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Examining Recrystallization During Hot Rolling of 
HSLA Steels Using Gleeble Hot Torsion

Motivated by inconsistencies in low-temperature toughness 
of nominally identical hot-rolled high-strength, low-alloy 
(X65-80) strip, the present study utilizes Gleeble hot tor-
sion simulation to examine thermomechanical processing 
effects. Recrystallization characteristics of rolled and simu-
lated microstructures were compared using electron back-
scatter diffraction, with specific toughness-relevant texture 
components isolated from resultant orientation distribution 
function maps. Given the importance of controlling austen-
ite recrystallization, temperature ranges for full, partial and 
negligible recrystallization were measured using double-
twist Gleeble testing. After establishing baseline ranges for 
fully annealed material, the accumulated effects of hot roll-
ing passes were examined through iteratively incorporating 
reduction passes prior to subsequent double-twist testing.

Introduction 
T h e r m o m e c h a n i c a l -
controlled processing 
(TMCP) strategies for steel 
production utilize hot defor-
mation (e.g., hot rolling) to 
achieve combined outcomes 
for shape (thickness, f latness, 
etc.) as well as microstruc-
ture and properties (strength, 
ductility, toughness) through 
intricate control of process 
parameters. TMCP meth-
ods offer significant cost 
savings for a wide range of 
products, including line pipe, 
construction, automotive 
and shipbuilding.1

To promote uniformly 
ref ined microstructures, 
TMCP schedules employ 
two stages during produc-
tion. In the first stage, defor-
mations are applied at high 
enough temperatures to 
induce full recrystallization 
into small, uniform austen-
ite grains. As temperatures 
decrease and recrystalliza-
tion halts, the second stage 

involves reaching f inal 
product dimensions while 
deforming, or “pancak-
ing,” the refined austenite. 
Higher dislocation densities 
in pancaked austenite pro-
mote nucleation of refined 
ferrite with favorable crys-
tallographic textures during 
cooling.2–4

High-temperature micro-
structure evolution during 
TMCP is complex, owing 
to the interdependence of 
processing parameters such 
as deformation, deformation 
rate, temperature and time 
at industrial production 
scales.5,6 Physical simulation 
using Gleeble hot torsion as 
a surrogate for hot rolling 
enables in-depth examina-
tion of the process and out-
come with relatively precise 
and independent control of 
each of the relevant process-
ing parameters.7–12
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Motivation 
The present study was prompted by the observation that 
nominally identical commercially produced Nb+V+Ti 
X65 steel coils exhibited inconsistent Charpy perfor-
mance despite no discernible inconsistency in other 
physical metrics. While this inconsistency was seen across 
numerous coils, three particular coils were chosen for 
this study, henceforth designated “good,” “intermediate” 
and “poor” based on their Charpy performance, shown 
in Fig. 1. The good coil showed consistently high tough-
ness over a wide range of temperatures with minimal 
variability (shown by sizes of error bars). By comparison, 
the toughness of the poor material was markedly lower, 
accompanied by significantly greater variability. The 
intermediate material showed reasonable toughness at 

–29°C (–20°F) but descended to similar behavior as the 
poor material at colder temperatures.

The chemical compositions of the three coils were 
very similar, as shown in Table 1, with the intermedi-
ate and poor coils sharing identical composition as a 
result of both being produced from the same heat. The 
upper critical temperatures, A3, were also determined 
by CALPHAD (calculation of phase diagrams) using 
Thermo-Calc 2020a.13

Despite the pronounced variability in impact behavior, 
quasi-static tensile performance (Fig. 2) was relatively 
consistent across all three coils and did not follow the 
significant trend displayed by the Charpy results. 

The lack of significant variability under quasi-static 
tension prompted the examination of strain rate effects, 

Discrepant Charpy behavior at multiple temperatures, with orientation of Charpy samples in rolled plate.

Figure 1

Average strength (yield = YS, ultimate tensile = UTS) 
and elongation (uniform = UE, total = TE) of each coil.

Figure 2

Compositions of Steels (wt. %) Along With A3 Temperatures (°C)

C Mn Si P S
Cu+Ni+ 
Mo+Cr Al B

Nb+V 
+Ti Ca N A3 

Good 0.05 1.15 0.20 0.010 0.002 0.21 0.027 0.0003 0.085 0.001 0.008 859

Intermediate/  
Poor 0.05 1.20 0.20 0.008 0.002 0.20 0.026 0.0003 0.085 0.002 0.008 857

Table 1
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since Charpy impact tests have been shown to occur in 
the range of 102/second to 103/second.14–16 Test specimens 
were extracted from the plate material with deformation 
axes along the rolling (longitudinal) and transverse (long 
transverse) directions and subjected to high-rate compres-
sion at 400/second using a split Hopkinson pressure bar. 
The results (Fig. 3) present no discernible trend in high-
rate behavior across the three coils to echo the discrep-
ancy in their Charpy performances.

Following the process-structure-property hierarchy 
of materials development, the causes for inconsisten-
cies in material properties were investigated through 
analysis of the manufacturing process and the resulting 
microstructures.

Analysis of Processing History 
The steel coils were produced on a CSP rolling mill using 
the following technological operations: continuous slab 
casting, subsequent reheating to the specified rolling tem-
peratures, hot rolling according to TMCP strategy on a 
6-stand finishing mill (designated F1–F6), and cooling on 
a reinforced laminar cooling system. The rolling strategy 

targeted austenite recrystallization for grain refinement 
in F1 and F2, followed by deformation, or pancaking, of 
recrystallized austenite across F3–F6 for toughness.3,4 
Production logs were analyzed for differences between 
processing routes, particularly temperature vs. rolling 
stand and temperature vs. time (Fig. 4). Initial examina-
tion revealed that the good coil had the fastest processing 
time by a considerable margin. By contrast, the poor coil 
consistently had the lowest temperature at each stand as 
well as the slowest processing speed. The intermediate 
coil had similar reduction temperatures as the good coil 
but similar processing speeds as the poor coil.

To gain some insight on thermal history effects in the 
context of phase transformations, time-temperature-
transformation (TTT) profiles for the three coils were 
generated by CALPHAD methods using JMatPro.17 
Since the austenite grain size prior to hot rolling is not 
precisely known, JMatPro hot rolling simulations based 
on rolling profiles from mill logs for each coil were used 
to determine grain sizes for TTT calculation inputs. 
Despite testing a large range of initial austenite grain 
sizes (500–2,000 μm), JMatPro simulations showed that 

High-strain-rate behavior (400/second) along the rolling direction (RD) and transverse direction (TD).

Figure 3

Thermal processing history of each coil plotted against rolling stand (left) and time (right).

Figure 4
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the grain sizes consistently converged to very similar 
values after F3. Additionally, the temperature of each 
coil dropped below A3 between stands 3 and 4. Thus, the 
simulated grain sizes after F3 (42 μm for good, 43 μm for 
intermediate, 41 μm for poor) were used to calculate the 
TTT diagram for each coil.

To overlay thermal profiles with TTT curves (Fig. 5), 
start time was set at 0.1 second after dropping below 
A3 (since 0 seconds cannot be accommodated on the 
logarithmic time axis). The good and intermediate coils 
undergo complete reduction at F4 and near-complete 
reduction at F5 prior to reaching the ferrite transforma-
tion nose. Furthermore, by the time the last reduction 
at F6 is finished, the thermal profiles are barely past 
the 10% transformation nose. Thus, F4 and F5 deforma-
tions take place while the material is estimated to be 
entirely austenitic, with the F6 pass occurring on up to 
90% untransformed austenite fraction. In contrast, the 
poor coil experienced F4 after reaching the ferrite nose, 
with reductions at F5 and F6 occurring after over 50% of 
austenite had already transformed into ferrite. The com-
bination of slower line speed and faster temperature drop 

for the poor coil results in the last three reductions being 
applied to a mostly ferritic microstructure, rather than 
the more favorable pancaking of austenite.

Microstructure Analysis 
To observe the microstructures within each coil, samples 
were sectioned from the Charpy specimens prior to 
mounting and polishing. Initial optical metallography 
(2% Nital etch) revealed mixed microstructures, with 
refined grains interspersed among large, coarse grains 
elongated along rolling direction, shown in Fig. 6. The 
coarse grains were larger in the intermediate and poor 
samples and could be indicative of inconsistent recrystal-
lization during processing. These mixed microstructures 
have been shown to negatively affect the impact proper-
ties of steels.18–20

While optical metallography is instructive, the imaged 
microstructures occur after rolling, cooling and trans-
formation. Deeper analysis of the microstructure was 
performed in an attempt to back-solve for events which 
occurred upstream during processing. The etched sam-
ples were repolished to a 40 nm colloidal silica surface 

Rolling histories overlaid on time-temperature-transformation profiles. Figures in the bottom row show the last 
three rolling reductions relative to phase transformation thresholds for good, intermediate and poor coils (left to 
right). 

Figure 5
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finish prior to analysis by electron backscatter diffraction 
(EBSD) in a scanning electron microscope. EBSD acquisi-
tion parameters included 16 mm working distance, 20 kV 
accelerating voltage, 300 µm × 300 µm scanned area 
and 0.3 µm step size. Initial tests indicated a negligible 

amount of austenite in the scans, so all EBSD data shown 
in the present study was indexed using only the α 
phase. EBSD analysis was performed using TSL OIM 
software.21 No cleanup of the data was necessary since 
the scan qualities were fairly high (average confidence 

Optical metallography images highlighting coarse and refined microstructures in each coil. 

Figure 6

Electron backscatter diffraction (EBSD) inverse pole figure (IPF) maps with average grain sizes (all scale bars 20 μm).

Figure 7
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index >0.5 for all scans). Furthermore, not applying any 
cleanup also preserved minor spatial variations in crys-
tallographic orientation which could otherwise have been 
lost. An orientation threshold of 15° was used to delimit 
distinct grains to maintain consistency with published 
literature.3,22–25 These are treated as boundaries between 
effective ferrite grains, with boundary angles under 15° 
considered as subgrains.26 All EBSD findings presented 
herein were obtained from the normal direction-rolling 
direction (ND-RD) plane, with the RD horizontal to the 
image. The crystallographic orientations at each scanned 
point were rotated to align the normal direction texture 
with the viewing direction to ensure consistency of texture 
analyses with published literature.4 Scans were acquired 
from the refined and coarse regions of each sample, and 
Fig. 7 presents the resultant inverse pole figure (IPF) maps 
along with corresponding average grain sizes. 

EBSD data analysis involved the examination of 
grain orientation spread (GOS) to determine recrystal-
lized fractions. GOS is a single value assigned to each 
grain defined as the average deviation of all points 
in a grain from the average orientation of the grain. 

Low GOS indicates low stored lattice dis-
tortion within the grain, attributable to the 
relieving of stored strain energy through 
mechanisms such as recovery and recrys-
tallization. Conversely, high GOS repre-
sents large amounts of stored strain energy 
through dislocation densities, suggesting that 
the effects of deformation induced during 
hot rolling persisted within the final product 
after coiling. To assess the aggregate effect 
of recrystallized grains, Fig. 8 shows the 
cumulative area fraction of microstructures 
vs. GOS values. Here, the y-coordinate of 
each point on the curve is the combined area 
fraction of all grains with GOS less than the 
x-coordinate. GOS values below 3° typically 
represent recrystallized grains. 

Since the TMCP rolling strategy seeks 
austenite pancaking during latter reductions 
to induce fine ferrite formation upon cool-

ing, recrystallized fractions of cooled microstructures in 
each coil were compared. On aggregate, the good coil 
showed the largest recrystallized fractions (GOS ≤3°), 
signifying substantial nucleation of fresh ferrite grains 
from deformed austenite. On the other hand, the poor 
coil showed the lowest recrystallized ferrite amount, with 
the intermediate coil slightly higher. This is indicative of 
a larger proportion of the poor coil retaining deformed 
ferrite microstructures from latter rolling stands, which 
is consistent with the findings from TTT comparisons 
showing F4–F6 occurring well past the ferrite transfor-
mation threshold. 

Further microstructure examination involved texture 
analysis using the orientation distribution function (ODF) 
maps from EBSD. Fig. 9 shows the ϕ2 = 45° sections of 
Euler space (Bunge notation) for the ODF for each of the 
coils. The {001}〈100〉 component (triangle at top-middle) 
has been shown to mildly increase during warm rolling 
of ferrite.27 The presence of this component in the poor 
coil further corroborates the TTT analysis about ferrite 
being rolled during latter rolling stands. 

Cumulative area fractions versus grain orientation spread (GOS) 
for all three coils. 

Figure 8

Representation of unrefined texture of coils using orientation distribution function (ODF) plot.

Figure 9
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The highlighted α and ε fibers are of key importance 
owing to the following texture components:4,25,28

•  Texture resulting from recrystallized austenite:
 ∘ (001)[110] – anisotropic impact behavior 

•  Texture resulting from pancaked austenite:
 ∘ (332)[113] – favorable for impact toughness 
 ∘ (113)[110] – anisotropic impact behavior 

Fiber plots isolated in Fig. 10 show the intensities of 
these texture components for each of the coils. 

In the ε fiber plots, an uptick in the (332)[113] texture 
was observed across all sets of scans, with higher promi-
nence in the good coil. By comparison, the poor coil 
showed almost equivalent intensity in the coarse regions 
as the intermediate one but significantly lower intensity 
in the refined regions. For both sets of scans, the poor coil 
showed the strongest presence of the unfavorable (001)
[110] component, which is highly amplified in the large 
unrefined regions.

In the α fiber plots, the (001)[110] and (113)[110] 
components are associated with anisotropic toughness 

behavior. Refined regions of the good and intermediate 
coils showed roughly equivalent intensities of the unfavor-
able (001)[110], with the poor coil being slightly higher 
than both. On the other hand, the unfavorable (113)[110] 
component in the intermediate sample is significantly 
more intense in the refined regions of the poor coil ver-
sus the good and intermediate coils. The coarse regions 
showed an extremely high (001)[110] α fiber component 
for the poor material, followed by the good and interme-
diate coils. Conversely, the order is reversed for (113)[110], 
albeit with significantly lower intensities than the unfa-
vorable (001)[110] component. This shows that the good 
coil is not devoid of detrimental texture components, but 
rather the intensities of these components are far weaker 
than the other coils.

To summarize, while all coils showed some presence of 
both favorable and unfavorable texture components, the 
poor coil consistently showed higher intensity of unfavor-
able {001}〈110〉 components ((001)[110] in ε and (001)[110] 
in α), which have been shown to sharpen as finishing 
rolling temperatures decrease.4 On the other hand, the 
good coil had the highest intensity near the favorable 

Fiber texture intensities for each coil to compare relative intensities of relevant texture components. 

Figure 10
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texture component for both refined and coarse portions 
of the microstructure. These microstructural results pro-
vide context for fractographic analysis of Charpy samples 
(Fig. 11). Higher-toughness samples from the good and 
intermediate coils exhibited microvoid coalescence, while 
samples from the poor coil showed prominent cleavage 
facets. 

While crack growth in Charpy samples from all three 
coils is transgranular, high-angle boundaries (>15°) pres-
ent greater resistance to crack propagation than low-angle 
boundaries, such as those inside the coarse regions.29,30 
Thus, a crack growing inside one such coarse region 
would encounter little resistance as it propagates from 
one end of the elongated grain to a high-angle bound-
ary on the other end. With the observed coarse grains 
being extremely elongated (up to a few millimeters) along 
the same direction as crack propagation (RD), a crack 
growing inside the grain can easily reach the critical 
crack length of the material, amassing sufficient driving 
force (proportional to crack length) to cleave through the 
remaining sample material in relatively brittle fashion. 
Cleaved facets have been shown to occur at the same size 
as these effective ferrite grains.26 The deleterious effects of 
coarse regions are further compounded by texture effects, 
since the {001}〈110〉 components, which were particularly 
high in the coarse regions of the poor coil, present favor-
able planes for cleavage fracture propagation.31,32

These findings address both observations from mechan-
ical tests – lack of variability in tensile behavior and high 
variability in toughness. Unlike impact toughness tests, 
which are governed by crack growth, deformation during 
tensile testing is governed by dislocation mobility, which 
sees contribution from boundaries with high as well as 
low misorientations. Inconsistent toughness stems from 
the fact that the likelihood of a microcrack encounter-
ing an elongated coarse grain (inside which it can grow 

to critical length) is stochastic, with greater presence of 
coarser regions raising the probability of poor toughness.

Gleeble Hot Torsion 

Simulation of Hot Rolling 
To better understand the thermomechanical rolling 
process leading to these properties (and potentially 
modify them), Gleeble physical simulation was used. 
While multi-hit compression can be used to examine the 
hot rolling process, typically using f low stress or plane 
strain-type tests in a Gleeble Hydrawedge unit, large 
thickness reductions at industrial scales would render 
those approaches infeasible for the present study.33,34 As 
such, hot torsion in a Gleeble 3500 system was used as a 
surrogate for hot rolling by converting the rolling profile 
into equivalent torsional strains and strain rates.

Sections of continuous-cast slabs of the same material 
as the coils were machined into torsion specimens prior to 
being heated and soaked to regrow and enlarge the aus-
tenite grains. After soaking, the nominal rolling profile 
prescribed for the coils was also applied to each torsion 
specimen followed by cooling at rates representative of 
reinforced and regular laminar cooling. Temperatures 
were measured using K-type thermocouples at mul-
tiple points on the gauge length to account for thermal 
gradient. Torsion tests were performed in a controlled 
atmosphere, which involved applying a vacuum to the 
chamber and partially backfilling with argon to mini-
mize oxidation effects.

Deformation Control: To obtain the appropriate twist 
values from the nominal rolling schedule, conversions 
between rotation and equivalent strain (von Mises, �

�
eff

r
L

�
3

)  
were done per Eq. 1, where r is radius of interest, θ is rota-
tion and L is sample gauge length (20 mm).

Scanning electron microscope images of fracture surfaces of Charpy impact samples depicting ductile microvoid 
coalescence in good and intermediate cases versus brittle cleavage in poor samples.

Figure 11
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�
�

eff
r
L

�
3

	 (Eq. 1)

Published studies recommend an effective radius of 
72.4% of the nominal radius (5 mm) to minimize effects 
of gradients in strain rate and strain hardening on f low 
curves as well as enable microstructure analysis away 
from the specimen surface.35, 36 Thus, 3.62 mm was used 
in Eq. 1 to calculate the twist angles. Eq. 2 shows the 
effective shear stress (τ) for a solid circular cross-section 
under applied torque (T ):7, 35

�
�

�
3

2
3

T
r

	 (Eq. 2)

The corresponding equivalent stress (von Mises, �
�eff
T
r

�
3 3

2
3

) 
takes the form

�
�eff
T
r

�
3 3

2
3

	 (Eq. 3)

Rotation times were calculated from the given reduc-
tion rates. Interpass times were calculated using line 
speed and interstand distances assuming linear interpass 
cooling rates. The twist angles programmed into the 
Gleeble test script also included a 20° buffer to accom-
modate for torsion coupler free rotation, which is used to 

gather sufficient angular momentum before each torsion 
hit to minimize acceleration effects during deformation. 
Table 2 shows the converted Gleeble torsion schedule.

Temperature Control: Since the center of the speci-
men gauge section is the region of interest for micro-
structure examination, temperature at the center is of key 
interest. This presents a challenge as the amount of defor-
mation during torsion causes detachment of the central 
thermocouple, requiring temperature to be controlled by 
a thermocouple welded at the edge of the gauge length. 
While the edge thermocouple is more stable, edge tem-
peratures can be up to 50°C lower than the center. The 
issue is further compounded by the fact that the gradient 
between the edge and the center varies slightly between 
different thermocouple welding instances. This necessi-
tated the development of the following new temperature 
control method to ensure the requisite thermal profile at 
the center: 

i.		 Determine relationships to describe thermal 
gradient (center minus edge) as a function 
of temperature. Use this to define edge tem-
perature setpoints such that center temperature 
coincides with target processing temperatures. 

ii.		 Begin heating the sample, controlling with cen-
ter thermocouple, at 5°C/second to target center 
setpoint of 1,054°C.

iii.		 Maintain control using the center thermo-
couple for the first 10 minutes of the 15-minute 
isothermal hold at 1,054°C. Record the edge 
thermocouple temperature at the end of this 
10-minute period.

Converted Temperature-Twist-Time Schedule for Gleeble Torsion

Temperature Reduction
Shear 
strain

Twist 
angle Time

Interstand cooling 
(after rolling stand)

Initial soak 1,054°C — — — 15 min. —

F1 1,012°C 0.4118 0.713 225.8° 0.257 sec. 5.2°C/sec. for 12.50 sec.

F2 947°C 0.3394 0.588 186.1° 0.113 sec. 5.7°C/sec. for 8.21 sec.

F3 900°C 0.2710 0.469 148.6° 0.053 sec. 4.8°C/sec. for 6.04 sec.

F4 871°C 0.2350 0.407 128.8° 0.035 sec. 3.0°C/sec. for 4.62 sec.

F5 857°C 0.2016 0.349 110.5° 0.020 sec. 3.5°C/sec. for 3.69 sec.

F6 844°C 0.1445 0.250 79.2° 0.013 sec.
20.0°C/sec. for 10.50 sec. 
2.7°C/sec. for 25.30 sec. 
(2-stage laminar cooling)

Table 2

http://www.aist.org
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iv.		 Transfer control to the edge thermocouple, 
with an edge setpoint defined as the value 
recorded at the end of step iii.

v.		 In the act of transferring from center control 
to edge control, it is possible for the center to 
drift away from the 1,054°C isothermal hold 
temperature. A subroutine is defined within the 
program to incrementally shift the edge temper-
ature setpoint in the correct direction to bring 
the center thermocouple to 1,054°C. Once the 
center temperature returns to 1,054°C, record 
the edge temperature.

vi.		 Subtract the hold edge temperature defined in 
step i from the hold edge temperature recorded 
at the end of step v.

vii.		 Shift all edge-thermocouple pass temperature 
setpoints defined in step i by the difference 
computed in step vi.

viii.		 Begin the cooling and torsion portions of the 
test with edge temperature following the values 
prescribed in step vii.

Torsion Testing: Figs. 12a and 12b show the overall 
target and measured edge temperature profiles for a 
rolling simulation test. The slight upticks in temperature 
at each pass are associated with temporary adiabatic 
heating brought about by rapid plastic deformation dur-
ing each torsion pass. The newly proposed temperature 
control method did closely follow the requisite thermal 
profile at the center of the sample until the point where 
the accumulated torsional strain at the surface led to the 

(a) Prescribed and measured temperature-time profile for edge thermocouple during Gleeble rolling simulation;  
(b) magnified view of “hot rolling” portion; (c) target and measured edge (control) and center temperatures. Edge 
thermocouple maintained appropriate sample temperatures while the center thermocouple detached around Pass 4.

Figure 12

(a)	 (b)

(c)
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failure of the center thermocouple around the fourth pass, 
seen in Fig. 12c. 

Microstructure Analysis: To examine the microstruc-
ture at an effective radius of 3.62 mm, the reference sur-
face would correspond to a chord length of 6.9 mm. The 
target as well as sectioned reference line and plane are 
shown in Fig. 13. The region in the center of the 20 mm 
gauge length was used for EBSD examination, with the 
same scan size, step size and crystallographic rotation 
process as the coil samples. The resulting fiber texture 
intensities are also included in Fig. 10.

IPF maps in Fig. 14 show the microstructures after sim-
ulation of hot rolling in two selected samples (Gleeble-A 
and Gleeble-B). Despite being assigned identical ther-
momechanical profiles, Gleeble-A showed no presence 
of coarse microstructure anywhere on the surface. By 
contrast, Gleeble-B exhibited both coarse and refined 

regions, with average grain sizes closely matching those of 
the poor coil. The texture component intensities also var-
ied slightly between the two samples. Gleeble-B showed 
higher intensity for the unfavorable α-fiber component 
in both coarse and refined regions. As for the favorable  
ε-fiber component, both Gleeble samples showed rela-
tively low intensity in the refined regions, but Gleeble-B 
showed higher intensity in the coarse region similar to 
those seen in the coarse regions of all three coils. 

The significant variability in microstructures produced 
by the same process on duplicate Gleeble samples under 
controlled laboratory conditions points to the fact that 
the particular nominal rolling parameters prescribed for 
large-scale production of these X65 steel coils are less 
tolerant of perturbations in processing parameters. A 
key aspect of enhancing the stability of the microstruc-
ture produced by the process is understanding the effect 

Illustration (top) of orientation of interest for microstructure analyses from rolling and torsion. Schematic (bottom 
left) and optical micrograph (bottom right) depicting reference plane of Gleeble torsion specimen. 

Figure 13
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of stand temperatures, processing time (particularly 
through line speed) and reductions at each stand on aus-
tenite recrystallization activity.

Double-Twist Testing for Recrystallization 
Given the importance of austenite recrystallization to the 
final microstructure, and consequently impact toughness, 
Gleeble double-twist testing was used to establish tem-
perature windows for full and partial recrystallization. 
Double-twist testing combines notions of double-hit com-
pression and multistep hot torsion, allowing for multiple 
methods of estimating recrystallization temperatures 
within a single test.37 The method provides the benefits 
of higher accumulated strain to capture effects of prior 
deformation as well as successive hits at each temperature 
for fractional softening measurement.

Torsion samples machined from sections of continuous-
cast slabs were soaked at 1,200°C prior to applying two 
isothermal deformation hits with a 5 second interhit time. 
Next, the samples were cooled by 50°C at 2.5°C/second 
before repeating the isothermal deformation hits. These 
50°C descending steps were repeated until 750°C. Fig. 15 
shows the equivalent stress-strain data.

Fig. 16 illustrates two methods of estimating recrystal-
lization thresholds from double-twist data. Fractional 
softening (FS), defined as change in mean f low stress 
between successive hits, was used to estimate full recrys-
tallization (Tr, FS > 0.8) and nil recrystallization (Tnr, FS 
< 0.2) temperatures (Fig. 16a), with the window between 
both being the partial recrystallization range.38 In addi-
tion, mean f low stresses of first hits at each temperature 
were plotted against inverse absolute temperature, with 
the inflection point representing the nil recrystallization 
temperature (Fig. 16b).37 The increase in softening after 
pass 15 corresponds to deformation in the α-γ intercriti-
cal range, since these passes occur close to the equilib-
rium A3 temperature.10

Two different soak durations (15 minutes, 1 hour) at 
1,200°C were examined to ensure austenitic grains were 
sufficiently enlarged prior to double-twist testing (20% 
strain per hit). Prolonging the soak time had negligible 
effect on Tr, with averages of 1079°C (±31°C) and 1077°C 
(±38°C) for 15-minute and 1-hour holds per the FS meth-
od. Both methods of estimating Tnr yielded consistent 
results with values of 938°C (±32°C) using FS and 937°C 
(±20°C) using inverse absolute temperature.

In addition to baseline 20% strain per hit, 40% strain 
per hit was also tested to assess the effect of deforma-
tion amount on recrystallization thresholds (15-minute 
soak at 1,200°C). As expected, the larger strains allowed 
recrystallization to persist until much lower temperatures, 

Inverse pole figure (IPF) maps of microstructures from Gleeble torsion simulation of hot rolling with average grain 
sizes. Note that Gleeble-A did not contain any coarse regions on the surface. (All scale bars are 20 µm.)

Figure 14

Equivalent stress-strain output of double-twist testing 
over a range of temperatures. 

Figure 15
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with 40% strain per hit leading to a Tr of 942°C and a 
combined Tnr estimate of 859°C (±38°C).

The target TMCP rolling strategy involves initial 
reductions (F1, F2) above Tr for austenite recrystalliza-
tion followed by latter reductions (F3–F6) below Tnr for 
austenite pancaking, avoiding the partial recrystalliza-
tion window between Tr and Tnr. The presented findings, 
however, suggest that some reductions, particularly F2–
F4 (for all three coils), did occur in this partial recrystal-
lization range, leading to inconsistent deformation and 
recrystallization behavior, and consequently inconsistent 
impact toughness.

Effect of Prior Deformation History on 
Recrystallization 
Since recrystallization depends on the amount of defor-
mation (in addition to temperature, time, and deforma-
tion rate), rolling simulation and double-twist testing 
were combined to study the effect of prior hot rolling 
history on subsequent recrystallization thresholds. The 
steps to examine the effects for a particular rolling stand 
of interest were: 

i.		 Apply thermomechanical profile prior to stand 
of interest. 

ii.		 Simulate reduction and temperature at stand of 
interest. 

iii.		 Hold temperature for interpass time after stand 
exit, then reapply the same strain and strain 
rate as step ii.

iv.		 Cool by 50°C and perform two torsion hits 
using same strains and interhit time as step iii.

v.		 Repeat step iv until below 750°C.
A schematic depicting the process with F3 as the stand 

of interest is shown in Fig. 17. This process was applied 
to simulate prior history on each of the six stands, and 
the resultant partial recrystallization thresholds (Tr) were 
determined by the FS method. 

Tr values due to accumulated deformation after F1, 
F2, F3 and F4 were found to be 886°C, 929°C, 885°C 
and 850°C, respectively. Tr could not be established after 
the last two stands due to no discernible recrystalliza-
tion. While accounting for prior rolling histories at each 
stand did shift the exact Tr threshold values, the findings 
remain consistent with the inferences from double-twist 
testing regarding deformations at the intermediate stands 
occurring in the partial recrystallization range. 

Conclusions 
The present study examined three similarly produced 
Nb+V+Ti X65 steel coils exhibiting inconsistent Charpy 
impact behavior (good, intermediate and poor tough-
ness). The coils were industrially produced by TMCP hot 
rolling through six stands (F1–F6) with the strategy of 
recrystallizing austenite in the initial passes and pancak-
ing austenite in the latter passes to induce transformation 
into refined ferrite upon cooling.

Estimation of recrystallization threshold temperatures using fractional softening (a) and inverse temperature (b).

Figure 16

Example schematic of combined rolling simulation and 
double-twist testing to study effects of prior reductions 
on recrystallization behavior. In this example, the effects 
of F1 and F2 on F3 recrystallization are being examined. 

Figure 17

(a)	 (b)
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•  Samples tested from all three coils showed no 
meaningful difference in chemical composition, 
quasi-static tension metrics and high-strain-rate 
mechanical behavior.

•  Examination of production logs of the coils 
revealed discrepancies in their processing histories.

 ∘ 	The good coil had the shortest processing time, 
while the poor coil had the slowest processing 
time and lowest stand temperatures. The inter-
mediate coil had similar stand temperatures as 
the good coil but similar processing time as the 
poor coil.

 ∘ 	Overlaying the time-temperature profiles of 
each coil with TTT diagrams showed that 
performing rolling reductions farther into the 
transformed ferrite regions led to worse impact 
behavior.

•  Microstructure analysis was used to shed more 
light on the effects of processing parameters.

 ∘ 	Optical metallography revealed mixed micro-
structures with refined and large coarse regions 
suggesting inconsistent recrystallization during 
hot rolling.

 ∘ 	In-depth EBSD analysis of recrystallized frac-
tions (using GOS) and fiber texture components 
followed the same trends as impact toughness.

•  Gleeble thermomechanical simulation was used to 
precisely manipulate processing parameters.

 ∘ 	Hot torsion was performed as a surrogate for 
hot rolling to replicate industrial rolling param-
eters. Identically controlled Gleeble samples 
showed very different microstructures, with 
fully refined grains in some cases and mixed 
(coarse + refined) grains similar to the rolled 

coils in other cases, pointing to a lack of stabil-
ity in microstructures resulting from the pre-
scribed nominal rolling parameters.

 ∘ 	Double-twist torsion tests at multiple temper-
atures and strain levels were used to esti-
mate partial (Tr) and nil recrystallization (Tnr) 
thresholds in order to determine thermal ranges 
to target (and avoid) for austenite recrystalliza-
tion and pancaking during TMCP.

 ∘ 	A combined approach consisting of hot rolling 
simulation followed by double-twist torsion was 
used to assess the effects of prior rolling history 
on partial recrystallization thresholds.

Findings from the examination of processing histories, 
microstructure analyses, and multiple Gleeble physical 
simulation approaches all support the inference that 
some hot rolling passes occurred in the partial recrystal-
lization window between Tr and Tnr. Microstructures 
resulting from processing in this window show extreme 
sensitivity to perturbations in processing, leading to 
inconsistent recrystallization, and therefore inconsistent 
impact toughness.
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