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Fig. 2. Typical microstructures recorded at the centreline following 
etching with 2% Nital: (a) A920: auto-tempered martensite, (b) B880: 
martensite and bainite, (c) B840: bainite, (d) B820: bainite and at the 
subsurface (e) A820: granular bainite and ferrite and (f) A830: upper 
bainite with MA-plates (arrows)

Fig. 3. Band contrast and grain boundary maps present with misorien-
tation distributions covering angles 2.5-62.7° of the areas concerned. 
Low-angle boundaries (2.5°-15°) are blue and high-angle boundaries 
(>15°) are red. (a) Ferrite in B820, (b) granular bainite in A820, (c) upper 
bainite in A830, and (d) auto-tempered martensite in A920

bainite, similarly as observed in Steel A at low FRTs. In contrast 
to the subsurface features of Steel A, Steel B did also show upper 
bainite with martensite-retained austenite (MA) islands aligned 
parallel to the rolling direction in B840 sample.

EBSD maps and grain boundary misorientation distribution, 
as shown in Fig. 3, corroborated the FESEM microstructural 
classifications. Ferrite grain boundaries are practically randomly 
distributed (Fig. 3a). In granular bainite with irregular ferrite 
(Fig. 3b), the distribution of grain boundaries is less random 
as compared to ferrite grains and is revealed by a broad peak 
at approx. 50°, whereas the existence of substructure produces 
a peak below 15°. Upper bainite has a high fraction of low-angle 
boundaries (below 15°) and relatively low high-angle boundaries 
(>50°), Fig. 3c. In auto-tempered martensite (Fig. 3d) the dis-
tribution of grain boundaries is comparatively similar as in the 
case of upper bainite, while the fraction of high-angle boundaries 
(>50°) remains high.

3.1.2. Mechanical properties 

The tensile property evaluation in the longitudinal direction 
showed reasonably high strength levels for the two steels, as 
depicted in Fig. 4a. The yield strength (Rp0.2) and tensile strength 
(Rm) of studied steels vary in the ranges 980-1180 MPa and 
1160-270 MPa, respectively, depending on the FRT. In general, 
Steel A (without Nb microalloying) showed higher Rp0.2 and Rm 
compared to that of Steel B (with 0.04 wt.% Nb) irrespective 
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of the FRT, as Nb raises the Tnr temperature significantly and 
facilitates pancaking even at high FRTs, which may be influenc-
ing the phase transformation characteristics. Both Rp0.2 and Rm 
increased initially with the decrease in FRT as a consequence 
of the increased pancaking and finer packets of martensite, but 
decreased subsequently at lower FRTs obviously due to the 
formation of higher temperature transformation products and 
required further confirmation through CCT dilatation tests. 
The effect was more pronounced in the case of Steel A as the 
FRT dropped below 840°C. The Rp0.2/Rm ratios are in the range 
0.89-0.94. Elongation to fracture (A5) recorded on these samples 
varied in the range 8.6-12.0% for longitudinal specimens.

Fig. 4. Effect of FRT on mechanical properties (in longitudinal direc-
tion): (a) yield stress (Rp0.2) and tensile strength (Rm) and (b) Charpy 
V impact toughness measured at –60°C

Fig. 4b shows an example of the Charpy V impact tough-
ness (in J/cm2) vs. FRT measured at –60°C for both the steels 
in the longitudinal direction. Both steels showed improve-
ment in toughness as the FRT decreased, obviously due to the 
shortening and randomization of martensite laths. In particular, 
Steel B showed relatively higher impact energies at all FRTs, 
as a consequence of lower yield and tensile strengths, Fig. 4. 
This can be linked to the presence of upper and granular bainite 
in the microstructures of Steels B even at higher FRTs, Fig. 2. 
However, the impact toughness was slightly lower in transverse 
direction, irrespective of the steel type and FRT.

The bendability of the two compositions varied over a wide 
range depending on the FRT and corresponding subsurface 
microstructure, with minimum bending radii varying from as 
low as 2-5 times and 2-8 times the thickness for the bend axis 
parallel and perpendicular to the RD, respectively. In transverse 
bending (perpendicular to RD), sheets A830 and B840 cracked 
even after bending to a small angle with the largest punch radius 
used, i.e. 50 mm. The minimum bending radii obtained with soft 
surfaces for Steels A820 and B820 were small (2.0 times thick-
ness) in both the directions. These values can be considered as 
satisfactory for the strength level concerned.

3.2. CCT diagrams 

CCT diagrams plotted from the dilatation data of Steels 
A and B, both in the unstrained and 3×0.2 strained conditions, 
are presented in Figs. 5a-b. In unstrained condition, the phase 
transformation (PT) start temperatures were quite similar for 
both steels at the high linear cooling rates, 30-70°C/s. However, 
with further decrease in cooling rate, there is an appreciable 
difference in the phase transformation start temperatures, with 
Steel B showing higher transformation temperatures due to the 
presence of Nb, which is also a strong carbide and ferrite former. 
As a consequence, Vickers hardness data showed marginally 
lower or comparable hardness for Steel B at all cooling rates. 
Temperatures marking the completion of phase transformation 
are somewhat lower for Steel A, though there is hardly any dif-
ference at the 50% PT, thus further corroborating the marginally 
higher hardness of Steel A. As can be discerned from Fig. 5a-b, in 
unstrained condition, cooling rates beyond about 30°C/s should 
result in lower bainite and martensite, irrespective of the steel 
type. In case of direct quenching, cooling rates may vary in the 
range 50-70°C/s for strip thickness varying in the range 6-8 mm 
and hence this part of the CCT diagram is of interest here.

An example of the influence of straining in the austenite 
in the Tnr regime on the phase transformation characteristics 
is depicted in Fig. 5a-b corresponding to the CCT dilatation 
following 3x0.2 straining at 850°C, as described earlier. It is 
obvious that there is no significant change in the transformation 
temperatures of Steel A at 50-70°C for this FRT, but there is 
a marginal decrease in the transformation temperatures at lower 
cooling rates with a concomitant increase in hardness compared 
to that of the unstrained specimens. In sharp contrast, Steel B 
with Nb microalloying showed an appreciable increase in the 
phase transformation temperatures practically at all cooling rates, 
Fig. 5b. The effect is more obvious at the highest cooling rates 
(30-70°C/s), corroborating the influence of high Rtot (~64 %) 
on the strain induced high temperature transformation products. 
Even though the effect is not that appreciable at the lower cool-
ing rates (2-10°C/s), the hardness has dropped significantly at 
lower cooling rates. In contrast, hardness values do not show any 
particular trend (sometimes in opposite direction) in the cooling 
rate range 30-70°C/s following 3x0.2 straining, even though there 
is a large difference in the phase transformation temperatures. 



624

Because of this observation, it seems that the macroscopic hard-
ness of a thermo-mechanically processed specimen is not only 
governed by the formed phases, but also by the size scale and 
distribution of the microstructural constituents. 

Microstructural examination of all strained and unstrained 
specimens cooled at 70°C/s are presented in Fig. 6a-d. While the 
microstructures of Steel A (both strained and unstrained; Figs. 
6a and 6c) and also Steel B in unstrained condition (Fig. 6b) 
appear mostly martensitic, the microstructure of Steel B in 
strained condition (Fig. 6d) displays a fine mixture of bainite 
and martensite, which clearly confirms an appreciable increase 
in the bainite phase field in the CCT diagram of Steel B at high 
cooling rates as a result of Nb microalloying (Fig. 5b).

The results of CCT diagrams further confirm the micro-
structures observed in the hot rolled strips both at the core and 
subsurface regions and variation in mechanical properties as 
a function of FRT. The results are particularly interesting for 
Steel B with Nb microalloying, which showed relatively lower 
yield and tensile strengths with a concomitant increase in tough-
ness at -60°C.

4. Discussion

The yield and tensile strength increased with increasing 
reduction in the non-recrystallization regime, Rtot, up to 66% 
followed by a decrease in strength due to a larger fraction of 
bainite in Steel A. Therefore, strengthening can be attributed to 
the observed refinement and randomization of the lath, block 
and packet size [17-19], corresponding to the change from pure 
martensite to lower bainite and auto-tempered martensite mix-
tures [20]. However, it is difficult to separate the effects of these 
features from each other, as they are very interrelated.  Similar 
results have been observed for Steel B, where higher FRT led to 
the formation of ATM and UB microstructures at subsurfaces, 
obviously due to the strong influence of Nb on raising the Tnr 
temperature, resulting in higher yield strengths than that obtained 
with lower FRT resulting in GB microstructure, as also cor-
roborated by the CCT diagrams. In Fig. 4a, it can be seen that 
strength decreases with FRT lower than 880°C, which trend is 
opposite to that observed on Steel A without Nb microalloying. 
However, the yield strength of Steel A dropped significantly to 
the level of Steel B at the FRT of 820°C. Elongation to fracture 
values of the materials correlate inversely with tensile strength 
as typical of ferritic steels.

A comparison of Steels A and B clearly reveals the effect 
of Nb on yield and tensile strength at different FRTs. As FRT 
decreases, the degree of deformation of the austenite increases 
down to the temperature at which the strain in the austenite is suf-
ficient to induce the formation of significant amounts of granular 
bainite. Further reductions in FRT then cause a decrease in the 
yield and tensile strengths. However, up to a point depending 

Fig. 5. CCT diagrams of (a) Steel A and (b) Steel B in both unstrained 
(blue) and 3x0.2 strained at 850°C (black) conditions. MS temperature 
computed using equation given in Ref. [12] is also indicated in both 
diagrams. (Abbreviations: F = Ferrite, B = Bainite and M = Martensite)

Fig. 6. Typical microstructures of CCT specimens cooled at 70°C/s 
following etching with Nital: (a) Steel A: unstrained, (b) Steel B: un-
strained, (c) Steel A: 3×0.2 strained at 850°C and (d) Steel B: 3×0.2 
strained at 850°C
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on the steel type, a reduction in FRT increases strength as dis-
cussed above. In the case of the Nb-alloyed Steel B the critical 
temperature giving the maximum strength is roughly 880°C, 
whereas in the Nb-free Steel A it is 830°C because, for a given 
FRT, less strain is accumulated in the absence of Nb, i.e. Rtot is 
smaller, see Table 1. 

While Steel A was rolled to a thickness of 6 mm, Steel B 
was rolled down to 8 mm. Therefore, it might also affect the 
grain structure. Had the material B been similarly rolled down 
to 6 mm thickness, the extent of pancaking would have been 
marginally higher. The studied Steel B was microalloyed with 
niobium, which strongly affects the recrystallization behaviour of 
austenite during hot rolling, particularly in the temperature range 
below the recrystallization limit temperature in the Tnr regime, 
1014°C to 858°C (calculated using Tnr equation from Ref. [21]. 
Due to the retardation of austenite recrystallization kinetics, 
pancaked austenite grain structure can be obtained at relatively 
high temperatures [22]. Though molybdenum is known to have 
a strong retarding influence on the recrystallization kinetics of 
steels, its influence can be less effective in the presence of other 
microalloying elements with stronger influence on recrystalliza-
tion rates, such as Nb [21]. Hence, it is the presence of Nb in 
Steel B that accounts for the highly pancaked prior austenite grain 
structure present in Steel B even with a FRT of 920°C, where 
Rtot was 52%. On the other hand, in Steel A without Nb the Rtot 
was only 38% at the FRT of 920°C, see Table 1.

The effect of low-temperature finish rolling, i.e. pancaking, 
depends on the hardenability of the steel. It is well established 
that diffusion controlled transformations are strongly affected 
by austenite deformation, such that if the steel composition and 
cooling rate result in the formation of ferrite, the phase trans-
formation start temperature is increased, i.e. the hardenability 
is decreased by austenite deformation [9]. Similar results have 
been found by Taylor and Hansen [23], where lowering FRT 
(from 980 to 870°C) was found to reduce the hardenability of 
a 0.2C-0.6Mn-0.5Mo-0.001B steel. 

Deformation of austenite below its no-recrystallization 
temperature has been observed to enhance bainite formation, 
i.e. shift the C-curve to shorter times in the time-temperature-
transformation (TTT) diagram [24]. This indicates that lowering 
the FRT should lead to the formation of bainite at higher tem-
peratures resulting in higher volume fractions of granular bainite 
instead of lath-like bainite. In the present cases, increasing Rtot 
promoted the formation of bainitic microstructures instead of 
martensitic ones, although polygonal ferrite can also be seen 
near the strip surface after the highest Rtot obviously as a result 
of the strain induced transformation due to lower than the aver-
age temperatures at strip surfaces. This can be observed from 
the data in Table 2 and the micrographs in Fig. 2e. The observed 
higher impact energies in Steel B can be linked to the presence 
of upper and granular bainite in the microstructures of Steels B 
even at higher FRTs.

During hot rolling, the steel temperature near the surface 
fluctuates strongly as the material flows into and out of the roll 
gap. Contact with the colder rolls rapidly chills the subsurface 

regions of the strip [25] as they enter the roll gap, while on leav-
ing the roll gap, heat flow from deeper in the material rapidly 
reheats the subsurface layers. Thus, it is possible that in case 
of low FRT the surface temperature can drop momentarily to 
levels where the nucleation and limited growth of ferrite and/or 
granular bainite can occur even during hot rolling, whereas this 
would not occur for higher FRT. Of course the development of the 
microstructure is very complicated as some reversion to austenite 
can occur during the rapid reheating of the surface that occurs 
as the strip leaves the roll gap. Such effects can be responsible 
for the complex nature of the microstructures nearest to the strip 
surface. As a consequence, minimum bending radii obtained with 
soft surfaces for both steels, particularly at a FRT of 820°C were 
quite small (2.0 times thickness) in both the directions.

The above effects are probably also reinforced by the roll 
bite strain, i.e. strain-induced ferrite formation [26,27]. Mintz et 
al. [28] have shown that even small strains are sufficient for the 
production of such ferrite and it appears at temperatures rang-
ing from just below the Ae3 down to the Ar3 temperature of the 
undeformed structure. There is also evidence that deformation-
induced ferrite can form dynamically somewhat above the Ae3 
temperature [29].

5. Conclusions

The purpose of this research was to explore the relationship 
of Nb microalloying between microstructure of hot-rolled and 
direct quenched ultrahigh-strength steels. The main observations 
and conclusions of the work can be summarized as follows:
• An increase in the total reduction in the non-recrystallization 

region (Rtot) in conjunction with a lowering of the finish-
ing rolling temperature and microalloying with niobium 
increased the austenite pancaking. 

• A decrease of FRT increased the formation of softer micro-
structures such as ferrite (F) and granular bainite (GB) in 
the subsurface layers. The microstructures at the centreline 
consisted mainly of auto-tempered martensite (ATM) with 
some bainite, though here too, a decrease of FRT increased 
the fractions of GB and F at the expense of ATM and UB.

• There was a tendency for the yield stress and tensile strength 
of the steel sheets to decrease on lowering FRT when F 
and GB formed at the surface while elongation to fracture 
did not increase. Similar the toughness and bendability 
improved while F and GB formed at the surface.

• Nb microalloying and deformation promoted bainite forma-
tion in CCT simulations.
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