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Il. GEOMETRY OF THE INVOLUTE SPLINE

Abstract—the current study presents a modeling framework to There are various international standards in which

determine the torsion strength of an induction eaedl splined shaft
by considering geometry and material aspects with &im to

optimize the static torsion strength by selectidrsgline geometry
and hardness depth. Six different spline geometeard seven
different hardness profiles including non-harderst through-

hardened shafts have been considered. The reswislirthat the
torque that causes initial yielding of the induntibardened splined
shaft is strongly dependent on the hardness deuthitee geometry
of the spline teeth. Guidelines for selection o€ thppropriate
hardness depth and spline geometry are given fathah optimum
static torsion strength of the component can béesel.

thorough definition of the spline geometry can benid [5-7].
Here the geometry of the involute spline and thenggtric
guantities that define the spline will be brieflgstribed. The
terminology of a involute splined shaft is showrFig. 1. The
pitch circle with radiug, is the theoretical circle upon which
several geometric parameters are defined sucheagréssure
angle a. The number of spline teeth is denot&dwhich
together wittr, defines the module of the spline as

m=2r/Z 1)

Keywords—Static strength; Splined shaft; Torsion; Induction

hardening; Hardness profile; Finite Element; Opition; Design.

|. INTRODUCTION

which is an indication on the size of the splinetlo The top
and bottom land of the tooth are defined by theeaddm
radiusr, and the dedendum radiug respectively.

THERE is an increased demand on power handling capacity

of automotive transmission parts requiring higtistand
fatigue strength. Especially in splined shafts sfarring high
torque commonly used in heavy trucks, the choicepiiihe
geometry and heat treatment process is cruciabfaiming an
adequate strength of the component. For such ctiansc
yielding or ultimate fracture are potential moddsfailure,
particularly when overloads are involved. Sincedhass of
the material is strongly related to the strengtlthef material a
common method of heat treatment of splined shadts
induction hardening, which increases the torqueaciy of the
shaft. Along with the material aspects associatitd the heat
treatment process, the strength of a spline coimmed also
dependent upon the geometrical design of the splinvelute
splines are commonly used in automotive industryhwi
profiles similar to those of involute gear teeth.the past,
several studies [1-4] have focused on the failuralysis and
failure prevention of splined or non-splined shafiswever
none have attempted to quantify the simultaneciestedf the
spline geometry and the hardness profile and depttthe
torsion strength.
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Fig. 1 Parameters defining the spline geometry

In the present study six different spline geomstréere

The objective of this study is to develop a modglin considered comprising of two different pressurdesig= 30°

framework such that to quantify the increase isitor strength
of a splined shaft with respect to the geometrythef spline
and the hardness profile and hardness depth dutheo
induction hardening process.
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and 45 and three different tooth humbets= 20, 30 and 40.
Based on the polar moment of inertia of a circglaft the
static torsional yield strength scales with theecobthe spline
dedendum radiug{rg’). Therefore the addendum radiysof
the spline has been kept fixed while the dedencadiusry is
varied by changing the modulen of the spline as.
Consequently the pitch radiug is given by Eq. (1) once the
modulem is set. The values of the module considered here a
m=0.73,0.97 and 1.44 mm.
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Ill.  MECHANICAL PROPERTIES OB2CRM 0S4

The material considered in the shaft is an inductio

hardened medium carbon steel denoted 42CrMoS4 hwikic
commonly used in transmission components and diiadts in
the automotive industry. By varying the processapwaters in
the induction hardening process various hardnepthsleand
profiles can be achieved. Mechanical propertieh ayield
and ultimate strength are closely related to theress where
the yield strength is approximately one third af trardness in
HV (Vicker's hardness). In Fig. 2(a) the stressistrcurves
show that the work-hardening behavior as well asytald and
ultimate strength strongly depend on the hardress Wwhere
each stress-strain curve correspond to a hardréiss. \Given
the chemical composition of 42CrMoS4 the stressirstr
behavior can be determined with the materials sitian
software JMATpro® [8]. Also the yield and ultimasérength
for each hardness value can be obtained as shokig.i2(a).
The stress-strain curves can be fitted to the iplgsimodel
given by

(@)

where E = 200 GPa is the elastic modulus, the plastic

modulus andN the hardening exponent respectively. Hence,

the yield strengthRy,, the ultimate strengttR, and the

plasticity model parameter& and N can be obtained as
function of Vickers hardnedd as shown in Fig. 2(b)-(c). The

plasticity model parameteks andN as function of hardness
are given by Eq. (3) and (4).

N =n,e™"
K =koH +k;

3
(4)
The constants in Eg. (3) and (4) arg:= 0.4911,n; =

0.00232 1/HV K, = 0.0034 MPa/HV an#; = 0.3 MPa. Now,
for a specific hardness value given in HV the sh®sgain

behavior can be determined from Eq. (2)-(4) which i

combination with the hardness profile of the indumet
hardened shaft gives the gradient in mechanicahwbeh of
the shaft.
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Fig. 2 Mechanical properties of 42rMoS4

IV. HARDNESS PROFILE AND DEPTH

Fig. 3(a) shows measured hardness H in HV againghde
below surface (1 ¥) (c.f. Fig. 1) of an induction hardened
shaft. It is notable that the hardness is highéghe outer
surface 630 HV and decreases towards the centhedhaft
reaching the value of the core hardness 230 HVqUantify
the depth of the hardness most often a hardnesth dep
defined. Here the hardness depth is defined as the depth
below the surface at which the hardness level esaehvalue
of 400 HV. For the case shown in Fig. 3{®) = 5 mm, which
is about 30% of the shaft radius. In a similar neaires in [9]
.the hardness profile can be described as a funcfitire depth
below the surface (1r) by the function

H(r) = Haw9(r) + H e (L= (1)) (5)
whereHgs = 630 HV,Hqe = 230 HV and the functiog(r) is
given by

1 r<r
r-r ) r-r) (6)
g(r) = 1+c{1J +c2[ 1J r,<r<r,
r2 r2
0 r>r,

Some restrictions og(r) and H(r) are:og(ry)/or = g(ry) =
g(r,) = 0 andH(r=1-Dy) = 400. For a given value of the
hardness depty this will yield four equations which are
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solved for the four unknowns, ¢, r; andr,. By varying the

center and the case with highest hardness at ttez tayer.

hardness deptBy different hardness profiles can be achieve®epending on the hardness depth analyzed each layer in

with Egs. (5) and (6). As shown in Fig. 3(b) fivifferent

hardness depths were considered in this study Dt 2.5,

5.0, 6.0, 7.0 and 8.0 mm. Additional two hardnespths

values were considereBy = 0 andDy = «, corresponding to
a non-hardened shaft with a uniform hardness of 280and

through-hardened shaft with a uniform hardness36figV.
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Fig. 3 (a) Measured hardness profile of a splirfeaftsand
(b) hardness profiles given by Eqgn. (5)

V.THE FINITE ELEMENT MODEL

In order to determine the static strength in tarsad an
induction hardened shaft accounting for the effefcspline
geometry (Fig. 1) and hardness depth (Fig. 3(b3Dafinite

Fig. 4 will have different hardness values duehe varying
hardness profile as function of hardness ddpth(cf. Fig.
3(b)). Consequently, since the plastic behavidinked to the
hardness by Eq. (2)-(4), each layer in the moddl e
assigned an elastic-plastic true stress-strain ecurv
corresponding to its hardness value following tledhess
profile given byDy. The finite element mesh used consisted of
about 26 000 eight-node continuum elements.

Cyclic <—— Case
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Fig. 4 The cyclic symmetric FEM model

VI. RESULTS

The results from the finite element models are gerd for
six different geometries of the spline on the sleafthprising
of three different number of teetd & 20, 30, 40) and two
different pressure angles € 3(°, 45°) with seven different
hardness depths valuég = 0, 2.0, 5.0, 6.0, 7.0, 8.0 and
summing up to a total of 42 different models. Faclerun the
torque T and the end twist of the shaft is monitored, from
which the corresponding shear strgican be calculated. In
Fig. 5 the torquél versus the shear strajnis plotted, which
pertains to results with = 3(°, all Z and Dy values. As the
figure reveals the hardness depth has a strongt effetheT

element model was built using the commercial paekagsS.Y behavior of the shaft. Also the number of splieettZ
ABAQUS [10]. Since the geometry and torsion loadingffects the level of static torque the shaft camycaHowever,

exhibits cyclic symmetry, only one tooth of theispl shaft
along with the corresponding cyclic symmetric seghw the
hub was modeled as shown in Fig. 4. The back fatdke

hub as well as that of the spline are kinematig edlupled to
reference points. The reference point of the hubiven an
encastred displacement boundary condition wherdss
reference point of the shaft is given a concentrédequeT. A

contact definition is established between the hnd spline
surfaces that are in contact with a friction camdfnt of 0.1.
The hub is modeled as an elastic mateiat (210 GPa and

= 0.3) whereas the spline is modeled as elastw&tiplenaterial
with isotropic hardening. The splined shaft is eddicinto 13
different layers radially with the non-hardenedectayer at the
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it was further found that the pressure angleas a very minor
influence on the torsion strength and hence thelteefor o =
45° are not reported here.
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Fig. 5 TorqueT versus shear strayfor pressure angle = 3C°,
various spline teetl and hardness depiy

VII. CONCLUSION

The current study presents a finite element modelin
framework to obtain the torsion strength of an itéhn
hardened splined shaft by considering both the gé¢aral
and material aspects in the model. It can be cdeduby
comparing the different plots in Fig. 5 that ingieg the
number of teethZ, which corresponds to increasing the
dedendum radius rd and keeping the addendum ragius
constant, increases the torsion strength of thft. SHee largest
contribution to the increase in torsion strengthasvever due
to the increase in hardness depthas evidenced from Fig. 5,
where the non-hardened shaft (lowdxt) has the lowest
strength while the through hardened shaft (higbegthas the
maximum strength. Additionally, it is found thatetlpressure
anglea has no marketable effect on the strength.
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