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Introduction

The use of nodular iron in the engineering industry is
increasing rapidly. The tensile strengths of the most
general grades of nodular iron standardized in differ-
ent countries range from 400 to 800 Nmm~2. It is,
however, feasible to improve the strength properties
of these grades through heat treatment in the same
manner as those aof steels.

The experiences the Karkkila Foundry of Kymi Kymmene
Engineering has gained from the use of nfodular iron

in various applications have been favourable. Espec-
ially, the experiences gained by using nodular iron

in gear wheels showed that the properties of nodular
iron could be further developed. In collaboration
with the Santasalo Factory, which belongs to the same
concern as the Karkkila Foundry, and is known as a
manufacturer of gear units, an intensive development
of strong nodular iron grades was started. The goal
was to improve both the static and dyramic strength
properties, toughness and above all, the endurance
limit for surface stress, which in many cases deter-
mines the transmitted power of the gear wheels. '

"= - The research and development work resulted in the in-
novation of a new nodular iron grade KYMENITE-S805 for
which a patent has now been _granted in 5 countries

e (Belgium, the USA, Fin- ‘ )
i land, Norway, the UK). ' géﬁgﬁﬁgﬁﬁgﬁg
A patent application has e o e
been filed in 13 coun-
tries. The excellent pro-
perties of this material
which in several respects
exceed the expextations
are, in the first place,
due ‘to retained austenite
This has been produced
through the isothermal

heat treatment i.e. modi- PESSTn ‘-g&y i
fied austempering and re—2&&&%&@%@$xmmww&ﬁgﬁﬁkﬁﬁﬁ&QA

S?égsrzggglszagiigﬁg Fig. 1 The microstructure
temperatires(fig. 1 of K-39805
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2.

Producticn of the nodular iron K-39805
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The austenitic-bainitic microstructure is caused by
isothermal quenching after austenitising. Besides
trying to obtain bainite the hlghest possible retained
austenite content (20...50 %) is hoped for. The treat
ment temperature and twme are, in addition toc the al-
loying, the most important factors affecting the final
result (fig. 2 and 3).

The heat treatment produces a homogenous mlCPOSt”UCtU”E
whose properties are not dependent on the wall thick-
ness to the same extent as they are with components in
"as cast” condition. By slightly alloying with sub-
stances increasing the hardenability it is possible to
manufacture components with wall thicknesses up to
100...150 mm.
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The dependence of retained The effect of transformation
austenite, its Mg-temper- temperature and time on re-
ature and hardness on the tained austenite content
transformation time in and hardness

the salt bath B

The most important properties

3.1

Stability of the retained austenite

The stability of the retained austenite that forms in
connection with the bainite mechanism is explained as
follows: When austenite isothermally transforms in
the salt bath, the high silicon content of K-39805
(2.0...2.8 %) effectively impedes the forming of ce-
mentite - the carbon content of the remaining auste-
nite increases, the austenite stabilizes and the

bainitic reaction slows down.
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The dependence of bending
fatigue strength on tensile
strength (transformation
temperature acc, to fig. 5
and transformation time after
max. retained austenite con-

tent fig. 3)

Fig. 5

The effect of trans-
formation temperature
on the yield strength,
tensile strength and
elongation

strength properties

The best fatigue strength is attained by a micro-
structure whose content of stable retained austenite
is greater. With the increasing strength also the
internal notch sensitivity fer the graphite spheroids
increases and thus the meaning of the external notch
decreases. The work hardening due to the machining
of the notch has the same effect. When the machining
is carried out after the heat’  treatment, a notch sen-
sitivity of M = 0.1...0.2 is obtained (fig. 6). When
the heat treatment is carried out after the machining,
a notch sensitivity factor of n = 0.4 can be used.
In the latter case the fatigue strength must be re-
duced by about 10 % when using an unnotched test bar
and by about 30 % when using a notched bar (%= 3.5).

The favourable effect of the work hardening phenomencn
is based on the martensite reaction on the surface of
the work piece, activated through cold working. Be-
cause of the 4 % larger volume of martensite there
arises a compressive stress in the surface zone which
is advantageous in regard to the fatigue strength.
Since work hardening is based on the phase transform-
ation it is extremely stable. By shot peening the
tooth root of the gear (fig. 7) its bending-fatigue
strength improves by more' than 60 % compared to a



tooth hobbed after the heat treatment, and by about
100 % compared to a tooth hobbed before the heat
treatment (fig. 8). Work hardening also decisively
increases the loadability of machine components ex-
posed to surface stresses because these stresses cause
a martensite reaction in the surface zone. The hard-
ness of the martensite phase is about 300 HV 0.1.

This increases the hardness of the contact surface
during work by about 70...200 HV (fig. 38). Since the
work hardening proceeds toaether with the surface wean
the load-cerrying ability of the surface remains un-
changed during the whole service life of the compo- ¢

nent.
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3.4
Wear resistance

Recent studies have shown that both the abrasive (fig.
10) and adhesive wear resistance of K-3805 are about
twice that of quenched and tempered steel of equal
hardness. The abrasive wear resistance was tested by
using test bars which rotated in a circle in quartz
sand. The hardness of the test bars did not affect
the wear resistance; the retained austenite seemed to
be of greater importance. The adhesive wear resist-

N



Bue to the high carbon content of the retained auste-
nite, about 1.6 %, its Mg-temperature is very low.

It has been proved experimentally that the retained
austenite content does not change within the tempera-
ture range of -80°.,..+3000C (fig. 4).

0 . . . -

L 1B =+20°

Ig =-s0°c

Fig. 4

vt .7 The effect of work-
ing temperature Tg
on retained auste-
nite content as de-
pendence of the
transformation time
ti

TRANSFORMATION TEMPERATURE
Ti = 3460°C

RETAINED AUSTENITE CONTENT
3
T

A A 1 . " P
2 10 100 500
TIME t Min

In this kind of thermodynamically stable retained
austenite it is, however, possible to activate an
isothermal martensite reaction above the Mg-temper-
ature by cold working the austenite. The martensite
which develops through work hardening only forms in
zones which have been cold worked. Elsewhere the
tough austenitic-bainitic microstructure is retained.

3.2
Static strength properties

The static strength properties are strongly dependent
on the isothermel transfaormation temperature (Ti,
fig. 5). The good strength obtained at low tempera-
-~ tures i1s due to the lower bainite (fig. 2). At the
higher temperatures a good toughness is obtained
because of the increasing retained austenite content.
When the temperature keeps rising, the austenite con-
tent starts decreasing and upper bainite or even
perlite starts forming. As to the toughness, the op-
timal transformation temperature is 340...33800C.
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ance has been tested by using both gear wheels and
actual wear parts.
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The gear wheel tests have also shown the reliability
of K-39805 in emergency cases. If -he lubrication
temporarily fails the graphite t- s-her with o0il is
enough to lubricate the gear wheels until the dis-
turbance in the lubrication has been cleared.
Machinability

It is essential for the succesful machining of work
hardening materials that the cutting speed is suitably
low and the chip thickness encugh so that the edge of
cutter works under the layer work hardened while cut-
ting the previous chip. Several work phases can be
accomplished prior to the final heat treatment because
the transformations it causes are minimal. TiC tool
inserts (K15) are the most suitable for turning. The
machinability of K-9805 when hobbed is equal to that
of a high alloyed CrNi-steel.

4
K-8805 as gear material

4.1

Tests and methods o

The studies were carried out by using test gear wheels
in accordance with Table 1. The following load limits
were determined in the. tests:
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bility endurance.

The endurance limit for surface stress of the tooth

or the endurance limit for Hertzian stress g
and the S-N curve of Hertzian stress for limited dura- .

The tests were carried ocut in a

test bench where gear wheel of test material was as
driven wheel and gear wheel of case hardened steel as
The endurance limit is such a surface

driving wheel.

stress or Hertzian stress that the tooth flank endures
when the number of cycles is 5

pitting exceeding the limit of 0.5 %

together).

107

without the ?
(wheel and pinion

The pitting is estimated by measurlng the
extent of the pits by a microscope.

FZG-tests Own tests

Pinion | Wheel | Pinion | Wheel |Pinion | Wheel
Number of teeth|z 27 34 "33 65 22 48
Module m 3 3 3,5 3,5 5 5
Pressure angle [«< 200 200 200
Helix angle g go 150 0o
Reference diameter|d 81 102 118,57 | 23553 110 240
Tip diametep da 87 108 129, 22| 244,56 124,33 254,88
Tooth width b 10 10 45 45 20 20
Center distance 91,5 180 180

] |

|

of test wheels

The S-N curve of the bending strength 0f the tooth

root as well as the bending endurance limit for tooth
rooct stress haven been determined by a

tension-com-
The test wheels are between the’

Jaws of the pulsator so that the load passes the base
circle at a tangent.

Table 1 Dimehéioqs
b)
pression-pulsator.
c)
hammer
4.2

Results of tests made by Forschungsstelle fir
~Zahnré&der- und Getriebebau (FZG) of Technical
Unlver51ty in Munich

The static bending strength of the tooth with a ten-
sion machine and the impact strength with a pendu;um

The following test results are based on the tests
carried out in Forschungsstelle flr Zahnréder- und

Getriebebau

(FZG) of the Technical University in

Munich in the beginning of 1876 under the guidance

of Or.-Ing.

4,2.1

Heinz Rettig.

Endurance limit for surface str

SS

In regard to pitting the endurance limit for surface
or for Hertzian stress dy mostly at the

stress K

pitch circle is used as basis when dimensioning the
gear wheels.
surface stress is:

Under the test conditions the static
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K. = [- . ——J - 2.8p . OHStat (1)

Dstat T 25 | 9T T 72 E

by using the FZG-test wheels in Table 1:

Kpstar = 0-715 = U [nmm~2] (2)
Oustar = 216 + U [nmm2] _— (3)

U = Force per face width [Nmm'1]

When determining the endurance limit fdor surface
stress Kprot the fallowing factors should be taken
into account:

- number of cycles N = 5 « 107

- the effect of additional dynemic loads under the
test conditions, the effect of elastlc transforma-
tions and inaccuracies (KDdyn)

]

KDTot™ Kpstat® ®odyn GuTot™ Sustat® dHDyn (4)

- statistical reliaebility of 90 %

Kpstat

Nemm-=2 286 : 33.6

Number of 6 6 6 6
cycles 100 x 10 84x10 35x10 39x10

Fig. 11 Pitting typical in gear wheel of material K-3805
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4.2.2
Bending

)

. In figure 12 the S-N curve of static surface strength

of K-38805 obtained in the tests is compared with the
S-N curve of the corresponding well-known nodular iron
grades. The results are of significance when the ef-
fect of the additional dynamic loads is also taken
into consideration (fig. 13).
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" Fig. 13 Comparison between endurance limit for sur-

face stress of different gear materials

The endurance limit for surface stress of Kgp = 8.5...
10 Nmm~2 obtained with pearlitic nodular iron grades
GGG700 and 800 (hardness 250...280 Hg) exceeds the
corresponding values of the alloyed, quenched and
tempered steels (42CrMo4, 50CrMo4, etc.) used in gear
wheels. Even though the hardness of the austenitic-
bainitic nodular iron K-39805 is egual to that of
GGGS0O (Hg = 280...350), the endurance limit for
stress of Kg = 32...36 Nmm~2 was obtained. As to per-
formance, K-9805, in the first place, competes with
flame and induction hardened as well as with gas

nitrided steels.

endurance limit for tooth root stress

The test gear wheels were installed in the tension-
compression pulsator (4.1 b) the stress being pulsat-
ing (preload P, = 2000 N). The comparison-bending
stress of the tooth root is calculated from the for-
mula:

=g - . - ) . P+ cosx _
dV = B Z4 q Z1 q '5"-—‘-—-—6-5-1-—‘ (5)

The tooth strength factor g is determined by taking
into account the bending, compression and shearing
stresses. The critical section is defined by the

\
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contact points of 30° tangents drawn at the ?illef
radius like in the IS0- and DOIN-methods. For the
FZG-test wheels of Table 1 the bending stress is:

o, = 0.511 + U [&mm~2] (6)

U = Force per face width Nmm~1

0= ; o T —
P g T 1 !
(N 3 H ‘
‘ 3 Psf {:MUI)N
| - -
— 3 oRad! | Fp=11500N
o~ L ,‘ ! | O-“O';“ o «_..-.g_’?.?df 3 yp=294 N/mm2
5 WUE ¥ . Material: K 9805
’00 F 7 9!0,_ 3 456 .;]05 2 3 4.0759]05 2 3 45 9]07 FIE

- - Number of cycles LW

Fig. 14 S-N curve of bending fatigue strength for
- tooth root stress of pulsator tests

Figure 14 shows the S-N curve of the test material.
The endurance limit for tooth root stress for the
material K-8805 is UV = 294 Nmin~1 (10 % probabili-
ty of damage). When %he probable durability is sta-
tistically 939 %, the corresponding value is O =

275 Nmin~¢ (fig. 7). Figure 15 shows the compérison
between the endurance limits for :~2cth root stress
obtained (10 % probability of dam © and the corre--
sponding values of other gear materi:ls.. K-9805 is
on the same level with the alloyed, guenched and
tempered steel 42CrMo4. From figure 7 it can be con-
cluded that by shot peening K-3805 better endurance
limits can be reached than for case hardened steel

(Oyp = 500 Nmin~2).
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As & sult of the considerabl ly lower notch sensitivi-
ty of the nodular iron grades compared to steels the
tooth fillet radius affects the endurance limit for
tooth root stress only slightly, even when using the
trdditional nodular iron grades (fig. 16). As to

"the austenitic-bainitic grade K-9805, the effect is

4.2.3

even slighter.

16

- 14 4—1
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Curve 1: quenched and N\2 |
tempered steels ‘ :

Curve 2-3: case hardened L —
steel s | [ r\\\‘
Curve 4: cast materials 9 a) mﬁi~— 03 0.4

Static tensile strength and impact resistance
of the tooth ~

In addition to the fatigue strength, the static ten-
sile strength as well as the impact resistance of the
tooth are of significance, because they indicate the
ability of the gear wheel to carry overloads.

The static tooth root strength corresponds to the
left side horisontal part of the S-N curve. The test
results are shown in figure 17. In this respect, the
grade 9805 is also able to reach the values of- the

% case hardened steels.
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Fig. 17 Static tooth root strength of different
materials
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Results
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Impact strength As (Nm/mm?2)
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The results of the impact resistance tests of the
tooth are shown in figure 18. The impact resistance
of K-8805 is even better than that of case hardened
stgels but considerably lower than that of both
‘%hched and tempered and nitrided steels.

Fig. 18, Tooth root impact strength of different
materials

of own tests

Santasalo’'s own gear wheel tests have mainly been
carried out with test wheels according to Table 1.
The endurance limit for tooth root stress is deter-
mined by pulsating tests. Running tests are used for

. checking the pulsating tests and determining endurance

limit for surface stress. The results are evaluated
according to the calculating method in use, taking
the desired statistical reliability into considera-
tion. The running tests are carried out using Santa-
salo's own test benches, out of which two are for spur
and helical gear wheels (center distance a = 180) and
one for bevel gear wheel (reference diameter for bewel
wheel is 200). The results we have obtained in re-
gard to both the endurance limit for surface stress
as well as for tooth root stress are very close to
the values given by the FZG-tests (figure 13 and 15).
Figure 7 clearly shows how by using this work harden-
ing material with shot peening the corresponding
strengths of case hardened steels can be obtained.

The results given for K-39805 are based on those of
appr. 300 pairs of spur and helical gear wheels
(K-9805/15CrNi6) and 40 pairs of bevel gear wheels
(17CrNiMo6/K-38805), tested since 1971.
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‘,Appllcatlons of the austenitic-bainitic

nodular iron

I

The most important properties

As a conclusion on the basis of the above presented
studies it can be stated that the most 1mportanu pro-
perties of the austenitic-bainitic nodular iron
K-8805 as gear materizl are:

- The good static and dynamic strength values togeth-
er with the low notch sensitivity and sufficient
toughness provide excellent dimensioning strength-
The work hardening property results in the possi-
bility of improving the endurance limit for tooth
roct stress considerably by shot peening.

- As a result of the excellent endurance limit for
~surface stress it is possible to use this material
as a substitute for flame and induction hardened
gear materials, expecially when large dimensiors
are concerned. Since the tegeth need no surface
hardening and grinding, the DPOduCtan is con51d—
erably simpler and less expensive.

- The pitting of the nodular iron grades differs from
that of steels in that the pits are small and even-
ly devided above and below the pitch circle. The

‘increase in the number of pits, when the number of
cycles corresponds to the endurance limit for sur-
face stress, is almost proporticnal to the number
of cycles. Since the pits remain small, they do

not damage the tooth flank but only increase wear.

Even with loads greater than the endurance limit
for surface stress indicates, the pitting damages
remain insignificant compared to steel wheels.
Consequently, the damage line of pitting follows
the S-N curve very closely, which, in turn, indi-
cates that the material endures overloading rela-’
tively well.

- The surface roughness does not greatly influence
the load carrying ability of the todth flank. The
difference between the endurance limit for surface
stress of a ground and hobbed tocth is less than
15 %; the corresponding difference in regard to
other nodular iron grades amounts to appr. 30 %.

As to steel gear wheels, the difference is over

15 %, depending on the surface roughness and the .
strength of the material. The fact that the influ-
ence of the surface roughness is so insignificant
is mainly due to the lower notch sensitivity of the
material. Furthermore, the running-in properties
of the surface are excellent, from which follows
that the surface relatively socon becomes smooth
while running and the hydrodynamic part of the
lubrication increases.

- The tests have also shown that the friction coeffi-
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acient regarding the range of boundary lubrication
is smaller than that of steel gear wheels. Of es-

. sential importance is the work hardening of the
surface which is most intensive just at profile

qaks.

ince a considerably lower surface roughness can be
obtained with this material (same machining values)
than with steel by hobbing, it will suffice if the
teeth are finished by hobbing.

- The vibrations are damped about 40 % faster than
in a steel construction, which among other things,
lowers the noise level.

- The reliability in emergency cases i1s an important
factor from the user's point of view. This means
that the lubrication disturbance does not damage
the teeth immediately but they endure the excep-
tional situation relatively well. The graphite

_ present here is of essential contribution.

- Owing to the stebility of the retained austenite
the suitable working temperature range is very wide,
from -80° to +200°C. ‘ - : :

5.2 :
Applications -0 - ~ .

=
The austenitic-bainitic nodular iron K-38805 was ori-
ginally developed as design material for gear wheels.
This is why the Santasaloc-Transmission has introduced
a new component standardized gear series into the .
market. The design of this series is based on util-
izing the properties of K-9805. The ratio range of
the gear series is i = 1...1000 and maximum output
torque appr. 600 kNm. : :

By using K-9805 in vechicles as gear wheels a better
durability than with case hardened steels has been
gained, due to the high resistance of shock loads.

As different rail wheels, e.g. in mine carts, multi-
ple service life has been gained by using K-9805,
compared to the flame hardened steel that was used
before. The experiences are similar also in the rail
af wheels of converters and other ore handling equipment.

Cold working is of essential importance in the appli-
cations. . :

Vg



