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Abstract: An ultra-low carbon acicular ferrite steel heavy plate was obtained with an advanced thermo-mechanical control process-relaxed 
precipitation controlled transformation (TMCP-RPC) at Xiangtan Steel, Valin Group. The heavy plate has a tensile strength of approximately 
600 MPa with a lower yield ratio. The impact toughness of the heavy plate achieves 280 J at −40°C. The fine-grained mixed microstructures 
of the heavy plate mainly consist of acicular ferrite, granular bainite, and polygonal ferrite. The high strength and excellent toughness of the 
heavy plate are attributed to the formation of acicular ferrite microstructure. The prevention of blocks of martensite/retained austenite (M/A) 
and the higher cleanness are also responsible for the superior toughness. 
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1. Introduction 

Toughness is a very important factor for materials design 
and applications. High impact toughness in the base metal 
and heat-affected zone (HAZ) is required for high strength 
steels [1-3]. In recent years, extensive studies on the tough-
ness improvement of weld metal and HAZ have been car-
ried out [4-8]. Heavy plates are usually used to manufacture 
important structural parts such as bridges, buildings, and 
pressure vessels etc. [9-10]. Therefore, good toughness and 
low yield ratio are main considerations for heavy plate 
manufacturing and applications.  

To improve the weldability and reduce welding costs for 
heavy plates, carbon content has been reduced gradually in 
the last decades. Many kinds of ultra-low carbon bainitic 
steels (ULCB) have been developed for structural applica-
tions with optimal mechanical properties in recent years 
[10-13]. Although the weldability is improved by carbon 
content reduction and the strength is raised by bainitic mi-

crostructure, the higher yield ratio and lower temperature 
toughness are still to be solved. In addition, the essential 
problems are associated with nonuniform microstructures in 
the production of heavy plates. The present work is to inves-
tigate the microstructural evolution in a steel heavy plate. It 
aims to obtain a microalloyed steel heavy plate with a good 
combination of high strength with lower yield ratio and 
good toughness at lower temperatures. 

Since the last decades, various techniques of thermome-
chanical control process have been developed to refine the 
microstructures of steels [14]. It was reported recently that a 
thermo-mechanical control process-relaxed precipitation 
controlled transformation (TMCP-RPC) was attempted to 
refine the microstructures of low-carbon microalloyed 
bainitic steels [15-16]. Wang et al. [15] indicated that 
fine-grained microstructures were obtained by means of the 
precipitation of Nb-Ti carbides and/or carbonitrides and the 
interaction of dislocations in this process. In the present 
work, an ultra-low carbon acicular ferrite steel heavy plate 
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with the uniform microstructure and superior toughness was 
attempted to produce by an advanced TMCP-RPC process. 

2. Experimental 

The liquid steel was made and refined by hot metal 
desulphurization, combined blowing converter steelmaking, 
vacuum degassing, and then continuously cast into slabs. 

The chemical composition of the steel heavy plate is shown 
in Table 1. The production route is schematically illustrated 
in Fig. 1. Slabs are reheated to 1180°C, and then deformed 
at the recrystallized zone (stage 1) and the non-recrystallized 
zone (stage 2), followed by relaxing for a fixed time. As re-
laxing finished, plates are immediately cooled to a lower 
temperature and then air-cooled.  

Table 1.  Chemical composition of the steel plate                          wt% 

C Si Mn P S Nb Ti Cr+Ni+Mo+Cu Al 

0.03 0.15-0.55 1.20-1.60 0.014 0.0040 0.015-0.055 0.008-0.030 ≤1.0 0.032 

 

 

Fig. 1.  Schematic illustration of an advanced TMCP-RPC 
process. 

The specimens were mechanically polished and then 
etched with 3vol% nital solution. Microstructural observa-
tions were made using optical microscopy (OM, Olympus 
PME3-3) and scanning electron microscopy (SEM, Philips 
XL30W/TMP). The specimens were cut from the 1/4 thick-
ness of the heavy plate for transmission electron microscopy 
(TEM). Thin foil specimens were prepared by a twin jet unit. 
TEM observations and electron dispersive X-ray spectros-
copy (EDXS) analyses were conducted on a microscope 
(Tecnai G2.20).  

3. Results 

3.1. Continuous cooling transformation curves 

Continuous cooling transformation (CCT) curves of the 
heavy plate were calculated by JMatPro with the chemical 
composition shown in Table 1. The grain size of austenite 
before transformation was estimated to be about 15 µm ac-
cording to the practice of similar steel grades at Xiangtan 
Steel. The CCT curves of the heavy plate are shown in Fig. 
2. It shows that ferrite and bainite form in a wide range of 
cooling rates, from approximately 1 to 50°C/s. This big 
“cooling rate window” facilitates to obtain a uniform micro-

structure from the plate surface to the plate center in an in-
dustrial scale production. 

 
Fig. 2.  Calculated CCT curves of the heavy plate steel. 

3.2. Microstructure observation 

Fig. 3 shows the microstructures in OM through the 
thickness of the heavy plate obtained by an advanced 
TMCP-RPC technique. It is seen that the mixed microstruc-
tures consist of acicular ferrite (AF), granular bainite (GB), 
polygonal ferrite (PF), and martensite/retained austenite 
(M/A). The microstructure of the heavy plate surface is finer 
than that in the center. The smaller size of ferrite grains on 
the surface of the heavy plate results from the higher cooling 
rate. Fig. 4 presents a SEM micrograph of the heavy plate. 
Granular bainite is equiaxed and nearly 10 µm in diameter. 
Acicular ferrite is several micrometers in length and 2-3 µm 
in thickness. Polygonal ferrite is 5-7 µm in diameter. The 
size of M/A constituents is approximately 1 µm. It can be 
seen in Figs. 3 and 4 that the fine-grained mixed micro-
structures are obtained by an advanced TMCP-RPC tech-
nique. 

 
 
 
 
 



Z.Q. Cao et al., Toughening mechanisms of a high-strength acicular ferrite steel heavy plate 569 

 

 
 
 

 
 
 

 

 
Acicular ferrite is regarded as an intragranularly nucle-

ated bainite [17]. The CCT curves indicate that bainite can 
be transformed in a wide range of cooling rates. The cooling 
rate adopted in the industrial production is approximately 
10°C/s. Therefore, the formation of a large amount of acic-
ular ferrite is promoted owing to the proper cooling rate. 

 

Fig. 4.  SEM micrograph at the 1/4 thickness of the steel plate. 

3.3. Precipitates and dislocation cells 

The heavy plate steel was microalloyed with Nb and Ti. 
These microalloying elements were strong carbide formers 
and also acted as grain refinement elements while in solu-
tion in austenite. On subsequent cooling, the microalloying 
elements precipitated as carbides and/or carbonitrides. Fig. 5 
shows the TEM micrograph of precipitates in the heavy 
plate. Small equiaxed particles (as arrowed) of 5-15 nm in 

size are dispersed in the matrix. The EDXS results of car-
bides are presented in Fig. 6. These results show that the 
fine particles are likely to be Nb-Ti carbides and/or carboni-
trides [11, 15]. It is reported that Nb-Ti small particles are 
precipitated by strain induction [11] during relaxing [15]. 
The precipitation of carbides and/or carbonitrides has an ef-
fect on the microstructural evolution and mechanical prop-
erties of steel plates.  

It is reported that the formation of dislocation cells plays 
an important role in the grain refinement in the process of 
TMCP-RPC [15-16]. Small dislocation cells (as arrowed in 
Fig. 7) are formed in specimens in the present work.  

 
Fig. 5.  TEM micrograph of precipitates in the specimen. 

Fig. 3.  OM micrographs of the specimen: 
(a) on the surface; (b) at the 1/4 thickness; 
(c) in the center of the steel plate. 
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Fig. 6.  EDXS results of Nb-Ti carbides. 

3.4. Mechanical properties 

Table 2 shows the mechanical properties of a heavy steel 
plate (60 mm in thickness). The heavy steel plate has a ten-
sile strength of approximately 600 MPa. The yield ratio is 
0.79 on an average. It also has a good elongation, ranging 
from 24% to 32%. The average V-notch impact toughness at 

 

Fig. 7.  Dislocation cells in the specimen. 

−40°C achieves 280 J. Fig. 8 shows an example of the 
measured V-notch impact values at −40°C along the plate 
thickness. The values just vary slightly through the surface 
to the center of the heavy plate. These results demonstrate 
that the heavy steel plate has a good combination of high 
strength, excellent toughness, and low yield ratio.  

Table 2.  Mechanical properties of steel plates 

Value σs / MPa σb / MPa σs/σb Elongation / % AKV (−40°C) / J  
Average 468 591 0.79 26.3 280 
Range 420-500 560-625 0.71-0.85 24-32 194-293 

Note: σs―yield strength; σb―tensile strength; and AKV―V-notch impact toughness.  
 

 
Fig. 8.  Measured V-notch impact values at −40°C along the 
plate thickness. 

4. Discussion 

4.1. Acicular ferrite formation in the heavy plate 

Acicular ferrite is intragranularly nucleated bainite [17]. 
It is originated on small nonmetallic inclusions [17-18]. It is 
reported that acicular ferrite is radiated in many different 
directions from nucleation sites. Therefore, acicular ferrite 
tends to form interlocked microstructures [8, 17-19]. Propa-
gating cracks are then deflected when they encounter a dif-

ferently oriented acicular ferrite plate. This gives rise to su-
perior mechanical properties, especially toughness, for acic-
ular ferrite microstructure.  

As the CCT curves show in Fig. 2, acicular ferrite can be 
obtained in a wide range of cooling rates during continuous 
cooling. Consequently, acicular ferrite becomes a dominant 
transformation product through the surface to the center of 
the steel plate. The excellent toughness of the heavy plate is 
remarkably attributed to the formation of fine-grained acic-
ular ferrite microstructure (as shown in Figs. 3 and 4).  

4.2. Grain refinement in the heavy plate 

Fine mixed microstructures consisting of predominant 
acicular ferrite and a lot of granular bainites and polygonal 
ferrites were obtained in the present ultra-low carbon Nb-Ti 
microalloyed steel by means of an advanced TMCP-RPC 
technique. On the one hand, grain refinement is attributed to 
the formation of small dislocation cells owing to the interac-
tion of dislocations and the precipitation of Nb-Ti carbides 
and/or carbonitrides [15]. On the other hand, plate-like or 
lath-like acicular ferrite plays an important role in the grain 
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refinement of mixed microstructures [16].  

The interlocked acicular ferrite network in the present 
work is resulted from the formation of acicular ferrite at ear-
lier transformation stages, which halts the growth of acicular 
ferrite transformed subsequently [16]. It is therefore pro-
posed that lath-like or plate-like acicular ferrite grains 
formed at earlier transformation stages effectively partition 
the prior austenite into the smaller and separated regions, 
and thus acicular ferrite grains transformed at later stages or 
at lower temperatures are confined in these smaller regions 
[16, 19-22], as schematically illustrated in Fig. 9. In the 
present work the grain refinement of mixed microstructures 
is resulted from not only the precipitation of Nb-Ti carbides 
and/or carbonitrides, but also the formation of lath-like or 
plate-like acicular ferrite grains. 

 
Fig. 9.  Schematic illustration of the formation mechanism of 
interlocked acicular ferrite microstructures. 

4.3. Toughness of the heavy plate 

Conventional upper bainite consists of a non-lamellar 
mixture of bainitic ferrite plates with intervening particles of 
cementite. The cementite is detrimental to properties, but its 
precipitation can be prevented by adding sufficient silicon to 
the steel [21], leaving a microstructure of bainitic ferrite 
plates and carbon-enriched residual austenite. The retained 
austenite is in two forms, the desirable films between the 
fine plates of ferrite and the blocks between different crys-
tallographic variants of bainite. The films of austenite, inti-
mately dispersed between the ferrite, are barriers to the 
propagation of crack and the diffusion of hydrogen. This 
kind of bainitic steel has an optimization of high strength 
and good toughness [23]. On the one hand, the superior 
toughness (as shown in Fig. 8) is attributed to the 
fine-grained acicular ferrite. On the other hand, blocks of 
retained austenite are prevented in the microstructures. Only 

a very few amount of small M/A constituents (as shown in 
Fig. 4) is observed in the matrix owing to the special alloy 
design, in which an ultra-low carbon content and a low sili-
con content are adopted. In addition, the homogeneously 
distributed small M/A constituents rather than blocks are 
also responsible for the enhancement of toughness of the 
heavy plate.  

Fig. 10 shows the fracture of the tensile specimens con-
sisting of many small and deep dimples. A few small oxides 
and sulfides are observed in the dimples. No cluster of sul-
fides is found in the fracture specimen. Because the liquid 
steel is made by hot metal desulphurization and refined by 
vacuum degassing, the liquid steel is very clean. The supe-
rior toughness of the heavy plate is also attributed to the 
cleanness of the steel. 

 

Fig. 10.  SEM image of the tensile fracture specimen. 

5. Conclusions 

(1) An ultra-low carbon acicular ferrite steel heavy plate 
with a good combination of high strength and excellent 
toughness was produced in an industrial scale at Xiangtan 
Steel. The heavy steel plate has a tensile strength of ap-
proximately 600 MPa with a lower yield ratio of ∼0.79. It 
also has a good elongation, ranging from 24% to 32%. The 
average V-notch impact toughness at −40°C achieves 280 J. 

(2) The excellent toughness was realized by means of a 
special alloy design with ultra-low carbon microalloying 
and an advanced TMCP-RPC process, by which 
fine-grained microstructures were obtained. The formation 
of acicular ferrite plays an important role in the grain re-
finement of mixed microstructures.  
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