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In order to achieve a high tooth root load-carrying capacity, 
a surface hardness exceeding the standard specifications 
for induction-hardened gears as well as a hardness pattern 
close to the contour and as uniform as possible over the gear 
circumference must be reliably set.
By HOLGER CERMAK, DR. THOMAS TOBIE, and PROF. KARSTEN STAHL

urface hardening is an economical and technological 
alternative to case hardening. This is especially true 
for larger-sized gears. Due to the necessary high case-
hardening depths required for larger case-hardened 

gears and due to technological boundaries (e.g., heat-treatment fur-
nace size and heat-treatment duration) typical surface-hardening 
processes such as flame or induction hardening can exhibit their 
benefits for these parts. While flame hardening usually results in 
mostly through-hardened gear teeth, contour-hardened teeth can 
be achieved by induction hardening. As a result, the properties of 
surface-hardened gears significantly differ in the surface and in the 
core region. However, the achievable tooth root bending strength 
strongly depends on the gear properties, such as the surface harden-
ing depth and the microstructure.

In the framework of this article, the influence of induction hard-
ening on the tooth root bending strength of larger-sized gears is 
investigated. Therefore, different variants of larger gears that were 
induction hardened gap-by-gap are compared. In order to gain a deep 
understanding, a systematical variation of the surface hardening 
depth, gear size (mn = 14 mm and 20 mm), and surface condition was 
carried out. For example, as for the surface condition, one variant is 
additionally shot blasted after the hardening process. In addition, the 
experimental results for the induction-hardened variants are com-
pared to a flame-hardened variant. The experimental investigations 
were done using a pulsator test rig and all variants are characterized 
by metallographic analysis and the determination of hardness depth 
profiles. The results are compared to the state-of-the-art for induction-
hardened gears according to ISO 6336, part 5 and are additionally 
contrasted to experimental results for case-hardened gears with an 
equivalent size found in the literature.

1 INTRODUCTION
To increase the load carrying capacity of gears, they are usually 
heat treated. The most common process in industrial practice is 
case hardening. The development of wind turbines and ships shows 
they have become larger in recent years, and thus the gears used 
have also increased in size. However, case hardening may reach 
some limits for large gear sizes. Firstly, for case hardening, the com-
ponents have to fit completely in furnaces. Secondly, the required 
case-hardening depth (CHD) for larger gears is in the order of sev-
eral millimeters. Long process times, sometimes several days, are 
necessary to reach such high CHDs. Furthermore, the entire gear is 
heated during case hardening and has to be cooled again. The need 
for large furnaces and the long process times reduce the economic 
efficiency of the process.

Induction hardening is an alternative to case hardening with 

shorter process times, less energy consumption, and relatively small 
heat-treatment systems. With induction hardening, surface-harden-
ing depths of several millimeters up to centimeters are feasible within 
short process times per tooth gap. With induction hardening, only 
the region of the gear hardened has to be heated. The problem is 
that, for induction-hardened gears, there are no recent publications 
available regarding the load carrying capacity of larger gears. The 
documented load carrying capacities (small and larger gear sizes), for 
example in ISO 6336-5 [1], are based on studies from the 1980s and 
are about 20 percent lower than for case-hardened gears. Since then, 
many technological advancements have been made that significantly 
improved the induction-hardening process. The improvements have 
led to a significant increase in load-carrying capacity, as shown for 
smaller gear sizes in [2]

2 STATE OF THE ART
In designing gears, a number of gear damage types, e.g., tooth flank 
fracture, macropitting and tooth root breakage, must be consid-
ered. Each damage type has different damage mechanisms. What 
all types of damage have in common is that a shortened or prolonged 
overload of the gear can result in a total failure of the gearbox, either 
directly or through consequential damage. With ISO 6336 [3], there 
is a standardized procedure for calculating the load carrying capac-
ity with regard to different types of damage. In order to calculate 
the load-carrying capacity of gearings, the authoritative stress num-
ber is essentially compared with an allowable stress number. The 
allowable stress numbers for macropitting and bending strength are 
given in ISO 6336-5 [1] and are based on experimental test results. If 
the applied stress exceeds the allowable stress, gear damage occurs. 
To prevent failure, there are two possibilities: Reduce the applied 
stress, or increase the strength of the gears. To increase the load-car-
rying capacity, gears are usually heat treated [4-6]. Case hardening is 
the de facto standard heat treatment for gears. Accordingly, numer-
ous current studies are available on the load-carrying capacity of 
case-hardened gears [7-11]. Although there are some publications on 
induction hardened gears [12-19], there are only a few available that 
show experimentally secured strength numbers, especially more 
recent ones [20-22].

The maximum allowable stress number for surface hardened 
gears is about 20 percent lower than that for case-hardened gears 
according to ISO 6336-5 [1]. But it must be remembered that the stan-
dard regarding surface-hardened gears is based mainly on studies 
from the 1980s [22]. Since then, many technological advancements 
have been made that significantly improved the induction harden-
ing process.

Recent experimental results with modern induction hardening 
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processes [20, 21] show that, under appropriate conditions, induction-
hardened gears can reach load carrying capacities similar to those 
of case-hardened gears. In FVA 660 I [2] numerous influences on the 
tooth root bending strength of induction-hardened gears were inves-
tigated [23] for gear sizes of mn = 2 and 4 mm. Figure 1 shows the 
experimental test results from FVA 660 I [2] for gears of size mn = 4 
mm classified in the strength diagram according to ISO 6336-5 [1] for 
surface hardened and case hardened gears.

The majority of the variants show a tooth root bending strength 
in the range of the material quality ML and MQ for case-hardened 
gears. One variant of FVA 660 I [2] even has a load-carrying capacity 
in the range of the medium-quality MQ for case-hardened gears. Also, 
the surface hardness of the gears could be raised above the specifica-
tions of ISO 6336-5 [1] without the occurrence of hardening cracks. 
However, it can also be seen that, if the induction heat-treatment 
process is not adjusted properly, the resulting load carrying capacity 
might drop dramatically. Small induction-hardened gears are usually 
spin hardened, while larger sized gears are usually hardened gap-by-
gap. The resulting hardening patterns and therefore the resulting 
microstructural properties (e.g., residual stresses) differ between 
spin hardened and gap-by-gap hardened gears. Figure 2 shows the 
achievable hardening contours. While the hardening contour can 
range from through hardened (left) to contour hardened (middle), 
gap-by-gap hardened gears are mainly near 
contour hardened (right). Therefore, it is not 
clear whether the results on small gears apply 
without restriction to larger gears.

3 RESEARCH OBJECTIVES
The documented strength values for surface 
hardened gears in the standard ISO 6336-5 
[1] are mainly based on research from the 
1980s [22] on gears of size mn ≤ 8 mm. The 
surface hardened gears had load carrying 
capacities about 20 percent below the load-
carrying capacity of case-hardened gears. 
Recent research on induction-hardened 
gears of smaller size mn = 2 and 4 mm [2, 21, 
23] show that, with the latest induction-hardening processes, load 
carrying capacities similar to case-hardened gears can be achieved. 
In contrast, no comprehensively documented strength numbers are 
yet available for induction-hardened gears of larger sizes (module mn 
> 8 mm). Thus, in the research project AiF Nr. 19630 N/1 / FVA 660 
II [24], the tooth root load carrying capacity for gears of larger size 
(mn ≥ 8 mm) was investigated. Various influences on the tooth root 
load capacity such as the surface hardening depth (SHD), the gear 
size, and blasting treatment — among others — were investigated. 
In a previous article [20], it was shown induction-hardened gears of 
a larger gear size can also reach load-carrying capacities similar to 
case-hardened gears.

The main objective of the investigations within the scope of this 
publication is to examine the influence of the hardening depth, the 
gear size, and blasting treatment on the load carrying capacity of 
induction-hardened gears of larger size. In addition, the experimental 
results of the induction-hardened variants are compared to a flame-
hardened variant. For this purpose, seven selected variants from the 
research project are presented and analyzed. Lastly, the experimen-
tally determined load carrying capacities of the surface-hardened 
variants are compared to a case-hardened reference. This is done on 
the basis of the following points:

» Characterization of base material.
» Characterization of gears after heat treatment.

» Comparison of the achieved load carrying capacities in pulsa-
tor tests.

» Classification of the results in the strength field according to 
ISO 6336-5 [1].

4 TEST PROGRAM AND METHODS
The test program includes a selection of different induction hard-
ened variants from the research project FVA 660 II [24], as well as 
one flame-hardened variant. The variants are listed in Table 1. The 
variants differ in gear size and surface hardening depth (SHD). The 
variant M14/S is mechanically cleaned (by shot blasting); apart from 
that, it is identical to the reference variant M14/25. The main gear 
dimensions are in Table 2.

The induction hardened gears were gap-by-gap hardened on a 
single tooth hardening system of the company EFD Induction. In the 
hardening process, the inductor was moved through the tooth gap 
along the tooth width. No pre-heating took place. For optimal hard-
ening results, the inductor was fitted with ferrotron concentrators. 
During the entire hardening process, the mating flank was cooled 
with a quenchant to prevent unwanted tempering. After heating, 
the just-hardened gap was instantly quenched as well. The quen-
chant was a polymer-water solution. After hardening, the induction-
hardened gear was tempered for 2 hours at 150°C. The tooth root 
is in milled condition. After the hardening process, variant 7 was 

Figure 1: Recent results for tooth root load carrying capacity from FVA 660 I [2] 
classified in the strength diagram according to ISO 6336-5 [1]

Figure 2: Hardening contour of spin hardened (left and middle) [2] and gap-by-gap (right) [24] induction 
hardened gears.
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mechanically cleaned by shot blasting.
The flame-hardened variant M14/FH was flame-spin hardened 

with a hardening temperature of 900°C. After hardening, the flame-
hardened gears were tempered for 5 hours at 150°C.

The variant M14/S was mechanically cleaned by shot blasting. The 
parameters used are in Table 3.

All variants are from one batch of the material 42CrMo4, which 
is typical for surface hardening. The diameter of the raw material 
was 430 mm with a reduction ratio of 4:1. The following description 
is taken from [20]: The material 42CrMo4 was quenched and tem-
pered before heat treatment. For the pre-hardening process, the disk 

blanks (thickness of the disks: 40 mm) were kept in the furnace for 
6 hours at 870°C and then quenched in an oil bath. Subsequently, 
the disc blanks were tempered at 560°C. For this purpose, the disk 
blanks were heated to the target temperature for 2.5 hours, kept at 
the desired temperature for 7 hours and then cooled to 300°C in a con-
trolled manner within 5 hours. The tensile strength of the individual 
disks after pre-tempering was between approximately 890 and 950 N/
mm2. The material composition was determined by optical emission 
spectroscopy (S-OES). Table 4 shows the material composition of the 
material used. All values lie within the target range defined in [26].

The tests to determine the tooth root load carrying capacity of 
the investigated variants were carried out on a mechanically excited 
resonance pulsator. The schematic setup is shown in Figure 3.

The test methods are described in [20, 24]. The following para-
graphs are based on the descriptions given there:

The resulting tooth root stress depends on the pulsator force, gear 
geometry, and clamping points.

ISO 6336-3 [27] describes how to convert the pulsator force into 
the resulting tooth root stress using geometrical values. The geo-
metrical values for the calculation of the tooth root stress of the 
investigated gears are in Table 5. According to ISO 6336-5 [1], the 
fatigue strength parameters given in the same standard for the tooth 
root bending strength sF lim and sFE apply to standard reference 
test gears under standard test conditions in the running test and 1 
percent failure probability. With the aid of the influencing factors 
defined in ISO 6336-3 [27], strength values can be determined for 
different gears for the conditions at hand. It is also possible to clas-
sify experimental test results in the strength field of the standard. 
As sF lim and sFE are given for running gears, the test results from 
the pulsator tests need to be converted to the conditions in gear-
running tests. This is done using the established conversion factor 
of 0.9 [28]. The other required factors for the calculation according 
to ISO 6336-3 [27] were determined following the standard. The fac-
tors influencing the tooth root fatigue strength for the investigated 
variants are in Table 6. The conversion factor f1%F, for converting 50 
percent to 1 percent failure probability depends on the material, the 
heat treatment, and the blasting treatment. The conversion factor 
can be determined in two ways [20, 24]: In the first method, the 
conversion factor is determined based on the standard deviation of 

Figure 3: Schematic representation of a mechanically excited resonance 
pulsator according to [24]

Table 1: Considered variants.

Table 3: Parameters of the shot blasting treatment.

Table 4: Chemical composition in mass fraction in % and comparison with the nominal values for 42CrMo4 according to ISO 683-2 [26].

Table 2: Gear data of the test variants.

Variant	 Gear size	 SHD in tooth root	 Special
	 mn in mm 	 normalized with mn	 feature
M14/25	 14	 0.25	 Reference

M14/15	 14	 0.15

M14/35	 14	 0.35

M20/15	 20	 0.15

M20/25	 20	 0.25

M14/FH	 14	 0.25	 Flame hardened

M14/S	 14	 0.25	 Mechanically 		
		  cleaned by shot 			 
	 blasting

CHR	 12	 0.25	 Case hardened 	
			   reference 		
			   from 		
			   [25], mechanically 	
			   cleaned by shot 	
			   blasting

Parameter	 Symbol	 Unit	 Module 14 mm	 Module 20 mm
Module	 mn	 mm	 14	 20

Number of teeth	 z	 –	 27	 18

Normal pressure	 an	 °	 20	 20 
angle

Helix angle	 β	 °	 0	 0

Face width	 b	 mm	 30	 30

Tip diameter	 da	 mm	 417	 416

	Main area of blasting treatment	 Tooth root
	 Blasting material	 Steel ball 1.0 – 1.6 mm, 
		  45 HRC hardness	

	 Throwing speed	 54 m/s

	 Blasting duration	 10 min per side

Material		  C	 Cr	 Mn	 Mo	 S	 P	 Si	 Ni

42CrMo4
	 ISO 683-2	 0.38 – 0.45	 09 – 1.20	 0.60 – 0.90	 0.15 – 0.30	 ≤ 0.035	 ≤ 0.025	 0.10 – 0.40	 –

	 Measurement	 0.39	 1.06	 0.73	 0.16	 0.002	 0.007	 0.27	 0.20
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the tests performed for finding the fatigue 
strength. The second, more-common 
approach uses a conversion factor based on 
literature sources and an underlying statisti-
cal analysis of a larger test database. For the 
induction hardened variants, the conver-
sion factor was determined in the FVA 660 
II project [24] according to Method 1. The FH 
variant showed significantly larger scatter 
compared to the induction-hardened test 
series investigated in FVA 660 II [24], there-
fore the conversion factor from FVA 660 I 
[2] was applied for induction-spin-hardened 
gears. The applicability was checked on the 
basis of the test scatter. In comparison with 
literature for the conversion factor of case-
hardened gears [28], it can be stated that the 
test scatter of the induction-hardened vari-
ants is comparable to the empirical values 
of case-hardened and mechanically-cleaned 
gears.

5 MATERIAL AND GEAR 
CHARACTERIZATION
Figure 4 shows the microstructure of the 
core area of a representative gear. As all vari-
ants are from the same batch of gear mate-
rial with the same pre-hardening treatment, 
the core microstructure of all variants is the 
same. The microsection shows a hardened 
and tempered microstructure with clear 
segregations.

The segregations are within the expected 
range for 42CrMo4 and the used diameter of 
raw material.

Figure 5a shows a metallographic cross 
section of a whole tooth of variant M14/25. 
The microsection shows the hardening con-
tour along the tooth surface. The hardening 
contour is typical for gap-by-gap induction-
hardened gears. The brightly colored mar-
tensitic surface layer is in contrast to the 
dark-core microstructure. The surface layer 
shows the same segregations as the core microstructure. Because 
of the short heating times and fast quenching, the transition layer 
between the martensitic surface and the quenched and tempered 
core microstructure is very small. The hardening contour is similar 
for all investigated induction-hardened variants and only differs in 
the hardening depth and/or the gear size. For all induction-hardened 
gears, the hardening contour is thickest at the tooth flanks and lowest 
in the area of the 30° tangent to the tooth root fillet. The tooth round-
ing is in between. Figure 5b shows the cross section of the flame hard-
ened variant M14/FH in contrast to the induction hardened variants. 
The whole tooth is hardened, and the transition from martensitic to 
the core microstructure is below the 30° tangent to the tooth root 
fillet. The transition layer is much larger than that of the induction-
hardened variants and shows a smooth transition from the hardened 
tooth to the core microstructure.

Figure 6 shows the hardened surface layer in detail. All variants 
show a similar microstructure in the surface layer. The surface layer 
is almost completely martensitic with only little retained austenite.

Variant M14/35 shows a certain decarburization at the surface over 

the first few micrometers (Figure 6b) and therefore proeutectoid fer-
rite. The detailed metallographic microsections of the surface layer 
show a few non-metallic inclusions as highlighted in Figure 6a.

For all variants, the hardness-depth profiles were measured in 
the left and right tooth root at 30° tangents to the tooth root fillet. 
Figure 7 shows the hardness depth profiles of the representative 
induction-hardened variant (M14/25) and of the flame-hardened 
variant (M14/FH) for the left 30° tangent. The hardness-depth profile 
of the induction-hardened variant M14/25 is typical for gap-by-gap 
hardened gears. The surface hardness is about 675 HV1. The hard-
ness stays more or less the same up to the depth where the SHD 
is reached. For this investigation, the hardness limit to determine 
the SHD was chosen to be 400 HV1 to have a better comparability 
within the variants and with earlier research. Close to the SHD, a 
steep transition of the hardness from about 650 HV1 to the core 
hardness of about 300 HV1 occurs. The SHD differs from the left to 
the right sides. The hardness-depth profile of the flame-hardened 
variant (M14/FH) shows a surface hardness similar to that of the 
induction-hardened variant but has some fluctuations. The transi-

Parameter	 Symbol	 Unit	 Gears size	 Gears size
			   mn = 14 mm	 mn = 20 mm
Clamping over number of teeth	 zE	 –	 5	 4

Load direction angle	 αFn	 °	 26.67	 30

Bending moment arm	 hFn	 mm	 23.13	 31.25 
for tooth root stress

Tooth root chord at	 sFn	 mm	 30.11	 42.48 
the critical section

Tooth root radius at	 ρF	 mm	 6.16	 7.23 
the critical section

Tooth form factor	 YF	 –	 2.04	 1.92

Stress correction factor	 YS	 –	 1.85	 2.00

Parameter	 Symbol	 Induction hardened	 Flame hardened
Conversion factor from 50% 	 f1%F	 0.93	 0.845 
→ 1% failure probability	

Stress correction factor for reference test gear	YST	 2.0	

Relative notch sensitivity factor	 YδrelT	 1.000	 1.000

Relative surface factor	 YRrelT	 0.90…0.95	 0.95

Size factor	 YX	 0.91 / 0.85	 0.91

Table 6: Factors influencing the toot root fatigue strength according to ISO 6336-3 [27].

Figure 4: Etched metallographic microsection in the core area of a representative gear.

Table 5: Geometric quantities for calculating the tooth root stress (actual geometry) in Pulsator.
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tion from surface-to-core hardness is grad-
ual. In the area of the SHD, the hardness 
fluctuates again until it drops to the core 
hardness. The core hardness for the induc-
tion and flame-hardened variants is more 
or less the same, as they are from the same 
batch of base material with the same pre-
heat treatment. The main parameters that 
describe the hardness depth profiles of all 
variants are in Table 7. The SHD in Table 7 
is the mean value for the left and right sides. 
The surface hardness is the mean value of 
the first three measurements (0.1, 0.2, and 
0.3 mm below the surface) of the left and 
right sides. 

For the investigated variants, the residual 
stress-depth profiles were determined by 
X-ray measurements in the relevant tooth root 
area. The residual stresses were measured 
with an X-ray diffractometer, type Seifert 
(XRD 3003 PTS). Figure 8 shows the resulting 
residual stress-depth profiles. Overall, the 
residual stresses are relatively low below the 
surface. Some variants have practically no 
residual stresses at the measured depth. Case-
hardened gears usually have higher compres-
sive residual stresses in the hardened-surface 
layer. However, one must bear in mind that 
case-hardened gears are usually mechanical-
ly cleaned by shot blasting. The variant M14/S 
has the highest compressive residual stress 
of all variants close to the surface due to the 
blasting treatment.

In summary: The microstructure and 
hardness depth profile of the investigated 
variants are typical for an induction respec-

tively flame hardened specimen. The microstructure and the hardness 
depth profile show no anomalies. Further information regarding the 
detailed microstructure, hardness depth profiles, and residual stress 
profiles of the other variants can be seen in the final report of FVA 
660 II [24]

6 EXPERIMENTAL RESULTS
To obtain the S-N curves for tooth root bending strength, experi-
mental tests were carried out at different load levels. The endurance 
limit was determined with the staircase method according to [29]. 
To determine the high-cycle fatigue strength, tests at two load levels 
with 3-5 test points each were performed, if possible (load limit of 
pulsator test rig). Figure 9 shows by way of example the test results 
and the resulting S-N curve of the variant M14/25. Similar S-N curves 
for the other variants were determined and are in the final report 

Figure 6: Microstructure of surface layer at 30° tangent to the tooth root fillet for variants M14/25 a) and 
M14/35 b) Etched: Nital 0.2%, 40 s.

	 M14/25	 M14/15	 M14/35	 M20/15	 M20/25	 M14/FH	 M14/S 

Mean surface	 675 ± 32	 669 ± 55	 642 ± 42	 687 ± 46	 654 ± 49	 576 ± 85	 663 ± 33  
hardness in HV1

Mean SHD400 in mm	 3.2	 2.0	 4.9	 2.8	 4.3	 4.4	 2.9 

Mean SHD400 / mn	 0.23	 0.15	 0.35	 0.16	 0.21	 0.31	 0.21 

Core hardness in HV1	 291 ± 30	 283 ± 36	 266 ± 16	 289 ± 30	 270 ± 13	 248 ± 28	 279 ± 33

Figure 5: Overview of the resulting 
hardening contour for variants M14/25 a) 
and M14/FH b) Etched: Nital 0.2%, 40 s.

Table 7: Main parameters of the hardness-depth curves at 30° tangent to tooth root fillet.

Figure 7: Hardness depth profile at left 30° tangent to the tooth root fillet for 
variants M14/25 and M14/FH.
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of FVA 660 II [24]. The resulting endurable nominal tooth root bend-
ing strength for 50 percent failure probability was then converted 
to the experimental nominal stress number for bending sF lim, as 
described in Section 4. The resulting stress numbers for the variants 
at hand are shown in Figure 10 and compared to the experimental 
stress number of the case-hardened variant. The variants of gear size 
mn = 14 mm have an experimental stress number for bending about 
370 to 490 N/mm2. The gears of size mn = 20 mm are overall a little bit 
lower, with stress numbers about 360 N/mm2. The flame-hardened 
variant M14/FH has the lowest stress number with 280 N/mm2. The 
mechanically-cleaned (by shot blasting) variant has the highest tooth 
root bending strength with nearly 600 N/mm2, which is about 30 
percent higher than the reference variant M14/25. The tooth root 
bending strength of the induction-hardened “standard” variants is 
only a little below the case-hardened and mechanically-cleaned (by 
shot blasting) reference CHR. The mechanically-cleaned, induction-
hardened variant M14/S has a higher tooth root bending strength 
than the case-hardened reference. This shows induction-hardened, 
larger-sized gears can reach similar tooth root bending strength num-
bers as case-hardened gears of similar size.

7 DISCUSSION
The experimental test results show a clear influence of different 
parameters. The first parameter to be discussed is the surface-hard-
ening depth. As shown earlier in this article, some variants of gear 
size mn = 14 and 20 mm have different SHDs by intention. Figure 11 
shows the relative tooth root bending strength of the gears taken 
from Figure 10 normalized with the tooth root bending strength 
of the variant M14/25 for the variants of gears size mn = 14 mm and 
M20/25 for the variants of gear size mn = 20 mm. The resulting dia-
gram shows a clear influence of the SHD on the tooth root bending 
strength: With decreasing SHD, the tooth root bending strength 
rises. The tooth root bending strength of the variant with an SHD of  
0.35 · mn reaches only 80 percent of the tooth root bending strength 
of the variants with lower SHD.

The variant with an SHD of 0.15 · mn has a slightly higher tooth 
root bending strength than the variants with 0.25 · mn, These 
results are in correlation with the measured residual stresses, which 
show higher compressive residual stresses in the hardened layer 
with smaller SHD respectively, even tensile residual stresses for vari-
ant M14/35 with the largest SHD. Presumably, there is a limit for the 
minimum SHD where the tooth root bending strength will drop 
significantly. In conclusion and based on the herein determined 
results for induction hardened gears from gear size mn = 14 to 20 
mm, there seems to be an optimal SHD400 in the range of 0.15 to 
0.25 · mn. This is in accordance with earlier research on induction-
hardened gears in [22], whereas in [22], a SHD of about 0.15 · mn was 
not investigated.

The drop in the tooth root bending strength of variant M14/35 
might be due to the decarburization of the surface layer and the 
resulting proeutectoid ferrite on the one hand and tensile residual 
stresses in the surface area on the other. This suggests there is a 
maximum (absolute) SHD that should not be exceeded for induction-
hardened gears of larger size. Further research is needed to prove 
this hypothesis.

The gear size has another influence on the load carrying capac-
ity of induction-hardened gears of larger size. Figure 12 shows the 
maximum tooth root bending strength for induction hardened gears 
according to ISO 6336-5 [1] for the material quality grades ME and MQ 
multiplied by the size factor YX over the gear size in comparison to 
the experimental test results of variants M14/25, M14/15, M20/15 and 
M20/25. The experimental tooth root bending strength numbers of 

Figure 11: Influence of the SHD on the tooth root bending strength of induction 
hardened gears of size mn = 14 and 20 mm.

Figure 8: Residual stress depth profiles at 30° tangent to the tooth root fillet.

Figure 9: S-N curve for variant M14/25.

Figure 10: Experimental nominal stress number for bending (tooth root).
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the gears of size mn = 14 mm are higher than the standard specifica-
tion for that gear size and material quality, while the gears of size mn 
= 20 mm align with the standard specification. To evaluate the influ-
ence of the gear size, the experimental test results are shown once 
with size factor YX taken into account and once without. The experi-
mental test results without size factor YX suggest the influence of the 
gear size is underestimated in ISO 6336-3 [27] for induction-hardened 
gears. The red dotted line shows the influence factor according to 
the experimental test results for the investigated variants. It must 
be remembered that the standard is mainly based on case-hardened 
gears. In order to reliably determine the influence of the gear size, 
further investigations should be considered.

8 CLASSIFICATION OF THE TEST RESULTS
The test results are classified according to the standard ISO 6336-5 

[1]. Figure 13 shows the experimental nominal stress number of the 
surface hardened variants and the case-hardened reference within 
the allowable stress numbers diagram for bending from ISO 6336-5. 
The induction-hardened variants exceed the hardness specifications 
for induction-hardened gears. The surface hardness of the induction-
hardened variants is about 650 to 700 HV, while the maximum sur-
face hardness for surface-hardened gears according to the standard 
is 615 HV. The induction-hardened variants with gear size mn = 20 
mm and variant M14/35 have a tooth root bending strength in the 
range of the extrapolated line for the material quality MQ. Variants 
M14/25 and M14/15 are significantly above the extrapolated line for 
material quality ME and reach a tooth root bending strength similar 
to that of the case-hardened reference. This is the case despite the 
fact that the case-hardened reference is mechanically cleaned by 
shot blasting while the induction-hardened variants are not. The 

Surface hardening has certain advantages over case hardening 
in terms of process economy, but older research and the standard 
suggest that the load carrying capacity is about 20 percent lower 
than that of case-hardened gears. Recent studies show, for smaller 
gears sizes, that is no longer the case. To apply these findings to 
larger gears, the load-carrying capacity of induction-hardened gears 
of larger size was studied.
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characteristic numbers of these variants are in the region for the 
material quality MQ of case-hardened gears with respect to both 
the surface hardness and the bending strength. The mechanically 
cleaned (by shot blasting) variant M14/S reaches the highest tooth 
root bending strength of all variants and lies well above the mate-
rial quality ME for case-hardened gears with a tooth root bending 
strength of nearly 600 N/mm2. The flame-hardened variant M14/
FH lies just above the line for the material quality ML for surface 
hardened gears.

The classification shows that induction-hardened, larger-sized 
gears can endure much higher bending stresses than indicated in 
ISO 6336-5 [1]. It must be remembered that the standard regarding 
induction-hardened gears is based mainly on studies from the 1980s. 
This study shows that, with the technological progress in the induc-
tion-hardening process, higher tooth root bending strength numbers 
similar to case-hardened gears can be achieved. Therefore, induction 
hardening can be an alternative to case hardening for larger gears. As 
mentioned before, induction hardening has shorter heat-treatment 
times and lower energy consumption than does case hardening. To 
reach such high load carrying capacities, some preconditions must 
be fulfilled:

» For gear sizes from mn = 14 to 20 mm, the SHD400 should be in 
the range of 0.15 to 0.25 · mn.

» The SHD on the left and right sides of the tooth should be more 
or less equal.

» The surface hardness should be in the range of 650 to 750 HV, 
but hardening cracks must be avoided.

9 SUMMARY
Surface hardening has certain advantages over case hardening in 
terms of process economy, but older research and the standard sug-
gest that the load carrying capacity is about 20 percent lower than 
that of case-hardened gears. Recent studies show, for smaller gear 
sizes, that is no longer the case. To apply these findings to larger gears, 
the load-carrying capacity of induction-hardened gears of larger size 
was studied.

The aim of the investigations in this article was to show some cru-
cial parameters influencing the load carrying capacity of induction-
hardened gears of larger size. To achieve that, seven selected variants 
from the research project AiF Nr. 19630 N/1 / FVA 660 II [24] were 
presented. As a basis for further discussion, the base material and the 
gear properties of the selected variants were analyzed in detail. For 
this characterization, the microstructural condition, the hardness 
depth curves, and residual stress depth profiles were considered. The 
experimental results of the pulsator tests were then presented. The 
experimental test results show a clear influence of the SHD, gear size, 
and optional blasting treatment.

Furthermore, the experimental load carrying capacity for induc-
tion-hardened gears of larger size was compared to that of case-hard-
ened gears and proves the beneficial applicability for an appropriate 
induction-hardening process.

In conclusion, the research shows some crucial parameters to 
achieve high bending-strength numbers for induction-hardened 
gears. In order to achieve a high tooth root load-carrying capacity, a 
surface hardness exceeding the standard specifications for induction-
hardened gears as well as a hardness pattern close to the contour and 
as uniform as possible over the gear circumference must be reliably 
set. The occurrence of hardening cracks must be reliably avoided. 
Furthermore, care must be taken to ensure sufficient hardening 
depth in the area of the 30° tangent, which is important for tooth 
root load carrying capacity.

If these requirements are met, induction hardening can be a 

time-saving and cost-effective alternative to case-hardened gears for 
certain applications.
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Figure 13: Classification of the test results in the allowable stress numbers 
diagram for bending according to ISO 6336-5 [1].
* fewer number of test points

Figure 12: Influence of gear size on the tooth root bending strength of induction 
hardened gears of size mn = 14 and 20 mm.
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