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Summary 

A vital part in the transmission for Scania lorries is the shaft in the rear axle. Since this 
shaft is divided into two identical parts, these are termed half shafts. Close control of the 
manufacturing process of these is required. Influence of flow rate, temperature and 
polymer concentration of the quenchant was investigated. An important controlling 
factor is the cooling rate used in the hardening process. This factor was selected for 
investigation in the present study. It was found that high flow rate, low temperature and 
low polymer concentration gives high cooling rates. Further investigation was performed 
how the residual stresses, surface hardness and the case depth of the half shafts were 
affected by the cooling rate. The results show that residual stresses are particularly 
affected by the cooling rate. Higher cooling rates results in higher residual stresses. 
Since residual stresses are important for fatigue lifer, a fatigue study was also 
undertaken. 

Five half shafts were quenched with a polymer concentration of 5%, and another five 
with 15%. All ten half shafts were fatigue tested in torsion, using a Scania standardized 
method. The shafts were loaded in torsion torque with company confidential amplitude, 
mean equal to zero number of cycles to failure was recorded. In normal production the 
half shafts are quenched with 10% polymer concentration. No tests with a polymer 
concentration of 10% were carried out in this investigation since results from this 
concentration are available from earlier studies. 



Residual stresses were measured using a relatively new method developed by Scania, 
called the core drilling method. A 20 cm long portion of the shaft was center drilled in 
steps, gradually increasing the drill diameter. After each step, the relaxation of surface 
strain was measured in the longitudinal and transversal directions. Having obtained 
these data, stresses can be calculated. Residual stresses were also measured by x-ray 
diffraction. Only surface stresses are obtained in this way, however. These 
measurements were made for each of the three polymer concentrations. An attempt 
was also made on trying to simulate the stress formation in the shafts during the heat 
treatment with FEM and also to calculate the residual stresses after the treatment. 
Results from the measurements were then compared with the FEM calculated results. 

Since the number of tested shafts is small, results are not statistically relevant. One may 
conclude, though, that fatigue life increases with increasing cooling rate, i.e. with 
decreasing polymer concentration. The fatigue life requirement for all tested shafts was 
fulfilled. The compressive residual stresses for 5% and 10% polymer concentration are 
of same magnitude and higher than for those quenched with 15% polymer 
concentration. The result also shows that the cooling rate does not affect the surface 
hardness, nor the case depth. 
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Sammanfattning 

En god kontroll över tillverkningsprocessen och de mekaniska egenskaperna hos 
drivaxlar är önskvärd. Man vill ställa krav på kylhastigheten hos härdvätskan. De 
faktorer som påverkar kylhastigheten mest är polymerkoncentrationen, 
flödeshastigheten och temperaturen hos denna. Dessa parametrar beräknas också 
kunna styras i produktionen. Undersökningar har visat att höga flöden, låga 
temperaturer och låga polymerkoncentrationer ger höga kylhastigheter. I arbetet 
undersöktes även, hur kylhastigheten påverkar restspänningar i drivaxlarna. Resultaten 
visar att höga kylhastigheter ger högre restspänningar. Restspänningar har en 
betydande roll för utmattningshållfastheten. Därför vill man även undersöka 
utmattningshållfastheten. 

Drivaxlar har under härdningen kylts med polymerkoncentrationerna 5 och 15%, vilket 
brukar sägas ge snabb respektive långsam kylning. Fem axlar har testats i vardera 
polymerkoncentrationen. Dessa axlar har sedan vridutmattats enligt Scanias 
standardiserade metod. Axlarna vridutmattades till brott med ett företagshemligt 
vridmoment. I normal produktion används en polymerkoncentration på 10% för 
härdvätskan. Data för den koncentrationen finns tillgängliga sedan tidigare. 

Restspänningar uppmättes också. Det gjordes dels med röntgendiffraktion, dels med 
s.k. kärnurborrningsmetod. Röntgendiffraktion mäter restspänningar på ytan. För att få 
en uppfattning om restspänningar på djupet, måste material avverkas utan att påverka 
restspänningarna. Vanligen betas materialet bort. Som djupast går det att mäta på 0,3 



mm djup. Vill man gå djupare, lämpar sig en relativt ny metod som utvecklats av Scania, 
kärnurborrningsmetoden. För kärnurborrningsmetoden har 20 cm långa provbitar tagits 
ut ur axlarnas mitt. Därefter borras kärnan ur med stigande borradie. Töjningar på ytan 
mättes upp med trådtöjningsgivare i ringled och längdled. Med dessa data kan då 
spänningar, som fanns i axlarna innan materialet avverkades, beräknas. 
Restspänningarna uppmättes på drivaxlar som kylts med polymerkoncentrationerna 
5%, 10% och 15%, dessa axlar har ej vridutmattats. Ett försök gjordes även på att 
simulera spännings uppkomsten under värmebehandlingen i axlarna med FEM. Även 
restspänningar beräknades och jämfördes med de uppmätta resultaten. 

Eftersom antalet vridutmattade axlar i undersökningen var lågt, är resultaten i 
undersökningen inte statistiskt säkerställda. Däremot kan vissa tendenser skönjas, 
såsom att utmattningshållfastheten ökar med ökad kylhastighet, dvs. minskad 
polymerkoncentration. Samtliga vridutmattade axlar har klarat Scanias utmattningskrav. 
De kompressiva restspänningarna är ungefär av samma storlek för 
polymerkoncentrationerna 5% och 10%, samt högre än för 15%. Resultaten visade 
även att kylhastigheten inte har någon inverkan på ythårdheten eller härddjupet. 
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1 Background 

The process of manufacturing induction hardened half shafts has to be regulated by 
many requirements. To set an optimized requirement much information has to be 
gathered. The requirement on the quench, which is a water-polymer mixture, is today 
set to 10% polymer. That requirement was set without any sure data on what properties 
of the quenchant will be obtained at the required concentration. Therefore many tests 
and investigations were done to investigate the cooling rate of the quenchant since right 
cooling rate is very important in the hardening process. In those investigations the 
polymer concentration, flow rate and the temperature of the quenchant were tested. 
Those data were found to be insufficient to set a satisfied requirement on the polymer 
concentration because they did not tell how they will affect on the material properties. 
Therefore more investigations were done to see how different settings of the quenchant 
will affect the residual stress of the hardened half shafts. From those investigations it 
was found that cooling rate affects the residual stresses in the half shafts. For that 
reason it was of interest to investigate how the cooling rate affects the fatigue strength 
of the half shafts and thereby set an optimized requirement on the polymer 
concentration of the quenchant. 

In this master thesis the influence of the cooling rate on the fatigue strength was 
investigated by changing the polymer concentration. The polymer concentration that 
was used was 5%, 10% and 15% polymer and all tested half shafts were fatigue tested 
until fracture. In this work the influence of the cooling rate on the residual stress was 
also investigated. 

2 Heat treatment 

2.1 The process of heat treatment 

Steel is heat treated to achieve necessary mechanical properties for different purposes. 
Gears are often case hardened because they need a hard surface to resist wear 
damage and a tough core, whereas shafts are often induction hardened because they 
also need a tough core but a deeper case depth compared to case hardening. 
Knowledge about inner structure and properties of metals facilitates the selection 
between various heat treatments that give different microstructures and therefore 
different mechanical properties. All heat treatment methods follow the same procedures, 
the differences are in the heating or in the quenching stage. In Figure 2.1 [3] a 
temperature-time plot for a hardening process is presented which is similar for all heat 
treatments. When a specimen is case hardened or induction hardened, it is first heated 
to austenizing temperature. Depending on the kind of heat treatment desired, there are 
different holding times at austenizing temperature. After the heating stage, the 
specimen is quenched and the cooling rate is also chosen so as to suit the type of heat 
treatment. After quenching the material is brittle and almost always needs tempering, 
which occurs at lower temperatures.  
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At the heating stage the specimen needs to be kept at high temperature to achieve a 
specific microstructure called Austenite or γ-iron. The austenizing temperature depends 
mostly on the carbon content and suitable temperature can be determined from an iron-
carbon phase diagram for different carbon contents, see Figure 2.2 [2]. 

 

Figure 2.2: Iron-carbon phase diagram. 

 

Figure 2.1: Temperature-time plot for a heat treatment which gives hardening. 
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The atomic lattice for austenite is called Face Centred Cubic, FCC, i.e. an elementary 
cubic cell with one atom in each corner and one on the each face plane of the cube, see 
Figure 2.3 [1]. Austenite has a high solubility of carbon and the carbon atoms will be 
placed on the edges of the cubic cell between the iron atoms. Ferrite can only dissolve 
small amounts of carbon and is soft and tough. Ferrite is not preferable in a material 
which requires high hardness. The atomic lattice for ferrite is called Body Centred Cube, 
(BCC) [2]. A BCC structure is characterized by its elementary cell which is cubic as well 
but with one atom in each corner and one in its centre, see Figure 2.3 [1]. 

Having been kept at austenitization temperature, the specimen needs to be rapidly 
cooled to ambient temperature in order to achieve a martensitic microstructure. This 
procedure is called hardening. The carbon atoms in austenite will not have time to move 
by diffusion so they will be locked between the iron atoms in α-iron. Due to the shorter 
distance between iron atoms in ferrite compared to austenite, the carbon atoms will 
stretch the α-iron lattice [1-2]. A stretched lattice results in higher hardness and 
embrittlement of the specimen. The structure of the atomic lattice for martensite is 
called Body Cantered Tetragonal, (BCT). The atomic lattice for martensite resembles 
the BCC-structure in ferrite. The martensitic lattice structure is not purely cubic as the 
ferritic elementary cell. In the martensitic-cube, edges are longer in one direction and 
shorter in the perpendicular directions, see Figure 2.4 [1]. 

 
Figure 2.4: Transformation from austenite to martensite. The red marked edges shows the atomic 
lattice for martensite. The blue atom is body centered in the martensitic lattice but in the austenitic lattice 
it was centered on one face of the cube. The black filled circles are carbon atoms. 

 

Figure 2.3 : Ferritic and austenitic lattice structure. The distance between the atoms is valid for a 
temperature of 20°C. 



4 
 

The temperature at which martensite starts to transform is called “martensite start”, Ms. 
The common definition of Ms-temperature is that the austenite has transformed by 1% 
into martensite [3]. The temperature for which the martensite transformation is almost 
finished is called “martensite finish”, Mf. 

If the cooling rate is not sufficient to achieve a completely martensitic microstructure the 
final microstructure will contain some other structures too, such as pearlite and bainite. 
Bainite transformation, depending on the chemical composition, occurs at a temperature 
of around 550°C. Bainite forms as plates or needles, depending on the temperature of 
transformation, and consists of ferrite and cementite, [2].  

Pearlite also consists of ferrite and cementite but in the form of lamina. Cementite is a 
stoichiometric phase, i.e. it has a constant carbon content, 6,67%, and therefore a 
corresponding formula for cementite can be allotted, Fe3C. The properties of pearlite 
depend on the cooling rate. High cooling rate results in finer lamina with higher 
hardness [2-3]. Microstructures mentioned above can be seen in Figure 2.5-Figure 2.10 
[37]. 

 

Figure 2.5: The white matrix is austenite while the 
black regions are ferrite. 

 

Figure 2.6: Ferrite (white) in the grain boundaries.  

 

Figure 2.7: Martensitic microstructure. 

 

Figure 2.8: Bainitic microstructure. The black 
regions are pearlite. 
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Figure 2.9: Pearlitic microstructure. White regions 
are cementite and the white regions are ferrite. 

 

Figure 2.10: The small almost round circles are 
cementite. 

2.2 Hardenability 

Hardenability is defined as the ability of the material to form martensite [1-4, 6-7]. Steel 
with high hardenability has high case depth and can easily be hardened through the 
thickness of the sample. High hardenability is preferred in samples with large 
dimensions. Low hardenability is preferred in samples with uneven thickness because it 
will give an even thick case depth, independent of the sample thickness. Materials with 
low hardenability are cheap because lower alloy and in comparison with those with high 
hardenability, they give lower distortion, i.e. the hookedness of the sample, at same 
cooling rate. Difference in hardness between core and surface arises since the cooling 
rate at the surface is higher than in the core, see Figure 2.11. Mostly due to cooling 
rate, large dimensions are more difficult to cool. 

 

Figure 2.11: Cooling curves at the surface and the core. The core will be softer than the surface due to 
lower cooling rate. No martensite is formed.  

The hardenability for steel is dependent on composition of the alloy, austenizing 
temperature, austenitic grain size, heating time and the microstructure prior to 
hardening, [7]. Small austenitic grains should imply larger grain boundary area which 
leads to favorable conditions for pearlite formation, i.e. decreases the hardenability. 
Certain alloying elements, such as manganese, molybdenum and nickel, increase the 
hardenability according to the TTT-/CCT-curves. As will be discussed later, these move 
to the right and the requirement on the cooling rate to form martensite decreases [1, 6], 
which means that martensite is formed even if cooling rate is reduced. Phase 
transformations affect the hardenability because they emit heat. The emitted heat will 
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reduce the cooling rate. Stresses in the samples can also affect the hardenability. 
Tensile stresses promote martensite formation and compressive stresses prevent the 
formation of martensite [1]. 

2.3 Induction hardening 

Induction heating is a fast process and all electrically conductive material can be 
induction heated/hardened. The principle for induction heating is as follows. Alternating 
current passes through a coil surrounding the samples and a magnetic field is 
generated. If the specimen is placed in the middle of the coil a current will be induced 
due to mutual inductance between coil and sample, see Figure 2.12 [10]. This current 
generates heat due to resistance losses, [1, 11]. Heat is also generated by hysteresis 
losses as long as the steel remains magnetic. Steel is magnetic below the 
Curietemperature, which for steel is at about 770°C [11]. Above that temperature, 
heating occurs only by the electrical resistance. Induction hardened components are 
heated up to 900-1200°C. 

 

Figure 2.12: The current in the coil generates a magnetic field that induces a current in the specimen 
which is to be heated. 

The heating depth in the material at induction hardening is dependent on the frequency 
of the alternating current [6]. If the frequency for the alternating current is low, the heat 
penetration depth is high and for high frequency the depth is low. The region in the 
material that reaches the austenizing temperature at the heating process will be 
hardened, as it will transform to martensite if the cooling rate is high enough. There are 
many factors that affect the case depth e.g. design of the inductor-coil, distance 
between the coil and the specimen, the dimension and design of the specimen, 
centering of the specimen in the coil, the initial microstructure and/or the chemical 
composition of the material [11]. Shafts are often rotated while induction heated to avoid 
uneven heating.  
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The impact of the design of the coil on the heating pattern is presented in Figure 2.13 
[10]. A coil with even pitch, i.e. winding density of the coil, will produce an uneven 
heating pattern while a coil with increased pitch in the middle of the coil should give an 
even heating pattern. 

 

 

Figure 2.13: Design of the coil affects the heating pattern. Coil with even pitch results in uneven heating 
pattern, while different pitch in the middle results in even heating pattern. 

 
Two different methods for induction hardening are in use, single-shot and scanning. In 
Figure 2.14 [10], a principal assembly for the coil and the cooling shower for single-shot 
and scanning induction heating methods are presented. Quenching is often performed 
in a bath or by a shower, for induction hardening the material is often quenched with a 
shower.  

 

Figure 2.14: Principal assemblies for single-shot and scanning induction heating methods. 
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2.4 Quenching 

Many different quenching agents can be used depending on the desired cooling rate 
which decides the final mechanical properties of the treated component. The cooling 
process can be divided into three different phases, vapour, boiling and convection 
phase. In Figure 2.15 [12], the cooling phases are drawn according to when they occur 
in a cooling process.  

 

Figure 2.15: Cooling phases in a cooling process. 

At the vapour phase the surface of the specimen is so hot that the quenching agent 
vaporizes and thin film of vapour is created.  The vapour film will act as a thermally 
insulating layer and the heat will be transferred by radiation which results in slow cooling 
rate. The duration of the vapour phase is different long for different quenching agents 
and the phase duration depends on the surface condition, such as the oxidation of the 
surface that creates nucleation points for boiling. Thelning [13] has shown that slow 
cooling before quenching results in higher hardness than fast cooling from the 
austenizing temperature. Loria [14] has also shown that the vapour phase has more 
positive effects on the hardness than components quenched without a vapour phase. 
Slow cooling before quenching below the austenizing temperature will have a retarding 
effect on the decomposition of austenite in low carbon steels. With sufficiently fast 
cooling afterwards, the formation of austenite to bainite may not take place and fully 
martensitic microstructure may be obtained. The vapour phase at industrial quenching 
is often shorter or even sometimes totally absent [12]. The reason is that the industrial 
quenching process after induction hardening often uses showers instead of quench 
bath. The shower-jets destroy the vapour film and as a result the vapour phase 
vanishes or is highly reduced. If the vapour phase is missing due to quenching with a 
shower, the specimens are permitted to be air cooled just before quenching to achieve 
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a cooling phase that resembles the vapour phase. It is very important not to have a long 
vapour phase, ferrite will start to transform, which will result in low hardness. The 
surface of the specimen will oxidize, which will create nucleation points that facilitates 
the boiling-phase. Sören Segerberg and Jan Bodin [12] have shown that oxidation of 
the hot surface before quenching lowers the surface hardness with increasing oxidation 
grade. They have tested some specimens that was allowed to oxidize for different long 
times, 0; 1,5; 4 and 30 minutes before quenching. The results showed that specimens 
with 1,5 minutes oxidation time had the highest maximum cooling rate, while the 
specimens with 4 and 30 minutes oxidation time had the lowest maximum cooling rate, 
see Figure 2.16 [12]. If the evaluation of the cooling curves is done for a specific 
temperature, such like 550°C, it will be concluded that the oxidation layer affects 
negatively on the cooling rate at that temperature. The oxidation layer will act as an 
insulating layer and the cooling rate has therefore decreased. Results from another 
investigation done by Sören Segerberg [15] showed that the hardness decreases with 
increasing thickness of the oxidation layer. In the same investigation [15] Segerberg 
showed that the oxidation layer at quenching in oil of long components gives an even 
hardness profile along the length. Thus, it is somewhat unclear why the vapour-phase 
would have a positive effect on the hardness. Perhaps, there is an optimal oxidization of 
the material at austenizing [15]. 

 

Figure 2.16: Results from IVF’s investigation of how the oxidation before quenching affects the hardness. 

The boiling phase is a very thermally intensive phase. It starts when the surface 
temperature of the specimen is so low that it is insufficient for sustaining a vapour film. 
All the liquid in contact with the hot surface will boil. The boiling is facilitated if there are 
many nucleation points where the boiling bubbles can be formed. Huge heat 
transformation will occur at this phase because vaporization of the quenching agent 
requires much heat. Therefore, high cooling rate will be obatined.  

When the surface temperature of the specimen has dropped to the boiling temperature 
of the agent, the convection phase starts. Boiling stops and heat transfer occurs only by 
direct contact between the cooling agent and the surface of the specimen. At the 
convection phase, the cooling rate is low and depends on the rate of flow. Higher flow 
rate leads to higher cooling rate. Sören Segerberg and Jan Bodin [12] have shown that 
the shift temperature between the boiling-phase and convection-phase is very important 
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for the hardness. The temperature shift between boiling-phase and convection phase 
over the Ms-temperature results in lower hardness, whereas shifting below the Ms gives 
higher hardness. Higher cooling rate at the convection-phase can also result in higher 
hardness [12]. 

2.4.1 Quenching agents 

There are many different quenching agents that give different cooling rates. It is of high 
importance to choose the right quench agent. Quenching in saline solution gives the 
highest cooling rate and at the same time higher risk for crack formation. The lowest 
cooling rates occur at air cooling and the end product is often a soft surface and core. 
There are some metals that have so high hardenability that they can be hardened by air 
cooling. Agents between saline solution and air are water, polymers and oils. The 
cooling curves and cooling rates at different temperatures for different quenching agents 
are presented in Figure 2.17 [12]. 

 

Figure 2.17: Cooling curves and cooling rates at different temperatures for different quenching agents. 

Quenching with water is best from the point of view of environmental, it is cheap and the 
quenched components are not sticky as when quenching with oil. The disadvantage 
with water as quenching agent is the high risk of crack formation during quenching, 
especially at the boiling phase. Water at high quenching temperatures can easily form a 
vapour phase which does not give full hardness. That problem can be solved by adding 
a polymer, 5-20 %, to the water. Probably, the polymer gives more nucleation points 
that promotes formation of the boiling phase [11]. Water-based polymer quenching 
agent is most common in the induction hardening process. The most commonly used 
polymers for water-based polymer quenching agent are polyaklyleneglycol, polyacrylate 
or polyvinyl alcohol [16]. 

Polyaklyleneglycols are mostly used in showers but are also used in baths. At 
quenching they form a polymeric film on the quenched surface. Higher polymer 
concentrations give thicker film and thereby lower cooling rate. When the quenched 
surface reaches a temperature of 70°C the polymeric film dissolves and returns to the 
quenching agent. The concentration of water-based polymer quenching agent is 
measured by a refractometer. Different polymer agents have different refractive index. 
Diagrams exist for each manufacturer that translates the refractor value to 
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concentration. The manufacturer trade names for polyaklyleneglycol are Aquatensid, 
Aquaquench 251, Iloquench 500, and Osmanil E2 [16]. 

Polyacrylates form a gel-like film on the quenched surface. The viscosity for such a 
quenching agent is high and therefore mostly used for baths. The manufacturer trade 
names for polyacrylate are Aquaquench ACR, Beroquench 8525 and Polymer AP. 
Polyvinyl alcohols form a thin polymeric film on the surface. The film does not 
completely dissolve, it will instead form a lacquer-like film on the surface. Polyvinyl 
alcohols are only used in baths and the manufacturer designation is Aquaquench A [16]. 

Water-based polymer quenching agents are sensitive to temperature and rate of 
agitation at quenching. Segerberg has investigated how the cooling rate is affected for a 
polymer quenchant with respect to temperature and flow at quenching, see Figure 2.18 
[12]. The polymer quenchant cools faster if the temperature of the agent is low. Higher 
flow rate of the quenchant also gives higher cooling rate.  

 

Figure 2.18: Dependence of temperature and rate of agitation on the cooling rate for a polymer 
quenchant. 

Hans Kristoffersen at VBC [17] also investigated how the temperature, rate of agitation 
and the concentration of polymer affect the cooling rate for a common polymer 
quenchant, Aquatensid BWRB. He concluded that high temperature of the quenchant 
and high concentration of polymer results in low cooling rate, while high rate of agitation 
gives higher cooling rate. Combinations may overlap each other in terms of cooling rate, 
which means that cheaper combinations can be selected. As an example, lower flow 
rate combined with lower polymer concentration may achieve the same cooling rate as 
more expensive combinations. 
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2.5 Phase transformation diagram 

Phase transformation diagrams for steel are used in planning the heat treatment and 
the cooling rate in order to achieve a desired phase composition. Two kinds of phase 
transformation diagrams are in common use, namely, time-temperature transformation 
(TTT) diagrams and continuous cooling transformation (CCT) diagrams. 

2.5.1 Time-temperature transformation (TTT) diagram 

A TTT diagram is intended to show the rate of phase transformation at a constant 
temperature. They are usually derived from data obtained by cooling austenized 
specimens in differently tempered baths, like liquidized lead, oil or salt during prescribed 
time. Afterwards the specimens are rapidly cooled and then held at constant 
temperature. The transformation rate may thus be estimated, by microstructural 
examination. Austenizing temperature and phase transformation rate should be 
recorded for each alloy separately and collected in a TTT diagram for the alloy in 
question, [1-6]. 

2.5.2 Continuous cooling transformation (CCT) diagram 

A CCT diagram displays the amount of phase transformation as a function of time at 
continuous cooling. CCT-diagrams are constructed at from specimens that have been 
quenched at different cooling rates from austenizing temperature. The microstructure of 
quenched specimens is examined. CCT diagrams are obtained for each steel alloy, just 
like TTT diagrams, [1-6]. Depending on how fast an austenized specimen is cooled to 
ambient temperature, different phase composition will appear. In Figure 2.19 a CCT 
diagram is presented and three cooling curves are plotted. Dominant phase composition 
is marked. 

 

Figure 2.19: Schematic CCT-diagram for three cooling rates. 

2.6 Residual stresses 

Residual stresses are internal stresses in a solid body free from external forces. They 
may be caused by heat treatment but can also be achieved due to welding, grinding, 
machining, casting and cold forming operations [18]. Compressive as well as tensile 
residual stresses develop in the body, for the purpose of obtaining equilibrium.  

Compressive residual stresses on the surface increase the fatigue life of the component 
as they are thought to prevent fatigue crack propagation [10]. Tensile residual stresses 
on the surface are undesirable as they may encourage propagation of the cracks. 
Residual stresses may also be undesired because they can lead to distortion of the 
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component during machining. In order to minimize the cost for machining, components 
are often annealed, so that part of the residual stresses vanishes. Induction hardening 
of the component may be done after machining, for the purpose of regaining some of 
the advantages of residual stresses [19-25]. The induction hardening process 
contributes to the formation of compressive residual stress on the surface of the 
component. 

2.6.1 Residual stresses as a result of thermal stresses 

Thermal stresses arise as a consequence of uneven temperature distribution in the 
body. Consider, for example, two solid cylinders, one heated so that only the surface is 
warm whereas the other uniformly warm. Their maximum temperature is above the 
austenizing temperature of the material. If the first cylinder is then slowly cooled, it will 
develop a residual stress distribution according to Figure 2.20 [26]. 

 

 

Figure 2.20: Residual stress distribution for a cylinder which is slowly cooled. The black region is 
austenized. 

The second cylinder is cooled fast, it will develop a residual stress distribution according 
to Figure 2.21 [26]. At initial cooling the surface will be hard, due to formation to 
martensite, and shrink more than the material a bit into the cylinder. Because the inner 
part of the cylinder, “the core”, is still hot and expanded, compressive stresses will be 
produced in the part where martensite has been formed, i.e. the surface. When cooling 
continues, the core will contract. At room temperature, the martensitic transformed part 
of the cylinder will have a larger volume than the core part, the reason of that will be 
discussed in chapter 0. That will cause tensile residual stress in the core in 
circumferential and longitudinal directions of the cylinder. The other part of the cylinder, 
i.e. the surface, will obtain tensile stresses in circumferential and longitudinal due to 
equlibrium. 
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Figure 2.21: Residual stress distribution for a uniformaly heated cylinder when it has been subjected to 
fast cooling. 

At induction hardening, heating as well cooling occurs at high rate. The residual stress 
distribution is presented in Figure 2.22 [26]. The surface layer, black marked, of the 
cylinder is heated to above the austenizing temperature. The layer next to follow will 
obtain a temperature below the austenizing temperature and the core will not heat up at 
all. If the cooling process is immediately followed by quenching the surface will behave 
as in the case where the cylinder was uniformly heated and then fast cooled. The 
adjacent layer, grey marked region in Figure 2.22, and the rest of the core will behave 
as the first cylinder which was fast heated and slowly cooled. 

 

Figure 2.22: Residual stress distribution for a fast heated and fast cooled cylinder, ex. cooling with a 
polymer quenching agent. The black region is austenized part and the grey region is the part where the 
temperature is below the austenizing temperatures. White region is not heated. 
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2.6.2 Residual stresses as a result of phase transformation 

Consider a solid cylinder of steel, having been heated to the austenizing temperature 
and after that quenched. The material will change its microstructure and the final 
microstructure is dependent on the cooling rate at quenching. The surface of the 
cylinder will be cooled first and fastest, deeper into the cylinder, the cooling rate will 
decrease. Due to different cooling rates at different parts of the cylinder, different 
microstructures will form at those parts. For example, at the surface martensite will 
form, deeper into the cylinder bainite will form due to lower cooling rate and into the 
core the microstructure may not transform at all. Martensite has a higher specific 
volume than bainite. Due to the volumetric differences between two microstructures, 
residual stresses will arise into the cylinder. The specific volume for different 
microstructural phase with respect of carbon content is presented in Table 2-1 [9], and 
in Table 2-2 [9] the volume changes from one microstructural phase to another one is 
presented. The volume change due to different phase transformations is partly 
dependent on the chemical composition of the material. 

Table 2-1: Specific volume for some microstructural phases. 

Phase Carbon contents [%] 
Calculated specific volume at 

20°C [cm
3
/g] 

Austenite 0-2 0,1212+0,0033·(%C) 

Martensite 0-2 0,1271+0,0025·(%C) 

Ferrite 0-0,02 0,1271 

Cementite 6,7±0,2 0,130±0,001 

Graphite 100 0,451 

Ferrite + Cementite (Pearlite) 0-2 0,1271+0,0005·(%C) 

 

Table 2-2: Volume change due to phase transformations. 

Phase transformation Change in volume [%] 

Spheroidized pearlite  austenite -4,64+2,21·(%C) 

Austenite  martensite 4,64-0,53·(%C) 

Spheroidized pearlite  martensite 1,68·(%C) 

Austenite  lower bainite 4,64-1,43·(%C) 

Spheroidized pearlite  lower bainite 0,78·(%C) 

Austenite  upper bainite 4,64-2,21·(%C) 

Spheroidized pearlite  upper bainite  0 

Residual stresses are formed due to uneven thermal distribution through a circular 
cross section during cooling and to phase transformations.  
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2.6.3 Residual stresses as a result of induction hardening process 

At induction hardening of a specimen, residual stresses form at the heating stage. The 
surface of the body is heated very fast, the shafts are heated to 1080°C in 45 seconds, 
which is a very rapid heating process. The temperature differences between the surface 
and the core will be very high that material will plastically deform during heating. The 
stress distribution in a cylindrical solid body during induction hardening is presented in 
Figure 2.23.  

 

Figure 2.23: Schematical residual stress distribution during induction hardening of a cylindrical solid 
body. In the bottom of the figure schematical residual stresses through a cylindrical sample after 
induction hardening is presented. 

2.6.4 Residual stresses in components after single-shot and scanning treatments 

Lennart Björk [28] investigated the residual stresses in components heat treated with 
two different induction hardening methods, single-shot and scanning. The results are 
presented in Figure 2.24 and Figure 2.25 [28]. They show that residual stresses are 
higher for single-shot induction hardened shaft compared to scanning hardened. A 
possible reason for the difference is that in single-shot heating and quenching stage the 
whole part is heated and quenched which means that larger regions are thermally 
deformed than in scanning hardening. In the scanning method smaller region of the part 
is heated and then quenched during the hardening process. The part will therefore have 
a lower thermal deformation than single-shot hardened part and therefore lower residual 
stresses. 
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Figure 2.24: Residual stresses of a solid cylinder which was induction hardened by scanning. 

 

 

Figure 2.25: Residual stresses of a solid cylinder which was induction hardened by single-shot. 
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2.6.5 The influence of the cooling rate during induction hardening on residual stresses 

The influence of the cooling rate on the residual stresses was investigated by Hans 
Kristoffersen, Henrik Nilsson and Johan Fahlkrans [36]. The cooling rate was regulated 
by three different factors, temperature, flow rate and the polymer concentration of the 
quenchant. High flow rate and low temperature and polymer concentration will result in 
high cooling rate. The used steel grade in this investigation was SS1672 and the 
geometry of the induction heat treated specimens was 20 mm in diameter and the 
length was 100 mm. The heating process lasted for 3 seconds and the maximum 
temperature was 930°C. After the heating time, 3 seconds, there was a break for 1 
second before the cooling begun, the cooling process lasted for 15 seconds. The case 
depth after the treatment was approximately 3 mm. The results from the investigation 
can be seen in Figure 2.26. 

 

Figure 2.26: The results from the investigation of how the cooling rate influences on the residual 
stresses. The presented results were measured with x-ray diffraction method, which will be described 
later, at a surface depth of 25 µm. The negative sign (-) marks that the measured residual stresses are of 
compressive character. 

As can be seen, highest residual stresses are obtained for the highest cooling rate. The 
residual stresses were also measured after tempering. The residual stresses decreases 
after tempering but the differences remains. Highest effect on the residual stresses is 
the polymer concentration of the quenchant, which is also the factor that influences on 
the cooling rate most. 
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2.6.6 Straightening effects on residual stresses 

From an earlier investigation done by Johan Åslund, Seyed Hosseini and Sven Haglund 
[34], the results shows that straightening of a round cylinder containing residual stress, 
will rise the compressive residual stresses at the surface except from three points. In 
those three points the residual stresses will be lower than before the straightening. The 
stress pattern due to the straightening force, see Figure 2.27, will affect the residual 
stress. Presuppose that the cylinder contains compressive residual stress at the 
surface. The compressive residual stress will increase in the regions where the stress 
pattern is compressive due to the straightening force. In regions where the stress 
pattern is in tensile, the compressive residual stress at the surface will decrease. 

 

Figure 2.27: After straightening of a cylinder containing residual stresses, the residual stress pattern will 
change and at the marked positions the residual stresses will be lower than before straightening. 

Equation Section (Next) (avslutar equation kaptiel 0. 

Equation Section (Next) (avslutar equation kaptiel 1). 

Equation Section (Next) (avlsutar equation 2) 
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3 Methods 

To understand how the cooling rate at quenching after induction hardening of half shafts 
affects the fatigue strength, some half shafts were quenched with different cooling rate 
and then fatigue tested. Totally 15 half shafts were heat treated see Table 3-1. The half 
shafts that were used, part number 1761195, in the investigation are presented in 
Figure 3.1 [27]. The cooling rate was regulated by the polymer concentration, the 
polymer that was used is Aquatensid BWRB. For high cooling rate 5 % polymer were 
added to water while for the slow cooling rate 15 % polymer were added. In normal 
production, 10 % polymer is used.  

Table 3-1: Test plan. 

Polymer concentration of the quenching agent 5% 10% 15% 

Fatigue tested half shafts 5 - 5 

Half shafts for residual stress measurements 2 1 2 

Heat treated half shafts, single shot induction hardening Totally 7 Totally 1 Totally 7 

 

 

Figure 3.1: The dimensions of the half shaft (part number: 1761195) that were used in the investigation. All 
dimensions are in mm. 
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3.1 Manufacturing and heat treatment of the tested half shafts 

The batch consists of 15 samples. The manufacturing and heat treatment process for 
the half shafts is presented in Figure 3.2 [29]. As far as possible, one aims at using the 
same procedure as for shafts in the Scania trucks, i.e. manufactured according normal 
production. They are single shot induction hardened and the cooling time at the 
quenching stage is independent of the cooling rate. This implies that the end 
temperature for fast and slowly cooled shafts may differ. To minimize the difference in 
temperature after cooling, it is important that the start temperature at tempering is the 
same between fast and slow cooling. Due to long holding times between quenching and 
tempering, the temperature of the shafts will decrease to ambient temperature during 
that time, no matter what cooling rate is used in the quenching stage. 

 

Figure 3.2: The manufacturing and heat treatment process for the half shafts. 

The length and the distortion of shafts were measured before and after the heat 
treatment. The length was measured with a calliper and the distortion was measured in 
three positions, middle and about 10 cm from each edge of the half shaft, see Figure 
3.3. 

 

Figure 3.3: Positions where the distortion was measured. 
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3.1.1 Mixture of the quenching agent concentrations 

One shaft that was heat treated was quenched with a polymer concentration of 9,6% 
which was normally used and it can be assumed to correspond to a polymer 
concentration of 10 %. The initial volume of quenching agent in the system was about 
3000 litre and had been in use for 4 weeks when the half shafts were treated. For the 
fast cooling rate 5% polymer concentration was used with a totally quenching agent 
volume of 2500 litre. For the slow cooling rate 15% polymer concentration was used 
with a totally quenching agent volume of 2700 litre. The approximate mixtures for the 
polymer concentrations, 5 % and 15 %, are presented in Table 3-2. All concentrations 
were measured with a refractometer and the refractive index for the used batch of 
Aquatensid BWRB was 1,92. 

Table 3-2: Approximate mixtures for 5% and 15% polymer concentrations. The initial volume was about 
3000 litre with a polymer concentration of 9,6%. 

Polymer 
concentration 

Amount of spilled 
already mixed 

quenching agent  

Amount of added 
already quenching 

agent 

Amount of 
added water 

Amount of 
added 

Aquatensid 

5%  

1700 Litre 

(9,6% polymer 
concentration) 

- 1200 Litre - 

15%  

1000 Litre 

(5% polymer 
concentration) 

1700 Litre - 190 Litre 

 

3.2 Testing of the quenching agent 

The quenching agent used in the heat treatment of the half shaft was tested with Smart 
quench equipment to measure the quenchant’s cooling rate in tank and with shower. 
For the testing of the agent, 25 litre of 15 % polymer concentration from the last test of 
heat treatment was used. The agent was then diluted with water to achieve 5 % and 9,6 
% polymer concentration. At the testing of quenching agent a test probe, length: 400 
mm and diameter 12,5 mm, with a thermocouple in centre to measure the temperature 
is used, see Figure 3.4. The test probe is heated to 855°C and only about 14 cm from 
the bottom of the probe is heated. The probe is quenched in tank/(bath) with a constant 
flow or using a shower. The thermocouple in the probe is connected to a temperature 
logger which starts to log the temperature from 850°C during a time of 60 seconds. In 
this test the test probe was quenched both in tank and with shower. Collected 
temperature data is evaluated with software Smart Quench Integra where the time-
temperature and cooling rate-temperature plots can be obtained. 
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Figure 3.4: The dimensions of the test probe used for the testing of the quenching agent. The test probe 
belongs to the Smart quench equipment. 

3.2.1 Test probe quenched in tank 

The tank and equipment for the flow rate in the tank was manufactured by IVF. The 
volume that is used for testing of quenchant in tank is 1,5 litre. The liquid is stirred by a 
propeller in the tank to get a flow of the liquid in the tank. The flow rate was controlled 
by the rotational speed of the propeller, in this test the rotational speed was set to 1000 
rpm. Before quenching of the test probe the temperature of the quenchant in the tank 
was measured. Two tests for each polymer concentration, 5 %; 9,6 % and 15 %, were 
done. The tank that was used is presented in Figure 3.5. 

 

Figure 3.5: Tank for quenching of the test probe. Serial number of the tank is: 162 year: 2006, 
manufacturer is IVF. 
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3.2.2 Test probe quenched with shower 

By quenching the test probe with shower, a quenching procedure that resembles what 
will be obtained by means of showers used in the manufacturing line. The shower that 
was used in this test is presented in Figure 3.6.  With the shower equipment the flow 
rate and the temperature of the quenchant can be regulated. In this test the flow rate 
was set to 20 litre per minute and the temperature to 30°C. Two tests for each polymer 
concentration, 5 %; 9,6 % and 15 %, were done. 

 

Figure 3.6: The shower for quenching of the test probe. 

 

3.3 Torsion fatigue testing of half shafts 

The torsional fatigue testing of half shafts was done by a company confidential torsional 
moment with an also confidential frequency until rupture. The investigation comprised 
10 shafts, 5 shafts quenched with 5 % polymer (fast cooling) and 5 shafts quenched 
with 15 % polymer (slow cooling). In Figure 3.7, the testing rig is presented. Wheel 
carriers that are used in trucks and buses are used in the testing rig to assemble the 
half shafts in the test-rig. The half shafts are rigged by splines between the wheel 
carriers and the ends of the shafts. 
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Figure 3.7: The test-rig for the torsion fatigue testing. 

3.4 Residual stress measurement 

The residual stresses were measured by two methods, x-ray and core drilling. X-ray 
diffraction method measures surface stresses, whereas core drilling may give stresses 
in the interior of the shaft. 

3.4.1 Residual stress measurement with x-ray diffraction method 

With x-ray diffraction method the residual stresses can be measured by targeting the x-
ray on the surface of the measured material, in this test the x-rays comes from chrome, 
Cr. The x-rays will diffract by a certain angle depending on the wave length λ for the x-
rays and the distance d between the crystallographic planes, see Figure 2.7. By using 
Bragg’s law, marked in a red box in Figure 3.8, the distance d can be calculated, if the 
diffraction angle and the x-ray wave length are known. A material free from residual 
stress has an already known distance, d0, between the crystallographic planes, it is the 
distance between each iron atom in an crystal lattice as FCC, BCC etc. The presence of 
residual stresses in a material produces a shift of the x-ray diffraction angle. Another 
diffraction angle results in another d distance between the crystallographic planes, 
which makes it possible to calculate the residual stresses.  
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Figure 3.8: X-ray waves will diffract when they hits the material. The diffracted waves will be registrated 
in a detector and the diffracted angle can be measured. By using Bragg’s law the distance between the 
crystallographic planes can be calculated and thereby also the residual stresses. 

By measuring the distance between the crystallographic planes, the strain can be 
calculated that is caused by the residual stress. By known strain the residual stress can 
be calculated using Hooke’s law, see Equation (3.1) [33].  
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Cullity and Stock have derived an expression for calculating the residual stress for a 
biaxial analysis with known distance d between the crystallographic planes, see 
Equation (3.2) [33]. The angle ψ is the tilt angle of the collimator and detector, see 
Figure 3.9. The tilt angle is used to measure the d-distance for more than one grain. 
The grains in the material have different orientation and therefore the d-distance will be 
different for different grain due to its orientation. 
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Figure 3.9: The tilt angle of collimator and detector. The tilt angle is used to measure the d distance for 
more grains. 

By simplifying the equation above to a linear function, see Equation (3.3), the residual 
stress can be calculated according to Equation (3.4) and Figure 3.10. The slope K is 
obtained by measuring the distance dФψ for some tilting angles, ψ, of collimator and 
detector. In this test the used tilting angles are, -45,0°; -37,8°; -30°,0; -20,7°; 0,0°; 20,7°;  
30,0°; 37,8°; 45,0°. The residual stress was also measured at the depth with the 
following depth profile, 0 mm; 0,1 mm; 0,2 mm; 0,3 mm at 4 positions around the 
specimen in longitudinal and transversal direction, see Figure 3.11. Due to x-ray 
diffraction method measures the residual stress at the surface, the material was 
electrolytically removed to measure the residual stress at the depth. The pieces that 
were tested were 6 cm long and the measurement was performed in the middle of the 
piece. The used equipment for this test comes from Stresstech and is called “Xstress 
3000 G3R”.   
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Figure 3.10: With some targeting angles of the x-ray waves, some different distances between the 
crystallographic planes will be obtained. With those values the slope K of a linear function can be 
calculated and by that also the residual stress. 

 

 

Figure 3.11: Positions around the specimens where the measurements were performed. 

3.4.2 Residual stress measurement with core drilling method 

For the core drilling method, a 200 mm long piece from the middle of the half shafts was 
cut and strain gauges in z (longitudinal) and φ (circumferential) direction were applied, 
see Figure 3.12 [31]. The TML FCA-6-11 strain gauges, manufactured by Tokyo Sokki 
Kenkyujo Co. Ltd., were used with a gauge factor of 2,10. The core of the 20 cm long 
piece was then drilled, starting from a drill diameter of 3 mm up to 40 mm. For all the 
drill diameters that was used see Appendix B. After each drilling operation, strain 
changes were measured. 
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Figure 3.12: Strain gauges were applied in z- and φ-direction to measure the strain in longitudinal, z, and 
circumferential direction, φ, after each drill diameter. 

When a coaxial hole is drilled out in a shaft containing residual stresses, the state of the 
strains at the surface will change. By measuring the strains, residual stresses can be 
calculated as functions of the radius. The following assumptions were made: 

 All stresses and strains only depend on radius, so circular symmetry is 
postulated. 

 All stresses and strains are independent the coordinate along the axis of the 
shaft (except for a small part close to the ends of the shaft), Saint Venants 
principle. 

 The material is linearly thermo-elastic. 
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The residual stresses are calculated by using Equations (3.5)-(3.7), the derivation of 
those equations can be found in [31]. 
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By measuring the strain in z- and φ-direction for various drill diameters and using 
Equations (3.5)-(3.7), residual stresses can be calculated as a function of radius a. 
regard to the depth of the body.  

When the specimens are drilled, heat due to drilling will be generated although cooling 
liquid is used. In this case the generated heat was not much, 2-4°C above the ambient 
temperature for the whole piece. 

3.5 Simulation of residual stress formation during the hardening process 

For better understanding of how residual stresses develop during the hardening process 
a finite element method, FEM, was used to simulate the stresses during heating and 
quenching, i.e. the hardening process. Since it is supposed that the biggest contribution 
to the residual stresses comes from temperature gradients in space, obtained during 
induction hardening, the simulation of residual stresses only took this source into 
consideration. Phase transformations also contribute to the residual stresses but were 
neglected. Two simulations were performed: one considered the formation of residual 
stresses, and the other considered residual stresses in the shafts quenched with 
different cooling rates to investigate whether a difference in residual stresses can be 
obtained with different cooling rates. 

The heating time in the real hardening process is 45 seconds and the quenching time is 
about 160 seconds. In that time interval the half shafts will be heated from ambient 
temperature to 1100°C at the surface and after that quenched to ambient temperature. 
During the whole heat treatment the temperature distribution through the cross section 
of the shafts is uneven. Due to the huge temperature differences in the cross section, 
residual stresses will form. A transient process develops and is analysed accordingly. 
The transient calculation starts and ends at same temperature. The selection of this 
temperature does not affect results. 
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The calculation model of the shaft was designed as a 10 cm long piece of the shaft with 
a radius of 2,8 cm. Simulations were performed at each 20 seconds. The whole 
simulation process comprised 200 seconds. Temperature input data were obtained from 
previous heat conductivity calculations, using ELTA. ELTA is one-dimensional software 
for calculations. Using different induction coils and different power, different heating 
times and temperatures will be obtained. A trial and error method was used to the effect 
that the power of the induction coil was adjusted until correct temperatures and case 
depths were achieved. For the quenching process, data from the investigation done by 
Hans Kristoffersen at IVF [17] for the different polymer concentrations, 5%, 10% and 
15%, were used in ELTA. 

The cross section of the shaft was divided into seven longitudinal sections where each 
section received its own input data from ELTA, see Figure 3.13. In ELTA input data 
could be obtained for each longitudinal section line for the whole time interval, 200 
seconds, see Figure 3.14 for an example of results presented by ELTA. 

 

Figure 3.13: The FEM model was divided in seven sections, 0,4 cm thick, and the input data was set on 
one boundary of each section.  
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Figure 3.14: The results obtained in ELTA after an induction hardening simulation. As can be seen the 
model that was used in the simulation has a radius of 2,8 cm, which approximately corresponds to the 
radius of the half shafts.  

An example of the input data in terms of time versus temperature plot for each section 
line is presented in Figure 3.15. 

 

Figure 3.15: Example of the input data that was obtained from ELTA and used in the FEM calculations. 
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The model is initially stress free. The boundary conditions are set in the following way. 
After some preliminary investigations, it was concluded to lock one node in the centre at 
each end of the model in all directions and thus use those as the boundary conditions 
displayed in Figure 3.16. 

 

Figure 3.16: The FEM model. 

Stress concentrations at the locked nodes may be ignored. In the center of the model, 
the influence from these locked nodes should vanish. Thus, the results from the center 
are thought to be useful for characterizing residual stresses in the shaft. 
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Figure 3.17: Stresses obtained in the model with FEM after heat treatment is over. Stresses in the center 
of the model are relevant. 

Different finite element types have different functionality and accuracy. The shaft piece 
was regarded as having circular symmetry and therefore axisymmetric isoparametric 1st 
order elements were used (software NISA). 

Modulus of elasticity, yield stress, Poisson´s ratio and coefficient of thermal expansion 
are all functions of temperature. Where at all possible, these functions were obtained 
from literature, Haglund [35]. Approximate functions for modulus of elasticity and yield 
stress were inserted in NISA to simplify the calculations, see Figure 3.18-Figure 3.19. 
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Figure 3.18: The equation for the approximate function for the elastic modulus, solid black line. The 
other line with blue dots is data obtained by Haglund [35]. 

 

 

Figure 3.19: The equation for the approximate function for yield stress, solid black line. The other line 
with blue dots is data obtained by Haglund [35]. 
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3.6 Material investigation 

3.6.1 Specimen preparation method 

The investigated specimens were cast into Bakelite in the habitual manner for 
metallographic sample preparation.  

3.6.2 Hardness and case depth testing 

Hardness and case depth were determined in three positions on each half shaft, see 
Figure 3.20. The hardness was measured with Vickers HV 10 kg.  

 

Figure 3.20: Positions on the half shafts where the hardness and case depth were measured. Both 
hardness and case depth were measured on a peach of the circular cross section. The figure to the right 
shows schematically how the case depth was measured in the cross section.  

 

 

3.6.3 Microstructural investigation 

The microstructure was investigated with a light optical microscope in same cross 
sections as the hardness.  

3.6.4 Chemical composition testing with Glow Discharge Optical Spectroscopy 

Glow Discharge Optical Spectroscopy (GD-OES) is a method to test the chemical 
composition of materials. The working principle for GD-OES is by sputtering argon-
plasma on the surface of the examined specimen and atoms at surface of the specimen 
will be released. Released atoms will collide with electrons and ions from the plasma. 
Due to the collisions a light quanta in range of 120-800 nm will be obtained. The light 
wavelength is specific for each element which enables detection of the chemical 
composition in the tested material. Since individual atoms are analyzed, the amount of 
different elements in the tested specimen can be detected down to ppm-level. 

The chemical composition testing was only performed for one half shaft since the 
material for all shafts comes from same charge, A3970 Ovako. 

 Equation Section (Next) (avslutar equation kaptiel 3). 
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4 Results 

4.1 Measured dimensions before and after the hardening process 

The length and axial run out of all shafts was measured before and after hardening, the 
results are presented in Figure 4.1-Figure 4.3, for detailed length values see Appendix 
A. The length extension after hardening is increasing by the increase of the cooling rate, 
i.e. decreasing of the polymer concentration. Data from the hardening and quenching is 
showed in Appendix A. 

It is hard to interpret the results from the run out measurement since there is a large 
spread between high and low cooling rate. The run out after hardening depends partially 
on the hardenability. The run out will be higher at higher cooling rate and lower with 
lower cooling rate, which can be seen in the results.  

 
Figure 4.1: The half shaft length before and after hardening. The red arrow marks the length 
requirement. The temperature was only registered for the 5% polymer concentration since it is known that 
the temperature of the quench affects the cooling rate for quenchants with low polymer concentration. 
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Figure 4.2: The axial run out after hardening for In and Out regions. The red line marks the requirement 
for the run out in shafts after hardening at In and Out regions. The red arrows mark those shafts that were 
straightened due to that they exceed the run out requirement. 

 

 

Figure 4.3: The axial run out after hardening for the middle region. The red line marks the requirement 
for the run out in shafts after hardening at middle region. The red arrows mark those shafts that were 
straightened due to that they exceed the run out requirement. 
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The half shafts are only straightened if the run out after hardening exceeds the 
requirements, see Figure 4.4. 

 

Figure 4.4: The red digits are the requirements for the distortion after hardening at the positions Out, 
Middle and In. 

 

4.2 Torsion fatigue test results 

In Figure 4.5 the results from the fatigue test of 5 half shafts for each polymer 
concentration, 5% and 15%, are presented, detailed values from the fatigue test are 
presented in Appendix G. From earlier fatigue tests of half shafts from normal 
production, i.e. quenched with a polymer concentration of 10%, with approximately 
same case depth the average fatigue cycle is at 100000 cycles, see [29]. In this test, the 
average for the 5% shafts is at 88400 cycles and for the 15% shafts is at 77800 cycles. 
These results are statistically not secure since there are too few tested shafts and there 
is no reason that could explain an optimum of fatigue strength at 10% polymer 
concentration. 

 

Figure 4.5: Results from the fatigue test. 
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4.2.1 Fractography 

The fracture of all shafts occurred at the outer spline except from one shaft, 2-5%, 
which fractured at the inner spline, see Figure 4.6. Almost all fractures, except from 2, 
appear to be initiated in the surface near the splines bottom, see Figure 4.6. The reason 
for an initiation there is that during loading, high stress concentrations will be obtained 
at the splines bottom and those stress concentrations facilitates the initiation. There are 
two fracture initiation points that are unclear, see Figure 4.7 and Figure 4.8. The fracture 
could either start from the surface or at the transition region, i.e. the region between the 
hardened and unhardened region. All fractures were documented, see Appendix E. 

 

Figure 4.6: The red marked regions are the critical points where mostly all cracks have started due to the 
stress concentrations when loading.  

 

 

Figure 4.7: Type of fracture where the initiation point is hard to conclude. There are two types of fracture 
mode. Fracture mode 1 tells that the initiation point has occurred at the surface, while the fracture mode 
2 tells that the initiation point has occurred at the transition region. This shaft, 2-5%, was cooled with 
high cooling rate, 5% polymer concentration, and it also had highest strength in the fatigue test. 
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Figure 4.8: Type of fracture where the initiation point is hard to conclude. There are two types of fracture 
mode. Fracture mode 1 tells that the initiation point has occurred at the surface, while the fracture mode 
2 tells that the initiation point has occurred at the transition region. This shaft, 15-15%, was cooled with 
low cooling rate, 5% polymer concentration, and it also had lowest strength in the fatigue test. 

4.3 Residual stress 

4.3.1 Residual stress measured with x-ray diffraction 

The residual stress measurement with x-ray diffraction method shows that quenching 
with low polymer concentration, i.e. fast cooling rate, will result in high compressive 
residual stress near the surface. The measured results at the surface, 0 mm depth, 
show uncertainty in comparison to the other values measured at deeper depth. The 
average results from the x-ray diffraction measurement of four positions from each shaft 
are presented in Figure 4.9-Figure 4.10 and for detailed values see Appendix H. Cracks 
are mostly initiated at discontinuities, i.e. defects in the material, with highest stresses 
when loading and since residual stresses affect the rate of the crack propagation, it is of 
interest to see how large the residual stresses are in those directions. In this case, the 
highest stresses while loading, will be obtained in transversal and longitudinal direction, 
therefore the residual stresses were measured in those directions. Note that shafts for 
residual stress measurement were not fatigue tested. The results correspond with the 
change of length, see chapter 4.1, and both indicates that higher quenching rate should 
give better fatigue strength (when initiation occur at the surface). 
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Figure 4.9: The measured residual stress with x-ray diffraction in transversal direction. The presented 
values are average values from four measured positions on one half shaft. The negative sign (-) is 
marking that the measured residual stresses are compressive. 

 

 

Figure 4.10: The measured residual stress with x-ray diffraction in transversal direction. The presented 
values are average values from four measured positions on one half shaft. The negative sign (-) is 
marking that the measured residual stresses are compressive. 

There was also two half shafts, one 5% and one 15%, that was straightened. The 
residual stresses were also measured for those shafts and the results are presented in 
Figure 4.11-Figure 4.12, for detailed values see Appendix H. 
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Figure 4.11: Measured residual stress with x-ray diffraction on the straightened shafts, 6-5% and 9-15% 
in transversal direction. The presented values are average values from four measured positions on one 
half shaft. The negative sign (-) in front is marking that the measured residual stresses are compressive. 

 

 

Figure 4.12: Measured residual stress with x-ray diffraction on the straightened shafts, 6-5% and 9-15% 
in longitudinal direction. The presented values are average values from four measured positions on one 
half shaft. The negative sign (-) in front is marking that the measured residual stresses are compressive. 
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In the earlier investigation [34] the results shows that straightening of a round cylinder 
will rise the compressive residual stresses at the surface except from three points. In 
those three points the residual stresses will be lower than before the straightening. To 
investigate if same results are achieved after straightening, the residual stresses were 
measured at eight positions instead of four, see Figure 4.13. The test was performed on 
the straightened shaft which was quenched with a high cooling rate, half shaft number 
6-5%. The results from the eight measuring positions are presented in Table 4-1. In 
longitudinal direction, the residual stresses are lower for the straightened shafts. In the 
transversal direction the residual stresses are higher for the straightened shafts except 
in three positions, which are marked in red in Table 4-1. 
 

 

Figure 4.13: Schematical figure of the eight positions where the residual stresses were measured on 
half shaft 6-5% to find the points where straightening will decrease the compressive residual stress.  

 

Table 4-1: The measured residual stress with x-ray diffraction on eight positions on the straightened shaft, 
6-5%, which was quenched with a high cooling rate, i.e. quenching with a polymer concentration of 5%. All 
values are in MPa and the negative sign (-) in front of the values are marking that the measured residual 
stresses are compressive. The red-marked values are approximately the lowest measured residual 
stresses. The presented values are the average of the four depths at each position, more detailed values 
can be found in Appendix H. 

Direction Pos.1 Pos. 2 Pos. 3 Pos. 4 Pos. 5 Pos. 6 Pos. 7 Pos. 8 

Transversal 
direction 

-401,8 ± 
14,2 

-477,6 ± 
15,4 

-435,8 ± 
16,4 

-393,4 ± 
18,4 

-453,9 ± 
15,8 

-451,3 ± 
9,5 

-400,2 ± 
14,6 

-432,4 ± 
12,3 

Longitudinal 
direction 

-631,6 ± 
17,5 

-641,0 ± 
11,0 

-676,4 ± 
13,5 

-613,5 ± 
13,4 

-664,7 ± 
13,5 

-666,4 ± 
13,0 

-638,7 ± 
11,0 

-634,6 ± 
10,1 
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4.3.2 Residual stress formation simulated with FEM 

The simulated residual stress formation in the shaft during the heat treatment is 
presented in Figure 4.14-Figure 4.15. Because of not so high difference in stress 
between different cooling rates, only the results from normally hardened shaft, i.e. 10% 
polymer concentration, are presented. The results for all three polymer concentrations, 
5%, 10% and 15%, can be found in Appendix J. 

The reason of getting small differences between different polymer concentrations is 
hard to conclude. Perhaps there are too small deviations in the temperature between 
the input data, to cause some remarkable differences in stress. Another reason could 
be because of no regard to the phase transformation was taken into account. It is 
known that more martensite will form with higher cooling rate which will result in higher 
volume expansion. The residual stresses will be higher with higher volume expansion of 
the martensitic region. 

 

Figure 4.14: Stresses in longitudinal direction of the shaft during the heat treatment. The shaft was 
cooled with a polymer concentration of 10%.  The centre is at R = 0,0 cm and R = 2,8 cm corresponds to 
the surface of the shaft. 
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Figure 4.15: Stresses in transversal direction of the shaft during the heat treatment. The shaft was 
cooled with a polymer concentration of 10%.  The centre is at R = 0,0 cm and R = 2,8 cm corresponds to 
the surface of the shaft. 

The obtained result from the simulation corresponds very roughly to the theoretic 
formation of the stresses during heat treatment. In theory the stresses forms by tensile 
stresses at the core and compressive stresses at the surface, in the beginning of the 
heat treatment just before quenching. During quenching the stresses in the core will 
form to compressive direction and at the surface the stresses will form to tensile 
direction. And at further quenching phase transformations will occur in the steel and the 
stresses in the core will form back to tensile direction and at the surface they will form 
back to compressive stresses. The difference in the obtained simulated results is that 
the compressive and tensile stresses at the surface and the core respectively, are lower 
at the beginning. Much lower than what in theory could hope for. Perhaps it depends on 
the rapid heating part of the treatment. A reason for that is hard to conclude since there 
is no clear line between the core and the surface. The line is maybe much closer to the 
surface at the beginning of the treatment and then migrates inwards during the 
treatment. That may lead to later transition between the directions of the stresses. 

The stresses at the core are much higher than the stresses at the surface in the end of 
the treatment. This is probably due to the boundary condition that was used during the 
calculation. Theoretically the stresses at the core should be of same magnitude but of 
opposite direction. 
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Another interesting phenomenon from the obtained simulated results was that lower 
cooling rate resulted in higher stresses at the core at the end of the treatment. At the 
moment of just some seconds after starting quenching the maximum compressive 
stresses at the core are achieved with highest cooling rate. If the plots from the 
simulation are studied for a moment, see Appendix J, there can be seen some 
differences in the area between the graphs and the zero axis for the stress. Most clear 
will be by looking on the graphs for r = 0,0 cm or 0,4 cm and compare them with 
different cooling rate. For the graph r = 0,0 cm, the area for the compressive stress is 
somewhat lower for higher cooling rates, despite the maximum compressive stress. 
Even if the area for the compressive versus tensile stresses is not equal, the area for 
the tensile stress will strive for equilibrium. Lower area for the compressive stresses will 
therefore result in lower stresses at the end of the treatment.  

With low cooling rate the heat in the core of the shaft will hold longer than with high 
cooling rate because of the low heat exchange. The results from this simulation showed 
that higher residual stresses in the core are achievable with lower cooling rate. The 
differences are very odd and small, about 3,4 MPa between 5% and 15% polymer 
concentration. With low cooling rate the heat exchange will also be low which means 
that the core for the slowest cooled shafts will obtain highest core-temperature. 
Because of the higher temperature, the yield strength will also decrease. Because the 
surface will be cooled very fast, regardless of what polymer concentration is used, an 
temperature difference will occur between the core and the surface and lead to stress 
formation in the shaft. When the yield strength decreases the material will be easier 
plastically deformed, i.e. same plastically deformed may be achieved at lower stress, 
which leads to bigger plastically deformed regions. When the shafts are cooled, the 
shaft with biggest plastically deformed regions may also have biggest residual stresses. 

4.3.3 Residual stress distribution calculated with FEM 

The residual stress distribution in the shaft after hardening with 5%, 10% and 15% 
polymer concentration is presented in Figure 4.16-Figure 4.19. The residual stresses 
are relative low compared to the measured stresses, especially at the surface and the 
reason is because of no regard to the phase transformation was taken in the simulation. 
If the phase transformation would have been regarded in the simulation the residual 
stresses would have been higher if the phase transformation had been simulated as 
well. The new transformed phase at the surface will have higher volume and will 
therefore expand, while the untransformed core will have the same shape as it was 
before hardening. The difference in expansion between the core and the surface will 
lead to tensile stresses in the material between the core and the surface, and due to 
equilibrium, compressive stresses at the surface will be obtained. The difference in 
residual stresses between 5%, 10% and 15% is very little and to see how the different 
polymer concentrations relates to each other, a magnification at the surface was done in 
Figure 4.20-Figure 4.21. 

The results in longitudinal direction can be negatively affected by the boundary 
conditions at the end-nodes in the centre. Since those nodes are locked in all directions, 
the natural expansion of the shaft in the longitudinal direction will be prevented in 
centre. The prevention of the thermal expansion will decline towards the surface of the 
shaft.  
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Figure 4.16: Residual stresses calculated with FEM after the heat treatment in longitudinal direction of 
the shaft. The stresses are in MPa. Note: the figure should be read horizontal position.  
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Figure 4.17: Residual stresses calculated with FEM after the heat treatment in transversal direction of 
the shaft. The stresses are in MPa. Note: the figure should be read horizontal position. 
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Figure 4.18: Residual stress in transversal direction in the middle of the simulated specimen where the 
highest reliability is. Observe that the presented results are from the nodes in the middle of the simulated 
specimen. 

 

 

Figure 4.19: Residual stress in transversal direction in the middle of the simulated specimen where the 
highest reliability is. Observe that the presented results are from the nodes in the middle of the simulated 
specimen. 
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Figure 4.20: Residual stress in transversal 
direction at the surface for 5%, 10% and 15% 
polymer concentration obtained with the FEM 
simulation. 

 

Figure 4.21: Residual stress in longitudinal 
direction at the surface for 5%, 10% and 15% 
polymer concentration obtained with the FEM 
simulation. 
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4.3.4 Residual stress measured with core drilling method 

For the core drilling method it is very important to have a good curve fit to the measured 
strain data. If the curve fit is poor the calculated residual stress will be very bad. In this 
test different curve fit methods were tested using Matlab and in Appendix C the results 
for different curve fit methods are represented. The curve fit method that was found to 
work very well for this case is a Fourier-fit of order 3, see Equation (4.1). 

 
       

   

0 1 1 2 2

3 3

cos sin cos 2 sin 2

cos 3 sin 3

a a x w b x w a x w b x w

a x w b x w

              

       
 (4.1) 

The measured strain data and the fitted curve are represented in Figure 4.22. From the 
first measured strain value and into the core, r=0, the fitted curve goes. That 
phenomenon is physically impossible and is in this case wrong. The fitted curve is 
somewhat poor fitted to the values close to the core since there are few measured 
values, therefore the calculated residual stress in that region will be bad and not trustful. 
The last measured value was at a radius of 20 mm and no more data was collected 
after that because it was very hard to drill in the hardened region. That means that the 
calculated residual stresses after radius 20 mm are estimated values calculated from 
the fitted curve which continues until the surface. 

 

Figure 4.22: The dots are the measured strain from the core drilling method and the plotlines are the 
fitted curve with Fourier’s method. The values between the green lines are a region where the best curve 
fit is obtained. 
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The calculated residual stresses are presented in Figure 4.23-Figure 4.24. The values 
between the green lines are more trustful than other values. In that region there are high 
amount of measured values and the fitted curve goes through most of them. Residual 
stresses close to the core are very high and that is probably because of the badly fitted 
curve close to the core. The calculated stresses are calculated in the elastic region 
which means that the stresses can be higher than they actually are. Regions with high 
residual stresses are probably regions where the material has been plastically deformed 
during the hardening process. 

In Figure 4.23 and Figure 4.24 the residual stresses from the FEM calculation are also 
presented, the dashed lines. A can be seen the calculated residual stresses are 
approximately the same in transversal direction and into the core, where no phase 
transformation has occurred. Closer to the surface, the FEM calculated stresses are 
almost zero in comparison to the measured stresses. That is because of at the surface 
phase transformation has occurred, which in the FEM was not taken into account. The 
stresses in longitudinal direction differ a lot between the FEM and the measured 
residual stresses. That is probably because of the boundary condition used in the FEM 
calculations, which prevents thermal expansion in longitudinal direction. 

 
Figure 4.23: The calculated residual stresses in transversal direction. The values between the green 
lines are more trustful values than the other because the curve fit was best fitted there. The yellow line is 
marking the zero stress axis. 
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Figure 4.24: The calculated residual stresses in longitudinal direction. The values between the green 
lines are more trustful values than the other because the curve fit was best fitted there. The yellow line is 
marking the zero stress axis. 

 
The calculated residual stresses at the surface are compared with the measured 
stresses from the x-ray diffraction method in Figure 4.25-Figure 4.26. The calculated 
stresses are lower than the results from the x-ray diffraction but the relation between the 
polymer concentrations are approximately the same for both methods. Lowest residual 
stresses are achieved with a polymer concentration of 15%. Approximately same 
relation between the polymer concentrations were obtained with the FEM simulation. 

 

Figure 4.25: The calculated residual stress in 
transversal direction at the surface. The dots 
represent the measured residual stress with the x-
ray diffraction. 

 

Figure 4.26: The calculated residual stress in 
longitudinal direction at the surface. The dots 
represent the measured residual stress with the x-
ray diffraction. 
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4.4 Quenching agent 

In this test the cooling rates of the quenching agent was compared with a reference 
agent, unused quenching agent. The reference agent was not tested in this 
investigation since it had been done in an earlier examination. The polymer that was 
used to mix up the reference quenching agent was of same type as the one that was 
used in the production of the half shafts, Aquatensid BWRB. 

4.4.1 Cooling rate of the quenching agent tested in tank 

The cooling rate measured in tank for the tested quenching agent is comparable with 
the cooling rates of reference agent, unused quenching agent. The measured results for 
5%, 10% and 15% polymer concentration are presented in Figure 4.27. 

The cooling rate was measured two times and the cooling rate, tested in tank, for 5% 
polymer concentration is higher for one of the tests compared with the reference curves. 
This is probably a error in the measurement since the cleanliness of the testing probe is 
very important when quenching agents are tested in tanks. 

In Figure 4.28 the cooling rates can be seen as a function of the polymer concentration 
and as can be seen, the cooling rate decreases with increasing polymer concentration. 



56 
 

 

Figure 4.27: Cooling rate measured in tank for 5%, 10% and 15% polymer concentration. At the 5% 
concentration, one test deviates very much from the other data, it is possibly due to some errors in the 
test. As can also be seen, the repeatability in tank is not so good. 
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Figure 4.28: Cooling rate measured in tank for 5%, 10% and 15% polymer concentration. 

4.4.2 Cooling rate of the quenching agent tested in shower 

The cooling rate measured in shower for the tested quenching agent is comparable with 
the unused quenching agent (reference agent). The measured results for 5%, 10% and 
15% polymer concentration are presented in Figure 4.29. The tested quenching agent 
has higher cooling rate than the reference agent for all concentration. The difference is 
clearer for higher polymer concentration. 

In Figure 4.30 the cooling rates can be seen as a function of the polymer concentration. 
The cooling rate decreases with increasing polymer concentration.  The spread 
between the two tests for each polymer concentration is also lower when quenching 
agents are tested in shower compared to testing in tank. The measured cooling rates 
are also higher than measuring in tank which is reasonable due to the absence of the 
vapour phase. 
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Figure 4.29: Cooling rate measured in shower for 5%, 10% and 15% polymer concentration. The cooling 
rate is somewhat higher for the used quench. The repeatability is much better in shower than testing in 
tank. 
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Figure 4.30: Cooling rate measured in shower for 5%, 10% and 15% polymer concentration. 

 

4.5 Material properties 

4.5.1 Microstructure 

The microstructure before hardening consists of ferrite and pearlite, see Figure 4.31. 
The core of the half shafts will retain the primary microstructure since that region never 
is austenized during the hardening process. 

 

Figure 4.31: The microstructure of the shaft core. The white regions are ferrite and the other regions are 
decomposed pearlite due to the heat. 

The hardened region is fully martensitic microstructure, see Figure 4.32, and the 
transition zone consists of a mixture of martensite and bainite, see Figure 4.33. That 
region had also reached the austenitization temperature but at the cooling stage it was 
insufficient cooled to form 100% martensite. All examined shafts have comparable 
microstructure in all three regions, the hardened region, transition zone and the core. 
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Figure 4.32: The microstructure of the hardened 
surface. The microstructure is fully martensitic. 

 

Figure 4.33: The microstructure of the transition 
zone. The white regions are ferrite, the greyish 
regions are martensite and the other regions are 
bainite. 

 

To investigate the symmetry of the transition zone a cross section from 3 shafts of both 
types, 5% and 15% polymer concentration, was etched with Nital 2%, see Figure 4.34. 
The transition region is symmetric in both cases. The difference that was found is that 
the microstructure of the core, the greyish circle in the middle, is larger for shafts with 
high cooling rate. That means that the transition zone is thinner than for shafts with low 
cooling rate, while the hardened region is approximately the same. It is reasonable to 
have thinner transition/bainitic region in shafts with low cooling rate due to it is most 
favourable for bainite to transform. 
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Figure 4.34: Cross section etched with Nital 2%. As can be seen the surface for the ferritic-pearlitic 
region is bigger for the shaft with high cooling rate. 
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4.5.2 Hardness and case depth 

All measured hardness profiles for the half shafts with high and low cooling rate are 
presented in Figure 4.35, hardness profiles for each half shaft are represented in 
Appendix F. As can be seen, the spread in case depth is larger for shafts with low 
cooling rate and the requirement of 14,0-17,5 mm in case depth is not fulfilled in some 
cases for both cooling rates. The average of all measured hardness profiles for each 
polymer concentration can be seen in Figure 4.36. 

 

Figure 4.35: The surface hardness is approximately the same between high and low cooling rate but the 
spread in the case depth is somewhat higher for low cooling rate. The surface hardness for two blue 
profiles is remarkably lower and that is possibly due to some errors in the measurement or in the cutting 
process. If the cut speed is too high the hardness will decrease in that region. 
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Figure 4.36: Average of all measured hardness profiles for 5% and 15% polymer concentration. No 
difference in surface hardness and case depth between 5% and 15% can be seen. The difference 
between 5% and 15% is in the range of the uncertainty for the method of hardness measurement.  

The surface hardness for shafts with high cooling rate is comparable for shafts with low 
cooling rate. The case depth was hard to measure because of the transition region 
which consists of bainite and martensite. Hardness measurement in that region will 
result in high spread of hardness, see Figure 4.37, which obstructs the determination of 
the case depth. To decrease the uncertainty for the case depth, the hardness at the 
critical region was measured some extra indentations, see Figure 4.38, and an average 
value was used to determine the case depth. According to average values of all 
measured case depths, the difference between high and low cooling rate is minimal, 
see Figure 4.39, for detailed values see Appendix F. 
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Figure 4.37: Obstructed determination of the case depth due to high variety in hardness at the transition 
region. Observe that this kind of samples was measured with extra indentations at the evaluating region 
for the case depth, in this case the evaluating region is marked with a red line. 

 

 

Figure 4.38: The extra indentations were performed to decrease the uncertainty for the case depth. The 
lateral distance for the extra indentations is 1 mm from the primary, black marked, indentation at the 
corresponding depth. 
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Figure 4.39: The measured case depth for all fatigue tested half shafts. The red arrow marks the 
requirements for the case depth which are 14-17,5 mm. 

The core hardness of all tested half shafts is presented in Figure 4.40. The core hardness 
is calculated from the values of examining the case depth, the four last measured values 
of all curves were used. As can be seen the shafts with low cooling rate at quenching 
have the highest core hardness. 

 

Figure 4.40: The core hardness calculated from the last four measured values of all case depth 
curves. The presented values are average values. 
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4.5.3 Chemical composition 

The chemical composition is in the range of the requirement according to the technical 
regulation TB4200, see Table 4-2. 

Table 4-2: The chemical composition for the tested material. B(t) = Boron total, B(s) = Boron soluble. B(s) 
was not tested. 

 C Si Mn P S Cr Mo Ni Ti Al B(t) B(s) 

Min 

Max 

0,38 

0,45 

0,15 

0,40 

1,10 

1,50 

- 

0,035 

0,020 

0,050 

- 

0,50 

0,05 

0,15 

0,10 

0,20 

0,020 

0,050 

- 

0,050 

- 

0,004000 

0,0005 

- 

Tested 
material 

0,39 0,23 1,34 0,021 0,025 0,25 0,07 0,15 0,048 0,023 0,000031 - 
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5 Sources of errors 

The amount of tested half shafts in this investigation are too few to get statically 
satisfied results, therefore only tendencies can be concluded for the error estimation. 
There are some errors for all used methods in this investigation and most of them are 
not harmful for the obtained results. An error estimation will therefore only be performed 
for the methods where the error has a harmful effect on the results. 

5.1 Error estimation of x-ray diffraction method 

The relative error estimation is estimated for the following equation:
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The estimated relative error for determining residual stresses with the x-ray diffraction 

method is 16,1% .e
     

5.2 Error estimation of core drilling method 

The relative error estimations are estimated for the following equations: 

 
   2 2

2 22 1

z

r

a aE b a
a

a

 








 

 

   
   

          

2 2

2

2 2

2

2 1

2

2 1

z

z

z z

a aE d
a b a

a da

d d
b a a a a a a

E da da

a



 

 




    



 
   

 

  
      

   
 

 
 

 

 

    

 
 

   
 
 

    
    2 2 2 2

22 2 2 12 1 2 1

r

z

z z

d
a a a

da

E b a E b a E a ad d
a a a a

da daa a





 

 

 
    

 

 

   
     

  

 



68 
 

The errors are estimated as follow 
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The estimation of the error of the differentials was estimated for the region where the 
best curve fit is obtained.   

The estimated relative error for determining residual stresses with the core drilling 
method is the following: 
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6 Discussion 

In the quenching part of the hardening process, some shafts were differently cooled 
than other. There were some cooling rate peaks in the cooling process. The maximum 
values of those peaks are approximately 800 liter/min higher than the normal flow rate. 
High flow rate will results in higher cooling rate. In this case the high flow rate peaks are 
in a very small time increment that they could not affect the cooling rate. If they did 
affect the cooling rate, clear deviations or correlations could be found in the case depth 
and surface hardness. 

The tested half shafts have a smaller diameter at the inner end of the splines, 56,0 mm, 
which means that at the fatigue test the stresses will be higher in the smallest cross-
section. In this case, all fractures have started at the inner end of the splines, see Figure 
6.1, which is reasonable. There was one half shaft where the fracture occurred at the 
inner spline, while the other half shafts fractured at the outer spline. It is hard to 
conclude what the reason is since there are many factors that could depend on, such as 
the hardenability, uneven quenching or inclusions in the material. 

 

Figure 6.1: Inner end of the splines, where the fractures have occurred. 

It is sometimes very hard to find the initiation point of a crack and sometimes even 
harder to conclude in what way the crack has propagated. Cracks are normally initiated 
at the locally weakest point of the shaft. The crack can either be initiated at the surface 
or at the transition region between the hardened and unhardened regions, if there are 
no bigger inclusions in the material where the crack could initiate instead. In this case 
there were two half shafts where the initiation point was difficult to conclude. The reason 
is that both fracture modes, one which indicates that the initiation point is at the surface 
and another one tells that the initiation point is in the transition region, was found in one 
sample. Fractures that start to propagate from the surface are of mode 1, while 
fractures starting from the transition region are of mode 2, see Figure 6.2. Crack 
propagation in mode 2 will slip off the fracture surface and it will be almost impossible to 
find where the crack has started or to see the beach marks for determining the crack 
rate. Therefore samples containing both fracture modes are very difficult interpret, i.e. to 
find the initiation point. 
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Figure 6.2: Types of crack propagations. The red arrows are marking the force. 

Shafts that were tested in earlier investigation with approximately same case depth had 
an average fatigue life of 100000 cycles, which is about 10000 cycles more than 5% 
shafts. The reason for the higher fatigue life for 10% shafts is probably difference in 
geometry or material. The tolerances for the diameter is 0 – (-0,3) mm which could lead 
to some shafts with higher diameter and some with smaller diameter. In this test, the 
diameter maybe was smaller than for shafts from the earlier tests. The fatigue life will be 
higher with higher shaft diameter. Another reason for the higher fatigue life for 10% 
shafts could also be higher surface hardness. In this test, the shafts had an average 
surface hardness close to the lowest hardness requirement. The fatigue life will 
decrease if the surface hardness is low. When a material is hardening treated, the yield 
strength will increase in the treated region. High yield strength will be obtained with high 
hardness. If the shafts have low surface hardness, then also the yield strength will 
decrease at the surface. Lower yield strength will facilitate plastic deformation under 
load which in turn will decrease the fatigue life. High carbon amount in the material will 
also facilitate higher surface hardness. It is not impossible to have differences in carbon 
content between different material batches. The somewhat higher fatigue life for 10% 
shafts could be therefore explained by higher surface hardness. It is very hard to 
believe that an optimum for the fatigue life could be at 10% polymer concentration. But 
to be sure on that, more fatigue tests needs to be done to get a statically safe results. 

The residual stress curves from the x-ray diffraction measurement showed that the first 
values, i.e. at the surface, had the lowest residual stresses for all measured positions. 
The crystal lattice at the surface will have one side totally free from other material, while 
the crystal lattice a little bit into the material will not have any side free, see Figure 6.3. 
The lattice at the surface cannot have higher residual stress since one side, the free 
side, will relax and the residual stresses will be lower in that region. If the shafts were 
grinded or shot peened, the residual stresses will then be highest at the surface and 
decrease deeper into the material. The lattice at the surface will be impressed more 
than the lattice deeper into the material and therefore contain higher residual stress. 
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Figure 6.3: The crystal lattice at the surface will contain lower residual stresses since one side of the 
lattice is free and can relax. 

The core drilling method for measuring the residual stresses through the cross-section 
is a very sensitive method because there are many factors that can affect the results. 
One of the factors that affect the results mostly is the curve fitting method of the 
measured strains versus drill radius. If a very fine curve fit model, e.g. polynomial curve 
between two points or in a small increment, is used, high variance in the calculated 
residual stresses will be obtained. The reason for the variance is that the derivative of 
the fitted curve will vary very much. In regions where the derivative is supposed to be 
almost constant, can vary highly and also vary between positive and negative sign, see 
Figure 6.4. The instruments that were used to measure the strains have also some 
uncertainties that affect the measured results. There is no physical explanation of why 
the strain should suddenly remarkably increase after one increase in drill-radius, see 
Figure 6.4. 
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Figure 6.4: In regions where the derivative should be almost constant or with a very low variety, the 
derivative in high zoom vary very much, so much that it changes sign between positive or negative 
between two points. 

It could be a giant inclusion in the material that could give a large relaxation in the 
material when drilling and therefore obtain a remarkable deviation in strain. The size of 
the inclusions has to be so large that they at least are visible to the naked eye to have a 
chance to give remarkable relaxations. In the tested shaft those sizes of inclusions are 
negligible. The remarkable increase of strain is probably some kind of error in the 
measurement. If a curve is fitted through all measured points, those kinds of errors 
when measuring the strains will follow the residual stress calculation and therefore give 
a large variance in the results. Those kinds of errors can be minimized by a better curve 
fit model. Perhaps, it is better to use a curve fit model that fits thru most of the 
measured points instead of all. In that way the derivative of the curve will not have so 
large variance and by that also the calculated residual stresses.  

The results of the calculated residual stress are at some regions very high, ~1000 MPa, 
especially at the core. It is not so credible that the residual stresses are so high since 
they also may exceed the ultimate tensile strength for the material. The presented 
results are calculated with an assumption of that no plasticity of the material occurs, i.e. 
the residual stresses are calculated in the elastic region. That means that the calculated 
residual stresses should be lower in real for the regions where the stresses are very 
high due to those regions will be plastically deformed. 

The differences in residual stresses, measured with x-ray diffraction method, between 
straightened and unstraightened half shafts cooled with different cooling rates could be 
explained by the severity in cooling rate. Quenchant of 5% polymer concentration has a 
much higher cooling rate than 15% polymer concentration. Due to the higher cooling 
rate the residual stresses will be higher and therefore they may plastically deform higher 
regions than what will be achieved with low cooling rate. Because of that, no remarkable 
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changes in residual stresses can be seen when the half shaft is straightened or not for 
5% polymer concentration. 

Testing of quenchants in tank has many factors that can affect the results, which can be 
seen on how good the repeatability is. According to the results, the difference can be 
high between two tests for same quench, flow rate and temperature. The repeatability 
with shower is much better and there is one possible reason that explains the 
difference. The vapour phase is missing when testing with shower but is present when 
testing in tank. Therefore the cleanness of the test probe when testing in tank is very 
important since it affects the duration of the vapour phase which in turn affects the 
cooling rate. Long vapour phase will give lower cooling rate, while short vapour phase 
gives higher cooling rate. It is very hard to get the test probe equally clean every test 
time which therefore gives poorer repeatability. To increase the repeatability of the 
testing, the vapour phase has to be eliminated when testing since the importance of the 
cleanness of the test probe decreases. Testing with shower will eliminate the vapour 
phase instantly since the shower rays will destroy the vapour film. Higher cooling rates 
will also be obtained when testing quenchants with shower and that is only due to the 
elimination of the vapour phase. As can be seen from the results, higher repeatability 
was also obtained when testing of quenchants was performed with shower. 

In the results from the quenchant test with shower, there are some differences between 
the reference quenchant and the tested. The tested quenchant had for all 
concentrations higher cooling rate than the reference. The difference is more apparent 
for higher concentrations. Quenching agents that are used for a while will increase in 
cooling rate since the polymers are worn and the capability of forming a polymeric film 
that insulates and slows down the cooling rate is lower. Since the highest polymer 
concentration has highest amount of the polymeric liquid, the difference in cooling rate 
between it and the reference liquid at same concentration will be as highest. 

A macro etching of a cross-section from shafts with a fast cooling and slow cooling was 
also performed to investigate how large the martensitic-, bainitic- and ferritic-pearlitic 
regions are after hardening. A difference was found for the bainitic- and ferritic-pearlitic 
region. For the shaft that was slowly cooled, the bainitic region was larger and the 
ferritic-pearlitic region was smaller, while the martensitic region was the same for both 
shafts. The reason for this kind of difference is that the shaft with the low cooling rate 
had a cooling rate that was more suitable to transform bainite. During slow cooling the 
shaft will hold a temperature that is suitable for transformation of bainite under a longer 
time and because of that more bainite will be transformed. 

There is no theory that can explain higher surface hardness and case depth when 
quenching with low cooling rate. One theory for why higher case depth was obtained 
with lower cooling rate at quenching is the hardenability of the material. If the material 
has higher hardenability, higher case depth will be easier to achieve. The core hardness 
of the shafts can reveal how god the hardenability of the material is. Shafts quench with 
15% had somewhat higher core hardness which could therefore explain the higher case 
depth. The difference in surface and core hardness and the case depth between 5% 
and 15% is small and in the region of the accuracy for the hardness measurement 
method. Therefore it is hard to conclude on what the differences could depend on. 

There are two methods for induction hardening, single shot and scanning hardening. In 
this investigation the shafts were single shot hardened. Since large amount of the 
produced half shafts are scanning hardened, it is of interest to know which hardening 
method is most optimizing for the shafts. 
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It is very hard to say which hardening method is most optimizing for the fatigue life of 
the shafts since it depends on where the crack is initiated. Single shot hardened shafts 
will have higher residual stresses than scanning hardened shafts. Because of that, the 
position of the crack initiation is of high importance for the fatigue life. The fatigue life 
will be higher if the crack initiation is in a position where the stresses are as lowest. A 
schematic plot of the stress distribution during loading of a single shot and a scanning 
hardened shaft is presented in Figure 6.5. The stresses at the surface under loading are 
lower for the single shot shaft than for the scanning, while a bit into the shafts the 
stresses are higher for the single shot shaft. That is because of the higher compressive 
stresses at the surface and higher tensile stresses at the core. If the crack is initiated at 
the surface, the single shot hardened shafts will obtain a higher fatigue life because it 
will have lowest stresses at the surface. Scanning hardened shaft will therefore have 
higher fatigue life if the crack is initiated a bit into the material, due to the stresses are 
lower in that region than for the single shot shafts. 

 

Figure 6.5: Schematic plot of the stress distribution during loading of a single shot and a scanning 
hardened shaft. The stress distribution plot for a shaft without residual stress is added with a stress 
distribution plot for a shaft with residual stresses for each hardening method, to obtain the final stress 
distribution of a heat treated shaft. 

It is very important to know where the cracks are initiated to know which induction 
hardening method is most optimizing for the fatigue life. Because of lack of knowledge 
for where the cracks are initiated, it is very hard to establish the most optimizing 
induction hardening method for the fatigue life.  

Today’s scanning hardened half shafts have an almost equal fatigue life as the single 
shot hardened shafts. That is because of the decreased temperature and time at the 
tempering process. The increased fatigue life is probably due to the higher obtained 
residual stresses. If the temperature and the time for tempering is decreased so will the 
lowering of the residual stresses also decrease, i.e. higher residual stresses are 
obtained with lower temperature and time for tempering. That could mean that the crack 
initiation occurs at the surface because the fatigue life was increased with higher 
residual stresses. The fatigue life of the scanning hardened shafts can be increased by 
increasing the cooling rate, if it can be established that the cracks are initiated at the 
surface. 
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7 Conclusions 

In this investigation few shafts were tested to get statistically safe results. Following 
conclusions are therefore only based on tendencies which were found in the results. 

 The fatigue life increases with decreasing polymer concentration. 

 The variations in the cooling rate according to the requirements do not affect the 
fatigue life significantly. 

 The fatigue life requirement is fulfilled for all polymer concentrations. 

 All fatigue tested half shafts fractured at the splines and the reason is possibly 
due to the smaller diameter at the splines. 

 The compressive residual stresses for 5% and 10% are comparable and also 
higher than 15%. 

 Changes in residual stresses after straightening is more apparent for high 
polymer concentrations. 

 The requirement for the case depth was in some case not fulfilled for shafts 
quenched with 5% and 15% polymer concentration, the possible reason is due to 
the lower hardenability of the material.  

  The cooling rate does not affect the surface hardness or the case depth. 

 The length expansion after the hardening process increases with increasing 
cooling rate. 

 The repeatability of testing quenchants is higher when the quenchants are tested 
with shower than in tank. Testing with shower will also give results similar to the 
reality. 

 There has been theories that slow cooling could had an negative effect on the 
fatigue life. This investigation contradicts this theory. 
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8 Recommendation 

 It is considered possible to increase the quenchant concentration to 15% if 
problems with distortion or centre cracks after hardening start to appear. 

  Testing of quenchants is recommended to be tested with shower and not in tank 
since the repeatability is higher when testing with shower. Shower will also give 
results similar to the reality. 

 More accurate equipment for measuring the strains at the core drilling method is 
recommended to be used. Preferably one that can measure the strains during 
drilling. 

 Future tests should be run with test series from same steel charge, hardening 
charge and all at the same time. All that to minimize the source of errors.  

9 Further work 

 Simulate the residual stresses after the hardening process and correlate to the 
measurements in this investigation. 

 Measure the residual stresses in the shafts with synchrotron and compare with 
the point above. Synchrotron is a measuring method that reminds to the x-ray 
diffraction method but with synchrotron the stresses can be measured at a depth 
up to 30 cm. 

 Investigate how the cooling rate affects the distortion, centre cracks and the 
length expansion after hardening. 
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12 Appendix 

12.1 Appendix A 

The length measurements before hardening and after hardening are presented in Table 
12-1. 

Table 12-1: The length measurements before and after hardening. When cooling with 5% polymer 
concentration the temperature of the quench was registrated and not for the other concentrations, 
therefore the temperature for 15% polymer concentration is approximated.  

Shaft: 
Polymer 

concentration 
Temperature of 

the quench 
Length before 

[mm] 
Length after 

[mm] 
Length 

difference [mm] 

1-10% 10% - 1089,06 1093,18 4,12 

2-5% 5% 26°C 1088,93 1093,76 4,83 

3-5% 5% - 1088,89 1093,63 4,74 

4-5% 5% - 1088,88 1093,44 4,56 

5-5% 5% - 1088,99 1093,6 4,61 

6-5% 5% - 1089 1093,42 4,42 

7-5% 5% - 1088,92 1093,33 4,41 

8-5% 5% 27,7°C 1088,91 1093,31 4,4 

9-15% 15% ~27°C 1088,9 1092,62 3,72 

10-15% 15% - 1088,89 1092,43 3,54 

11-15% 15% - 1088,9 1092,48 3,58 

12-15% 15% - 1088,94 1092,65 3,71 

13-15% 15% - 1088,96 1092,59 3,63 

14-15% 15% - 1088,92 1092,66 3,74 

15-15% 15% ~28°C 1088,88 1092,66 3,78 

 

Induction heating and quenching data from the hardening process are presented in 
Figure 12.1-Figure 12.2. There are some variations in the quenching process but still in 
the range of normal deviation. For some of the half shafts the pressure or the flow of the 
quenchant was somewhat very high for a short moment, therefore there are some 
peaks in the plots. 
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Figure 12.1: Induction heating data. As can be seen, there are no variations in the heating process. 

 

 

Figure 12.2: Quenching data. There are some peaks for some of the shafts. The shafts with the peaks are: 1-
10%, 2-5%, 9-15% and 10-15%. 
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12.2 Appendix B 

The drill diameters that were used for the core drilling method for measuring the 
residual stress pattern through the cross section are presented in Table 12-2-Table 
12-6. Also the results obtained during drilling are presented in same table. 

Table 12-2: The drill diameters for half shaft 3-5% that were used for the core 
drilling method, also the measured results are presented here. 

Half shaft: 3-5% 

Diameter 
[mm] 

Temperature 
[°C] 

Measured strain in 
transversal direction [µε] 

Measured strain in 
longitudinal direction [µε] 

0,0 23,3 0 0 

3,0 22,2 9 13 

5,5 22,7 25 42 

7,0 23,3 46 69 

9,0 23,0 68 89 

10,0 21,8 86 104 

10,5 23,3 96 112 

11,0 23,1 107 129 

11,5 22,1 109 132 

12,0 21,9 120 155 

12,5 21,8 120 154 

13,0 21,7 123 161 

13,5 21,7 127 163 

14,0 23,3 148 202 

14,5 22,2 151 205 

15,0 21,8 163 228 

15,5 21,8 176 250 

16,0 22,0 190 261 

16,5 22,5 203 281 

17,0 22,4 214 312 

17,5 22,1 218 314 

18,0 22,3 228 325 

18,5 22,1 241 337 

19,0 22,8 267 373 

19,5 22,6 274 375 

20,0 21,7 277 397 

20,3 21,2 276 395 

20,6 21,4 281 398 

21,0 21,5 290 409 

21,4 21,3 298 415 

21,7 22,0 307 424 

21,8 21,1 307 424 
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22,1 21,2 316 436 

22,4 21,3 325 448 

22,7 21,3 337 461 

23,1 21,6 348 475 

23,3 21,3 357 486 

23,8 21,4 366 500 

24,0 21,3 374 507 

24,3 21,9 380 516 

24,5 21,1 383 520 

24,8 21,2 392 533 

25,1 21,4 402 544 

25,4 21,4 412 564 

25,7 21,5 423 580 

26,0 21,2 432 587 

26,3 21,1 439 595 

26,6 21,0 446 600 

26,9 20,9 453 604 

27,2 18,2 457 607 

27,5 19,2 467 613 

27,8 19,6 482 623 

28,1 20,0 492 630 

28,4 21,7 505 641 

28,7 20,5 510 644 

29,0 20,8 519 653 

29,3 20,9 530 659 

29,6 21,0 536 664 

29,9 20,9 545 672 

30,2 21,1 557 680 

30,5 21,5 567 688 

30,8 21,2 579 695 

31,1 21,3 590 704 

31,4 21,2 601 712 

31,7 21,3 610 720 

32,0 21,5 625 728 

32,3 21,6 635 737 

32,6 21,2 647 746 

32,9 21,2 656 751 

33,2 21,5 670 760 

33,5 21,5 682 768 

33,8 21,2 692 774 

34,1 21,4 703 783 
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34,4 21,4 715 789 

34,7 21,5 729 797 

35,1 21,1 740 800 

35,3 21,0 745 803 

35,6 21,3 758 812 

35,9 21,2 772 818 

36,2 21,2 784 826 

36,5 21,4 796 833 

36,8 21,5 808 840 

37,1 21,4 823 850 

37,4 21,3 835 858 

37,7 21,1 847 863 

38,0 21,8 863 872 

38,3 21,8 872 872 

38,6 21,8 881 887 

38,9 21,9 904 894 

39,2 22,1 921 904 

39,5 22,7 940 913 

39,8 22,0 957 926 

40,1 22,4 972 937 
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Table 12-3: The drill diameters for half shaft 1-10% that were used for the core 
drilling method, also the measured results are presented here. 

Half shaft: 1-10% 

Diameter 
[mm] 

Temperature 
[°C] 

Measured strain in 
transversal direction [µε] 

Measured strain in 
longitudinal direction [µε] 

0,0 22,0 0 0 

3,0 22,2 9 13 

5,5 22,3 26 42 

7,0 23,7 48 71 

9,0 23,0 68 91 

10,0 22,7 80 110 

10,5 22,9 87 123 

11,0 22,9 94 139 

11,5 22,4 98 143 

12,0 22,2 104 149 

12,5 22,0 107 152 

13,0 21,9 112 160 

13,5 21,8 117 168 

14,0 23,4 141 230 

14,5 22,0 147 231 

15,0 21,7 153 234 

15,5 21,7 154 234 

16,0 21,9 160 240 

16,5 22,0 179 281 

17,0 22,3 194 298 

17,5 22,0 204 307 

18,0 22,4 222 335 

18,5 22,6 233 351 

19,0 24,6 266 403 

19,5 22,7 275 402 

20,0 22,2 274 397 

20,2 21,2 274 402 

20,4 21,2 275 406 

20,6 21,3 278 408 

20,8 21,4 282 416 

21,0 21,5 287 423 

21,2 21,6 293 431 

21,4 21,6 300 439 

21,6 21,8 304 445 

21,8 22,0 311 452 
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22,0 22,4 317 461 

22,2 22,3 322 466 

22,4 22,5 325 470 

22,6 22,5 330 476 

22,8 22,7 334 481 

23,0 22,7 340 488 

23,2 22,6 346 497 

23,4 22,6 352 505 

23,6 22,7 359 512 

23,8 22,8 363 519 

24,0 22,6 369 527 

24,2 22,6 374 533 

24,5 21,7 378 538 

24,6 21,8 379 541 

24,9 21,8 386 544 

25,0 21,8 390 548 

25,1 22,0 394 551 

25,4 21,1 404 556 

25,7 21,1 416 567 

26,0 21,3 429 576 

26,3 21,5 440 581 

26,6 21,2 448 587 

26,9 21,6 459 596 

27,2 21,3 470 600 

27,5 21,4 480 607 

27,8 21,6 489 616 

28,1 21,4 498 624 

28,4 21,6 512 633 

28,7 21,9 522 637 

29,1 21,9 530 642 

29,4 21,9 539 648 

29,7 20,2 547 659 

30,0 20,5 560 666 

30,3 20,6 570 674 

30,6 20,9 582 681 

30,9 21,2 592 689 

31,2 21,0 603 695 

31,5 21,6 617 707 

31,8 21,5 629 712 

32,1 21,8 637 719 

32,5 21,7 646 717 
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32,8 21,7 659 725 

33,0 21,0 667 730 

33,3 21,4 680 738 

33,6 21,7 692 745 

33,9 21,8 707 756 

34,2 21,4 720 764 

34,5 21,6 722 759 

34,8 21,8 739 772 

35,1 21,8 754 781 

35,4 22,0 769 789 

35,6 21,0 764 782 

35,9 21,2 780 793 

36,4 21,3 802 807 

36,6 21,2 817 817 

36,8 21,6 830 833 

37,2 21,7 834 823 

37,5 21,7 854 837 

37,8 21,6 873 848 

38,1 21,5 871 842 

38,4 21,5 888 859 

38,6 21,7 915 883 

39,0 21,8 916 865 

39,3 22,1 934 880 

39,6 22,1 955 894 

40,0 22,5 958 886 
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Table 12-4: The drill diameters for half shaft 11-15% that were used for the 
core drilling method, also the measured results are presented here. 

Half shaft: 11-15% 

Diameter 
[mm] 

Temperature 
[°C] 

Measured strain in 
transversal direction [µε] 

Measured strain in 
longitudinal direction [µε] 

0 20,1 0 0 

3,0 20,1 1 7 

5,5 20,8 13 32 

7,0 20,7 37 79 

9,0 21,6 56 112 

10,0 21,5 68 127 

10,5 22,2 76 141 

11,0 22,2 83 149 

11,5 20,8 78 148 

12,0 20,4 85 161 

12,5 20,3 87 163 

13,0 21,2 92 171 

13,5 20,4 94 173 

14,0 22,4 113 211 

14,5 20,6 117 217 

15,0 20,6 124 225 

15,5 20,6 128 240 

16,0 20,6 133 244 

16,5 21,3 152 283 

17,0 21,2 167 304 

17,5 20,7 171 310 

18,0 20,8 182 333 

18,5 20,9 189 342 

19,0 22,1 204 392 

19,5 23,0 217 395 

20,0 20,8 218 396 

20,3 20,2 218 401 

20,6 20,0 221 405 

20,9 19,9 222 412 

21,2 20,0 228 418 

21,5 20,0 233 426 

21,8 20,1 240 434 

22,1 20,1 245 440 

22,4 20,5 252 448 

22,7 20,1 257 457 
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23,0 20,1 267 470 

23,3 20,1 276 480 

23,6 20,2 283 492 

23,9 20,3 290 502 

24,2 20,4 299 516 

24,5 20,2 306 526 

24,8 20,4 313 535 

25,1 20,5 321 546 

25,4 20,5 329 552 

25,7 20,6 338 559 

26,0 20,5 350 574 

26,3 20,7 358 577 

26,6 20,5 367 583 

26,9 20,2 377 592 

27,2 20,4 383 597 

27,5 20,4 392 603 

27,8 20,4 400 609 

28,1 20,5 409 615 

28,4 20,2 417 620 

28,7 20,3 427 626 

29,0 20,4 435 634 

29,3 20,4 443 639 

29,6 20,4 451 647 

29,9 20,6 460 655 

30,2 20,7 468 660 

30,5 20,7 475 664 

30,8 20,5 486 673 

31,1 20,7 495 680 

31,4 20,7 504 688 

31,7 20,7 513 693 

32,0 20,7 526 702 

32,3 20,8 532 702 

32,6 20,9 542 707 

32,9 21,0 550 711 

33,2 20,7 561 721 

33,5 20,8 572 730 

33,8 20,9 585 737 

34,1 21,1 595 743 

34,4 23,3 608 750 

34,7 21,4 616 757 

35,0 20,9 628 767 

35,3 20,9 638 773 
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35,6 21,1 646 775 

35,9 20,7 658 786 

36,2 20,9 663 779 

36,5 21,1 674 786 

36,8 20,9 684 792 

37,1 20,8 694 798 

37,4 20,8 710 811 

37,7 20,9 719 817 

38,0 20,8 728 819 

38,3 20,8 744 832 

38,6 21,0 752 835 

38,9 21,0 768 848 

39,2 21,0 782 854 

39,5 21,4 798 865 

39,8 21,9 809 871 

40,1 20,9 825 885 
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Table 12-5: The drill diameters for half shaft 6-5% that were used for the core 
drilling method, also the measured results are presented here. 

Half shaft: 6-5% (Straightened shaft) 

Diameter 
[mm] 

Temperature 
[°C] 

Measured strain in 
transversal direction [µε] 

Measured strain in 
longitudinal direction [µε 

0,0 21,6 0 0 

5,5 20,9 24 36 

10,0 21,7 65 116 

15,0 21,4 132 232 

20,0 21,8 230 375 

25,0 21,0 385 538 

27,0 21,8 452 583 

28,0 22,3 484 597 

29,0 21,5 514 617 

30,0 21,2 547 640 

31,0 21,5 583 664 

32,0 20,9 615 687 

33,0 21,3 652 713 

34,0 21,2 688 737 

35,0 21,4 731 762 

36,0 21,6 772 786 

37,0 21,1 816 818 

38,0 20,8 854 831 

39,0 21,2 903 861 

40,0 21,4 955 895 

 



92 
 

 

Table 12-6: The drill diameters for half shaft 9-15% that were used for the core 
drilling method, also the measured results are presented here. 

Half shaft: 9-15% (Straightened shaft) 

Diameter 
[mm] 

Temperature 
[°C] 

Measured strain in 
transversal direction [µε] 

Measured strain in 
longitudinal direction [µε] 

0 21,4 0 0 

5,5 21,9 19 44 

10 21,7 60 117 

15,25 21,6 136 253 

20 21,9 224 409 

25 21,7 344 542 

27 21,2 395 583 

28 23,2 426 606 

29 21,2 447 622 

30 21,2 473 641 

31 21,1 497 658 

32 22,8 532 683 

33 21,2 556 696 

34 21,3 589 712 

35 21,1 628 730 

36 21,9 666 746 

37 21,3 694 754 

38 21,5 730 768 

39 21,2 768 785 

40 21,5 818 805 
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12.3 Appendix C 

Different curve fit methods were tested using Matlab and in Figure 12.3-Figure 12.10 
the results for different curve fit methods are represented. 

 

Figure 12.3: The used curve fit here was linear interpolation between two points. 

 

 

Figure 12.4: The calculated residual stresses using a liner interpolation between two nearest points. 
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Figure 12.5: The used curve fit here was quadratic interpolation between two points. 

 

 

Figure 12.6: The calculated residual stresses using a quadratic interpolation between two nearest points. 
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Figure 12.7: The used curve fit here was cubic interpolation between two points. 

 

 

Figure 12.8: The calculated residual stresses using a cubic interpolation between two nearest points. 
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Figure 12.9: The used curve fit here was 3th order polynomial fit through all measured points. 

 

 

Figure 12.10: The calculated residual stresses using 3th order polynomial curve fit through all measured 
points. 
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12.4 Appendix E 

In Figure 12.11-Figure 12.20, the fracture surface of all fatigue tested half shafts is 
presented. 

 

Figure 12.11: Fracture surface of half shaft 2-5%. 

 

Figure 12.12: Fracture surface of half shaft 4-5%. 
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Figure 12.13: Fracture surface of half shaft 5-5%. 

 

 

Figure 12.14: Fracture surface of half shaft 7-5%. 
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Figure 12.15: Fracture surface of half shaft 8-5%. 

 

 

Figure 12.16: Fracture surface of half shaft 10-15%. 
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Figure 12.17: Fracture surface of half shaft 12-15%. 

 

 

Figure 12.18: Fracture surface of half shaft 13-15%. 
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Figure 12.19: Fracture surface of half shaft 14-15%. 

 

 

Figure 12.20: Fracture surface of half shaft 15-15%. 
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12.5 Appendix F 

Case depth and surface hardness was measured for all fatigue tested shafts and the 
results are presented in Figure 12.21-Figure 12.25. The case depth is evaluated at 400 
HV and detailed values are presented in Table 12-7. 

 

Figure 12.21: Hardness and case depth for half shaft 2-5% and 4-5%. 

 

Figure 12.22: Hardness and case depth for half shaft 5-5% and 7-5%. 
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Figure 12.23: Hardness and case depth for half shaft 8-5% and 10-15%. 

 

 

Figure 12.24: Hardness and case depth for half shaft 12-15% and 13-15%. 
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Figure 12.25: Hardness and case depth for half shaft 14-15% and 15-15%. 
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Table 12-7: The measured case depth for all fatigue tested half shafts, all values are in millimeter. 
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Half shaft: Out Middle In 

2-5% 14,40 14,84 14,25 

4-5% 15,39 13,41 15,11 

5-5% 13,46 14,27 12,88 

7-5% 15,22 14,31 15,17 

8-5% 13,18 14,49 14,89 

Average 14,33 14,26 14,46 

Average of all three positions 14,35 
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Half shaft: Out Middle In 

10-15% 16,04 15,19 16,13 

12-15% 14,00 13,32 14,32 

13-15% 15,35 14,58 14,63 

14-15% 14,96 14,30 13,14 

15-15% 13,94 13,61 16,00 

Average 14,86 14,20 14,84 

Average of all three positions 14,63 
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12.6 Appendix G 

The results from the fatigue test are presented in Table 12-8. 

 

Table 12-8: Results from the fatigue test. Five shafts, quenched with a fast cooling rate, 5% polymer 
concentration, and five shafts quenched with a slow cooling rate, 15% polymer concentration, were 
tested. The values are showing the number of cycles until fracture. 

Shaft number Fast cooling (5%) Slow cooling (15%) 

1. 2-5% 112491 - 

2. 5-5% 75333 - 

3. 8-5% 90867 - 

4. 4-5% 89858 - 

5. 7-5% 73692 - 

6. 15-15% - 74940 

7. 13-15% - 68937 

8. 10-15% - 82706 

9. 12-15% - 97540 

10. 14-15% - 65250 

Average 88448 77875 
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12.7 Appendix H 

Average residual stresses measured with x-ray diffraction method are presented in 
Table 12-9. Residual stresses for the straightened half shafts are presented in Table 
12-10. 

Table 12-9: The measured residual stress with x-ray diffraction. The presented values are average 
values from four measured positions on one half shaft. The negative sign (-) in front of the values are 
marking that the measured residual stresses are compressive. 

 
Depth 
[mm] 

Fast cooling (5%) 
[MPa] 

Normal cooling (10%) 
[MPa] 

Slow cooling (15%) 
[MPa] 

T
ra

n
s
v

e
rs

a
l 

d
ir

e
c
ti

o
n

 

0 -235,6 ± 17,6 -249,5 ± 16,2 -189,6 ± 14,4 

0,1 -469,6 ± 22,6 -432,0 ± 18,0 -406,2 ± 19,1 

0,2 -451,8 ± 20,8 -433,3 ± 16,2 -390,4 ± 23,6 

0,3 -448,7 ± 19,2 -434,9 ± 20,2 -385,4 ± 19,3 

L
o

n
g
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d
ir

e
c
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o
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0 -370,8 ± 16,9 -385,8 ± 12,2 -245,5 ± 15,1 

0,1 -692,4 ± 13,6 -647,1 ± 13,4 -595,2 ± 13,7 

0,2 -681,1 ± 13,2 -629,9 ± 12,8 -575,4 ± 13,5 

0,3 -678,4 ± 11,8 -620,4 ± 13,4 -553,4 ± 15,6 

 

Table 12-10: Measured residual stress with x-ray diffraction on the straightened shafts, 6-5% and 9-
15%. The presented values are average values from four measured positions on one half shaft. The 
negative sign (-) in front of the values are marking that the measured residual stresses are compressive. 

 Depth [mm] Fast cooling (5%) [MPa] Slow cooling (15%) [MPa] 

T
ra

n
s
v

e
rs

a
l 

d
ir

e
c
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o
n

 

0 -378,9 ± 12,3 -195,1 ± 16,6 

0,1 -429,0 ± 14,4 -441,3 ± 14,9 

0,2 -444,6 ± 18,1 -400,4 ± 17,6 

0,3 -456,1 ± 19,5 -400,7 ± 16,7 

L
o
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g
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in

a
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d
ir

e
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0 -501,0 ± 15,8 -249,4 ± 14,6 

0,1 -687,1 ± 12,6 -554,3 ± 14,2 

0,2 -682,5 ± 14,2 -540,5 ± 11,7 

0,3 -691,9 ± 13,1 -540,3 ± 14,6 

 

The straightened half shaft where the residual stresses were measured at 8 positions is 
presented in Table 12-11. 

Table 12-11: The measured residual stress with x-ray diffraction on eight positions on the straightened 
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shaft, 6-5%, which was quenched with a high cooling rate, i.e. quenching with a polymer concentration of 
5%. All values are in MPa and the negative sign (-) in front of the values are marking that the measured 
residual stresses are compressive. The red-marked values are approximately the lowest measured 
residual stresses. 

Depth [mm] Pos.1 Pos. 2 Pos. 3 Pos. 4 Pos. 5 Pos. 6 Pos. 7 Pos. 8 

T
ra

n
s
v

e
rs

a
l 
d

ir
e
c
ti

o
n

 

0 
-315,9 
± 12,2 

-569,2 ± 
8,2 

-350,0 ± 
11,3 

-280,6 ± 
17,6 

-334,3 ± 
13,4 

-334,8 ± 
14,7 

-268,6 ± 
15,9 

-313,4 ± 
8,8 

0,1 
-410,8 ± 

15,8 
-439,8 ± 

11,0 
-438,4 ± 

11,8 
-426,8 ± 

19,0 
-468,3 ± 

14,4 
-486,4 ± 

7,2 
-477,1 ± 

20,0 
-453,3 ± 

17,8 

0,2 
-435,3 ± 

15,4 
-461,5 ± 

19,0 
-462,6 ± 

19,2 
-419,0 ± 

18,7 
-492,7 ± 

15,7 
-481,8 ± 

6,7 
-433,3 ± 

10,6 
-482,6 ± 

5,0 

0,3 
-445,3 ± 

13,3 
-440,0 ± 

23,2 
-492,0 ± 

23,2 
-447,2 ± 

18,1 
-520,4 ± 

19,7 
-502,0 ± 

9,5 
-421,6 ± 

11,6 
-480,1 ± 

17,5 

L
o

n
g
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u

d
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a
l 
d
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e
c
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o
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0 
-455,0 ± 

19,5 
-583,1 ± 

8,3 
-532,6 ± 

16,6 
-433,1 ± 

18,7 
-515,4 ± 

15,4 
-503,2 ± 

18,0 
-456,7 ± 

15,0 
-467,7 ± 

16,7 

0,1 
-679,3 ± 

17,6 
-670,1 ± 

8,0 
-738,7 ± 

12,1 
-660,4 ± 

12,6 
-724,9 ± 

15,2 
-704,9 ± 

13,1 
-718,2 ± 

7,6 
-664,4 ± 

6,4 

0,2 
-698,8 ± 

13,7 
-662,7 ± 

16,1 
-688,8 ± 

12,7 
-679,7 ± 

14,4 
-715,4 ± 

8,9 
-731,2 ± 

9,7 
-694,6 ± 

11,5 
-705,1 ± 

3,2 

0,3 
-693,3 ± 

19,1 
-648,2 ± 

11,4 
-745,3 ± 

12,6 
-680,7 ± 

9,3 
-703,1 ± 

14,4 
-726,4 ± 

11,0 
-685,4 ± 

9,7 
-701,3 ± 

14,2 
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12.8 Appendix I 

Following data are the temperatures that were used in the FEM simulation for 5%, 10% 
and 15% polymer concentration. The first value is the time in seconds and the value 
after that is the temperature for that time, the third value represents another time and 
the fourth value is the temperature for that time and so on. The time interval is 0-200 
seconds with a step of 20 seconds, also the time with the maximum temperature is 
registered. 

 

Temperature data for 5% polymer concentration: 

R=0 

0,0,20,286,40,575,60,741, 

80,321,100,115,120,56,140,38, 

160,32,180,30,200,0 

 

R=0,4 

0,0,20,293,40,583,59,743, 

60,741,80,314,100,114,120,55, 

140,38,160,32,180,30,200,0 

 

R=0,8 

0,0,20,313,40,608,57,750, 

60,729,80,294,100,109,120,54, 

140,37,160,32,180,30,200,0 

 

R=1,2 

0,0,20,348,40,653,51,776, 

60,670,80,262,100,102,120,52, 

140,37,160,32,180,30,200,0 

 

R=1,6 

0,0,20,399,40,729,48,845, 

60,565,80,224,100,92,120,49, 

140,36,160,32,180,30,200,0 

 

R=2,0 

0,0,20,471,40,843,46,940, 

60,438,80,181,100,81,120,46, 

140,35,160,32,180,30,200,0 

 

R=2,4 

0,0,20,572,40,947,45,1038, 
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60,308,80,138,100,68,120,42, 

140,34,160,31,180,30,200,0 

 

R=2,8 

0,0,20,700,40,1003,45,1086, 

60,186,80,96,100,55,120,38, 

140,32,160,31,180,30,200,0 

 

Temperature data for 10% polymer concentration: 

R=0 

0,0,20,286,40,575,60,743, 

80,346,100,123,120,60,140,39, 

160,33,180,30,200,0 

 

R=0,4 

0,0,20,293,40,583,60,744, 

80,338,100,122,120,59,140,39, 

160,33,180,30,200,0 

 

R=0,8 

0,0,20,313,40,608,57,752, 

60,739,80,315,100,116,120,58, 

140,39,160,33,180,30,200,0 

 

R=1,2 

0,0,20,348,40,653,51,777, 

60,689,80,281,100,108,120,55, 

140,38,160,33,180,30,200,0 

 

R=1,6 

0,0,20,399,40,729,48,845, 

60,588,80,239,100,98,120,52, 

140,37,160,32,180,30,200,0 

 

R=2,0 

0,0,20,471,40,843,46,940, 

60,462,80,193,100,85,120,48, 

140,36,160,32,180,30,200,0 

 

R=2,4 
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0,0,20,572,40,947,45,1038, 

60,331,80,147,100,72,120,44, 

140,33,160,31,180,30,200,0 

 

R=2,8 

0,0,20,700,40,1003,45,1086, 

60,206,80,102,100,58,120,39, 

140,33,160,31,180,30,200,0 

 

Temperature data for 15% polymer concentration: 

R=0 

0,0,20,286,40,575,60,744, 

62,745,80,374,100,135,120,65, 

140,41,160,34,180,30,200,0 

 

R=0,4 

0,0,20,293,40,583,60,746, 

80,366,100,133,120,64,140,41, 

160,34,180,30,200,0 

 

R=0,8 

0,0,20,313,40,608,58,753, 

60,746,80,341,100,127,120,62, 

140,41,160,34,180,30,200,0 

 

R=1,2 

0,0,20,348,40,653,51,778, 

60,707,80,304,100,118,120,59, 

140,40,160,33,180,30,200,0 

 

R=1,6 

0,0,20,399,40,729,48,846, 

60,612,80,259,100,106,120,56, 

140,39,160,33,180,30,200,0 

 

R=2,0 

0,0,20,471,40,843,46,940, 

60,488,80,210,100,93,120,51, 

140,37,160,32,180,30,200,0 
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R=2,4 

0,0,20,700,40,1003,45,1086, 

60,229,80,111,100,62,120,41, 

140,34,160,32,180,30,200,0 

 

R=2,8 

0,0,20,572,40,947,45,1038, 

60,356,80,159,100,78,120,47, 

140,35,160,32,180,30,200,0 
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12.9 Appendix J 

The residual stress formation during the heat treatment of half shafts quenched with 
5%, 10% and 15% polymer concentration are presented in Figure 12.26-Figure 12.31. 
 

 
Figure 12.26: Stresses in longitudinal direction of the shaft during the heat treatment. The shaft was 
cooled with a polymer concentration of 5%.  The centre is at R = 0,0 cm and R = 2,8 cm corresponds to 
the surface of the shaft. 
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Figure 12.27: Stresses in longitudinal direction of the shaft during the heat treatment. The shaft was 
cooled with a polymer concentration of 10%.  The centre is at R = 0,0 cm and R = 2,8 cm corresponds to 
the surface of the shaft. 

 
Figure 12.28: Stresses in longitudinal direction of the shaft during the heat treatment. The shaft was 
cooled with a polymer concentration of 15%.  The centre is at R = 0,0 cm and R = 2,8 cm corresponds to 
the surface of the shaft. 



115 
 

 
Figure 12.29: Stresses in transversal direction of the shaft during the heat treatment. The shaft was 
cooled with a polymer concentration of 5%.  The centre is at R = 0,0 cm and R = 2,8 cm corresponds to 
the surface of the shaft. 

 
Figure 12.30: Stresses in transversal direction of the shaft during the heat treatment. The shaft was 
cooled with a polymer concentration of 10%.  The centre is at R = 0,0 cm and R = 2,8 cm corresponds to 
the surface of the shaft. 
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Figure 12.31: Stresses in transversal direction of the shaft during the heat treatment. The shaft was 
cooled with a polymer concentration of 15%.  The centre is at R = 0,0 cm and R = 2,8 cm corresponds to 
the surface of the shaft. 

 


