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Abstract: To study the effect of microalloying strategy on the evolution of austenite grain size 

distributions in microalloyed high-strength low alloy (HSLA) steels containing Nb, Ti and V in different 

combinations, seven as-cast steel blocks are reheated 1000-1250℃, soaked for 1h, and water quenched. 

The precipitates before and after the reheating treatment are characterized. The prior-austenite grain 

structures and the corresponding austenite grain distributions are presented and the effect of microalloying 

elements on the formation of bimodal austenite grain size distributions is discussed. 
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1  Introduction 

High-strength low alloy (HSLA) steels containing microalloying elements such as Nb, Ti and V are extensively 

used in pipeline, shipping, construction and automobile industry[1]. Thermomechanical controlled rolled 

(TMCR) and air-cooled HSLA steels generally have yield strengths higher than 550MPa with impact transition 

temperatures (ITT) less than –30℃ in plate thicknesses up to ~60mm. The combination of microalloying 

additions along with TMCR and accelerated cooling is the most suitable commercial processing route for the 

mass production of high-strength steels[1-4]. Amongst different strengthening mechanisms, grain refinement is 

the only strengthening mechanism which can improve both strength and toughness simultaneously[1]. This is 

beneficial because it increases strength without the need for the addition of costly alloying elements or special 

heat treatments and does not affect the weldability of the steel. A carefully designed microalloying strategy and 

TMCR schedule can bring the average ferrite grain size down to ~4-5μm in a uniformly fine ferrite grain 

structure, which is desired for mechanical properties. However, wide distributions in ferrite grain sizes, or even 

bimodal distributions comprising of fine- and coarse-ferrite grains, have been observed in those steels and such 

distributions can hamper the required properties, especially low-temperature toughness[5,6]. Particularly the 

coarse grains can act as the preferred sites for cleavage crack initiation and easy crack propagation[5,6]. 

Therefore, not only the average grain size but also the great importance of the entire grain size distribution on 

properties like low-temperature impact toughness has been realized over the past three decades. The order to 

achieve a fine and uniform ferrite grain size distribution after rolling and cooling, it is necessary to have a 

uniform prior-austenite grain size distribution after the soaking treatment[5]. However, a mixed (coarse and fine 

grains) austenite grain structure with bimodal grain size distributions has been found in Nb-microalloyed HSLA 

steels after soaking at a certain temperature range (1150-1200℃)[7,8]. To further understand the effect of steel 



 

·165· 

Evolution of Prior-Austenite Grain Structure during Reheating of As-Cast Microalloyed Steels

composition and reheating temperature on the evolution of austenite grain structure reheating treatments have 

been carried out in the present study on seven as-cast blocks, all having different compositions. 

2  Experimental Details 

The present investigation has been carried out on seven as-cast blocks all having different chemical 

compositions as listed in Table 1 (from cast-1 to cast-7). Casts 1 to 5 is the continuously cast slabs having 

200mm thickness. Casts 6 and 7 are melted in pilot-scale trials and solidified into 100mm thick ingots. The 

Casts 1 to 3 is typical for linepipe applications. Cast 1 and Cast 4 contain all three microalloying elements, i.e., 

Nb, Ti and V. Cast-4 is typically used in the naval application and it contains sufficiently high Ni and also Cr. 

Cast-2 and Cast-3 are Nb-V and Nb-Ti grades of microalloyed steel, respectively. Cast-5 is a C-Mn grade 

structural steel, which is used as a reference in the present study to compare with different microalloying 

strategies. Casts 6 and 7 are only V microalloyed structural steels where LVLN and HVHN stand for low-V, 

low N (in Cast-6) and high-V, high-N (in Cast 7), respectively. It is to be noted that Casts 6 and 7 have quite a 

high level of Al. Such a high Al content is not preferred generally in the industrial grades of V-microalloyed 

steel. However, these casts are prepared for trial purposes to study the austenite grain size control during 

reheating of steels having V, Al, and also N at sufficiently high amounts. 
 

Table 1  Actual chemical compositions (wt.%) of the as-cast slabs 

Sample C Si Mn P S Ni Al Ni Cr Nb Ti V N 

Cast-1: Nb-Ti-V 0.09 0.33 1.42 0.01 0.003 – 0.035 – – 0.05 0.019 0.05 0.007

Cast-2: Nb-V 0.09 0.27 1.22 0.01 0.01 – 0.020 – – 0.05 – 0.06 0.008

Cast-3: Nb-Ti 0.09 0.28 1.26 0.01 0.01 – 0.030 – – 0.05 0.015 – 0.008

Cast-4: Nb-Ti-V 

with Ni and Cr 
0.08 0.28 1.19 0.01 0.01 3.0 0.010 3.0 0.3 0.04 0.020 0.02 0.008

Cast-5: C-Mn 0.10 0.30 1.60 0.01 0.01 – 0.050 – – – – – 0.010

Cast-6: LVLN 0.16 0.55 1.58 0.01 0.01  0.200     0.06 0.008

Cast-7: HVHN 0.17 0.60 1.60 0.01 0.01  0.180     0.12 0.013

 

To simulate the industrial soaking treatment of continuous cast slabs, samples from quarter-thickness 

locations of all the as-cast blocks were reheated at a rate of 3℃/minute, to 1000-1250℃, soaked for 1 h, and 

quenched in ice-water solution. Longitudinal sections of as-cast and reheated samples were mounted in bakelite, 

polished following standard metallographic techniques, and etched in saturated (aqueous) picric acid solution at 

70℃ to reveal the prior austenite () grain boundaries. It is to be noted that the  grain structures were studied 

for each heat treatment condition over a large sample area, in multiple frames, where each frame covered an 

area of 1 mm  0.7 mm. More than 500 -grains were considered for the measurement of grain sizes in terms of 

equivalent circle diameter (ECD) following the technique suggested by Chakrabarti et al.[9]. The area of grain 

each was measured to calculate the ECD in a micrometre. The measurement of grain size based on ECD is 

justified as the -grains in reheated and soaked samples were mostly spherical with an aspect ratio (largest 

dimension: smallest perpendicular dimension) lying in the range of 1.0 to 1.2. The grain size distributions were 

constructed based on area-frequency histograms. The area-frequency histogram is more sensitive to grain size 

variation, particularly in identifying bimodality in grain size distribution, as compared to the number-frequency 

histogram[9]. 

3  Results and Discussion 

The as-cast blocks typically have a dendritic microstructure as shown in Fig. 1. 
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Figure 1  The macro-view (a) and optical micrograph (b) of the quarter-thickness location of Cast-1.  

The direction of solidification (i.e., dendrite growth direction) is indicated by a double-headed arrow in (a) 
 

The micrographs in Fig. 1 show a typical dendritic cast structure. The solute-enriched interdendritic regions 

between the secondary dendritic arms are appearing bright in Fig. 1(a). The as-cast microstructure is comprised 

of primarily ferrite and pearlite, with a small amount of bainite. The precipitates in as-cast steel samples are 

studied at the quarter-thickness location and characterized by SEM and EDS analysis and are displayed in Fig. 2. 

The precipitates observed in Cast-1 to Cast-4 are the following: (i) Star or cruciform shaped (winged) 

precipitates of Nb-rich (Nb,Ti) (C,N) (40-1300nm) and cuboidal shaped (Nb,Ti) (C,N) (30-700nm), Fig. 2(a, b), 

(ii) Cuboidal TiN particles of a wide size range (500-1800nm), Fig. 2(c, d), and (iii) fine and spherical NbC and 

VC (3-50nm) precipitates. A coarse network of (Nb,Ti) (C,N), up to 10 m in length, has also been found at the 

mid-thickness location due to the macrosegregation of Nb and Ti, along with the interstitial solutes. The 

Nb-rich precipitates and also TiN were distributed heterogeneously throughout the slab thickness as a result of 

microsegregation of Nb and Ti. Cast-5: C-Mn steel contains some AlN precipitates. Due to the presence of a 

high level of Al (0.2wt.%), AlN precipitates were also present in Cast 6: LVLN and Cast 7: HVHN steels, 

particularly at a high density in the later steel, Fig. 3(a). VN precipitates were also found (Fig. 3(b)) in Cast-7. 

Numerous fine VC precipitates (< 30nm) were present in all V-containing steels, Fig. 3(c).  
 

 
 

Figure 2  Nb-rich (Nb,Ti) (C,N) precipitates at the precipitate-enriched region at the quarter thickness of Cast-1.  

(a, b)The region inside the blue box in (a) is zoomed up in (b). TiN particles of different sizes(c, d). Smaller TiN 

precipitates in (c) are indicated. A long network of coarse (Nb,Ti) (C,N) (indicated by red arrows) at the mid-thickness 

location(e). EDS analysis of selected precipitates are inserted in (b), (c), and (d). The EDS analysis in  

(f) is from the coarse (Nb,Ti) (C,N) network shown in (e) 
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Figure 3  Faceted AlN(a), cuboidal VN(b), and fine and spherical VC precipitates (c) in Cast 7: HVHN  

steel. The precipitates are indicated by arrows 

 

The prior- grain structures of all the cast and reheated samples are displayed in Fig. 4. The austenite grain 

size distributions of those samples are compared in Fig. 5. 

Fig. 4 and Fig. 5 show that distinctly bimodal -grain size distributions (-GSD) developed in all the samples 

of microalloyed steel slabs over the range of 1150C (Casts 2 to 4) to 1200℃ (Cast-1). Even the Cast-1 sample 

showed bimodality at 1150℃. The -GSD becomes wider with the increase in soaking temperature, from 

uniformly fine -GSD at 1000℃ to uniformly coarse -GSD at 1200-1250℃, depending on the steel 

composition. These findings are similar to the earlier studies from Chakrabarti et al.[7,8] and Roy et al.[8]. The 

Cast-5:C-Mn steel samples showed unimodal grain size distribution irrespective of the soaking temperature. 

The grain size bimodality was most significant in the 1150℃ reheated sample of Cast-2: Nb-V steel, as the 

portions of -GSD associated with fine- and coarse-grain populations were completely separated from each 

other, Fig. 4(b). Hence, it appears that the presence of Ti in Nb-microalloyed steels was beneficial to reduce the 

severity of grain size bimodality possibly due to the high stability of TiN precipitates. Both Cast-6 and Cast-7 

showed unimodal  grain size distributions, Fig. 5(f and g). In Cast-7: HVHN steel the  grain sizes were not 

too coarse even after reheating at 1200℃, Fig. 5g.  

Fig. 6 demonstrates that (Nb, Ti) (C, N) precipitates (more than 50nm in size) were primarily situated at the 

prior -grain boundaries of the 1150℃ reheated sample of Cast-1. These precipitates were pinning the -grain 

boundaries and controlling the grain growth. A similar observation was made in all Nb containing cast and 

reheated steel samples. Too coarse (> 1m) or too fine precipitates (< 50nm) could not effectively pin down the 

prior -grain boundaries. The distribution of Nb-rich precipitates was highly inhomogeneous even in samples 

reheated at 1150-1200℃. Austenite grains were fine in the precipitate-rich regions, and the precipitates were 

primarily situated on the grain boundaries. In contrast, there was hardly any precipitate in coarse grain regions. 

Among the microalloying elements, Nb is known to segregate strongly during solidification, followed by Ti. 

V has a weak tendency for segregation. Al rather segregates weakly towards the solidifying metal, instead of 

the remaining liquid. In presence of microsegregation of Nb (and also Ti) the amount and the stability of 

Nb-rich precipitates are expected to be higher within the solute-rich (interdendritic) regions, compared to 

solute-depleted (dendrite-centre) regions. Nb-precipitates (NbC or Nb(C, N)) dissolve only in dendritic regions, 

whilst, in the interdendritic regions, Nb-precipitates remain undissolved. As the Nb-rich microalloy precipitates 

primarily pin down the -grain boundaries and retard grain growth, the -grain size distributions in the reheated 

samples depend on the stability of those precipitates. The temperature range of 1150-1200℃ lies in between 

the dissolution temperatures of Nb-precipitates in dendritic regions (1020-1070℃) and interdendritic regions  
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Figure 4  Optical micrographs showing the prior-austenite grain structures in reheated, soaked, and quenched samples 

(a-c) Cast-1: Nb-Ti-V steel, (d-f) Cast-2: Nb-V steel, (g-i) Cast-3: Nb-Ti steel, (j-l) Cast-4: Nb-Ti-V steel with Ni, Cr, (m-0) 

Cast-5: C-Mn steel, (p-r) Cast-6: LVLN and (s-u) Cast-7: HVHN. The Cast number and soaking temperature are 

mentioned in the images. In the mixed (coarse + fine) grain structures, the coarse austenite grains are indicated by arrows. 

In images (r, u) some of the austenite grain boundaries are delineated by dotted lines for clarity 
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Figure 5  Prior-austenite grain size distributions for reheated, soaked, and quenched samples for different soaking 

temperatures. The slab number and the type of steel are mentioned on each image. The X-axis scale (-grain size up to 

300m) is maintained the same for comparison. In case of bimodal grain size distributions, both the modes of the 

distribution are indicated by yellow arrows 

 

 
 

Figure 6  Precipitates (indicated by red-arrows) pinning the austenite grain boundaries of 1150C reheated sample of 

Cast-1 slab. Precipitates marked as 1, 2, and 3 are shown separately and the corresponding EDS spectra obtained from 

those precipitates are also given (confirming the presence of Nb and Ti) 
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(1250-1280℃). Hence, bimodality in -GSD observed after 1150-1200℃ reheating was due to the pinning of 

-grain boundaries at interdendritic regions by Nb-rich precipitates, whilst, the absence of those precipitates at 

dendritic regions allowed the -grains to grow freely till they impinge. At 1250℃, a too-small fraction of 

Nb-precipitates is expected at interdendritic regions and the absence of those precipitates in dendritic regions 

could have allowed grain growth everywhere resulting in a coarse and uniform -grain structure. Although Ti 

also segregates, due to the higher stability of TiN, those particles may remain undissolved everywhere up to a 

high temperature (greater than 1300℃). Therefore, the addition of a small amount of Ti can help in reducing 

the -grain size variation in Nb-microalloyed steels. VN precipitates can restrict -grain growth at quite low 

reheating temperatures (<900℃). Reheating to 1100-1200℃ or even higher temperatures are expected to 

completely dissolve the V-rich precipitates everywhere. Thus, V does not promote bimodality in -GSD. As 

AlN precipitates remain quite homogeneously distributed throughout the matrix, the presence of those 

precipitates at a high fraction and stability can resist the -grain growth uniformly throughout the matrix. That 

can help achieve a uniform and fine -grain structure even up to 1150℃ as in Cast-7 steel. 

4  Conclusions 

The major findings are listed below: 

Inhomogeneous distribution of Nb-rich precipitates (due to the interdendritic segregation of Nb) results in 

a bimodal austenite grain size distribution in 0.04-0.05% Nb steels. 

The addition of 0.015-0.02% Ti in Nb steel can restrict the austenite grain size bimodality in Nb steel. Too 

high a Ti addition should be avoided as coarse TiN particles can affect the impact toughness. 

V-precipitates dissolve at lower temperatures than the reheating temperatures used for industrial 

processing of microalloyed steels. Therefore, V does not influence the austenite grain size distribution. 

AlN particles remain quite homogeneously distributed, and those can also restrict austenite grain growth 

uniformly throughout the matrix up to 1150℃. However, AlN particles at a high density can cause 

problems related to the hot-cracking of continuous cast slabs. High Al content in steels also increases the 

risk of clogging in submerged entry-nozzle during continuous casting. 

During the presentation a detailed analysis will be presented on the prediction of microsegregation of 

microalloying elements, thermodynamic calculations of precipitate stability at interdendritic and dendritic 

regions of the as-cast slab, prediction of austenite grain size variation during reheating treatment, and also 

homogenization of microalloying elements during slab cooling and subsequent soaking treatment considering 

the diffusivities of those elements. 
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