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Abstract. This study investigated the texture evolution of bainitic steel samples processed from lateritic 
nickel ores with varying heat treatment times. The samples were austenitized, air-cooled, and subjected to 
bainitic heat treatment at 532°C for 15 and 30 minutes. Scanning electron microscopy (SEM) analysis 
revealed that the sample treated at 532°C for 15 minutes, developed bainitic plates within the austenitic 
matrix due to the relatively rapid air cooling. Conversely, the sample, heat-treated at 532°C for 30 minutes, 
exhibited a combination of bainitic and pearlitic microstructures. Neutron diffraction analysis using software 
showed moderate-to-weak textures in both samples, indicating dislocation polygonization resulting from 
prolonged heat treatment. The results suggest that further research is needed to investigate the texture 
evolution of bainitic steels from nickel lateritic ores after plastic deformation. This work contributes to 
understanding the microstructural characteristics of bainitic steel derived from nickel lateritic ores, which 
may have significant implications for the production and application of these steels in the future.

1 Introduction 
Nickel laterite ores currently account for 60% of the 
global nickel supply, with 71% being used for stainless 
steel production, 5% for batteries, and 24% for other 
applications [1]. However, projections suggest that by 
2025, the demand for nickel laterite ores will shift towards 
62% for stainless steel, 21% for batteries, and 17% for 
other uses [2]. Two main types of nickel laterite ores exist, 
i.e., limonite [3] and silicate [4]. Limonite ore is primarily 
processed into ferronickel and nickel matte for iron and 
steel production. Nickel pig iron (NPI) is an intermediate 
product between nickel laterite ores and steel, in contrast 
to pig iron derived from iron ores [5-8]. Through alloying 
and heat treatment, various types of steel and cast irons 
can be produced during or after the steel-making process.  
 Bainitic steel, with its plate-like microstructures, is 
one of the types of steel commonly used in the automotive 
industry. The bainitic structure was first mentioned by 
Edgar Bain [9, 10] and consists mainly of Fe3C 
(cementite) and dislocation-rich α-ferrite. Upper bainite 
forms during slow to moderate cooling in the temperature 
range of 400°C - 550°C on the time-temperature-
transformation (TTT) diagram, whereas lower bainite 
forms at 250°C - 400°C [11, 12]. As the bainite content 
increases up to 50%, the hardness and strength of steel 
remain steady and increase by about 30% afterward [13]. 
Previous investigations have explored the texture 
crystallography of bainite structures in iron-ore-based 

steels, including the texture evolutions of bainitic steels 
through various isothermal and thermomechanical 
treatments and interactions with martensitic structures 
during mechanical deformation [14-18]. 
 The motivation for this research is the increasing 
demand for nickel lateritic ores as a source of nickel for 
stainless steel and battery production and the significance 
of bainitic steel in the automotive industry. This study's 
novelty lies in investigating the texture crystallography of 
bainitic steel derived from nickel lateritic ores, an area 
that has not been extensively studied compared to bainitic 
steels based on iron ores. Additionally, using neutron 
diffraction instead of x-ray diffraction for texture 
measurement provides a new approach to studying 
bainitic steel microstructures. 
 The primary objective of this study is to examine the 
influence of variations in heat treatment time on the 
texture crystallography of bainitic steels obtained from 
nickel lateritic ores. The texture observations were 
analyzed using recalculated pole figures (RPFs), inverse 
pole figures (IPFs), and orientation distribution functions 
(ODFs). By providing a deeper understanding of the 
microstructural characteristics of bainitic steels derived 
from nickel lateritic ores, the results of this investigation 
may have significant implications for the production and 
application of these steels in the future. 
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2 Materials and Methods 
The as-cast nickel lateritic low carbon steel material with 
the composition of Fe-0.3C-3.03Ni-2.23Al was cut into 
two pieces with the dimensions of 1.2 x 1.2 x 1.0 cm each. 
Both pieces were austenitized at 945°C for 10 minutes and 
air-cooled. One piece was subsequently heat-treated at 
532°C for 15 minutes and air-cooled (sample code: U2-8-
15), whereas the other was at 532°C for 30 minutes and 
air-cooled (sample code: U2-8-30). 
 Both samples U2-8-15 and U2-8-30 were each 
mounted, ground, polished, and etched according to 
standard metallography procedure before the scanning 
electron microscopy/energy dispersive X-ray 
spectrometry (SEM/EX) analysis. The utilized etching 
solution at the end of metallography was nital. The 
SEM/EDX observations and analyses were conducted 
using Thermofisher Quanta 650. 
 Neutron diffraction was conducted on samples U2-8-
15 and U2-8-30 using diffractometer neutron texture 
(DN2) with the neutron wavelength (λn) of 1.2799 Å. The 
neutron beam was generated from the nuclear reactor 
facility of G. A. Siwabessy at the B. J. Habibie Science 
and Technology Park of Puspiptek, Tangerang Selatan, 
Indonesia. The diffraction angles of 2θ were scanned in 
the interval of 20° - 105°. Data for pole figures were 
measured within the range of 0° ≤ ϕ ≤ 90° and 0° ≤ χ ≤ 
90°. ϕ indicates the sample rotation at 2θ diffraction 
angles, whereas the sample tilting at 2θ Bragg’s 
diffraction angle. θ is half of Bragg’s diffraction angles.  
 Fig. 1 shows the coordinate systems for X-ray or 
neutron diffraction. X, Y, and Z are the axes for the 
sample coordinate system, of which they are 
correspondingly symbolized by X = H1 (horizontal-1 
direction), Y = H2 (horizontal-2 direction), and Z = V1 
(vertical-1 direction). It was necessary to delineate the 
coordinate system of samples U2-8-15 and U2-8-30 with 
the notations H1, H2, and V1 since they did not 
experience plastic deformation. The usual notations of RD 
(rolling direction), TD (transverse direction), and ND 
(normal direction) for the sample coordinate system were 
not used as a consequence of zero plastic deformation. 
Meanwhile, x, y, and z are the axes for the crystallography 
coordinate system whose designations are frequently x = 
[100], y = [010], and z = [001]. The results of neutron 
diffraction were then refined using the MAUD (materials 
analysis using diffraction) program, before being 
manifested into RPFs, IPFs, and ODFs using the LaboTex 
software. Due to low neutron flux and limited operation 
of a nuclear reactor, the pole figure characterization range 
was constrained into ϕ = 90° and tilting χ ≤ 90° resulting 
in quarter pole figures. This is possible for materials with 
high symmetry such as cubic crystal structures with 
orthorhombic sample symmetry. Other than cubic crystal 
structure, it may reach 360°. 
 

 
Fig. 1. The coordinate systems for samples U2-8-15 and U2-8-
30. The crystallography coordinate system is indicated by the 
red arrows (x-y-z), whereas the sample coordinate system is by 
black arrows (X-Y-Z). 

3 Result and Discussion 

3.1 SEM/EDX Analysis 

Figs. 2A and 2B show the microstructures of samples U2-
8-15 and U2-8-30 at 2500 x magnification respectively. 
Since the samples were as-cast and not yet deformed, their 
microstructures showed no elongated grains or phases. 

 Sample U2-8-15 was heat-treated at 532°C for 15 
minutes and then air-cooled. Bainitic plates (bp) appeared 
at the expense of the relatively smooth matrix phase of 
austenite (RA), as shown in Fig. 2A. With the heat 
treatment at 532°C for 15 minutes, the time-temperature-
transformation (TTT) diagram suggested the occurrence 
of bainite and pearlite transformations, as suggested by 
Fig. 3 [19]. However, the cooling rate was relatively fast 
due to air cooling, which might suppress the formation of 
pearlite to some extent. With the given cooling rate, 
bainite formation was more likely than pearlite. Bainite is 
a microstructure that forms at intermediate cooling rates 
and consists of fine, needle-like structures. It is a 
transformation product of austenite [20]. Depending on 
the cooling rate and transformation kinetics, some 
retained austenite might be present. Retained austenite is 
a metastable phase that remains untransformed due to 
insufficient time or cooling rate [21, 22]. The air cooling 
was not rapid enough to allow the significant formation of 
martensites. 
 Sample U2-8-30 (Fig. 2B) was heat-treated at 532°C 
for 30 minutes and then air-cooled. The longer duration 
increased the likelihood of phase transformations, 
including bainite and pearlite. Similar to sample U2-8-15, 
bainite formation was probable due to the intermediate 
cooling rate. The longer time at 532°C increased the 
likelihood of bainite transformation. The extended 
duration might allow some pearlite to form. Pearlite 
consists of alternating layers of ferrite and cementite and 
forms at slower cooling rates compared to bainite [23, 24]. 

 

 

 

 
Fig. 2. Microstructures of: A. Sample U2-8-15, and B. Sample 
U2-8-30. In sample U2-8-15, bainitic plates (bp) occurred at the 
expense of the retained austenitic (RA) matrix. In sample U2-8-
30, fewer bainitic plates (bp) took place at the significant 
pearlitic matrix. 
 
 The result of the EDX line-scanning analysis of 
sample U2-8-15 is shown in Fig. 4, Fig. 5, and Table 1, 
whereas sample U2-8-30 in Fig. 6, Fig. 7, and Table 2. 
The EDX analysis of sample U2-8-15 indicated the 
composition (in wt%) of Fe = 87.40, C = 7.83, Al = 0.89, 
Ni = 2.69, and Si = 1.19. The EDX composition (in wt%) 
of sample U2-8-30 revealed the content of Fe = 87.90, C 
= 7.50, Al = 1.14, Ni = 2.39, and Si = 1.06. The iron 
content in both samples is the highest, which is expected 
since these are steel samples. The slightly higher iron 
content in U2-8-30 suggests that there might be a higher 
proportion of untransformed ferrite or retained austenite 
in this sample due to the longer heat treatment.  The 
carbon content is relatively consistent between the two 
samples. Carbon is a key element in determining the 
hardness and strength of steel [25, 26]. Both samples 
contained aluminum, which is an alloying element added 
for specific purposes, such as improved oxidation 
resistance [27, 28], enhanced strength and toughness [29, 
30], as well as improved weldability [31, 32]. The slightly 
higher aluminum content in U2-8-30 could indicate a 
more complete transformation to secondary phases like 
bainite or pearlite. Nickel was present in both samples. It's 
often used in steel alloys to improve toughness, corrosion 
resistance, and heat resistance [33, 34]. The higher nickel 
content in U2-8-15 might influence its microstructure. 
Silicon was also present in both samples. Silicon can 
influence the steel's properties and its behavior during 
heat treatment. The silicon present in the samples likely 
has multiple origins, including impurities in raw materials 
and its role as a deoxidizer during steel production [35]. 
 

 
Fig. 3. TTT-diagram of 0.65% carbon steel [19]. 
 

 
Fig. 4. Area of EDX spectrum (Spectrum1) for sample U2-8-15. 
 

 
Fig. 5. EDX spectrum of sample U2-8-15. 
 

Table 1. EDX composition of sample U2-8-15. 
 

 

Element Line 
Type 

Weight 
% 

Weight 
% 

Sigma 

Atomic 
% 

C K series 7.83 1.13 27.89 
Al K series 0.89 0.17 1.40 
Si K series 1.19 0.15 1.82 
Fe K series 87.40 1.14 66.93 
Ni K series 2.69 0.33 1.96 

Total  100.00  100.00 
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Fig. 4. Area of EDX spectrum (Spectrum1) for sample U2-8-15. 
 

 
Fig. 5. EDX spectrum of sample U2-8-15. 
 

Table 1. EDX composition of sample U2-8-15. 
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Weight 
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Weight 
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C K series 7.83 1.13 27.89 
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Total  100.00  100.00 

3

E3S Web of Conferences 543, 03005 (2024)	 https://doi.org/10.1051/e3sconf/202454303005
IPMC 2023



 
Fig. 6. Area of EDX spectrum (Spectrum1) for sample U2-8-30. 
 

 
Fig. 7. EDX spectrum of sample U2-8-30. 
 

Table 2. EDX composition of sample U2-8-30. 
 

Element Line 
Type 

Weigh
t % 

Weight 
% 

Sigma 

Atomic 
% 

C K series 7.50 0.98 26.92 
Al K series 1.14 0.14 1.83 
Si K series 1.06 0.13 1.63 
Fe K series 87.90 0.98 67.86 
Ni K series 2.39 0.28 1.76 

Total  100.00  100.00 
 
 In both samples of U2-8-15 and U2-8-30, the carbon 
content in EDX analyses reached more than 2%, i.e. 
7.83% and 7.50% respectively. The occurrence of 
heightened background counts in SEM-EDX often results 
in the emergence of a synthetic carbon (C) peak, leading 
to a measurement of more than 2% carbon even in the 
absence of actual carbon in the specimen. This occurrence 
is linked to the detector window, typically composed of 
SATW material, characterized by a specific transmission 
profile with a notable absorption edge just above the C X-
ray energy. Consequently, an artificial peak is generated 
at the C energy position, primarily due to the intense 
absorption of background (continuum) X-rays. It is 
noteworthy that EDS detector manufacturers commonly 
employ SATW detector windows or ultrathin polymer 
windows produced by Moxtek [36]. 

3.2 Neutron Diffraction 

The results of the MAUD refinement for bainitic samples 
U2-8-15 and U2-8-30 indicate a body-centered cubic 
(bcc) crystal structure with a lattice parameter of 2.7800 
Å and a space group of Im▁3m or I 4/m▁3 2/m. Both 
samples exhibit orthorhombic symmetry and a cubic 
crystal structure. The neutron diffraction patterns of 

samples U2-8-15 and U2-8-30 after refinement are shown 
in Fig. 8, and the overlaid diffraction patterns of the two 
samples are displayed in Fig. 9. Bragg’s peaks or 
maximum intensities were observed at the planes of 
diffraction: (110), (200), (211), (220), and (310) for both 
samples, consistent with previous reports by Talebi et al. 
[19] and Guo et al. [37] for bainitic steel at (110), (200), 
(211), and (220). Table 3 provides the corresponding 2  
values of the diffraction planes for samples U2-8-15 and 
U2-8-30, along with their interplanar spacings. Sample 
U2-8-15 exhibited the highest peak intensity at the (211) 
plane, while sample U2-8-30 had its highest peak 
intensity at the (110) plane. These results provide valuable 
information on the crystal structure and symmetry of the 
bainitic steel samples derived from nickel lateritic ores. 
 

 
Fig. 8. Neutron diffraction patterns of samples U2-8-15 and U2-
8-30. 
 

 
Fig. 9. The overlaid neutron diffraction patterns of samples U2-
8-15 and U2-8-30. 
 

Table 3. Diffraction planes, interplanar spacings, and 
two-thetas of samples U2-8-15 and U2-8-30. 

(hkl) 

d1 of 
U2-
8-15 
(Å) 

d2 of 
U2-8-
30 (Å) 

2θ1 of 
U2-8-
15 (°) 

2θ2 of 
U2-8-
30 (°) 

Int1 
of 

U2-8-
15 

(%) 

Int2 
of 

U2-8-
30 

(%) 

(110) 2.029
7 2.0284 36.757 36.781 98 100 

(200) 1.435
2 1.4343 52.961 52.997 29 19 

(211) 1.171
9 1.1711 66.197 66.248 100 90 

(220) 1.014
9 1.0142 78.182 78.246 22 24 

(310) 0.907
8 0.9071 89.650 89.738 63 27 

3.3 Recalculated Pole Figures 

Figs. 10 and 11 display the recalculated pole figures 
(RPFs) of samples U2-8-15 and U2-8-30, respectively, 
based on 110-, 200-, or 100-, and 211 directions. The 
RPFs are pole figures computed from the orientation 
distribution function (ODF) using LaboTex software. 
Comparing the RPFs of both samples, it is evident that 
prolonged heat treatment caused significant changes in 
texture or preferred orientations. The crystal orientations 
in sample U2-8-30 were more scattered, despite lower 
intensities in the RPFs (Fig. 11), indicating the breakup of 
texture into clusters of finer misorientations with longer 
heat treatment. 

 In sample U2-8-15, 001- or RD-textures were present 
in both the 110 RPF and 200 RPF (Figs. 10A and 10B). 
Considering the high symmetry of the cubic structure, 
similar textures were also expected to occur in the 00▁1 
direction in the 110 RPF and 200 RPF. However, such 
textures did not occur in the TD direction in the 110 RPF 
and 200 RPF, indicating the anisotropy of the as-cast and 
heat-treated sample U2-8-15. In the 110 RPF of Fig. 10A, 
a strong texture was observed in the 001 direction whereas 
slightly weaker ones were observed in the vicinities of the 
340-, 010-, and ▁3 40 directions. In contrast, in the 200 
RPF of Fig. 11B, strong textures occurred in the 001-, 
122-, 233-, 312-, 430-, and 140 directions. A <100> fiber 
texture was reported in bainite-based quenching-
partitioning (BQ&P) steel under high strain rates [38]. No 
robust textures were observed in the 211 RPF, as shown 
in Fig. 11C. 
 Sample U2-8-30 exhibited weak and scattered 
textures after extended heat treatment, as shown in Figs. 
11A, 11B, and 11C. However, a few strong textures were 
still identified in the vicinities of the 223-, 101-, and 231 
directions of the 200 RPF (Fig. 11B). Other than these few 
strong textures, the intensity levels of textures in sample 
U2-8-30 were lower than those of sample U2-8-15. This 
phenomenon could be related to the dislocation density 
reduction and polygonization (recovery) of bainitic ferrite 
with prolonged heat treatment [39]. Dislocations in the 
bainite structure were reported by He et al. [40] and 
Cornide et al. [41]. The textures in Figs. 10 and 11 did not 
bear many resemblances to previous works on bainitic 
steels since samples U2-8-15 and U2-8-30 did not 
undergo plastic deformation. 
 

 
Fig. 10. The recalculated pole figures (RPFs) of sample U2-8-
15 concerning A. 110 RPF, B. 200 RPF, and C. 211 RPF. 
 

 
Fig. 11. The recalculated pole figures (RPFs) of sample U2-8-
30 concerning A. 110 RPF, B. 200 RPF, and C. 211 RPF. 

3.4 Inverse Pole Figures 

Figs. 12 and 13 depict the inverse pole figures (IPF) of 
samples U2-8-15 and U2-8-30, respectively, based on 
100-, 010-, and 001 directions. The texture evolution due 
to prolonged heat treatment is evident in the IPFs of both 
samples, with the crystal orientations of sample U2-8-30 
being more scattered and lower in intensity compared to 
those of sample U2-8-15. 

 In sample U2-8-15, strong textures were observed in 
the 111 direction of both the 100 IPF and 010 IPF (Figs. 
12A and 12B), following the trend observed in the 200 
RPF of Fig. 10B. However, such a texture did not appear 
in the 111 direction of the 001 IPF (Fig. 12C). A strong 
texture in the 001 direction was also observed in the 100 
IPF (Fig. 12A), corresponding to the previous 001-texture 
observed in the 110 RPF and 200 RPF of Figs. 10A and 
10B. A texture was identified near the 213 direction in the 
001 IPF, as shown in Fig. 12C. 
 In sample U2-8-30, most of the strong textures had 
vanished, although a few textures with moderate intensity 
were still present between the 31▁2- and 31▁3 directions 
of the 100 IPF, as shown in Fig. 13A. This phenomenon 
could be attributed to dislocation density reduction and 
polygonization of bainitic ferrite during prolonged heat 
treatment, leading to a decrease in texture intensity levels. 
The IPF textures in Figs. 12 and 13 did not exhibit 
similarities to any previous works on bainitic steels, 
possibly because the samples did not undergo plastic 
deformation. 
 

 
Fig. 12. Inverse pole figures (IPFs) of sample U2-8-15 
concerning A. 100 IPF, B. 010 IPF, and C. 001 IPF. 
 

 
Fig. 13. Inverse pole figures (IPFs) of sample U2-8-30 
concerning A. 100 IPF, B. 010 IPF, and C. 001 IPF. 
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Fig. 6. Area of EDX spectrum (Spectrum1) for sample U2-8-30. 
 

 
Fig. 7. EDX spectrum of sample U2-8-30. 
 

Table 2. EDX composition of sample U2-8-30. 
 

Element Line 
Type 

Weigh
t % 

Weight 
% 

Sigma 

Atomic 
% 

C K series 7.50 0.98 26.92 
Al K series 1.14 0.14 1.83 
Si K series 1.06 0.13 1.63 
Fe K series 87.90 0.98 67.86 
Ni K series 2.39 0.28 1.76 

Total  100.00  100.00 
 
 In both samples of U2-8-15 and U2-8-30, the carbon 
content in EDX analyses reached more than 2%, i.e. 
7.83% and 7.50% respectively. The occurrence of 
heightened background counts in SEM-EDX often results 
in the emergence of a synthetic carbon (C) peak, leading 
to a measurement of more than 2% carbon even in the 
absence of actual carbon in the specimen. This occurrence 
is linked to the detector window, typically composed of 
SATW material, characterized by a specific transmission 
profile with a notable absorption edge just above the C X-
ray energy. Consequently, an artificial peak is generated 
at the C energy position, primarily due to the intense 
absorption of background (continuum) X-rays. It is 
noteworthy that EDS detector manufacturers commonly 
employ SATW detector windows or ultrathin polymer 
windows produced by Moxtek [36]. 

3.2 Neutron Diffraction 

The results of the MAUD refinement for bainitic samples 
U2-8-15 and U2-8-30 indicate a body-centered cubic 
(bcc) crystal structure with a lattice parameter of 2.7800 
Å and a space group of Im▁3m or I 4/m▁3 2/m. Both 
samples exhibit orthorhombic symmetry and a cubic 
crystal structure. The neutron diffraction patterns of 

samples U2-8-15 and U2-8-30 after refinement are shown 
in Fig. 8, and the overlaid diffraction patterns of the two 
samples are displayed in Fig. 9. Bragg’s peaks or 
maximum intensities were observed at the planes of 
diffraction: (110), (200), (211), (220), and (310) for both 
samples, consistent with previous reports by Talebi et al. 
[19] and Guo et al. [37] for bainitic steel at (110), (200), 
(211), and (220). Table 3 provides the corresponding 2  
values of the diffraction planes for samples U2-8-15 and 
U2-8-30, along with their interplanar spacings. Sample 
U2-8-15 exhibited the highest peak intensity at the (211) 
plane, while sample U2-8-30 had its highest peak 
intensity at the (110) plane. These results provide valuable 
information on the crystal structure and symmetry of the 
bainitic steel samples derived from nickel lateritic ores. 
 

 
Fig. 8. Neutron diffraction patterns of samples U2-8-15 and U2-
8-30. 
 

 
Fig. 9. The overlaid neutron diffraction patterns of samples U2-
8-15 and U2-8-30. 
 

Table 3. Diffraction planes, interplanar spacings, and 
two-thetas of samples U2-8-15 and U2-8-30. 

(hkl) 

d1 of 
U2-
8-15 
(Å) 

d2 of 
U2-8-
30 (Å) 

2θ1 of 
U2-8-
15 (°) 

2θ2 of 
U2-8-
30 (°) 

Int1 
of 

U2-8-
15 

(%) 

Int2 
of 

U2-8-
30 

(%) 

(110) 2.029
7 2.0284 36.757 36.781 98 100 

(200) 1.435
2 1.4343 52.961 52.997 29 19 

(211) 1.171
9 1.1711 66.197 66.248 100 90 

(220) 1.014
9 1.0142 78.182 78.246 22 24 

(310) 0.907
8 0.9071 89.650 89.738 63 27 

3.3 Recalculated Pole Figures 

Figs. 10 and 11 display the recalculated pole figures 
(RPFs) of samples U2-8-15 and U2-8-30, respectively, 
based on 110-, 200-, or 100-, and 211 directions. The 
RPFs are pole figures computed from the orientation 
distribution function (ODF) using LaboTex software. 
Comparing the RPFs of both samples, it is evident that 
prolonged heat treatment caused significant changes in 
texture or preferred orientations. The crystal orientations 
in sample U2-8-30 were more scattered, despite lower 
intensities in the RPFs (Fig. 11), indicating the breakup of 
texture into clusters of finer misorientations with longer 
heat treatment. 

 In sample U2-8-15, 001- or RD-textures were present 
in both the 110 RPF and 200 RPF (Figs. 10A and 10B). 
Considering the high symmetry of the cubic structure, 
similar textures were also expected to occur in the 00▁1 
direction in the 110 RPF and 200 RPF. However, such 
textures did not occur in the TD direction in the 110 RPF 
and 200 RPF, indicating the anisotropy of the as-cast and 
heat-treated sample U2-8-15. In the 110 RPF of Fig. 10A, 
a strong texture was observed in the 001 direction whereas 
slightly weaker ones were observed in the vicinities of the 
340-, 010-, and ▁3 40 directions. In contrast, in the 200 
RPF of Fig. 11B, strong textures occurred in the 001-, 
122-, 233-, 312-, 430-, and 140 directions. A <100> fiber 
texture was reported in bainite-based quenching-
partitioning (BQ&P) steel under high strain rates [38]. No 
robust textures were observed in the 211 RPF, as shown 
in Fig. 11C. 
 Sample U2-8-30 exhibited weak and scattered 
textures after extended heat treatment, as shown in Figs. 
11A, 11B, and 11C. However, a few strong textures were 
still identified in the vicinities of the 223-, 101-, and 231 
directions of the 200 RPF (Fig. 11B). Other than these few 
strong textures, the intensity levels of textures in sample 
U2-8-30 were lower than those of sample U2-8-15. This 
phenomenon could be related to the dislocation density 
reduction and polygonization (recovery) of bainitic ferrite 
with prolonged heat treatment [39]. Dislocations in the 
bainite structure were reported by He et al. [40] and 
Cornide et al. [41]. The textures in Figs. 10 and 11 did not 
bear many resemblances to previous works on bainitic 
steels since samples U2-8-15 and U2-8-30 did not 
undergo plastic deformation. 
 

 
Fig. 10. The recalculated pole figures (RPFs) of sample U2-8-
15 concerning A. 110 RPF, B. 200 RPF, and C. 211 RPF. 
 

 
Fig. 11. The recalculated pole figures (RPFs) of sample U2-8-
30 concerning A. 110 RPF, B. 200 RPF, and C. 211 RPF. 

3.4 Inverse Pole Figures 

Figs. 12 and 13 depict the inverse pole figures (IPF) of 
samples U2-8-15 and U2-8-30, respectively, based on 
100-, 010-, and 001 directions. The texture evolution due 
to prolonged heat treatment is evident in the IPFs of both 
samples, with the crystal orientations of sample U2-8-30 
being more scattered and lower in intensity compared to 
those of sample U2-8-15. 

 In sample U2-8-15, strong textures were observed in 
the 111 direction of both the 100 IPF and 010 IPF (Figs. 
12A and 12B), following the trend observed in the 200 
RPF of Fig. 10B. However, such a texture did not appear 
in the 111 direction of the 001 IPF (Fig. 12C). A strong 
texture in the 001 direction was also observed in the 100 
IPF (Fig. 12A), corresponding to the previous 001-texture 
observed in the 110 RPF and 200 RPF of Figs. 10A and 
10B. A texture was identified near the 213 direction in the 
001 IPF, as shown in Fig. 12C. 
 In sample U2-8-30, most of the strong textures had 
vanished, although a few textures with moderate intensity 
were still present between the 31▁2- and 31▁3 directions 
of the 100 IPF, as shown in Fig. 13A. This phenomenon 
could be attributed to dislocation density reduction and 
polygonization of bainitic ferrite during prolonged heat 
treatment, leading to a decrease in texture intensity levels. 
The IPF textures in Figs. 12 and 13 did not exhibit 
similarities to any previous works on bainitic steels, 
possibly because the samples did not undergo plastic 
deformation. 
 

 
Fig. 12. Inverse pole figures (IPFs) of sample U2-8-15 
concerning A. 100 IPF, B. 010 IPF, and C. 001 IPF. 
 

 
Fig. 13. Inverse pole figures (IPFs) of sample U2-8-30 
concerning A. 100 IPF, B. 010 IPF, and C. 001 IPF. 
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3.5 Orientation Distribution Function 

To convert the diffraction data into the orientation 
distribution function (ODF), the rotated coordinate 
system should first be transformed into Euler angles using 
the Bunge notation (φ1, Φ, φ2) [42]. Fig. 14 shows the 
ODF of sample U2-8-15 with a constant φ2. The ODF 
reveals two important aspects: texture fibers and texture 
components. Low-intensity textures along the λ-fiber 
(horizontal thick red solid lines) were detected in the 
range of 0° ≤ φ2 ≤ 30° and 80° ≤ φ2 ≤ 90° in sample U2-
8-15. This weak λ-fiber comprised of the texture 
components of {001} <010> and {001} <120>. Similarly, 
some weak-to-moderate textures in the α-fiber (vertical 
thick blue dotted lines) were identified, including {113} 
<110> and {112} <110> texture components. These α-
fiber textures occurred at φ2 = 0°, 5°, 35°, 40°, 45°, and 
70° ≤ φ2 ≤ 90°. A weak Goss texture of {110} <110> was 
observed and indicated by red circles. Separately, a few 
strong texture components of {112} <110> and {111} 
<11 ̅0> were observed at φ2 = 65° and φ2 = 70°, 
respectively. 
 Fig. 15 shows the ODF of sample U2-8-30. In 
general, all textures (fibers and texture components) of 
sample U2-8-30 had low intensities due to recovery 
(dislocation polygonization) during prolonged heat 
treatment. As both samples did not undergo plastic 
deformation, none of the typical textures observed were 
comparable to those from previous studies. 
 

 
Fig. 14. ODF of sample U2-8-15 with constant ϕ2. 
 

 
Fig. 15. ODF of sample U2-8-30 with constant ϕ2. 

4 Conclusion 
The study has shown that the bainitic steel processed from 
nickel lateritic ores exhibited diffraction patterns that 
followed the results of previous studies on iron-ore-based 
bainitic steels. The SEM/EDX analysis and observations 
suggest that sample U2-8-15 exhibited a bainitic 
microstructure due to the 15-minute heat treatment at 
532°C, with the limited formation of pearlite and no 
significant martensite formation. Sample U2-8-30 
displayed a mixed microstructure of bainite and pearlite 

due to the longer 30-minute heat treatment at the same 
temperature. The textures observed in the samples 
evolved from moderate in sample U2-8-15 to weak in 
sample U2-8-30, which was attributed to dislocation 
polygonization resulting from prolonged heat treatment. 
Few strong textures were still present in sample U2-8-15 
but vanished in sample U2-8-30. The textures observed in 
this study did not show similarities to those from previous 
works due to the absence of plastic deformation leading 
to distinctive deformation textures. It would be interesting 
to investigate the texture of bainitic steels from nickel 
lateritic ores after undergoing plastic deformation to 
better understand the effects of deformation on texture 
development. 
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3.5 Orientation Distribution Function 

To convert the diffraction data into the orientation 
distribution function (ODF), the rotated coordinate 
system should first be transformed into Euler angles using 
the Bunge notation (φ1, Φ, φ2) [42]. Fig. 14 shows the 
ODF of sample U2-8-15 with a constant φ2. The ODF 
reveals two important aspects: texture fibers and texture 
components. Low-intensity textures along the λ-fiber 
(horizontal thick red solid lines) were detected in the 
range of 0° ≤ φ2 ≤ 30° and 80° ≤ φ2 ≤ 90° in sample U2-
8-15. This weak λ-fiber comprised of the texture 
components of {001} <010> and {001} <120>. Similarly, 
some weak-to-moderate textures in the α-fiber (vertical 
thick blue dotted lines) were identified, including {113} 
<110> and {112} <110> texture components. These α-
fiber textures occurred at φ2 = 0°, 5°, 35°, 40°, 45°, and 
70° ≤ φ2 ≤ 90°. A weak Goss texture of {110} <110> was 
observed and indicated by red circles. Separately, a few 
strong texture components of {112} <110> and {111} 
<11 ̅0> were observed at φ2 = 65° and φ2 = 70°, 
respectively. 
 Fig. 15 shows the ODF of sample U2-8-30. In 
general, all textures (fibers and texture components) of 
sample U2-8-30 had low intensities due to recovery 
(dislocation polygonization) during prolonged heat 
treatment. As both samples did not undergo plastic 
deformation, none of the typical textures observed were 
comparable to those from previous studies. 
 

 
Fig. 14. ODF of sample U2-8-15 with constant ϕ2. 
 

 
Fig. 15. ODF of sample U2-8-30 with constant ϕ2. 

4 Conclusion 
The study has shown that the bainitic steel processed from 
nickel lateritic ores exhibited diffraction patterns that 
followed the results of previous studies on iron-ore-based 
bainitic steels. The SEM/EDX analysis and observations 
suggest that sample U2-8-15 exhibited a bainitic 
microstructure due to the 15-minute heat treatment at 
532°C, with the limited formation of pearlite and no 
significant martensite formation. Sample U2-8-30 
displayed a mixed microstructure of bainite and pearlite 

due to the longer 30-minute heat treatment at the same 
temperature. The textures observed in the samples 
evolved from moderate in sample U2-8-15 to weak in 
sample U2-8-30, which was attributed to dislocation 
polygonization resulting from prolonged heat treatment. 
Few strong textures were still present in sample U2-8-15 
but vanished in sample U2-8-30. The textures observed in 
this study did not show similarities to those from previous 
works due to the absence of plastic deformation leading 
to distinctive deformation textures. It would be interesting 
to investigate the texture of bainitic steels from nickel 
lateritic ores after undergoing plastic deformation to 
better understand the effects of deformation on texture 
development. 
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