A Review on the nucleation mechanisms of IAF nucleated on different inclusions
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Abstract: The recent trend to upgrade the mechanical properties of the low alloy structure steel is to generate the well known acicular ferrite morphology by addition of special alloying element as Micro-alloying to affect nano-size substructure. It was agreed that the key point for developing the oxide metallurgy technology is to continuously explore the potential oxides which can induce ferrite formation. Moreover, much attention had been paid to study the nucleation mechanisms of IAF nucleated on different inclusions. However, the IAF nucleation mechanisms are poorly understood. The intention of the present work is to help to a deeper understanding of the mechanism of acicular ferrite nucleation in some microallyed steel such as Ti, Al, and Mg-microalloyed steel, which were investigated by the Author and others, aimed to optimize strength and toughness of the structure steel based on the mechanism of acicular ferrite formation.  
Keywords: Acicular ferrite; Oxide nucleated inclusion; IAF nucleation mechanisms.

1. Introduction

Despite enormous successes in manufacturing high quality steel, the effective joining by welding has proven to be most difficult.

In order to produce weldments with similar strengths and toughness to the base plate metal, great care in controlling the welding process and welding consumables must be achieved. It has long been known a ferritic steel weld microstructure dominated by acicular ferrite increases the yield strength and toughness of the weld. To control the complex process of acicular ferrite nucleation given the specific weld process is thus of critical importance. Any arc welding method used to join steel, be it shielded metal arc (SMAW), submerged arc (SAW), or gas metal arc (GMA), can lead to a microstructure containing combinations of the microstructural constituents: bainite, martensite, grain boundary, ferrite, side plate ferrite, and acicular ferrite. Of these micro constituents, only acicular ferrite, if present in significant amounts, greatly improves the strength and toughness of the weld metal. Acicular ferrite nucleates intragranularly on nonmetallic inclusions producing a fine "basket-weave" microstructure that is very resistant to crack propagation.

It is well known that nonmetallic inclusions in the weld metal are responsible for the nucleation of acicular ferrite. Many experiments have been performed to try and understand the relationship between these inclusions and the nucleation of acicular ferrite, but little information has been produced due to the complexity of the chemical interfaces involved.

The intention of the present work is to help to a deeper understanding of the mechanism of acicular ferrite nucleation in some microallyed steel such as Ti, Al, and Mg-microalloyed steel, which were investigated by the Author and others.
2. History of Oxide metallurgy Concept and acicular ferrite formation parameters
 At the beginning of the 1990s, the concept of Oxides Metallurgy, which focuses on the use of oxidic inclusions to improve the quality of the final product and stabilize the production process, was introduced [1]. It was described that by controlling the nature and distribution of the inclusions, the formation of intragranular ferrite, the so-called acicular ferrite, can be promoted, which significantly increases the steel’s fracture toughness. Although the clear definition of the term ‘Oxides Metallurgy’ was novel, the idea of using acicular ferrite for the optimization of steel properties was not new. Early studies described a microstructure of intragranularly nucleated, needle-shaped and chaotically arranged ferrite grains; however, they did not name this structure acicular ferrite, but ‘Widmannstätten star’. Since then, comprehensive efforts have been devoted to an explanation of acicular ferrite formation. In recent years, acicular ferrite has also been of increasing interest to steel producers; the excellent combination of toughness and strength makes acicular ferrite favorable for HSLA steels [2-5]. In addition, acicular ferrite is becoming more and more important as a constituent in line pipe steels because of its good sour gas resistance.
It was concluded that acicular ferrite formation is influenced by four main parameters [3];
• Austenite grain size (AGS)

• Cooling rate (CR)

• Steel composition

• Non-metallic inclusions (NMI)
3. Distinguish between Bainite and acicular ferrite
When bainite was first discovered [6, 7], it was defined as acicular-shaped ferrite. Even still, acicular ferrite is often described as intragranularly nucleated bainite. The similar transformation temperature and comparable

transformation mechanism are seen as evidence for the connection of acicular ferrite and bainite. Accordingly, a change from bainite to acicular ferrite can be achieved by simple control of the nucleation sites. Nevertheless, a clear distinction between acicular ferrite and bainite is essential because these structures show significant differences, which are summarized in the Table-1 below [6]:

	
	Acicular ferrite
	Bainite

	Nucleation

Nucleation Site

Transition Temp

Microstructure

Growth mechanism
	intragranular 

point sites (surface of NMI)
similar to bainite

 needle-shaped
Diffusionless
	inter- or intragranular

mostly austenite grain surface

similar to AF

fine laths which form sheaves

Diffusionless


Table.1 comparison between AF and Bainite 
4. Microscopy and crystallography

The phase, acicular ferrite, forms at intermediate transformation temperatures (650 to 500°C) and appears to consist of very fine-grained interlocking laths. It is formed within the prior austenite grains as a series of laths or plates (Figs 1, 2 and 3) [8, 9] . Tuliani [10] and Watson [11] carried out very detailed electron microscopy on thin foils and determined that acicular ferrite consisted of lath-like ferrite separated by high-angle grain boundaries, the habit planes for the phase were associated with the [1 00], [1 1 0] and [3 3 1] directions. Electron diffraction indicated that the axial ratio was close to unity (measured value = 1.008), which suggested that very little carbon was held in solution. 
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Figure 3.a and b. Ti and Al effects, respectively. [Amer et. al.] [9]
Both of these authors found evidence of small amounts of twinned martensite between some of the acicular ferrite laths which suggested that the carbon had been concentrated in the last remaining austenite by rejection from the transformed ferrite phases.

Recent work by Lathabai and Stout [12] has identified a similar twinned martensitic microphase between the acicular ferrite laths. Ricks et al. [13] felt that the presence of this carbon partitioning was evidence of a pro-eutectoid-type reaction. In addition, these authors observed the presence of growth ledges between the acicular ferrite and the parent austenite; these ledges had been seen previously to be associated with Widmanstatten development of ferrite side plates by earlier workers [14-20].

Later studies [8,9,25] found that acicular ferrite grew in competition with the higher temperature transformations, such as polygonal ferrite and ferrite side plates, and concluded that acicular ferrite was a true intermediate phase between the pro-eutectoid ferrite and bainite reactions. The literature to date suggests that there is reasonable agreement concerning the microstructural form and crystallographic nature of acicular ferrite, but further studies are needed to establish the exact growth characteristics of the phase; and in particular how it relates to the other ferrite morphologies, when competitive reactions are occurring. It is worth pointing out that in the authors experience, the morphology of acicular ferrite can be very difficult to identify by optical microscopy when its formation temperature is close to the polygonal ferrite reaction ( > 650° C).
5. Effect of cooling rate on AF formation

It is commonly accepted that the transformation of acicular ferrite is situated between bainite and coarse-grained ferrite; however, the optimum cooling rate to achieve maximum acicular ferrite depends strongly on the production route and the composition of the steel. This fact was confirmed in the Author studies [9,20]. It was reported that the mechanical properties as result of acicular ferrite formation at two different cooling rate (t=60 s-1, t=5 s-1) by measuring of Crack Tip Opening Displacement CTOD & Hardness Vicker Hv tests are illustrated in the given Table.2 below, in the case of high and low heat input of 4.5, and 0.7 Kj/mm, which corresponds to the rate of cooling of Δt​800/500 = 60 S=1 and Δt​800/500 = 5 S-1, respectively:

	Chemical Compositions w.t %
	Low cooling rate 5°C/sec
	High cooling rate 60°C/sec

	
	CTOD mm
	Hv
	CTOD mm
	Hv

	.082C, 0.006Al,.009Ti
	0.52
	183
	0.42
	204

	.078C,.034Al, .013Ti
	0.44
	200
	0.43
	207

	.080C, .063Al,.014Ti
	0.17
	202
	0.39
	221

	.078C,.80Ni, .004Al
	1.05
	185
	0.80
	192

	.043C, .79Ni, .003Al
	1.86
	175
	1.03
	195

	.075C,  .003Mg,.014Ti
	0.67
	182
	0.67
	212

	.040C,1.01Cu, .98Ni
	1.12
	188
	0.86
	197


Table.2 CTOD and Hardness at different cooling rate [9]
Table 3. CR between 1073, 15 K (800 °C) and 773,15K (500 °C) described in the literature as suitable for the formation of acicular ferrite during heat treatments without deformation [8].
	Reference
	CR  Range 
°C/min
	Opt. CR

°C/min
	Steel Chemical Compositions
w.t % 

	(Thewlis, 2006)
	6  -  498
	
	0.08 C, 0.03 Al, 0.25 Mo, 100 Ti

	(Thewlis, 2006)
	6  -  540
	
	0.05 C, 0.03 Al, 400 Nb, 800 V

	(Thewlis, 2006)
	6  -  540
	
	0.08 C, 0.03 Al, 0.25 Mo, 100 Ti, 10 B

	Capdevila et al., 2006)
	6  -  600
	
	0.38 C, 0.03 Al, 0.04 Ni, 0.07 Cr, 0.16 Mo, 160 Ti, 1000 V

	(Xiao et al., 2005)
	12 - 450
	
	0.03 C,  0.32 Mo, 390 Nb, 190 V

	(Zhao et al., 2003)
	24 - 3000
	1200
	0.05 C, 1.94 Mn, 0.30 Si

	(Zhao et al., 2003)
	24 - 3000
	
	0.08 C,  270 Ti, 450 Nb, 530 V

	(Capdevila et al., 2006)
	30 - 1200
	120-600
	0.36 C, 0.02 Al, 0.13 Ni, 0.17 Cr, 0.02 Mo, 220 Ti, 900 V

	(Lan et al., 2013)
	180 - 600
	300
	0.08 C, 0.46 Cr, 0.11 Mo, 1000 Ti+Nb+V, 10 B

	(Huo et al., 2013)
	400 -1500
	800
	0.09 C, 0.03 Al, 0.13 Cu, 0.18 Mo, 10 Ti, 300 Nb, 500 V


Table.3 Recommended Cooling Rate ranges mentioned by Loder et al [8]. 
6. Influence of chemical compositions

The previous studies by the Author and et al [9, 20], were focused to investigate some alloying elements thought to be the most active in the formation of acicular ferrite. Table 4 given below summarized the steel samples compositions [9, 20]. 
 It can conclude that; the addition of titanium and manganese is essential to the production of acicular ferrite. Titanium forms titanium oxides, which were found to be highly active nucleation sites for acicular ferrite. Manganese merges in inclusions and forms manganese-depleted zones, which stimulate the nucleation of acicular ferrite. The adjustment of appropriate carbon, oxygen and sulfur contents is important to provide sufficient conditions for acicular ferrite.  Low to moderate concentrations of manganese, boron, chromium, nickel and molybdenum are described in the literature to promote the formation of acicular ferrite, while higher amounts of these elements negatively influence the formation of acicular ferrite. Magnesium, niobium, vanadium and calcium are asserted to enhance the formation of acicular ferrite.  Additions of aluminum and silicon are generally seen as negative for acicular ferrite.
In concern of the effect of alloying elements on acicular ferrite formation, a comparison with the results demonstrated in the literature, were given in table 5 below which summarizes the agreed and disagreed for the Author studies.

	Alloy
	C  %
	Si%
	Mn%
	Cu
	Ni%
	Sol.Al%
	Ti%
	Nb%
	N ppm

	1
	0.082
	0.16
	1.44
	0.25
	0.35
	0.006
	0.009
	0.012
	39

	2
	0.078
	0.15
	1.45
	0.25
	0.35
	0.034
	0.013
	0.012
	37

	3
	0.080
	0.15
	1.45
	0.25
	0.35
	0.063
	0.014
	0.012
	36

	4
	0.078
	0.15
	1.58
	0.25
	0.80
	0.004
	0.008
	0.011
	35

	5
	0.043
	0.150
	1.550
	0.25
	0.79
	0.003
	0.01
	0.012
	36

	6
	0.075
	0.14
	1.44
	0.25
	0.35
	0.007
	0.014
	0.012
	Mg 0.003

	7
	0.040
	0.150
	1.460
	1.01
	0.98
	0.003
	0.01
	0.013
	36


Table.4 Chemical compositions of Author samples studies [9, 20]

Elements can enhance (+ve), not influence (=) or decrease (-ve) the amount of acicular ferrite. Some elements are described to have a positive effect on the formation of acicular ferrite at low contents (+L), but a negative one with higher additions (-H). 
	Alloying element
	Effect on acicular ferrite formation

	
	Literature
	Author

	Al
	different opinions (=,    -ve, unknown)
	-ve

	Ti
	+ve
	+ve

	Ni
	-H
	+H

	Mg
	+ve
	+ve

	Cu&Ni
	Unknown
	+ve


Table.5 Effect of alloying elements on AF formation.
\
7. Conclusions
Based on the results mentioned before, it can be concluded that: The formation of acicular ferrite is mainly influenced by austenite grain size, cooling rate, steel composition and non-metallic inclusions. In recent decades, extensive work was conducted to evaluate the impact of these parameters and important knowledge was gained. The present work aimed at displaying the current state of knowledge regarding acicular ferrite formation and only two of its influencing factors. The key aspects can be summarized as follows:
· Cooling rate: The optimum cooling rate to produce a maximum fraction of acicular ferrite essentially depends on the steels composition and its production route. The best condition of cooling rate to generate more effective structure acicular ferrite and hence useful mechanical properties is low cooling rate at  Δt​800/500 = 5 S-1 .
As a result of acicular ferrite generation the mechanical properties (fracture toughness CTOD and Hardness) were found to be as follows:
· Effect of Ni Content → the higher Ni content, the lower hardness, and the higher CTOD. 
·  Effect of C Content → the higher C content, the lower hardness, and the lower CTOD. 
·  Effect of Cu Content → the higher Cu content, the higher hardness, and the lower CTOD. 
·  Effect of Mg Content → the higher Mg content, the higher hardness, and the higher CTOD.
· The addition of titanium and manganese is essential to the production of acicular ferrite.

· Titanium forms titanium oxides, which were found to be highly active nucleation sites for acicular ferrite.

·  Manganese merges in inclusions and forms manganese-depleted zones, which stimulate the nucleation of acicular ferrite.

· The adjustment of appropriate carbon, oxygen and sulfur contents is important to provide sufficient conditions for acicular ferrite.

· Low to moderate concentrations of manganese, boron, chromium, nickel and molybdenum are described to promote the formation of acicular ferrite, while higher amounts of these elements negatively influence the formation of acicular ferrite.

·  Magnesium, niobium, vanadium and calcium are asserted to enhance the formation of acicular ferrite.

· Additions of aluminum and silicon are generally seen as negative for acicular ferrite.
Further reviewed articles will be completed to show the influence of the austenite grain boundaries and other parameters can affect the acicular ferrite formation and how this can control the mechanical properties of high strength low alloy steels HSLA.
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Figure 1 Prior austenite grain boundaries outlined by polygonal ferrite and ferrite side plates. Intragranular areas are occupied by acicular ferrite





Figure 2 Very fine interlocking                   laths of acicular ferrite
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