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ABSTRACT

The evolution of texture components for two experimental 0.06 wt% C steels,

one containing 0.03 wt% Nb (Nb steel) and the second containing both 0.03 wt%

Nb and 0.02 wt% Ti (Nb–Ti steel), was investigated following a new thermo-

mechanical controlled process route, comprising first deformation, rapid reheat

to 1200 �C and final deformation to various strains. Typical deformation tex-

tures were observed after first deformation for both steels. Following subse-

quent reheating to 1200 �C for various times, the recrystallisation textures

consisted primarily of the a- 011h i//RD texture fibre with a weak c-{111}//ND

texture fibre, similar to deformation textures, indicative of the dominance of a

strain-induced boundary migration mechanism. The texture components after

finish deformation were different from the rough deformation textures, with a

strong a- 011h i//RD texture fibre at the beginning, and then the strong peaks

move to (111) 1�21
� �

and (111) �1�12
� �

textures due to the deformation-induced

ferrite (DIF) transformation. The effect of Ti on the recrystallisation textures and

deformation textures has also been analysed in this study. The results illustrate

that Ti significantly influences the c-{111}//ND texture fibre. Finally, the tex-

tures after deformation and recrystallisation in the austenite were calculated

based on the K–S orientation relationship between the austenite and ferrite. This

allowed the understanding of the mechanism of recrystallisation between first

and final deformation and the DIF textures during phase transformation.
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Introduction

Microalloyed steels have been widely used in a

variety of industrial sectors, such as construction,

energy and automotive [1–3]. This is a result of

optimised thermomechanical controlled processing

(TMCP) to provide the desired microstructure and

crystallographic texture, leading to steels with excel-

lent formability, strength and toughness [3, 4]. TMCP,

consisting of controlled hot deformation followed by

controlled cooling, are used to maximise the benefits

of the microalloy additions to the steels [5, 6]. The

main improvement in mechanical properties by

TMCP is a result of ferrite grain refinement, which is

maximised by having a high surface area-to-volume

ratio (Sv) of austenite grain boundaries and the

deformation band density [7].

Numerous studies on the effect of temperature on

the deformation and recrystallisation focus on the

conditions in the fully ferritic phase field, to avoid the

complexities associated with a phase transformation

[8–13]. The observed texture is then a result of the

recrystallised texture in the austenite and the resul-

tant transformation to ferrite. Recently, using pro-

cessing conditions that result in the formation of

deformation-induced ferrite (DIF), this strategy has

become a favoured method to obtain ultrafine ferrite

grains in microalloyed low carbon steels [10–16].

Most of these investigations into DIF have focused on

the effect of chemical composition, the cooling rate

and the deformation parameters (strain, strain rate).

But little attention has been paid as to how the tex-

tures arising from processing that leads to DIF effect

the final texture. This is no doubt because of the

complexities associated with its rapid formation

during deformation resulting in the formation of the

deformation-induced ferrite, the subsequent defor-

mation and recrystallisation of that ferrite and finally

its ensuing evolution during cooling to room tem-

perature. Moreover, a key issue is to differentiate the

DIF from the ferrite that was formed by transforma-

tion from the austenite during cooling.

In this study, the deformation textures after initial

deformation (the ‘roughing stage’), solution heat

treatment recrystallisation textures and finish defor-

mation textures have been investigated in the BCC

ferrite using detailed electron backscatter diffraction

(EBSD), to separate the DIF textures from the texture

arising from the normal transformation on cooling.

Moreover, depending on the observation of the BCC

textures and the Kurdjumov–Sachs (K–S) orientation

relationship, the recrystallisation and deformation

textures in the FCC matrix have been calculated to

understand how the DIF and deformed austenite

textures formed during final deformation. The effect

of a Ti addition to the Nb microalloyed steel on the

texture evolution has also been analysed and com-

pared to the base Nb microalloyed steel.

Experimental methods

Compositions and processing conditions

The materials used in the research consisted of two

laboratory cast microalloyed steels containing Nb

(designated as Nb steel) and Nb and Ti (designated

as Nb–Ti steel), which were made by vacuum

induction melting and cast into 220 mm 9

65 mm 9 28 mm square ingots at ArcelorMittal. The

compositions of these steels were analysed by Shef-

field Testing Laboratories and are listed in Table 1.

The ingots were soaked at 1300 �C for 2 h and hot-

rolled from 28- to 12-mm-thick plates in two passes in

a 2-high experimental 50 tonne Hille rolling mill. The

finishing temperature was 1100 �C, followed by

quenching in iced water. Specimens with the

dimensions of 60 mm 9 30 mm 9 10 mm were

removed from this plate for controlled deformation

using plane strain compression (PSC), performed

using the thermomechanical compression (TMC)

machine at the University of Sheffield [18]. Prior to

deformation via PSC, the samples were reheated to

1100 �C, held for 30 s and then force air cooled to the

deformation temperature of 850 �C, which was

achieved in a single pass using a strain of 0.3 at a

constant true strain rate of 10 s-1. Following this, the

steels were rapidly reheated at a rate of 10 �C/s to a

temperature of 1200 �C, isothermally held for 0, 10,

100 and 1000 s followed by an immediate water

quenching as illustrated in Fig. 1a. Based on an

assessment of the microstructures of these samples,

10 s for 1200 �C was chosen for this study and sub-

jected to final rolling. The final deformation passes

were performed with different rolling parameters

and hold times, as shown in Fig. 1b, which provided

materials deformed to strains of 0.3 and 0.6, both with

and without a 10-s hold after rolling.
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The electron backscatter diffraction (EBSD)

Electron backscatter diffraction (EBSD) specimens

were prepared from the PSC samples with dimen-

sions of about 10 mm 9 10 mm 9 5 mm. In order to

obtain the best possible surface finish for EBSD, after

polishing by 1-lm diamond suspension, the speci-

mens had a final polish using colloidal silica for an

extended period followed by water cleaning. EBSD

investigations were performed using the FEI Sirion

FEG SEM with 20 kV. The orientation mapping was

processed on a square grid with step sizes of 0.25 lm

and the pattern solving efficiencies of 80–90%. Data

analysis was processed using HKL Channel 5 soft-

ware. The observed texture was identified using pole

figures and orientation distribution function (ODF) in

the Euler space [19]. The analysis of ODF is based on

the individual crystallite orientations and utilising

the angular notation given by Bunge [20]. The EBSD

maps were subdivided into subsets, namely those

containing only deformation-induced ferrite (DIF)

and deformed prior-austenite grains that had trans-

formed to ferrite using HKL Channel 5 software. The

calculation of the parent orientations (FCC) from each

Table 1 Chemical

composition of the laboratory

steels (wt%)

C Si Mn Cr Ni Nb Ti N P

Nb steel 0.067 0.11 0.77 0.01 0.02 0.03 \ 0.01 0.0058 0.016

Nb–Ti steel 0.065 0.11 0.77 0.01 0.02 0.03 0.02 0.0062 0.016

Figure 1 Schematic

representation using the TMC

machine. (The specimens were

quenched to enable

microstructural

characterisation).
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of the product components (BCC) was carried out in

MATLAB using the reconstruction procedure out-

lined elsewhere [21].

Results

Deformation textures in the BCC matrix
during the first deformation at 850 �C,
followed by immediate water quenching

Before the first deformation at 850 �C, the steel was

first heat-treated at 1100 �C for 30 s. Figure 2 shows

the recrystallised structure in the Nb and Nb–Ti

steels, with a similar grain size for the Nb and Nb–Ti

steels. The ODFs in the u2 = 45� section were taken

from the samples after heat treatment at 1100 �C for

30 s, before the first deformation at 850 �C, Fig. 3. The

results show the strong c-{111}//ND recrystallisation

texture fibre for the Nb and Nb–Ti steels in the BCC

matrix. The deformed structure of the prior-austenite

grains could be seen after the first rolling at 850 �C,

Fig. 4. There was no evidence of DIF on the prior-

austenite grain boundaries after the first deformation

and the grain size in the RD direction were also

similar for the two steels. Figure 5 gives the ODFs

after heat treatment at 1100 �C for 30 s followed by

the first deformation at 850 �C and water quenching.

Two important fibre textures were present: a- 011h i//

RD texture fibre and c-{111}//ND texture fibre, with

the major texture component of {112} 110h i (5.5 ran-

dom and 6.8 random for Nb and Nb–Ti steels) toge-

ther with a minor component of {111} 110h i. The

textures shown in Figs. 3 and 5 demonstrated that the

recrystallisation textures during heat treatment at

1100 �C were different from the deformation textures

after subsequent deformation at 850 �C.

Recrystallisation textures in the BCC matrix
after heat treatment at 1200 �C followed
by immediate water quenching

Figures 6 and 7 show the prior-austenite grains dur-

ing heating at 1200 �C for different times in Nb and

Nb–Ti steels. The recrystallisation of the prior-

austenite grains and subsequent grain growth can be

seen with increasing holding time. Compared with

the microstructure in Fig. 2, the recrystallised grain

size in the Nb and Nb–Ti steels at 1200 �C was both

larger than that of 1100 �C for 30 s, even for the

sample heated to 1200 �C and immediately cooled.

The grain size was larger in the Nb steel compared to

that in the Nb–Ti steel for the same holding time.

Figure 2 EBSD IPF micrograph showing recrystallisation grains of HSLA steels heat treatment at 1100 �C for 30 min and then water

quenched to room temperature: a Nb steel; b Nb–Ti steel.

Figure 3 Recrystallisation textures in the u2 = 45� section of

ODFs during heat treatment at 1100 �C for 30 s: a Nb steel;

b Nb–Ti steel.
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The (111) and (110) pole figures and u2 = 45� ODF

section from recrystallised samples after rolling at

850 �C followed by heat treatment at 1200 �C for 0,

10, 100 and 1000 s and immediate water quenching

are shown in Fig. 8 for the Nb steel. At 1200 �C for

0 s, the major texture components were {112} 1�10
� �

with minor components of {001} �1�10
� �

, {114} 1�10
� �

,

{112} 1�31
� �

and {111} 0�11
� �

. With an isothermal hold

for 10 s at 1200 �C, the major texture components

changed to (112) 1�10
� �

and {111} 0�11
� �

with minor

components of {001} �1�10
� �

and {112} 1�31
� �

. After

1200 �C for 100 s, the minor components of

{001} �1�10
� �

disappeared and moved to {001} 0�10
� �

with the major texture components of {111} 1�10
� �

.

With a further increase in the holding time to 1000 s

at 1200 �C, the major texture components consisted of

(112) 1�10
� �

and {111} 0�11
� �

with minor components of

{001} 0�10
� �

.

The texture components for the Nb–Ti steel after

rough rolling followed by heat treatment at 1200 �C
for 0, 10, 100 and 1000 s and immediate water

quenching are presented in Fig. 9. The major texture

components are {112} 1�10
� �

for all four specimens

during the whole period of the heat treatment. The

different minor texture components during heat

treatment for each specimen are the {221} 1�22
� �

,

{111} 1�12
� �

, {112} 1�31
� �

and {001} 1�10
� �

at 0, 10 and

100 s, and {001} 0�10
� �

, {112} 1�31
� �

for 1000 s.

Figure 4 The deformed prior-austenite grains after first rolling at 850 �C with water quenched to room temperature: a Nb steel; b Nb–Ti

steel.

Figure 5 Rolling textures in the u2 = 45� section of ODFs displaying the intensity distribution of the a- and c-fibre orientations: a Nb

steel; b Nb–Ti steel.

J Mater Sci



The recrystallisation texture components for Nb

and Nb–Ti steels were different [22], as the intensity

of {111} 1�10
� �

texture continually increased for the Nb

steel, while the {111} �1�12
� �

texture changed to a

stronger {111} 1�10
� �

texture component for Nb–Ti

steel as a result of the Ti addition. As the isothermal

holding time increased, the {001} �1�10
� �

disappeared

and changed to {001} 0�10
� �

.

To further analyse the differences of the recrys-

tallisation fibres in these two steels, Fig. 10 shows the

orientation distribution function along the section of

U = 55� and u2 = 45� as a function of u1 with rota-

tion of the normal direction parallel to the [111] (c
fibre). The strong f(g) peaks in Fig. 10 for Nb and Nb–

Ti steels correspond to the ideal orientations given in

Figs. 4 and 5. Meanwhile, for the c fibre, the f(g) peak

was around u1 = 0� and 60� for the Nb steel for the

entire period, but the orientation density peak in the

Nb–Ti steel was around 20�–30� and 70�–90�, Fig. 10.

The orientation density was a minimum in the Nb at

u1 = 30� and for the Nb–Ti at u1 = 60� for the whole

period. Thus, the addition of Ti to the steel changed

the texture distribution significantly compared to the

Nb steel.

Deformation-induced ferrite (DIF)
microstructures during finish deformation
for the Nb and Nb–Ti steels

For the study of deformation-induced ferrite during

hot working, Figs. 11 and 12 show IPF maps taken

from the Nb and Nb–Ti steel samples that had a final

deformation at a temperature of 850 �C, which is

above the Ar3 for the various strains and holding

times given in Fig. 1b. For schedule A-10, deforma-

tion-induced ferrite formation was observed along

the austenite grain boundaries, Figs. 11a and 12a.

After the same deformation and with a subsequent

isothermal hold for 10 s (schedule B-10), the ferrite

that had formed through deformation began to

coarsen along the prior-austenite grain boundaries

Figure 6 EBSD IPF and light micrographs illustrating recrystallisation structures with reheating at 1200 �C and holding for different

times in the Nb steel, a, d 0 s, b, e 10 s, c, f 100 s.
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(Figs. 11b, 12b). The volume fraction of the DIF along

the prior-austenite grain boundaries increased with

increased isothermal holding after deformation as a

result of this grain growth (as illustrated by the white

lines in Fig. 11). Following a second deformation to a

strain of 0.6 (schedule C-10), the interior of austenite

grains became active as nucleation sites for DIF

(Figs. 11c, 12c) (as illustrated by the white ring).

Figure 13 gives the average size of the deforma-

tion-induced ferrite grains. Not surprisingly, the size

of the DIF was larger after a hold after deformation

(B-10 vs A-10 and D-10 vs C-10). Equally, the second

deformation at 850 �C (C-10) resulted in a finer DIF

grain size compared to the strain of 0.3 (A-10).

Moreover, the grain size of the DIF in the Nb steel is

slightly smaller than that found in the Nb–Ti steel.

The u2 = 45� ODF sections for the Nb and Nb–Ti

steels with a finishing deformation at 850 �C are

presented in Fig. 14. There is only one peak and a few

weaker components shown in Fig. 14a, e with a total

strain of 0.3 for Nb and Nb–Ti steels (schedule A-10).

The strongest peak was along (112) 1�10
� �

. Weaker

components exist at (111) 1�21
� �

, (111) 0�11
� �

. After

deformation to a strain of 0.3 and then an isothermal

hold for 10 s (schedule B-10), three strong peaks were

observed at (112) 1�10
� �

, (111) 0�11
� �

and (111) 1�12
� �

for

Nb steel (Fig. 14b) and two speaks for Nb–Ti steel at

(112) 1�10
� �

and (111) 1�12
� �

(Fig. 14f). The intensity of

(112) 1�10
� �

decreased after a 10-s hold, due to the

ferrite recrystallisation. The two orientation compo-

nents along (111) 1�21
� �

and (111) 0�11
� �

with the

intensity became weaker than that in the sample

deformed without isothermal holding (schedule A-

10) for both Nb and Nb–Ti steels. Increasing the

strain to 0.6 (schedule C-10) (Fig. 14c, g), the strong

peak at (112) 1�10
� �

had an intensity slightly higher

than that of the strong peak for those samples

deformed to a strain of 0.3 with 10-s holding

(schedule B-10), but much less than that at schedule

A-10 for both steels. Three orientation components

were observed along (111) 1�21
� �

, (111) 0�11
� �

and

Figure 7 EBSD IPF and light micrographs illustrating recrystallisation structures with reheating at 1200 �C and holding for different

times in the Nb–Ti steel, a, d 0 s, b, e 10 s, c, f 100 s.
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(111) 1�12
� �

with a similar intensity to each other.

Finally, after isothermal holding for 10 s after a total

strain of 0.6 (schedule D-10) (Fig. 14d, h), the strong

peaks moved to (111) 1�21
� �

and (111) �1�12
� �

with the

components at (112) 1�10
� �

becoming weaker for both

steels. There were also weaker components at

(001) 1�10
� �

and (001) �1�10
� �

in all ODFs.

Discussion

The effect of heat treatment at 1200 �C
for different holding time between the first
and final rolling on the deformation
and the recrystallisation textures in the Nb
and Nb–Ti steels

Considering the recrystallisation textures at 1100 and

1200 �C (Figs. 3, 8, 9), and the deformation textures at

the first and final rolling (Figs. 5, 14), the results show

that the recrystallisation textures at 1200 �C (Figs. 8,

9) are closely related to the first deformation textures

at 850 �C (Fig. 5), but they are different from the

recrystallisation textures at 1100 �C (Fig. 3) for both

steels [23, 24]. This suggests that the strain-induced

boundary migration (SIBM) mechanism was domi-

nant during recrystallisation at 1200 �C, as reported

by several researchers [23, 25, 26]. A characteristic

feature of this mechanism is that the new grains have

similar orientations to the old grains from which they

have grown [27]. Therefore, after the first deforma-

tion followed by a rapid increase in the temperature

to 1200 �C, the mechanism of recrystallisation is dif-

ferent from the recrystallisation at 1100 �C for both

steels, due to the SIBM.

After reheating at 1200 �C for 10 s, both steels were

then subject to a final deformation schedule using

different strains and interpass holding times

(Fig. 1b). For the rolling schedule A-10, which has the

same rolling parameters as the first deformation,

Figure 8 (111) and (110) pole figures and u2 = 45� ODF section for Nb steel with various heat treatments: a 1200 �C/0 s; b 1200 �C/
10 s; c 1200 �C/100 s; d 1200 �C/1000 s.
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similar texture components were observed, namely

(112) 1�10
� �

and (111) 0�11
� �

, Figs. 5 and 14. However,

the intensity of those two orientations was stronger

after the final rolling compared to after the first roll-

ing. Moreover, with a 10-s isothermal hold after the

final deformation, the peak of the orientations chan-

ged to (111) 1�21
� �

and (111) 1�12
� �

. Then, following

further deformation (schedule of C-10, which has the

same rolling parameters with A-10), the intensity of

the (112) 1�10
� �

and (111) 0�11
� �

was still lower after

C-10 compared to after final rolling at A-10. Thus, the

heat treatment at 1200 �C between the first and finish

deformations had a clear effect on the texture.

Simulation of texture

It is known that the phase transformation from

austenite to ferrite obeys the K–S orientation rela-

tionship [28]; therefore, the deformation and the

recrystallisation textures in the FCC matrix, which

transformed to the BCC textures after water

quenching to room temperature, can be calculated

through the K–S orientation relationship [29]. The

simulations were conducted on the Nb steel.

The calculation of the parent orientations (FCC)

from each of the product components (BCC) was

carried out in MATLAB using the reconstruction

procedure outlined elsewhere [21]. The transforma-

tion from ferrite to austenite is characterised by the

K–S orientation relationship, which defined a rotation

of 90� around each of the twelve possible 112h i axes;

therefore, 24 rotations are necessary to obtain the 24

variants. The complete procedure for the calculation

of a parent orientation has been analysed through

ODFs presented in Fig. 15.

The deformation textures in the austenite after the

first deformation were Goss/Brass and Cube textures

shown in Fig. 15a. After reheating to 1200 �C for 0, 10

Figure 9 (111) and (110) pole figures and u2 = 45� ODF section for Nb–Ti steel with various heat treatments: a 1200 �C/0 s; b 1200 �C/
10 s; c 1200 �C/100 s; d 1200 �C/1000 s.
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Figure 10 Variation in f(g) with u1 along the section of U = 55� and u2 = 45� for heat treatment steels: a Nb steel, b Nb–Ti steel.

Figure 11 IPF images from EBSD observation of deformation-

induced ferrite in the Nb steel specimens after finish deformation

with the isothermal holding time of a e = 0.3, 0 s (schedule A-10),

b e = 0.3, 10 s (schedule B-10), c e = 0.6, 10 s (schedule C-10),

d e = 0.6, 10 s ?10 s hold (schedule D-10).
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and 100 s, the recrystallised austenite texture com-

ponents were mainly Brass for three different holding

times (Fig. 15b–d) and weak orientation of Goss and

{236} 358h i that begin at 10 s and increased at 100 s

(Fig. 15c, d). With increasing holding time to 100 s,

the weak Cube texture appeared at 100 s (Fig. 15d).

After the first deformation in the austenite, there

was also a weak Brass texture shown in Fig. 15a.

With the isothermal holding time increased to 10 s, a

weak {236} 358h i texture formed. The intensity of the

{236} 358h i orientation increased with increasing

holding time to 100 s. The Brass recrystallisation

orientation of {236} 358h i produced by the Brass

deformation texture rotated by an approximate 30�–
40� 111h i rotation. Virnich [30] and Gottstein [31]

reported similar recrystallisation behaviour in the

FCC metal, and the intensity of {236} 358h i also

appeared after holding for a period and then

increased with the increasing holding time [32].

The recrystallisation textures at 1200 �C (Figs. 8, 9)

in this investigation are similar to the deformation

textures after the first deformation (Fig. 5), but dif-

ferent from the typical recrystallisation texture with

strong c-{111}//ND texture fibre, as shown in Fig. 2.

The evolution of recrystallisation textures (Fig. 15b–

d) in the austenite is also different from the typical

austenite recrystallisation textures, but similar to the

deformed textures in austenite (Fig. 15a), which also

support the SIBM recrystallisation theory [33].

Moreover, the calculated recrystallisation textures at

1200 �C in the austenite indicated that the Brass

deformation texture after first rolling with orientation

of {011} 211h i also rotated to the Brass recrystallisation

orientation. The solute drag during high-temperature

heat treatment promoted the retention of the Cube

texture during recrystallisation to 100 s.

There are weaker {001} �1�10
� �

and {112} 1�31
� �

tex-

tures shown in Fig. 8a–c after isothermal holding

Figure 12 IPF images from EBSD observation of deformation-

induced ferrite in the Nb steel specimens after finish deformation

with the isothermal holding time of a e = 0.3, 0 s (schedule A-10),

b e = 0.3, 10 s (schedule B-10), c e = 0.6, 10 s (schedule C-10),

d e = 0.6, 10 s ?10 s hold (schedule D-10).
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from 0 and 10 s, which could also have been pro-

duced from Brass textures shown in Fig. 15b, c.

Moreover, there is a weak Goss texture only shown in

Fig. 15d after holding for 100 s at 1200 �C in the

austenite. As reported by Guillén [34], the (001) 0�10
� �

texture component in the BCC matrix shown in

Fig. 8d can have transformed from the Goss recrys-

tallisation texture, which only appeared after

isothermal holding for 100 s. Therefore, the calcu-

lated FCC textures shown in Fig. 15 fitted well with

the produced textures after transformation to BCC

matrix.

The effect of Ti on the recrystallisation
and deformation textures as well
as the microstructures

The c-fibre plots shown in Fig. 10, taken from the heat

treatment samples at 1200 �C (Fig. 1a), indicated that

the Nb steel exhibited the maximum orientation

density at (111) 1�10
� �

. However, for the Nb–Ti steel,

the reverse was true in that the texture component of

(111) 1�10
� �

disappeared when recrystallisation

occurred. Moreover, Fig. 5 shows that there was no

difference in the deformation textures for the Nb and

Nb–Ti steels after the first deformation. However,

after heat treatment at 1200 �C, the recrystallisation

textures in the Nb and Nb–Ti steels were different

from first deformation textures. With the Ti addition

in the Nb–Ti steel, the recrystallisation textures at

1200 �C changed significantly, when compared with

the Nb steel.

Figure 13 The average DIF grain size measured from Fig. 8 in

the Nb steel specimens after finish deformation with the isother-

mal holding time of schedule A-10: e = 0.3, 0 s, schedule B-10:

e = 0.3, 10 s, schedule C-10 e = 0.6, 10 s, schedule D-10

e = 0.6, 10 s ?10 s hold.

Figure 14 (111) and (110) u2 = 45� ODF sections from the Nb

and Nb–Ti steel specimens after finish deformation with the

isothermal holding time of a, e e = 0.3, 0 s (schedule A-10), b,

f e = 0.3, 10 s (schedule B-10), c, g e = 0.6, 10 s (schedule

C-10), d, h e = 0.6, 10 s ?10 s hold (schedule D-10), while a–

d took from Nb steel and e–h took from Nb–Ti steel.
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A similar phenomenon has also been observed by

Ghosh et al. [22] in continuously annealed steels

which showed that the (111) 1�10
� �

orientation is

favoured in the Nb steel. This is because of the dif-

ferences in dissolution kinetics. In the Nb steel, all

microalloy elements and carbon would have been in

solution after reheating to 1200 �C, whereas for the

Nb–Ti steel, full dissolution would not have occurred

[20–22]. The solute drag from the Nb is known to

influence the recrystallisation textures during heat

treatment [35, 36].

The final deformation textures shown in Fig. 14

were similar c-fibre deformation textures for both Nb

and Nb–Ti steels. As shown in Figs. 11 and 12, the

DIF formed mainly on the prior-austenite grain

boundaries during final deformation, which are not

observed on the first deformation (Fig. 4). It is shown

that the addition of Ti did not influence the DIF

textures during final deformation.

Figure 15 Simulated

evolution of deformation and

recrystallisation texture in

austenite phase (FCC) a after

deformation; and during heat

treatment at 1200 �C: ODFs of
the Nb steel for various

holding times, b 0 s; c 10 s;

d 100 s.
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The mechanism of the DIF during final
deformation depending on the simulation
of FCC textures

DIF was observed at the prior-austenite grain

boundaries during final deformation (Figs. 11, 12),

although the average prior-austenite grain size was

larger than that during holding at 1100 �C. It has been

observed that a finer prior-austenite grain size before

deformation increases the extent of DIF [37]. In the

present study, in contrast to the observations of

[13, 17, 38–46], DIF was promoted by a larger prior-

austenite grain size, arising from the reheating pro-

cess between first and final deformation. As shown in

Fig. 14, for both Nb and Nb–Ti steels, the peak

components of the orientation were at (112) 1�10
� �

and

(111) 0�11
� �

with the final rolling schedule of A-10.

Then, with 10-s holding after finishing deformation

(B-10), the peak components of the orientation chan-

ged to (111) 1�21
� �

, (111) 1�21
� �

, (111) 0�11
� �

and

(111) 1�12
� �

. With increasing the finishing deformation

strain to 0.6 (C-10), the maximum peak orientation

changed back to (112) 1�10
� �

. But again, with a sub-

sequent hold of 10 s, the peak reverts to (111) 1�21
� �

and (111) 1�12
� �

. During holding for 10 s the DIF

grains grew, increasing their overall volume fraction.

Nevertheless, it is clear that the DIF textures are

mainly (111) 1�21
� �

and (111) 1�12
� �

.

Furthermore, the previous work [34, 47–51] about

the relationship between FCC and BCC textures has

indicated that the Goss texture from deformed

austenite (FCC) would produce components of

(112) 1�10
� �

, (111) 1�10
� �

and (111) 0�11
� �

in the BCC

ferrite matrix after phase transformation. The Brass

texture from deformed and recrystallised austenite

(FCC) was transformed to the components of

(001) 1�10
� �

, (001) �1�10
� �

, (111) 1�21
� �

and (111) �1�12
� �

in

ferrite matrix (BCC). The DIF rapidly formed on the

prior-austenite grain boundaries during final defor-

mation. Then, after final deformation, the residual

Figure 16 IPF images from (001) 1�10
� �

, (001) �1�10
� �

,

(111) 1 � 21h i and (111) �1�12
� �

orientation of DIF in the Nb steel

specimens after finish deformation with the isothermal holding

time of a e = 0.3, 0 s (schedule A-10), b e = 0.3, 10 s (schedule

B-10), c e = 0.6, 10 s (schedule C-10), d e = 0.6, 10 s ? 10 s

hold (schedule D-10).
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deformed austenite will be transformed directly to

ferrite without producing DIF [50, 52–54].

Therefore, the (112) 1�10
� �

and (111) 0�11
� �

in the

resultant ferrite matrix, shown in Fig. 14, come from

Goss deformed austenite textures (Fig. 15a). The

(001) 1�10
� �

, (001) �1�10
� �

, (111) 1�21
� �

and (111) �1�12
� �

shown in Fig. 14 come from Brass recrystallised

austenite textures. Figure 16 shows IPF subset maps

of the (001) 1�10
� �

, (001) �1�10
� �

, (111) 1�21
� �

and

(111) �1�12
� �

textures that are the DIF components [55].

It is clear that most of the DIF occurred on the prior-

austenite grain boundaries and the number density

increased with the increasing strain and isothermal

holding time after deformation. The results show that

the DIF textures were mainly (001) 1�10
� �

, (001) �1�10
� �

,

(111) 1�21
� �

and (111) �1�12
� �

, which come from the

recrystallisation austenite textures.

Conclusions

1. Both Nb and Nb–Ti steels after heat treatment at

1100 �C for 30 s and the first deformation at

850 �C show the typical strong recrystallisation

and deformation textures in the BCC matrix.

2. The recrystallisation textures after heat treatment

at 1200 �C for different times were studied for

both Nb and Nb–Ti steels. The observed texture

was different from the typical recrystallisation

textures, but similar to the deformation textures

after first rolling at 850 �C. The difference was

believed to be due to SIBM recrystallisation

occurring at 1200 �C.

3. The effect of Ti on the recrystallisation textures

has been analysed. The results indicated that Ti

significantly influences the c-{111}//ND texture

fibre due to the lower solid solution in the Nb–Ti

steel. The solute drag effect benefited the nucle-

ation of the (111) 1�10
� �

orientation for the Nb

steel. However, the effect of Ti on the DIF textures

is not obvious. The rapid formation of DIF

supports the view that DIF occurred through a

massive transformation.

4. The DIF textures were mainly (001) 1�10
� �

, (001)
�110

� �
, (111) 1�21

� �
, {112} 1�31

� �
and (111) �1�12

� �
,

which were produced from the Brass recrys-

tallised FCC texture. The (112) 1�10
� �

and

(111) 0�11
� �

in the ferrite matrix were produced

from the Goss deformed texture in the austenite.

5. The (001) 0�10
� �

instead of {001} �1�10
� �

appeared

after isothermal holding until 100 s at 1200 �C,

which arose from the Goss recrystallisation tex-

ture which only formed in the austenite after a

100-s hold.
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