor region was
identified as D [25] .

Table 2-10 Precipitate density (x10* /mm?) in the precipitate-rich and precipitate-poor regions,
for the as-cast Slab-1 and Slab-3 steels [25].

Nb(C,N) AIN Total
Slab-1, Interdendritic region 60 4 64
Slab-1, Dendritic region 12 4 16
Slab-3, Interdendritic region 30 5 35
Slab-3, Dendritic region 8 4 12

An isolated ferrite structure surrounded by pearlite phase has been reported in the as-
cast microstructure (slab-2, Table 2-1). The isolated ferrite and the EDX results are
shown in Figure 2-28, and Nb-rich particles have been found in the isolated ferrite
island due to it being an idiomorphic ferrite forming in the interdendritic solute-
enriched region [38]. The amount of isolated ferrite was lower (isolated ferrite area

fraction is 0.28+ 0.05%), compared to the entire interdendritic region with the pearlite
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microstructure (the pearlitic area fraction was approximately 18.14+0.5%). The
particles characterised in the pearlitic regions containing isolated ferrite have also been
taken into account to describe the particle population in the interdendritic solute-

enriched region.
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Figure 2-28 (a) SEM image of isolated ferrite with various distribution and shapes of Nb-rich
particles, (b) EDS spectrum of precipitate ‘E’ indicating Nb peaks; (c) EDS result of particle ‘F’
indicating V and Nb peaks [38].

2.3.4 Precipitate dissolution and coarsening during reheating

The dissolution of precipitate during reheating (as reduction of number density) is a

reverse reaction to the precipitation during the cooling process. The equilibrium
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dissolution temperature (Tgiss) Can be given in equation 2-7, which originates from

equation 2-6, in section 2.3.1:

B
Taiss = 7o 2-1

Taiss IS the particular temperature for precipitate dissolving completely. However, the
application is only limited to a binary system, as discussed previously. Therefore,
Thermo-Calc can be used to predict the dissolution temperature for the more complex
precipitates (e.g. Nb(C,N)) and alloys under equilibrium condition. With the given
compositions, Thermo-Calc can calculate the phase transformation under an
equilibrium condition, to predict the dissolution temperatures for the investigated
particles in the equilibrium condition [17, 18, 23-25, 133]. However, it has been
reported that the Nb-rich particles remained after reheating to a temperature 40 °C
above the complete dissolution temperature of Nb(C,N) predicted by Thermo-Calc [17].
This may be due to the fact that an inhomogeneous distribution of Nb is expected,

resulting in different local dissolution temperatures of Nb(C,N).

Therefore, the separated local compositions in the solute-enriched regions and solute-
depleted regions have been considered to predict the particle dissolution temperatures
in a segregated cast steel [18, 24, 25, 133]. For example, the dissolution temperatures
of Nb(C,N) and AIN were predicted separately in the interdendritic (pearlite) region
(Nb(C,N): 1210 °C; AIN: 1120 °C) and in the dendritic centre (ferrite) region (Nb(C,N):
1090 °C; AIN: 1125 °C), as shown in Figure 2-29. And it has been verified by
experimental results that the AIN volume fraction was significantly reduced in the

dendritic region (close to 0) when reheated at 1150 °C, whilst the interdendritic
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particles (expected to be Nb(C,N)) remained (with a volume fraction of around 0.0005)

at this temperature [25].

A higher thermal stability is observed for the interdendritic Nb(C,N) compared to that
in the dendritic solute-depleted region, which may be due to the large amount of [Nb]
being expected in the interdendritic region. The compositions of different solute-
content regions were determined by different assumptions, e.g. the contents in the solid
and liquid at the last liquid stage (as discussed in section 2.2.4). However, it has been
found that an improved dissolution temperature can be predicted for the carbide or
nitride particles, such as Nb(C,N) and AIN, when homogenised compositions of C and
N (due to the high diffusion kinetic of C and N in austenite matrix) have been taken

into account [38].
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Figure 2-29 Precipitation behaviours were predicted by Thermo-Calc at the interdendritic and
dendritic-centre regions for Slab-1. Reheating temperatures are indicated by the dashed lines
[25].
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During reheating, the large particles are coarsening at the expense of smaller ones,
which is due to a partial dissolution resulting in the solute level in the matrix being
increased [13, 110, 134]. The factors that control the particles coarsening are expressed

in equation 2-8, which has been outlined by Lifshitz and Slyozov [135].

8aVDtC’
r3—r3 = 2-8
9RT

Where r is the final particle radius (cm); ro is the initial particles radius (cm); o is the
interfacial energy (equal to the grain boundary energy = 800-10 J/cm?[136, 137]); V
is the molar volume of pinning particles, such as Nb (C,N) particles which has been
reported to be 6.72 cm®mol [138, 139]; C° is the concentration of the solution in
austenite and can be predicted by Thermo-Calc for the given temperatures; t is the
particle growth time; R is the universal gas constant (=8.31 J/mol-K); T is absolute
temperature (K); and D is the diffusivity of the microalloying element in the matrix.
The general growth of particles can be used to predict the limiting grain size, as will be
fully discussed in section 2.4.2. It should be noted that the dissolution and coarsening
of the particles (discussed above) are also influenced by the holding time at a given

temperature.
2.4 Austenite grain growth during reheating

It is well known that cast steel is required to undergo reheating treatment to the
temperatures (above A3) of a full austenitic field, for subsequent industrial processes
including hot rolling [19]. The factors of the reheating temperature, carbon content,
original microstructure (e.g. initial ferrite and pearlite), and the microalloying elements

can be expected to affect the austenite grain growth during the reheating treatment.
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2.4.1 Austenite grain growth

Austenite transfers from ferrite and pearlite structure [140], which mostly forms from
pearlitic region (with many interfaces between cementite and ferrite), and then
experiences growth driven by the reduction of interfacial energy. The ideal austenite
grain growth will eventually result in an hexagonal structure with a 120° angle for each
boundary junction and straight grain boundaries (Figure 2-30). Due to the fact that the
boundaries migrate toward their centres of curvature, the shrinkage of small grains
with convex curvature occurs and eventually these disappear during annealing,
whereas the grains with concave boundaries are stable and grow to be larger [13].
Therefore, the grain growth during reheating is the process of large grains growth at
the expense of smaller grains, which is driven for the minimisation of grain boundary

energy [18].

When holding at a certain temperature, the austenite grain growth rate is decreased
with holding time, as the driving force of the interfacial energy is reduced for the
migration of grain boundaries [141]. In general, normal grain growth is the increase of
the grain size corresponding to the decrease in the numbers of grains. Various grain
size distributions have been used to describe the grain growth behaviour by many
investigations [22-26, 34, 103, 115, 142], including the uniform and non-uniform grain
growth, which have taken into account the mode grain size (at peak of distribution),
largest grain size (95% accumulated area fraction grain size, as will be discussed later),
and the grain size range. The grain growth behaviour can be also depicted using plots
of grain size against to the reheating temperatures. One example is shown in Figure

2-31, which indicates the grain growth behaviour of a C-Mn steel (0.18 wt% C; 1.4 wt%
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Mn) with the average grain size against the reheating temperatures for holding one

hour [143].

Figure 2-30 Stable structure of grains in binary graph of metal
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Figure 2-31 Grain size development against the reheating temperatures in a C-Mn steel for one
hour [143].
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2.4.2 Austenite grain growth inhibition with microalloying precipitates

The addition of microalloying elements in steel can be expected to form into particles
which can exert a pinning force to restrict the grain boundary movement, and so
prevent grain growth. Figure 2-32 shows the mechanism of the pinning effect where
the grain boundary moves from position ‘I’ to position ‘II’. The boundary gradually
detaches from the particle and becomes curved, resulting in an increase of the
boundary interface, therefore enhancing the surface energy which is in opposition to

the austenite grain growth discussed above [144].

Figure 2-32 Particle pinning effect on grain boundary movement.

Zener considered that there was a relation between the size of the grains, R, and the
size of the spherical precipitate particles, r. The Zener force describing the pinning

force per unit area of the boundary P, [144] is given as:

P, =3fa/2r 2-9
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Where, o is the boundary surface energy and f is the volume fraction of the particles. It
indicates that an increased pinning effect can be expected when increasing the particle
volume fraction and decreasing the particle size. Zener’s model [145] has balanced the
driving force for grain growth against the pinning force by particles for preventing

grain growth, which was corresponding to the limiting grain size:
R.=A- 2-10

Where A is a constant reported by Zener as 4/3; f is the volume fraction of the particles;
and R is the Zener limiting grain size (the critical maximum grain radius when the
driving force for grain boundary movement equals the particle pinning force).
However, no information has been given concerning the grain growth rate or the grain

size distribution [146].

Many investigations have tried to improve the equation 2-10, considering factors such
as the heterogeneity factor of Z describing the size ratio (R/Rq in radius) of the growing
grain size (maximum grains) of R to the adjacent averaged pinned grain size Rq [144,
147]; the parameter of m has also been used to modify the particle volume fraction

[146]. The improved equation can be given as:

Ro=%(3-2)= 2-11

2 z)fm

It has been reported that grain growth occurred during reheating as some particles are
ineffective in pinning the boundary movement, due to the coarsening of particles (r >
r*), or the dissolution of particles resulting in a decrease in the volume fraction (f = 0)

[144]. Gladman [148] proposed that grain growth inhibition occurred when the value
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of Z was less than or equal to 1.33. However, it has also been found that values of Z
between 1.41 and 2 agreed with the experiment results [136, 147-149]. Therefore, the
value of A, which corresponds to Z, is between 0.05 and 0.26. m is the exponent of

volume fraction f within the range of 0.3-1.

Manohar et al. [146] summarised the modifications mainly in terms of the different
values of ‘Z’ and ‘m’ being reported in the literature, and examined the critical grain
size (R) based on experimental evidence reported in the literature. It has been reported
that the coefficient of Z=1.7 enabled the calculation of stable austenite grain growth
under any combination of particle sizes and volume fraction [136, 150]. For most of
the literature, the value of the exponent m used to modify for ‘f  in Zener equation (2-
11) is m=1. However, the value of m=0.9 has also been used to predict the limiting
grain size in the literature with the small particle volume fraction (f < 0.03) [151-153],

which can be expected to modify the

to be a large value (> ‘f’), resulting in an
increase in the predicted Zener pinning force (equation 2-10). Therefore, the limiting
grain size can be expected to experience no abrupt increase when the volume fraction
is effectively decreased. It has been reported that the limiting grain size was
successfully predicted in a Slab-3 steel for reheating at 1150 °C, using the parameters
of Z=2 and m=1 (Figure 2-33), where no grain size was larger than the limiting grain
size in the interdendritic region (of around 80 pm). The limiting grain size will be
predicted by equation 2-11 using appropriate parameters (such as Z and m) in the

following investigation to compare with the experimental result for any potential non-

uniform grain growth as a reduction in pinning effect.
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Figure 2-33 Grain size distribution compared to limiting grain size ranges which are predicted
in dendritic regions (indicated by the solid lines) and interdendritic regions (indicated by the
dotted lines) for Slab-3 reheating at 1150 °C [25].

2.4.3 Austenite grain growth in HSLA steels

Austenite grain growth in HSLA steel undergoes an inhibition from particles during
reheating treatment, where various growth behaviours are to be expected when taking
into account the driving force and pinning force. Many researchers have found a
typical ‘normal-abnormal-normal’ grain growth behaviour in HSLA steels [24, 25, 30,
31, 39, 40, 154], as shown in Figure 2-34. This includes the normal grain growth (with
a uniform grain size distribution) in a finer size when reheating to low temperatures,
due to a larger pinning force (supplied by the stable microalloying particles) being
expected than the driving force. On reheating close to the particle dissolution
temperature, local unpinning occurs resulting in a non-uniform grain growth, such as
abnormally large grain growth and bimodal grain growth, which is due to the partial
dissolution of the particles. After reheating to a temperature above the particle

dissolution temperature, normal grain growth happens once again in a coarsening size,
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as there is no pinning effect remaining. The grain growth behaviours of two HSLA
steels shown in Figure 2-35 indicate that a similar size development against reheating
temperatures can be seen in the steels of Slab-A [40] (compositions are shown in Table
2-1) and EQ70 steel [155] (0.13C-1.09Mn-0.053Al-0.024Nb-0.014Ti). This means that
the grain growth in microalloyed steel has been limited to a size which is smaller than
that in C-Mn steel (as shown in Figure 2-31). It also indicates that the pinning effect of

microalloying precipitates is significant in a steel for the grain size refinement.
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Figure 2-34 Mechanism map of normal and abnormal grain growth zones for 0.3C, 0.036Nb,
0.015V (wt%) steel [31].
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Figure 2-35 Grain size development against the reheating temperatures in EQ70 steel [155] and
Slab-A steel [40] for one hour.

2.4.3.1 Abnormal grain growth

Abnormal grain growth has been investigated in various samples during reheating
treatments, such as a rolled steel plate [29-31] or in a thin slab [28, 154, 156] (where
any segregation was over relatively small distances), which indicates an isolated
abnormally large grain surrounded by the small grains, as shown in Figure 2-36 [157].
It indicates that an abnormally large grain with concave boundaries can be expected to
grow at the expense of the adjacent small grains (as discussed in section 2.4.1), when
local unpinning occurs due to the partial dissolution of the precipitates on the
boundaries of the large grains. It has been reported that the particle dissolution
depended on the particle type and initial concentration [158], as discussed in section
2.3.4. Abnormal grain growth originating from the former ferrite region has been found
in a banded structure [78], which indicates that grain growth from the solute-depleted
region can be expected to be abnormally large, if there is no stable pinning effect
remaining.
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It was reported that on reheating close to the microalloying precipitate dissolution
temperature, abnormally large grains were observed in an homogenised steel [30, 40],
Figure 2-37(a, b), and in the rolled (with a banded structure) steel [30, 154], as seen in
Figure 2-37 (c, d), which were isolated and surrounded by the fine grains. The
occurrence of abnormal grain growth results in the grain size distribution expanding to
be a wider range of the large grain sizes [159] (Figure 2-37(f)) compared to normal
grain growth with a uniform distribution (Figure 2-37 (e)). It has been reported that
abnormal grain size was more than 2 standard deviations larger than the normal grain
size [159], which approximately was equal to grain size at 95% fraction from a
cumulated area diagram [154]. The ratio of large grain size (95% cumulated area
fraction mentioned above) to mean grain size is used to determine the occurrence of
abnormal grain growth. A larger ratio of abnormal grain size to mean grain size has
been observed in homogenised steel (of around 7-9), than that (of around 3) in the
rolled steel (with the banded structure), which indicates that abnormal grain growth

bebaviour occurs to different extents in a steel with different initial conditions.

Figure 2-36 Schematic diagram indicating the grain boundary migration (arrows shows the

direction) of microstructure consist of polygonous large grains and small grains [157]
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Figure 2-37 Abnormal grain growth occurred in homogenised steel: (a) Al-containing steel
with non-banded structure at 1050 °C [30]; (b) Nb-V steel at 1200 °C [40]; and occurring in
steel with banded structure for: (c) 16MnCr5+ Nb/Ti steel at 1050°C [154]; (d) Al-containing
steel with banded structure at 1000 °C [30]; (e) theoretical grain size distribution of normal
grain growth [24]; (f) grain size distribution of abnormal grain growth [159].

The relative differences (RD), shown in equation 2-12, is used to establish the criterion

of abnormal grain size [160]:
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_ (Gsabnormal_GSnormal) -
RD = [ (Gsnormal) ] 2 12

Where GS pnormar 1S the abnormally large grain size, and GS,,,,-mq; 1S the mean grain
size of the normal grains. It was reported that the abnormal grain growth occurred
when parameter value (RD) exceeded 0.9 [160]. Specifically, the abnormally large
grains can be determined if their sizes are greater than approximately 2 times that of
the mean grain size [161, 162]. However, this value may be challenged as it is small
when describing the abnormal grain growth which occurs in homogenised steel (ratio:
7-9), Figure 2-37 (a, b). Abnormal grain growth was reported to occur at the austenite
coarsening temperature which was determined as below the precipitate dissolution
temperature by 125°C in Nb containing steel [106], or slightly less by 40-70°C in Nb-
Al containing steel [163]. On reheating at the particle dissolution temperature for a
longer time, those abnormal grains can continue growing to be extremely large by
consuming more adjacent smaller grains [27, 30], but they cannot do so to be an
arbitrary size [160, 164], as the driving force is reduced (discussed in section 2.4.1), or

they encounter pinning forces supplied from other segregated regions.

2.4.3.2 Bimodal grain growth

Due to inhomogeneous precipitate distribution (especially for Nb-rich particles)
originating from interdendrite segregation during casting (Figure 2-38), a simple
schematic diagram can be produced including the segregation spacing (indicated as ‘L’
corresponding to SDAS) and the thickness of the interdendritic band structure
(indicated as ‘d’ in Figure 2-38). The formation of the bimodal grain structure (bands

of coarse and fine grains) was found in the reheated continuously cast Slab-1 at 1150
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°C, Figure 2-39(a) [24, 25], which was attributed to the different local pinning force
from the dendritic region and the interdendritic region during the reheating process, i.e.
at 1150 °C, the particles with a large population (5.5x10% /mm?, Table 2-11) were
remained in the interdendritic solute-enriched region resulting in a strong pinning force
to restrict grain growth in a small size; while the coarse grains were originated from the
dendritic region with the insufficient pinning effect being expected, due to the particles
having been largely dissolved with a low dissolution temperature (as seen in Table

2-11) [103].

Generally, in the histograms, ‘mode’ is the most frequent (or the peak) value in the
grain size distribution. A single mode can be observed in a uniform (log-normal) grain
size distribution for normal grain growth (as discussed in section 2.4.3). However, the
‘bimodal distribution’ is a type of duplex condition with two separate ‘mode’ values
(i.e. two peaks in the grain size distribution), which corresponds to the fine and coarse
grain sizes separately in a bimodal grain size distribution, Figure 2-39(b) [22]. The
peak grain size range (PGSR) of two mode grain sizes and peak height ratio (PHR) of
area fraction for large mode grain size to the area fraction for small mode grain size
can be used to characterise the bimodal severity [23-25], for example, Figure 2-39 (b)
shows the small mode grain size of 40 um with area fraction of around 20% and large
mode grain size of 220 um with area fraction of around 9%, giving that the PGSR is
around 180 pum and PHR is around 0.45, which can be determined as heavily bimodal,

as seen in Table 2-12[25].

On reheating above the interdendritic particles’ dissolution temperature, the grains
grow normally once again, with a uniform distribution of coarse grains present in the

68



matrix, as there would be no pinning effect to prevent the grain growth due to all of the
particles being expected to have dissolved completely. A uniform coarse grain
structure was seen in the Slab-1 steel on reheating at 1225 °C, with a low number
density (0.2x10* /mm?) of Nb(C,N) precipitates being observed in the interdendritic
region (Table 2-11), indicating that the pinning effect was insufficient to restrict the

grain growth[25].

The bimodal grain growth shows a type of non-uniform grain growth where the bands
of coarse and fine grains have been observed, which is different to an isolated large
grain (surrounded by smaller grains) occurring in abnormal grain growth. These two
abnormal phenomena are associated with local unpinning but with different
mechanisms, i.e. a band (area) unpinning is expected in the bimodal grain growth
which is associated with interdendritic segregation (form due to the regions of solute-
enriched region and solute-depleted region), whilst abnormal grain growth is due to a
random particle dissolution (in a homogenised specimen) resulting in the local

unpinning for a large grain growth.

It has been found that the non-uniform austenite grain growth formed from reheating
can be expected to affect the subsequent recrystallisation in the process of deformation,
for example, it was very difficult to achieve a uniform recrystallised grain size from a
bimodal grain size distribution[34], while an abnormally large grain was also very
difficult to be refined after deformation [40]. It was reported that the presence of larger
grains in the bimodal microstructure would decrease the toughness by raising the

cleavage initiation, resulting in a high scatter in the fracture stress [103]. The

69



microhardness in the region of the coarse grain was reported to be lower than that of

the fine grain bands [142].

The previous investigations from open literature have tried to avoid bimodal and
abnormal grain growth during reheating for the HSLA steels. Chakrabarti and Roy
have recommended that an increase of the Ti level in Nb-containing steels can be used
to reduce the bimodal grain growth severity, as Ti does not segregate as strongly as Nb,
and provides a higher thermal stability during reheating treatment [24, 40]. However, it
has been reported that the addition of Ti would influence the toughness [115-118]. And
some studies have reported that the addition of Mo would be beneficial to delay the
occurrence of abnormal grain growth [149, 165]. A newly designed Al-Nb containing
steel will be investigated in this project to explore the effect of Al on alleviation of

bimodal grain growth in the Nb segregated steel.

Figure 2-38 Schematic representation of inhomogeneous precipitate distribution due to
segregation: ‘d’ is the thickness of the particle-rich (solute-enriched) region; ‘I’ is the distance

between two adjacent particle-rich regions, which is similar to SDAS distance [151].

70



Area-fraction (%0) —
b

Figure 2-39 Prior austenite grain of Slab-1 (0.1%C, 0.008%N, 0.045%Nb) reheating to 1150
°C for: (a) Microstructures consisting of coarse and fine grain regions (arrowed); and (b) the
corresponding bimodal grain size distribution (peaks indicated by arrows) [24, 25].

Table 2-11 Number density (x10* /mm?) of the Nb(C,N) and AIN in the interdendritic region
and the dendritic region, when reheating the Slab-1 steel at 1075 °C, 1150 °C and 1225 °C in

[25].

1075°C 1150 °C 1225°C

Nb(C,N)  AIN Nb(C,N)  AIN Nb(C,N)  AIN
Interdendritic 16 2 55 0 0.2 0
Dendritic 4 2 0 0 0 0

Table 2-12 Severity level of bimodal grain growth is according to peak grain size range (PGSR)
and peak height ratio (PHR) [23-25].

Visual Observation PGSR (um) PHR
No bimodal (uniform) 0 0

Low bimodal 0-40 0-0.2
Average bimodal 40-80 0.2-0.35
Quite bimodal 80-200 0.3-04
Heavily bimodal 150-300 >0.4
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2.5 Summary

Uniform and fine refined grains provide superior strength and toughness that depend
on the parent austenite grain size distribution during reheating, associated with the
formation of microalloying particles which supply the pinning effect in HSLA steel.
Abnormally large grain growth and bimodal grain growth can occur during reheating,
taking into account the local unpinning which is attributed to the partial dissolution of
precipitates. Previous investigations reported in the open literature have been carried
out to reduce the inhomogeneous grain size distribution by applying homogenisation
treatment or adding other microalloying elements. However, no investigation has been
carried out to establish the comparisons between the abnormal grain growth and
bimodal grain growth in HSLA steel with Al addition, taking into account the particle

dissolution behaviour predicted by Thermo-Calc.

2.6  Objectives of the present study

In this project, the characterisations of abnormal and bimodal grain growth will be
compared and the criterion for determination will be proposed, to establish a clear
mechanism for these two types non-uniform grain growth which have discussed in the
literature. It is innovative that the grain growth behaviour will be predicted based on
precipitate dissolution temperatures simulated by Thermo-Calc and DICTRA, which
will be examined and verified to establish a new method (based on modelling
prediction) for design of new advanced steel. An Al-Nb steel in different initial

conditions (e.g. homogenised, as-cast and forged specimens) and rolled Nb-containing

72



steel have been investigated to determine grain growth behaviour at the predicted

reheating temperatures. To achieve this, the following objectives have been established:

1. To investigate the reheating conditions (such as reheating temperature and holding
time) for the occurrence of ‘normal (uniform fine grain size distribution)-abnormal
(abnormal or bimodal grain size distribution) —normal (uniform coarse grain size
distribution)’ grain growth in the Al-Nb steel and the rolled Nb-containing steel. To
investigate the occurrence of abnormal grain growth and bimodal grain growth
under different initial conditions at particle dissolution temperatures (as predicted
by Thermo-Calc), taking into account the addition of Al in the Nb-containing steel.
To distinguish the differences between these two non-uniform grain growths during

reheating and investigate the methods to minimise them in the HSLA steel.

2. To investigate the interdendritic band pinning effect on limiting grain growth.
Different segregation spacings have been investigated to examine grain growth

behaviour within segregated conditions.

3. To verify the modelling prediction. The grain growth behaviour can be simulated at
the particle dissolution temperature predicted by Thermo-Calc, which has taken
into account the segregation distance and the segregated compositions. This will be
examined by the experimental results, in order to verify the accuracy of the

modelling prediction for the future compositions design in HSLA steel.
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chapter 3 Materials, modelling and experimental procedure

3.1 Material

A laboratory as-cast ingot of Al-Nb microalloyed steel measuring 340 mm long with a
130 X 130 mm cross-section and an as-rolled (25 mm thick and 150 mm wide) low
carbon rolled Nb-containing steel plate were supplied by TATA Steel, UK. The
chemical compositions of these two steels are shown in Table 3-1. The schematic
diagram in Figure 3-1 shows the sample location in the as-cast ingot Al-Nb steel. 40
samples measuring 10 X 15 X 20 mm were taken at the quarter position (quarter width
and depth) of the as-cast Al-Nb ingot steel for investigation on segregated condition.
A piece of as-cast steel in size of 20 X 40 X 40 mm was taken from the quarter position
in order to achieve the forged Al-Nb steel, which was subjected to 70% deformation
from 40 mm to 12 mm at a temperature 1000 °C (no dissolution of microalloying
precipitates) followed by air cooling. 4 specimens of Al-Nb steel in size of 10 X 20 X
60 mm were taken from quarter position of as-cast Al-Nb steel for homogenisation
treatment. 20 samples, sized 10 X 15 X 20 mm, were taken from quarter position (in

depth and width) for the rolled Nb-containing steel plate, as seen in Figure 3-2
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Table 3-1 Chemical composition (wt%) for as-cast ingot (Al-Nb steel) and rolled (Nb steel)

steel.
Element As-cast Al-Nb steel Rolled Nb-containing steel
C 0.1 0.105
Si 0.29 0.23
Mn 1.42 0.99
0.018 0.002
S 0.004 0.001
Cr 0.01 0.005
Mo 0.005 0.005
Ni 0.32 0.005
Al 0.057 0.031
N 0.008 0.006
Nb 0.019 0.028
Ti 0.001 0.001
\% 0.052 0.001
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Figure 3-1 Schematic diagram of the sample location in the as-cast Al-Nb ingot. (a) samples
for reheating treatment in the as-cast steels; (b) sample for the forged processing at 1000 °C; (c)

samples for the homogenised treatment at 1300 °C for 24 hours.
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Figure 3-2 Schematic diagram showing the samples were taken from quarter position of as-

rolled Nb-containing steel plate.
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3.2  Modelling prediction

3.2.1 Thermo-Calc

The chemical composition of the Al-Nb steel (Table 3-1) was taken as the input into
Thermo-Calc 4.0 with TCFE-7 database to simulate the solidification sequences during
cooling. It was assumed that specimens after the homogenisation treatment (1300 °C
for 24 hours for Al-Nb steel, as discussed in section 3.3.1) had a uniform chemical
composition which was also used as the input to predict the dissolution temperatures
and volume fractions of precipitates for homogenised Al-NDb steel. The specific phases
(liquid, bce iron, fcc iron, and precipitates (such as AIN) were selected to simulate the
phase transformation in temperature intervals of 10 °C from 1600 °C to 850 °C during

cooling process.

3.2.2 DICTRA

DICTRA version 27 with MOBFE-2 mobility database and TCFE-7 thermodynamic
database was used to simulate the microsegregation levels. The SYS mode was used
with a simplified composition of Fe-C-Mn-Nb-Al to save computation time due to the
computational limits (computer memory and calculation stability) for DICTRA. The
alloying elements of C, Mn, Nb and Al were taken into consideration to predict the
segregation behaviour in the as-cast Al-Nb steel and rolled Nb-containing steel, due to
insignificant effect of other elements for this simulation because of their low contents
(such as Ti-0.001 wt%), or absence of precipitate forming behaviour above A
temperature (such as VC). During the casting process, the involved phases of liquid, 6-
ferrite (bcc_a2) and vy-austenite (fcc_al), o-ferrite (bcc_a2) and cementite were
included in the simulation with thermodynamic stability (defined by Thermo-Calc)
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used to define the appearance and disappearance of any phases. The cooling rate was
determined by equation 2-1 for low carbon steel (as both steels had < 0.15 wt% C
present) with measured SDAS values (as discussed in section 2.1.3). 1-D linear
modelling was carried out to determine the segregation profile over half the SDAS, i.e.
from dendrite centre to interdendrite centre. One cell was determined as a closed
system with mass conservation, which contained regions of liquid phase, &-ferrite and
y-austenite according to the solidification sequence of low carbon steel (C: 0.1 wt%). A
grid spacing of 1um was chosen to simulate solidification and the simulation started
from 1873K (1600 °C), when the alloy would be 100% liquid (‘active’ phase in
DICTRA) and homogeneous composition is assumed. The solid phases appeared as
noted above (Figure 3-3), and any interfaces were assumed to be at equilibrium. A
maximum time step of 10s was chosen to carry out the simulation to ensure simulation

stability, which started from liquid phase (1600 ° C), to the a-ferrite phase (600 °C).

The simulation output is the composition profile at a certain time, against to the
distance from the dendrite centre to interdendritic centre. The simulated compositions
in the dendritic centre and interdendritic centre from DICTRA were taken as the input
into Thermo-Calc to predict the stability of precipitates in the solute-depleted region

and solute-enriched region separately.

78



Cell

5-ferrite V-austenite Liquid phase
region region region

\ /
\ /

Local equilibrium in
the interfaces

Figure 3-3 Schematic of the DICTRA cell shows the various regions of liquid, 8-ferrite and y-
austenite, with local equilibrium at the interfaces.

3.3 Heat treatment

Three different types of heat-treatments were performed on as-cast ingot Al-Nb
samples and rolled-Nb steel: (a) homogenisation treatment to remove segregation and
provide a uniform composition; (b) reheating treatment to establish the austenite grain
growth behaviour with time and temperature; and (c) tempering treatments to reveal
the prior austenite grain boundaries in the as-quenched martensitic microstructure more

clearly.

3.3.1 Homogenisation heat treatment for as-cast Al-Nb steel

Specimens of as-cast Al-Nb steel (for homogenisation treatment mentioned early) were
encapsulated in silica tubing with argon back-filling, then heated at 1300 °C (complete
dissolution of all precipitates predicted by Thermo-Calc) for 24 hours (calculated based

on the diffusion of Nb across a half distance of SDAS of 75 um according to previous
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studies by Kundu [18], as discussed in section 2.2.1) afterwards slowly cooled at the

rate of approximately 3.2 °C/ min in a furnace.

3.3.2 Re-heating treatments

Reheating trials were carried out on homogenised Al-Nb samples at temperatures
between 1075 °C and 1200 °C for 1 hour (Figure 3-4 shows the homogenisation and
reheating treatment). The as-cast Al-Nb samples were reheated at 950 — 1300 °C
(Figure 3-5) for 1 hour followed by water quenching. The reheating temperatures were
selected based on Thermo-Calc and DICTRA predictions, which will be discussed in
chapter 4. The forged AI-Nb steel samples were reheated at the temperatures from
1160 °C to 1300 °C (Figure 3-6, as discussed in chapter 7) and rolled Nb-containing
steel samples were reheated at the temperatures of 1090 °C and 1200 °C (Figure 3-7),
as will be discussed in chapter 7. The temperatures during reheating treatment were
monitored by the K-type thermocouple which is inserted into the sample. The reheating
treatments with longer holding times (such as 2 hours and 3 hours) were carried out at
selected soaking temperature, as seen in the Table 3-2 summarising the reheating
treatments (e.g. temperatures and times) for the investigated steels under different
conditions. In order to investigate if any non-uniform austenite grain growth occurred
at initial reheating condition, the starting austenite grain size for each condition was
characterised by using the reheating treatment at 920 °C (above A¢3) for a short holding

time of 10 minutes.

80



3.3.3 Tempering heat treatment

Reheated and quenched samples were subsequently tempered at 550 °C for 6 hours
(except for homogenised samples), to reveal the prior-austenite grain boundaries when
etching in hot saturated picric acid solution. The tempering treatment allows elements,
such as phosphorus, to segregate to the prior-austenite boundaries, which are attacked
by the picric acid etchant, thereby delineating the boundaries and revealing a distinct

prior austenite microstructure.

24 hours
1300°C
o 1 hour
% 1170°C /
;na' Slow cool _1}_0 “O‘:CC / 'uVatf:rh
ﬁ 3.2 °C/min quenc

3.8°C/s

Homogenization
Reheating

Time

Figure 3-4 Schedule of homogenisation treatment and reheating treatment in the as-cast ingot

Al-NDb steel (samples were taken from quarter thickness location).
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Figure 3-5 Reheating schedule of as-cast Al-Nb ingot samples (taken from 1/4 thickness

location).
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Figure 3-6 Reheating treatments for the forged Al-Nb steel.
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Figure 3-7 Reheating schedule of rolled Nb-containing steel.
Table 3-2 Reheating treatments (temperatures and times) for different steels.

Steels 1 hour 2 hours 3 hours
Homogenised Al-Nb | 1075, 1100,1130, 1150,1170, 1200 1170 1170
As-cast Al-Nb 950, 1050, 1075, 1100,1130, 1150, 1160, 1200 | 1160,1200

1160, 1185, 1200, 1230, 1250,

1280,1300
Forged Al-Nb 1160, 1200, 1250, 1300 - 1160, 1200
Rolled Nb-containing | 1090, 1200 1090 1090

3.4 Microstructure characterisation

3.4.1 Sample preparation

The heat treated samples were sectioned along the primary dendrite growth direction
for the as-cast steel, the forging direction for the forged Al-Nb steel and the rolling

direction for the as-rolled Nb-containing steel. The mounted samples (in Bakelite)
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were ground and polished to a 1 um MD-Nap diamond finish. To reveal the ferrite and
pearlite microstructure, the polished samples were etched in 2%-nital (2 ml HNOg in
98 ml ethanol). The quenched and tempered specimens were also etched in hot (60 °C)
saturated aqueous picric acid (20g picric acid, 1000 ml H,0O, 14 drops HCI and 5 ml
TEEPOL) with magnetic stirring, to reveal the prior austenite grain structure. If
required, further light polishing (1 pum finish) was carried out to improve the clarity of
the boundaries in contrast to the matrix. Thermal-etching (polished sample was
encapsulated in silica glass) and oxidation-etching (polished sample) methods were
also carried out at a temperature of 950 °C for 10-15 minutes to reveal prior austenite
grain boundaries, but the size determined was inaccurate (a lot of ghost boundaries

were present) for those reheated samples.

3.4.2 Optical microscopy and image analysis

The as-cast, homogenised and heat treated samples were characterised in the Zeiss
Akioskop-2 optical microscope equipped with AxioVison image capture software to
provide images of microstructure consisting of ferrite and pearlite, secondary dendrite

arm spacing (SDAS) and martensitic structures.

ImageJ software (Windows version) was used to measure and analyse the proportion of
ferrite, in the ferrite + pearlite microstructure, and the prior-austenite grain size
(measured manually) in the martensitic structure, in terms of equivalent circle diameter

(ECD) method [24], the equation as shown below:

ECD =2 3-1

=
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Where, A is average area value of measured grain. About 1000-2000 grains were
measured by ECD methods for each microstructure, the grain size distribution (area-
fraction) was established following the approach of individual grain size classes[166],
where normal grain growth is shown with a uniform distribution, abnormal grain
growth with a large grain size range distribution, Figure 2-37(f), and/ or bimodal grain

size distribution, Figure 2-39(b).

The SDAS was charactersied by more than 100 measurements of the centre to centre
distance between two adjacent secondary interdendrite spacing, perpendicular to the
arms. The area fraction of pearlite was also measured in the ferrite + pearlite

microstructure.

3.4.3 Scanning Electron Microscopy

The precipitates were characterised in the as-cast, homogenised and re-heated samples
using JEOL 7000 scanning electron microscope (SEM) operating at 20 kV with field
emission gun (FEG). The chemical composition of particles was determined using
JEOL 7000 SEM equipped with an Oxford INCA energy dispersive X-ray
spectroscopy (EDS) system, conducted at 10 mm working distance with 20 kV
operating voltage. INCA software was used to provide the elemental concentration by
point analysis. To achieve an accurate elemental analysis of particles, a comparison
EDS spectrum was also obtained on the adjacent matrix. EDS mapping was also used.
The area fraction and number density of Nb-rich and Al-rich precipitates were
measured for around 20 continuous fields of view, each field of view covered around
430 um? area. Moreover, secondary-electron (SE) for morphology analysis; and back-

scattered electron (BSE) for compositional contrast (due to different atomic numbers),
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were used to identify the particles of Al-rich (generally dark) and Nb-rich (normally

bright).
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chapter 4 Initial microstructure and modelling prediction for the

as-cast and homogenised Al-Nb steel

Characterisation of the initial condition of the as-cast ingot of the AI-Nb steel, such as
the microstructure, micro-segregation, and precipitate distribution is required for
design of the experimental reheat treatment schedules. The microstructure of the
homogenised specimens was also characterised to verify the grain structure and

precipitates distribution, after removal of segregation, before the reheat treatments.

4.1 Microstructure for as-cast AlI-Nb material

The initial microstructure of as-cast steel is shown in Figure 4-1, which consists of
dark pearlite and bright ferrite where pearlite forms in the interdendritic regions
allowing the original as-cast dendritic morphology to be revealed; this agrees with the
literature reports in Figure 2-5. Some idiomorphic a-ferrite phases particles have been
found in the pearlite region, which is consistent with literature reports discussed in
section 2.3.3 [38]. The measured area fraction of pearlite for Al-Nb steel is around
18+0.5%, which is close to the results of Slab-1 steel (19 = 0.06% pearlite area fraction
with 0.1 wt% C, 1.42 wt% Mn, 0.045 wt% Nb and 0.046 wt% Al, Table 2-1) [18] and
the Slab-2 steel (18.14 + 0.5% of pearlite area fraction with 0.1 wt% C, 1.41 wt% Mn,

0.027 wt% Nb and 0.029 wt% Al, Table 2-1) [38], Table 2-8.
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Figure 4-1 Initial microstructure (a) and (b) of as-cast Al-Nb ingot at the 1/4 position,

consisting of bright ferrite and dark pearlite, with SDAS arrowed in the red line.

4.1.1 Microsegregation characterisation in Secondary Dendrite Arm Spacing
(SDAS)

The average secondary dendrite arm spacing, which corresponds to the mean
interdendritic pearlite spacing, was measured at 150 + 50 pum for the 1/4 thickness
position of the as-cast Al-Nb ingot, and the solidification rate estimated for this SDAS
of as-cast Al-Nb steel was 0.4 °C/s according to equation 2-1, which was used in the

modelling prediction by DICTRA.

To obtain a general trend of dendritic segregation for Mn contents, the measurements
from line-scans were analysed for the as-cast specimens (in 2D section) across several
dendritic (ferrite) and interdendritic (pearlite) regions. An example is shown in Figure
4-2 (a), EDS analysis was carried out across pearlite and ferrite regions (as indicated

by red line).
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Figure 4-2 (a) SEM image showing EDS scan line measurement of Mn content across

dendrites (dark) and interdendritic regions (grey); (b) Mn content along the selected line.

Figure 4-2(b) shows the variation in [Mn] determined by EDS along the selected line

in Figure 4-2(a), which indicates an increase of Mn content on the crossing from
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dendritic ferrite (around 1.3-1.4 wt%) to the interdendritic pearlite (around 1.7-1.9
wt%). The two peaks of Mn content correspond to the interdendritic pearlite with
enriched solute content which confirms the interdendritic segregation. However, the
centre regions of the dendritic and interdendritic structure might not be fully
characterised from the line-scans in 2D section, as the EDS analysis samples a volume
approximately 1 um in diameter below the surface. It cannot be ensured that the depth
of the EDS can go through the centre regions of dendrite and interdendritic in a 3D
structure. The line-scans can be used to describe the general segregation trend, but it is
not possible to obtain a quantitative segregation profile just by the line scan due to the
significant scatter in the results. The cumulative profile based on ranking data from
EDS grid-mapping was used to describe the segregation level in 3D structure, as

discussed in section 2.2.2

EDS grid-mapping was applied by EDS analysis of around 300 points in total,
arranged in a square pattern with a spacing greater than half the SDAS value (75 pum),
as shown in Figure 4-3(a). The EDS detected values were calibrated with a systematic
error of around +8%, due to the contamination of the detector which results in the
inaccuracy of the EDS data [37]. The results demonstrate that the general Mn content
in the pearlite regions (indicated by the black arrows with the Mn content around 1.6-
1.8 wt%) is larger than that in the ferrite region (indicated by the green arrow with
approximate 1-1.4 wt% of Mn). The concentration profile was generated by reordering
cumulative results against the half secondary dendrite arm spacing of 75 pm
(approximately 300 ranking grid results correspond to the length scale from 0 pm

(assumed to be dendrite centre) to 75 um (assumed to be interdendritic centre) at a
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spacing of 0.25um, then they were finally plotted as 1um interval, as shown in Figure
4-3(b)). It indicates that the minimum Mn content is around 1 wt% and the maximum
value is approximately 1.7 wt%. These values can be used to compare the modelling

prediction by Thermo-Calc and DICTRA, as will be fully discussed in section 4.3.2.2.

Minwt %o

0 10 20 30 40 50 60 70 80
Distance (pm)

(b)

Figure 4-3 (a) Grid analysis points located over both dendritic (dark region) and interdendritic

(grey region) areas in as-cast microstructure; (b) Mn content against the distance of half SDAS.
4.1.2 Initial grain size distribution and precipitate characterisation

The initial ferrite grain size distribution was determined by measuring 1000 ferrite
grains, and plotting them as grain size classes, as indicated in Figure 4-4, which shows
a uniform distribution of ferrite grains with a mode grain size (peak grain size of
distribution) about 90 um. Non-uniform ferrite grain growth (abnormal large ferrite
grains and the bimodal ferrite grain distribution) was not observed in the initial

microstructure.
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Figure 4-4 Initial a-ferrite grain size distribution for the as-cast microstructure.

Precipitates were characterised using SEM analysis, to determine the size and number
density of Al-rich particles and Nb-rich particles within the dendritic and interdendritic
regions. SE (secondary-electron) and BSE (back-scattered electron) imaging were both
used to characterise the precipitates in terms of morphology analysis and compositional

contrast.

Al-rich particles, expected to be AIN, with irregular shape (or facet and rounded shape,
as discussed in section 2.3.2) have been mainly observed in the dendritic ferrite regions,
shown in Figure 4-5(a). The BSE image in Figure 4-5 (b) is consistent with this being
an Al-rich particle as it has darker contrast than the matrix. Regions with a lower
average atomic weight compared to the matrix, such as Al-rich particles, are known to
appear darker under BSE imaging [18]. An EDS trace analysis shows the Al peak in
Figure 4-5(c), confirming that the precipitate is based on Al compared to in the matrix

(Figure 4-5 (d)).
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SEI 200KV X7,500 1um WD 9.9mm COMPO 120kV X19,000 1pm WD 9.9mm

Figure 4-5 Al-rich particle was shown in (a) SE image; (b) BSE image; EDS trace indicating
the (c) Al peak and (d) in the matrix.
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SEI 200KV X37,000 100nm WD 9.6mm

Figure 4-6 Nb-rich particle, expected to be Nb(C,N) indicated with red rectangle frame, shown
in (a) SE image; (b) BSE image; EDS trace indicating the (c) Nb peak and (d) in the matrix.

Figure 4-6(a) shows spherical Nb-rich particles, probably Nb(C,N), decorating a
boundary of ferrite in the as-cast structure. The brighter appearance of the particles in
the BSE image, Figure 4-6(b), is consistent with the heavier atom of Nb than Fe, which

has been verified by the EDS spectrum shown in Figure 4-6(c), indicating an Nb peak.
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Particles in solute-depleted region were characterised in the ferrite phase, and
precipitates in the interdendritic particles were investigated in the pearlite phase.
However, some of the particles in the pearlite phase were difficult to identify due to the
visual impact caused by the pearlite structures. Hence, some idiomorphic ferrite islands
(surrounded by pearlite as discussed in section 2.3.3) in the pearlite region, shown in
Figure 4-7 (a), were investigated to characterise the particles distribution for the solute-
enriched region, as was reported by Zheng [38]. Figure 4-7(b) shows a cluster of Nb-
rich particles appearing inside the idiomorphic ferrite island, which was confirmed by

EDS analysis in Figure 4-7(c), indicated by the Nb peak in the spectrum.
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Figure 4-7 (a) Isolated ferrite located in a pearlite region; (b) Nb-rich particles distributed
within this region; EDS trace indicating the (c) Nb peak and (d) in the matrix.

Due to the limited segregation tendency of Al compared to Nb (as discussed in section
2.2.1), the Al-rich particles are expected to be randomly distributed throughout the
matrix, whereas a slightly larger number of precipitates are presented in dendritic

ferrite (Al slightly enriched in the solid phase during solidification according to
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Thermo-Calc prediction reported by Chakrabarti, Figure 2-22 [25]). The stronger
segregation of Nb in the interdendritic region has resulted in a larger number of Nb-
rich precipitates in the solute-enriched pearlite region. Kundu [18] has reported the
distribution of investigated precipitates (AIN and Nb(C,N)) which was obtained by
quantitative measurements for the same as-cast Al-Nb steel, as shown in Figure 4-8.
The area fraction measurement of precipitates is assumed to be equal to the volume
fraction of phase. The particles spatial distribution agrees with the general segregation
behaviour of Al and Nb reported previously [18, 25, 38] , indicating a lower volume
fraction and number density of Nb-rich precipitates in the dendritic solute-depleted
region, compared to Al-rich particles in the same region, Table 4-1. The dendritic AIN
particles supply additional pinning force in the absence of Nb(C,N) particles or on their
dissolution in the dendritic region, therefore potentially combating the development of
the bimodal grain growth structures seen due to Nb segregation [22, 23, 25, 26]. The
particle size ranges of Nb(C, N) and AIN do not show a significant difference
separately in the dendritic solute-depleted region (Nb(C,N): 100-150 nm; AIN: 150-
200 nm) and interdendritic solute-enriched region (Nb(C,N): 100-150 nm; AIN: 150-

200 nm) in terms of the mode size, Table 4-1.
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Figure 4-8 Distribution of precipitates size with (a) number density and (b) area fraction, in the
dendritic and interdendritic region reported by Kundu [18].
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Table 4-1 Precipitate characteristics (mode size based on the number density distribution
(Figure 4-8(a)), number density and volume fraction in total) of AIN and Nb(C, N) in the

regions of dendritic region and interdendritic region.

Dendriti  Dendritic- Interdendr Interdendri

c-AIN NbCN itic-AIN  tic-NbCN
Average (mode size) precipitate size, nm 150-200 100-150 150-200 100-150
Precipitate number density, x 10* /mm? 1.89 0.73 1.29 2.64
Volume fraction (area fraction), % 0.059 0.014 0.04 0.05

4.2 Microstructure for homogenised Al-Nb steel

To investigate abnormal large grain growth in the Al-Nb steel, the specimens with a
uniform composition were required, which were provided by homogenisation

treatment at 1300 °C for 24 hours.

4.2.1 Microstructure characterisation for homogenised specimens

The microstructure of the homogenised specimen is present in Figure 4-9, consisting of
randomly distributed a-ferrite and pearlite. The dendritic structures, observed in the as-
cast ingot microstructure (as seen in Figure 4-1), were removed by the homogenisation
treatment, thereby providing the microstructure without solute-enriched and solute-
depleted region. EDS-line scans for Mn were used to verify the segregation-free nature
of the matrix, Figure 4-10 (a). The Mn level, determined by EDS along the line shown,
is given in Figure 4-10 (b), with scatter being seen around the average concentration of
1.4 wt% (indicated as red dotted line), although some higher contents (of around 1.5-
1.65 wt%) have been observed at pearlite. This may arise during diffusional formation

of ferrite and pearlite forms when Mn (an austenite stabiliser) is rejected into the
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remaining austenite during transformation [37]. The removal of segregation has,
however, resulted in re-distribution of pearlite to a non-interdendritic arrangement. The
pearlite fraction in homogenised condition has been reduced to be approximately 10 +
0.6%, which is less than that in the as-cast condition, as shown in Figure 4-1. Generally,
the relatively uniform content of Mn can be expected after homogenised treatment at
1300 °C for 24 hours. Whilst the results of EDS line scan for microalloying elements
(e.g Nb, Al, V) were not available because of the low content of alloying element (<
0.05 wt %) present in the matrix. However, the distribution of Nb after the
homogenisation treatment was presumably uniform, as the homogenisation treatment
of 1300 °C for 24 hours was designed based on the calculated diffusion behaviour of
Nb across a distance of 75 um (half distance of SDAS), as discussed in section 2.2.1

and section 3.3.1.
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Figure 4-9 Initial microstructure of the homogenised Al-Nb steel.
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Figure 4-10 (a) Line-scan EDS analysis in the homogenised sample along the selected line (red

line); (b) contents of Mn against distance (average Mn content is indicated as red dotted line).

The ferrite grain size distribution for the homogenised specimens is shown in Figure
4-11, from measurement of around 1000 ferrite grains. The mode grain size is around
90 um, similar to that of the as-cast material, but the grain size distribution is slightly
more skewed to larger sizes, with the maximum size observed being 200-220 pm

whilst in the as-cast material this was 160-180 pum.
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Figure 4-11 Initial ferrite grain size distribution in the homogenised Al-Nb steel.
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4.2.2 Precipitates in homogenised condition

Particle characterisation in the homogenised sample was carried out using SEM, with
SE imaging (Figure 4-12(a)), and BSE imaging was used to analyse the particles type
since the Al-rich particles appear dark and Nb-rich particles appear bright, as indicated
in Figure 4-12(b). Further confirmation of particles types was carried out by EDS
analysis of selected particles showing the peaks of Al and Nb, as seen in Figure 4-12 (c)

and (d) separately.

From analysis of the SEM images, the particles of Nb(C,N) and AIN formed above Az
temperature are expected to be distributed uniformly in the homogenised sample, as
they are mostly formed and developed before the redistribution of solute during
transformation from austenite to ferrite. Figure 4-13 (a) shows that a larger number of
Nb-rich particle in the size range of 150-200 nm is present than that of Al-rich particles.
Whereas, a larger area fraction of Al-rich particle in size range 200-300 nm has been
observed in Figure 4-13 (b) due to the observation of larger number of coarser particles
(200-300 nm) compared to Nb-rich precipitates. In Table 4-2, there is no significant
difference between AIN and Nb(C,N) particles in terms of size, number density and
volume fraction. However, it indicates that a lower volume fraction of particle has been
achieved in the homogenised sample than in the as-cast sample (Table 4-1), which may
be due to a uniform distribution of microalloying elements (meaning less
supersaturation is expected at a high temperature) resulting in well-redistributed
particles (with a low number density per unit area) formed at a lower temperature (will
be discussed in section 4.3), which is consistent with the literature reports discussed in

section 2.3.3.
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Figure 4-12 (a) Morphology analysis under SE image; (b) BSE image shows the Al-rich
particles (indicated in red circle) and Nb-rich particles (indicated in red rectangle); (c) and (d)
EDS trace indicating the Al and Nb peak in the spectrum taken from the investigated particles

separately.
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Figure 4-13 Particle size distribution with (a) number density and (b) area fraction, for Al-rich

and Nb-rich particles in the homogenised condition.
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Table 4-2 Precipitation behaviours of AIN and Nb(C,N) in homogenised Al-Nb steel.

AIN Nb(C,N)
Average (mode size) precipitate size, nm 150-200 150-200
Precipitate number density, x 10* /mm? 1.12 0.81
Volume fraction (area fraction), % 0.04 0.02

4.3 Predicted composition distribution and precipitate stabilities for

homogenised and segregated conditions

Thermo-Calc modelling was used to predict the equilibrium phase transformation
temperatures, precipitate dissolution temperatures and volume fractions in the
homogenised composition. DICTRA was used to predict the elemental profiles due to
segregation, therefore, giving the composition distributions over the half secondary
dendrite arm spacing distance (i.e. from solute-depleted region to solute-enriched
region), which can be used to predict the particle dissolution temperatures and volume
fractions at key locations (e.g. dendritic and interdendritic region) in the as-cast

condition with heterogeneous composition.

4.3.1 Solidification sequence predicted by Thermo-Calc in Al-Nb steel

The solidification sequence during casting in Al-Nb steel was predicted by Thermo-
Calc based on the as-received chemical composition. The diagram of phase
transformation from 1600 °C to 1400 °C is shown in Figure 4-14, which indicates that

the Al-NDb steel undergoes a peritectic reaction during solidification.
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Figure 4-14 Phase transformation was predicted by Thermo-Calc during solidification for Al-

NDb steel with as-received chemical composition.

The solidification sequence and temperatures (liquidus, peritectic and solidus) are
shown in Figure 4-15; equilibrium solidification starts from 1517 °C as é-ferrite. The
first solidified o-ferrite develops as a solute-depleted dendrite region with alloying
elements being partitioned into the liquid region. The peritectic reaction occurs at 1485

°C, where y-austenite first forms at the interface between the liquid and é-ferrite solid.

High-Al steel: L ——> L+ ———> L+oty > 0Ty > Y

Temperature °C : 1517 1485 1480 1472

Figure 4-15 Solidification sequence for the high-Al steel (Al-Nb steel), with the temperatures

predicted by Thermo-Calc with liquidus, peritectic, solidus temperatures

As assumed in section 2.2.4, the newly formed austenite can act as a barrier layer [37,

79] having a lower diffusivity of alloying elements than that in the o-ferrite, Table 2-4,
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which retains the segregation that has occurred down to the peritectic temperature. The
partition coefficients (content in solid compared to liquid) of microalloying elements
(e.g. Al and Nb) in the austenite are lower than those in ferrite (Table 2-3) resulting in
a lower content of microalloying elements in the austenite layer than that in the pre-
formed o-ferrite, as shown in Figure 2-22 [25]. A larger partition coefficient has been
observed for Mn in the austenite than in the ferrite phase, meaning that the austenite
stabiliser element of Mn is expected to be enriched in the austenite layer through
peritectic reaction, as seen in Figure 4-16. Austenite first forms when there is about 15%
solute-enriched interdendritic liquid (Figure 4-14), which is close to the experimentally
determined amount of pearlite present, i.e. an area fraction 18%, as shown in Table 4-3,
and is consistent with the similar results reported in the literature, i.e. 12.5% for
Thermo-Calc prediction to 19% of the pearlite in the cast Slab-1 (by Kundu, Table 2-1)
[18], and 13% (Thermo-Calc prediction) to 18% (experimental) in Slab-2 (by Zheng,
Table 2-1) [38], as seen in Table 2-8. There is around 3%-6.5% difference given, with
more measured pearlite being observed than the predicted amount of solute-enriched
area, which is probably due to the non-equilibrium cooling for the cast ingot during
solid state [38]. The results suggest that the final pearlite originates from the same

place as being associated with the interdendritic liquid from the peritectic reaction.
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Figure 4-16 Mass fraction of Mn in liquid, 3-ferrite, and y-austenite during solidification

predicted by Thermo-Calc for Al-Nb steel with received chemical composition in Table 3-1.

Table 4-3 Fractions of solute-enriched (liquid region) and solute-depleted (solid region)

predicted by Thermo-Calc at the peritectic temperature.

As-cast Al-Nb Solute-enriched Solute-depleted
Thermo-Calc 15% 85%
Experiment 18% 82%

4.3.2 Prediction of precipitates dissolution temperature

Due to the pinning force provided by microalloying precipitates, grain growth during
reheating is strongly controlled by the stability of the particles, i.e. determined by

precipitates dissolution temperature, which can be predicted by Thermo-Calc.
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4.3.2.1 Homogenised condition

The chemical compositions were used in the Thermo-Calc software to calculate the
precipitation behaviour. The investigated precipitates of AIN and Nb(C,N) are
expected to be stable at temperatures as shown in Figure 4-17, i.e. AIN and Nb(C,N)
precipitates form at around 1170 °C and 1090 °C respectively. During the cooling
process, AIN forms and the volume fraction increases from 0.0005 vol. % at 1170 °C to
0.035 vol. % at 1070 °C, whilst the slope of curve is gradually changed to be flat from
1070 °C to 850 °C, as seen in Figure 4-17, probably due to the maximum amount of
AIN having been reached with temperatures decrease. The volume fraction of Nb(C,N)
increases to 0.023 wt% as temperature is reduced to 850 °C, where the formation curve
flattens and less further precipitation is predicted. During reheating, precipitate
dissolution is expected to follow a similar route but in reverse such that the volume
fractions of precipitates decrease gradually as the temperature increases, as shown in
Figure 4-17, the amounts of AIN and Nb(C,N) are gradually reduced from 850 °C to
1100 °C. Once the temperature is higher than 1100 °C, Nb(C,N) particles are fully
dissolved, and only AIN particles remain in the solid, assuming equilibrium conditions
are reached. However, the AIN particles undergo a dramatic drop in volume fraction
when the temperature is close to the precipitate dissolution temperature, from 1100 °C
to 1170 °C. This prediction indicates that abnormal grain growth might occur in this
temperature range (1100 °C - 1170 °C) due to the local rapid dissolution of AIN during
reheating treatment. Above 1170 °C, due to dissolution of all the main precipitates,

normal grain growth can be expected to happen again without further pinning effect.
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Figure 4-17 Volume fraction and stability of AIN and Nb(C, N) were predicted by Thermo-
Calc, for the homogenised Al-NDb steel.

According to Figure 4-17, AIN particles are probably more significant in controlling
grain growth in the homogenised condition compared to Nb(C, N), due to the larger
volume fraction (0.055 %) of particles presented, combined with their similar size
(150-200 nm) to the Nb(C,N) — determined experimentally, as seen in Table 4-2. AIN
has a higher predicted thermodynamic stability (1170 °C) than Nb(C, N) in
homogenised condition, and may have a pinning effect in the absence of Nb(C,N)

above 1100 °C.

4.3.2.2 Segregated condition

The microalloying elements in the as-cast steel are expected to be distributed
heterogeneously over the distance between solute-enriched (interdendritic) and solute-

depleted (dendritic) regions. Therefore, a composition profile (composition as a
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function of distance) is required to describe the elemental spatial distribution, which

can be used to predict different precipitate dissolution temperatures in different regions.

As discussed previously in section 4.3.1, the amount of solute-enriched and solute-
depleted regions can be predicted as being the interdendritic liquid and solid at the
peritectic temperature. The contents of Mn in the dendritic solid (predicted 85% solid
as seen in Table 4-3, presumably corresponding to the distance of O um — 64 um across
half the SDAS) and interdendritic liquid regions (predicted 15% liquid presumably
corresponding to 64 pum — 75 um of the half SDAS) were predicted by Thermo-Calc at
the peritectic temperature of 1485 °C, and then compared to the experimental Mn
concentration profile (Figure 4-3 (b)), as shown in Figure 4-18. It indicates that the
simulated concentration of Mn has a poor agreement to the experimental composition
profile, which means that Thermo-Calc at the peritectic temperature cannot predict a

composition profile that is consistent with final measured experimental results.

DICTRA was used to predict the microsegregation development of Mn during phase
transformation. The cooling process at quarter position was assumed to be divided into
water cooling and air cooling stages. During water cooling process, the cooling rate
was assumed to be same as the solidification rate of 0.4 °C/s (as discussed in section
4.1.1) predicted by equation 2-1. The air cooling process was assumed to start from
1250 °C, and the average cooling rate of 0.1 °C/s was taken as input for DICTRA
calculation [37]. It has been found that the predicted concentration profiles of Mn had
no changes observed at temperatures below proeutectoid temperatures. The simulated
profile of Mn at 780 °C was plotted to compare with the experimental composition
profile, as seen in Figure 4-19 below. It indicates that the predicted profile is generally
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consistent with the final experimental results, while the initial part of Mn profile (an
obvious slope on the left hand side) has been observed because of the partition of Mn
occurred during the transformation from austenite to o-ferrite. Therefore, the
concentration profile predicted by DICTRA can be used reasonably to describe the
microsegregation behaviour of Mn, and it also can be expected to be used for other

elements in the Al-Nb steel.
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Figure 4-18 Comparison between the Mn contents predicted by Thermo-Calc at the peritectic

temperature of 1485 °C and experimental Mn concentration profiles (as seen in Figure 4-3).
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Figure 4-19 Comparison between the DICTRA prediction of Mn composition profile during
proeutectoid reaction at 780 °C and measured Mn concentration profile (as seen in Figure 4-3).

Microalloying elements, such as Al and Nb, form the precipitates at temperatures
higher than the proeutectoid reaction, and the precipitation is also strongly related to
the segregated composition which is uncertain (especially for the Nb). The
concentration profiles of Al and Nb were predicted by DICTRA at a high temperature
close to the solidus temperature. However, it has been found that the predicted
composition of Mn at the interdendritic centre region was extremely high when
simulated at the solidus temperature of 1480 °C (equals to the last liquid temperature,
as discussed in 2.2.4). The temperatures at the complete solid stage (for example 1476
°C close to 1480 °C), which have taken into the consideration of the complete
redistribution of elements during phase transformation between liquid and solid, can be

used to predicted concentration profile of Al and Nb.
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The composition profiles of Nb and Al were predicted by DICTRA at a temperature
1476 °C, Figure 4-20, which shows that the Nb content increases markedly at a
distance of around 60 um from the dendrite centre, and the maximum composition
ratio of 3.3 (interdendritic [Nb] of 0.062 wt% compared with a bulk value of 0.019
wit%) can be expected. Al still shows the slight segregation in the dendritic region with
a nearly uniform distribution predicted by DICTRA, a partition ratio 0.86 (0.049 wt%
at interdendritic centre to 0.057 wt% in average composition) is observed lower than ‘1’
which is consistent with the partition ratio reported from literature (Table 2-6, as
discussed in section 2.2.4). Concentration steps have been observed in Nb and Al
profiles at a distance of around 15 um from the left hand side (Figure 4-20), which is
due to the lower partition behaviour between liquid and austenite than between liquid
and ferrite, as seen in Table 2-3. These steps may not be observed after complete phase
transformation from o-ferrite to austenite, as the elements have already been

redistributed during phase transformation at the moving ferrite-austenite interface.

Therefore, the DICTRA predicted contents of Al and Nb (Table 4-4) were used as
input in Thermo-Calc software, along with the average C and N values (due to the
higher diffusivities of these elements in austenite, assuming that they are uniformly
distributed [38]), and the bulk compositions (Table 3-1) of the other alloying elements
(as they do not influence the precipitation behaviour of AIN and Nb(C, N) significantly,
as discussed in section 3.2.2), to calculate the precipitation behaviour as a function of

temperatures, as shown in Figure 4-21.
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Figure 4-20 DICTRA predicted composition profile of Nb and Al at complete solid
temperature 1476 °C (close to solidus temperature of 1480 °C) over the distance of half SDAS
around 75um.
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Figure 4-21 Volume fractions of AIN and Nb(C, N) were predicted by Thermo-Calc, in the

dendritic region and interdendritic region.
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During reheating, it is expected that the dendritic Nb(C,N) particles dissolve first at
1030 °C, followed by the interdendritic AIN precipitates (1120 °C). These two
precipitate dissolution temperatures may not be significant for grain growth in these
regions, since more stable (with higher volume fraction) precipitates are still present:
AIN precipitates for the dendritic region and Nb(C, N) particles for the interdendritic
region, have the dissolution temperatures of around 1160 °C and 1230 °C respectively.
The predicted precipitate dissolution temperatures are summarised in Table 4-4.
Experimental reheating temperatures were determined as the different precipitate
dissolution temperatures and around = 30 °C, to investigate grain growth at these

critical temperatures.

Table 4-4 Precipitates dissolution temperatures of AIN and Nb(C,N) for homogenised and as-

cast (segregated) conditions.

Al [ wt% AIN/°C  Nb /wt% Nb(C,N)/°C
Average (homogenised) 0.057 1170 0.019 1090
As-cast dendritic-centre 0.059 1160 0.014 1030
As-cast interdendritic-centre 0.049 1120 0.062 1230

4.4  Summary and discussion

The microstructures of the as-cast ingot (with segregated composition) and
homogenised samples (with uniform composition) were characterised in terms of
microsegregation level, ferrite grain size, and microalloying precipitate size and
distribution at the initial condition before reheating. Thermo-Calc and DICTRA

software were used to predict the particle thermal stability and composition segregation
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profile respectively. The simulated segregation profile predicted by DICTRA at the
1476 °C (at the complete solid temperature) was assumed to be the composition profile,
which was used to predict the precipitation behaviour (precipitate stability and particle
volume fraction) by Thermo-Calc in the segregated sample. This is based on the
compositions determined from the regions of dendritic centre (left hand side on the

profile) and interdendrite-centre (on the right of the concentration profile).

After the homogenisation treatment, the ferrite grain size is similar to that in the as-
received cast ingot condition. Nb-rich particles (expected to be Nb(C, N)) were found
in as-cast segregated steel (Figure 4-8) and homogenised steel (Figure 4-13), with a
large number density but small size (100-200 nm). Table 4-5 shows a similar particle
size (200-250 nm, based on the particle size distribution with area fraction) of AIN in
homogenised and as-cast segregated steel with a narrow range of formation
temperatures predicted by Thermo-Calc (1120 °C -1170 °C, as seen in Table 4-5).
However, it has found that Thermo-Calc predicted formation temperature of 1090 °C
for Nb(C,N) in homogenised steel, is lower than that in the interdendritic region (1230
°C), but it is higher than the dendritic Nb(C,N) formation temperature at 1030 °C. It
means that the strong segregation of Nb has occurred in the as-cast steel which results
in a significantly difference in the formation temperatures of Nb(C,N) in the dendritic
and interdendritic regions. The mode size of Nb(C, N) in homogenised steel is 150-200
nm which is similar to that in as-cast steel, which means that the segregation behaviour
of Nb does not affect the particle mode size of Nb(C, N) significantly, but can
influence the overall number density, volume fraction, and the particle’s thermal

stability. The dominant particles (greatest number density and largest volume fraction)
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in the as-cast steel are the dendritic Al-rich particles (number density: 1.89x10* /mm?;
volume fraction: 0.059 %) and interdendritic Nb-rich particles (number density:
2.64x10* /mm?; volume fraction: 0.05%), as seen in Table 4-1, which agree with

published literature reports [18, 38].

Table 4-5 Summarised information of AIN and Nb(C,N) with precipitate mode size (which is
based on the particle size distribution with volume fraction (Figure 4-8(b) and Figure 4-13(b))
and formation/dissolution temperatures predicted by Thermo-Calc, for the homogenised and

as-cast segregated condition.

Particle mode size/ nm  Predicted T/°C

Average (homogenised)- AIN 200-250 1170
As-cast interdendritic- AIN 200-250 1120
As-cast dendritic- AIN 200-250 1160
Average (homogenised)-Nb(C,N) 150-200 1090
As-cast interdendritic- Nb(C,N) 150-200 1230
As-cast dendritic- Nb(C,N) 150-200 1030

The volume fraction of microalloying precipitates (Al-rich and Nb-rich particles) in
different conditions predicted by Thermo-Calc have been used to compare the
experimental values measured by SEM analysis, as shown in Table 4-6. It indicates
that the overall particle volume fraction in homogenised condition (SEM: 0.06 % and
Thermo-Calc: 0.078 %) is notably lower than they are in as-cast segregated steel (SEM:
0.163 % and Thermo-Calc: 0.195 %). The results indicate the modelling predictions fit
the experimental results well but with a maximum discrepancy of 0.022 % being
observed in the interdendritic segregation of Nb. This overestimation is probably due
to an inaccurately predicted composition of Nb in the solute-enriched region, or

because of some Nb(C,N) particles that have been missed during SEM analysis.
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However, the interdendritic Nb-rich particle shows a small size of 150-200 nm in a
large volume fraction of 0.05%, which can provide pinning force in the interdendritic
region based on the equation 2-9 (discussed in section 2.4.2) to restrain the grain
growth. An overestimation of 0.015 % (SEM 0.04% < Prediction 0.055%) has been
seen for AIN in the homogenised steel, and it is probably due to some AIN particles
that have been missed in the SEM characterisation. Reheating treatments are discussed
in the next chapter based on the predicted particle dissolution temperatures to

investigate grain growth at critical temperatures.

Table 4-6 Comparison between the measured particle volume fractions of Al-rich and Nb-rich

and the modeling predictions.

SEM result. % Modeling prediction. %
Homogenised-Nb(C,N) 0.02 0.023
Homogenised-AIN 0.04 0.055
As-cast dendritic-Nb(C,N) 0.014 0.016
As-cast dendritic-AIN 0.059 0.055
As-cast interdendritic-Nb(C,N) 0.05 0.072
As-cast interdendritic-AIN 0.04 0.052
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chapter 5 Grain growth behaviour during reheating treatment for

homogenised condition of Al-Nb steel

The homogenised AI-Nb specimens were reheated to investigate the grain growth
behaviour in a condition with a uniform distribution of AIN and Nb(C,N). The
predicted nature of grain growth was examined by comparing with the experimental
grain growth in the homogenised AI-Nb steel, linking to the thermal stability of

microalloying precipitate during reheating treatments.

5.1 Grain growth prediction

The limiting grain sizes were predicted by using equation 2-11 to describe the critical
grain sizes (when driving force for grain growth = pinning force from particles,

discussed in section 2.4.2) for different reheating temperatures.

The particle radius (cm) for a given temperature can be calculated by equation 2-8 (in
section 2.3.4) using the parameters of: o is the interfacial energy (equal to the grain
boundary energy of 800-107 J/cm? [136, 137]). V is the molar volume of pinning
particles which can be predicted by Thermo-Calc calculation: AIN has a molar volume
approximately 6.4 cm*/mol; Nb(C,N) particles show a molar volume of around 6.8
cm®mol which is close to the result (6.72 cm®mol) that has reported in the literature
[138, 139]. C® is the concentration of the saturated solution in austenite that is predicted
by Thermo-Calc (in mass fraction), Figure 5-1. The parameter of t is the particle

growth time (3600s for 1 hour), while R is the universal gas constant (=8.31 J/mol-K)
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and T is absolute temperature (K). D is the diffusivity of the microalloying element (Al

and Nb) in the matrix, which can be described by equation 2-3, as given as [66]:

Dpp = 0.83 - exp (— 262;79) cm?/s;

Da = 5.9 exp (—%) cm?/s.

The diffusivity of Al and Nb in austenite are shown in Figure 5-2, which indicates that
the diffusion of Al is faster than Nb when the temperature is above 1000 °C (as a larger
Do and smaller activation energy exists for Al than Nb, as seen above), which agrees to
the results reported by Priadi [139]. The initial radius of Al-rich (112:10” cm) and Nb-
rich (87-107 cm) measured in section 4.2.2 have been used in the equation 2-8, to
calculate the growth of AIN and Nb(C,N) up to the precipitate dissolution temperatures

of Nb(C,N) at 1090 °C and AIN at 1170 °C, as indicated in Figure 5-3.
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Figure 5-1 Solution of Al and Nb in austenite was predicted by Thermo-Calc (in mass fraction)

against temperatures.
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Figure 5-3 Predicted particle growth as a function of temperature for t=3600s.

The parameters of Z and m shown in Table 5-1 (as discussed in section 2.4 ) were used
to predict the limiting grain size by equation 2-11. Due to the fact that the Al-rich and

Nb-rich particles co-exist during reheating treatment, the values of particle radius are
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simplified to be the average particles size of AIN and Nb(C,N), whilst the total volume

fraction of these two particle types have been taken as input for the equation 2-11.

Table 5-1 Parameters of Z and m were used to predict the limiting grain size

1.9 [160-162] 1.7 [150]

m 1[25] 0.9 [151-153]

The predicted critical grain sizes as a function of temperature (before Al-rich particles
dissolve at 1170 °C) in the homogenised steel can be seen in Figure 5-4. A steep
increase of limiting grain size is observed at around 1090 °C, when Nb(C,N) particles
dissolve (as predicted in Figure 4-17) and AIN starts to coarsen (as seen in Figure 5-3),
which results in a reduction in the particle pinning force which is based on equation 2-
9 in section 2.4.2. When the temperatures are close to 1170 °C, the large predicted
limiting grain sizes have been observed, which means that the grain coarsening can be
expected to occur from local dissolution of AIN. Figure 5-4 shows that using a low
value of m (for example, m = 0.9 rather than m = 1) can be expected to reduce the
limiting grain size, and they were examined by experimental results, as will be fully

discussed in section 5.2.3.
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Figure 5-4 Predictions of limiting grain size in various parameters of Z and m.

5.2 Grain growth during reheating treatment

The samples of homogenised Al-Nb steel were reheated at temperatures in the range

from 1075 °C to 1200 °C for 1 hour, to determine the grain growth behaviour at

temperatures around the dissolution temperatures of the Nb(C,N) and AIN.

5.2.1 Microstructure at reheated temperatures

The starting prior austenite grain size in the homogenised AIl-Nb steel was
characterised when reheated at 920 °C (above the A.; temperature) for 10 minutes then
quenched; the obtained mode grain size is approximately 27.5 um, as shown in Figure

5-5, which indicates a uniform grain growth has occurred.
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A fine and uniform grain size distribution with a mode size of 27.5 um, was observed
after one hour reheating at 1100 °C, as shown in Figure 5-6 (a, b). At this temperature,
the Nb-rich precipitates are expected to have dissolved, based on the Thermo-Calc
predicted stability temperature of 1090 °C. The result indicates that the grain
boundaries are still pinned by the more stable Al-rich particles even after the Nb-rich
precipitates have dissolved, since the grain size is similar to the starting prior austenite
grain size (27.5 pum) based on the pinning effect from Al-rich particles and Nb-rich
particles. It indicates that there is no grain growth occurring at temperatures below

1100 °C, which means that the particle pinning force is effective at these temperatures.

On reheating at 1170 °C (the predicted dissolution temperature of the Al-rich
precipitate) for one hour, abnormally large grain was formed, which was surrounded
by uniform fine grains, as shown in Figure 5-6 (c). Abnormally large grains have
formed on reheating to the temperature at which the most stable pinning microalloying
precipitates (AIN in the homogenised Al-Nb steel) start to dissolve, resulting in the

local pinning force being reduced such that grains grow readily; and this agrees to the
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literature reports as discussed in section 2.4.3.1 and the abnormal grain growth
prediction as discussed above in section 5.1. Figure 5-6(d) shows that the grain size
distribution is divided into NGG (normal grain growth) and AGG (abnormal grain
growth) regions based on the criteria of abnormal grains which have been reported in
the literature [160], as discussed in section 2.4.3.1. The mode grain size of 35 um has
been observed as normal grain size whilst the abnormal grains are identified when the
grain size is above around 70 um (discussed in section 2.4.3.1, RD>0.9), with a low
area fraction in an extensive size range (from 70 pum to 290 um) being observed. It is
also found that the abnormally large grains occur randomly either individually or in
low number clusters because grain growth in most regions is expected to be prevented

by un-dissolved Al-rich particles, as will be discussed in section 5.2.2.

Normal grain growth happened again for reheating at temperatures above 1200 °C,
Figure 5-6(e), where all particles were expected to have dissolved according to the
modelling prediction. Figure 5-6 (f) shows a uniform coarse grain size distribution with
a mode grain size of 110 um, which is significantly larger than mode grain size of 35
pum that has been observed at 1170 °C. It means that the obvious grain growth can be
expected in homogenised AI-Nb steel at the temperatures above the dissolution
temperature of AIN at 1170 °C. However, the abnormally large grains have not been
observed at this temperature, and this is probably because the precipitate pinning force

has been reduced uniformly which allows most grains to coarsen.
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Figure 5-6 Prior austenite grain structure and grain size distributions for the homogenised steel
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after reheating for one hour at: (a, b) 1100 °C, above to the dissolution temperature of Nb (C,N)
at 1090 °C; (c, d) 1170 °C, corresponding to the dissolution temperature of AIN; abnormal

large grain is indicated by black arrow and the adjacent small grains are arrowed with red line;
(e, f) 1200 °C, at the temperature where all precipitates are expected to be dissolved. NGG:
Normal Grain Growth; AGG: Abnormal Grain Growth.
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On reheating the homogenised Al-Nb steel, abnormal grain growth has been observed
at 1170 °C with an isolated nature (surrounded by small grains), as seen in Figure 5-6
(c), which is similar to reports in the literature of grains growing abnormally in a
homogenised Al-containing steel (Al: 0.04 wt%, composition in Table 2-1) at 1050 °C
[30] (Figure 2-37 (a)), and at a reheating temperature of 1200 °C in a homogenised Nb-
V steel (composition in Table 2-1) [40], Figure 2-37 (b). Abnormal grain growth has
been confirmed to occur at/ or close to the predicted AIN dissolution temperature
(1170 °C in the homogenised Al-Nb steel, rather than 40-70 °C below this temperature
as reported in the literature [163]), which agrees to reports in the literature, where
abnormal grain growth has occurred at the temperature on reheating the homogenised
steel to the dissolution temperature of pinning precipitates, e.g. 1200 °C of Nb(C,N) in

the Nb-V steel (Nb: 0.05 wt%, Table 2-1), shown in Table 5-2.

A large grain size to average grain size ratio of around 7 has been found during
abnormal grain growth in the Al-Nb steel, which is significantly greater than the
abnormal grain growth criterion of ‘2’ [160], as discussed in section 2.4.3.1. This result
agrees with the abnormal grain growth reported in an Al-containing steel and Nb-V
steel, which had a ratios of 8.6 and 6.3 separately (Table 5-2), with similar abnormal

grain sizes (250-260 pm) and average grain sizes (30-40 um) observed in these steels.
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Table 5-2 Comparison of abnormal grain growth in the homogenised steel, for Al-Nb steel, Al-
steel [30] and Nb-V steel [40].

Al-Nb steel Al-steel Nb-V steel
Composition: wt% C:0.1; Al: 0.057; C: 0.2; Al:0.04 C: 0.09; Al: 0.03;
Nb:0.019; V:0.052 Nb:0.05; V: 0.06
Initial condition Homogenised Homogenised Homogenised
Predicted Tyss / °C 1170 1020 1200
Reheated temperature/ °C 1170 1050 1200
Average grain size, um 35 30 40
Largest grain size, um 250 260 250
Ratio: L/A 7.1 8.6 6.3

5.2.2 Precipitates characterization

SEM results (EDS mapping) in Figure 5-7 (a, b and c) indicate that after reheating at
1100 °C (above the predicted dissolution temperature of Nb(C,N) at 1090 °C) for 1
hour there are very few Nb-rich particles present, which suggests that the Nb-rich
particle has dissolved at this temperature. The grain boundaries of the finer prior-
austenite grains are decorated by the more stable Al-rich precipitates (higher
dissolution temperature than Nb-rich particles in the homogenised Al-Nb steel), which
can be expected to provide a pinning force against grain growth (indicated by red

arrows in Figure 5-7 (d, e and f).

Figure 5-8 (a) shows a SEM image from the specimen that was reheated at 1170 °C for
1 hour, indicating a typical abnormally large grain surrounded by small grains. EDS
mapping was carried out and identified Al-rich particles on the boundaries of the large
abnormal grains and the adjacent small grains. No Nb-rich particles have been

observed, which confirms the complete dissolution of Nb-rich particles at this higher
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temperature (1170 °C); higher than the predicted dissolution temperature of Nb(C,N) at
1090°C. The abnormal large grain growth can be attributed to the local dissolution of
Al-rich particles at/ close to their dissolution temperature of 1170 °C. Figure 5-8 (b, c)
shows that Al-rich particles decorate on the boundary of the abnormally large grain,
with the number ratio (numbers of precipitate on the boundary compared to overall
numbers of precipitates from abnormally large grain area) of 0.34 which is lower than
that in the small grained regions (numbers ratio of 0.61), as shown in Figure 5-8 (d, e),
meaning that the amount of precipitate in abnormal largely grain boundaries has been
reduced. It indicates that abnormal grain growth can be expected to occur when the
local particles have dissolved (as reduction in number density results in local
unpinning). Grain growth is prevented in the finer grains (size of 30 - 40 um, as seen in
Figure 5-6 (d)) with large number densities of precipitate pinning their boundaries (e.g.
a cluster of Al-rich particles have been seen on the boundary of small grains in Figure
5-8(f, g)), which is nearly three times higher than that on the boundaries of abnormally
large grains. This result suggests that the partial dissolution of microalloying
precipitates can be expected to result in the occurrence of abnormal grain growth in the

homogenised Al-NDb steel.

The SEM results agree and support the grain growth behaviour expected during
reheating treatments (in section 5.2.1), which is based on the thermal stability of the
microalloying particles predicted by Thermo-Calc (in section 4.3.2.1). It indicates that
abnormal grain growth occurs on reheating close to the dissolution temperature of the

pinning particles which results in the local unpinning effect due to a reduced number
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density of AIN on the boundary, and this agrees to the literature reports [30, 40] in

section 2.4.3.1.

Elactron Image 13

Al Kal

f 10pm

Nb Lol

f 10pm !

Figure 5-7 SEM images and EDS mapping analysis for Al-rich and Nb-rich precipitate
distributions after reheating at 1100 °C for one hour. Red arrows indicate the presence of AIN

on grain boundaries to pin the grain growth.
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Figure 5-8 SEM images and EDS mapping analysis for the precipitates in homogenised Al-Nb
steel reheated at 1170 °C for one hour; (b, c) Al-rich particles at the boundary of abnormally
large grains; and (d, e, f, g) Al-rich particles on the boundaries of small grains. Grain

boundaries are indicated by red arrows.

5.2.3 Grain growth behaviour with temperature

Further reheating treatments were carried out to determine the grain growth behaviour
as a function of temperature, the results are summarised in Figure 5-9, which shows
that grain growth has been prevented at temperatures lower than 1170 °C (predicted
dissolution temperature of AIN). The results indicate that Nb-rich particles do not
appear to have any significant role on grain boundary pinning, compared to the AIN
particles, on reheating in this steel at temperatures above 1100 °C and their dissolution
does not result in any noticeable grain growth. Abnormal grain growth has been
observed when reheating the homogenised steel to the AIN precipitate dissolution
temperature (1170 °C) with an abnormal grain size to mode grain size ratio of 7.1, but
not at reheating temperatures 30 °C below and 30 °C above the dissolution temperature,
where a uniform fine (mode grain size of 35 um) grain size has been seen at the low
temperature (1140 °C) and a uniform coarse grain size (mode grain size of 110 um) has
been observed at the high temperature (1200 °C). Consequently, abnormal grain
growth occurs at a specific critical temperature (for example 1170 °C in homogenised
Al-Nb steel) or in a narrow temperature range, which can be avoided by controlling the

reheating temperature.
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Figure 5-9 Grain size development as function of reheating temperatures is shown in the
homogenised steel. Dashed line shows the temperature where abnormally large grain growth
happened; (Mode GS: mode grain size from area fraction distribution; 95%-large GS: largest

grain size corresponding to the accumulated area fraction of 95%).

The comparison between experimental austenite grain growth in homogenised Al-Nb
steel (as seen in Figure 5-9) and the average austenite grain size development in
literature reports [40, 143, 155] (as shown in Figure 2-31 and Figure 2-35, in section
2.4) can be seen in Figure 5-10, to help elucidate the pinning effect of Al-rich particle

in the Al-Nb steel.

As shown in Figure 5-10 (a), there is little grain growth in homogenised Al-NDb steel at
the temperatures lower than 1200 °C, which indicates a similar mode grain size
compared to the average grain size in microalloyed steels from literature reports
(mainly using mixed precipitates of Nb(C,N) and TiN) [40, 155]. It indicates that the
pinning effect of AIN and Nb (C,N) in homogenised Al-Nb steel is likely to be similar

to the pinning effect of those microalloying precipitates of Nb(C,N) and TiN in the
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EQ70 steel [155] and Slab-A steel [40]. However, on reheating at 1200 °C, the mode
grain size in Al-Nb steel is approximately 110 um which is significantly larger than the
small size of around 60 um in the microallying steels from literature reports. This
result means that coarse grains can be expected in homogenised Al-Nb steel when AIN
has dissolved at reheating temperatures higher than its predicted dissolution
temperature of 1170 °C. Therefore, the AIN in homogensied Al-Nb steel can be
expected to prevent grain growth at low temperature (< 1170 °C) which is dependent

on the thermal stability of Al-rich particles correlating to the given content of Al.

The grain growth in C-Mn steel reported in the open literature [143] can be assumed as
the grain growth behaviour when no pinning force is present on their boundaries, and it
can be used to compare to the abnormally large grain size which has been observed in
homogenised Al-Nb steel, as seen in Figure 5-9. Figure 5-10 (b) indicates the
comparison between the measured large austenite grain size (95% accumulated area
fraction) in homogenised Al-Nb steel and the austenite grain size in C-Mn steel from
the open literature [143]. It suggests that the large grain growth in homogenised Al-Nb
steel shows a stable small size of around 50 um at reheating temperatures lower than
1150 °C, compared to the C-Mn steel which has an obvious grain size increasing from
130 um to 180 pum. This result means that the large grain growth in homogenised Al-
NDb steel is prevented by the precipitates at a temperature lower than 1150 °C, including
at the dissolution temperature of Nb(C,N) at 1090 °C, which means AIN particles are
effective enough to fully prevent large grain boundary movement on their own (Figure

5-7).
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On reheating to a temperature that is above 1150 °C, an obvious largest grain size (95%
area fraction) of 250 um has been observed at 1170 °C as the local dissolution of AIN
results in abnormal grain growth, which is close to the grain size of 270 pum in C-Mn
steel. This indicates that the abnormal grain growth is associated with local unpinning
from homogenised Al-Nb steel, which presumably grows to a similar grain size as that

in the C-Mn steel which has no precipitate pinning effect.

Figure 5-11, shows that the experimental grain size (mode grain size and 95% large
grain size) at reheating temperatures below 1170 °C (AIN dissolution temperature) are
less than all the predictions using the parameters Z = 1.7 - 1.9 and m = 0.9 - 1
(discussed in section 5.1). The experimental mode grain size (30 - 40 um) shows a
significant difference to the predicted limiting grain size (50 - 250 um). On reheating
at 1170 °C, there is no limiting grain size predicted as there is no particle volume
fraction at this temperature (f = 0, as complete dissolution of AIN is predicted in
Thermo-Calc at this temperature). Therefore, the limiting grain size cannot be used to

predict the abnormally large grain size (250 um) when it occurs at 1170 °C.

However, the curves with a lower value of the exponent m (=0.9) (equation 2-11) are
closer to the experimental results than those with a higher growth exponent (m = 1), as
seen in Figure 5-11, due to the lower particle volume fraction present (discussed in
section 2.4.2). Therefore, a lower exponent, e.g. m = 0.8, was used in equation 2-11
which shows that the predicted limiting grain size is generally close to measured large
grain size (95% area fraction) at temperature range of 1100 °C-1150 °C, as shown in
Figure 5-12. This may be due to the limiting grain size being fitted with a lower value
of m to deal with a markedly low particle volume fraction of 0.0007 measured in
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homgenised Al-Nb steel. There is no significant difference in the predictions if a Zener
value of 1.7 or 1.9 is used. However, the value of Z = 1.9 was used to investigate the
abnormally large grain growth behaviour, which was determined by the criterion of
abnormal grains (RD = 0.9, discussed in section 2.4.3.1) reported in literature [160], as

discussed in section 2.4.3.1.

Consequently, as seen in Figure 5-13, the predicted limiting grain size using parameter
of Z=1.9 and m=0.8 would be expected to describe the largest grain size (in 95% area
fraction) which have been prevented from pinning effect of AIN and Nb(C,N) in the
homogenised Al-NDb steel, and the limiting grain size is generally less than the average
grain size in C-Mn steel from literature reports [143] (assumed to be microalloying
element free steel). Therefore, the likelihood of abnormal grain growth may be
estimated from the size difference between these two predicted grain sizes, i.e. the
gradually expanded spacing of size difference (e.g. from 1000 °C to 1150 °C, Figure
5-13) may result in likelihood of abnormal grain growth as locally unpinned grains are
able to grow to much larger size. On reheating the homogenised Al-Nb steel at
temperatures of 1075 °C -1150 °C, the largest grains have been restricted to a size
below 75 um which is generally close to the limiting grain size (< 90 um), but less
than the grain size in C-Mn steel (<180 pm). The size difference is expanded from 70
pum (at 1075 °C) to 140 um (at 1150 °C) which means that the grains can be expected
to grow to be larger (in absence of pinning effect) with increase of reheating
temperatures. Some of them are expected to grow abnormally by consuming the
adjacent small grains at 1170 °C, where local unpinning is expected due to the partial

dissolution of AIN.
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Figure 5-10 (a) Comparison between the experimental mode grain size of Al-Nb steel and
average grain size of microalloyed steel (as shown in Figure 2-35); (b) the 95% area fraction

large grain size compared to average grain size of C-Mn steel (as seen in Figure 2-31).

138



1000
—7=1.9 m=1
900
800 ’ /=1.9m=0.9
Pt I
g 700 I ——7=1.7m=1
=
~— 600 f
N H ——7-1.7m=0.9
o 500 ll
S 400 t=Node grain size-
= // _
=300 / Hoomogemsed_
&) /// P —0—95%-homogenised
200 /— ®
100
2 ?x
0
900 1000 1100 1200
Temperature °C

Figure 5-11 Predicted limiting austenite grain size and the measured size for different reheating

temperatures.

300

]
(%))
o
[ |

]
o
(@]

100

Grain size (um)
=
a1
Q

¥
o
|

900 950 1000 1050 1100 1150 1200
Temperature °C

—l—95%-homogenised ——7=1.9 m=0.8 —7=1.7 m=0.8

Figure 5-12 Limiting austenite grain size is compared to the measured largest grain size (grain

size at 95% accumulated area fraction).
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Figure 5-13 Measured largest grain size (95% area fraction) compared to the predicted limiting

grain size (using Z=1.9, m=0.8) and the reported general grain size in C-Mn steel.

5.2.4 Effect of reheating time on abnormal grain growth for homogenised
condition

Abnormal grain growth was observed at the dissolution temperature (1170 °C) of Al-
rich particles. Several further reheating treatments (with longer soaking times) were

carried out to investigate the development of the abnormally large grains.

Reheating to 1170 °C for two and three hours was used to examine the effect of
reheating times on abnormal grain growth behaviour. Micrographs, as shown in Figure
5-14(a, b), indicate the obvious growth of the abnormal grains (as indicated by black
arrows) which are surrounded by small grains (arrowed by the red arrows). The grain
size distributions in Figure 5-14(c) demonstrate the continued growth of the large
grains in terms of their maximum size and also increasing area fraction occupied

compared to the finer grains, for example the area fraction corresponding to the fine
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mode grain size decreases from 40% (1 hour) to 28% (2 hour), and 14% (3 hours).
Moreover, the grain growth behaviour in Figure 5-15 shows that the size of the
abnormally largest grains continues to increase with longer reheating times; the largest
grain size for the abnormal grains has changed from around 250um (1 hour), to 270um
(2 hours) and 320 um (3 hours), whilst the mode grain size is stable at around 40-60
pum. This result suggests that the further local AIN dissolution can be expected at the
longer reheating time, which results in the initial abnormal grains continuing to grow

to be a coarser size.
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Figure 5-14 Microstructure of abnormal grain growth for Al-Nb containing steel at 1170 °C for:

(a) two hours; and (b) three hours; Grain size distribution at 1170 °C for one, two and three

hours.
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5.3 Summary

Abnormal grain growth occurred in the homogenised Al-Nb steel on reheating to 1170
°C for one hour when the most stable microalloying precipitates (AIN in the Al-Nb
steel) started to dissolve. The Al-rich particles are expected to be distributed uniformly
in the sample initially and provide pinning force after the Nb-rich precipitates have
dissolved at 1100 °C, to inhibit grain growth and maintain the initial small austenite
grain size. Partial dissolution of Al-rich particle has occurred at the reheating
temperature of 1170 °C, resulting in the local unpinning which allows growth of
abnormally large grains. Particle distribution in the regions of large grain and small
grain area were examined using SEM, and few AIN particles have been observed on
the boundaries of the abnormally large grains, which have a lower number density than
that in the small grain regions. Longer reheating times (two and three hours) have
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shown that the abnormal grains can continue to grow, and this suggests that the pinning
particles observed in the large grain boundaries (reheating for one hour) are either not
sufficient in number to effectively pin the boundaries, or are not stable enough such
that with further reheating time more particles have dissolved allowing the abnormally

large grains to grow coarser.

It has been found that the grain growth and particle dissolution behaviour can be
predicted based on modelling calculations using Thermo-Calc software for the thermal
stabilities of precipitate. The predictions fit well with the experimental results
suggesting that Thermo-Calc can be used to predict the precipitate dissolution
temperature when grain growth, especially abnormal grain growth, occurs during
reheating for the steel in the homogenised condition. The size difference between the
grain size using grain growth in C-Mn steel (assumed as no particle pinning effect) and
limiting grain size can be expected to characterise the occurrence or the severity of
probable abnormal grain growth, e.g. an expanded size difference may result in the

occurrence of abnormally large grains in absence of the precipitate pinning effect.

Consideration of the role of non-uniform microalloying precipitate distributions, due to
segregation, on grain size development on reheating, and how well this can be

predicted, will be considered in the next chapter.
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chapter 6 Grain growth behaviour during reheating treatment for

segregated condition in Al-Nb steel

In Chapter 5 it was shown that abnormal grain growth has occurred during reheat
treatment in the homogenised AI-Nb steel. In this Chapter, the as-cast Al-Nb steel,
with dendritic solute segregation was further investigated to understand if any grains
grew abnormally during reheating taking into account the influence of the
heterogeneous distributions of particles, i.e. the enriched interdendritic Nb-rich particle

and dendritic Al-rich particle.

6.1 Predictions for grain growth in segregated condition

The grain size development for C-Mn steel (as seen in Figure 2-31, in section 2.3.1
which has also been used to analyse the grain growth behaviour in homogenised Al-Nb
steel) can be used to compare with the grain growth behaviour in as-cast Al-Nb steel.
After AIN is dissolved at temperatures above 1160 °C (predicted dissolution
temperature of dendritic AIN by Thermo-Calc), presumably the grain growth in the
solute-depleted region for the as-cast Al-Nb steel can be expected to be similar that in
the C-Mn steel (in absence of microalloying particle pinning effect). The grain size in
the solute-enriched region is likely to be smaller than that in the solute-depleted region

for 1 hour reheating treatment (discussed in 2.4.3.2[22-25]).

The limiting grain size was predicted and examined for the homogenised condition
(discussed in section 5.1), which indicated that the parameters of Z = 1.9 and m = 0.8

gave good fits for the largest grain size observed at temperatures before precipitates
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were dissolved at 1170 °C (dissolution temperature of AIN). In the as-cast material,
segregation means that there are different compositions in the dendritic and
interdendritic regions (segregated composition of Nb and Al can be seen in Table 4-4),
therefore calculations for limiting grain size were carried out separately for the two
regions assuming each region had a separate but uniform composition. The parameters
for the dendritic solute-depleted region and interdendritic solute-enriched region were
predicted by Thermo-Calc: (1) molar volume of Nb(C,N) (around 6.8 cm*mol) and
AIN particles (around 6.4 cm®mol) were predicted for both the dendritic and
interdendritic regions, which was close to the predictions in section 5.1; (2) the
equilibrium contents of the [Al] and [NDb] in the matrix austenite were predicted by
Thermo-Calc (the same predicted method also has been used for homogenised

condition, discussed in section 5.1).

Particle growth was predicted using equation 2-8 (in section 2.3.4) assuming: initial
mode particle radii of Al-rich (112 nm) and Nb-rich (87 nm), as seen in Table 4-5,
were same in both areas of dendritic and interdendritic regions; the particle growth
time t=3600s (1 hour) was taken as input in equation 2-8. The predicted particle radii
are shown in Figure 6-1, indicating a slight growth of AIN (e.g. radius from 112 nm to
130 nm in the dendritic region) and a stable radius of Nb(C, N) (approximately 87 nm)
with increasing temperature, which gives a similar growth behaviour compared to that
in the homogenised steel, as seen in Figure 5-3 (in section 5.1). For the growth of AIN
or Nb(C, N) during reheating in the dendritic region and interdendritic region
respectively, it does not show any differences in terms of precipitate mode size from

the different solute regions in the as-cast Al-Nb steel, as shown in Figure 6-1. This
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agrees with the experimental results reported by Kundu [18], for example the mode
sizes of dendritic Nb(C,N) and interdendritic Nb(C,N) were the same (approximately

150-200 nm) on reheating at 1125 °C.

The predicted limiting grain sizes are plotted in Figure 6-2 by taking the following
parameters as the input into equation 2-11, in section 2.4.2 (Z =19; m =0.8; r =
average radius of predicted size of Al-rich and Nb-rich particles; and f = total volume
fraction of Al-rich and Nb-rich particles for separate solute-level regions). The curves
show that the limiting grain size development in separate regions, where for the
dendritic region, the limiting grain size increases at temperatures above 1030 °C
(Nb(C,N) dissolution temperature) and then a maximum size of around 130 um can be
expected at 1150 °C (close to the AIN dissolution temperature 1160 °C, as indicated by
blue dashed line in Figure 6-2); whilst in the interdendritic region, a maximum grain
size (140 pum) is predicted at 1220 °C (close to the Nb(C,N) dissolution temperature

1230 °C, as indicated by red dashed line in Figure 6-2).

Figure 6-3 shows the size difference (proposed in section 5.2.3, Figure 5-13) between
limiting grain size and the grain size in C-Mn steel (discussed above). The size
difference is expanded as temperature increased (for example in the dendritic region,
the size difference is increased from 60 pm at 1000 °C to 130 um at 1130 °C; in the
interdendritic region, the size difference is from 65 um at 1000 °C to 310 pum at 1200
°C) until the pinning force starts to be reduced, allowing limiting grain size closer to
the grain size in C-Mn steel (e.g. dendritic region: > 1130 °C; interdendritic
region: >1200 °C). Therefore, the prediction of grain growth behaviour in as-cast steel
is for: (1) Large grains may grow in dendritic region when the reheating temperature is
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over 1160 °C (AIN particles dissolution temperature), however these grains may not
become very large (abnormal) grains if they are prevented by the pinning effect from
the interdendritic regions (large number density of Nb(C, N)) to limit their size to less
than segregation band separation, (e.g. < 150 + 50 pm). (2) Abnormal grain growth
may occur at the dissolution temperature of Nb-rich particles in the interdendritic

region (approximately 1230 °C) when their pinning force is removed.
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Figure 6-1 Predicted particle radius as a function of temperature for holding times of t=3600s.
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6.2 Grain growth behaviour as a function of reheating temperature

As-cast Al-Nb specimens were reheated for 1 hour in the temperature range from 950
°C to 1300 °C, measuring prior austenite grain sizes across the critical dissolution
temperatures for the particles present in different (solute-enriched and solute-depleted)

regions.

6.2.1 Reheated microstructure at critical temperatures

The as-cast material was reheated at 920 °C for 10 minutes then quenched and
tempered, to determine the starting austenite grain size prior to any grain growth
during reheating. Figure 6-4(a) shows the microstructure which consists of the darker
etched areas corresponding to the solute-enriched regions (due to the more phosphorus
segregated in this region at the grain boundaries, therefore, the boundaries being
deeply attacked by the picric acid etchant), and the lighter areas associated with the
solute-depleted regions. The differing contrasts of etched areas have not been observed
in the homogenised Al-Nb steel. The distance between the darker etched segregated
bands is equal to the secondary dendrite arm spacing of around 150 + 50 um, which
means that the segregation spacing can also be identified in the heated microstructure,
and this is in agreement with the report from the literature [30]. The different grain
sizes in the solute-enriched and solute-depleted regions have been observed from
heated grain structure, as indicated in Figure 6-4(b), where there is a smaller mode
grain size (22.5 um) in the solute-enriched region than in the solute-depleted region
(27.5 um). Therefore, the segregation of microalloying elements does not show any
significant effect on the starting austenite grain size distributions, which indicates a

uniform overall grain size distribution with a mode grain size of around 27.5 pm.
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a. 1050°C and 1130 °C
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As-cast specimens were reheated for one hour at temperatures of 1050 °C and 1130 °C,
higher than the dissolution temperatures of dendritic Nb(C,N) (1030 °C) and
interdendritic AIN (1120 °C) respectively, as indicated in Figure 4-21, to investigate
the grain growth behaviour after these particles were completely dissolved.
Micrographs in Figure 6-5 (a, ¢) demonstrate the similar microstructures consisting of
uniform small grains, which are verified by the grain size distributions in Figure 6-5 (b,
d). No obvious abnormal or bimodal grain size distributions have been observed at
these reheating temperatures. Therefore, it can be considered that the pinning effect
provided by the stable dendritic Al-rich particles, which can be used to prevent the
grain growth in solute-depleted region (when reheating temperature above the dendritic
Nb(C,N) dissolution temperature of 1030 °C), and the stable interdendritic Nb-rich
particles which have restricted the grain growth from the solute-enriched region (above
the interdendritic AIN dissolution temperature 1120 °C). On reheating at 1050 °C and
1130 °C, the mode grain size is same with approximately 32.5 pum, as seen in Figure
6-5 (b, d), which is close to the initial austenite grain size (27.5 um) obtained at 920 °C,
indicating that there is little grain growth at temperatures below 1130 °C, due to the
stable pinning force provided by the particles in the solute-depleted region (Al-rich)

and in the solute-enriched region (Nb-rich).
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Figure 6-5 Prior austenite grain structures and grain size distributions for the as-cast segregated
specimens were reheated for 1 hour at: (a, b) 1050 °C, above the dissolution temperature of
Nb-rich particle in dendritic region; (c, d) 1130 °C, above to the dissolution temperature of Al-
rich particles for the interdendritic region.

b. 1160 °C and 1200 °C

Reheating at 1160 °C (predicted dissolution of AIN in dendritic region) for 1 hour
resulted in obvious grain growth as indicated in Figure 6-6 (a). The micrograph shows
that the grain structure consists of regions of small grain and large grain. The bands of
small grains are more deeply etched by the picric acid etchant, Figure 6-6,
corresponding to the original solute-enriched regions, which is similar to the dark
etched regions observed in initial prior austenite grain structure reheating at 920 °C for
10 minutes, as seen in Figure 6-4. This indicates that the grains in the solute-enriched
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regions have stayed small due to the strong pinning force supplied by the Nb-rich
particles. On this assumption, the large grains formed in the dendritic solute-depleted
regions are consistent with the dissolution of the dendritic Al-rich particles.
Consequently, the bimodal grain size distribution has been observed with two obvious
‘mode’ grain sizes (75 pum and 135 pum arrowed in Figure 6-6 (b)), which correspond to
the bands of small grains and large grains separately, showing PGSR (peak grain size
range, as discussed in section 2.4.3.2) of around 60 pum. Bimodal grain growth is
different to abnormal grain growth, for which a few individual very large grains
encircled by the small grains are expected. For the bimodal grain structure shown in
Figure 6-6 (b) the large grain size (195um in 95% area fraction) to mode grain size (75
pum) ratio is around 2.6, whilst for the abnormal grain structure seen in the
homogenised material (Figure 5-6 (d) for reheating at 1170 °C) the ratio is
approximately 7.1 (mode grain size: 35 um; large grain size: 250 um, Figure 5-9). The
large grains observed in the segregated material, forming in the solute-depleted regions,
are likely to be restricted from further growth when their boundaries reach the solute-
enriched region, where the stronger pinning force due to the Nb-rich particles
remaining at this temperature is experienced. Therefore, the largest 95% area fraction
grain size (195um) is observed in the dendritic region, which is close to the
segregation band separation (approximately 150+50 um). A typical bimodal grain
growth is observed (mentioned above) which is similar to the result reported by
Chakrabarti [24] [103] (large grain growth in the dendritic region with no Nb-rich
particles, but it is limited by solute-enriched band structure with a large population of

Nb-rich particles present, discussed in section 2.4.3.2).
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When the reheating temperature was increased to 1200 °C for one hour, the bands of
small and large grains were still observed, as indicated in Figure 6-6(c). The bimodal
grain size distribution in Figure 6-6 (d) demonstrates two distinct mode grain sizes of
75 pum and 185 um (PGSR=110um). It does not show grain growth in terms of smaller
mode grain size (75 um) compared to that at the lower temperature of 1160 °C (75 um),
indicating that the interdendritic particles (Nb(C,N)) have prevented the grain growth
from the interdendritic region on reheating at 1200 °C. However, a significant growth
in terms of large mode grain size (185 um) is observed, which is greater than that at
1160 °C (135 um), suggesting that the further reduced pinning effect can be expected
in the dendritic region (more AIN has dissolved in the dendritic region), and the
mobility in the dendritic region at the temperature of 1200 °C is likely greater than that
at 1160 °C. However, a nearly stable large grain size (95% area fraction) is observed at
1160 °C (195 pum) and 1200 °C (205 um), which means that boundary pinning at the
solute-enriched band (provided by interdendritic Nb-rich particles) is still stable to

limit dendritic large grain size within the distance of SDAS.

In summary, the typical abnormally large grains (isolated in the smaller grains) have
not been seen in the as-cast Al-Nb steel when the Al-rich particles have dissolved over
the temperatures range from 1160 °C to 1200 °C. However, the ratio of 2.6 (95% area
fraction large grains size to mode grain size) in bimodal grain size distribution is
greater than the abnormal grains criterion of 1.9 reported from literature [160-162] (as
discussed in section 2.4.3.1). The observed large ratio in the bimodal grain size
distribution is likely due to the bands of large grains appeared in dendritic regions

(bimodal grain growth), which is different to the nature of abnormal grain growth
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(isolated by small grains) found in the homogenised Al-Nb steel and literature. The
pinning force provided by precipitates from the solute-enriched bands is expected to be
the critical factor to influence the grain growth behaviour, which results in a bimodal

grain size distribution rather than abnormal grain growth in the as-cast Al-Nb steel.
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Figure 6-6 Prior austenite grain structures and grain size distributions for the as-cast segregated
specimens after reheating for 1 hour at: (a, b) 1160 °C, corresponding to the Al-rich particles
dissolution temperature in the dendritic region; (c, d) 1200 °C. Blue arrows indicate the mode

grain sizes in a bimodal grains size distribution.

c. 1230°C, 1280 °C and 1300 °C

1230 °C is the temperature for predicted dissolution of the Nb-rich particles in the

interdendritic regions: obvious grain growth has been observed in mode grain size (90
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pum) and largest grain size (250 um: 95% area fraction) compared to that at the low
temperature of 1200 °C (mode grain size of 75 um and largest grain size of 205 um), as
seen in Figure 6-7 (a, b), which is consistent with the reduced pinning from Nb-rich

precipitates in the interdendritic region.

After reheating at 1280 °C and 1300 °C most precipitates are expected to be dissolved
according to the Thermo-Calc prediction. However, the experimental results show that
the weak bimodal grain structure has been observed at high temperature (> 1280 °C,
Figure 6-7 (d, f)), which suggests that some grain growth is likely to be prevented by
the undissolved Nb(C, N). On reheating to 1280 °C for 1 hour, significant grain growth
has occurred compared to that at lower temperatures, as shown in Figure 6-7 (c), where
the mode grain size has increased to 225 um and the ratio between the largest and
mode grain size is approximately 2.1, Figure 6-7 (d). The results suggest that the large
grains in the dendritic region are no longer pinned and can grow at the expense of
smaller grains in the interdendritic region, when the interdendritic Nb(C, N) has

dissolved.

On reheating to 1300 °C, the micrograph in Figure 6-7 (e) indicates that the grain
structure shows a weak bimodal grain size distribution, Figure 6-7 (f), with two mode
grain sizes of 325 um and 525 um. This suggests that during reheating of the as-cast
(segregated) sample, bimodal distributions may develop and these can then persist
through the interdendritic particle dissolution. It is also possible that the DICTRA
prediction of the segregation level of NDb is not accurate, i.e. some of Nb-rich particles

might not be completely dissolved at the temperatures above 1230 °C for 1 hour.
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Figure 6-7 Prior austenite grain microstructures and grain size distributions for the as-cast
segregated steel after reheating for 1 hour at: (a, b) 1230 °C, corresponding to the dissolution
temperature of interdendritic Nb-rich particles; (c, d) 1280 °C and (e. f) 1300 °C at the

temperatures where all the particles are expected to be dissolved. Mode grain sizes are
indicated by the arrows.
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Table 6-1 shows a comparison of bimodal grain growth between Al-Nb cast steel and
Slab-1 cast steel [24]. Due to the segregation of Nb, a larger number density of Nb(C,N)
particles is expected in the interdendritic region both for Al-Nb steel (2.64x10* /mm?,
Table 4-1) and Slab-1 (60x10* /mm?, Table 2-10), compared to the dendritic solute-
depleted region (Nb(C,N) in Al-Nb steel: 0.73x10* /mm? and Slab-1 steel: 12x10*
/mm?) respectively. A significantly larger number density of Nb(C,N) has been
observed in Slab-1 steel due to its higher Nb content (0.045 wt%) compared to the Al-
Nb steel (0.019 wt%). Relatively well distributed AIN has been observed in both Al-
NDb steel and Slab-1 steel with a slightly higher number density of particles observed in

the Al-Nb steel due to its higher Al content.

On reheating the AI-Nb steel, bimodal grain growth has been observed during
reheating at temperatures between 1160 °C and 1200 °C (Figure 6-6), which has large
mode grain sizes of 135 um and 185um separately, but generally less than the
secondary dendrite arm spacing (150 + 50 pm). This result indicates that the
precipitates in the interdendritic band provide sufficient pinning force to prevent the
large grains growing beyond the dendritic region. This is similar to the observation of
bimodal grain growth in Slab-1 steel: on reheating to Slab-1 steel at 1150 °C, an
obvious band of small grains and large grains have been observed (Figure 2-39 (a)),
which has a large grain size of 220um, again less than the measured SDAS (211+£36um)
[24]. A large mode grain size to small grain size ratio of 5.5 has been seen in Slab-1
steel, which is significantly greater than the ratio (1.8) observed in the Al-Nb steel
(Table 6-1) and a larger PGSR (peak grain size range, as discussed in section 2.4.3.2)

has also been observed in Slab-1 steel (180 um) than that in the cast Al-Nb steel (60-
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110 um), meaning more severe bimodal grain growth has occurred in Slab-1 steel. This
may be due to the larger segregation spacing observed in Slab-1 (211 + 36 um) than
Al-Nb steel (150 = 50 um) meaning the grains in the dendritic region (solute-depleted)
can grow larger. In addition a smaller mode grain size of 40 um in the interdendritic
area has been seen in Slab-1 steel compared to Al-Nb steel (75 pum), which may
indicate a stronger pinning force operating in Slab-1 (due to the larger Nb(C,N)

number density being observed), which restrains the grain growth at this region.

Therefore, to minimise the severity of bimodal grain size development, a small SDAS
is desired with sufficient pinning particles in the interdendritic region to prevent large

grain growth from the dendritic region.

For Al-Nb steel, it has been found that bimodal grain growth occurred at 1160 °C-1200
°C, which is at/or higher than the AIN predicted dissolution temperature 1160 °C,
agreeing with the result reported for Slab-1 steel [24] where bimodal grain growth was
seen on reheating at 1150 °C, which is higher than the dendritic-AIN predicted
dissolution temperature of 1125°C in that steel. It indicates that large grain growth in
the dendritic region is strongly correlated with the AIN dissolution behaviour. The
higher predicted dissolution temperature of AIN in the Al-Nb steel results in a higher
reheat temperature required to result in bimodal grain growth. This indicates that a
higher content of Al is beneficial in increasing the reheat temperature at which bimodal
grain growth occurs and reducing the temperature range over which a bimodal grain
structure is seen (e.g. bimodal grain growth occurs at 1160 °C in Al-Nb steel (0.057 wt%

Al) which is higher than 1125 °C in Slab-1 steel (0.046 wt% Al)).
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There is no obvious bimodal grain growth when reheating at the higher temperatures,
e.g. the relatively uniform coarse grain structure occurs at reheating temperatures
above 1250 °C in Al-Nb steel and a high reheating temperature at 1225 °C for Slab-1
steel [24, 25]. This is likely to be due to the decrease of pinning force from
interdendritic Nb(C,N) which has dissolved at the predicted dissolution temperature,
e.g. predicted Nb(C,N) dissolution temperatures of 1230 °C in Al-Nb steel and 1225 °C

in Slab-1.

Table 6-1 Comparison of bimodal grain growth between the Al-Nb steel and Slab-1steel [24].

Al-NDb steel Slab-1steel [24]
Composition/ wt% Al: 0.057; Nb:0.019 Al: 0.046; Nb:0.045
SDAS/ pm 150450 211+36
Solute-enriched Nb(C,N): number/mm? 2.64x 10* 60 x 10
Solute-depleted Nb(C,N): number/mm? 0.73x 10* 12x 10°
Dendritic AIN dissolution temperature / °C 1160 1125
Reheated temperature/ °C 1160-1200 1150
Grain size ratio: large GS/ small GS (um) 135/75:1.8 220/40: 5.5
PGSR 60-110 180
PHR 0.4-0.5 0.4

6.2.2 Precipitates characterization in reheated samples

Bands of large and small grains were found in the as-cast steel, after reheating at the
critical temperatures range from 1160 °C to 1200 °C. SEM analysis was used to
investigate the precipitate distribution and any correlation to the occurrence of bimodal
grain size development. SEM images in Figure 6-8 (a, b) show the typical bands of
large and small grains in the sample reheated to 1160 °C, where the band separation

distance (between two adjacent small grains bands) is similar to the secondary dendrite
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arm spacing (150 + 50 um) measured in the as-cast microstructure. The coarse Al-rich
particles (of around 250-300 nm size) found in the large grain regions, Figure 6-8 (c),
have been confirmed by the Al peak indicated in the EDS spectrum (in Figure 6-8 (d)).
The presence of Al-rich particles in the dendritic regions indicates that complete
dissolution of AIN particle based on Thermo-Calc prediction, has not occurred at the

predicted dissolution temperature of 1160 °C.

Spherical Nb-rich particles were discovered in the fine-grained bands and were often
present in clusters with a higher number density than that of Al-rich particles, as
indicated in Figure 6-8 (f). The EDS analysis in Figure 6-8 (g) shows a peak of Nb
present in the spectrum taken from the investigated particles. There were no Nb-rich
particles observed in the coarse-grained bands (expected as the reheating temperature
was higher than the dissolution temperature for Nb-rich particles in the solute-depleted
regions). A few Al-rich precipitates present in the large-grained region appeared to be
insufficient to restrict grain growth resulting in the large grains developing from the
dendritic solute-depleted regions. The results suggest that the high number density of
Nb-rich particles found in the fine-grained bands provides effective pinning (large
number density) in the solute-enriched region to prevent the large grains formed in the

dendritic regions.

When the as-cast steel was reheated at 1200 °C for 1 hour, the bimodal structures were
still observed in SEM images, Figure 6-9 (a), showing bands of large and small grains.
Similar to the sample reheated at 1160 °C, Nb-rich particles were also observed in the
fine-grained region of the 1200 °C reheated sample, providing the pinning force
limiting grain growth not only in the solute-enriched region (resulting in bands of small
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grains) but also for the dendritic large grains. No Al-rich particle was found in the
reheated sample which was consistent with that more grain growth occurred in the
solute-depleted region but limited by the solute-enriched bands (i.e. when reaching the
segregation band separation of 150 £ 50 um), as evidenced by the larger mode grain

size (185 um) at 1200 °C, Figure 6-6 (d), than that at 1160 °C (135 um), Figure 6-6 (b).

Therefore, it can be seen that the development of bimodal grain structure in Al-Nb
containing steel is consistent with the particle distributions and local dissolution
temperatures in the dendritic structures, i.e. the large grain growth in the solute-
depleted dendritic region is caused by the dissolution of Al-rich particle, whilst the
remaining Nb-rich particles in the solute-enriched (interdendritic) region maintain the

smaller grain size in this area.
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Figure 6-8 Precipitates distributed in segregated specimens after reheating at 1160 °C for 1
hour: (a, b) bands of large and small grains under SEM images (S: small grain area; L: large
grain area); (c) Al-rich particles, expected to be AIN present in the large grain region and (d)
EDS trace indicating the Al peak; (f) Nb-rich precipitates, expected to be Nb(C,N) present in
small grains region and (g) EDS trace indicating the Nb peak; (e, h) EDS analysis in matrix.
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Figure 6-9 Particles distribution in as-cast steel, after reheating at 1200 °C for 1 hour: (a)
banded microstructure showing obvious large grains (indicated as ‘L’) and small grains
(indicated as ‘S’) under SEM image; Nb-rich precipitates present in the small grain bands in
SE image (b) and BSE image (c); and (d) EDS trace indicates the Nb peak; (e) EDS analysis in

matrix.
6.2.3 Grain growth behaviour over full reheating temperature range

Grain size development was further examined for more reheating temperatures in the
range from 950 °C to 1300 °C, as shown in Figure 6-10. The grain growth curve of the
as-cast sample was plotted by using the smaller mode grain size if the bimodal grain
growth occurred. The grain growth behaviour is discussed in each of the different

temperature ranges as follows.

When reheating for one hour in the temperature range of 950 °C - 1130 °C, there was
no grain growth observed which indicated the stable grain size approximately of 30 um,
as shown in Figure 6-10. Reheating at 1150 °C and 1160 °C for one hour resulted in
obvious grain growth with the mode grain size increasing from around 30-35 pum for
reheated temperatures <1150 °C to approximately 75 pum at 1160 °C. The large grain
size for the 95% area fraction also increased significantly from approximately 45-65
pum for reheating temperatures below 1150 °C to around 195 um at 1160 °C. A further
increase in reheating temperature to 1185 °C and 1200 °C resulted in similar grain
growth compared to 1160 °C, as seen in Figure 6-10, which indicated the similar grain
size at 1200 °C with a stable mode grain size of 75 um being observed and the 95%
area fraction grain size increasing slightly to be approximately 205 pm. It indicated
that the development of bimodal grain growth was stable for the temperature range of

1160 °C -1200 °C resulting in a flat curve with a stable size development in Figure
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6-10. Reheating for one hour in the temperature range of 1230 °C-1300 °C resulted in
the significantly grain growth with the steep curves (> 1230 °C), as shown in Figure
6-10, which indicated that the pinning force in the interdendritic solute-enriched region
was ineffective (presumably due to the dissolution of interdendritic Nb(C,N) at 1230

°C) at these high temperatures.
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Figure 6-10 Grain size development with reheat temperatures from 950 °C - 1300 °C for the as-
cast, segregated steel in terms of mode grain size and 95% large grain size. The blue dashed
line indicates the predicted dissolution temperature of the pinning dendritic AIN; and the red

one indicates the predicted dissolution temperature of the interdendritic Nb(C,N).

Reported grain size development in C-Mn steel was used to compare to the measured
95% area fraction large grain size, as shown in Figure 6-11. On reheating at low
temperatures (<1150 °C), a flat growth trend (a stable size is approximately 50-60 pm)
can be observed for the measured grains due to there being little grain growth expected
in the as-cast Al-Nb steel, which is generally less than the grain sizes of C-Mn steel.

This indicates that the pinning effect is expected (pinned by AIN and Nb(C,N)) to
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prevent the grain growth at this temperature. On reheating at 1150 °C, the largest grain
size (in 95% area fraction) shows a markedly growth in size of around 150 um which
is less than the grain size in C-Mn steel (220 um), but significantly larger than the
grain size of 50-60 um in AI-Nb steel at low temperature (<1150 °C). This result
means that some large grain growth has occurred from the dendritic region, which is
due to the dendritic AIN starting to dissolve when close to its predicted dissolution
temperature at 1160 °C. From 1160 °C to 1200 °C, the stable size of around 200 pum has
been observed for the large grains due to the pinning effect from the interdendritic
precipitate, and this results in a flat curve differing from the grain size curves in C-Mn
steel. It means that the pinning effect from the interdendritic band in the as-cast steel
can be expected to prevent the large grains growth from dendritic region when

dendritic AIN has dissolved.

The limiting grain size proposed previously (Figure 6-2 in section 6.1) was used to
examine the grain growth in the as-cast (segregated) material with increase of
reheating temperature. According to the criterion of abnormal grain growth (Z=1.9),
the curves of limiting grain sizes are given in solute-enriched and solute-depleted
regions respectively, Figure 6-12, which shows that the experimentally measured large
grain sizes (95% area fraction) are close to the limiting grain sizes predicted in the
dendritic region. A larger grain size (150 um) has been observed at 1150 °C than the
limiting grain size (125 um), which means that abnormal grain growth can take place
but is limited by the segregation bands (Nb-enriched region) during growth. Abnormal
grain growth would be expected at temperatures of around 1230 °C (when

interdendritic Nb(C,N) particles have dissolved), but as the microstructure at this point
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is bimodal, rather than uniform, then no abnormal grain growth (with nature of isolated
large grains) has been observed. Therefore, the prediction of limiting grain growth for

as-cast (segregated) condition is not consistent with the experimental grain growth as

assumed in section 6.1.
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Figure 6-11 Comparison between the largest 95% area fraction grain size and the grain size

development from C-M steel (Figure 2-31). Dashed line represents the dissolution temperature
of dendritic AIN.
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6.2.4 Grain growth with the increased holding time

It was found that bimodal grain growth occurred in the temperatures range of 1160 °C-
1200 °C for one hour, which is related to the pinning force supplied by solute-enriched
bands. Reheating trials for two and three hours were carried out at the temperatures of
1160 °C, 1185 °C and 1200 °C, to investigate if abnormal grain growth occurred with
prolonged reheating time or whether the bimodal grain structure seen after one hour

reheating was retained.

Figure 6-13 (a, b) shows the grain structures obtained after reheating at 1160 °C for 2
and 3 hours, where the obvious bimodal structure of coarse and fine grains remains. It
does not show any formation of abnormal large grains, which indicates that the

segregation bands (Nb-enriched regions) are still effective in restricting any grain
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growth from the dendritic region. The grain size distribution is given in Figure 6-13 (c),
where the grain size class shifts from left (smaller grain size) to right (coarser grain
size) slightly after 3 hours. However, the mode grain size does not show any obvious
growth from 1 hour (75 pum), to 2 hours (75 pm) to 3 hours (90 um). There is no
obvious expansion of the grain size range observed which corresponds to the fact that

these large grains are still limited by the spacing of segregated bands.

At 1200 °C, when the reheating time was increased from one to three hours, the
micrographs in Figure 6-14 (a, b) show that growth occurred for the large grains whilst
some smaller grains still remained. The mode grain size is shifted in the grain size
distribution, as shown in Figure 6-14 (c): reheating time of 1 hour (75 um), to 2 hours
(110 pm) and 3 hours (150 um). This suggests that there is less stable pinning in the
segregated band region for the large grain growth when the reheating times have

increased at 1200 °C.

Further reheating treatments were examined at 1185 °C, increasing the reheating time
from 1 to 2 and 3 hours. The grain growth behaviour for all three temperatures with
increasing reheating time is summarised in Figure 6-15. At 1200 °C the grain sizes are
similar to those at 1160 °C and 1185 °C after one hour reheating but increase further on
longer reheating times, showing more obvious growth compared to the relatively stable
grain sizes at 1160 °C. These results suggest that there is a sufficient driving force to
overcome the interdendritic pinning force with increasing reheating time, when there is
some localised dissolution of the interdendritic precipitates and/ or coarsening of these

precipitates such that the pinning force is reduced.
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Figure 6-15 Grain growth development in mode grain size and 95% large grain size for 1160
°C, 1185 °C and 1200 °C, reheating times for 1 hour, 2 hours and 3 hours.

6.3 Summary and discussion

Based on grain growth from the reheating trials for the as-cast (segregated condition)
specimens, the addition of Al in Nb-containing steel can result in a uniform grain size,
with AIN particles preventing grain growth in the dendritic region after the dendritic
Nb-rich particles have dissolved, but before the dissolution of Al-rich particles (at 1160

°C for the present steel).

The grain growth behaviours for the homogenised and segregated conditions are
compared in Figure 6-16, and show little/ no grain growth in both conditions before the
dissolution temperatures of Al-rich particle have been reached (1170 °C in
homogenised condition and 1160 °C in segregated condition). This indicates that a
uniform structure can be achieved in Nb-containing steel when Al-rich particles are

present (before the dissolution of Al-rich particles), independent of the initial element
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distribution. After reaching the critical temperatures (Al-rich particle dissolution
temperature in each condition), abnormal large grains have occurred in the
homogenised condition whilst most grains have a stable fine size; bimodal grains have
developed in the segregated condition with bands of small and large grains. There is no
obvious abnormally large grain growth in the as-cast Al-Nb steel due to the pinning
force supplied in the segregated bands (containing Nb-rich particles), meaning large
grain growth in the dendritic region is limited to the spacing of the interdendritic
regions, which is equal to the SDAS of around 150 + 50 um. The bands of coarse
grains and fine grains with a ratio between the largest (95% area fraction grain size)
and mode grain size of 2.6 has achieved at 1160 °C in the as-cast Al-NDb steel, which is
significantly less than the ratio of 7.1 for the typical abnormal large grain growth
observed at 1170 °C in the homogenised Al-Nb steel. It is found that the abnormal
grain growth has taken place over a certain temperature (1170 °C) which is narrower
than the temperatures range (1160 °C -1200 °C) for bimodal grain growth in the as-cast

segregated condition.

Figure 6-17 shows the different grain growth behaviour under conditions when pinning
Al-rich precipitates have dissolved for the homogenised and as-cast material. With
increase of the reheating times, similar grain growth behaviour has been observed in
terms of the mode grain size in both conditions. Obvious grain growth can be seen for
the large grains in the homogenised samples, which differs from the limited grain
growth in the as-cast steel, due to the effective pinning from the precipitates in the
segregated bands. Further investigation indicates that the pinning force from the

segregated bands is still effective on reheating at the temperature range from 1160 °C
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to 1200 °C for 1 hour. However, the pinning force is reduced at 1200 °C with longer

reheating times.

The experimental results suggest that the dissolution temperatures predicted by
Thermo-Calc for the as-cast material are reasonably accurate for determining the
temperature range when different grain growth behaviours are expected, either
resulting in bimodal grain structures (when dendritic pinning precipitates have
dissolved) or coarse grain structures (when the more stable interdendritic precipitates
have dissolved). The limiting grain size predicted in the dendritic region agrees with
the measured large grains, until reheating at 1150 °C (close to the AIN dissolution
temperature of 1160 °C), when a measured large grain size of 150 um has been
observed which is greater than the limiting grain size of 125 pum. No abnormal grains
were observed when reheated above interdendritic Nb(C,N) dissolution temperature
(>1230 °C), as the bands of coarse grains have developed in segregated steel instead of

an abnormally large grain isolated from smaller grains.
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chapter 7 Grain growth in forged Al-Nb steel and rolled Nb-

containing steel

It has been found that the segregated bands in the as-cast steel can restrict grain growth
from the dendritic regions (solute-depleted regions) during reheating, and prevent the
occurrence of abnormal grains, although a bimodal grain structure can be formed, as
discussed in Chapter 6. In order to investigate whether the distance between the
segregation bands has any effect on grain size development, several reheating trials
were carried out on the Al-Nb containing steel after it had been forged to reduce the
segregation band separation distance. The forged sample was subjected to the same

reheating trials as the as-cast steel and the grain sizes examined.

7.1 Initial microstructure for the forged Al-Nb sample

7.1.1 Microstructure and segregation bands

Figure 7-1 shows a structure with distinct dark bands (pearlite phase) separated by
ferrite with a spacing of around 65 £ 10 pm, which is significantly smaller than the
secondary dendrite arm spacing observed in the as-cast condition (150 £ 50 pm),
where the ratio of the two spacing is around 0.4. This indicates that the deformation of
70% (0.7 strain applied), i.e. 40 mm height to 12 mm height (ratio of 0.3) has reduced
the spacing of the segregation bands approximately as expected (some barrelling of the
sample occurred meaning the reduction is less than theoretically predicted). Most of

the pearlite bands observed in the forged Al-Nb steel are continuous.

Figure 7-2(a) shows the starting prior austenite microstructure in the forged sample

reheated at 920 °C for 10 minutes, indicating that the microstructure consists of more
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deeply etched segregation bands separated by lighter grey areas, which is similar to the
as-cast condition, Figure 6-4, due to solute enrichment. A fine and uniform grain
structure has been developed at this temperature, with a slightly smaller mode grain
size (12.5 um) in the solute-enriched region compared to that in the solute-depleted

region (17.5 um), whilst a similar mode size of 17.5 pum has been found overall.
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Figure 7-2 Starting grain size at 920 °C for 10 minutes: (a) prior austenite microstructure and
(b) grain size distribution in regions of solute-enriched and solute-depleted, and for the overall

regions.
7.1.2 Precipitate characterization in initial forged sample

The precipitates were characterised in the slow cooled (ferrite and pearlite) forged
sample by SEM analysis in the solute-depleted (ferrite) and solute-enriched (pearlite)
regions. The micrographs in Figure 7-3 (a, b) show the distribution of Al-rich and Nb-
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rich precipitates in the pearlite region characterised by SE (Secondary-Electron) and
BSE (Back-Scattered Electron) images, with EDS analysis for Al and Nb identification.
The solute-enriched region is not entirely comprised of pearlite, as some ferrite regions,
wholly within pearlite, can also be in the solute-enriched region [38], as discussed in
section 2.3.3. Precipitates from solute-enriched regions were therefore characterised
and identified in regions of pearlite and isolated ferrite. A large number of Nb-rich
particles, expected to be Nb(C, N), were observed in the solute-enriched bands
appearing bright, in the BSE image in Figure 7-3 (b). The EDS spectrum from a
spherical Nb-rich particle in Figure 7-3 (c) indicates an Nb peak as shown in Figure
7-3 (d). Al-rich particles, expected to be AIN, were also observed in the solute-
enriched regions as dark spots, as shown in Figure 7-3 (b). The Al peak was identified
in the EDS spectrum analysis in Figure 7-3 (f), confirming the particle in Figure 7-3 (e)
to be Al-rich. It has been found that the precipitates could be characterised by SE and
BSE image analysis based on their morphology (appropriate shape and size) and
contrast. Figure 7-4 (a) shows many Al-rich particles present in the ferrite solute-
depleted region, corresponding to the dark spots observed in Figure 7-4 (b). The Nb-
rich particles were observed to coexist with the Al-rich particles, shown in Figure
7-4(c), i.e. the bright spot indicated close to the dark Al-rich particles in Figure 7-4 (d).

The cluster of particles in Figure 7-4 (e, f), were determined to be Al-rich precipitates.

The size distribution, presented as number density in Figure 7-5 (a), and area fraction
in Figure 7-5 (b) of the particles was measured. The particle distributions in the forged
condition are similar to those presented in the as-cast samples (Figure 4-8), i.e. a lower

number density and area fraction (or volume fraction) of Nb-rich particles in the
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solute-depleted region (ferrite) compared to the solute-enriched regions, as expected
from the predicted segregated composition. There are more Al-rich particles in the
ferrite regions, compared to those in pearlitic regions, which agrees with the
distribution of AIN particles found in the as-cast Al-Nb steel. A large numbers of Nb-
rich particles, with a size of around 100-150 nm are present in the solute-enriched
pearlite region which is similar to the as-cast condition. A larger number density of Al-
rich particles is present in the solute-depleted region compared to the dendritic Nb-rich
particles, and the reheating work on the as-cast material suggests that they can control
grain growth in this region before the critical temperature for their dissolution has been

reached (predicted as 1160 °C).

In summary, the precipitate distributions in the forged sample (Al-rich and Nb-rich
particles in the solute-enriched and solute-depleted regions) are generally similar to

that in the as-cast condition.
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Figure 7-3 Precipitates in pearlite regions in the forged condition: (a) SE micrograph; (b) BSE
image for composition analysis; (c) SE image of Nb-rich particles, probably Nb(C,N); (d) EDS
trace indicating a Nb peak; (e) SE image of Al-rich particles, probably AIN; (f) EDS trace
indicating an Al peak; (g, h) EDS spectra from the matrix.
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Figure 7-4 Micrographs show the precipitates in ferrite regions in the forged condition: (a) SE
image; (b) BSE image; and (c) Nb-rich particles coexisting with Al-rich precipitates in SE
image, and under (d) BSE imaging; a cluster of Al-rich particles in () SE image and (f) BSE

image.
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Figure 7-5 Particles size distributions expressed as (a) number density and (b) area fraction, for

the Al-rich and Nb-rich precipitates in the dendritic and interdendritic regions separately.

7.2 Grain growth behaviour in forged Al-Nb steel

In the as-cast sample, it was found that a stable bimodal grain size was observed in the

reheating temperatures range from 1160 °C to 1200 °C for one hour reheating treatment,
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which corresponded to the dissolution of Al-rich particles in the dendritic region
resulting in grain growth in this region, and the pinning effect of Nb(C, N) in the
segregation bands retaining fine grains in this region. The forged specimens with
reduced segregation band spacing, was also examined after reheating in this

temperature range to investigate if bimodal structures or abnormal grains occurred.

7.2.1 Microstructure and grain size distribution

When the forged steel was reheated at 1160 °C for one hour, the microstructure did not
show a pronounced bimodal grain distribution, Figure 7-6 (a), i.e. there were no
obvious bands of small and large grains observed which indicated a uniform fine grain
size. The microstructure after reheating at 1200 °C also shows relatively uniform grain
growth (in Figure 7-6 (b)). The grain size distributions are shown in Figure 7-6 (c) and
indicate a similar mode grain size of 65 um for 1160 °C and 1200 °C samples. It is
clear that significant grain growth has occurred (compared to the initial mode grain
size of 17.5 um) and most grains have a similar size to the segregation distance (65 *
10 um). This suggests that on reheating at 1160 °C, the grains in the solute-enriched
regions can be expected to grow but have been limited to the band distance of
segregation spacing when the AIN particles in the dendritic regions have been
dissolved. However, the band thickness (25 £ 5 um) in forged Al-Nb steel is very close
to the initial austenite grain size (17.5 um), meaning the pinning effect from this
banded structure might not be sufficient to prevent the grain growth. This means that
some starting austenite grains can be expected to span the segregation spacing and
sweep into the next solute-enriched banded structure, for example large initial grains

27.5 pum in size originated from pearlitic region may be spanning the solute-enriched
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regions. This is different from the large band thickness (75 £ 10 um) and the small
initial grain size (27.5um) conditions that were operating in the as-cast steel (as seen in
Figure 6-4), where a number of fine grains have been formed within the pearlite
regions but the grain growth has been prevented with pinning particles on their

boundaries.

The grain growth at 1200 °C in forged steel, as shown in Figure 7-6, has indicated that
there is no significant development in terms of mode and largest grain size compared
to 1160 °C. It is consistent with the stable grain size observed in as-cast steel in the
temperature range of 1160 °C - 1200 °C. It means that the band pinning is still effective

when the band distance has been reduced after the forging process.

When reheated at 1250 °C (higher than the predicted interdendritic Nb(C,N)
dissolution temperature of 1230 °C), the grain structure was coarser than that at 1200
°C but reasonably uniform, as shown in Figure 7-7 (a). The grain size distribution in
Figure 7-7 (b) demonstrates a uniform distribution with a larger mode grain size of
around 90 pm. The ratio of largest 95% area fraction grain size (210 pum) to the mode
grain size (90 um) is 2.3 at temperature 1250 °C. However, on reheating at 1300 °C,
the microstructure in Figure 7-8 (a) indicates pronounced grain growth compared to the
lower reheated temperatures (1160 °C - 1250 °C) where only a few very large grains
have appeared. The grain size distribution shows a mode grain size of around 225 pum,
which is significantly larger than their size (65-90 um) at lower temperatures from
1160 °C-1250 °C. The largest grain size (95% area fraction) of 425 um is significantly
coarser than that at 1250 °C (210 um). It has been found that there were no typical
isolated abnormal grains observed in the forged condition for any reheating conditions.
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Figure 7-6 Prior austenite microstructure in forged steel, after reheating at (a) 1160 °C,
corresponding to dissolution temperature of dendritic Al-rich particles; (b) 1200 °C; (c) grain
size distribution, after reheating at 1160 °C and 1200 °C.
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Figure 7-8 (a) Prior austenite microstructure; and (b) grain size distribution, after reheating at
1300 °C in forged specimens.

7.2.2 Precipitate characterization

The forged specimen reheated at 1160 °C for 1 hour does not show obvious bands of
large and small grains which were observed in the as-cast material when reheated to
the same temperature, instead a relatively uniform microstructure has been found in the
SEM image, as shown in Figure 7-9 (a). However, some regions with relatively large
grains can still be identified (indicated in the black rectangle in Figure 7-9 (a)), where a
few Al-rich particles have been observed, which is similar to the as-cast condition, as
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discussed in section 6.2.2. The Al-rich particles found in the large grained regions are
shown in Figure 7-9 (b) and exhibit an irregular shape. EDS analysis in Figure 7-9 (c)
has confirmed the particles to be Al-rich. Analysis of the smaller grained regions,
indicated by the red rectangle frame, in Figure 7-9 (a), shows spherical Nb-rich
particles distribute as a cluster (Figure 7-9 (d)), and have confirmed as Nb-rich by EDS
analysis in Figure 7-9 (e) which is consistent with previous characterisation of solute-
enriched areas, in section 6.2.2. Therefore, the particle distributions in the forged
sample are consistent with the behaviour observed in the as-cast condition, when

reheating at 1160 °C.

After reheating at 1200 °C for 1 hour the microstructures are shown in Figure 7-10 (a),
which still do not show any pronounced bimodal grain growth, giving a similar
uniform distribution to that of the specimens reheated at 1160 °C, with relatively small
grain area (indicated by red rectangle) and relatively large grain region (indicated by
black rectangle). Irregular Nb-rich particles have been observed in small grain area, as
shown in Figure 7-10 (b, ¢). EDS analyses indicated the Nb peaks (Figure 7-10 (d)) in
the spectra taken from the investigated particles separately compared to in the matrix
(Figure 7-10 (e)). No Al-rich particles have been found in the large grained regions on
reheating at 1200 °C, meaning that complete dissolution of Al-rich precipitates has
occurred at this temperature. It has found that the particle distribution in forged steel is

similar to that in the segregated condition (as discussed in section 6.2.2) at 1200 °C.
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Figure 7-9 Precipitates distributed in forged specimens after reheating at 1160 °C for 1 hour: (a)
SEM image shows the microstructure with no bands of large and small grains; (b) Al-rich
precipitates present in relatively large grains; (c) EDS trace indicating the Al peak; (d) Nb-rich
particles found in the relatively small grains and (e) Nb peak in EDS spectrums taken from the

investigated particles; (f, g) EDS spectra from the matrix.
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Figure 7-10 Particles distribution in forged steel, after reheating at 1200 °C for 1 hour: (a) grain
structures present in SEM images; Nb-rich particles remaining in relatively small grain regions,
with imaging of SEI (b) and BSE (c); (d) EDS shows the Nb peak; (e) EDS spectra from the

matrix.
7.2.3 Grain growth with increased holding time at critical temperatures

Further reheating trails were carried out to investigate whether a bimodal grain size

distribution can be developed with increasing holding time.

At 1160 °C when the reheating times were increased from 1 hour to 3 hours, the prior
austenite grains still gave uniform distributions (i.e. no evidence of bimodal grain
growth), as indicated in Figure 7-11 (a) and the grain size distribution in Figure 7-11
(b), where the mode grain size was around 65 pm, which was similar to the samples
reheated for 1 hour. The results indicate that the bimodal grain growth observed in the
segregated as-cast condition might not occur if the segregation spacing is reduced.
Therefore, an increased solidification rate, which can be expected to reduce the
secondary dendrite arm spacing (Figure 2-6, discussed in section 2.1.3), could lead to a
more uniform grain structures if sufficient pinning force is provided in the segregated

structure.

When the forged specimens were reheated at 1200 °C for 3 hours, coarser grain
structures were observed, compared to reheating for one hour, but no obvious isolated
abnormally large grains occurred, shown in Figure 7-11 (c). A mode grain size of 90
pm can be seen from the grain size distribution in Figure 7-11 (d), which is coarser
than after reheating at 1200 °C for 1 hour (65 pum). The grain growth may be due to

greater precipitate dissolution with increased holding times, which agrees with the
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grain growth behaviour observed in the as-cast steel under the same reheated

conditions.

The change in mode and large grain sizes (95% accumulated area fraction) with reheat
temperature and time is shown in Figure 7-12. A stable grain size at 1160 °C has been
observed from 1 hour to 3 hours, having a constant mode grain size of 65 um and large
grain size of around 140 um. When the forged sample was reheated at 1200 °C for 1
hour, there was no significant difference in prior austenite grain size compared to the
size at 1160 °C for 1 hour. However, the mode grain size increased from 65 um at 1
hour, to 90 um at 3 hours, and the large grains jumped from 140 um to 210 um after
holding for longer times. This means that the band pinning is not effective when
holding for a longer reheating time at 1200 °C, which is due to the fact that the Nb(C,
N) in the solute-enriched band region has been gradually dissolved at this high

temperature.

The results indicate that grain growth behaviour in the forged condition followed the
same general development which was found in the as-cast condition with unpinning
taking place in the dendritic regions at the reheating temperatures of 1160 °C-1200 °C,
corresponding to the dissolution of AIN. However, the bimodal grain size distribution
observed in the as-cast steel was not seen when the segregation spacing was decreased
in the forged sample. This indicates that the band pinning is still effective when band
distance has been reduced, and the segregation distance is small enough to limit the
grain growth from dendritic solute-depleted region (after AIN particles have dissolved)

to be a small size of around 65 pm.
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Figure 7-11 Prior austenite grain structures, after reheating at (a) 1160 °C for 3 hours; and (b)

grain size distribution; microstructures when reheated at (c) 1200 °C for 3 hours; and (d) grain

size distribution.
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7.3 Initial microstructures and modelling in rolled Nb-containing steel

In the as-cast Al-Nb containing steel, it has been found that the segregation bands can
limit the growth of large grains from the solute-depleted regions during reheating in the
temperature range of 1160-1200 °C resulting in a bimodal grain structure. In the
homogenised material isolated abnormally larger grains have developed in this
temperature range (at 1170 °C). In the forged specimens the segregation banding is
reduced to the separation distance of approximately 65 pm (greater than the starting
prior austenite grain size 17.5 um). During reheating in the temperature range of 1160-
1200 °C uniform grain growth has occurred resulting in a uniform coarse grain
structure. In this section the effect of reheating on a commercial rolled Nb-containing

steel, with a higher content of Nb (0.028 wt%) and lower amount of Al (0.031 wt%)
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than in the AI-Nb containing steel (0.019 wit% Nb and 0.057 wt% Al), and a

significantly reduced segregation band spacing has been investigated.

7.3.1 Initial microstructure of rolled Nb-containing steel

The as-received Nb-containing steel had been hot rolled (80% reduction) and air
cooled and the resulting microstructure with a banded ferrite and pearlite structure is
shown in Figure 7-13 (a). The ferrite grain size distribution in Figure 7-13(b) shows a
mode grain size of 32.5 um in the rolled Nb-containing steel (larger than the initial
ferrite grain size of 22.5 um in the forged Al-NDb steel), which is close to the measured
spacing of the segregation bands, of around 35 = 10 um. It is found that the band
thickness is approximately 10 £ 5 pum, and it is smaller than that of 25 = 5 pum in the
forged AI-Nb steel. Unlike the mostly continuous band structure exhibited in the
forged AI-Nb containing steel (Figure 7-1), non-continuous segregation bands
(presumably with less continuous pearlite) are present in the rolled Nb-containing steel.
Some of the ferrite grains have been observed to stretch into the banded structure
(pearlite regions), Figure 7-13 (a). The Nb-rich precipitates are mainly distributed at/
or near the pearlite regions (solute-enriched region), as discussed in the work on the
Al-Nb steel, which is consistent with literature report [17]. Due to the small thickness
of the banded structure in rolled Nb-containing steel (even smaller than that in the
forged Al-Nb steel), some grains may span the banded structure under the greater
driving force associated with the austenite-ferrite transformation and so they are likely

to break free from the pinning effect of the solute-enriched regions (banded structure).
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7.3.2 Segregation predictions for rolled Nb-containing steel

The segregation band spacing of 35 um and rolling reduction of 80% to 25 mm means
that the secondary dendrite arm spacing (SDAS) can be assumed to be around 175 pm.

Using equation 2-1 and taking 0.15 wt% C as input, the predicted cooling rate during
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solidification is approximately 0.3 °C/s. Similar to the predictions for the as-cast Al-Nb
steel (as discussed in section 4.3.2), the composition profiles of Al and Nb over the
half distance of SDAS (87um) were predicted by DICTRA at the fully solid stage (at
temperature of around 1476 °C), shown in Figure 7-14 (a). The steps observed in the
predicted composition profiles at the distance of around 15 pum are due to the
appearance of austenite on cooling with lower solubility of Al and Nb in that phase
than in ferrite, which is similar to the predicted composition step that have been
observed in cast Al-Nb steel (Figure 4-20). The Nb profile shows a low content around
0.022 wt% in the solute-depleted regions and a high content of around 0.081 wt% in
the solute-enriched region; and it shows that Al has a relatively stable concentration
from the profile, which is 0.031 wt% in the dendritic region and 0.027 wt% in the

interdendritic centre region.

The thermal stabilities of the microalloying element-rich particles were predicted by
Thermo-Calc, using the segregated Al and Nb contents predicted from DICTRA
(Figure 7-14(a)) and taking the average contents of other elements as input (as
discussed in section 3.2.2). It can be seen from Figure 7-14 (b) that the Nb(C, N)
particles in the solute-enriched region are predicted to be dissolved at approximately
1250 °C, whilst the Al-rich (predicted to be AIN) precipitates in the same region have a
significant lower dissolution temperature at around 1030 °C. In the solute-depleted
dendritic region, the dissolution temperature for AIN (1090 °C) is higher compared to
the Nb-rich ones (970 °C). The volume fraction of Nb-rich precipitates in the solute-

enriched region is predicted to be around 0.094 %, which is greater than for the Nb-
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rich particles in the solute-depleted region or the Al-rich particles in either region, this

means there should be high number density of Nb-rich particles.
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Figure 7-14 Modelling prediction in rolled Nb-containing steel for: (a) segregation profile over
a distance of half SDAS of around 87 um, predicted by DICTRA; (b) volume fraction and

dissolution temperatures of microalloying precipitates of AIN and Nb(C,N) in solute-enriched

and solute-depleted regions.
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7.3.3 Precipitates characterisation in rolled Nb-containing steel

The initial microstructures contain bands of ferrite and pearlite, which were examined
separately to characterise the particle distributions. Figure 7-15 (a) shows the typical
banded structure. Very few Al-rich particles have been found in the ferrite regions; one
example can be seen in Figure 7-15 (c, d). This is different to the relatively high
number of Al-rich particles (of around 1.7 x 10* /mm?in total) observed in the Al-Nb
steel (Figure 7-5). A higher number of Nb-rich particles have been observed in Figure
7-15 (e, ). It indicates that the Nb content (0.028 wt%) in rolled Nb-containing steel is
higher than that in cast Al-NDb steel, resulting that much of the N is used to form Nb(C,
N) therefore there is very little N left to form AIN, hence the low number density of
particles present. The predicted Nb(C, N) volume fraction of 0.094 % in Thermo-Calc,
Figure 7-14 (b), is larger than that in Al-Nb steel (Figure 4-21) with 0.072 % being
seen. It is therefore possible that little AIN can be formed in rolled Nb-containing steel,
due to the content of N (0.006 wt%) and Al (0.031 wt%) which is lower than that in the

Al-Nb steel (N: 0.008 wt%; Al: 0.057 wt%).

The precipitates in the solute-enriched segregation bands were investigated by
examining the pearlite regions (or the isolated ferrite within the pearlite areas), where a
very high number of Nb-rich particles were seen, shown in Figure 7-16 (a, b). A
typical area (as indicated by the red rectangular frame) has a cluster of Nb-rich
precipitates in the solute-enriched region (pearlitic regions), as shown in Figure 7-16 (c,
d). The particle size distributions in Figure 7-17 (a) indicate a large number density of
Nb-rich particles, whilst Al-rich precipitates are difficult to observe resulting in a

significantly lower amount compared to the Al-Nb steel. For the rolled Nb-containing
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steel, a larger number density of 3.5x 10* /mm? of Nb-rich particles of size 100-150 nm
has been seen in the solute-enriched region, Figure 7-17 (a), which is higher than in the
forged Al-Nb steel (with a number density of 0.9x 10* /mm?in same size of 100-150

nm, Figure 7-5).
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Figure 7-15 Precipitates distributed in ferrite grains regions of rolled Nb-containing steel: (a)
bands of ferrite and pearlite structures in SEM micrograph; Al-rich particles present in ferrite
region in (b) SE image and (c) BSE image; (d) EDS trace analysis indicating an Al peak; Nb-
rich particles distributed in ferrite structures in (e) SE image and (f) BSE image; typical Nb-
rich particle with spherical shape in SE image (g); EDS trace shows the (h) Nb peak in the

particle and (i) matrix.
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Figure 7-16 Particles in pearlite regions in rolled Nb-containing steel: high number of Nb-rich
particles present in (a) SE image and (b) BSE image; the cluster of Nb-rich particles present
near pearlite region by (c) SE imaging and (d) BSE imaging; (e) EDS trace analysis showing a
Nb peak; (f) EDS trace from matrix.
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were characterised in ferrite and pearlite regions.
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In the rolled Nb-containing steel, with a higher Nb content (0.028 wt%) than in the cast
Al-Nb steel (Nb: 0.019 wt%), the predicted Nb segregation (from the composition
profile simulated by DICTRA) to the interdendritic region (0.082 wt%) is larger than
for the cast Al-Nb steel (0.062 wt%). This results in the larger numbers of Nb-rich
particles (expected to be Nb(C,N)) observed in the interdendritic regions for the rolled
Nb-containing steel, of around 5.9x 10* /mm? (Figure 7-17), than that in the Al-Nb cast
steel (Nb-rich particles: 2.6x 10* /mm? Figure 4-8 and Table 4-1). This result indicates
that the segregation severity of Nb depends on the bulk content, consistent with
previous results reported in the literature (Table 2-10), where a larger number density
of Nb(C, N) (in the interdendritic region) has been observed for the Slab-1 with a

higher Nb content (0.045 wit%) than in the Slab-3 steel (Nb: 0.02 wt%).

Al shows a similar segregation behaviour in as-cast Al-Nb steel (Al: 0.057 wt%) and
rolled Nb-containing steel (Al: 0.031 wt%), with partition ratios (contents in the
interdendritic region to the bulk composition) of around 0.84 and 0.83 respectively,
which agrees with the literature, where the same partition ratio for Al (0.98) was
predicted in Slab-1 (Al: 0.046), Slab-2 (Al: 0.029) and Slab-3 (Al: 0.036), as seen in
Table 2-6 [25]. A higher content of Al in the dendritic region is predicted in Al-Nb
steel (0.059 wt%) than that in rolled Nb-containing steel (0.032 wt%), resulting in a
larger amount of Al-rich particles found in the dendritic region for the Al-Nb steel
compared to the rolled Nb-containing steel. It is found that a larger number density of
1.89x 10* /mm? has been observed for dendritic AIN in the Al-Nb steel (Al: 0.057 wt%)
(Figure 4-8), than that in the rolled Nb-containing steel (0.4 x 10* /mm?, Figure 7-17)

with a lower Al content (0.031 wt%).
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7.4 Grain growth at critical temperatures

In as-cast and forged Al-Nb steel, it was found that the large grains originated in the
solute-depleted region on reheating to temperatures when the Al-rich particles had
dissolved, but they were pinned by particles in the segregation band limiting their size.
For the rolled Nb-containing steel, a bimodal grain structure might be expected based
on the predicted particle dissolution temperatures (i.e. Al-rich particles dissolving in
the solute-depleted region (1090 °C) and Nb-rich particles remaining in the solute-
enriched region), or a uniform fine grain structure can be expected if the segregation
band pinning is effective in preventing grain growth as the segregation spacing is small.
Therefore, reheating trials were carried out at the Al-rich particles dissolution
temperature of 1090 °C, to see whether abnormal grain growth occurred, and at 1200

°C to investigate whether bimodal grain growth happened.

The starting prior austenite grain structure in the rolled Nb-containing steel, shown in
Figure 7-18, is similar to the initial microstructure in forged Al-Nb steel, Figure 7-2,
indicating that it consists of more deeply etched segregation bands separated by lighter
grey areas. The average grain size is approximately 27.5 um, larger than the starting
austenite grain size (17.5 pum) in the forged Al-Nb steel (Figure 7-2). This may be due
to the formation of large austenite grains from the pearlitic banded regions which are
not continuous in the rolled Nb-containing steel compared to forged Al-Nb steel (as
discussed in section 7.3.1), or some grains have spanned the banded the structure
(thickness of 10 £ 5 pum) as assumed in section 7.3.1. A narrower spacing of the
segregation bands is seen in rolled Nb-containing steel (of around 35 = 10 pm),
compared to that in forged Al-Nb steel (65 £ 10 um), Figure 7-2.
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Figure 7-18 Prior austenite grain structure is shown in rolled Nb-containing steel when
reheating to 920 °C for 10 minutes.

7.4.1 Microstructure and grain size distribution

The prior austenite grain structure after reheating at 1090 °C for 1 hour is shown in
Figure 7-19 (a and b) where an isolated large grain surrounded by fine grains can be
observed. The ratio of large grain size to average grain size (mode grain size) taken
from the grain size distribution in Figure 7-19 (c) is = 3: mode grain size 70 pm and
large grain size 200 pum (at 95% accumulated area fraction). The isolated nature and
large size ratio (> 2, based on the criterion reported in literature, in section 2.4.3.1) is
identified for the large grains to be abnormal. There are no obvious bands of large
grains observed, meaning that bimodal grain structures have not developed in the
rolled Nb-containing steel, as shown in Figure 7-19 (c), with a coarser grain size range
200-300 pm being observed. The mode grain size of 70 um is larger than the
segregation distance of 35 £ 10 um, due to the fact that the thickness of the band is

small (10 £ 5 pum) and the segregation band is not continuous (as discussed in section

211



7.3.1), so most of the grains originating from pearlitic regions can be large enough to
sweep through the next solute-enriched band when it is encountered, which is equal to

the distance of two segregation bands, of around 70 pum.

The formation of abnormal grains indicates that the AIN particles in the solute-
depleted regions must have some pinning effect, so that local unpinning can be
expected at the AIN dissolution temperature (1090 °C), which results in some grains

(which have already spanned the narrow segregation band) growing abnormally.

However, the random and isolated abnormal grains observed in the rolled Nb-
containing steel do not show the same growth behaviour as those in the homogenised
Al-Nb steel, as the large to mode grain size ratio is only 3, which is significantly
smaller than the ratio of 7.1 for the homogenised Al-Nb steel. This is possibly due to
there being very little growth (35 um) of the normal grains which are mostly pinned by
the non-dissolved AIN in the homogenised Al-Nb steel at 1170 °C, as shown in Figure
5-8, whilst the mode grains in the rolled Nb-containing steel show significant grain
growth, spanning the solute-enriched regions after being reheated at 1090 °C (mode
grain size = 70 um, as was discussed above). In addition, the abnormal grains growth
from the rolled Nb-containing steel can be expected to be prevented when an effective
pinning force has been further encountered from a solute-enriched band with Nb(C,N)
present. However, in homogenised Al-NDb steel, the abnormal grains can be expected to
grow further in absence of any band pinning force. Therefore, it indicates that the
existence of a solute-enriched band in the microalloyed steel can be used to limit the

abnormal grain growth during the reheating treatment.
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There are no abnormal grains observed when reheating the rolled Nb-containing steel
at 1200 °C which indicates that a uniform coarse grain structure has occurred, as shown
in Figure 7-20 (a). A mode grain size of 130 pum and large grain size of 190 um have
been observed in rolled Nb-containing steel, and they are larger than that in the forged
Al-Nb steel at 1200 °C, as seen in Figure 7-6, which indicates a uniform grain structure

with mode grain size of 70 um and largest grain size of 150 um.

The ratio of larger grain to mode grain size is decreased from 2.9 (mode grain size 70
pum and large grain size 200 pum) at 1090 °C, to 1.5 (mode grain size 130 um and large
grain size 190 um) at 1200 °C. This indicates that austenite grain growth has occurred
(especially for the normal grains) at a reheat temperature of 1200 °C, even though the
interdendritic Nb(C,N) dissolution temperature (of around 1250 °C) has not been
approached. It means that the segregation banded structures are possibly not very
effective when they have a feature of discontinuous and their thickness is not large
enough, resulting in more grains can be expected to grow largely by spanning several

solute-enriched regions.
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Figure 7-20 (a) Prior austenite microstructure and (b) grain size distribution after reheating at
1200 °C in rolled Nb-containing steel.

7.4.2 Precipitate characterization

Precipitates were characterised in the rolled Nb-containing steel after reheating at 1090
°C for 1 hour, to see the particles distribution behaviour in the area where abnormal
large grains were observed. Figure 7-21 (a) shows an SEM micrograph, where an
isolated large grain (as indicated by red arrow) surrounded by fine grains can be
observed. The particular area with boundaries of the abnormally large grain and
smaller grains (indicated by green rectangular frame in Figure 7-21(a)), was further
investigated under BSE analysis and a few bright particles (expected to be Nb-rich
particles) were observed on the boundaries, shown in Figure 7-21(b). SEM analysis
indicates spherical and irregular particles at the boundary (in Figure 7-21(c)), which
are brighter than the matrix in the BSE image and hence are Nb-rich, shown in Figure
7-21(d). No AIN is observed on the abnormal grain boundaries, which is as expected
due to dissolution of AIN at this temperature. A large number of Nb-rich particles

appear in the smaller grain regions, which can be expected to have the pinning effect
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which prevents grain growth. Therefore, an isolated abnormal grain surrounded by

small grains is observed in rolled Nb-containing steel.
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Figure 7-21 Precipitate characterisation under SEM analysis in the rolled Nb-containing steel
reheated at 1090 °C: (a) SE image indicates the microstructure consists of abnormal large

grains as indicated by the red arrow, surrounded by smaller grains; (b) precipitates present in
the boundary of large grains close to smaller grains; (c) Nb-rich particles in BSE images and (d)
shows the morphology of Nb-rich particles in SE image; (e) Nb-rich particles located in the
smaller grains region with (f) BSE image and (g) SE images; (h) EDS trace show an example

of a Nb peak in the particle and (i) in the matrix.
7.4.3 Grain growth behaviour for longer reheating times

It has been found that the segregation bands were mostly ineffective for grain boundary
pinning when reheating the rolled Nb-containing steel to 1090 °C, as the large grains
can be expected to span the areas of both solute-depleted regions and solute-enriched
regions. Further reheating trials were investigated for rolled Nb-containing steel at
1090 °C with longer times to see grain growth at 1, 2 and 3 hours. Figure 7-22(a)
shows the grain size distributions at 1090 °C, which indicate growth for the mode grain
size (from 70 um at one hour to 110 um at three hours) and with more grains observed
in a large size range when the reheating times are prolonged. The mode grain size of
110 um observed for reheating to 1090 °C for three hours, was close to the mode grain
size of 130 um when the rolled Nb-containing steel was reheated at 1200 °C for 1 hour.
This result suggests that the precipitates in the solute-enriched segregation bands are
ineffective for grain boundary pinning (may be due to the dissolution of Nb(C,N))

when the rolled Nb-containing specimens are subjected to the higher temperatures or
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longer holding times. It is similar to the grain growth that has been seen in the

homogenised Al-Nb steel, when reheating at 1170 °C for 1, 2 and 3 hours (Figure 5-15).
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Figure 7-22 Austenite grain growth characteristics in rolled Nb-containing steel after reheating
at 1090 °C for 1, 2 and 3 hours: (a) grain size distributions and (b) grain size development with
longer reheating time in mode grain size and large grain size (represented by the accumulated

area fraction 95%).
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7.5 Summary

On reheating in forged AI-Nb steel, no grains grow abnormally but a uniform
microstructure has been observed over the temperature range from 1160 °C to 1200 °C,
which differs from the obvious bands of small and coarse grains (bimodal grain growth)
seen in as-cast Al-Nb steel, as shown in Figure 7-23. Significant grain growth is
observed in both forged and as-cast Al-Nb steel when interdendritic Nb(C,N) starts to
dissolve above 1250 °C. With a longer reheating times (up to three hours) for the
forged steel, a stable grain size has been observed at 1160 °C, Figure 7-24(a), whilst
obvious grain growth has been seen at reheating temperature of 1200 °C, Figure 7-24
(b). It is similar to grain size development in the as-cast Al-Nb steel with longer
holding times. These results indicate that the continuous band structure present in
forged Al-Nb steel can be expected to have a boundary pinning effect to prevent the

grain growth to be a small size in narrow segregation spacing.
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Figure 7-23 Grain size distribution for the segregated and forged conditions after reheating at
1160 °C for 1 hour.
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Figure 7-24 Grain growth behaviour in mode grain size and 95% accumulated large grain size
for increasing reheating times at: (a) 1160 °C; and (b) 1200 °C for forged and as-cast condition;

(GS: grain size).
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However, isolated abnormal grain growth (ratio ~ 3) was seen on reheating in rolled
Nb-containing steel, at the AIN predicted dissolution temperature of 1090 °C. It is
different to the abnormal grains that observed in the homogenised Al-Nb steel (ratio =
7) with a distinct skewed size distribution, as seen in Figure 7-25 (a), which indicates
that small grains in size of 20-40 pum have taken a large volume fraction,
approximately 70% in the grain size distribution, whilst the same volume fraction of
around 70% have been found to be occupied by a wide size range (40-120 um) from

the grain size distribution of rolled Nb-containing steel, as seen in Figure 7-19.

This result indicates different mechanisms for abnormal grains growth: on reheating in
homogenised AI-Nb steel, the large grains grow abnormally at the expense of the
adjacent small ones when local unpinning occurs (AIN particles are partially dissolved),
whilst on reheating in rolled Nb-containing steel, some of the abnormal grains may
originate from those large grains which have spanned several segregation spacing
when the AIN precipitates have been fully dissolved. The further growth of the
abnormal grains can be expected in both the homogenised Al-Nb steel and rolled Nb-

containing steel for a longer reheating time, as seen in Figure 7-25 (b).

A uniform fine grain structure can be expected for narrow segregation spacing, starting
with a smaller initial size (< bands separation and band thickness), for example in
forged AI-Nb steel. However, the pinning effect from the solute-enriched bands might
be insufficient for those austenite grains that formed in pearlitic regions with the
features of discontinuity and small thickness, resulting in some large initial grains

observed (>= segregation bands distance) which can be expected to span several
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segregation regions that become abnormal, for example reheating in rolled Nb-

containing steel.
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Figure 7-25 After homogenised Al-Nb steel reheated to 1170 °C, and rolled Nb-containing
steel reheated at 1090 °C; (a) comparison of grain size distribution for abnormal grains
occurred in these two steels; and (b) grain growth development with longer reheating times in

mode grain size and large grain size (represented by the accumulated area fraction 95%).
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The austenite grain growth behaviour in banded structure can be depicted by a simple
schematic diagram, as shown in Figure 7-26 (in forged Al-Nb steel), and Figure 7-27
(in rolled Nb-containing steel). The austenite forms mostly at the positions of pearlitic
region, interface of pearlite and ferrite phases, and in some boundaries of ferrite-ferrite
grains. When dendritic AIN particles are dissolved at 1160 °C in forged Al-NDb steel,
the growth of austenite grains formed from boundaries of ferrites (indicated as ‘B’) and
at the interface of pearlite and ferrite phases (indicated as ‘C’ in Figure 7-26), are
prevented by the segregated band pinning effect and limited to a size close to the band
separation distance of around 65 £ 10 um, consistent with the mode grain size of 65
pum, as seen in Figure 7-6 (c). The austenite formed from pearlitic region can be
restricted to be a small size within the banded structure (indicated as ‘A’, is
approximately 25 um) with a large thickness (>= 25 um). This is due to a number of
fine austenite grains that can be expected to have rapid nucleation within the solute-
enriched banded structure (with the large thickness), which results in dissipation of the
driving force and leaves these fine austenite grains with pinning particles (Nb-rich
particles) on their boundaries. However, some austenite grains from pearlitic regions
can break through the band pinning effect due to large driving force of the boundaries
of austenite-ferrite during the transformation and insufficient pinning effect from some
fine banded structure (for example thickness of band is small), resulting in the a few

large grains (indicated as ‘D’ in Figure 7-26) that have spanned the banded structure.
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25+5um

(b)
Figure 7-26 Schematic of grain growth in forged Al-Nb steel indicating (2) nucleation of

austenite from initial ferrite and pearlite structure; (b) austenite grain growth at 1160 °C when
AIN has been dissolved. The diagrams include the initial ferrite (represented by black
rectangle), nucleated position of austenite (red star), austenite grain (red circular), and banded
structure (blue bar). Band distance is around 65 £ 10 um, and band thickness is approximately
25+ 5 pum.

In rolled Nb-containing steel at the reheating temperature of 1090 °C, austenite grains
formed from the pearlitic region (indicated as ‘H’ in Figure 7-27) and interface of
ferrite and pearlite phases (indicated as ‘G’) can mostly span the banded structure
which has a small thickness of around 10 = 5 um. So the grain size is approximately 75
pum which is approximately double the band separation of 35 + 10 um, and it is
consistent with a mode grain size of around 75um observed in Figure 7-19 (c). A few
grains formed from ferrite regions (solute-depleted region) are expected to be limited
to be a small size (indicated as ‘F’ in Figure 7-27). The austenite grains formed at the
positions of discontinuous banded structure (interface of ferrite and pearlite phase in
banded regions, indicated as ‘E’ in Figure 7-27) can be expected to grow abnormally

(when the pinning effect of AIN is lost) by spanning several solute-enriched and

solute-depleted regions, whilst the shape of these grains is probably squeezed when it
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crosses the gaps in the banded structure (with pinned Nb-rich present), which is

consistent of the abnormal grains observed in Figure 7-19.

This indicates that reduced segregation spacing and greater continuity are beneficial to
limit growth of the grains from solute-depleted region to be smaller, resulting in a
relatively uniform size distribution taking into account the pinning effects from the

solute-enriched region.

35+£10 pm

(@) (b)
Figure 7-27 Schematic of grain growth in rolled Nb-containing steel showing (a) nucleation of
austenite from initial ferrite and pearlite phase; (b) austenite grain growth at temperature of
1090 °C when AIN has been dissolved. Band separation distance is around 35 + 10 um; band

thickness is approximately 10 £ 5 um

In summary, the non-uniform grain growth behaviour, including bimodal and abnormal
grain growth, gives an inhomogeneity in the final microstructure containing large and

small grains, and is mainly due to dissolution of particles resulting in local unpinning.

The fact that a large grain size ratio of 2.6 is seen from bimodal grain growth (Table
7-1), which is close to that observed for the abnormal grains occurring in the rolled
Nb-containing steel (2.8), means that a large grain size to average grain size ratio may
not be the only criterion needed to define abnormal grain growth, as the morphology

and grain size distribution are also important. Abnormal grain growth: a localised
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phenomenon with large grains having an isolated nature, being indicated by a largely
skewed grain size distribution (i.e. a wide and flat distribution discussed in section
2.4.3.1); and bimodal grain growth: microstructures with bands of large grains and
bands of small grains in a double mode grain size distribution (discussed in section

2.4.3.2).

Table 7-1 Grain growth behaviour for Al-Nb steel at homogenised, segregated and forged
condition and rolled Nb-containing steel correlating to: dissolution temperature, segregation
spacing, band thickness, initial grain size, and grain size after heat treatment (mode grain size

and large grain size at 95% accumulated area fraction).

pm Homogenised Segregated Forged rolled Nb
Taiss / °C 1170 1160 1160 1090
Segregation - 150+50 65+10 35110
spacing

Band thickness - 7510 2515 1045
Initial GS 27.5 27.5 17.5 27.5
Mode GS 35 75/135 65 70

Large GS 250 195 140 200
Ratios 7.1 2.6/1.4 2.1 2.8

Consequently, a range of grain growth behaviour, including ‘normal grain growth-
abnormal (bimodal) grain growth-normal grain growth’, has been observed in the Al-
Nb steel and rolled Nb-containing steel corresponding to the particles’ dissolution
behaviour, as seen in Table 7-2, which agrees with the typical grain growth behaviour
in HSLA steel reported in the literature [30, 31, 40, 154], as discussed in section 2.4.3.
Abnormal grain growth has not occurred in the as-cast (segregated) Al-Nb steel, and

no bimodal grain growth is observed in the homogenised condition. Uniform grain
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growth is observed at all temperatures on reheating of the forged Al-Nb steel (Table
7-2), which is different to the other typical grain growth behaviours seen in HSLA steel,

due to the reduced band segregation spacing.

Table 7-2 Grain growth behaviour at critical temperatures for Al-Nb steel, in homogenised, as-
cast (segregated) and forged condition and rolled Nb-containing steel with: UGG-F: uniform
grain size distribution with fine grain size; UGG-C: uniform grain size distribution with coarse
grain size; AGG: abnormal grain growth; BGG: Bimodal grain growth.

T/°C Homogenised Segregated Forged Rolled Nb
<1090 UGG-F UGG-F UGG-F UGG-F
1090 UGG-F UGG-F UGG-F AGG
1160 (1170) AGG BGG UGG-F -

1200 UGG-C BGG UGG-F UGG-C
1200-1300 - BGG UGG-C -

1300 - UGG-C UGG-C -
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chapter 8 Conclusions

The grain growth behaviour during reheating between 950 °C - 1300 °C of as-cast Al-
Nb steel (containing 0.019 wt% Nb and 0.057 wt% Al) and rolled Nb-containing steel
(containing 0.028 wt% Nb and 0.031 wt% Al) has been investigated. In particular the
role of microalloying element segregation during casting, and hence the spatial
distribution of microalloying precipitates, on grain boundary pinning during reheating

has been considered. The main conclusions from the work are:
Characterise segregation and precipitation distribution

1. The as-cast Al-Nb steel showed a secondary dendrite arm spacing (SDAS) of 150
+ 50 um. After forging the segregation band spacing was 65 + 10 um. The

segregation band spacing in the rolled Nb-containing steel was 35 + 10 um.

2. The segregation levels of Mn in the as-cast Al-Nb steel were determined by
measuring the Mn content using SEM-EDS. A maximum content of around 1.7 wt%
and minimum content of around 1 wt% were seen in the interdendritic-centre and
dendritic-centre regions separately. The Mn segregation level was predicted using
DICTRA modelling and agreed with the experimental values. DICTRA modelling

was then used to predict the segregated microalloy contents.

3. For the as-cast Al-Nb steel, more Nb(C, N) particles were seen in the interdendritic
region (2.64 x 10* /mm?) than in the dendritic region (0.73 x 10* /mm?). Al shows

segregation into the dendritic regions, hence a larger number density of AIN

228



particles (1.89x 10* /mm?) was seen in this area than in the interdendritic region

(1.29x 10* /mm?).

Grain growth during reheating treatment

1. Bimodal grain growth occurred in the as-cast Al-Nb steel when reheating above the
dendritic AIN dissolution temperature (most stable dendritic particles) in the range
from 1160 °C to 1200 °C, with the stable interdendritic pinning force from Nb(C,N)

particles limiting the size of the large grains in the dendritic region.

2. AIN particles are able to restrict grain growth during reheating and can be used to
reduce the temperature range over which bimodal grain growth occurs (compared

to an Nb-only containing steel).

3. Bimodal severity (ratio between the coarse and fine mode grain size) is greater for
a larger segregation distance, i.e. a more severe bimodal structure was seen in cast
Slab-1 steel (ratio: 5.5; SDAS: 211 + 36 pum) reported in the literature than the as-
cast Al-Nb steel (ratio: 1.8; SDAS: 150 + 50 pum). Uniform grain growth was

observed in a forged Al-Nb steel with segregation spacing reduced to 65 + 10 pum.

4. Abnormal grain growth (AGG) was seen in the homogenised Al-Nb steel and the
rolled Nb-containing steel at reheating temperatures that correlate the AIN
dissolution temperature. The abnormal grain growth mechanism is slightly
different in the two steel: random local unpinning in the homogenised condition
from AIN dissolution, and compared to precipitate dissolution in the solute-

depleted bands in the rolled steel (where the bands containing the high precipitate
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number density are too narrow/ discontinuous and the spacing between bands too
small to effectively pin a large growing grain). The abnormal grain size to mode
grain size ratio is larger in the homogenised Al-Nb steel (6-8) than in the rolled Nb-

containing sample (3).

. Abnormal grain growth in homogenised Al-Nb steel occurred at 1170 °C close to
the dissolution temperature of the AIN particles; there were no abnormal grains
when the reheating temperature was below or more than 30 °C above the particle

dissolution temperature.

The difference between abnormal grain growth and bimodal grain growth has been
identified: abnormal grain growth occurs over a narrow temperature range and has
an isolated nature of individual large grains surrounded by small grains; whilst
bimodal grain growth is seen over a wide temperature range and has a band

structure containing coarse grains and small grains.
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chapter 9 Future work

From this investigation, a banded structure with segregated Nb (which is desired with
narrow segregation separation and great continuity resulting in the band pinning effect)
can be expected to avoid abnormal and bimodal grain growth, while the addition of Al
in Nb-containing steel is beneficial to reduce the temperature range over which the
bimodal grain growth is seen (due to the extra pinning effect of AIN in the Nb-depleted
region). For further research on grain growth behaviour in HSLA steel, the following

suggestions can be made:

1. Further particles characterision in the Al-Nb steel. Particle dissolution behaviour
leading to bimodal grain growth has been identified when reheating at temperatures
above the predicted dissolution temperature for dendritic particles but below that
for interdendritic particles, however, a more quantitative analysis of number
density and particle size should be carried out to give better data to determine the

critical pinning force required for bimodal grain growth restriction.

2. Thermo-mechanically controlled rolled (TMCR) testing on the Al-Nb steel. The
Al-Nb steel, with uniform and fine grain structures, can be subjected to hot
deformation (e.g. Gleeble testing) to see if the Al-rich particles have an effect on
the recrystallisation process or the recrystallised grain size. Testing of the Al-Nb
steel with a bimodal grain structure (after reheating at 1160 °C to dissolve AIN in
the matrix) can be carried out to determine if strain induced Al-rich particles form

and affect the recrystallisation kinetics.
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3. Examining the role of Al and Nb content in HSLA steel. Segregation and
precipitation predictions for Al-Nb steels with different Al and Nb contents can be
carried out to determine the reheating temperature range for uniform structures in
particular to determine if increases in Al levels can be used to minimise (or
eliminate) the formation of bimodal grain structures. Different levels of Nb in
HSLA steels could be investigated to determine the level of pinning for limitation

of grain growth,

4. Different segregation spacing. Only three segregation spacings (as-cast, forged and
rolled) have been investigated in this work. The segregation spacing can be
controlled by changing the cooling rate during casting and further spacings
(relative to the initial austenite grain structure) should be considered during
reheating trials, particularly for different Nb content steels, to determine its role on

bimodal/ abnormal grain growth.

5. Further verification of the modelling predictions. Thermo-Calc and DICTRA can
be used to give modelling predictions based on the methods that have been applied
in this project. The results achieved in future should be verified to see whether the
modelling prediction is accurate enough to predict the critical temperatures for
grain growth for the different initial conditions. Thereby it can be used in future to
design reheating treatment schedules for the HSLA steels with different

compositions.
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