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ABSTRACT 12 

 13 

The tensile and Charpy impact properties of four strip samples from two different B-added 14 

low-C ultra-high-strength steel strips (Al-treated and Ti-treated), coiled at two different 15 

temperature ranges (360-380C and 450-460C), have been evaluated and correlated to the 16 

microstructural parameters, dislocation density, and the intensity of high-angle boundaries. The 17 

effects of coiling temperatures on the microstructural evolution and mechanical properties have 18 

been discussed. The volume fraction of the individual phase constituents (namely, granular 19 

bainite, upper bainite, lower bainite and tempered martensite) and their hardness, local 20 

deformation response and the strain-hardening ability, as determined from nanoindentation 21 

testing, influenced the bulk properties such as hardness, tensile properties (strength and 22 

ductility), Charpy impact properties (upper shelf energy, USE, and ductile-to-brittle transition 23 

temperature, DBTT) and strain-hardening abilities under both quasi-static and dynamic loading 24 

conditions. The dominance of granular bainite and upper bainite (75-90%) reduced the strength 25 

(670-722 MPa yield strength), improved ductility (16.7 – 19.5% elongation to failure) and USE 26 

(35-42 J) in the samples coiled at the higher temperatures. In contrast, a higher fraction of 27 

tempered martensite and lower bainite (78-82%) significantly increased the strength (808-814 28 

MPa), reduced ductility (13.0-14.5%) and USE (19-29 J) in the lower temperature coiled 29 

samples. The DBTT showed a complex trend with the microstructural parameters. It depended 30 

on the USE level, as well as on the ‘effective grain size’ of the matrix. 31 

Keywords: Ultra-high-strength steel; Coiling temperature; Bainite-martensite microstructure; 32 

Strain-hardening; Charpy impact testing; Upper shelf energy; Ductile-brittle transition 33 

temperature. 34 

 35 

1. Introduction 36 

There has been an increasing interest to develop ultrahigh-strength steels (UHSS) with 37 

a yield strength greater than 700 MPa, for various applications, such as construction, 38 

transportation, engineering, shipbuilding, energy, and defence [1]. Such a development is 39 

driven by the requirement of light-weight structures to achieve significant cost and energy 40 
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savings (through reduced requirement of material and welding consumables), easy 41 

transportation, and even improved toughness (due to the reduced section thickness) ensuring 42 

structural integrity [1]. 43 

Regarding the standard specifications for structural steels, an excellent combination of 44 

strength, ductility, and impact toughness is an essential requirement [2,3]. Regarding 45 

thermomechanically processed and controlled cooled high-strength strip steels, the role of 46 

processing parameters such as soaking temperature, start- and finish-rolling temperatures, 47 

rolling reduction ratio, cooling start- and end temperatures and cooling rate on the 48 

microstructure and mechanical properties have been studied extensively [4–6]. It is noteworthy 49 

that UHSS strips (< 10 mm thickness) are usually coiled after finish rolling, and use accelerated 50 

cooling to a lower temperature range (typically, 350 - 460 C) to achieve high strength by the 51 

formation of bainite-martensite mixed microstructures [7–13]. An increase in strength, 52 

however, is often accompanied by a decrease in ductility and impact toughness [14]. Although 53 

a bainite-martensite microstructure can achieve sufficient strength [15-18], regarding impact 54 

toughness, it faces a strong challenge from other microstructures such as complete tempered 55 

martensite, acicular ferrite, ultrafine-grained ferrite, or a complex combination of different 56 

constituents, including retained austenite [17–21]. Overall, the effects of coiling temperatures 57 

on the microstructure and resultant tensile and Charpy impact properties of UHSS have hardly 58 

been studied. 59 

 There has been a recent research interest to relate the micro-scale deformation 60 

behaviour of the individual phase constituents to the tensile properties of multiphase steels [22–61 

28]. However, none of those studies extended that approach to explaining the impact toughness. 62 

The effects of multiphase microstructures on the Charpy impact properties have been studied 63 

separately [29–37]. Considering the role of bainite on ductility and impact toughness of bainite-64 

martensite steels, several conflicting observations have been reported. In general, the presence 65 

of granular bainite or upper bainite imposes an adverse effect on the toughness of tempered 66 

martensitic steels due to the following reasons: (i) The coarse carbide particles or coarse islands 67 

of MA constituents act as cleavage crack initiation sites; (ii) The low-angle boundaries between 68 

adjacent bainite laths (or sub-units) are ineffective in retarding (or deviating) cleavage crack 69 

propagation; and (iii) Bainite is far less responsive to tempering (or coiling) treatment than 70 

martensite [29–46]. Due to the finer carbide size as well as finer bainitic-ferrite plate, block, 71 

and packet sizes, the impact toughness of lower-bainite is superior to that of granular- and 72 

upper bainite [46]. On the other side, the presence of a limited amount of bainite (up to around 73 

25 percent) along with martensite [47,48], a combination of ductile-bainite and carbon-depleted 74 

martensite [5], or even a refined granular bainite microstructure [49–52] have been reported to 75 

achieve high ductility and impact toughness. Overall, a refinement in prior-austenite grain size, 76 

bainite packet size, as well as carbide particle size (or the MA constituent size) has been found 77 

to improve the impact toughness [29–55]  78 
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In a recent review, Raabe et al. [29] emphasized the need for careful microstructural 79 

design for high strength steels avoiding the microstructurally supported crack initiation sites 80 

(say, hard martensite regions and carbide particles) and crack propagation sites (say, interfaces 81 

between hard and soft constituents). However, such a microstructural design cannot be fulfilled 82 

without a thorough understanding of the effect of individual microstructural constituents on 83 

properties such as strain-hardening, USE, DBTT, and fracture mechanisms of bainite-84 

martensite UHSS under quasi-static tensile deformation as well as dynamic impact loading 85 

conditions. That is the objective of our paper. In a recent article [11], we have reported the 86 

effect of coiling temperatures on the microstructural evolution and the bending performance of 87 

two different B-containing structural grades of steels (one treated with Ti and the other treated 88 

with Al). The present study correlates the microstructural parameters with the tensile and 89 

Charpy impact properties of those multiphase UHSS strips. 90 

 91 

2. Materials and experimental details 92 

Four samples with dimensions of 600 mm length, 300 mm width, and 6-8 mm thickness 93 

were received from Tata Steel Europe and were taken from boron-containing ultrahigh strength 94 

microalloyed steel strips. These steel strips were produced in industrial trials at Tata Steel and 95 

were part of a larger development program of UHSS intended to determine the optimal 96 

combination of chemical composition and processing parameters. To retain boron in solution 97 

by avoiding BN formation, it is necessary to treat the steel with a stronger nitride former, such 98 

as Ti or Al. The investigated steels were either Al-treated or Ti-treated and their chemical 99 

compositions are given in Table 1.  100 

The strips were controlled rolled, with finish rolling temperatures of around 950  C, 101 

accelerated cooled and coiled at two different temperature ranges; higher (450 °C to 460 C) 102 

and lower (360 C to 380 C) coiling start temperatures. The schematic diagram of the 103 

thermomechanical processing is given in Fig. 1. The bainite and martensite transformation 104 

temperatures (predicted from JMatPro® software) for both the steel compositions are 105 

mentioned in Fig. 1. The steel samples were coded by the treatment adopted (Al- or Ti-) 106 

followed by the respective coiling start temperature, i.e., Al-450, Al-360, Ti-460, and Ti-380. 107 

 108 

Table 1: Chemical composition of the investigated steels (in wt. %). 109 

 

Steel C Mn S+P Si Al Ti 
Cu + 

Ni 
Cr 

Nb + 

Mo + 

V 

B N  

Al-treated 0.117 1.571 0.014 0.057 0.068 0.003 0.030 0.503 0.322 0.0019 0.0046 

Ti-treated 0.119 1.595 0.017 0.047 0.029 0.028 0.038 0.502 0.323 0.0019 0.0055 
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 110 

Fig. 1: Schematic diagram of the thermomechanical processing schedule applied on the 111 

investigated steel strips. Abbreviations: TNR: Recrystallization stop temperature; Bs: 112 

Bainite transformation start temperature; Bf: Bainite transformation finish temperature; 113 

M50: Temperature corresponding to 50% martensite transformation.  114 

 115 

The following equation proposed by Boratto et al. [56] was used to predicted the 116 

recrystallization stop temperatures (TNR) of the Al-treated and Ti-treated steels to be ~ 975 ℃ 117 

and ~ 985 ℃, respectively.  118 

𝑇𝑁𝑅 = 887 + 464𝐶 + 890𝑇𝑖 + 363𝐴𝑙 − 357𝑆𝑖 + (644𝑁𝑏 − 644√𝑁𝑏) + (732𝑉 − 230√𝑉) (1)119 

        120 

Thermodynamic calculations were accomplished using Thermo-Calc® 4.1 software 121 

based on the TCFE6 database considering the nominal steel compositions to forecast the 122 

formation of different phases and precipitates under equilibrium cooling. Cross-section planes 123 

(Rolling Direction, RD – Normal Direction, ND) of the samples were prepared following 124 

standard metallographic techniques, etched in 2 percent Nital solution, and investigated by 125 

optical microscopy (model-Leica DM600M) with the attachment of image analysis, and 126 

scanning electron microscopy (SEM model Zeiss EVO 60), with the attachment of energy 127 

dispersive spectroscopy (EDS). The microstructural study by SEM was carried out primarily 128 

at the quarter-thickness locations of the strip samples covering at least 500 µm × 500 µm area. 129 

Microstructural constituents such as granular bainite (GB), upper bainite (UB), lower bainite 130 

(LB), and tempered martensite (TM) were identified separately in high magnification (3000×) 131 

SEM images and their fractions were determined by image analysis (assuming estimated area 132 

percentage as volume percentage). Thin foils (~ 30 nm) were prepared by electropolishing 133 

using a solution of 80 percent methanol and 20 percent perchloric acid. These foils were studied 134 

by a high-resolution transmission electron microscope, TEM (JEOL-2000 FX, Japan). 135 
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Specimens for electron backscattered diffraction (EBSD) analysis were prepared by 136 

mechanical polishing, followed by electropolishing at 20 V for 15 s using an electrolyte 137 

containing 80 volume percent methanol and 20 volume percent perchloric acid. The EBSD 138 

scans were performed at the quarter-thickness location at a step size of 0.1 μm using an Oxford 139 

HKL Channel 5 system (Oxford Instruments, Oxfordshire, UK) attached to a Zeiss® Auriga 140 

compact SEM with more than 95 percent accuracy of indexing. Considering the angular 141 

resolution of EBSD, a minimum misorientation threshold of 2° was set for the analysis. The 142 

boundaries between 2° and 15° misorientation and the boundaries greater than 15° 143 

misorientation are identified as low-angle boundaries (LAB), i.e., ‘sub-boundaries’, and high-144 

angle boundaries (HAB), i.e., 'grain boundaries’, respectively. XRD analysis was performed in 145 

the Bruker D8 Discover model for quantification of the dislocation density in the samples. 146 

Carefully prepared samples (gently polished) were used to avoid any contamination or strain 147 

arising from grinding. The Co-Kα radiation (wavelength: 1.789 Å) was selected as the incident 148 

X-ray. Each sample was scanned over a 2θ range of 45–120° with a step size of 0.02° and 2 s 149 

time-per-step. According to the standard specification BS EN 10025 [57] for UHSS, test 150 

specimens were collected from the quarter-thickness location. 151 

Vickers hardness readings were taken (based on the average of 10 readings for each 152 

strip sample) at the quarter-thickness location on the RD-ND plane at 20 Kgf load with 15 s 153 

dwell time using the LV-700 model LECO® hardness tester. Due to the very small indent size 154 

( 1 m), nano-indentation testing was performed (on conventionally polished and lightly 155 

etched specimens) to relate the local deformation response of individual phase constituents 156 

with the mechanical properties. The tests were conducted at the quarter-thickness location of 157 

the strips using Anton Paar GmbH Nanoindenter® (Santner Foundation, Austria) with a 158 

Berkovich tip made of industrial diamond having an elastic modulus of 865 GPa and Poisson’s 159 

ratio of 0.07. The continuous stiffness measurement (CSM) mode was used for the nano-160 

indentation measurements. The maximum load for testing was 10 mN with a linear 161 

loading/unloading rate of 20 mN/min and 10 s dwelling time with a data acquisition rate of 10 162 

Hz. A small load was used to confine the plastic zone of the indentation within that particular 163 

microstructural constituent on which the hardness was meant to be probed. The nano-164 

indentation results for each sample were analyzed using Indentation 7.3.10 software® based 165 

on 10 grids, each covering 5  8 indentations separated by a linear spacing of 10 µm. 166 

Tensile specimens (Fig. 2a) were prepared following ASTM E8 standard [58] and tested in a 167 

250-ton Universal Testing Machine Instron®8801 at room temperature (~ 25 C) and a strain 168 

rate of 6.6×10-4/s. A minimum of three tensile tests was carried out on each steel to ensure 169 

repeatability. Standard sub-size V-notched Charpy specimens of the same dimension (Fig. 2b) 170 

were prepared in the transverse-longitudinal (T-L) orientation with respect to the rolled plate 171 

following ASTM E23 [59]. For tensile and Charpy impact testing 5 mm thick specimens were 172 
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used. The 5 mm samples were extracted by machining off top and bottom of the strips, 173 

i.e., covering the entire portion of the strips. 174 

Charpy specimens were tested using an Instron® SI-1C3 model instrumental impact 175 

testing machine (400J capacity), attached with Instron Dynatup Impulse data acquisition 176 

system, over the temperature range of -193 °C to +70 °C. The specimen temperature was 177 

continuously monitored by a thermocouple and was maintained within ±2 °C using a medium 178 

of methanol and liquid nitrogen. The Charpy impact transition curves were plotted within the 179 

scattered data points of Charpy impact energy vs. test temperature by fitting a ‘tanh’ function 180 

as given below [60]: 181 

ECVN = A + Btanh (
T−TDBTT

C
)             (2) 182 

where, A, B, and C are constants, ECVN stands for impact energy absorbed, T is test temperature 183 

and TDBTT is ductile-to-brittle transition temperature. A detailed fractography study has been 184 

carried out on the broken Charpy impact specimens under SEM. Not only the fractographic 185 

features on the fracture surfaces but also the defects on the transverse planes (prepared 186 

metallographically and lightly etched with Nital) perpendicular to the main fracture surfaces of 187 

the broken halves of Charpy specimens were examined.  188 

 189 

 190 

Fig. 2: Photographs of (a) tensile and (2) Charpy impact test specimens (Dimensions in 191 

mm) used in the present study.  192 

 193 

3.  Results 194 

3.1. Microstructural characterization  195 

            The optical micrographs and scanning electron micrographs taken from the RD-ND 196 

plane of the rolled and coiled samples at the quarter thickness location are presented in Fig. 3 197 
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and Fig. 4, respectively. The micrographs show an elongated grain structure towards the rolling 198 

direction. The microstructure consisted of different forms of bainite, i.e., granular bainite (GB), 199 

upper bainite (UB), and lower bainite (LB) along with tempered martensite (TM) in some 200 

samples. High-magnification SEM images of the individual microstructural constituents are 201 

shown in Fig. 4e. Microstructural constituents are identified considering their morphological 202 

characteristic as reported in the literature [46] and also shown in our recent study [11]. 203 
 204 

 205 

Fig. 3: Optical micrographs of the investigated samples taken from the RD-ND plane at 206 

quarter thickness locations. Sample codes are mentioned in the images. 207 

 208 

The microstructural constituents can be divided into two major categories, softer 209 

constituents (GB and UB) and harder constituents (LB and TM). Volume fractions of the 210 

microstructural constituents in the investigated samples are listed in Table 2. The amounts of 211 

GB and UB were higher (75-90 percent) in Al-450 and Ti-460 samples coiled at the upper part 212 

of the bainitic transformation bay, i.e., below Bs (~600 °C) but above Ms (~400 °C). The GB 213 

and UB fractions were low (17-23%) in Al-360 and Ti-380 samples coiled below Ms. In 214 

contrast, a significant amount of TM (48-58 percent) was present in Al-360 and Ti-380 (coiled 215 

below Ms), whilst no evidence of TM was found in Al-450 and Ti-460 (coiled above Ms). The 216 

LB fraction was minimum in Ti-460, while it remained within a close range in the other 217 

samples (24 to 30 vol. percent). 218 
  219 
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 220 

Fig. 4: (a-d) Scanning electron micrographs (secondary electron images) of the RD-ND 221 

plane of the investigated samples at the quarter-thickness location; (e) Higher 222 

magnification images of the individual phase constituents. Abbreviations: GB: 223 

Granular bainite, UB: Upper bainite, LB: Lower bainite, and TM: Tempered 224 

martensite. (a-d) Sample codes are mentioned in the images. 225 
 226 

Table 2: Volume percentage of different microstructural constituents in rolled and coiled 227 

strips as measured by image analysis on SEM images. 228 

 229 

The intricate microstructural details can be identified from the TEM images in Fig. 5. 230 

The MA constituents within granular bainite in Ti-460 are indicated in Fig. 5a. The interlath 231 

Sample 

Code 

Coiling 

Temperature (ºC) 

Softer constituents Harder constituents 

GB    

(vol. %) 

UB       

(vol. %) 

LB     

(vol. %) 

TM        

(vol. %) 

Al - 450 450 16 ± 4 59 ± 7 25 ± 2 ------- 

Al - 360 360 5 ± 2 13 ± 3 24 ± 3 58 ± 2 

Ti - 460 460 25 ± 6 65 ± 5 10 ± 3 ------- 

Ti - 380 380 10 ± 2 12 ± 3 30 ± 2 48 ± 4 
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carbides at the upper bainite region in Al-450 are shown in Fig. 5b. Fine laths of lower bainite 232 

with small carbide particles in Al-360 and Ti-380 are pointed in Fig. 5(c and d). The selected 233 

area electron diffraction (SAED) pattern inserted in Fig. 5d identifies the orthorhombic crystal 234 

structure of cementite. Since the samples cooled slowly over a long duration during coiling 235 

treatment, the epsilon-carbides converted to stable cementite particles. Fig. 5e also display the 236 

fine cementite particles (arrowed) inside the tempered martensite laths in Ti-380. Coarse 237 

cuboidal (Ti, Nb)(C, N) precipitates having a long diagonal length in the range of ~30 - 50 nm 238 

were present in both Al- and Ti-treated steels, Fig. 5f. These coarse and brittle precipitates 239 

could be the potential sites for cleavage crack initiation [61]. Detailed discussion on the 240 

evolution of microstructure and precipitation during the casting, rolling and final coiling 241 

treatment of the investigated strip samples are available in our earlier study [11]. 242 



10 
 

 243 

Fig. 5: (a-d) Bright-field TEM images showing characteristic microstructural features: 244 

(a) Granular bainite with MA constituents (arrowed); (b) Upper bainite; (c and d) 245 

Lower bainite; (e) Tempered martensite; and (f) A (Ti,Nb)(C,N) precipitate (EDS 246 

analysis inserted). The iron-carbide particles are indicated by yellow arrows. 247 

SAED pattern inserted in (d) confirmed the presence of cementite. The specimen 248 

codes are mentioned in the images. 249 

 250 
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3.2. Estimation of dislocation density, lattice-strain, and grain boundary 251 

misorientation 252 

 The dislocation densities at the quarter-thickness location of the rolled and coiled 253 

samples were calculated by profile analysis of the X-ray diffraction data, following the 254 

modified Williamson-Hall and Warren-Averback methods [62,63]. X-ray diffraction plots of 255 

the investigated samples are shown in Fig. 6. Fig. 6 shows the (011), (002) and (112) peaks 256 

corresponding to the BCC crystal structure. The dislocation density is calculated using the 257 

equation given in reference [64,65]. The dislocation densities increased in the following 258 

order, Ti-460 (4.8×1014 m-2) < Al-450 (6.9×1014 m-2) < Al-360 (9.1×1014 m-2) < Ti-380 259 

(14.0×1014 m-2). The lattice-strain distribution at a microscopic scale was estimated from the 260 

EBSD analysis and represented as Kernel Average Misorientation (KAP) maps in Fig. 7. The 261 

KAM represents the average misorientation angle of a given point, concerning its nearest 262 

neighbours, and it is directly related to the density of geometrically necessary dislocations 263 

[66,67]. The weighted average KAM values as stated on the respective KAM maps in Fig. 7, 264 

increased in the same order as the dislocation density (calculated from XRD), i.e., Ti-460 < Al-265 

450 < Al-360 < Ti-380. 266 

 267 

Fig. 6: X-ray diffraction plots of the as-received samples at room temperature.  268 

The boundary misorientation maps as obtained from the EBSD analysis are presented 269 

in Fig. 8(a-d). The absolute frequency of occurrence of the boundaries (number/m2) 270 

depending on the misorientation angles is plotted in Fig. 8e. The intensities of high-angle 271 

boundaries (HABs) were maximum in Ti-380, followed by Al-360, Al-450, and Ti-460. The 272 

intensities of low-angle boundaries (LABs) followed almost a similar trend. Thus, in low-273 

temperature coiled samples (Ti-380 followed by Al-360), not only is the dislocation density 274 

high, but the absolute intensities of LABs and HABs were also high. Phase transformation at 275 
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lower coiling temperature resulted in higher dislocation density and the recovery of those 276 

dislocations (during coiling treatment) increased the intensity of LABs [46][68]. 277 

 278 

Fig. 7: Kernel average misorientation maps (KAM) considering the first neighbouring 279 

points around the origin, from 0⁰ to 5⁰ misorientation angle as represented by the colour-280 

code given in each map. The sample codes and the weighted average (wt. avg.) KAM 281 

values are mentioned in the images. 282 

The block- and packet-sizes of TM and LB, preferentially formed during lower 283 

temperature coiling, were also more refined than those of UB and GB, transformed during 284 

higher temperature coiling. Since the block- and packet-boundaries are the HABs, the intensity 285 

of HABs was higher in Ti-380, followed by Al-360. The effective grain sizes (in terms of area 286 

equivalent diameter) were also estimated from the EBSD analysis considering a minimum 287 

misorientation threshold of 15, i.e., only based on the HABs. Although the prior-austenite 288 

grain structures were elongated along the rolling direction, apart from the prior-austenite grain 289 

boundaries, majority of the martensitic-packet and block-boundaries were also the HABs [46]. 290 

As a result, the average aspect ratio values of the ‘effective grains’ in the investigated samples 291 

were not too large (in the range of 1.0 to 2.0) and hence, equivalent circle diameter 292 
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representation of effective grain sizes can be justified. The effective grain sizes increased in 293 

the following order: Ti-380 (12.1 ± 1.0 m) < Al-450 (13.0 ± 1.5 m) < Al-360 (13.4 ± 1.3 294 

m) < Ti-460 (14.3 ± 1.0 m). 295 

 296 

297 

 298 

Fig. 8: (a-d) The EBSD boundary misorientation maps showing the low-angle boundaries, 299 

LABs (2-15 misorientation), and high-angle boundaries, HABs (>15 misorientation), as 300 

‘red’ and ‘black’ lines, respectively. (e) The boundary misorientation-angle distribution 301 

in terms of absolute frequency of occurrence (number of boundaries per m2 area). 302 
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3.3. Nanoindentation study on the individual constituents in the strip 303 

samples 304 

Instrumented nanoindentation has been carried out to study the individual deformation 305 

response of the microstructural constituents under a fixed rate of loading/unloading. 306 

Nanohardness was also determined by the method proposed by Oliver and Pharr [69].  Fig. 9 307 

demonstrates the SEM micrographs of the regions subjected to nanoindentations on different 308 

microstructural constituents, which were identified separately and circled in different colors on 309 

the respective micrographs. The average nanohardness for each microstructural constituent for 310 

a particular sample was derived from at least 100 data and are listed in Table 3. Fig. 10 311 

compares the representative load vs. depth of indentation plots obtained from nanoindentation 312 

testing of the individual microstructural constituents in the investigated samples. According to 313 

Fig. 10 and Table 3, the nanohardness of the phase constituents followed the general trend, 314 

GB < UB < LB < TM. In Al-450, the hardness difference was less between UB and GB, which 315 

were considerably softer than LB, Fig. 10a and Table 3. In Ti-460, the differences in average 316 

nano-hardness between GB (soft), UB (intermediate) and LB (hard) were similar, Fig. 10b and 317 

Table 3. In Al-360 and Ti-380, the nanohardness distribution of the phase constituents 318 

followed somewhat a dual nature. In Al-360, the hardness differences were less between the 319 

two harder constituents (TM and LB) and also between the two softer constituents (GB and 320 

UB), Fig. 10c. In Ti-380, TM was considerably harder than the other three constituents (LB, 321 

UB and GB), which had a similar low hardness response. Overall, the phase constituents in Al-322 

450 had relatively higher average nanohardness (1.3-1.5 times higher) as compared to those in 323 

Ti-460. Regarding the samples coiled at lower temperatures, being the predominant 324 

constituent, tempered martensite was harder in Ti-380 (1.25 times) as compared to Al-360. 325 
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 326 

Fig. 9: SEM micrographs showing with nanoindents from a single grid, on the different 327 

microstructural constituents indicated by different colored circles as follows: GB - Red 328 

dotted; UB - Blue; LB – Yellow; and TM - Black. 329 

 330 

 331 
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 332 

Fig. 10: Representative load vs. depth of indentation plots obtained from nanoindentation 333 

testing for each of the microstructural constituents present in the investigated samples. 334 

Table 3: Average nanohardness (in MPa) of the different microstructural constituents. 335 

Microstructural 

Constituents 

Al-450 

(MPa) 

Al-360 

(MPa) 

Ti-460 

(MPa) 

Ti-380 

(MPa) 

GB 3843 ± 508 4387 ± 794 2528 ± 415 3957 ± 560 

UB 4233 ± 544 5028 ± 974 3477 ± 369 5265 ± 808 

LB 5797 ± 618 6299 ± 1704 4475 ± 229 6466 ± 789 

TM -- 6766 ± 1311 -- 8506 ± 929 

 336 

The weighted-average nanohardness of a sample (listed in Table 3) was calculated 337 

subsequently (based on 400 nanoindentation results) considering the nanohardness values of 338 

all the constituents present in that sample, along with their respective volume fractions (as 339 

reported in Table 2). Fig. 11 shows that average Vickers bulk-hardness and weighted average 340 

nanohardness followed a similar trend. Ti-380 had the maximum hardness, followed by Al-341 

360, Al-450, and Ti-460. Thus, a decrease in coiling temperature (by 80-90 C) increased the 342 

hardness, more extensively in the Ti-treated steel. The standard deviation in nanohardness was 343 

higher than the bulk-hardness due to the significantly smaller indent size in nanoindentation 344 

and consequently the stronger effect of local microstructure and its variation. 345 
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 346 

Fig. 11: Weighted average nanohardness along with the average Vickers hardness of the 347 

investigated samples. 348 

 349 

3.3.1. Determination of strain-hardening exponent ‘n’ by nano-indentation technique 350 

Over the last decade, several studies have been carried out to predict the mechanical 351 

properties of the bulk material from the nanoindentation test results [70–75]. Among the 352 

available methods, Dao et al. [76] formulated a reverse algorithm-based analysis (called ‘the 353 

inverse method’) to estimate the elastic-plastic properties from the load vs. depth of indentation 354 

curves as obtained from the nanoindentation experiment. In the present study, the inverse 355 

method has been adopted as it is based on a dimensionless function to establish a unique 356 

mathematical correlation between the independent quantities that can be obtained from 357 

nanoindentation test data. This dimensionless function can be used to estimate the yield 358 

strength and strain-hardening exponent (n) from the load vs. depth data in the indentation plot. 359 

Further details are available in [76,77]. The strain hardening exponent calculated through 360 

instrumented nanoindentation represents the hardening response of each and every 361 

microstructural constituent under a small indentation load in a localized region (i.e., at 362 

nanometer-scale) 363 
 364 

In theory, the plastic behaviour of most metallic materials (pure metal or alloy) can be 365 

approximated by a power hardening law, described as [77,78]: 366 

 {

𝜎 = 𝐸휀                               for σ ≤  σys

𝜎 =  σys (1 +
𝐸

 σy
휀𝑝)

𝑛

       for σ ≥  σys

     (3) 367 

where E is the elastic modulus, σys is the yield strength, n is the strain hardening exponent and 368 

휀𝑝 is the plastic strain which represents the nonlinear part of the total strain (휀) accumulated 369 
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beyond the yield strain (휀𝑦𝑠), and defined as, 휀𝑝 = 휀 − 휀𝑦𝑠.  Under the sharp Berkovich indenter 370 

having fixed indenter-shape and tip-angle, an elasto-plastic solid normally follows a power law 371 

and the load P can be described as: 372 

P = P (h, E*, σr, n)        (4) 373 

where, h is the indentation depth, E* is the reduced elastic modulus, and σr is the representative 374 

stress corresponding to an arbitrary strain. The present study used σ0.033 as the representative 375 

stress at 휀𝑝 = 0.033  as proposed by Dao et al. [76] to get the following equation: 376 

𝜎0.033 =  σys (1 +
𝐸

 σys
휀0.033)

𝑛

      (5) 377 

 The representative strain (휀0.033) permits for the construction of a dimensionless function that 378 

is independent of strain-hardening exponent (n) and dependent on the parameter (E*/ σr), 379 

where, E* is defined as: 380 

𝐸∗ = [
1−𝜈2

𝐸
+

1−𝜈𝑖
2

𝐸𝑖
]

−1

        (6) 381 

where, E and ν are the Elastic modulus and Poisson’s ratio of the tested material, respectively, 382 

and subscript ‘i’ refers to those of the Berkovich indenter (Ei = 865 GPa and νi = 0.07). From 383 

the dimensionless analysis, the following function can be generated in which ‘CL’ is the 384 

proportionality constant defined as load divided by the displacement square, in other words, it 385 

represents the loading curvature of the indentation plot:  386 

 
𝐶𝐿

𝜎0.033
= −1.131 [ln (

𝐸∗

𝜎0.033
)]

3

+ 13.635 [ln (
𝐸∗

𝜎0.033
)]

2

− 30.594 [ln (
𝐸∗

𝜎0.033
)]

1

+ 29.267 387 

           (7) 388 

Once, E, σys and 𝜎0.033 are known, equation (5) can be used to calculate the strain-hardening 389 

exponent (n) of the different microstructural constituents present in the investigated samples, 390 

as listed in Table 4. 391 
 392 

Table 4: Strain hardening exponent (n) of the different microstructural constituents in the 393 

investigated samples. 394 

Microstructural 

Constituents 
Al-450 Al-360 Ti-460 Ti-380 

GB 0.15 ± 0.01 0.12 ± 0.02 0.12 ± 0.01 0.14 ± 0.01 

UB 0.17 ± 0.01 0.31 ± 0.01 0.16 ± 0.01 0.32 ± 0.03 

LB 0.22 ± 0.03 0.32 ± 0.01 0.20 ± 0.02 0.33 ± 0.03 

TM - 0.35 ± 0.03 - 0.44 ± 0.04 

Wt. avg. of ‘n’ 0.17 0.33 0.15 0.37 

 395 
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Table 4 indicates that GB and TM had the lowest and highest strain-hardening exponent, 396 

respectively. LB had a similar to slightly higher strain-hardening exponent than UB. The ‘n’ 397 

values of UB and LB were much higher in the samples coiled at lower temperatures than those 398 

coiled at higher temperatures. It is interesting to note that the same microstructural constituent 399 

shows different hardness and strain-hardening exponent values in different samples. Such a 400 

variation can be attributed to the combined effect of differences in steel composition and 401 

coiling temperature. The steel composition and coiling temperature decide the driving force for 402 

transformation during coiling treatment. At a lower transformation temperature, the higher 403 

driving force for transformation and stronger austenite lead to a finer microstructure (i.e., 404 

refined lath size, carbide size etc.). A lower transformation temperature also increases the 405 

dislocation density within the transformed constituent. On the other hand, a higher coiling 406 

temperature increases any tempering effect on the transformed constituent and the softer the 407 

constituent becomes. In addition, a higher coiling temperature increases dynamic recovery of 408 

untransformed austenite, which can increase the plate thickness of the transformed product. A 409 

refined microstructure and high dislocation density increase the hardness of a constituent. In 410 

general, for bainite and martensite, the harder the constituent, the higher is its strain hardening 411 

rate [46]. The weighted average ‘n’ value of the sample was also calculated considering the n 412 

values of the individual constituents in that sample and their respective volume fractions, and 413 

is given in Table 4. A decrease in coiling temperature increased the weighted average ‘n’ values 414 

with Ti-380 showing the highest ‘n’ value, followed by Al-360. 415 

  416 

3.4. Evaluation of tensile properties   417 

Engineering stress-strain curves of the tensile tested specimens are presented in Fig. 418 

12.  Fig 12a suggest that both yield strength (ys) and ultimate tensile strength (uts) increased 419 

with the decrease in coiling temperature. Ti-380 showed the maximum strength, with 420 

particularly high uts, whereas Ti-460 had the minimum strength. An increase in ys was 421 

accompanied by a decrease in ductility, represented by the percentage of total elongation till 422 

fracture. The highest uniform elongation and total elongation were observed in Ti-460 followed 423 

by Al-450, whilst, Ti-380 showed the lowest ductility. More details regarding the tensile 424 

properties of the investigated samples have discussed in our previous study [11]. The variation 425 

in the strain-hardening exponent (n) as the function of true strain is plotted in Fig. 12b. The 426 

investigated samples showed primarily two stages of work hardening and the hardening 427 

exponent (n) at the initial stage increased with the decrease in coiling temperature. Ti-380 428 

showed the highest hardening exponents in both the hardening stages. Fig. 12c shows the 429 

variation in strain-hardening rate (
𝑑𝜎

𝑑𝜀
) as the function of true strain. Ti-380 and Ti-460 showed 430 

the highest and lowest work hardening rate, respectively, following the trend shown by the ‘n’ 431 

values at the initial stage of tensile deformation. Al-360 had a slightly higher work-hardening 432 

rate than Al-450 despite their similar hardening exponents at the initial stage of deformation. 433 
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 434 

 435 

Fig. 12: (a) Engineering (tensile) stress-strain plot of the investigated samples; (b) The 436 

change in strain-hardening behaviour with the increase in true stress (σ) and true strain 437 

(ε) based on the Hollomon equation [79]. The ‘n’ values for different stages of 438 

deformation are mentioned; (c) The variation of strain-hardening rate with the increase 439 

in the true strain of the tested samples. Fig. 12(a, b) are repeated from authors earlier 440 

reference [11]. 441 

  442 

3.5. Assessment of Charpy impact properties 443 

The Charpy impact transition curves for the investigated samples are plotted in Fig. 13. 444 

The upper shelf energy (USE), the impact energy absorbed at -40C, and the ductile-to-brittle 445 

transition temperature (DBTT) are listed in Table 5. 446 
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 447 

Fig. 13: Charpy impact transition curves of the investigated samples. 448 

 449 

Table 5: Charpy impact properties of the steel samples. 450 

Sample ID 
USE 

(J) 

Impact 

Energy at 

−400𝐶 

(J) 

DBTT 

(ºC) 

ITT as per 

specification 

(J) 

𝜎𝑓𝑑 

calculated 

(MPa) 

𝐾𝐽𝑑 

Calculated 

(MPa√m) 

Al - 450 35 25 -62 -78 1024 85 

Al - 360 29 18 -50 -59 1290 79 

Ti - 460 42 20 -37 -61 1001 97 

Ti - 380 19 17 -63 -51 1296 45 

Abbreviations: USE : Upper shelf energy; DBTT : Ductile to the brittle transition temperature; 451 
ITT: Impact transition temperature as per specification (27J ITT normalized by specimen cross-452 

section area); σfd: Dynamic flow stress at 70 ℃; 𝐾𝐽𝑑: Dynamic fracture toughness  453 

 454 

According to Fig. 13 and Table 5, Ti-460 showed the highest USE, followed by Al-455 

450, Al-360, and Ti-380. All the investigated samples exhibited brittle fracture with lower shelf 456 

energy, LSE, of  2-4 J over the range of -140C to -170C. Irrespective of the different USE 457 

values, Ti-380 and Al-450 showed similar and low DBTT. The DBTT of Al-360 was lower 458 

than that of Ti-460. As per BS EN 10149 specification [2] structural steel grades with yield 459 

strength of 700 MPa or higher need to satisfy a minimum Charpy impact toughness of 27J at -460 

40 C, applicable to a full-size (10 mm × 10 mm) Charpy specimen. Considering the sub-sized 461 

(10 mm × 5 mm) test specimens used here (Fig. 2b), following a simple energy normalization 462 
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procedure, the impact toughness corresponding to the specified 27J impact energy absorption 463 

is 13.5 J. The corresponding ITT values (listed in Table 5 as ‘ITT as per specification’) were 464 

lower than -40 C for all the samples. Al-450 showed the minimum ITT, whilst Ti-380 had the 465 

maximum ITT. Ti-460 and Al-360 showed similar and intermediate ITT values. In this context, 466 

it is noteworthy that the impact toughness representation in terms of DBTT (temperature 467 

corresponding to the impact energy average of USE and LSE) can sometimes be misleading as 468 

it primarily depends on the USE, as the LSE lies at a low constant level (say, within 4 J). 469 

Considering the significant difference in USE values, initial attention has been paid to 470 

understand the difference in USE, and subsequently to explore the variation in ITT. 471 

In the present study, the modified Schindler procedure (MSP) [80,81] was adopted for 472 

the prediction of dynamic fracture toughness (𝐾𝐽𝑑) from the load (P) vs. displacement () 473 

curves obtained from the instrumented impact testing at the temperature regime of USE (given 474 

in APPENDIX-1). According to MSP [80,81], the minimum value of 𝐽𝐼𝑑 (dynamic elastic-475 

plastic fracture toughness in terms of J-integral) can be estimated from the following equations:  476 

𝐽0 =
7.33.𝑛𝑑.𝐶𝑣.10−3

1−1.47(
𝐶𝑣

𝜎𝑓𝑑
)

        (8) 477 

𝐽0.2 = 3.92. 𝑛𝑑

1

3 . 𝐶𝑣. 10−3       (9) 478 

𝐽0.2𝑡 = 11.44. 𝑛𝑑

1

3 . 𝐶𝑣 {(
3.05𝐶𝑣

103𝜎𝑓𝑑
)

3

. 𝑛𝑑

1

3 + 0.2}

2/3

. 10−3   (10) 479 

where, 𝐽0 is for crack extension, Δa = 0 mm; 𝐽0.2 is for Δa = 0.2 mm, and 𝐽0.2𝑡 is for Δa = 0.2 480 

mm from the intersection of the blunting-line with the J–R curve [81]; 𝐶𝑣 is the Charpy impact 481 

energy; and nd is dynamic strain hardening exponent. 𝜎𝑓𝑑 is dynamic flow stress which can be 482 

further estimated from the following equation [82]: 483 

𝜎𝑓𝑑 =  
2.99.𝑃𝑓𝑑.𝑊

𝐵.(𝑊−𝑎0)2         (11) 484 

where, 𝑃𝑓𝑑 is the average of general yield load and maximum load as obtained from the load-485 

displacement plot recorded by the instrumented impact test system for the specimens tested at 486 

70C (APPENDIX-1). B (6 mm / 8 mm) is the thickness, W (10 mm) is the width and 𝑎0 (2 487 

mm) is the machined notch-depth of the Charpy impact test specimen. Furthermore, the 488 

dynamic strain hardening exponent (nd) was estimated from the instrumented impact tests by 489 

fitting the following power-law relationship [83] within the data points falling between the 490 

general yield load (Pgy) and the maximum load (Pmax) of the load (P) - displacement () plot: 491 

𝑃 = 𝐴. 𝛿𝑝𝑙
𝑛𝑑          (12) 492 

Where, P, A, pl, and nd are the load, fitting parameter, plastic displacement, and dynamic strain 493 

hardening exponent, respectively. Dynamic work-hardening characteristics of the investigated 494 

steels during Charpy impact testing is plotted in Fig. 14. Similar to the static strain-hardening 495 

(Fig. 12b), the dynamic strain-hardening appeared to generally follow a two-stage behaviour, 496 
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Fig. 14. The nd values for the first- and second-stage of dynamic strain-hardening are given in 497 

Fig 14. The positive and negative nd values during the first- and second-stage of strain-498 

hardening, respectively, indicate that although strain-hardening governed initially, dynamic 499 

softening mechanism gradually dominated over the strain-hardening during the latter part of 500 

deformation. Such a negative hardening exponent can arise from adiabatic heating of the 501 

material under high strain-rate loading that locally increases the temperature, leading to 502 

dynamic recovery induced softening [84]. Hence, the positive nd values associated with the 503 

first stage of deformation (less influenced by temperature) were used to calculate the dynamic 504 

elastic-plastic fracture toughness. 505 

 506 

Fig. 14: Dynamic strain-hardening behaviours of the investigated steel samples showing 507 

different hardening exponents. (Calculations were done based on equation 12).   508 

 509 

According to Schindler et al. [81], 𝐽0 provides a more conservative estimation of 𝐽𝐼𝑑. Hence, 510 

the dynamic fracture toughness in terms of dynamic stress-intensity factor, 𝐾𝐽𝑑 was calculated 511 

from J0 (equation 8) using the following equation [79–85]: 512 

𝐾𝐽𝑑 =  √𝐸 ∗ 𝐽𝐼𝑑        (13) 513 

where E is Young’s modulus of the steel and 𝐽𝐼𝑑=𝐽0. The calculated 𝜎𝑓𝑑 and 𝐾𝐽𝑑 values are listed 514 

in Table 5. The 𝐾𝐽𝑑 values follow the same trend as the USE values obtained from Charpy 515 

impact testing. The calculated 𝜎𝑓𝑑 values, on the other hand, obeys the trend shown by the 516 

strength of the samples in quasi-static tensile testing. 517 

Barsom and Rolfe [79,86] proposed the following correlation between the dynamic 518 

fracture toughness under mode-I (𝐾𝐼𝑑) and the upper shelf energy (USE) for the high-strength 519 

(ys 760 - 1700 MPa) metallic alloys:  520 

(
𝐾𝐼𝑑

𝜎𝑦𝑠
)

2

= 𝐴 (
𝑈𝑆𝐸

𝜎𝑦𝑠
− 𝐵)        (14) 521 
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where A and B are proportionality constants. It is to be noted that such correlations depend on 522 

factors such as the material tested, test temperature range, loading rate, and notch-design and 523 

accuracy. However, at the USE regime, the effects of temperature, loading rate and notch-524 

acuity are not as severe as in the impact transition temperature regime [79]. To derive a 525 

relationship between 𝐾𝐼𝑑 (𝐾𝐽𝑑 used as 𝐾𝐼𝑑 in equation 14) and USE, those are plotted in Fig. 526 

15 (with correlation coefficient, R2 = 0.99). Regression analysis has been employed to find out 527 

the values of different constants for the given relationship. The proposed equation (in the same 528 

form as suggested by Barsom and Rolfe [79], and Tanaka et al. [87]) is mentioned in Fig. 15. 529 

In future, the applicability of this relationship needs to be verified for other UHSS systems. 530 

 531 

Fig. 15: Relation between calculated KJd and upper shelf energy (USE) values of the 532 

impact tested samples of the investigated steels. 533 

 534 

3.6. Fractography study on the impact tested specimens 535 

 The SEM fractographs of the broken Charpy specimens impact tested at the USE 536 

regime (+70C) are given in Fig. 16. Al-450 and Ti-460 showed a completely ductile ‘fibrous-537 

fracture appearance’ characterized by the presence of numerous dimples on the fracture 538 

surfaces. Some of the large dimples were elongated along the longitudinal direction (i.e., RD 539 

of the originally rolled strips), following the elongated grain structures in Fig. 3. Those voids 540 

possibly initiated around the carbide particles situated at the prior austenite grain boundaries,  541 
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or the interphase boundaries between the different phase constituents, and grew along those 543 

boundaries, resulting in an elongated appearance. It is noteworthy that even at USE regime, 544 

besides fibrous fracture, quasi-cleavage fracture covered around 25 percent of the fracture 545 

surface in Al-360, and prominent cleavage facets dominated the fracture surface (covering 80 546 

percent area) in Ti-380. 547 

 The SEM micrographs showing the locations just beneath the fracture surfaces on the 548 

transverse cross-sections of the broken Charpy specimens are shown in Fig. 17. Several fine 549 

voids were uniformly distributed below the fracture surface in Al-450 up to a depth of  80 550 

m, Fig. 17a. The void density was less in Ti-460, and the voids were primarily located just 551 

below the fracture surface within a depth of  20 m, Fig. 17b. The size and density of the 552 

voids decreased with the increase in the distance below the fracture surface, Fig. 17(a, b). In 553 

Al-360 and Ti-380, apart from a few large voids, there were several secondary cracks, either 554 

formed along with the shear bands (shear cracking) or the unpropagated cleavage cracks, Fig. 555 

17(c, d).    556 

 557 

Fig. 17: The SEM micrographs of the location just below the fracture surface (on the 558 

transverse section plane, perpendicular to the fracture surface) showing the voids (red 559 

arrows) and cracks (yellow arrows). 560 
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4. Discussion on the microstructure – strength – impact toughness 561 

correlation 562 

The microstructural evolution in the rolled and coiled strips, considering the steel 563 

compositions and processing parameters, has been discussed in our earlier study [11]. The 564 

emphasis of this study is to investigate the microstructure-tensile-impact toughness 565 

relationship. The higher ductility and USE of Ti-460 followed by Al-450 can be attributed to 566 

the presence of softer constituents (GB and UB) at a high fraction having low dislocation 567 

densities, Table 2 and Section 3.2. Voids nucleate primarily around the carbide particles and 568 

MA constituents. According to the Rice and Tracey model [88], void growth is promoted at a 569 

lower yield strength, lower strain hardening rate and higher plastic strain accommodation in 570 

the ductile matrix. The greater the amount of void growth, the higher the energy absorption for 571 

plastic deformation, and the higher the ductility and USE [79,88]. 572 

 The differences in local deformation response between the microstructural constituents 573 

(namely, GB, UB and LB) were small, with the properties being in a similar range in Ti-460, 574 

Fig. 10b and Table 3. In contrast, LB was considerably harder than UB and GB in Al-450, 575 

Fig. 10a and Table 3. As a result, the development of plastic deformation was more gradual 576 

and uniform in Ti-460 as compared to Al-450. In our earlier paper [11], the microstructural 577 

heterogeneity in the investigated steels has been quantified based on the hardness variation and 578 

represented by a heterogeneity index. Ti-460 showed superior microstructural homogeneity 579 

than that in Al-450. More uniform deformation of the softer matrix in Ti-460 possibly reduced 580 

the extent of void nucleation and promoted void growth, contributing to its higher ductility and 581 

USE. 582 

 Contrary to Ti-460 and Al-450, the higher strength and lower USE of Ti-380 and Al-583 

360 can be attributed to the high fraction of harder constituents (TM and GB) with high 584 

dislocation densities, Table 2 and Section 3.2. The TM in Ti-380 was harder than that of Al-585 

360, Table 3, and it can be explained as follows. Bainitic transformation is accompanied by 586 

rejection of C from bainite that enriches the C content in the adjacent austenite [46]. A higher 587 

fraction of bainite in Ti-380 resulted in higher C content in the austenite and subsequently in 588 

the transformed martensite, as compared to that in Al-360. Besides, during bainite formation, 589 

the transformation strain is accommodated by the generation of dislocations in the adjacent 590 

austenite. Those dislocations are inherited by martensite after austenite to martensite 591 

transformation [46]. Due to the higher bainite fraction, the dislocation density was also higher 592 

in the martensite in Ti-380. Overall, higher hardness and strength strongly restricted the plastic 593 

deformation in Ti-380, followed by Al-360. Hence, cleavage and quasi-cleavage fracture 594 

occurred even at the higher test temperatures, Fig. 16, reducing the USE. Besides, the high 595 

hardness difference between the harder and softer constituents resulted in preferential 596 

deformation of softer constituents (present at a lower fraction), under a high constraint from 597 

harder constituents. Such a severe deformation heterogeneity can result in (i) shear banding 598 
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and the associated shear cracking within the softer constituents, and (ii) cleavage cracking 599 

within the harder constituents, Fig. 17(c, d). The high strength and considerable post-uniform 600 

elongation (9.6-11.4 %) seen for Ti-380 and Al-350 could be due to their high strain-hardening 601 

ability, which resisted void coalescence [89]. Relating tensile toughness (area under the tensile 602 

curve, in MJ/m3) and USE (in J), Ti-380 and Al-360 had similar tensile toughness ( 131 603 

MJ/m3) despite different USE (19 J and 29 J, respectively), while, for Al-450 (139 MJ/m3, 35 604 

J) and Ti-460 (145 MJ/m3, 42 J) these parameters follow a similar trend.  605 

It is interesting to note that the weighted average strain hardening exponent calculated 606 

from instrumented nanoindentation (Table 4) and the strain hardening exponent (n) obtained 607 

from the tensile test (Fig. 12b) showed some difference. The weighted average strain-hardening 608 

exponents (n) estimated from nanoindentation testing (in Table 4) are significantly different 609 

for the samples coiled at higher temperatures (0.15-0.17) and lower temperatures (0.33-0.37). 610 

However, the ‘n’ values obtained from tensile testing (Fig. 12b) are within a close range (0.3-611 

0.5) even at the initial stage of deformation. The difference between the average strain-612 

hardening exponents estimated from nanoindentation testing and obtained from tensile testing 613 

is more prominent in the samples of Al-treated steels. According to the nano-indentation test, 614 

the strain hardening component of Al-360 is two times higher than that of Al-450 (Table 4). 615 

However, according to the tensile test results in Fig. 12(b), both materials have similar strain 616 

hardening exponent value (i.e., n ~ 0.4). The samples coiled at lower temperatures contain 617 

much higher amounts of lower bainite and tempered martensite (78-82 %) which show high 618 

‘n’ values at a local scale (0.32-0.44, Table 4). During tensile deformation of those samples, 619 

possibly those constituents governed the strain-hardening rate even at the initial stage of 620 

deformation. In contrast, the microstructure of the samples coiled at higher temperatures are 621 

dominated by upper bainite and granular bainite (75-90 %) having lower ‘n-values’ at the local 622 

scale (0.12-0.17). The UB and GB in the higher temperature coiled samples are also relatively 623 

softer (nanohardness values 2528-4233 MPa) than the same constituents in the lower 624 

temperature coiled samples (3957-5265 MPa), Table 3. Therefore, it appears that during tensile 625 

deformation, GB and UB in the higher temperature coiled samples strain-hardened rapidly 626 

resulting in the high overall strain-hardening exponent, as compared to that of the individual 627 

constituents. The weighted average n-values calculated and listed in Table 4 are based on the 628 

assumption that all the individual constituents deform simultaneously. That may not be true in 629 

tensile testing where there can be a strain-partitioning effect during the deformation of bulk 630 

material resulting in preferential deformation of softer constituents [90], their rapid strain-631 

hardening, and subsequently the deformation of all the constituents. Besides, as and when 632 

softer constituents deform in the presence of harder constituents, geometrically necessary 633 

dislocations are generated within the deforming constituents due to constraint from the harder 634 

entities. As a result, softer constituents can strain-harden rapidly. In contrast, during 635 

nanoindentation testing each and every constituent deformed almost individually without 636 
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significant effect of the neighbouring entities and dislocations generated are only due to the 637 

indentation. 638 

A difference in strain-hardening behavior between tensile and nanoindentation testing 639 

could also be due to the difference in the state of stress and strain distribution. First of all, in 640 

tensile testing, the bulk material deforms under a uniaxial state of stress over the unform 641 

deformation regime. In nanoindentation, the stress state underneath the indenter is a 642 

local and triaxial stress. Besides, the stress distribution in the depth-sensing 643 

nanoindentation technique is much more complex than in the uniaxial tensile test [91,92]. 644 

In case of the Berkovich pyramid indenter, friction at the indenter-metal interface also 645 

influences the plastic flow [77]. It has been found that the prediction of tensile properties 646 

from the instrumented nanoindentation technique also requires correction factors 647 

considering plastic pile-up / sink-in phenomenon and elastic deflection of the material 648 

[93,94]. All these aspects deserve more attention in future studies.  649 

Apart from the influence of USE levels, as mentioned earlier, ITT can depend on the 650 

resistance offered by the matrix to cleavage crack propagation over the impact transition 651 

regime. The lowest ITT (and also low DBTT) of Al-450 sample can be attributed to its low 652 

effective grain size (restricting cleavage crack propagation) along with a deformable matrix. In 653 

spite of the lowest USE, the ITT of Ti-380 is not too high either, possibly due to its low 654 

effective grain size and high intensity of HABs. Overall, ITT depends on the following two 655 

factors: (i) Low effective grain size and high intensity of HABs that effectively retarded the 656 

cleavage crack propagation (LABs are ineffective in that respect [95]); (ii) As the crack 657 

initiated in hard constituents, entered the softer constituents crossing the interphase boundaries 658 

the dislocation emission at the crack-tip possibly shielded the crack-tip and reduced the crack 659 

velocity [96,97]. 660 

The present study demonstrates that coiling temperature has a significant influence on 661 

the microstructure and properties of the investigated UHSS strips. In the samples coiled at 662 

higher temperatures (450-460 C), the microstructure comprising different forms of bainite 663 

ensures superior ductility and impact properties with a relatively lower strength. On the other 664 

hand, in the samples coiled at lower temperatures (360-380 C), the microstructure, dominated 665 

by tempered martensite and lower bainite, offers higher strength, but inferior ductility and 666 

impact toughness. It may be possible to achieve a better combination of strength and toughness 667 

at an intermediate coiling temperature (say, 400-420 C) which needs to be explored in future. 668 

The microstructure and properties of Al-treated and Ti-treated steel samples are very similar, 669 

for a particular coiling temperature range. Therefore, either of these treatments can be adopted 670 

to protect B in these steels. In an earlier investigation [11], Ti-460 showed the best room 671 

temperature bending performance, followed by Al-360. Overall, considering the high ductility, 672 

bendability and impact properties, future research may be focused on increasing the strength 673 

of Ti-460 sample (at least to achieve a yield strength more than 700 MPa). 674 
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 5. Conclusions: 675 

 676 

 The tensile and Charpy impact properties of four strip samples from two different B-677 

added low-C ultra-high-strength steel strips (Al-treated and Ti-treated), coiled at two different 678 

temperature ranges (360-380C and 450-460C), have been evaluated and correlated to the 679 

microstructural parameters. The major conclusions derived from the study are listed below: 680 

• Regarding Ti-460 and Al-450 samples coiled at higher temperatures, the presence of a 681 

high-fraction (75-90%) of softer constituents, i.e., upper bainite (UB) and granular 682 

bainite (GB) with low dislocation densities decreased the strength (yield strength 670-683 

722 MPa), however, improved the ductility (16.9-19.5 %) and upper shelf energy (USE 684 

35-42 J).  685 

• In contrast, for Al-360 and Ti-380 samples coiled at lower temperatures, a high fraction 686 

(78-82%) of harder constituents, i.e., tempered martensite (TM) and lower bainite (LB) 687 

increased the strength (yield strength 808-814 MPa), however, reduced the ductility 688 

(13.0-14.5 %) and upper shelf energy (USE 19-29 J). 689 

• In general, the hardness and strain-hardening ability were higher in the case of Al-360 690 

and Ti-380 samples containing a higher fraction of TM and LB as compared to the rest. 691 

In this regard, the same trend was obtained from nanoindentation testing, bulk-hardness 692 

testing, quasi-static tensile testing and dynamic Charpy impact testing. Such a trend has 693 

rarely been reported in the literature. 694 

• At the USE regime, the fracture surfaces of Ti-460 and Al-450 showed predominantly 695 

ductile ‘fibrous-fracture appearance’, whilst, the fracture surfaces of Al-360 and Ti-380 696 

showed quasi-cleavage and cleavage fracture appearance, apart from fibrous fracture. 697 

• Despite the low USE, Ti-380 showed the lowest DBTT (-63C), followed by Al-450 (-698 

62C) due to the high intensity of high-angle boundaries, and especially the low 699 

effective grain size. The USE levels could also have influenced the DBTT values. 700 

• The following empirical equation has been proposed to relate the dynamic mode-I 701 

fracture toughness (KId) and the USE for the investigated UHSS: 702 

(
𝐾𝐼𝑑

𝜎𝑦𝑠
)

2

= 0.44 (
𝑈𝑆𝐸

𝜎𝑦𝑠
− 0.016)  703 

 704 
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Fig. A1: Load vs. displacement curves obtained from instrumented Charpy impact testing of 711 

the specimens at +70C. The crack propagation energy calculated from the load-displacement 712 

curves are mentioned in the images. 713 

 714 
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APENDIX-I 1056 

 1057 

Fig. A1: Load vs. displacement curves obtained from instrumented Charpy impact testing of 1058 

the specimens at +70C. The crack propagation energy calculated from the load-displacement 1059 

curves are mentioned on the images. 1060 


