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Abstract
The thesis refers to “Fatigue Assessment of Components in Construction Equipment”. The
subject was chosen because of increasing interest in higher payloads, lower weight, higher velocities and shorter load cycles in construction equipment vehicles.
The main research goal in this thesis is to investigate techniques to extend the fatigue life of
an induction hardened drive shaft, with splines. Areas related to this research are residual
stress, fatigue life assessments, manufacturing process parameters and hardening process parameters. The methods used to achieve the goal are process simulations, fatigue tests, finite
element calculations, measurements of residual stress and fatigue life assessments. The aim of
the present research is to cover several aspects of applied fatigue assessment. Most of the
theoretical work has been verified with measurements and fatigue tests.
The residual stresses have been calculated by simulating the hardening process with
SYSWELD, a Finite Element program. The simulated residual stress beneath the surface was
compared to X-ray and neutron diffraction measurements. The conformance with simulations
and X-ray measurements was relatively good, but the conformance with neutron diffraction
measurements was not so good. The detrimental axial tensile residual stress at the core was
found to be in the order of 800-900 MPa, for the shafts.
About 100 shafts have been fatigue tested in torsion, both in constant amplitude and in variable amplitude and some of the results have been reported in this thesis. For many of the
shafts, crack initiation beneath the hardening layer was detected, which depends on the high
tensile residual stress in the core. Fatigue life assessments were made on the shafts, using a
multiaxial strain based critical plane model, with the measured residual stresses as input data.
The general conclusion is that the induction hardening process parameters influence the residual stresses to a high extent and thus influence fatigue life. Simulations of how different hardening process parameters influence the residual stress profile have been done. Low hardening
power and low frequency seem to reduce the detrimental tensile residual stress at the core.
The load distribution along the axis of the spline teeth has been investigated. The shear stress
concentration in a spline has been calculated by the finite element method, using a non-linear
model, and was compared with results found in the literature. An equation describing how the
tooth thickness should vary to obtain smooth contact in the axial direction has been derived.
Finally, fatigue tests have been made on induction hardened shafts in torsion with crack initiation at the spline surface.
The influence of pitch errors on fatigue life for splines has also been estimated, by using a
weakest link failure probability model and combining it with a 2-parameter Weibull failure
distribution model. The conclusion is that pitch errors in the investigated splines appear to reduce fatigue life by about 50-70 %, compared with ideal pitch.
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1.0 INTRODUCTION
1.1 BACKGROUND
The increased performance of construction equipment, requires more accurate methods of fatigue life assessment. Increased engine performance together with more efficient hydraulics
and transmissions has led to higher loads, and to more damaging fatigue cycles per hour. At
the same time, more focus has been put on weight reduction, due to the need for higher payloads and reduced emissions. In the future, more effective suspension systems will also increase ground speed and thereby the number of fatigue cycles per hour will be higher, for unsprung structural components. This has lead to a need for improved knowledge about the influence of the manufacturing process on the fatigue life. Shorter development time for products also means that it is important to make the right design and fatigue assessments early on
in the project. The increase in performance is due to demands from the customers and the ambition to challenge competitors in the construction equipment business.
The following areas are important for the design of fatigue loaded structures in general, and
for construction equipment in particular.
•
•
•
•
•
•

Loading Conditions
Stress Analysis
Fatigue Testing
Material Quality and Defects
Influence from the Manufacturing Process
Fatigue Assessments

These areas are briefly discussed in this introduction, with references to current and previous
research and technical works related to construction equipment.
The table below is presented, to give an overall picture of the different types of material
classes used in construction equipment. Some limitations to fatigue life are also mentioned in
the table.
Table 1: Different types of material classes.
Component
Typical material Typical yield
class
stress (MPa)
Welded frames
Rolled steel
350-

Limitations to fa- Possible to repair
tigue life
Welded joints
Yes

Cast structures
Transmission
components

Nodular iron

310-

Defects

No

Steel casting

350-

Defects

Yes

Toughened steel

600-1000

Case hardened

-

Induction hardened

-

Inclusions, surNo
face finish
Residual stress, No
core strength
Residual stress, No
core strength,
Hardening depth
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Wheel loader in action.

The research in this thesis is a continuation of the research presented earlier by Samuelsson
(1) and Blom (2,3). Earlier reports have mostly examined the fatigue life of welded structures,
which is not the focus of this thesis. The main research goal in this thesis is to investigate
techniques to extend the fatigue life of an induction hardened drive shaft, with splines. For induction hardened shafts with splines, there are two different failure locations. Either the crack
initiates at the surface, at the spline root, or beneath the hardening layer. Areas related to this
research are residual stress, fatigue life assessments, manufacturing process parameters and
hardening process parameters. The methods used to achieve the goal are process simulations,
fatigue tests, finite element calculations, measurements of residual stress and fatigue life assessments. Experience gained in this research should also be applicable to other induction
hardened components.
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1.2 LOADING CONDITIONS
1.2.1 Load spectra
The fatigue loads on construction equipment are normally very severe, compared to the loading on other products. In most situations, it is not possible to design for infinite life (fatigue
limit) using the maximum loads of the spectra, because this will lead to heavy components.
That means that fatigue design must normally be made with regard to the inclined part of the
SN-curve, with a damage summation. The slope (or the inverse slope k1, see eq. 1) of the SNcurve is therefore important in the fatigue life assessment procedure.
N = C*∆σ-k1

(1)

A different slope of the SN-curve can be used below the fatigue limit, BS (4), to take account
of damaging cycles below the constant amplitude fatigue limit. This is because in a load spectrum, the threshold for non-damaging cycles is usually lower than the constant amplitude fatigue limit. In DuQuesnay et al. (5), it was found that the threshold for non-damaging cycles
could be as low as 25 % of the constant amplitude fatigue limit. This is valid if the maximum
stress in a load spectrum is higher, than the constant amplitude fatigue limit, see also Gurney (6).
The measured loads or strains in the spectra can be evaluated with the rain-flow method and
the fatigue can be calculated with a Palmgren-Miner damage summation, Miner (7). However,
this damage summation does not consider sequence effects. The load sequence for construction equipment is normally relatively random and this combined with a severe load spectra
means that sequence effects normally cancel out, within a short period of time. Therefore is
often a Palmgren-Miner damage summation to one (d=1, in eq. 2), used in, in-company calculation procedures. However, relaxation of the residuals stresses caused by the maximum loads
in the spectra can change the value of the damage summation, in some cases, Blom (2).
d = Σ(ni / Ni)

(2)

In eq. (2), ni are the number cycles with the stress amplitude σi and Ni are the number cycles
to failure, if only the stress amplitude σi is applied. In paper D, it was found that a PalmgrenMiner damage summation to approximately one, can be used for fatigue assessments of drive
shafts. The torque spectrum used in the tests was typical for a wheel loader. In Buch (8), it
was also found that a damage summation one, can be used for fatigue assessments of shafts.
The spectrum used in those tests consists of four torque levels. In Miner’s (7) original work
the damage summation (d) varied between 0.61-1.45, the test were then made with two load
levels. In Güthe et al. (9), a log normal distribution was used for the damage summation parameter d, for different car components. It is then possible to perform reliability calculations.
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In Schütz & Heuler (10), three different methods were used to calculate the damage parameter
d, for different components with two different load-time histories.
The methods were:
- Miner-original, no damage below fatigue limit.
- Miner-modified, the slope of the SN-curve below fatigue limit is 2*k1-1.
- Miner-elementary, the same slope of the SN-curve below fatigue limit as above.
The scatter of the damage sum was found to be relatively large and none of the methods exhibits a clear superiority to the others. However, it was found that a severe spectrum always
has higher damage sum (closer to one), than a mild spectrum.
There exist a number of different standardised load spectra in the aircraft industry, examples
are TWIST and FALSTAFF, Draper (11). The offshore, helicopter, wind turbine, compressor
and steel-mill industries also have there own standardised spectra. For the car industry, a standardised load spectrum called CARLOS is used, Draper (11). This load spectrum consists of
signals for wheel suspension and for transmission torque. In SAE (12), three spectra are used
for suspension, bracket and transmission. These spectra are uni-axial and are assumed representative for a variety of operating conditions, for both cars and tractors. There are no general
standardised load spectra for construction equipment. The load spectra, which are used for
construction equipment, are generally in-company test signals. In paper D, a range-pair diagram for a standardised in-company drive shafts signal is presented.

1.2.2 Variations of the load spectra
Construction equipment normally have more severe fatigue load spectra and higher duty values (see eq. 5) than for example heavy trucks, where the maximum load does not occur so often. Figure 1, shows in principal the difference in a range-pair diagram (from a rain-flow calculation) between wheel loaders, articulated haulers and trucks when drive shaft torque is considered. As can be seen wheel loaders usually have a convex range-pair diagram which means
a relatively more severe load-time history. The difference in fatigue life between a convex and
a concave range-pair diagram can often be of the order 5 to10, if the maximum load range is
equal and the total number of cycles are the same. In Grubisic (13), can also some general
conditions for load spectra to vehicles be found.
Principle Range-pair diagram

Torque
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Hauler

Wheel loader

Truck

0
1.E+00

1.E+03

1.E+06

1.E+09

Cycles

Fig. 1. Principle range-pair diagram.
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The variance in the load spectra between different drivers is normally not so large for construction equipment, compared to for example cars. The major differences in load spectra for
wheel loaders are for different type of handling, for example rock-, gravel- or timber- handling. In the next chapter is the statistical variance in load spectra (or Duty values) treated. For
cars the difference in the load spectra between different drivers are generally very large. This
means that wrong design of a car component will mostly strike the sporty drivers, for example. On the other hand, wrong fatigue design of a component to a wheel loader, or an articulated hauler will influence a large proportion of the population. This is because the variance in
the fatigue loads is relatively small, but not insignificant. This means that wrong fatigue design of components to construction equipment will be very expensive for the manufacture, or
the owner.

1.2.3 Life cycle cost and failure rates

Cost

Total Cost
Manuf. and
Oper. Cost
Failure Cost
Reliability

The life-cycle cost (LCC) is important for the
manufacture and consists of production, operation, maintenance and repair costs. Minimum
LCC implies high productivity, low operating
cost and minimum down time, see figure 2. To
estimate the fleet repair cost, it is necessary to
predict the cumulative failure of the population,
as function of the operating time.

For over 15 years ago, Volvo CE developed a
statistical methodology with the capability to
predict failure rates. The methodology is a
Load-Strength model based on the PalmgrenMiner damage rule, and requires long term field measurements. The objective with this type
of calculations is to find an acceptable failure risk, during the economical life. In the following section is a short description of this in-company method presented.

Fig.2. Life Cycle Cost (LCC), from Samuelsson (13).

This statistical method for high cycle fatigue has also been described in Olsson (15) and Samuelsson (1,14,16). Load time histories can be condensed with rain-flow counting to the Duty
value (D), which is evaluated and defined according to eqs. 2–7. The Capacity value (C), eq.
3, and Duty value, measured during one hour of operation time, are regarded as statistically
independent parameters for the fatigue strength and the load time history. The only coupling
between C and D is that D has to be computed with the same slope (k1) as the SN-curve. As
can be seen from eq. 2-7, the life (L) is calculated with a Palmgren-Miner damage summation
to one, in this case, however this is not necessary. The Duty value can also be used as an
intensity measure, without regard to any damage summation, it will then be possible with
ranking of different load spectra.
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Linear Damage sum:

d = Σ(ni / Ni)

(2),

SN-curve Ni = C∆σi-k1.

Combine eqs. (1) and (2) d = Σni/( C∆σi-k1) = Σni∆σik1/C = D/C
Duty per hour:

D = Σni∆σik1

Life is then:

L = C/D (7)

(5)

Capacity:

(3)
(4)

C = Ni∆σik1 (6)

With this method, the same slope of the SN-curve is used below the fatigue limit, as above the
fatigue limit. This is justified if the maximum stresses in the load spectra are considerably
higher than the constant amplitude fatigue limit, which often is the case for construction
equipment. The slope of the SN-curves depends on the surface finish, defects, stress concentration factor, mean stress, load level, residual stress and on the material. For welds, the k1value is around 3, and for smooth polished specimens the k1-value can be about 7-20, Boardman (17). The stress ratio or the mean stress can also be considered by adjusting the Capacity
value, according to some mean stress theory, see Frost et al. (18), for example. The mean
stress for the most damaging cycles in the load spectrum can then be used to calculate the correction of the Capacity value.
The Capacity value is determined from SN-curves from component tests, or calculated from
material data. This is discussed further in chapter 1.4. The Duty values for different components and at different positions can be determined from field measurements. One example is
that the Duty value for the propeller shaft torque is calculated by the logging equipment on
each machine and for the whole fleet of machines (see the next chapter). It is then possible to
describe the variance of the load spectrum by fitting the Duty values to a statistical distribution. For failure rate calculations, it is necessary to describe the tails of the Capacity and Duty
distribution very accurately. Investigations have shown that a 3-parameter Weibull distribution fits well for both the Capacity (C) and for the inverse Duty value (1/D).
The cumulative number of failures Ff after operating time t, can be determined by solving the
double integral in eq. (8) where fD and fC are the Weibull probability density functions for 1/D
and C. Figure 3 shows an example of the probability density functions at operating time T.
With increasing operating time T, the probability density function fD(D*T) overlaps the probability density function fC(C) to an increasing extent, and the failure rate will increase. Figure
4 shows an example of the outcome of a failure rate calculation.
D 0 ⋅T

⌠
F f ( t) := 

⌡C

0

Y

⌠
f C ( X) ⋅f D( Y , t) dX dY

⌡C
0

(8)
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fc(C)
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1
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Co

Do*T

D*T, C

Fig. 4: Accumulated failures as function of
operating time, from Samuelsson (15).

Fig. 3: Probability density function for D*T
and C, from Samuelsson (15).

In eq. (9), the cumulative distribution for a 3-parameter Weibull distribution is presented. The
characteristic value C1 is greater than 63 % of the population and C0 is the smallest value of
the population. Table 2, shows the different parameters in a Weibull distribution, the γ value
is the ratio between the smallest value and the characteristic value.
β2 
 X − C0  

  C1 − C0  



F C ( X) := 1 − exp −

(9)

Table 2: The variables in a three-parameter Weibull distribution.
Parameter
Slope
Minimum value
Characteristic value
Standardised min.
value γ

Duty, D
β1
1/D0
1/D1
γ1 = D1/ D0

Capacity, C
β2
C0
C1
γ2 = C0/C1

The maximum likelihood method can be used to estimate the three Weibull parameters, for
both the Duty and the Capacity value distribution. With this method, load time histories and
fatigue results are condensed to 6 values, see table 2, which is enough to achieve economic
and safe design of structures and components. In paper D, an estimation of the Weibull parameters is made on the Capacity values for drive shafts, when crack initiation is beneath the
hardening layer.
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A 2-parameter Weibull distribution can also be used in failure rate estimations. However, the
disadvantage is that the smallest value is zero (C0=0). This causes a small failure rate even for
time equal to zero. For this reason, the difference between a 3-parameter and a 2-parameter
Weibull distribution for small failure rates will be relatively large. The advantage of using a
2-parameter Weibull distribution is that the confidence interval for the two parameters can be
calculated, using Monte Carlo simulations, as in ref (19). Simulations with the Monte Carlo
method have shown that exact confidence intervals for the parameters can not be calculated
for a 3-parameter Weibull distribution. This is described in an internal report. This is because
the size of the interval depends on the parameters β and γ, whose exact values are not known.
Simulations have shown that if the underlying distribution has a high β-value and a low
γ-value, the confidence interval is very wide. For this reason, it is not likely that the parameters for the underlying distribution will be determined with the maximum likelihood method,
unless the number of samples is very large.
An alternative to this in-company method for calculating failure rates is briefly described in
the SOMAT (20) software manual. The method is based on a Monte Carlo simulation, which
is more computer intensive than the method described above. The method is very general and
has the capability to allow variance for every fatigue related material parameter. It is also possible to allow variance of the load spectra. A variance of the damage summation parameter (d)
is used to make the fatigue life calculations in the Palmgren-Miner summation. The damage
summation parameter (d), is assumed to have a Log Normal distribution, this is similar to
Güthe et al. (9). In Lodeby Josefsson (21), methods for analysing different kinds of variability
in engineering process is presented. This allows the uncertainty in engineering computations
to be reduced.
In Thomas et al. (22), a statistical method is used to calculate failure risks for car components.
Both the variances in the loads for different drivers and car usage are considered in the calculation. Rain flow counting, Gerber mean stress correction and Palmgren-Miner damage summation to one, are used in the fatigue assessments.

1.2.4 Logging of machine data
Flight recording data has been used in the aeroplane industry for a very long time and nowadays it is used for construction equipment as well. Since 1995, continuous logging of machine
data has been done on all wheel loaders over 8 tonne and all articulated haulers over 45 tonne,
at Volvo CE.
A PC-based system called Matris is used for recording and analysis of the logged data in the
electronic control unit. This is a source of very valuable information for owners, operators and
service staff. The features include better performance and profitability for the customer and
increased background information for service trouble shooting. Examples of logged data are
engine speed, transmission temperature, gear shifting pattern and propeller shaft torque. The
service engineer could then recommend the operator to adopt an optimised driving pattern that
would prolong engine life and reduce environmental impact.
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The Matris program can also be used to export logged operating data to the product development units, with the possibility of making a statistical analysis of data on a machine population. The software includes a Weibull module for evaluation of load distributions and estimation of extreme values. It is also possible to get information about the primary application for
each machine and equipment at the time of the readings (tyres, bucket, counterweights etc.).
This is important for the product planning department dealing with specifications for new
products, for example. Logging of propeller torque for a large population of machines makes
it also possible to estimate Weibull parameters and to calculate failure rates relatively accurately, with the method previously described.
In the future, it is envisaged that the tool will be used to provide a basis for need-driven maintenance and to predict component replacement before failure, benefiting the machine operator
in terms of improved operating economy and higher availability. The transmitter and receiver
technology required to enable the machine to be called and data to be transferred by satellite is
now available. Given the downward trend in the price of this type of equipment, this may also
become a reality within the near future.

1.3 STRESS ANALYSIS
Developments in computer technology in recent years have now made it possible to calculate
the stresses at critical regions in complex structures with relatively high resolution. The preprocessor has also become so good that complicated structures can be modelled much faster,
than before. The progress of the finite element technique has also made it possible to solve
complicated non-linear problems with many contact regions. This is very important because
often high stress can occur near contact zones, close to bearings or screw joints for example.
However, sometimes it can be very difficult to achieve a convergent solution if contact elements is used. An important matter concerning finite element calculation is to apply the correct boundary conditions or, where necessary, to model supporting structures to avoid the uncertainty of the boundary conditions. The most frequently cause of discrepancy between calculations and measurement is probably over-simplified boundary conditions. In order to get appropriate boundary conditions, it is often necessary to use contact elements. When the finite
element calculation is made, the difficult task is then to make a fatigue life assessment, based
on the calculated stress or strain. In papers A and D, fatigue assessments have been done on a
piston in a hydraulic cylinder and on a drive shaft. In paper C, a finite element calculation has
been made on a spline coupling with contact elements.
Finite element based optimisation programs such as OASIS-ALADDIN (23) can be used to
reduce the weight of components, by ensuring more even stress distribution. However, in fatigue critical components this will lead to more critical points and/or a larger volume with
high stress, Juujärvi et al. (24). For this reason, it is not certain that an optimisation will extend the fatigue life, unless the stresses are reduced. Optimisation can also be used to change
the shape so that the stress intensity factor of a design (initial) crack is reduced, see Samuelsson (1) and Tjernberg et al. (25).
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Design cracks are relatively common in welded joints where they function as a root support.
Initial cracks can also be caused by incomplete root penetration. A small throat thickness will
promote fatigue cracks from the weld root, before cracks from the weld toe, see Wang &
Spennare (26) and Maddox & Gurney (27). Fatigue life of welds, with cracks initiated from
the design crack at the root, can normally not be determined by conventional SN-curves for
welds. For these types of problems, fracture mechanics can be used.

1.4 FATIGUE TESTING
The previously mentioned standardised load spectra are mostly uni-axial. A remote parameter
control system, see RPC (28), can be used to apply multiaxial loading, to create realistic load
sequences. This type of system transforms measured response signals into drive signals for the
fatigue test. It can be especially important to apply variable amplitude loads in a fatigue test if
the structure contains large residual stresses. The reason is that the maximum loads in the
variable amplitude spectra can relax the residual stresses much faster than a constant amplitude test will do. This can be either beneficial or detrimental to the fatigue life. If the residual
stresses are compressive at the surface, relaxation of these stresses will be detrimental to the
fatigue life. If the residual stresses are tensile, the relaxation is beneficial to the fatigue life.
Tensile stress overloads can relax tensile residual stresses and vice versa. Relaxation of residual stress in welds is investigated in Martinez (29). In paper D, a plastic calculation is made
on the relaxation of the residual stresses in an induction hardened shaft. The conclusion is that
the relaxation is small for normal torque levels and hardening depths. Another disadvantage of
constant amplitude test is that the failure locations might not be the same as in reality. The
failure locations on a component might depend on the load level in a constant amplitude test,
this is because different failure locations can have different slopes of the SN-curve. For this
reason, a test with variable amplitude load will show more realistic failure locations, compared to reality, Draper (11).
As in finite element calculations, it can be difficult to accomplish the correct boundary conditions in component testing. The test rig could have different stiffness than the actual frame
structure in a real machine, for example. Another example is that small variations in the geometry, within tolerances, can cause relatively large discrepancies in measured strains, close
to screw joints.
Large differences can be noted in fatigue life estimates, depending on whether they are based
on component tests, or calculated from small specimen tests, on the same material. This difference depends on statistical size effects, influence of surface finish, stress gradients and residual stress (mean stress). It is possible to take the influence from these factors into account
by using empirical correction factors, but the translation of small specimens test results, to real
components is still uncertain. For example, large complex components in cast material can
have defects, which are much larger, than in a small specimen. Another example is that large
welded structures normally contain higher tensile residual stresses than a small welded structure. The difference in fatigue data between small specimens and components, is also influenced by the fact that the production standard for small specimens is usually better than the
normal production standard for components.
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1.5 MATERIAL QUALITY AND DEFECTS
Defects are very detrimental to fatigue life. For example, virgin cracks in welds mean that the
influence of the static strength on fatigue properties is normally non-existent. Another example is defects in cast material, which can be relatively large. In the future, it will be necessary
to divide cast material into different defect classes, with different SN-curves. It is also necessary to derive better methods to find defects non-destructively. The statistical distribution of
defects sizes must be investigated further, so that fracture mechanics can be used to calculate a
fatigue life distribution. If a statistical distribution of the defect size is known, it is possible to
calculate the life distribution of the component by using fracture mechanics and Monte Carlo
simulations. It is then also possible to calculate the distribution of Capacity values. Programs
for solidification simulations must also be used more frequently, to give better predictions of
critical regions for defects in cast material.
A practical fracture mechanics method for calculating the fatigue limits for material with
small defects, such as non-metallic inclusions, has been presented by Murakami (30). The
method is called the root area model and the basis is that only the projected area of the defect
or crack on a plane perpendicular to the principal stress controls the fatigue limit.
In some case, it can be necessary to model plastic effects. This is important in low cycle fatigue applications and for calculation of the residual stress relaxation. A complete plasticity
model must be able to consider the following topics, see SOMAT reference manual (20).
- Isotropic hardening
- Kinematic hardening to model the Bauschinger effect and material memory effect
- Mean stress relaxation, in strain-controlled deformation
- Cyclic creep to model plastic mean strain increase, in stress-controlled deformation
- Non-proportional cyclic hardening
Both kinematic and isotropic hardening is observed in real materials, until they become cyclically stable, when they only exhibit kinematic hardening. Only kinematic hardening is usually
used in fatigue problems. However, it can be necessary to use both hardening models in multiaxis non-proportional loading, when transient effects can be important. Non-proportional
loading is a term used to describe loading paths where the principal strain axes rotate during
loading.
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1.6 INFLUENCE OF THE MANUFACTURING PROCESS
The manufacturing process, such as, surface finish, residual stresses, defects and geometrical
errors etc. has a considerable influence on the fatigue life of components. Residual stresses
can be created by welding, cold working, shoot peening, case hardening or induction hardening, for example. Residual stresses and the fatigue strength for induction hardened shafts are
investigated in paper B, C and D, by means of simulations, measurements and fatigue tests. In
paper A, the residual stress is estimated, from fracture mechanics calculations and some fatigue tests. In the Nordic project “Welded High Strength-Steel Structures”, Blom (2,3), the influence of the residual stress and defects on the fatigue life, on welded structures was investigated. In Tjernberg et al. (25), the influence on the fatigue lives of different welding parameters for laser and electron beam welding were investigated.

1.6.1 Induction hardening
Examples of induction hardened components for construction equipment include drive shafts,
planetary carriers and hubs. Induction hardening is especially good if there is a stress gradient
through the material, such as in torsion or bending, or if there is a notch with a local stress
gradient. The hardening depth in induction hardened components can often be up to 15 mm,
or sometimes even more. For case hardened material the hardening depth is usually around 1
mm.
The fatigue tests performed at Volvo CE, have shown that the induction hardening process parameters are very important for the fatigue life, see paper D. Material purity can also influence
the fatigue test results, in some cases. Usually, only the hardening depth and surface hardness
are specified on drawings, and that is not enough to guarantee a certain level of fatigue life. A
more detailed specification of the induction hardening process is therefore necessary in the future. For accurate fatigue life assessment, it is also necessary to have full control of the hardening process. This is because different residual stress fields or hardening depth, caused by
changed parameters in the hardening process, will always lead to large scatter in fatigue lives.

1.6.2 Measurement of residual stresses on shafts
The conventional technique for determining residual stresses is X-ray diffraction, where the
measurement is performed on the surface. In order to measure beneath the surface, it is necessary to remove thin layers of material by successive turning operations on the shaft. This technique has also been described in Prevey & Mason (31), Metals Handbook (32) and ref (33).
Another method is to use a neutron diffraction technique, but this method is not so common
when residual stress beneath the surface on a shaft is to be determined. However, this technique is used in SAE (34). Both of these methods above are used and described in paper B.
The conclusions from paper B were that the agreement between simulations and X-ray measurement were good, but not so good for neutron diffraction, for this type of specimen. In SAE
(34), a hole drilling technique is used to determine the residual stress on a shaft. However, this
technique can be difficult to use if the residual stress at large depth below the surface is to be
determined.
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X-ray measurements on an annealed (180º C at 1.5 hour) and un-annealed shaft have indicated
that the residual stress on the surface can be reduced by the order of 20 %, by annealing. This
has been reported in an internal report. This reduction is relatively large and further investigations can be necessary.
In the future, it will probably be necessary to use frequent measurements of residual stresses.
This is because different residual stress profiles can give relatively large differences in fatigue
life. It will therefore be valuable to correlate residual stress profiles, fatigue tests results and
hardening process parameters with each other.

1.6.3 Simulation of the induction hardening process
The third technique for determining residual stresses is to calculate them by simulating the
hardening process. This method requires a lot of material data at different temperatures, which
will be quite expensive to measure. Simulations of the hardening process with a program
called SYSWELD (35) have been done in paper B. Magnetic-thermal, thermal-metallurgical
and mechanical material data are required for simulations. The material data for the simulations in paper B, are reported in ref (36) and in internal reports within Volvo. The simulations
were made on progressively hardened shafts with a diameter of 56 mm and with a hardening
depth of the order of 10 mm.
Practical aspects for induction hardening can be found in the books by Zinn & Sematin (37),
Kristoffersen et al. (38) and ASM (39). The foundations for induction hardening are primarily
based on practical experience. Investigations of how hardening parameters influence the fatigue life are very limited. The reason for this is mainly that simulations of the hardening process are difficult to do and a large number of parameters influence the results. Examples of
process parameters are feed speed, hardening time, power, hardening frequency and quench
rate. Examples of simulations and residual stresses can also be found in Melander (40), Störzel et al. (41) and von Kaufman et al. (42). Simulations of distortion caused by hardening can
be found in Thuvander (43) and Thors (44).
In Satocshi et al. (45), the process of quenching a case hardened shaft with splines is simulated. The conclusion was that a smaller root radius gives a higher beneficial compressive residual stress, at the spline root. However, a smaller root radius will increase the stress concentration factor, see paper C. The conditions pertaining to induction hardened splines are probably similar, which could justify further study. It can also be mentioned that it is relatively difficult to measure the transverse residual stress, because of the small root radius. This means
that simulations of the hardening process will be very valuable.
It is possible to use programs such as SYSWELD (35) to simulate a progressive induction
hardening process relatively well, see paper B. The hardness and the residual stresses can also
be calculated. However, the simulations should always be fine-tuned in relation to practical
tests. In paper B, the temperature from the simulation was verified by both a thermal imager
and a pyrometer. The hardness and residual stress profile were also verified in relation to practical tests. The residual stress from the simulation program can then be used in the fatigue life
assessments.
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The investigated shaft has a tensile axial residual stress peak just beneath the hardening layer
and the magnitude was in the order of 800-900 MPa, see paper B. On the surface, the compressive axial residual stress was about 650 MPa. One observation was that the hoop tensile
stress at the core was only about half of the axial stress. Nevertheless, on the surface the compressive hoop stress has about the same magnitude as the axial stress.
When simulating of the hardening process, it is also possible to adjust the residual stress profiles, for optimum fatigue life. This means high compressive stress at the surface and low tensile residuals stress at the core, which simulations have shown is difficult to obtain. Optimum
fatigue life can be defined as being equal failure probability for crack initiation at the surface
and beneath the hardening depth, with longest possible fatigue life. Another aspect is that the
optimum hardening parameters for fatigue life might not be the optimum parameters when
considering production capacity. For example, a slow feed speed in the induction hardening
process can be preferable, because the tensile residual stress at the core might be reduced. On
the other hand, fewer shafts can be manufactured at a lower feed speed.
The simulations have shown that the induction hardening frequency is important for the magnitude of the tensile residual stress at the core. A low frequency seems to reduce the tensile residuals stress at the core, without decreasing the beneficial compressive stress at the surface,
this is shown in an internal report. The disadvantages of low frequency are that the life for the
inductor coil becomes shorter and that the noise level becomes higher. Low power also decreases the tensile residuals stress at the core, but low power requires a low feed speed to obtain a large hardening depth. However, excessively slow feed speed can lead to grain growth,
which can be detrimental to the fatigue life. Pre-heating to 160° C before induction hardening
was also tested in a simulation, but the tensile residual stress was not reduced. However, this
might still be something to investigate further in the future. Simulations were also made with
different cooling rates and the conclusion was that reducing the cooling rate also reduced the
residual stresses both at the surface and at the core. However, reducing the compressive residual stress at the surface offers no benefits if the crack initiates at the spline surface.
Local induction hardening can be used at critical sites with high stress concentrations on components, for example hubs. However, simulations of the hardening process have shown that
detrimental tensile residual stresses will form at the surface in the un-hardened material, close
to the induction hardened region. An internal simulation report shows that the tensile residual
stress has a peak of 300 MPa, about 15 mm from the hardened region. The magnitude of the
residual stress depends on the hardening parameters, so this figure can not be considered as
general. The simulation also shows that in the hardened region, the residual stress at the surface is compressive, as before. This means that cracks can initiate close to the hardened region
and that the fatigue properties are actually worse than in the un-hardened material, because
tensile stress will persist at the surface, see also chapter 1.7.3.
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1.7 FATIGUE ASSESSMENTS
Fatigue theory is normally divided into three different sections or methods. The first two sections are stress and strain based methods, and the third section is fracture mechanics. In the
construction equipment business, stress based methods are mostly used, strain based methods
are only occasionally used, as in paper D. The third method, fracture mechanics, is becoming
increasingly important for fatigue assessment of construction equipment. It is especially suitable for welds and cast material, which already contain crack like defects. In paper A, a fracture mechanics calculation in Mode I has been done. In Tjernberg et al. (25), a fracture mechanics calculation of a transmission component in Mode III is performed.
The reason that a stress based method is used instead of a strain based method, in the construction equipment business, is that the number of cycles is high and the plastic strains are
relatively low. The second reason is that the influence of the surface finish and defects on the
fatigue life is high. This implies that the fatigue life depends on both crack initiation and a
large portion of crack propagation, whereas strain based method only considers crack initiation. Strain based methods are generally used for large plastic strain in low cycle fatigue and
the surface finish is not normally taken into account, even though it is possible in some sense.
However, for short lives (large plastic strains), the surface finish does not have such a great influence on the fatigue life.
For smooth polished specimens the fatigue life mostly consists of crack initiation in long fatigue life (low stresses), but for short life (high stresses), the fatigue life consists of both crack
initiation and propagation, see Fuchs & Stephens (46) for example. However, for real components with rough surfaces and sharp notches, the crack initiation part of the fatigue life is
normally small. Examples are welds and cast material, which can have virgin cracks or other
defects. The fatigue life will then only consist of crack propagation. An exception is in paper
D, were the fatigue life mostly consists of crack initiation, beneath the hardening depth. There
is no exact general definition of the crack size, when the crack mechanism changes from crack
initiation to crack propagation. A crack size of 0.1-1mm usually is used.
It is often valuable to be able to chose different methods from the entire range of the fatigue
field, and to have a sound understanding of the limitations and capabilities of each method.
Recommended “books” on fatigue include Draper (11), Bannantine & Comer (47), Frost et al.
(18) and Fush & Stephens (46). For fracture mechanics, the books by Suresh (48), Nilsson
(49), Anderson (50) and Carlsson (51) are recommended. Useful reference books for stress intensity factors are Fett & Munz (52), Tada et al. (53), Wu & Carlsson (54) and Murakami et
al. (55). The advantage of fracture mechanics is that the size of the initial defect can be considered in the fatigue life calculation and that almost all steel grades have practically the same
crack propagation data. This means that the fatigue life is independent of the material strength
if cracks are present in the component from the beginning. For example, the fatigue life of a
welded structure is relatively independent of the material strength, Blom (3).
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Multiaxial fatigue has been a research area for many years and is now becoming more important in practical situations of fatigue assessments. The different approaches of the critical
plane models are gaining increasing acceptance and have become a standard calculation in
programs such as FEMFAT (56) and LMS FALANCS (57). The strain measurement and
evaluation program SOMAT (20), can also make multiaxial fatigue life assessments. However, the user must be aware of the underlying theory and should not uncritically accept results
generated by programs. Recommended books in multiaxial fatigue are Socie & Marquis (58)
and SAE (34). A comparison of six different stress based multiaxial criteria can also be found
in Papadopoulos et al. (59). Of the six different methods, it was found that the Papadopoulos
criterion was in best agreement with practical tests. Stress based criteria is normally only used
for the determination of the fatigue limit, in multiaxial loading conditions. However, in some
cases can those criteria also be used for finite life estimates, Socie & Marquis (58). In paper
D, two multiaxial strain based critical plane models were used for fatigue assessment of shafts
in the finite life region, with sub-surface crack initiation. The conclusion was that the usual
Smith-Watson-Topper damage parameter model seems to predict fatigue life relatively well.
For surface hardened shafts with splines, there are two different failure locations. Either the
crack initiates at the surface, at the spline root, or beneath the hardening layer. This is also
shown in many internal reports. The dominating failure location depends on the magnitude of
the residual stress, hardening depth, the stress concentration caused by the splines and the applied load. In chapters 1.7.2 and 1.7.3, these aspects will be discussed further.
1.7.1 Fatigue analysis for welds and cast materials
If the fatigue life of a steel component only consists of crack propagation (in Mode I), the
slope of the SN-curve will be about k1=3 (eq. 1), see IIW (60) for example. This is the same
value as the exponent in the Paris crack propagation law. If the fatigue life consists of both
initiation and propagation, the k1 value of the SN-curve will be higher than 3. For welded
structures, the k1-value is usually around 3, this means that cracks are present in the welds, or
form very early on in life, due to a high stress concentration. If the crack is loaded in Mode III
(shear loaded welds) the k1-value will about 5, see Tjernberg et al. (24), Olsson et al. (61),
Tschegg (62), IIW (60) and Brown (63), for example. Another aspect, for welded structures is
that the life is almost independent of the applied stress ratio, or the mean stress. This is because the tensile residual stress near welds is close to the yield stress, which means that the influence of the applied mean stress is removed.
Three different stress based approaches are generally available, for fatigue life assessments of
welds, IIW (60). The methods are nominal stress, geometric stress (hot spot) and effective
notch stress. A fourth method can be to use fracture mechanics. In complex structures, the
nominal stress method does not work so well. The geometric stress method must then be used,
but this method can not deal with every case either. The notch stress method is more general
but on the other hand, the finite element model becomes large and it can be necessary to use a
sub-structuring technique. The fracture mechanics approach will also lead to large finite element models in complex structures. For complex structures with many welds and load cases,
it can be difficult to identify the critical regions and to make relevant fatigue assessments. The
SN-curves for the nominal and geometric stress approaches normally only consider crack
propagation from the weld toe and can therefore not be used if the crack propagates from the
root of the weld. In this case, the notch stress method or fracture mechanics can be used for fatigue life calculations.
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1.7.2 Fatigue analysis of splines
Splines are frequently used to transmit torque between two components, and to achieve longer
fatigue life, splines are often case hardened or induction hardened. Crack initiation in splines
is usually on the surface, at the spline root, see paper C. To obtain a long fatigue life, it is important to achieve a low stress concentration, fine surface finish, high surface hardness and
high compressive residual stresses at the surface. It is also important that the hardening depth
is so deep that the stress has fallen to nominal value in the core region. Fatigue design guides
for splines can be found in Machinery’s handbook (64) and Cedoz & Chaplin (65). The design
rules only consider nominal shear stress at the pitch diameter and the nominal compressive
stress on the spline teeth. For this reason, the height of the spline tooth and root radius does
not influence the fatigue life at all. There might also be some built in safety factors in the design rules. For this reason, the design rules would appear to be very conservative, compared
with the fatigue tests, which were done in paper C. In this particular case, the torque amplitude according to Machinery’s handbook (64) was only 50 %, of the torque amplitude in fatigue tests in paper C, at equal lives.
In Machinery’s handbook (64), there is also a torque ratio correlation at long lives, so that the
allowable torque range is 30-50 % larger, in reversed loading compared to pulsating loading.
This exerts considerably greater influence on the mean torque, than if the cracks initiate beneath the hardening layer. This is explained more in the next chapter. For this reason, a high
mean torque will promote crack initiation at the spline surface, before cracking is initiated beneath the hardening layer.
In Leikin & Vasileva (66), ESDU (67) and Peterson (68) shear stress concentration factors for
splines are presented. The analytical equations show that it is important to have a large root
radius and a small height of the spline teeth, to reduce the stress concentration factor. However, the stress concentration factor does not consider any load transfer on the spline teeth,
which means that the stress concentration is usually higher in reality. The equations for the
shear stress concentration factor are also used in paper C and the results are compared to a finite element calculation. In paper C, the agreement between the analytical equations and the
finite element calculation was relatively good. In Burke & Walter (69) and Salyards & Macke
(70), a photo-elastic analysis was done on the stress in a spline. Splines with different number
of teeth were fatigue tested in ESDU (67). The conclusion was that the number of teeth only
has a minor influence on fatigue life.
In a spline, the load transfer is normally non-uniform in the axial direction. This was investigated in Tatur & Vygonnyi (71) and Volfson (72). In paper C, techniques for smoothing the
contact are investigated. It was shown that it is possible to use varying tooth thickness to
achieve a much smother contact. In Sysoeva & Kurzin (73) and ESDU (67), fatigue tests were
made with a special spline to smooth the contact in the axial direction. The results of the fatigue tests were that significant improvement of the fatigue life could be achieved. In paper E,
the influence of pitch errors in splines on fatigue life was investigated. The pitch errors are
caused by an imprecise milling operation and by distortion caused by induction hardening.
The conclusion was that pitch errors seem to reduce fatigue life by about 50-70 %, compared
with ideal pitch. Newer milling machines have smaller pitch errors, which will extend fatigue
life by about 40 %, compared with older milling machines, see paper E.
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Wear or fretting on spline flanks can also be a cause of failure, but this is not investigated in
this thesis. Wear in splines is treated in Machinery’s handbook (64). In Sundararajan & Amin
(74), the conclusion is that an increase of the pressure angle from 20° to 30° reduces the wear
by about 50 %. Most of the shafts tested in this thesis have failed from cracks beneath the
hardening layer. However, when cracks occasionally have initiated at the spline surface no
trace of fretting was observed.

1.7.3 Fatigue analysis of induction hardened shafts
Induction hardened drive shafts usually have longer fatigue life than case hardened, see ESDU
(67) for example, this has also been verified in internal reports at Volvo CE. Fatigue test results of induction hardened and case hardened shafts can be found in Andrew & Henton (75).
However, case hardening is not investigated in this thesis. Fatigue tests results of induction
hardened shafts can be found in SAE (34) and Buch (8). Kloos (76), has derived an equation
for the fatigue limit for surface hardened material. The equation considers the effects of both
the hardness and the residual stress profiles. Investigations of the static torsion strength for induction hardened shafts can be found in Tatsuro & Yoshiro (77).
The good fatigue properties of induction hardened components mainly depend on high surface
hardness and high compressive residual stresses at the surface. The compressive stress at the
surface is caused by the volumetric expansion from the martensite transformation and on the
plastic strains, caused by the fast cooling. However, high hardness does not necessarily mean
higher fatigue limit. According to Murakami (30), the fatigue limit increase relatively linearly
with the hardness up to a certain level and thereafter the increase is more moderate. The reason is that for high strength steels, small defects from non-metallic inclusions begin to influence the fatigue limit, Murakami (30). To utilise the high hardness, it is therefore important to
use material of high purity. If the cracks initiate at the spline surface, it is also important with
a fine surface roughness.
The axial tensile residual stress at the core must balance the compressive stress at the surface,
to maintain equilibrium in the axial direction. For this reason, a high compressive axial stress
at the surface region can lead to a high tensile axial stress at the core. It is therefore desirable
to reduce the compressive axial residual stress as a function of depth relatively quickly, to
avoid high axial tensile stress at the core. However, the normal situation is that the compressive residual stress decrease slowly through the hardening depth, one exception to this is
shown in paper D.
Many of the tested shafts at Volvo CE, have crack initiation beneath the hardening depth,
which is caused by high residual tensile stresses, see paper B. The fatigue lives of most of the
tested shafts are presented in paper D. A limited investigation indicates that most of the fatigue life consists of crack initiation and that the crack propagation part of the life is small, see
paper D. This is the reason why fracture mechanics has not been used in the fatigue assessments. A limited SEM-investigation of the fracture surface for the shafts tested in paper D,
shows that the cracks have initiated at oxide inclusions, consisting of Al, Si and Ca. The size
of the oxide inclusions can be of the order of 150 µm, times 50 µm, in worst case. Crack initiation beneath the hardening depth is also noted in Breen & Wene (78) and in Frost et al.
(18).
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The fatigue tests on shafts made at Volvo CE have also shown that the torque ratio can be important in determining whether crack initiation is at the spline surface or beneath the hardening depth. The influence of torque ratio on fatigue life is normally greater if the crack starts at
the surface, than if it starts beneath the hardening depth. Torsion tests with high mean torque
will then promote the crack to start at the spline surface, instead of starting beneath the hardening layer. It is not always certain that increased hardening depth will automatically lead to
extended fatigue life. This is because increased hardening depth might lead to higher tensile
residual stresses at the core and/or to lower compressive stresses at the surface, if the hardening parameters are not appropriate. For this reason, if the crack start is at the spline surface,
there is usually no point in increasing the hardening depth. It is therefore important to investigate whether the crack start is at the surface, or beneath the hardening depth, to make relevant
fatigue assessments. It can also be mentioned that the fatigue tests done at Volvo CE have
shown that the slope of the SN-curve is approximately the same, for crack initiation at the
spline surface or beneath the hardening depth, for the investigated shafts.
Shafts of very high purity, with a sulphur content of only 0.005 %, were also fatigue tested,
but the increase in fatigue lives was small. Crack initiation was beneath the hardening layer in
this case, as well. This is reported in an internal report. The standard shaft has a sulphur content of about 0.03 %. Two shafts were also fatigue tested with increased core hardness, the
hardness was about 360 HBS, compared to about 330 HBS for the standard shaft. However, it
was unclear if this actually give an increase of the fatigue life. This is reported in an internal
report. The reason that a greater quantity of shafts with high core hardness were not tested,
was problems in machining the shafts.
Papadopoulos et al. (59), noticed that for high cycle fatigue, mean torque usually has no influence on the fatigue life in a torsion test. This is also the reason why mean shear stress has no
influence on most stress based multiaxial criteria. However, for low cycle fatigue, the mean
torque might have a small influence. This is also supported by the fatigue tested shafts at
Volvo CE. When crack initiation is beneath the hardening layer, the influence of mean torque
on fatigue life is normally small.
Local induction hardening can give tensile residual stress at the surface, this was mentioned in
chapter 1.6.3. These findings have also been verified in fatigue tests, reported in internal reports. However, the hardening parameters and the geometry of the specimens were not the
same as in the simulation mentioned in chapter 1.6.3. There was a total of about 40 tests made
in bending, with both local induction hardened and non-hardened specimens. In these tests,
cracks initiated about 3-9 mm from the hardened zone, in the un-hardened material. It was
found that the fatigue limit of the locally hardened specimens was only approximately 65 % of
the un-hardened specimens. A hardness measurement verified that it was no hardness drop,
between the hardened and the un-hardened material. For this reason, the only explanation for
the reduced fatigue limit was that a residual tensile stress persisted at the surface, close to the
hardened region. To avoid these limitations for components, the transition zone between hardened and un-hardened zone must be placed in a region with relatively low stresses.
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Straightening of induction hardened shafts can often be necessary. This is because the hardening process is not always completely axi-symmetric. Older test results at Volvo CE have indicated that the straightening operation can redistribute the residual stresses and this can have a
negative influence on the fatigue life. However, the trend is that the level of straightening is
less nowadays than previously, and that its negative influence on fatigue life is limited.

1.8 DISCUSSION
It is apparent that better understanding of the way in which different parameters in the induction hardening process influence the residual stress profile, will be very valuable. It will then
be possible to make necessary changes to the process, to achieve longer fatigue life. This thesis contains some findings on the way in which different process parameters influence the residual stress profile and how fatigue life can be calculated. It is also shown that the fatigue life
is influenced by the hardening process and that the fatigue life can be increased by proper
hardening parameters. With better control and surveillance of the hardening process and nondestructive measurement of the hardening depths, it is possible to reduce the scatter of the fatigue lives. Longer median fatigue life and smaller variance will also lead to smaller failure
rates and this means that the warranty cost for manufacturers can be decreased. Smaller failure
rates will also lead to lower costs for the owner of construction equipment. Given lower failure rates, it is also possible to allow an increase in machine weight without a complete redesign of transmission components. It is also possible that newer, more flexible milling machines
will be capable of producing splines with varying tooth thickness and lower pitch errors. This
thesis has shown that it should be possible to extend the fatigue life with that type of actions.
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2.1 SUMMARY OF THE PAPERS

Paper A:

Fatigue Life of a Friction Welded Joint with a Circular Crack in the Centre.

This paper compares the calculated fatigue life with the tested life, for an embedded crack in
the friction weld between two axially loaded rods. The initial crack is caused by a lack of fusion in the centre of the friction weld.
The stress intensity factors for the crack have been calculated with the weight function
method. It was found that a relatively high axial tensile residual stress must exist in the centre,
in order for the crack to grow sufficiently fast. An approximation of the residual stress distribution was used in the calculation, because the residual stresses in friction welds are not so
well investigated in the literature. The median life in the calculation is about 30 % longer than
in the fatigue tests. This might depend on uncertainties in material data and/or the fact that the
tensile stress in the centre is higher than expected. Based on the fatigue life and of the fracture
mechanics calculation, it was found that the tensile residual stress at the centre was of the order of 300 MPa. The paper also shows that the complicated integrals used in the weight function method in this case can be solved by a standard mathematical program. These fatigue
tests are a good example of how residual stresses influence fatigue life, and how unexpectedly
short life can be discovered in fatigue tests.
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Paper B:

Comparison of Methods for Determining Residual Stresses in Induction Hardened Transmission Shafts.

This paper compares three methods for determining the residual stresses beneath the surface.
The methods are X-ray diffraction, neutron diffraction and a simulation of the hardening process.
The compressive residual stress in the shaft surface after induction hardening is very beneficial for fatigue life. To preserve zero force in the longitudinal direction of the shaft, equilibrium conditions require that a tensile axial stress should develop beneath the hardened layer.
This tensile stress is detrimental to fatigue life if sub-surface cracks are considered. It is therefore necessary to accurately determine the residual stress as a function of depth, in order to
calculate the fatigue life.
Good agreement is found between simulations and X-ray diffraction measurements, while the
conformity with neutron diffraction measurements is not so good, for this type of specimen.
Figure 1, shows the simulated and axial residual stress (measured by X-ray diffraction) as a
function of the radius in an induction-hardened shaft. The figure shows that the tensile residual stress beneath the hardened layer normally is of the order of 800-900 MPa, given the process parameters used in this investigation.
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Figure 1: Axial stress, measured by X-ray diffraction and simulated.
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Paper C:

Load Distribution in the Axial Direction in a Spline Coupling.

Splines are a very common type of joint for transmitting torque in transmission components,
but not many theoretical investigations of this type of joint can be found in the literature. In
this paper, a finite element model of a spline with contact elements is made. The stress concentration factor is calculated and compared with stress concentration factors in the literature.
An analytical model for the load distribution in the axial direction and the torque transfer between shaft and sleeve is presented and compared with the finite element results. Methods to
even out the load distribution and thereby reduce the stress concentration factor are tested with
the analytical model. The induction hardened shafts with splines were fatigue tested and their
lives are presented, when the cracks have initiated at the spline surface. The tested shafts with
splines are of the same types as in paper B, where the residual stress was measured. Figure 1
contains an example of typical cracks at the spline roots.

Figure 1: Examples of surface cracks in a spline.

For splines, the contact forces along the spline length are non-uniform, see figure 2. The nonuniform contact load increases the stress concentration factor and a method to smooth this
contact load is therefore very advantageous. A theoretical model is presented for evaluating
different techniques for smoothing the contact in the axial direction between a shaft and a
sleeve. The load distribution can also be non-uniform in the circumferential direction because
of pitch errors, resulting from the manufacturing process. This problem is investigated in paper E.
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Figure 2: Load distribution in the axial direction.
It was found that the best technique for smoothing the contact was to manufacture splines with
varying tooth thickness, along the axial direction of the spline. An approximate equation was
also derived, from the theoretical model, to calculate how the tooth thickness should vary, to
obtain smooth contact between a shaft and a sleeve. Practical fatigue tests with varying tooth
thickness, reported in the literature, have been effective in extending fatigue life. However,
there has not been any detailed description of the size and shape of the tooth thickness variation.
In eq. 1, the gap variation between the teeth in a male and a female spline can be calculated to
achieve smooth contact. This equation is valid for a sleeve with constant thickness. From eq.
1, the tooth thickness variation along the spline length (x) can also be calculated. Notice that
only the torsional stiffness of the shaft and sleeve, and contact length is needed in eq. 1. The
size of the gap variation also depends on the applied torque (M).
e ( x) :=

r 1 + r 2  M ⋅ x2  1
1  M⋅x 
⋅
⋅
+

−
2
 2 ⋅ L  G ⋅ J 2 G ⋅ J 1  G ⋅ J 1

(1)

As can be seen from equation 1, the tooth thickness variation consists of both a conventional
crowning and a linear variation (cone angle). Crowning of gear teeth is a relatively common
practice but crowning of spline teeth is not so common. It is estimated that this type of varying
tooth thickness can extend the fatigue life by a factor of at least 2 times.
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Paper D:

Fatigue Lives of Induction Hardened Shafts with Sub-surface Crack Initiation.

Induction hardened shafts have been fatigue tested with a torsional load. The tests have been
done both with a torque spectrum and with constant amplitude with different torque ratios. In
this report, only fatigue failures which have their origin in cracks beneath the hardened layer
in the core material are considered. The shaft is of the same type as has been studied in paper
B and C. However, in paper C, the cracks started at the surface of the spline.
Measurement of the residual stresses and simulation of the hardening process have shown that
the tensile residual stresses are high in the core material (paper B). Simulations of the hardening process have been done with different parameters. Fatigue tests in strain control have been
done on small specimens of the core material. Fatigue life assessments have been done on the
induction hardened shafts with two strain based critical plane models.
Figure 1 and 2 show the cracks when initiation is beneath the hardening layer. The longitudinal cracks (fig 1) are much more common than transverse cracks (fig 2).

Figure 1: Examples of sub-surface longitudinal cracks (hardening depth about 10 mm).
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Figure 2: Examples of subsurface transverse cracks.

The cracks have been initiated at the core, where the simulations and measurements have indicated the highest tensile residual stress. An ultrasound measurement has indicated that most
of the life of the shaft probably consists of crack initiation, while the crack propagation part of
the life seems to be short.
The fatigue tests results indicate a small correlation with the torque ratio, or the mean shear
stress. However, when the crack starts at the spline surface, as in paper C, the torque ratio is
probably larger.
The fatigue life assessments with the Smith-Watson-Topper critical plane strain life model,
seem to agree with the test results. It also gives a slope of the SN-curve and a torque ratio correlation, as in the tests. This indicates that the crack is initiated at about 45° relative to the
shaft axis.
The residual stress measurement shows that the axial stress is much higher than the hoop
stress. This implies that the magnitude of the axial stress is more important than the hoop
stress in the determination of fatigue life.
The simulations show that it is difficult to achieve low tensile stresses at the core and achieve
high compressive stresses at the surface at the same time. However, fatigue tests show that
crack initiation beneath the hardening layer can probably be avoided in most cases, with
proper hardening process data.

34

Paper E:

Load Distribution and Pitch Errors in a Spline Coupling

The pitch error caused by the irregular spacing between the spline teeth has been measured.
The irregular spacing is caused by an imprecise milling operation and the volumetric distortion after induction hardening. Pitch error has been measured on splines manufactured with
two different milling methods. A simplified model has been derived to calculate the approximate load on each tooth and the relative life. The number of spline flanks in contact is also
calculated for different torque levels. In this paper, the non-uniform load distribution in the
axial direction has been neglected (see paper C). The non-uniform load distribution in the
circumferential direction has been considered instead. In the literature, there seems to be no
previous investigations into the influence of pitch errors on the fatigue life of splines. The investigated spline is the same as in paper C. Two milling methods were used to manufacture
the splines on the shafts. One method is called generating motion milling, the other is profile
milling.
Pitch errors are measured at the mid height of each tooth flank. The measurement is done on
one side of the flanks and the deviation distance is measured in the circumferential direction.
A positive sign means that the flank is ahead of ideal pitch and consequently transfers greater
load than flanks with a negative sign. Figure 1 also shows that some flanks are up to 30 µm
ahead of ideal pitch.
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Figure 1: Pitch errors in µm with milling method 2, for shaft 1.
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The same finite element model as in paper C is used to calculate the shear stress at the spline
root when the pitch is ideal. An iterative program has then been written to calculate the number of flanks in contact, based on the stiffness from the finite element calculation, with ideal
pitch and on the measured pitch errors. Because of the pitch errors, some flanks will be higher
loaded than others. These also imply that the shear stresses at the roots vary around the spline.
The shear stresses at different spline roots can then be calculated approximately, based on the
stress in the finite element model, which has ideal pitch. By applying a weakest link model
and combining that with the failure probability for a 2-parameter Weibull distribution, it is
possible to calculate the relative life of the spline different pitch errors.
In table 1, the relative life compared to ideal pitch is calculated for the investigated spline with
different pitch errors. The calculations have shown that the life of the investigated spline with
pitch error, is only 1/3-1/2 of the life of a spline with ideal pitch, at equal torque. It can also be
seen that a spline manufactured with the new method, called milling method 1, has about 40
% longer fatigue life than a spline manufactured with the older milling method.
Table 1: Pulsating torque range (Mmin/Mmax=0) and relative life at 50 % total failure probability.

Milling method 1, shaft 3

Torque range
∆M [kNm]
17.5

Relative life
at equal torque
0.54

Milling method 2, shaft 1

15.7

0.33

Milling method 2, shaft 2

16.1

0.37

Ideal pitch

20.0

1.0
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2.2 CONCLUSIONS
•
•

•
•
•
•
•
•
•
•
•

•

Fatigue tests and a fracture mechanics calculation of a friction-welded piston to a cylinder,
have shown that the tensile residual stress at the centre is about 300 MPa. This means that
the inherent crack, caused by lack of fusion, can start to grow for a low applied stress.
The measurements of residual stresses on induction hardened shafts have shown that the
agreement between simulations and X-ray measurements were good. However, the conformity with neutron diffraction measurements was not so good, for this type of specimens.
In the investigated induction hardened shaft, the tensile residual stress in the core was
found to be about 800-900 MPa, just beneath the hardened layer where cracks have initiated in the fatigue tests.
The simulations of the hardening process have shown that it is difficult to obtain high
compressive residual stress at the surface and low tensile residual stress at the core, at the
same time.
Using low induction hardening power and frequency, it appears to be possible to reduce
the tensile stress at the core, in the investigated shaft.
The relaxation of the tensile residual stresses at the core is found to be small for normal
torque levels and hardening depths.
When local induction hardening is used, the transition zone between hardened and unhardened material must be placed at a region of low stress.
The fatigue life of shafts considering crack initiation at the core, can be calculated with a
Smith-Watson-Topper strain life model, for the investigated shaft.
Non destructive testing and calculations indicate that most of the life of the shafts probably consists of crack initiation beneath the hardening layer.
For the investigated spline, the stress concentration can be calculated relatively accurately,
using equations from the literature.
Analytical calculations have shown that it will be possible to obtain a lower stress concentration factor and an almost uniform load distribution on the spline teeth in the axial direction, if varying tooth thickness is used. An equation is derived for that tooth thickness
variation.
Calculations have shown that the life of the investigated spline with pitch error, is only
1/3-1/2 of the life with ideal pitch.
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2.3 FURTHER WORK
In order to find the optimum hardening process parameters, for different steels and component
geometries. It is necessary to do more research, to determine material data for different steels,
required for the simulations. This is because in the future, it will probably be necessary to use
frequent simulations and measurements of the residual stresses. However, it is still necessary
to do practical tests using different hardening parameters, to verify the simulations of residual
stress measurements. The simulation program must also be improved, especially as regards
calculation of the necessary hardening effect, in the simulation. Further research into simulation of the induction hardening process of a spline could also be justifiable. Of special interest
is the compressive residual stress at the spline root.
It will be valuable if fatigue test reports, also contain residual stress and hardening parameters,
in the future. This is because, in earlier fatigue test reports the residual stress and hardening
process parameters are often not investigated/documented. To learn more on how different
hardening parameters and residual stress profiles influence the fatigue life, this information
will be very useful.
In this thesis, a shaft with a relatively large diameter, with a large hardening depth has been
investigated. In the future, it will be necessary to investigate smaller shafts with shallower
hardening depth. This is because the optimum hardening parameters can be totally different, in
this case.
It is also necessary to do practical fatigue tests of a spline with varying tooth thickness, to investigate whether it is feasible to manufacture and how much the fatigue life can be extended.
It will then be of special interest to take the distortion after hardening into account, so that the
correct tooth thickness variation is obtained after the induction hardening.
It will be necessary to use a more detailed specification of the induction hardening process in
future, to achieve consistent fatigue strength. This is especially important if a subcontractor is
going to manufacture the component. One way can be to specify a requirement for the residual
stress profile, but this will probably not be accepted by most manufacturers, for cost reasons.
An alternative way is to specify requirements for the hardness profile, martensite phase content, hardening power, feed rate and hardening frequency.
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