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This paper shows a new approach of gear body desitinthe use of a new generation technological
materials, the metal foams. This paper introducedytically the possibilities of use. The basidtoé
paper is the paper with the title ‘Analysis of gdarves and searching of noise reduction possislit
with the help of graphs’.

1. Introduction

In the literature there are detailed descriptiob®ua important gear body shape
modifications that are important in acoustical paih view. The acoustical behaviour of
gear can achieve not only by gear profile shapeifination, but such changes of the gear
body that modifying the emitted noise of the gear.

The generated vibration in coupling of the drivg&ars, get to the walls of the drive on
the primary transmission route. From this viewpothe vibration is emitted to the
environment as air noise or solid noise. If we eatablish barrier against the vibration
spreading on this primary transmission route, thencan reach result in environmental
view.

Examples to this type of barrier can be found atKrs [1], respectively in [4] and
[10]. With the use and improve of the exampleslingnd the technological development
since then, a new construction solution is showthis paper. Technological development
allows the industrial usage of the metallic foamsgjuantity production [2], [3].

2. About metallic foams

The name metallic foam indicates such a solid rietalaterial, which has more than
90% porosity (some manufacturer produces ‘metamBdess than 90% porosity). The
density of this kind of materials is less by ondasrof magnitude. Metallic foam has more
properties that make its use desirable in engingeriThese properties are energy-
absorbing, heat conduction, damping, sound-absgrhind filtering abilities. Metallic
foams have two types; the open-cell and closed-btkt of the cases the material of the
metallic foam is aluminium-alloy but metallic foamlso can be created from other
materials (steel, copper, silver and titan) [2], [3

Many researches were done to determine physicamidal and mechanical properties
of metallic foams. The properties of the metalbars depend on the size of the cells, the
thickness of the walls (bridges) between the eeild the shape of the cells if the material is
the same. With the use of the modified ratio betwne solid metal density and the foam
metal density, we can determine approximately tbanf material properties. The
computational equation is the equation (1).



66 Ferenc Sarka—Adam Doborczoni
P P
= [EJ (1)
R Po

0: index for metals, without index O is for meta&fns,
n, k: can be chosen according to Table 1, param&tan measurements.

where,
P: akind of property,
p:  density,

Table 1
k and n factors to determine the parameters of hiietans
Property k n
R (Qm) 1 -1,6...-1,85
A (W/mK) 1 16..185
E (GPa) 01..4 18..272
o (MPa) 0,..10 15..2

3. Designing the gear body

Figure 1 shows gear body for general applicationthe figure the parts of the gear
were signed for the later references.
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Figure 1: General shape of a gear with denominagtion
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Radial position of the emitting material in the géady is influenced by two factors.
From the teeth of the gear to the direction of shaft-line the first factor is the rim
thickness. According to the strength calculatiohgears a modify factor appears labelled
with Y that takes the size of the gear ring into accovigtcan be determined according to
Figure 2 for external gears.
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Figure 2: Rim thickness factor

For the determination the ratio between the tobtbkhess and the rim thickness is
needed. As a function of this ratio the value @fcéan be chosen. In the diagram it can be
very well seen when the ration reaches the valReri.is equal to 1 and has no effect on
the root stress. Under the ratio value 1g2hds increasing effect on the root strength.

It can be determined that for the size of the \tibraemitting foam in case of the input
(small) gear is quite limited. So if it is possibteis strongly recommended to fill in the
whole space between the hub and the rim with thellimefoam.

The lubrication of gear-drives is realised by @il many cases. As the foam has a
percolative structure it should be supervised heoan get into the cells of the foam. In case
of closed cell structure it does not mean a propleatause the surface cells are opened
according to the producing. In case of open celnfe those cells that are on the outer
surface should be sealed to avoid the oil getting the gear body.

In case of the output gear a little bit differeftuation is given. The structure of the
output gear is usually the same as the input gdw.only difference is in the radial sizes,
because output gears generally have larger simesade of output gear designer has the
possibility to determine free the radial size ofe tlemitting foam. As for the
recommendations of the foam width a simple mecl@ninodel and calculation is
introduced in the following.

4. M echanical model

The most important task of the vibration emittimgufn to stop the vibration is realised
during the connection of the gears. The causeef¥ibration is the deflection that occurs
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under loading the tooth of the gear and later dexthat happens when the tooth quits the
connection and unloaded again. As in case of trength calculation the tooth can be
modelled as a one end walled-up rod with constaetsection in this case too. At the end
of the rod (top land) the deflecting tangentiakfois working (Figure 3).

Yy
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Figure 3: The model of a tooth to calculate theatgfon

Deflection can be determined according to Figuee@® equation (2).
Fo?
30E

y(x =1)= (@)

where:

F: deflecting force working at the end of the rod,

I:  length of the rod,

I:  second moment of the rod,

E: modulus of elasticity of the rod material.

Vibration arises during tooth connection is a dadhpieration. As the starter amplitude
of this damped vibration displacement counted by #guation (2) can be used. The
frequency of the arisen vibration is the connectingration that can be determined
according to the equation (3) when the numbereathtand revolution is known.

f = ztﬁé‘oj | 3)

Vibration springs while tooth connection moves ¢ tgear body and damps, its
amplitude slightly decreases. In case of solid netéhe decrease of the amplitude is not
considerable, because of the relatively low dampiagfor of the average used steel
material. The damping factor of the metal foam thdtetween the hub and the rim is much
higher than the damping factor of the solid metd, a more significant damping
characterises this section. Unfortunately literaisrquite reticent due to the damping factor
of materials. MKHULT [5] gives LEHR damping factors and logarithmical decrements for
traditional structure materials. Literature [6] ggvfor damping factor of metal foams about
10 times higher values than for solid metals. O lthsis of the literature [3] introduced
conversion equation and the vales of the Tablenlagproximate value for the damping
factor of the metal foam can be counted. Of coitrsannot be forget reliable data can only
be derived from measurements. Measuring of damigicigrs for different materials is not
only complicated but expensive as well. It mighttthe reason for few data for the damping
factor of metal foams. If the necessary data ofdamped vibration managed to collect
equation (1) can be written, and counted that deserthe vibration [7]. Nominations of
equation (4) are explained by Figure 4.
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x= AR "sinwl +a), (4)

K123

Figure 4: Figure of a damped vibration in case 0£K.23 damping rati¢7]

where:
A: starting amplitude,
B:  damping factor,
e: 2.718 the basic number of natural logarithm,
®: pulsatancen = 2x-f = (2w)/T, where, f is the frequency, T is period time,
o  starting phase.

As all parameters are known in equation (4) amgéitbelonging to an optional t can be
counted. Damping ratio signed by K (5) and its retbasic logarithm, the logarithmical
decrement signed by (6) that characterises damping are introduced.

X, et
B Xi - e‘B(tl+Ti =¢ 5)
A=InK =pT. (6)

Knowing the logarithmical decrement and the frequeof the vibration damping factor
(8) can be counted, using equation (6):

a):ZEI]'IEIf:z“_I (7)
VANA '

=—=—=AN[f

Fo7 1 (8)

f

Counting equation (8) the frequency and the stquimplitude of the damped vibration
and the size of damping is known. After these d@udth be determined what kind of effect
the thickness of the selected metal foam has fathplitude of the vibration. Finding the
answer easier the damping in solid material andréffiection in the border of the two
media are eliminated only the amplitude reductiapgens in emitting metal foam is noted.

In solid metals (c) spreading speed of longitudarad transversal waves is different. In
Table 2 wave spreading speeds for solid steel Amdigium can be seen in m/s. Spreading
speed of the longitudinal wave in solid body carcbented according to equation (9).
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c= E (9)
Yo,
where:
E: modulus of elasticity of the material,
p: density.

For transversal waves there is no equation likeatguo (9). So the approximate
spreading speed in metal foam material is detemnorethe basis of the longitudinal and
transversal spreading speed of solid metals.

Table 2
Spreading speed of vibration in different materials
Speed of the Speed of the
longitudinal wavein transversal wavein
m/s m/s
steel 5100 3100
aluminium 5200 3100

Literature [8] gives a relative density range di430.65 for the density of metal foams
that corresponds to 315+5100 kd/freal’ density. According to the introduced tatbtee
0.3+0.4 relative density range is the most frequsntthe average of this range (0.35) will
be used in the following. In the calculations thensity of the metal foam is 2750 kg/m
Estimating the spreading speed of the wave sprgadithe metal foam elasticity modulus
of the foam is also necessary. Literature [8] alsows data for modulus of elasticity with
similarly wide ranges as in case of density. Inecat0.35 relative density, modulus of
elasticity should be E = 5600 MPa. The spreadiregdpfor longitudinal waves) in metal
foams can be calculated according to equationf@@wing from the above mentioned.

5600010°Pa _; ;oM.

10
2750% s (10)

C

metalfoamlong. =

|

Assuming that the ratio between spreading spedongitudinal and transversal waves
for metal foams is the same as for solid metalsstireading speed of transversal wave in
metal foam is 60% (856 m/s) of the value determineguation (10). In view of spreading
speed and frequency the wavelength can be detatrateording to equation (11).

c=A0 :>A=f9 (11)

A value of metal foams can be forecast using equat) and values introduced in
literature [8] of ‘n’ and 'k’ presented in Table During forecast k can be chosen from the
range and for ‘n’ 2 is suggested by literature [&owing A logarithmic decrement and T
period timep can be determined. Contexture introduced abovddcbe right for the
emitting factor, but unfortunately it is not. Besauhis way the emitting factor of the metal
foam is less than the emitting factor of the satidtal. This contradicts the uncountable
amount of literature that celebrates the excelNdmation emitting feature of metal foams.
Modifying equation (1) equation (12) arisen.
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n
o
ﬁfoam = k[E foamJ IIsolid' (12)
solid
In the characteristic curve k multiply factor chasgn range of 0.1+4 till other factors
are constant. Counting the value of emitting faébometal foams with equation (12) the

k Eﬁpfoam] (13)
Psolid
multiplier is still 0.5 at the highest value (thatequal to 4) of k, so enlargement does not

happen. Conclusion can be defined: for the emittagor of metal foams equation (1) is

not suitable.
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Figure 5: Damped vibration in case of high strengtiel

Literature is quite reticent referring to the emift factor of metal foams. The only
source [9] for logarithmical decrement suggestedrage 0.22+0.62 for it. In Figure 5 an
image of a damped vibration in case of high stetssl shows the changes of the vibration
amplitude.
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Figure 6: Characteristic of amplitude reduction éging on half wave-length

It can be seen quite well that after four wave-teaghere is almost no amplitude. In
case of solid metals depending on the frequenctle¥ibration wave-length is in the range
of 10 m [according to equation (11) and Table 2j.tBe basis of the four wave-lengths the
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total disappear of the vibration amplitude can d@med in distance of 40 m. In Figure 6
reduction of positive-negative vibration amplitudesming subalternating can be seen
depending on the half wave-length that shows thevealwritten amplitude reduction in a
little bit more expressive way.

In case of steel metal foams taking the averagat (ith 0.4) of the logarithmical
decrement range given by literature [9] Figure #oduces the image of the damped
vibration.

o n >t sec

Figure 7: The image of the damped vibration in kteam

In case of vibration can be seen in Figure 7 it lbardetermined that after two wave-
lengths amplitude can hardly be measured. Estinsdeshding speed in metal foam can be
calculated according to equation (11). In this cgsée smaller wave-length appears.
Wave-length is in the range of metre. This is faable in the point of view of vibration
decreasing. If it is possible to use metal foant thawice thick as the wave-length of the
emerged emitted vibration in a gear-body, the ammbdi of the vibration eliminates. It
means still at least a 2 meter range. Changesdrtiplitudes depending on the half wave-
length can be seen in Figure 8. In practice therao need for such a drastic vibration
decreasing in many cases of gear-drives. Theralis meed for a couple of per cents,
maximum 10% vibration amplitude reduction. Withsthiind of reduction expectations
usually can be hold. On the basis of the charatiesiof Figure 8 it can be seen that during
one wave-length about 70% of amplitude reducti@liges. Of course in the output gears
of gear-drives there is not enough space for emgitthaterial to reach the above mentioned
70% amplitude reduction.
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Figure 8: Changes of the amplitudes for metal fodeysending on the half wave-length
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However it is possible to build in metal foam witte thickness of 100 mm (that is the
tenth of the wave-length from the meter range)caue calculate with a 7% reduction in the
meaning of the vibration amplitude. Generally thexea space about 100 mm in output
gears of gear-drives. According to the above maestioequations suggestions can be
defined for vibration emitting effect of steel mlefaam as an inset, and for the foam
thickness for given amplitude reduction. Of couise&annot be forget that the above
mentioned are conclusions on the basis of clehdgretical correlation that had the aim to
improve if it is useful to apply this kind of mairin the gear-body, in the primary
transmission route. The result is absolutely pessiti

For locating real processes it is necessary to rerpetally determine vibration
emitting values.

5. Strength analysis of gear with metal foamin it

For the strength analysis of gear body and metifduilt in it is indispensable to
know the stresses work on them and strength indfxethe metal foam. In case of spur
gears basic stress of gear-body is torsion thaivekerfrom the torque on the shaft.
According to Figure 1 the volume between hub di@mahd the rim of the gear ring can be
replaced by metal foam. This volume is cylinderhwat ring intersection (tube). Applying
equation (14) for metal foams the emerging sheairass can be calculated.

' (14)

where:
.  shearing stress deriving from clean torque,
T: torque in the given intersection,
Kp: polar section modulus.
Polar section modulus in case of ring intersectiam be calculated according to (15).

_D*-d*,
Kp="Tem (15)

where:
D: the larger diameter of the ring intersection,
d: the smaller diameter of the ring intersection.

The smallest value of the inner diameter for theaméam inset cylinder can be
calculated from the stressing of the hub part efgear. The hub part of the gear made from
solid metal has also a ring intersection, so shgairess generating here can be determined
also by equation (14) and (15). Imagine that tlzemditer of the hub increases and the bore
of the gear does not changes the stress emergitigeigear-body shows a sheer falling
character on the basis of equation (16).

T A6y |,
T _ 4 (16)
Dhub ™9 hub

Thub =

where:

Dyup outer diameter of ring intersection hub,

dhup inner diameter of ring intersection hub.

In ring intersection that is given by the distaficen the shaft, where stress emerges in
the hub of the gear decreases a level where itraaemit torque, the size of the solid metal
hub is determined. This value can be calculateddmation (17) solving for Q.
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D4

4 _
hub Fhub =T A6Mpyp=dp [ hub= 0 (17)

hub

Determining the size of gear ring and rim Figurshduld be followed, as the value of
the tooth root stress should not increase becdube dactor ¥%. During the determination
of the size of gear ring and rim the larger diameit metal foam cylinder is given.
Knowing the allowed shearing stress for metal fqaga,) the inner diameter of the metal
foam cylinder can be calculated with the help afatgpn (18).

4
D o -TO6D
foam"- foam foam
dfoam= A\\/ (18)

Tfoam

If the value of g,,» coming from the equation (18) is greater thanegual to R,y
coming from the equation (17) the metal foam camded and can transmit the torque. In
other case it cannot be applied.

When building the metal foam in the gear body ameotcondition also has to be
realised ensuring the operation. On the borderhef metal foam and solid metal a
connection should be established that can trartbmidrive.

6. Connecting the elements of the gear-body

Connecting the elements of the gear-body is a wepprtant stress viewpoint. It seems
to be obvious to use some kind of shaft-hub conmect here are several kinds of shaft-
hub connections. Choosing the applied type it shdé analysed what characters and
effects the different types have for solid metadl &or metal foam. In case of frictional
connections friction force emerges between surfarmssmits torque. Friction force is
generated by pressing the surfaces of the hublendHhaft to each other. Generating the
necessary friction force generally quite a largesping force is needed. This expects
strength requirements that cannot be realisedsa ohmetal foam.

Connecting the foam and solid metal parts an otpportunity is to create shape
locking connections. These kind of shaft-hub cotines are widely spread. From the
existing solutions the one should be chosen thatiable for metal foam. Keeping this
viewpoint in front of the eye there are only twduimns for the task. One of them is the
spline drive shaft, the other one is the polygonnextion. There are pros and contras in
both cases.

As spline drive shafts are quite frequent, it isyeand cheap to produce. The connecting
surface sizes of the shaft splines can be detedmmty then when the allowed surface
stress for metal foam is known. Its symmetricalpghdoes not cause unbalance. The edges
of splines are stress concentration points is tihg disadvantage of this connection.

Technical application of polygon connection is quiare in proportion to spline drive
shafts. The reason for this is the expensive primludt does not consist of sharp edges, so
there are no stress concentration points. Despitiéscsmall size it can transmit large
moment.

The use of metallic glue is the third opportunityfasten the parts of the gear-body,
besides the above mentioned. The shear strengthetdllic glues reaches the 175MPa,
while they are stable until 80 °C. [11]. There @lees that are still stable at higher
temperature, but these have shear strength thawés one order of magnitude. Advantage
of the bonding is that the glue material can edsike up between the parts of the gear. The
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parts of the gear-body have to be placed into é&deduring the hardening process of the
glue. Glues are usually not expensive. Disadvantsgehat many times additional
operations have to be done during bonding, for gtamressing the parts to each other, or
using heating. The time of glue hardening changesthe function of the applied
temperature and the type of the used glue. Theneaghas to count with these parameters
when choosing the technological process.

The combination of the above mentioned three tgfe®nnection between the parts of
gear-body also can be adapted. For example fratioconnection between the outer surface
of inner part of gear-body (hub) and the inner aef of metallic foam and a bonded
connection between metallic foam and gear rim aanded. The task of the engineer is to
choose the proper connection type for the elenwdrttse gear-body.

7. Summary

According to the above mentioned it can be detegthitihat there is an opportunity to
use metal foams in the gear-body to take advantdgéhe good vibration emitting
properties of the metal foams. Specific construaicsuggestions will be established in a
further publication.
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