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Abstract 
During the last 10 years, low pressure carburizing and high pressure gas quenching has 

become more popular since it is a “new” process and researchers reports that the distortion 

characteristics gained from these processes is improved in relation to conventional processes. 

The aim of this work was to investigate the distortions gained from three different heat 

treatment processes on main shaft gears and crown wheels. Experiments with atmospheric 

carburization with oil quenching and low pressure carburization with nitrogen gas quenching 

or oil quenching were made and distortion characteristics gained from these processes were 

then measured and compared. 

It was found that components treaded in the relatively new LPC-HPGQ process are similar and 

often even better than the conventional method. The larger main shaft gear improves the 

most with newer method but instead gets a lower core hardness and systematic diametrical 

shrinkage. Some measurements on the crown wheel were also improved but others were 

affected negatively.  

 

Keywords: Low pressure carburization, high pressure gas quenching, oil quenching, distortion, 

shape change, gear wheel, crown wheel, truck, automobile. 

 

  



 
 

Table of Contents 

1 Introduction.......................................................................................................................... 1 

1.1 Distortions from Heat Treatment ............................................................................................ 1 

1.2 Cooling Media for quenching ................................................................................................... 2 

1.3 Low Pressure Carburization ..................................................................................................... 3 

1.4 State of the art ......................................................................................................................... 5 

1.5 Objective .................................................................................................................................. 6 

2 Experimental Setup ............................................................................................................... 7 

2.1 Atmospheric Carburization with Oil Quenching – AC - OQ ...................................................... 7 

2.2 Low Pressure Carburization – LPC ............................................................................................ 7 

2.3 Oil Cooling Rate ........................................................................................................................ 9 

2.4 Main Shaft Gear ....................................................................................................................... 9 

2.5 Crown Wheel .......................................................................................................................... 11 

2.6 Hardness and Microstructure ................................................................................................ 12 

2.6.1 X-Ray Diffraction ............................................................................................................ 12 

2.7 Shape and Distortion Measurement ...................................................................................... 14 

2.7.1 3D Scan ........................................................................................................................... 15 

3 Results ................................................................................................................................ 16 

3.1 Oil Cooling Rate ...................................................................................................................... 16 

3.2 X-ray Diffraction ..................................................................................................................... 16 

3.3 Main Shaft Gear ..................................................................................................................... 17 

3.3.1 Hardness and Microstructure ........................................................................................ 17 

3.3.2 Distortion Measurements .............................................................................................. 19 

3.3.3 3D Shape Scan ................................................................................................................ 23 

3.4 Crown Wheel .......................................................................................................................... 25 

3.4.1 Hardness and Microstructure ........................................................................................ 25 

3.4.2 Distortion Measurements .............................................................................................. 27 

3.4.3 3D Shape Scan ................................................................................................................ 29 

4 Discussion ........................................................................................................................... 31 

4.1 Hardness ................................................................................................................................. 31 

4.2 Distortions .............................................................................................................................. 32 

4.2.1 Main shaft gear .............................................................................................................. 32 

4.2.2 Crown wheel .................................................................................................................. 32 

4.3 3D Scanning ............................................................................................................................ 33 

4.4 Quenching .............................................................................................................................. 33 

5 Summary ............................................................................................................................ 34 

6 Future work ........................................................................................................................ 35 

7 Acknowledgments .............................................................................................................. 35 

8 References .......................................................................................................................... 36 

Appendix A ................................................................................................................................ 38 

Appendix B................................................................................................................................. 44 



1 
 

1 Introduction 
Heat treatment of steel components through various case hardening techniques are 

extensively used. The hard surface layer that is attained through this process, together with a 

ductile core, enables steel components to be used in many high performance applications. 

With case hardening, products like transmission gear wheels, shafts, synchronizer and bearing 

parts is given high durability, wear resistance and fatigue strength. Without hardening most 

of these components would weigh twice as much as today to be able to handle the high 

stresses these parts must endure in their application. 

Case hardening by carburization is a common thermochemical process, where the workpiece 

is subjected to a carbon rich atmosphere at austenitizing temperatures. Carbon will then 

diffuse into the surface and interact with the lattice structure of the steel, a process which is 

highly dependent on carbon concentration, temperature and time. The carbon itself 

contributes to the hardness through solution hardening, but the effect is small relative to the 

hardness of the martensite phase attained by rapid cooling [1]. 

On the other hand, martensite is also the volumetrically largest of the common phases found 

in a hardening steel [2]. The change of the surface layer density creates tension differences in 

the material, with compressive stresses near the surface and tensile stresses in the core. If 

these stresses get larger than the local yield strength, there will be plastic deformation in the 

workpiece which could lead to changes in the dimension and shape. 

1.1 Distortions from Heat Treatment 
A change in dimension and shape is often called a distortion and most of it appears due to 

volumetric phase change or large thermal gradients in the material.  Consequently, an 

inhomogeneous heating or cooling phase of a component during heat treatment often leads 

to big distortions. Approximately 20-40 % of the final distortion is caused by heat treatment 

parameters, the rest is caused by the materials chemical composition, structure and chosen 

geometry of the part [3]. 

 
 Figure 1: Manufacturing steps for case hardened products. 

Each manufacturing step seen in Figure 1 contributes to the distortion behavior of the part, 

these contributions are sometimes referred to as carriers of distortion potential [4] [5]. The 

composition, casting shape and internal microstructure gained from the steel plant production 

and altered in the forming process in the forging plant provides the base condition for how 
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the material will act during heat treatment. In macro-etched samples it is possible to see 

macro-segregations of alloying elements, such as manganese and chromium, that originates 

from the casting process and then altered in the forming process. This macro-segregation 

appears as flow lines in the material [6]. After the forging process, the material is soft annealed 

to increase its machinability. If it is not properly annealed, internal stresses might be 

introduced in both annealing and machining processes.  During heat treatment, those stresses 

are relieved and the distortion behavior of the component is affected in an unpredictable way. 

In order to be in control of the distortion behavior of the product, the complete manufacturing 

chain need to be optimized to minimize the amount of residual stresses in the material [7]. 

Some shape changes can be compensated for during the soft machining, such as diametricals, 

lengths and even some concavity, but only if the changes are constant for all components. 

Some other more part individual changes can be corrected after heat treatment by machining 

processes. However, it can be a costly process, hard machining for bearing races can take up 

to 40 % of the part production cost [8]. 

In the heat treatment, a ramp up of the temperature is recommended to minimize distortions 

during heating. Depending on the chemical composition of the steel, the temperature 

difference between core and surface should not be more than 150 °C, to avoid any plastic 

deformation in the material [2]. There is also a clear connection between distortion and 

carburization depth [9] [10]. An even carburization depth is important, since an asymmetrical 

distribution may cause out of roundness or skewness of the treated component. 

1.2 Cooling Media for quenching 
The cooling phase is critical when case hardening a steel. Parameters such as hardness, case 

depth and distortion depends on how this process step is carried out. There is also a variety 

of media that can be used for quenching, such as water, salt water, hot salts, polymers, oils 

and gases, all of them with different cooling characteristics. Typical cooling rate curves for oil 

and gas can be seen in Figure 2. 

 
Figure 2: Typical cooling rate curves of oil and gas. 
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The most common media used in conjunction with gas carburization is oil and it has three 

characteristic stages when used in cooling. In the first stage, the surface temperature of the 

cooled material is so high that the oil starts to evaporate and create a thin film or blanket of 

vapor at the material surface. In this stage, the heat transfer is low and only governed by 

radiation. During the boiling stage, the vapor blanket breaks down and bubbles starts to 

nucleate, this increases the heat transfer and the bubbles is easily carried away by the agitated 

oil. When the surface temperature reaches below the boiling point of the oil there is only 

convection, which has low cooling rate [1]. If gas is used as cooling media, the cooling rate will 

depend solely on convective heat transfer, which is governed by the flow, pressure and type 

of gas. With the use of different gases or a mixture of gases, usually nitrogen and/or helium 

gas, the cooling rate can be controlled [4]. The cooling rate curves for nitrogen and helium at 

different pressure can be seen in Figure 3. 

 

Figure 3: Cooling rates for several gases and pressures. [11] 

The use of oil as cooling media could create an increased distortion effect due to the transition 

from vapor film to boiling. If the vapor film isolates parts of a geometry while others are 

experiencing boiling, large temperature gradients may create thermal stresses and 

inhomogeneous martensitic transformation. Gas, on the other hand, will in theory provide 

even cooling over the whole temperature range and it is also possible to control the cooling 

rate more directly, by varying the pressure and gas flow during the quenching. 

1.3 Low Pressure Carburization 
Low pressure carburizing or LPC works under a pressure below 20 mbar and at a temperature 

range between 900 – 1050 °C. The low oxygen potential in the furnace chamber make it 

possible to avoid any surface oxidation and oil residues on the surface are evaporated due to 

the low pressure. Parts that are treated in a LPC furnace in combination with gas cooling are 

therefore very clean and bright. It is possible that some alloying elements with high vapor 

pressure is evaporated, for example Cr and Mn, but this can be avoided by adjusting the 

vacuum pressure [1].  

Hydrocarbons, such as acetylene and ethylene are injected in burst into the furnace 

atmosphere as a source for carbon enrichment of the surface. When the hydrocarbon gas 

enters the furnace chamber, it cracks by the high temperature on the charge surface. The rate 
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of the carbon uptake is determined by a series of reaction parameters as seen in Figure 4: 1) 

transport of carbon from the atmosphere to the surface, 2) the reaction at the surface to 

create free interstitial carbon and 3) transport of carbon into the steel bulk, i.e. diffusion. In 

carburization the limiting step is reported to be the carbon transport from the atmosphere to 

the surface, due to a boundary layer in the region close to the metal surface. The thickness of 

this layer is determined by the carbon transfer coefficient of the gas phase [12]. The carbon 

transfer coefficient for acetylene or ethylene, at 950 °C is double than for endogas, commonly 

used in gas carburizing [13]. The increased carbon transfer gained from using acetylene or 

ethylene in combination with high temperature lowers the process time of the LPC process. 

However, prolonged exposure to the gas flow will lead to carbon oversaturation of the steel, 

which in turn will nucleate undesired carbides in the surface region of the carburized 

components. 

 
Figure 4: Description of carbon mass transfer from atmosphere into the steel [12]. 

To avoid the carbide nucleation and growth the LPC process is divided into boost and diffusion 

steps. See Figure 5 for a schematic overview of the LPC process. The steps are cycled multiple 

times to attain a high carbon uptake over time and to give shorter process times [14]. In the 

boost stage, which should be less than 1 min, a hydrocarbon gas is injected into the furnace 

atmosphere, creating a high carbon surface content. In the diffusion step the surface carbon 

concentration is lowered by transporting carbon into the material. 
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Figure 5: Schematic overview of the LPC process. 

 

1.4 State of the art 
Distortion engineering of heat treated steel components have been researched for almost 100 

years, Brazenall [15] wrote in his report from 1934 about the prevention of distortions in heat 

treatment and the importance of controlling the whole process chain. During the last 10 years, 

low pressure carburizing and high pressure gas quenching, LPC-HPGQ has become more 

popular since it is a new process in relation to the conventional atmospheric carburization 

process with oil quenching, AC-OQ. However, the combination of low pressure carburization 

and oil quenching, LPC-OQ, is used as well. Several research projects have been made the last 

few years regarding distortion characteristics gained from these processes on rolling bearing 

and gear wheel geometries. 

In a report from 2006, by Jurči and Stolař [16], the distortion of gear wheels and pinions that 

were quenched in oil or nitrogen gas were investigated. The components, made from 

18CrNiMo7-6, were first gas carburized in a pusher furnace to a depth of 0.7 mm at 550 HV1, 

then cooled and tempered for 2 hours at 170 oC. By using nitrogen gas instead of oil, no 

difference in microstructure or core hardness were found, still a lower out-of-roundness and 

better distortion uniformity was achieved. However, there was an increase of systematic 

shrinkage of the components. 

Atraszkiewicz et al. [3] made a distortion analysis in 2012 on LPC-HPGQ processed gears, 

testing both quenching with nitrogen and helium. The usage of helium as cooling media gave 

mechanical properties comparable to those quenched in oil. They also got repeatable shape 

changes, which could allow for lowered machining tolerances. 

Dynamic quenching, incorporated by a transmission manufacturer in serial production, were 

examined by Heuer et. al. in a report from 2013 [7]. Planetary gears were quenched with 

unidirectional flow and were compared to gears quenched by using reversing gas flow. The 

results showed that the hard machining process of gear teeth could be removed due to low 

distortion values. 
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In 2015, Schüler et al. [17] compared a pusher furnace AC-OQ process at 930 – 940 °C with 

LPC-HPGQ at both 980 oC and 1050 oC regarding the distortion of gears and sliding sleeves. A 

planet gear, a helical gear and a sliding sleeve, made from 20MnCr5, with the inner diameters 

of 39 mm, 99.5 mm and 165 mm respectively, were analyzed. They reported a lower core 

hardness due to lower cooling speed of gas on larger components. Microstructure analyses 

showed that a significant grain growth occurred when 1050 oC were used, although the 

distortion were not affected by the higher temperature. 

1.5 Objective 

The objective of this investigation is to give a clearer view on the distortion potential of low 

pressure carburized gear components. A comparison between AC-OQ, LPC-OQ and LPC-HPGQ 

treated components are made with emphasis on shape change/distortion, however hardness, 

microstructure and retained austenite are also examined. The components taking part in this 

study are, a main shaft gear wheel used in the transmission of trucks from Scania CV AB and a 

crown wheel used in automobile power transfer units from GKN Driveline.  
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2 Experimental Setup 
Three different carburization processes are tested on two different types of components, 

main shaft gear wheels from Scania and crown wheels from GKN.  

The atmospheric carburization process is done to establish a baseline to compare with the 

other two heat treatments. All heat treatments are made at Bodycote Värmebehandling AB, 

except for the AC process for the crown wheel, which is done at GKN facilities. All positions of 

the individual pieces on fixtures are noted before charging in the furnace. 

2.1 Atmospheric Carburization with Oil Quenching – AC - OQ 
Scania and GKN have themselves set up these parameters to match their own process. The 

heat treatment for the crown wheels are made at GKN in their own pusher furnace, the main 

shaft gear however, were treated in a batch furnace at Bodycote. In a batch furnace it is easier 

to control temperature uniformity and to maintain a specific atmosphere. In Table 1, the 

process parameters for each component during AC are presented. 

Table 1: Process parameters for atmospheric carburization. 

 Main shaft gear Crown wheel 

Carburization Temperature 935 °C 910 °C 

Precooling temperature 850 °C 910 °C 

Surface carbon content 0.75 0.8 

Cooling media IsoRapid 277 HM Quenchway 125B 

Cooling temperature 90 °C 130 °C 

Comments Oil cooled Oil cooled 
Tempering temperature 170 °C 170 °C 

Time 2 h 2 h 

 

2.2 Low Pressure Carburization – LPC  
All LPC treatments were made in a three chamber vacuum furnace type from Seco/Warwick, 

which is equipped with separate oil and gas cooling chambers. The load can be added through 

either side. The heating chamber is situated in between the cooling chambers and its graphite 

heating elements, which is situated around the load and can be seen in Figure 6, provides the 

heating in the furnace with a temperature uniformity of +/-5 oC. The oil quenching bath 

operates under a nitrogen atmosphere and the oil bath is tempered to around 60 oC before 

quenching.  In Table 2 and Table 3 the process parameters for LPC processed components can 

be seen. A limitation with the gas control equipment in this furnace is the lower limit of 2 m2 

surface area that the load must have. This is due to the already low amount of gas that is used 

and any lower amount will give in sufficient gas flow or distribution in the furnace chamber. If 

the surface area of the load is less than the lower limit, there could be soothing on the load 

and furnace equipment. 
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Figure 6: LPC furnace heating chamber. 

Table 2: Process parameters for LPC – OQ. 

 Main shaft gear Crown wheel 

Carburization Temperature 960 °C 960 °C 

Precooling temperature 850 °C 910 °C 

Surface carbon content 0.75 0.8 

Cooling media Vacuquench Vacuquench 

Oil Temperature  40 °C  40 °C 

Tempering temperature 170 °C 170 °C 

Time 2 h 2 h 

 

The gas quenching chamber seen in Figure 7 operates with a nitrogen gas pressure of 10 bar, 

uniformly distributed at the top of the cooling chamber through several nozzles. 

 
Figure 7: Image of the furnace and gas quenching chamber. 
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Table 3: Process parameters for LPC – HPGQ. 

 Main shaft gear Crown wheel 

Carburization Temperature 960 °C 960 °C 

Precooling temperature 960 °C 910 °C 

Surface carbon content 0.75 0.8 

Cooling media 10 bar N2 10 bar N2 

Annealing temperature 170 °C 170 °C 

Time 2 h 2 h 

 

2.3 Oil Cooling Rate 
Since 3 different oils are used during the experiments, Quenchway 125B, Isorapid 277HM and 

Vacuquench, more information about their individual cooling characteristics is needed to 

better understand their effect on the distortion behavior and to draw conclusions on possible 

differences. Therefore, cooling rate curves were made with an ivf SmartQuench device. The 

same procedure was made for all oils, heating an Inconel probe to 855 °C and then cooling it 

in the oil. The Smartquench device starts the measuring sequence automatically at 850 °C and 

continue for 60 s with a measuring frequency of 20 Hz. The oils are agitated with a speed of 

approx. 0.4 m/s, the equipment used for this purpose can be seen in Figure 8. The diagram in 

Figure 17 shows the measured cooling course and the calculated cooling rate, 𝑑𝑇/𝑑𝑡. The heat 

transfer coefficient is also calculated from the cooling curves by the use of SQintegra software, 

see Figure 18. Two measurements were done on each oil to ensure the stability of the data. 

Since there is a difference between new oil and used, samples were taken directly from the 

intended cooling tank. 

 
Figure 8: Left: ivf Smartquench equipment. Right: Side view of the oil agitator. 

2.4 Main Shaft Gear 
The gear has an outer diameter of 255 mm and a tooth thickness of 30 mm. The steel plant 

produces 20NiCrMoS2-2 steel in rounds, see Table 4 for the composition analysis of the charge, 

which is then rolled to square shape before delivery to the forging shop. The blanks are then 

forged, annealed and delivered to Scania for machining. All 36 pieces in the trials were 

manufactured from the same steel heat to attain similar distortion characteristics throughout 

the experiments. 
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Table 4: Composition of the 20NiCrMoS2-2 steel in the main shaft gear. 

 C Mn Cr Ni Mo 

% 0.20 0.82 0.7 0.62 0.22 

 

The way of fixturing for AC-OQ and LPC-OQ trials can be seen Figure 9, this is the same way as 

it is done in Scanias own pusher furnace. All gear wheels were marked individually, fixture 

positions noted and a reference mark was directed upwards, made for alignment in the x/y 

direction in the measuring machine. 

 
Figure 9: Fixturing of main shaft gear wheel before AC/LPC-OQ heat treatment. 

However, preliminary tests of LPC-HPGQ showed that the tooth pointing downwards was not 

receiving sufficient cooling since its tested hardness depth was zero. At the cost of 

comparability between samples, but for the sake of attaining the necessary hardening 

parameters, gear wheels for the LPC-HPGQ treatment were instead put on CFC fixtures, as can 

be seen in Figure 10. For the CFC fixture gear wheels, the marked tooth was faced against the 

furnace door.  

 

 

Figure 10: Gear wheels before LPC-HPGQ heat treatment on CFC fixture. 
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2.5 Crown Wheel 
The crown wheel has an outer diameter of 165 mm and a maximum thickness of 35 mm and 

is made from 18CrNiMo7-6 steel, the standard EN 10084 composition can be seen in Table 5. 

The steel is first casted as 240 mm square billets, then rolled to 90 mm diameter rounds before 

shipping to forging. All blanks were annealed at GKN before being sent to soft machining. 

In each one of the treatments 15 pieces were positioned in three layers, see Figure 11, with 5 

pieces in each layer. 10 pieces in each batch were measured in soft machined condition and 

then measured again after heat treatments. 

The way of fixturing can be seen in Figure 11Figure 9, this is the same way as it is usually done 

in GKNs own pusher furnace. All gear wheels were marked individually and fixture positions 

noted. Due to the small surface area and low amount of gears, some ballast needed to be used 

to increase the surface eligible for carbon uptake in the LPC furnace. 

 

 
Figure 11: Crown wheel positions and fixturing. 

 

Table 5: Standard composition of the 18CrNiMo7-6 steel in the crown wheel [1]. 

 C Mn Cr Ni Mo 

% 0.15-0.21 0.5-0.9 1.5-1.8 1.4-1.7 0.25-0.35 
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2.6 Hardness and Microstructure 
Each component type has their own demands and a hardness analysis were made to ensure 

that the LPC treatments gave the necessary hardness profile, including surface hardness, 

hardened case depth and core hardness. The case hardening depth, CHD, is defined as the 

depth where the hardness is 550 HV. 

Table 6: Hardness requirements on carburized components. 

  Scania GKN 

CHD Gear Flank 0.7 – 2.0 mm 
Aim: ~ 1.3 mm  

0.4 - 1.0 mm 

CHD Gear Root 0.7 – 2.0 mm  
Aim: ~ 1.0 mm         

0.3 - 0.9 mm 

Surface 
hardness 

675 - 775 HV1  670 - 780 HV1 

Core hardness Aim: 330 HV30 300 - 500 HV30 

 

The measurement positions can be seen in Figure 12. KHK and KHR denotes the positions for 

core hardness. The surface hardness was taken from the first impression on flank and root 

hardness profile at 0.1 mm depth. For the main shaft gear, 6 gear wheels per process and 2 

sections of each gear were analyzed. Core hardness impressions were taken at both KHK and 

KHR. For the crown wheel, two gear wheels per process and one section were analyzed and 

core hardness impressions were done at the KHR position.  

 

Figure 12: Positions for hardness measurements. 

An analysis was also made to compare an oil quenched and a nitrogen quenched component 

regarding its attained microstructure. LOM microstructure images were taken in flank surface, 

root surface and KHR regions. To determine if the required microstructure was attained a LOM 

analysis is done on several parts, chosen from different charge positions.  

2.6.1 X-Ray Diffraction 

To determine the amount of residual austenite near the surface, an analysis was made of one 

component per manufacturer and per process. For parts that were heat treated in LPC furnace, 

no polishing step is necessary, however parts heat treated in AC were elektro polished to 30 

μm depth to remove any surface oxides and to eliminate the effect of any internal oxidation. 

The measured position of the parts is shown in Figure 13. An image of the equipment can be 

Flank 

Root 

 

Face 
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seen in Figure 14. The specifications for the XRD analysis along with settings and curve fitting 

procedure are shown in Table 7.  

 
Figure 13: XRD measuring positions. 

 
Figure 14: Image of the XRD equipment. [18] 

Table 7: XRD equipment and settings. 

Equipment Xstress 3000 G2R 

X-ray source Cr-Kα 

X-ray voltage 30 kV 

X-ray current 6,7 mA 

Collimator 2 mm 

Elektro polishing CMS Couloscope with NaCl solution 

Settings 

Tilt angle 45° 

Tilt oscillation 0° 

Rotation angle 0° 

Rotation oscillation 85° 

Rotations 10 

Diffraction angles ferrite 156.4°, 106° 

Diffraction angles austenite 130°, 80° 

Exposure time ferrite 10s 

Exposure time austenite 20s 

Curve fitting 
 

Background ferrite Linear 

Background austenite Parabolic 

Peak fit ferrite Pearson VII 

Peak fit austenite Gauss 
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2.7 Shape and Distortion Measurement 
All measurements were made by CMM (Coordinate Measuring Machine) measuring 

machines such as Zeiss Prisma, Zeiss Accura and Klingelnberg with a maximum deviation of 

+/- 1 μm.  

Metrology features for the main shaft gear wheel, as shown in Figure 15: 

1. Inner diameter and roundness at 2 two heights 

a. Conicity is calculated from diameter measurements 

2. Run-out and flatness of back plane 

3. Roundness, run-out, outer diameter and pitch error of coupling gear 

4. Roundness, run-out, outer diameter and pitch error of helical gear 

5. Height of centre bore cylinder 

6. Distance from top of center bore to front plane 

 

Figure 15: Schematic of metrology features on the main shaft gear. 
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Metrology features for the crown wheel, as shown in Figure 16 

1. Roundness 

2. Pressure angle, helix angle and run-out concave side 

3. Pressure angle, helix angle and run-out convex side 

4. Run-out and flatness 

  

Figure 16: Schematic of metrology features on the crown wheel. 

2.7.1 3D Scan 

A 3D shape scan with a GOM system, model Atos Triple Scan III was also made to get a visual 

overview of the final distortion. The free software GOM Inspect V8 were used to handle the 

point cloud data and setting up the comparisons. Alignment of compared components is 

crucial for getting valid results. For both the crown wheel and the main shaft gear, 

comparisons were made by aligning the back planes and bottom part of the gear to get the 

correct rotation. One soft component from each manufacturer and one component from each 

heat treatment were analyzed. The scanned hard components were then compared to the 

soft component. 

  

2 3 

1 

4 
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3 Results 

3.1 Oil Cooling Rate 
The temperature in the Inconel probe measured over 60 s of cooling in the oils are presented 

together with the calculated cooling rate in Figure 17.  

 
Figure 17: Cooling curve and calculated cooling rate from ivf SmartQuench measurement. 

 
Figure 18: The heat transfer coefficient as calculated by SQintegra software. 

3.2 X-ray Diffraction 

In Table 8 the results from the XRD measurements are presented. 

Table 8: Results from XRD measurement of residual austenite. 

Sample Process Depth [µm] RA [%] Deviation [±%] 

Crown wheel AC-OQ 0 13.8 1.3 

 AC-OQ 30 24.4 2.9 

 LPC-OQ 0 34.5 3.2 

 LPC-HPGQ 0 21.7 4.6 

Main shaft gear AC-OQ 0 14.2 3.5 

 AC-OQ 30 20.2 1.3 

 LPC-OQ 0 14.7 4 

 LPC-HPGQ 0 17.2 3.9 
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3.3 Main Shaft Gear 

3.3.1 Hardness and Microstructure 

The results from the hardness analysis are presented in Figure 19 to Figure 24. The hardness 

measurement results are shown in Table A 4 along with microstructure images in Figure A 1 to 

Figure A 6, found in Appendix A. The surface hardness is higher than AC-OQ for the LPC-HPGQ 

process in both the flank and root, but the spread is higher in the flank for both LPC processes. 

 
Figure 19: Surface hardness of flank and root of the main shaft gear wheel. 

 
Figure 20: Tooth flank, left is oil quenched and right is gas quenched. 

 
Figure 21: Root, left is oil quenched and right is nitrogen quenched. 
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The core hardness seen in Figure 22 is lower in both the flank and root for LPC-HPGQ. The 

spread in the results is similar for all processes. 

 
Figure 22: Core hardness of flank and root of the main shaft gear wheel. 

The core microstructure difference in the root between LPC-OQ and LPC-HPGQ is shown in 

Figure 23.  

 
Figure 23: Root core microstructure, left is oil quenched and right is gas quenched. 

The hardness depth measurements seen in Figure 24 shows a higher flank CHD for AC-OQ but 

a higher root CHD for the LPC-HPGQ process.  
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Figure 24: Hardness depth of flank and root of the main shaft gear wheel. 

 

3.3.2 Distortion Measurements 

Each process includes 12 shape measured components and the bar represents the average 

value. All values presented in the charts are the change between soft component and the heat 

treated component from individual measurements. This means that no absolute values are 

shown in the charts below, therefore all compensations made in soft machining are disregarded. 

All results from the distortion measurements are shown in Table A 1-Table A 3 in Appendix A. 

In Figure 25 the change of diameter and roundness of the center bore is shown. The spread in 

AC-OQ and LPC-HPGQ process is low for both features but there is a decrease of the inner 

diameter in LPC-HPGQ and the average roundness value is lowest in LPC-HPGQ. The LPC-OQ 

process gives high spread and big change for both measured features. 

 
Figure 25: Inner diameter and roundness of inner diameter. 
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The conicity shown in Figure 26 is calculated from diametrical measurements of the inner bore 

and a positive value indicates a funnel shape. In the AC-OQ process the conicity is close to 

none. Both LPC processes gives an upside down funnel shape. 

 
Figure 26: Conicity of inner diameter. 

The run out and flatness of the helical gear back plane can be seen in Figure 27. The spread for 

both features is similar for AC-OQ and LPC-HPGQ but the average change is higher in LPC-HPGQ 

than in AC-OQ. 

 
Figure 27: Run-out and flatness of the helical gear back plane. 

  



21 
 

In Figure 28 the roundness of the helical gear and the coupling gear can be seen. The change in 

LPC-OQ process is bigger and has larger spread than AC-OQ and LPC-HPGQ, which both gives 

similar results. 

  
Figure 28: Roundness of the helical gear and the coupling gear. 

The diametrical measurements seen in Figure 29 shows similar results as the measurements on 

the center bore, with negative values in the LPC-HPGQ process.   

 
Figure 29: Diameter of the helical gear and the coupling gear. 
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The height of the center bore and the height of the helical gear relative to the center bore are 

shown in Figure 30. The LPC-OQ gives a larger change and spread in the center bore height 

and larger spread in front plane measurements. The front plane height change is lower in the 

LPC processes than in AC-OQ. 

 
Figure 30: Left: Height of centre bore. Right: Height helical gear front plane. 

 

The run-out can be seen in Figure 31, for both the helical and coupling gear the LPC-HPGQ 

process gives a low value and low spread, similar to the AC-OQ process. The LPC-OQ gives large 

spread and values in both measurements. 

 
Figure 31: Left: Run-out of helical gear. Right: Run-out of coupling gear. 

  



23 
 

The concentricity results seen in Figure 32 shows low spread for LPC-HPGQ for both features, 

but the average value on the helical gear is smaller in AC-OQ. 

 
Figure 32: Left: Concentricity of helical gear. Right: Concentricity of coupling gear. 

The pitch error for helical and coupling gear can be seen in Figure 33. The LPC-OQ gives large 

values and spread in both measurements. The LPC-HPGQ and AC-OQ gives similar spread but 

the LPC-HPGQ process gives lower average values. 

 

 
Figure 33: Left: Pitch error of helical gear. Right: Pitch error of coupling gear. 

3.3.3 3D Shape Scan 

The results from the 3D scanning is shown Figure 34 and Figure 35. The first image is of the 

front plane were the coupling gear can be seen and the second image shows the back plane. 

The colors indicate the difference between the soft measured part and the heat treated 

according to the legend on the right. A positive value, red, indicates that the surface has grown 

outwards in its normal direction.  
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Figure 34: Shape change comparison of the main shaft gear front plane. 

 

 
Figure 35: Shape change comparison of the main shaft gear back plane. 

AC-OQ LPC-OQ 

LPC-HPGQ 

AC-OQ LPC-OQ 

LPC-HPGQ 
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3.4 Crown Wheel 

3.4.1 Hardness and Microstructure 

The results from hardness measurements on the crown wheel is presented below, since only 

2 sections of each process is analyzed the spread is not taken in the consideration. Results 

from the hardness measurements can also be seen in Table B 2 in Appendix B. 

The surface hardness on flank and root can be seen in Figure 36 and all processes gave similar 

results. 

 
Figure 36: Surface hardness on flank and root of crown gear. 

 
Figure 37: Tooth flank, left is oil quenched and right is nitrogen quenched. 
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Figure 38: Root, left is oil quenched and right is nitrogen quenched. 

In the measurements that are shown in Figure 39, it can be seen that the LPC-HPGQ process 

gave lower root core hardness in one measurement. 

 
Figure 39: Core hardness of the crown gear. 

 
Figure 40: Core, left is oil quenched and right is nitrogen quenched. 
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In Figure 41, it can be seen that both LPC processes gives a higher hardness depth than AC-OQ 

at both flank and root. 

 
Figure 41: Hardness depth at the flank and core of crown gear. 

3.4.2 Distortion Measurements 

Each process includes 10 shape measured components and the bar represents the average 

value. All values presented in the charts are the change between soft component and the heat 

treated component from individual measurements. This means that no absolute values are 

shown in the charts below, therefore all compensations made in soft machining are 

disregarded. All results from the distortion measurements can also be seen in Table B 2 in 

Appendix B. 

The results presented in Figure 42 shows the change of the pressure angle. On the concave 

side, all processes give an increase of the angle, the spread is similar for all three but least 

change comes from the AC-OQ process. The angle on the convex side shows least spread for 

the LPC-HPGQ process but also the biggest increase. The change for both oil quenching 

processes is around zero. 

 
Figure 42: Pressure angle change on concave and convex side 
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In Figure 43 change of the helix angle is presented, for all processes and on both side there is 

an angle decrease. On the concave side the least spread and change is gained from the LPC-

HPGQ process. On the convex side there is a difference between LPC processes and AC process, 

where the AC-OQ process gives a larger angle change. 

 
Figure 43: Helix angle change on concave and convex side. 

The run-out seen in Figure 44 shows similar results for both concave and convex side of the 

gear teeth. The LPC-OQ process gives a larger spread and a bigger change, while the LPC-HPGQ 

gives the least spread and both LPC-HPGQ and AC-OQ average around 0. 

 
Figure 44: Run-out on concave and convex side. 
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The results seen in Figure 45, shows similar axial run-out for LPC-HPGQ and AC-OQ process 

both in spread and average value. LPC-OQ on the other hand shows a very large spread and 

also a high average value. The flatness measurement of the crown wheel shows little 

difference between AC-OQ and LPC-HPGQ in average value, but the spread is smaller in AC-

OQ. The LPC-OQ process gives both larger average values and spread.  

 
Figure 45: Axial run-out and flatness. 

The roundness average value for all processes is similar but the spread for both LPC 

processes is bigger than AC-OQ. 

 
Figure 46: Roundness of inner diameter. 

 

3.4.3 3D Shape Scan 

The results from the 3D scanning of the crown wheel is shown in Figure 47 where the front 

side is seen and in Figure 48, where the back side is shown. The colors indicate the difference 

between the soft measured part and the heat treated one according to the legend on the right. 

A positive value, red, indicates that the surface has grown outwards in its normal direction.  
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Figure 47: Shape change comparison of the crown wheel front side. 

 

 
Figure 48: Shape change comparison of the crown wheel back side. 

AC-OQ LPC-OQ 

LPC-HPGQ 

AC-OQ LPC-OQ 

LPC-HPGQ 
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4 Discussion 

4.1 Hardness 
Nitrogen gas at 10 bar have considerably lower cooling capacity than any of the oils, as can be 

seen in Figure 49 with a comparison of the cooling medias used. However, since the cooling 

rate is highly dependent on the gas flow in the quenching chamber, it should be taken into 

consideration that the cooling rate curve for nitrogen gas is not measured in the same chamber 

used in this project.  Still, it is possible to achieve the required surface hardness and hardness 

depth with the use of nitrogen, but the core hardness is lower on the main shaft gear. In the 

microstructure image of the core seen in Figure 23, it can be seen that the nitrogen quenched 

sample contains more bainite, which explains the lower core hardness. The crown wheel, which 

is smaller in geometry but is also manufactured from a different steel with higher hardenability 

was not affected as much regarding lowered core hardness. To increase the core hardness for 

the main shaft gear, one should consider using a gas with higher cooling capacity such as helium, 

higher pressure of gas or consider using a steel grade with higher hardenability to accommodate 

for longer cooling times. 

 
Figure 49: Oil cooling curves comparison with the cooling rate for 10 bar nitrogen gas. 

The CHD in the crown wheel is higher in both LPC processes, but the CHD in all processes are 

in the required tolerance range. Since there is a connection between hardness depth and 

distortion, it could affect the results negatively. But in this case the CHD difference is less 

than 0.1 mm, therefore its effect on the measured distortion should be negligible. In 

comparison to the oil quenched components, gas quenching gives a smaller difference 

between hardness in the flank and root. This shows that the cooling in these regions is more 

uniform than when cooled with oil, which have a lingering vapor phase in low flow regions. 

10 bar N2 
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4.2 Distortions 

4.2.1 Main shaft gear 

In general, the shape change characteristics for the main shaft gear wheels that were treated 

in the LPC-OQ process showed a larger spread and changed more than the other processes, 

the cause is most probable the long vapor film phase in the Vacuquench oil. The spread seen 

in AC-OQ and LPC-HPGQ is comparable and the size of the shape change is smaller for the LPC-

HPGQ process for many of the measured features. 

The change in roundness on the main shaft gear from the LPC-HPGQ process are lower and 

with a similar spread as in AC-OQ, however there is also larger flatness distortion on LPC-HPGQ. 

Both of these features are affected by the fixturing on CFC. By laying the component, 

roundness will be better and flatness will be worse. However, the increase in flatness could 

also be due to the one-sided gas cooling. 

In the diametrical measurements such as inner diameter, diameter of helical gear and coupling 

gear, there is a large difference between oil cooled samples and gas cooled ones. Although the 

shape change spread is low, the change has negative values, meaning there is a shrinkage. 

Although these changes can be compensated for, there is also a conicity error in the LPC 

processed parts giving an upside-down funnel shape. A probable cause for this funnel shape 

could be the one-sided cooling employed during cooling and a contributing factor may also be 

a higher degree of carburization in the coupling gear from the LPC process.  

The run-out values depends on both concentricity and roundness and is very hard to 

compensate for in soft machining. For both the helical gear and the coupling gear, LPC-HPGQ 

process shows similar or better results than the AC-OQ process. The pitch error shows lower 

distortion values on LPC-HPGQ with similar spread as the AC-OQ process for both gears. This 

indicates that there is a uniform flow over the gear planes. 

4.2.2 Crown wheel 

The crown wheel seems also to be affected by the longer vapor film phase, discussed earlier, in 

the Vacuquench oil and a large spread can be seen in many measurements. Both AC-OQ and 

LPC-HPGQ gives similar spread on most measurements. 

The pressure angle gets the best results on both sides if AC-OQ process is used. On the convex 

side, oil cooling gives no change of the pressure angle and the LPC-HPGQ process increases the 

pressure significantly. The spread is similar in all processes and it is possible to make 

compensation for these changes. For the change in helix angle, LPC-HPGQ process gives the 

best results. On the concave side both oil quenching processes give higher spread and change 

than LPC-OQ and on the convex side, least change is achieved with both LPC processes. 

The radial run-out on both sides gets the least spread if LPC-HPGQ is used and the average 

values is near 0 and similar to those from AC-OQ. For all features measured on the back plane, 

such as axial run-out, flatness and roundness the conventional AC-OQ process gives the least 

change. Both LPC processes give larger spread and average values.  
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4.3 3D Scanning 
In the 3D scan comparison images, it is possible to see the distortion gained from heat 

treatment in a color coded overview. Even though it is not appropriate to make quantitative 

conclusions from these images, since only one from each process is scanned, one can still see 

the characteristics of the distortion of the component as a whole. 

On the main shaft gear it is possible to see a dishing distortion appearance on the oil quenched 

components, which is common on disk like geometries. The difference of the diametrical 

measurements can be clearly seen in Figure 34. In the gas quenched components, both the 

outer and the inner diameter has shrunk. On the crown wheel, see Figure 47, it can be seen 

that AC-OQ and LPC-HPGQ gives a more uniform distortion than LPC-OQ  

4.4 Quenching 
The Vacuquench oil used in the LPC furnace is not as effective as the Quenchway or Isorapid 

oils used in the AC process. The long vapor film phase may create uneven cooling conditions 

since there could be areas on a component suffering from vapor film and other areas where 

it is boiling. This can lead to very high temperature differences in one component and 

consequently high distortions. By increasing the agitation of the oil during cooling, it is possible 

to reduce the effect of the vapor film phase. However, it is not likely that the effect will be 

uniform over the workpiece, since there always will be variations of the flow around it and an 

increased agitation may increase the differences. However, the Vacuquench oil is specially 

manufactured for operation under vacuum and the testing was done under atmospheric 

pressure, the results from the IVF Smartquench measurements would show a longer vapor 

film phase if performed under a low pressure, which is shown by Funatani et al [19]. 

Preliminary tests of the main shaft gear showed that the tooth pointing downwards was not 

hardened, therefore fixturing by hanging gear wheels could not be used with nitrogen gas 

quenching equipment without the ability to reverse the gas flow. Therefore, to achieve the 

required hardness profile and microstructure the combination of the steels hardenability, part 

geometry and cooling capacity of the media are limiting the possibility of gas quenching. If a 

steel with higher hardenability is used or if quenching is done with higher pressure or for 

example with helium gas instead of nitrogen the potential of gas quenching can be improved. 

However, since the fixtures used are primarily made for oil cooling, one must always consider 

the way of fixturing when dealing with gas quenching processes. In the experiments, the tooth 

facing downwards on each wheel seemed to be in a shadowed zone with lower gas flow 

velocities. The use of CFC (Carbon Reinforced Carbon) fixtures should be used instead of 

conventional fixtures, since they are considerably lighter and the amount of heat radiation will 

be far less, thus enabling the use of cooling medias with lower cooling rate. A problem that 

may come with fixturing in another way is that the number of components per batch could be 

affected, thus affecting cost effectiveness. 
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The comparison between hanging and laying of gear wheels on CFC fixture is affected by the 

difference in cooling characteristics. Hanging gears will have a flow of cooling media along 

both sides of the gear wheel, while a laying gear will have a good flow on one side and not so 

good flow on the other, in the case were one-sided cooling is used. This may result in a higher 

hardness depth and surface hardness on the side with good flow. On the main shaft gear, this 

might have caused the distance to the front plane of the helical gear to shift downwards. 

The ballast that was needed to increase the surface area in the LPC processes during heat 

treatment of the crown wheel may create uneven condition in the carburizing cell of the 

furnace. The flow in the quenching chamber may also be disturbed, the ballast will contribute 

with more mass and heat radiation that can create uneven quenching conditions. 

One-sided cooling in a gas cooling chamber is not the optimal condition for low distortion 

quenching on larger components such as gear wheels. If the components are positioned in 

layers, a unidirectional gas flow will be different around components in top layers and in 

bottom layers and gas temperature will also be increased. According to earlier research such 

quenching should be done in chambers with the possibility to reverse the gas flow. Even 

though the gas quenching chamber in these experiments was not equipped with the possibility 

of reversed gas flow it was still possible to get low distortions values. The positive results seen 

for the main shaft gear from the LPC-HPGQ is however not as clear as for the crown wheel.  

5 Summary 
When comparing the shape changes from these different routes one has to consider the 

differences between the optimization level of each process. By comparing the relatively new 

LPC-HPGQ with an older tried and tested process for heat treatment may not be a comparison 

on equal terms. Each one of the examined treatments has the potential for reduced distortion, 

given time and resource for optimization. However, since the results from the gas quenched 

components are comparable to those from the conventional process and often better, a 

conclusion is that the potential for low distortion of gear wheels is higher with the use of gas 

cooling technology.  

The results achieved in this work seem to coincide well with the findings of Jurči and Stolař 

[16], with the exception that the core hardness for the main shaft gear are lower in the 

nitrogen quenched samples, which is probably due to the lower alloy content in the main shaft 

gear. 

Listed below is some of the most significant findings during the course of the experiments: 

 Main shaft gear 

o Overall distortion on the main shaft gear can be improved with the use of low 

pressure carburizing together with gas quenching. 

o Quenching in nitrogen gives the component a systematic diametrical shrinkage.  

o The core hardness of components quenched in nitrogen is lower. 

o Due to the size of this component and the long vapor film phase of the 

Vacuquench oil, this cooling media should not be used. 
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 Crown Wheel 

o The helix angle distortion on both sides is lower when gas quenching is used. 

o The pressure angle on the convex side increases with the use of nitrogen gas. 

o The results from roundness measurements deviates greatly when using 

nitrogen gas as cooling media. 

6 Future work 
The use of dynamically controlled gas flow during cooling is often reported to give lower 

distortions, therefore more experiments should be done with reversible gas flow in 

conjunction with another cooling media such as helium to see its effect on distortions. Further 

research should also be done to determine why the nitrogen quenched gears have seemingly 

less volume expansion.  

Since the use of gas differs a lot in cooling characteristics in relation to oil, there should be an 

investigation on how to position the components in a suitable way. This could be done by 

using CFD simulations since every geometry will affect the gas flow in different ways. 

Other interesting research would be to investigate the distortion on near net shape formed 

components, such as additive manufactured from powder. Since powder produced 

components don’t have the internal structure gained from casting and forming, distortions 

will mostly depend on the heat treatment parameters. This should also make simulation of 

distortion on different geometries easier. 
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Appendix A 
In this appendix the result from main shaft gear can be found in Tables A1 – A4 and microstructure 

images can be seen in Figure A 1 - Figure A 1: AC-OQFigure A 6. 

Table A 1:Distortion results in [µm] from main shaft gears gone through AC-OQ. 

Part ID 274 277 353 364 388 389 392 396 397 408 417 428 

Inner 
Diameter 

25.0 25.9 22.7 15.9 34.4 19.0 17.0 13.9 40.4 19.7 22.7 19.7 

Inner 
Diameter             

Roundness 
15.3 16.1 12.2 8.2 18.4 5.0 12.7 13.2 15.1 13.9 15.7 7.6 

Inner 
Diameter                 
Conicity 

-8.6 -4.1 0.2 4.6 -8.4 9.9 10.8 2.1 -6.6 0.9 0.9 -3.2 

Run-Out                         
Back Plane 

-11.9 48.3 78.4 91.6 28.6 24.3 38.6 3.0 4.2 77.7 36.1 17.6 

Flatness 
Back plane 

-1.6 21.8 24.7 3.8 22.6 13.1 6.9 9.3 -0.4 61.4 11.2 17.4 

Roundness 
Helical Gear 

5.4 1.2 14.9 1.5 10.0 2.1 7.7 4.8 14.0 7.2 5.5 4.7 

Roundness 
Coupling 

Gear 
7.2 5.9 3.4 14.9 11.9 12.6 15.8 6.1 7.9 28.6 6.4 9.4 

Diameter 
Helical Gear 

121.3 119.5 119.4 117.9 140.0 111.6 119.0 119.2 150.6 117.0 124.8 116.6 

Diameter 
Coupling 

Gear 
92.4 93.3 96.7 96.8 102.4 103.6 99.6 98.3 110.1 99.4 99.5 97.1 

Height of 
Center Bore 

-19.5 -15.1 -18.6 -20.0 -26.0 -15.5 -17.5 -14.6 -34.3 -15.9 -20.9 -19.3 

Distance to 
Front Plane 

46.8 57.1 40.2 43.1 63.7 14.3 42.3 25.3 29.4 48.9 19.8 17.3 

Run-Out 
Helical Gear 

17.0 8.0 21.0 9.0 3.0 12.0 9.0 7.0 15.0 17.0 3.0 5.0 

Run-Out 
coupling 

Gear 
10.0 6.0 4.0 19.0 14.0 11.0 11.0 15.0 1.0 21.0 5.0 15.0 

Concentricity 
Helical Gear 

13.8 -4.7 10.7 2.2 -7.7 11.2 0.0 5.6 4.0 4.8 -2.4 -1.6 

Concentricity 
Coupling 

Gear 
6.8 -1.1 0.7 5.1 -1.6 0.1 3.9 -0.2 10.4 -0.8 -1.7 3.8 

Pitch Error 
Helical Gear 

29.0 53.0 27.0 36.0 23.0 19.0 43.0 15.0 31.0 42.0 40.0 8.0 

Pitch Error 
Coupling 

Gear 
20.0 14.0 21.0 13.0 16.0 11.0 30.0 14.0 14.0 13.0 7.0 19.0 
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Table A 2: Distortion results in [µm] from main shaft gears gone through LPC-HPGQ. 

Part ID 366 400 403 404 406 411 412 414 415 416 423 433 

Inner 
Diameter 

-174 -187 -173 -167 -175 -148 -168 -174 -175 -174 -162 -168 

Inner 
Diameter             

Roundness 
9.2 7.8 8.7 6.2 -0.2 4.7 0.4 3.1 5.3 13.0 3.1 1.2 

Inner 
Diameter                 
Conicity 

-38.3 -37.5 -26.6 -35.7 -29.6 -43.7 -31.4 -38.5 -36.3 -38.7 -34.0 -41.0 

Run-Out                         
Back Plane 

23.7 74.0 20.8 53.7 72.8 23.4 57.8 38.3 113 70.0 27.5 49.6 

Flatness Back 
plane 

13.7 22.9 15.5 12.3 28.1 32.1 30.1 11.1 33.8 25.6 26.5 10.6 

Roundness 
Helical Gear 

7.6 2.3 4.6 7.6 1.6 0.2 1.9 5.8 6.6 -8.5 0.9 5.5 

Roundness 
Coupling Gear 

16.8 0.7 1.1 2.6 -9.1 -1.3 4.9 -2.6 10.9 15.6 10.8 -6.0 

Diameter 
Helical Gear 

-69.2 -85.6 -80.9 -71.1 -90.2 -46.2 -63.1 -66.0 -73.9 -73.2 -69.1 -65.1 

Diameter 
Coupling Gear 

-57.5 -74.7 -59.9 -58.1 -64.9 -44.6 -48.3 -69.5 -63.9 -60.5 -56.7 -65.4 

Height of 
Center Bore 

-35.8 -37.2 -37.3 -29.1 -23.5 -33.2 -29.5 -26.3 -31.5 -44.5 -35.5 -35.2 

Distance to 
Front Plane 

-10.3 3.2 -33.8 -39.2 -43.6 38.3 -29.6 -27.2 -10.1 -1.8 -13.8 -13.7 

Run-Out 
Helical Gear 

9.0 8.0 1.0 12.0 7.0 9.0 9.0 4.0 8.0 0.0 13.0 13.0 

Run-Out 
coupling Gear 

10.0 13.0 7.0 8.0 15.0 3.0 6.0 -3.0 6.0 14.0 15.0 17.0 

Concentricity 
Helical Gear 

4.8 9.1 -3.6 12.3 2.9 2.3 6.8 -0.9 0.2 3.6 10.6 6.9 

Concentricity 
Coupling Gear 

-0.5 -1.7 1.0 -0.1 -3.5 1.2 1.1 -7.1 -3.5 3.0 1.9 3.3 

Pitch Error 
Helical Gear 

9.0 20.0 0.0 35.0 19.0 22.0 22.0 5.0 20.0 17.0 31.0 7.0 

Pitch Error 
Coupling Gear 

9.0 5.0 13.0 13.0 14.0 6.0 10.0 -6.0 11.0 27.0 5.0 17.0 
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Table A 3: Distortion results in [µm] from main shaft gears gone through LPC-OQ. 

Part ID 354 355 390 391 394 395 402 407 409 410 413 429 

Inner 
Diameter 

151.0 100.6 100.3 168.0 179.7 111.6 157.6 66.8 91.8 136.1 102.2 108.5 

Inner 
Diameter             

Roundness 
25.2 31.3 34.7 6.6 22.1 25.2 14.2 31.4 29.0 32.7 32.5 26.6 

Inner 
Diameter                 
Conicity 

-25.8 -59.3 -63.4 -9.2 5.0 -10.2 -7.6 -49.1 -36.4 -36.7 -59.2 -47.8 

Run-Out                         
Back Plane 

119.3 40.6 32.2 34.0 86.3 55.7 237.9 6.7 80.8 135.0 125.0 98.0 

Flatness 
Back plane 

58.5 31.7 20.3 36.1 34.4 54.0 57.8 -8.0 41.4 27.8 38.8 17.8 

Roundness 
Helical Gear 

55.4 18.9 43.7 12.7 23.1 15.5 20.1 36.7 37.5 37.1 48.7 43.3 

Roundness 
Coupling 

Gear 
17.9 42.0 38.6 41.7 24.8 3.3 24.2 31.6 22.8 39.0 26.2 16.2 

Diameter 
Helical Gear 

151.1 112.0 117.1 145.8 154.4 111.7 139.8 89.9 100.4 137.9 130.5 125.2 

Diameter 
Coupling 

Gear 
162.4 120.1 118.2 175.3 190.1 144.0 171.5 103.1 115.3 154.2 120.7 123.5 

Height of 
Center Bore 

-39.8 -83.7 -90.8 -33.9 -36.6 -71.3 -37.0 -76.4 -79.3 -88.0 -100 -77.1 

Distance to 
Front Plane 

0.9 23.4 29.5 -37.5 -41.0 -54.5 -8.2 1.5 -20.5 -69.5 22.4 -21.9 

Run-Out 
Helical Gear 

20.0 31.0 44.0 30.0 38.0 38.0 40.0 34.0 51.0 40.0 38.0 57.0 

Run-Out 
coupling 

Gear 
29.0 43.0 41.0 40.0 26.0 17.0 39.0 34.0 53.0 48.0 22.0 44.0 

Concentricity 
Helical Gear 

0.9 15.1 -2.3 17.5 12.6 27.6 10.8 -3.0 10.6 -2.6 19.9 13.9 

Concentricity 
Coupling 

Gear 
13.1 -1.7 5.8 8.7 4.3 11.0 21.5 5.8 -1.5 6.4 0.2 8.7 

Pitch Error 
Helical Gear 

85.0 58.0 46.0 71.0 95.0 42.0 63.0 50.0 87.0 44.0 91.0 70.0 

Pitch Error 
Coupling 

Gear 
21.0 28.0 27.0 64.0 45.0 32.0 78.0 30.0 66.0 30.0 42.0 17.0 
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In Table A 4 the “Direction” column denotes where the measured tooth is facing. “in” means the 

tooth was directed into the charge thus it was facing another gear wheel and “out” means it was 

directed outwards against the furnace wall. 

Table A 4: Results from hardness measurements on the main shaft gear. 

Process Direction 
Part 
ID 

Flank 
Surface 

Hardness 
[HV1] 

Flank 
Hardness 

Depth 
[mm] 

Flank Core 
Hardness 

[HV30] 

Root 
Surface 

Hardness 
[HV1] 

Root 
Hardness 

Depth[mm] 

Root Core 
Hardness 

[HV30] 

AC-OQ up 274 736 1.33 384 731 1.10 313 

AC-OQ down 274 724 1.37 375 720 1.18 339 

AC-OQ up 353 731 1.24 368 716 0.97 301 

AC-OQ down 353 725 1.34 364 725 1.06 330 

AC-OQ up 428 746 1.26 378 720 0.95 314 

AC-OQ down 428 732 1.31 370 713 1.12 340 

AC-OQ up 389 731 1.28 396 727 1.14 335 

AC-OQ down 389 731 1.36 392 729 1.15 327 

AC-OQ up 408 733 1.25 368 739 1.02 314 

AC-OQ down 408 728 1.37 384 720 1.17 324 

AC-OQ up 364 725 1.22 373 741 0.85 330 

AC-OQ down 364 734 1.35 392 720 1.16 354 

LPC-HPGQ in 400 747 1.29 332 729 1.28 311 

LPC-HPGQ in 400 733 1.26 311 731 1.10 293 

LPC-HPGQ in 406 771 1.20 310 735 1.03 304 

LPC-HPGQ out 406 745 1.23 301 726 0.98 298 

LPC-HPGQ out 411 748 1.05 271 746 1.03 276 

LPC-HPGQ in 411 754 1.31 316 741 1.18 313 

LPC-HPGQ in 415 740 1.29 316 718 1.20 295 

LPC-HPGQ out 415 718 1.28 293 730 1.15 301 

LPC-HPGQ in 416 759 1.26 308 736 0.94 308 

LPC-HPGQ out 416 715 1.22 300 733 1.01 296 

LPC-HPGQ out 433 740 1.19 317 747 1.16 276 

LPC-HPGQ in 433 760 1.28 313 736 1.09 303 

LPC-HPGQ out 403 717 1.37 314 734 1.15 297 

LPC-HPGQ in 403 749 1.22 308 734 1.07 281 

LPC-OQ up 413 724 1.24 327 723 0.97 295 

LPC-OQ down 413 741 1.31 330 717 1.13 320 

LPC-OQ up 355 752 1.16 333 737 1.02 297 

LPC-OQ down 355 718 1.26 368 723 1.10 307 

LPC-OQ up 390 745 1.19 330 710 1.01 291 

LPC-OQ down 390 742 1.17 363 736 1.11 314 

LPC-OQ up 394 765 1.20 357 718 0.96 308 

LPC-OQ down 394 749 1.25 345 728 0.99 312 

LPC-OQ up 395 744 1.17 323 721 0.88 300 

LPC-OQ down 395 742 1.26 368 717 1.11 315 

LPC-OQ up 409 737 1.15 351 734 0.78 288 

LPC-OQ down 409 730 1.22 362 720 1.03 322 
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Figures A1-A3 shows microstructure images from the tooth tip on the main shaft gear. 

 
Figure A 1: AC-OQ 

 
Figure A 2: LPC-HPGQ 

 
Figure A 3: LPC-OQ 
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Figures A4-A6 shows microstructure images from the tooth root on the main shaft gear. 

 
Figure A 4: AC-OQ  

 
Figure A 5: LPC-HPGQ 

 
Figure A 6: LPC-OQ 
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Appendix B 
In this appendix the result from crown wheel can be found in Tables B1 – B2. In Table B 1 all angles 

are reported in [degrees] and the other features in [µm]. 

Table B 1: Distortion measurement results from the crown wheel. 

Part 
ID 

Process 
Pressure 

Angle 
Concave 

Pressure 
Angle 

Convex 

Helix 
Angle 

Concave 

Helix 
Angle 

Convex 

Run-
Out 

Concave 

Run-
Out 

Convex 

Axial 
Run-
Out 

Roundness Flatness 

21 AC-OQ 0.117 -0.039 -0.173 -0.096 -9.5 -12.1 23.5 10.3 26.1 

22 AC-OQ 0.146 -0.024 -0.144 -0.077 -2.9 -1.8 23.1 12.2 23.4 

23 AC-OQ 0.151 -0.009 -0.163 -0.071 14.5 15 17.3 6.8 22.0 

24 AC-OQ 0.114 0.014 -0.138 -0.086 -0.2 -1.7 33.5 7.8 14.4 

25 AC-OQ 0.142 0.014 -0.142 -0.069 -1 0.3 43.2 6.5 18.3 

26 AC-OQ 0.105 0.021 -0.131 -0.093 7.6 5.4 21.2 8.2 15.6 

27 AC-OQ 0.122 0.001 -0.118 -0.082 -4.8 -2 19.0 12.4 15.4 

28 AC-OQ 0.128 -0.028 -0.148 -0.078 -18.1 -18.9 32.2 5.3 22.7 

29 AC-OQ 0.102 0.051 -0.115 -0.084 13.4 9.8 51.4 5.8 41.3 

30 AC-OQ 0.116 0.020 -0.129 -0.081 2.6 -1.3 20.5 5.8 13.9 

1 
LPC-

HPGQ 
0.151 0.136 -0.103 -0.046 2.1 -6.6 46.8 6.3 27.6 

2 
LPC-

HPGQ 
0.183 0.140 -0.103 -0.050 -5.3 -4.1 16.5 6.0 2.8 

3 
LPC-

HPGQ 
0.167 0.150 -0.083 -0.034 -0.3 -1.7 20.8 2.4 4.8 

4 
LPC-

HPGQ 
0.148 0.149 -0.079 -0.043 -10.7 -13.9 64.6 15.7 47.4 

5 
LPC-

HPGQ 
0.162 0.136 -0.082 -0.034 -13.7 -10.2 48.2 5.4 34.2 

6 
LPC-

HPGQ 
0.178 0.115 -0.094 -0.028 -2.3 -4.6 35.0 10.2 34.1 

7 
LPC-

HPGQ 
0.149 0.146 -0.084 -0.044 -14 -15.5 19.9 4.9 9.7 

8 
LPC-

HPGQ 
0.167 0.107 -0.077 -0.026 7 9.7 24.4 21.5 7.5 

9 
LPC-

HPGQ 
0.169 0.116 -0.090 -0.026 7.1 5.6 27.8 15.5 16.8 

10 
LPC-

HPGQ 
0.209 0.064 -0.114 -0.013 12.3 11.4 26.2 9.4 27.4 

11 LPC-OQ 0.220 0.006 -0.147 -0.028 -1.6 6.2 71.5 4.9 61.8 

12 LPC-OQ 0.230 0.014 -0.144 -0.034 -15.3 -16.3 19.4 21.0 19.5 

13 LPC-OQ 0.284 -0.011 -0.188 -0.021 -2.6 -13 20.1 17.4 33.9 

14 LPC-OQ 0.290 -0.035 -0.164 -0.007 -9.5 -14.9 52.2 7.6 22.6 

15 LPC-OQ 0.231 0.019 -0.144 -0.037 35.9 33 58.9 7.6 46.8 

16 LPC-OQ 0.251 -0.036 -0.166 -0.034 -6.8 0.3 110.7 18.4 79.4 

17 LPC-OQ 0.211 0.002 -0.157 -0.039 41.1 29.7 47.2 5.4 33.2 

18 LPC-OQ 0.283 -0.048 -0.193 -0.039 -2.9 -10.8 63.5 14.7 56.9 

19 LPC-OQ 0.237 0.001 -0.156 -0.028 22.6 20.3 99.0 7.4 83.0 

20 LPC-OQ 0.218 0.003 -0.127 -0.031 13.5 11.5 76.1 12.6 37.7 
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Table B 2: Results from hardness measurements on the crown gear. 

 Part 
ID 

Flank Hardness 
Depth [mm] 

Flank Surface 
Hardness[HV1] 

Root Hardnes 
Depth[mm] 

Root Surface 
Hardness[HV1] 

Root Core 
Hardness[HV30] 

AC-OQ 22 0.68 717 0.62 708 454 

AC-OQ 28 0.7 717 0.64 708 456 

LPC-HPGQ 1 0.76 717 0.76 710 451 

LPC-HPGQ 6 0.79 708 0.72 717 421 

LPC-OQ 14 0.77 706 0.76 715 450 

LPC-OQ 20 0.81 699 0.77 702 447 
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