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Abstract
Three AISI 1045 steels: a base steel, one modified with vanadium (V), and one modified with V and
niobium (Nb) were studied to evaluate microstructural conditioning prior to induction hardening.
Simulated bar rolling histories were evaluated using fixed-end hot torsion tests with a Gleeble® 3500.
The effects of chemical composition and thermomechanical treatment on final microstructures were
examined through analysis of laboratory simulations of steel bar rolling and induction hardening
processes in order to provide additional insights into the morphological evolution of austenite of
microalloyed steels. Analysis of prior austenite grain size (PAGS) is complemented with analysis of
austenite recrystallization and pancaking during rolling. The potential for utilizing TMP, in
conjunction with microalloy additions, to enhance bar steel microstructures and subsequent
performance is assessed by evaluating the induction hardening response of each steel systematically
processed with different preconditioning treatments.
Introduction
Thermomechanical processing (TMP) of microalloyed steels has been shown to produce
refined final microstructures by austenite grain boundary pinning and elevation of the austenite norecrystallization temperature (TNR) [1-7]. Both phenomena lead to refinement of as-rolled
microstructures, potentially influencing subsequent heat treating response. While TMP has been
widely implemented in sheet and plate steel products, rapid processing speeds and other factors
associated with bar steel processing have precluded its widespread implementation in current bar
production [8]. This study examines the effects of chemical composition and thermal and
thermomechanical processing variations in preconditioning steel bars for subsequent induction
hardening in order to refine PAGs for improved fracture toughness and fatigue life.
Experimental Methods
Three induction-hardenable grades of medium carbon (1045) steel, with compositions
shown in Table 1, were evaluated. These included a base alloy containing aluminum (1045Al), an
alloy microalloyed with vanadium (10V45), and a vanadium plus niobium alloy (10V45 Nb).
Table 1 - Chemical Compositions of Experimental Steels [weight %]
Alloy
1045 Al
10V45
10V45 Nb

C
0.45
0.45
0.46

Mn
0.72
0.82
0.85

Si
0.24
0.28
0.27

Cr
0.12
0.15
0.14

Mo
0.04
0.03
0.03

Ti
0.001
0.001
0.001

Nb
0.001
0.001
0.020

V
0.003
0.084
0.092

Al
0.021
0.000
0.000

N
0.0097
0.0127
0.0124

In order to assess the austenite condition after an industrial bar rolling process, specimens of
each experimental material were processed through a multi-step hot torsion simulation using a
Gleeble® 3500 thermomechanical simulator. The thermomechanical simulation was designed to

recreate the metallurgical conditions experienced by steels during industrial bar rolling.
Accordingly, the pass strain, strain rate, interpass time, and thermal profiles were simulated using
hot torsion. Prior to deformaion processing, each simulation began with a 20 minute hold at
1200 °C to solutionize all microalloy elements. The roll-pass simulation consisted of a series of
eight roughing passes at 1200 °C followed by two different finishing sequences: a series designed
to simulate conventional hot rolling (HR) with deformation at 1000 °C; and a TMP simulation with
controlled rolling at 800 oC (below TNR).
The austenite microstrucures present at the end of each rolling sequence were analyzed on
samples immediately quenched to room temperature using compressed helium. The sampling
method outlined in a recent study, and shown schematically in Fig. 1, was employed for this study
[10]. The method utilizes tangential sections to observe austenite pancaking and cross-sectional
views for austenite grain size where grains appear approximately equiaxed. All samples were etched
with a saturated picric acid solution to reveal prior austenite grain boundaries in quenched samples,
and prior austenite grain sizes were measured using a concentric circle intercept method [10].

Figure 1.

Schematic view of gauge section from hot torsion specimens showing tangential and
cross-sectional sectioning orientations [9].

Resistive heating in a Gleeble® 3500 was utilized to simulate the heating rates, hold times,
and quench rates incurred at the near-surface region of 38 mm diameter bars during an induction
hardening process. Products of this size are typically induction scan hardened, a method where the
part moves relative to the induction coil and quench head. The specimen dimensions used in hot
torsion simulation (7.2 mm diameter) precluded the use of induction processing following torsion
experimentation. In order to accurately recreate the thermal history during induction scan hardening,
the induction process was modeled using a 2D coupled electromagnetic and thermal Finite Element
Method (FEM) program, Flux2D. In the model, the inductor and quench head move, relative to the
bar. A linear bar speed of 20 mm/s was used, with a target case depth of 2 mm. A non-linear heat
transfer coefficient was utilized to simulate a water spray quench, and radial symmetry in 3D was
assumed. The model was based on an industrially-available 2-turn induction coil with a flux
concentrator for use in a scan hardening operation. The results of this model, along with
accompanying experimental data are presented in the following section.
Results & Discussion
The austenite morphology present at the end of rolling was examined due to its implications for
subsequent phase transformation behavior. Specimens were processed through simulated bar rolling
in hot torsion and immediately quenched to room temperature. Steels deformed in the HR condition
allowed for recrystallization and growth of equiaxed austenite grains. Rolling at the lower finishing
temperature (TMP condition) resulted in final microstructures consisting of highly deformed
austenite grains, as shown in Fig. 2, which are marked by pancaked austenite grains with varying
fractions of recrystallization. While additions of vanadium and niobium suppressed austenite
recrystallization during rolling, the levels of accumulated shear strain within the unrecrystallized
austenite remained largely unchanged, as indicated by grains of similar aspect ratios and angles of
inclination (with respect to the torsional axis, which is vertical in all micrographs) [9].

Figure 2.
Light optical micrographs of each experimental steel following hot torsion TMP
simulation and quenching to room temperature. All images are taken at the same magnification in
the tangential view in order to show deformed austenite.
The modeled thermal profile for a 38 mm bar undergoing a scan-hardening process is
presented in Fig. 3a. The near-surface thermal history is presented as a solid line in Fig. 3b along
with a dashed line which shows the imposed experimental profile measured on a sample during
induction simulation on a Gleeble. The state of austenite following induction hardening was
evaluated in each alloy for HR and TMP pre-conditions. The prior austenite grain structures of all
specimens were examined in the cross-sectional orientation for grain size analysis, and
representative micrographs of each condition are presented in Fig. 4. During reheating of quenched
(martensitic) steels to temperatures above Ac1, microstructural features such as martensite packet
boundaries, block boundaries, and prior austenite grain boundaries can act as preferential sites for
heterogeneous ausenite nucleation. The character of each of these microstructural features is
expected to be refined by austenite conditioning [11].

(a)
(b)
Figure 3.
(a) Modeled thermal profile of a 2 mm case induction hardening process for a 38 mm
diameter bar using a 2 turn coil. (b) Experimental Gleeble® results (dashed line) closely match the
target thermal profile obtained from finite element Flux-2D modeling (solid line) for the nearsurface region of a bar undergoing a scan hardening process.

Figure 4.
Light optical micrographs of each experimental steel alloy following hot torsion
simulation of bar rolling, direct quenching to room temperature, induction hardening simulation,
sectioning in the cross-sectional orientation, and metallographic etching to reveal prior austenite
grain boundaries.
A comparison of prior austenite grain sizes for experimental steels following both rolling
simulation and rolling simulation + induction hardening simulation is presented in Fig. 5, where the
effects of microalloy additions, lower temperature rolling, and induction hardening are shown
graphically. The following trends in prior austenite grain size are observed:
1. In every condition, the following trend is observed in order of decreasing PAGS:
1045 Al, 10V45, 10V45 Nb.
2. Prior processing at the lower finishing temperature (TMP) is seen to refine the austenitic
grain size before induction hardening for every experimental alloy. Refinements on the
order of 10-20 microns were observed, which correlate to 30-50% reductions after TMP.
3. Induction hardening results in further refinement of PAGS for every alloy and starting
condition. For the HR starting condition, PAGs refinement of 10-20 microns results
from the induction hardening process (25-60% refinement); thus resulting in similar
austenite grain sizes as the TMP rolled and direct quenched condition prior to induction
processing. For steels in the TMP condition, additional PAGS refinement of 4-9 microns
is observed after induction hardening.
4. Refined starting microstructures resulted in more refined final prior austenite grain sizes
after induction hardening in every condition. This trend is attributed to a greater density
of nucleation sites for austenite formation in conditions composed of finer pre-induction
processed microstructures.

Figure 5.
Prior austenite grain sizes for each experimental steel alloy following rolling at
1000 °C (HR) and 800 °C (TMP), and after subsequent induction hardening simulation. All
measurements of prior austenite grain size were taken in the cross-sectional orientation.
Light optical microgrtaphs taken on tangential views were used to confirm that the initially
pancaked PAGs produced during TMP rolling would result in austenite grains of equiaxed
morphology following the rapid reaustenitization process of induction hardening. A representative
micrograph in the tangential orientation is given in Fig. 6, where refined, equiaxed prior austenite
grains are observed alongside elongated manganese sulfide inclusions. Equiaxed PAGs were
observed in the tangential view of all specimens following induction hardening simulation,
confirming that the pancaked morphology of prior austenite grains was not preserved after the
induction hardening process.

Figure 6. Light optical micrograph revealing equiaxed prior austenite grains in the tangential
view of a 10V45 Nb specimen following hot torsion TMP simulation, quenching to room
temperature, and induction hardening simulation.
Conclusions
Austenite evolution has been evaluated during simulated bar rolling under two finishing
conditions, and the effects of microalloying and subsequent induction hardening have been examined
through analysis of prior austenite grain sizes and morphologies. Additions of microalloyed V and
Nb, rolling at lower finishing temperatures, and induction processing were all observed to refine the
austenite grain size. When implemented in combination, these factors are observed to refine prior
austenite grain size from more than 40 microns to less than 10 microns. This refinement in austenite
grain size holds promise for improving the mechanical response of bars following induction
hardening.
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