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Abstract

Computer simulation is used to predict the residual siseand distortion of a full-float truck axle that has been
induction scan hardened. Flux2» used to model the electromagnetic behavior and the postgbudiions inside

the axle in terms of time. The power distributions are ifguband mapped into DANTEmodel for thermal, phase
transformation and stress analysis. The truck axle has threggeaietrical regions: the flangeffillet, the shaft, and
the spline. Both induction heating and spray quenchiogesses have significant effect on the quenching results:
distortion and residual stress distributions. In thiglg, the effects of spray quenching severity on residusg s

and distortion are investigated using modeling. The spuaynching rate can be adjusted by spray nozzle design,
ratio of polymer solution and quenchant flow rate. Défarquenching rates are modeled by assigning different heat
transfer coefficients as thermal boundary conditions durprgysquenching. In this paper, three heat transfer
coefficients, 5K, 12K, and 25K W/@C) are applied with keeping all other conditions same.hWite
understanding of effects of heating and quenching on @sithesses and distortion of induction hardened parts, the
induction hardening process can be optimized for improvedpdormance.

Introduction

It is well known that changes in thermal distribution®tiyhout an induction hardening process create complicated
phase transformation and stress evolutions in the compdBeth residual stresses and mechanical properties of
hardened pattern have significant impact on service performantkeoheated treated parts. The induction
hardening of steel components is a highly nonlinear gahgirocess and the changes in stress state due to the
hardening process are not intuitively understandablemel. With the development of FEA modeling capability

in the past decades, both electro-magnetic and thermal stedgsesof the induction hardening have become more
mature, and they have been successfully applied to understarsblaadndustrial problems [1]. The mechanical
properties and residual stresses can be predicted by finergl@nalysis, which will further be used to analyse the
mode and location of fatigue failures [2-5]. The compogermimetry and process can be also optimised to reduce
part weight, manufacturing cost, and improve performance.

Induction hardening of steel components is a common piiagessethod due to its fast heating times, high
efficiency, and ability to heat locally. However, predicting ttinal properties of a component after induction
processing adds another layer of complexity. Not only &atpre and structure have to be considered, but also
electromagnetism. When hardening steel, the magnetic propenmaegec throughout the process, affecting the
thermal distribution and structure. Coupling these varhenomena to reach the end properties after treatment is a
state of the art technology.

A simulation method is developed to use coil design andegss settings combined with material and structure to
calculate the post-process properties. This stage in the &tadyes on the simulation steps needed to produce
reliable results. Studies have been successfully accomplishduefdetelopment of simulation techniques for the
prediction of electromagnetic and thermal effects, coupléd stiuctural changes to predict a hardness pattern [6].
The recent drive is to go a step further for the inclusiostress levels involved with thermally induced structural



changes. This provides a more complete picture of the ultimaterial properties. An investigation of stress and
distortion modelling of a simple case of ID and OD haimtgrof a tubular product was previously studied and
reported on [7]. It was next desired to perform a stoidya component common in industry with a more complex
geometry and subjected to external stresses in service. The caea fiothis study is a full-float truck axle with
dimensions typical to those manufactured by Dana Corpaoralibe choice of an axle, a common automotive
component, allows for a comparison of simulation redoltdesired axle properties. The results are discussed in
comparison to typical performance criteria for the case choden.ullimate goal of this continuous study is to
produce results representative of actual part performance.

Descriptions of Axle Geometry, FEA Model and Heat Treatment Process

Truck Axle Geometry and FEA Model for Thermal/Stress Analysis

Axles must be surface hardened for durability to prevaitré in service. The hardening process is commonly
performed by induction scanning. How the induction scarcgss is performed affects the induced stresses and
distortion. During induction hardening of truck axlegh shaft lengths over 1 meter, the main concerns are the
bowing distortion and the amount of growth in lengthe bowing distortion can be minimized by proper inductor
design, high quality process controls and structural stppechanisms. Excessive heat internal to the shaft is the
main contributor to this problem, which can be evaluatedrhylation. Change in length is affected by both heating
and cooling rates of the shaft, and this is again a nonlpreaess. A full-float truck axle from Dana Corporatisn i
selected in this study. A simplified CAD model is showrFigure 1(a). The length of the shaft is 1008 mm; the
fillet radius between the flange and the shaft is 9.52 mohd@ameter of the shaft is 34.93 mm; the thicknessef th
flange is 16.5 mm, and its diameter is 104.5 mm; thenesgiias 35 teeth in total. Figure 1(b) shows the finite
element mesh of a single 3D spline tooth used in DANTREHermal, phase transformation, and stress analyses.
Cyclic symmetry boundary condition is used, so the sitgbth represents the entire part with the assumption that
all the teeth behave the same. Fine surface elements are usedh thedbermal and stress gradients effectively in
the surface.

- Length: 1008 mm

(b)
Figure 1: (a) CAD model, and (b) single spline tooth FEA model of the full-float truck axle.



The axle is made of AISI 1541, and the nominal chemical coitigross used in this modeling study. Phase
transformations are involved in both induction heating sprdy quenching processes. During induction heating, the
surface of the part transforms to austenite. During sprenching, the austenite transforms to ferrite, pearlite,
bainite, or martensite depending on the cooling rate. Accuestigtions of phase transformations and mechanical
properties of individual phases are required for thermalssaealysis [8]. Figure 2 (a) shows the TTT diagram of
AISI 1541 generated from the DANTE database. The TTT diagsamot used by DANTE directly, but the
analytical phase transformation models and database contain @l Th@iagram information. Figure 2(b) shows a
dilatometry strain curve during martensitic transformatiodeurcontinuous cooling. This dilatometry strain curve
provides the martensitic transformation starting temperatusg, (Martensitic transformation finishing temperature
(Mf), transformation strain, and coefficients of thermgbamsion (CTE) for both austenite and martensite. Because
the cooling rate during induction spray quenching is, fads¢ martensitic transformation is the main phase
transformation type in this case study.
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Figure2: (a) TTT diagram, and (b) dilatometry strain curve of martensite transformation for AIS 1541.

Heat Treatment Process Description

During the scanning induction hardening process, theisdesitioned vertically with the flange on the bottofn o
the fixture. The distance between the inductor and the spB4smm. The process starts with a 9 second static
heating period on the flangeffillet. Scanning then hegwith the inductor travel speed of 15 mm/s. Aftér 1.
seconds of scanning, the scan speed is decreased to 8mm/seamalris at this speed. The power is turned off after
an additional 119.65 seconds; this occurs before the estthéifis austenitized. Spraying continues after the power
of the inductor is turned off to complete the martensiticsfiammation of the austenitized section of the shaft.

Inductor Design and M odelling of Power Density

It is critical not only to meet the hardened depth requingnimit also prevent excessive heating in regions, such as
the flange, the core and end of the shaft. Too much hettieise regions is known to increase the cracking

possibility, and may lead to excessive distortion. The rmimi case depth requirement for the shaft of this axle is

5.4 mm, and the case depth is defined by 40 HRC.

The inductor needs to be designed carefully to prevent agekid excessive distortion. A machined two-turn coil
with magnetic flux concentrator was chosen and configuredyuidux2D. An example of a fully assembled coil of
this style is displayed in Figure 3(a). The view is frdre bottom of the coil. Inductor optimization steps were
followed [7]. The bottom turn is profiled to help deiheat in the radius. The profile design is guided byigirg

the most amount of heat in the radius, while preverditgilged heating pattern in the base of the shaft or on the
flange. Flux concentrator Fluxtrol®Awas applied to the bottom turn to further help drive lieat the radius and
partially shield flux from coupling with the shaft to pest a bulged pattern. The top turn is needed to aid in the
scan process by widening the heat zone on the shaft. Thiesdibr a faster scan speed. In Figure 3(a), the green
material is Fluxtrol &, surrounded by a grey quench body assembly. A quemihib mounted to the coil, which
sprays quenchant about one inch below the coil. The querdistribed in Flux2D by a heat transfer coefficient.
The quench follows at a location one inch below the wih the same scanning speed of 8 mm/s. 6% polymer



solution is used as the quenchant, and in this paps fuenching rates are studied with the assumed heat transfer
coefficients of 5K, 12K, and 25K W/@HC) . A finite element meshing used to model the axle byZB is shown
in Figure 3(b), with a schematic temperature distributtmus$ing on the flange and the fillet regions.

Figure 3: (a) Full assembly of a two-turn axle scan coil with quench body,
(b) Fillet area of axle modelled with Flux 2D, mesh elements.

The material of the axle is magnetic, and the power dedisitiybution varies greatly as the temperature exceeds the
Curie point. The inductor frequency is 10 kHz, whictthe common operating frequency of the Dana induction
machines for this class of parts. The difference in skin eff@etbe seen easily during the scan of the shaft. The
portion of the shaft above the bottom turn has high eect since it is under the Curie point. The bottom turn
provides more intensive heating which drives the case deptteaunlds in a deeper penetration of power at its heat
face. Specifically when to turn off power at the end of thegss can be calculated in Flux2D by determining the
temperature profile as the coil approaches the edge of the diee snapshots of power distribution predicted by
Flux2D are shown in Figure 4. In these three snapsihetsnductor delivers power to the flangef/fillet, the steaft]

the spline, respectively.
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Figure 4: Power density distribution in fillet area at end of dwell (left),
shaft (middle), and spline at end of heat (right).

Power Density Mapping from Flux2D to DANTE

Different finite element meshes are used for Flux2D and DANMhodels due to different physics and accuracy
requirements. A 3D finite element mesh of a single splinghtd® used in DANTE for thermal, phase
transformation, and stress analyses. Fine surface elements dréousmdel the thermal and stress gradients
effectively near the surface. The power densities in the arldighed by Flux2D are imported and mapped into



DANTE. The mapping process is implemented at every 0.5hde@me interval, and the power between two power
snapshots is linearly interpolated. The temperature distisipredicted by Flux2D and DANTE at various times
of the process are compared, as shown in Figure 5, andetflietipns from the two packages agree reasonably. The
effect of spray quench severity on the temperature distiibunder the inductor is insignificant.
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Figure 5: Comparison of predicted temperature distributions between Flux 2D and DANTE thermal models. (a) (d)
at the end of 9 second, (b) (e) at the end of 11 second, and (c) (f) at the end of 16.5 second from the starting of
induction heating.

Stress and Phase Transformation M odeling using DANTE

The first step of the induction hardening process is a@nsedwell allowing the heat to build in the flangeffillet
region. In this step, the inductor is stationary wittsptay quenching. The temperature and austenite distrilsudio

the end of this step are shown in Figures 6(a) and B@gjause austenite has low strength at elevated temperature,
the hoop stress in the austenitized region is low. Dubgadhermal expansion, the region below the austenitized
layer is under compression, and the center above the austamitészion tension as shown in Figure 6(c). In this
model, the bottom of the OD flange is constrained in thed direction to avoid rigid shifting, and the shaft exgan
axially as the axle is heated.
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Figure 6: (a) Temperature, (b) austenite phase, (c) hoop stress, (d) radial displacement,
and (e) axial displacement distributions at the end of 9 second dwell.



At the end of the first step of 9 second dwell heating,ideictor moves up with a speed of 15 mm/s for 1.5

seconds. Then the speed drops down to 8mm/s and sprashcgtarts; spraying continues for the duration of the

process. The power and temperature distributions are shabig scanning over most of the shaft length. Figure

is a snapshot of temperature, austenite, hoop stress, radliakiah displacements at 16.5 second during induction

hardening process using 25K W) heat transfer coefficient as boundary condition. Dusprgying quenching,

the austenite layer transforms to martensite with the sprgyreF7(c) is a snapshot of an in-process hoop stress
distribution, which intuitively shows the effect of thexhgradient and phase transformation. The displacement in
Figure 7 is magnified 10 times, so shape change careagycviewed.

Temperature : -
1041.79 Aicceyps Hoop Stress Radial Disp. Axial Disp.
936.64 0.20 0.85
§71.49 11313 0.19 0.78
786.34 £82.69 0.17 0.71
701.20 128,24 0.15 0.64
616.05 630.79 0.13 0.57
530.90 h03.54 0.12 0.50
a45.75 Ao 0.10 0.43
34548 it 648 633
L 558 a3t
20.00 261,35 0.02 0.07

: Se8.80 -0.00 -0.00
516.24 :

(@) (b) © (d) (€
Figure 7: (a) Temperature, (b) austenite phase, (c) hoop stress, (d) radial displacement,
and (e) axial displacement distributions at the end of 16.5 second in IH process. (htc=25K)
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Figure 8: (a) Temperature, (b) austenite phase, (c) martensite, (d) hoop stress,
and (e) axial displacement distributions at the end of heating process (130.15 second). (htc=25K)



The same power of inductor is applied to the spline regiod the power is turned off after 130.15 seconds of total
process time before the end of the spline section isratiztel, as shown in Figure 8. During the scanning process
of the spline, the highest predicted temperature is abo0f ID4ocating at the tip of the spline tooth. A ductilé en

is preferred to avoid potential cracks during assemblysandce. Once the inductor is turned off, the heat conducts
from the OD to the core, but there is not enough heaictease the depth of the austenite layer. Using the axial
position as shown in Figure 8 as an example, the transfornfedm austenite to martensite is about completed, and
compressive residual stresses are developed in the hardeneddl&y¢o the volume expansion along with
martensitic transformation. The core at this axial positfostill warm, with a temperature around 300° C, and
further cooling of the core increases the magnitude of suciamgression on the surface of the shaft. Figure 8(e)
shows the in-process axial displacement distribution. Alatvest axial position in Figure 8, the temperature drops
to room temperature, so the axial displacement belowp#risianent distortion. The spline will go through coglin
and martensite transformation process before reaching to rogmertature and the axial displacement of the whole
axle will decrease from the current snapshot.

The cooling rate has significant effect on residual stresséise part. Figure 9 shows the axial residual stresses
predicted using the three cooling rates with heat transkfficients of 5K, 12K, and 25K W/(iC), respectively.
Higher cooling rate generates higher residual compressidreagutface. To balance the surface stress, the core also
shows higher tension. The highest tensile stress iaxia direction is located at the centerline of the shaft above
the flange, which is mainly due to the extra heat requardditden the fillet.

Axial Stress
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Figure9: Axial residual stresses. With heat transfer coefficient of (a) 5K, (b) 12K, and (c) 25K W/(n?-C).

The predicted hoop stresses from the three different codditey are shown in Figure 10. With 5K WH(®)
cooling, the obtained residual hoop is -250 MPa in commes®¥ith higher cooling rates, the compressive residual
stresses are -540 and -825 MPa, respectively. Higher residomgdression in both axial and hoop directions can
benefit the fatigue performance of the part. Comparing Ei§uand 10, the magnitude of axial stresses in the core
of the shaft is higher than that of hoop stresses. Tdrerethe shaft can have high possibility of cracking in the
circumferential direction caused by axial stress. Both indudieating and spray quenching process should be

designed carefully to increase the surface compression, dutderé¢he magnitude of tensile residual stresses in the
critical region.



Hoop Stress

Figure 10: Hoop residual stresses. With heat transfer coefficient of (a) 5K, (b) 12K, and (c) 25K (W/nm?-C).

The predicted axial displacements for the three cases are shéiguia 11. For all the three cases, axial growth is
predicted. The same legend is used for the three contoufigyime 11, so the color difference represents the
magnitude of axial distortion. The axial displacement instineft is not linearly distributed along the axis, which is

because it is not stabilized during early scanning proce$® afhiaft. The axial displacement from the center to the
surface of the shaft varies. Higher cooling rate leads teehigxial growth by comparing the three cases modeled.
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Figure 11: Axial distortion. With heat transfer coefficient of (a) 5K, (b) 12K, and (c) 25K (W/n-C).



Several points located at different depths from the shaficare selected to study the relations of temperature,

phase transformation, stress, and shape change duringiomdhardening process. The points selected are 614.15
mm from the bottom of the flange, as shown in FigureTh2 four points selected are 0.0, 3.99, 8.12 and @7

from the surface, as shown by points A, B, C, and [Bigure 12. The depth of the hardened layer is 6.5 mm.
Therefore, Points A and B are inside the case, point @& ¢b the case-core interface, while point D represents
the core of the shaft.
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Figure 12: Locations of selected points for curve plot post-processing.

Using 12K W/(n3-C) heat transfer coefficient as the thermal boundary conditihe temperature, phase
transformation, axial stress and displacement at the four selmuitetd during the induction hardening process are
shown in Figure 13. The peak temperatures at the fourspaiat1030, 880, 700, and 652° C, and the corresponding
times are 82.2, 82.8, 85.0, and 88.3 second during tleegs, as shown in Figure 13(a). Points with shallowghde

have higher heating and cooling rates. During heating, po{stirface point with depth 0.0 mm) is heated slightly
earlier relative to point B (depth 0f 3.99 mm), and austariformed about one second earlier than that at point B
However, the cooling rate at point A is much faster than dhgioint B, and the time difference for forming
martensite at the two locations is about 10 seconds. The thgratiént and phase transformation are the main
driving forces for stress evolution. During the scan hgafimocess and before the surface is austenitized,
compressive stresses are created at the surface (points A ane B) thermal expansion of the surface and
constraint by the core material. The magnitude of compressi€sB0 MPa at point A, which is higher than -310
MPa at point B. To balance the surface compression, pointsl © @ne under tension with peak stress magnitudes
of 265 and 600 MPa, respectively. When the surface izmitised, the magnitude of surface compression drops
close to zero due to a combination of phase change and thygelovstrength of austenite. During cooling before the
surface forms martensite, the surface is under tension duertoahcontraction. Plastic strain is generated in the
austenite layer, which will contribute to distortion apdidual stresses of as-quenched axle. The stress revemsal fro
tension to compression at point B is about 10 secondsedelajative to point A, which matches the martensitic
transformations at the two points. With martensite formeadiothe surface, the core (points C and D) is in tension to
balance the stress state. Most martensitic transformation alilienite layer is completed at 102 second, and the
temperatures at the core (point D) and the surface (poiatéAgbout 320° C and 125° C, respectively. With further
cooling, the temperature distribution through the crosSosets balanced, with increased tension at the core, and
higher magnitude of compression at the surface. The axialaglie displacements at surface point A are shown in
Figure 13(d). The axial displacement of point A is divided four zones, and it is affected by what happens below
it throughout the entire hardening process. Zone | i9 thecond dwell when the flange and fillet section is heated.
In Zone II, point A axial displacement reflects scan heatindhefshaft section from the fillet to some location
below point A where the temperature profile across the shafbsdws not yet stabilized. Both zones | and Il are
highly nonlinear. In Zone 1ll, the moving temperaturefiie of the shaft cross section has become stabile, and point
A axial displacement is linear. Zone IV covers the scanrgeand spray quenching of point A and the associated
thermal expansion and contraction and phase transformatiabsoticur in this selected section. The radial

displacement at point A is affected by what happens locally. arig effect of temperature change and phase
transformation on the radial displacement is shown in Eiga¢{d).
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Figure 13: Relationship between temperature, phase transformation, stress, and displacement
with heat transfer coefficient of 12K W/(m?-C) as boundary condition.

The cooling rate has a significant effect on residual stresseslistadtion. The effect of cooling rate on phase
transformation, stress evolution and distortion at thEasearpoint A is shown in Figure 14. Figure 14(a) shdves t
temperature histories at point A with the three cooling ré&efore being quenched, the temperature histories are
the same, which means the effect of spray quench on the surfgmra¢ure from induction heating is insignificant.
The martensitic transformations for the three cases havédicagmitiming difference, as shown in Figure 14(b). The
times to form 80% martensite are approximately at 85.7, @A 93.9 seconds during the process for the highest to
lowest cooling rates, respectively. Figure 14(c) shows thesgonlof axial stress, and the residual stresses are -450,
-780, and -950 MPa, respectively for lowest to highestingaohtes. The axial displacement histories at point A are
shown in Figure 14(d), and it is clearly shown the coolatg has significant effect on the axial growth, with a high
cooling rate resulting in greater axial growth than lowlicqg rate.

10



1100 1.0

1000 T 09 -
900 7 08 ——HTC5
- —4—HTC-12 ’
800 -
0.7 - ——HTC12
U‘ 700 - ——HTC-25
o i E’_, 0.6 ——HTC-25
3 600 - @
g 205
g 500 : -
aEJ o =04
A 400 -
300 0.3
200 - 0.2
100 0.1
0 N ! 0.0
70 90 110 130 70 90 110 130
Time, s Time, s
(@ (b)
= 22
200 - [
* ——HTC-5 20 -+
18
0 —&—HTC-12
€16
D ——HTC-25 E
o L - > !
S -200 - EH ;
@ £
§ : s 1.2
& 400 - 210
© K]
= Qo8 ——HTC-5
< _600 - g
3 0.6 —&—HTC-12
800 0.4 ——HTC-25
r 0.2 -
-1000 e o 0.0 ; - : | -
70 90 110 130 0 20 40 60 80 100 120
Time, s Time, s
(©) (d)

Figure 14: Comparison of (a) temperature, (b) martensite transformation, (c) axial stress, and (d) axial
displacement at the surface of the shaft due to various cooling rates.

Summary

The electromagnetic modelling using Flux2D and thermalsstresdelling using DANTE are successfully coupled
in this study. The power mapping process from FluxRANTE is validated by directly comparing the temperature
profiles predicted by the two packages. Three spray quenchiieg are modelled in this study with heat transfer
coefficients of 5k, 12k, and 25K W/@rC). A higher cooling rate creates higher surface compressidrhigher
tension in the core, as well as more axial growth. The if@ubeating process parameters of frequency, power and
scan speed affect the temperature profile, which will signifigaftect the residual stress distribution even without
changing the case depth. The cooling rate also proved to hificsigt to the final level of residual stress and
distortion. The modelling procedure developed in thigysta promising for design optimization, in-process falu
prevention, and service property prediction.
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