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Abstract The article deals with possibility of increasing the resistance of HCR
spur gearing from a scuffing point of view. Scuffing is the process that occurs when
the surfaces of two contacting bodies are joined by localized welding and then
pulled apart. A material transfer occurs between the two contacting surfaces due to
high metal-to-metal contact and hence produces a weld. Since there are great
pressures between teeth flanks and the load is higher, the scuffing is the most
important damage of teeth flanks of HCR involute gears. The scuffing traces appear
in the form of streaks or scratches with rough bottoms and sides, often appearing as
bands of variable depth width oriented in the direction of the height of the tooth,
and affect isolated zones or their whole width. In the case of warm scuffing; the
combination of high pressure exists between teeth surfaces, high sliding speeds, and
excessive contact temperature, resulting from pressure and sliding speed values,
which cause oil film rupture between the teeth flanks. HCR profiles are more
complicated than standard involute profiles, they have greater predisposition for
occurring interference, pointed tip thickness, but also undercut of teeth during the
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production (primary production interference). Due to increased addendum height,
there is larger possibility of occurring some interference or pointed tooth
tip. Therefore it should prevent these errors and check if all equation and constraints
are satisfied. This paper describes finding optimal solutions for geometry of the
tooth curve profile. It will be defined certain values addendum heights for meshing
wheel according to criteria of specific slips and corrected head shape of the teeth of
both wheels. In the same time, this optimization is joined with assessment and
theoretical analysis of the impact of the HCR tooth profile resistance to scuffing on
the basis of integral temperature criterion according to Winter-Michaelis criterion.
A significant benefit in a theoretical area is generalization of the integral temper-
ature criterion for involute HCR gearing.

Keywords HCR gearing - Geometry - Scuffing - Optimization

1 Introduction

High contact ratio (HCR) gear pair is a contact between gears with at least two pairs
of teeth in contact. High contact ratio is obtained with increased addendum height,
so larger than in standard gearing. Proposed geometry of HCR gearings is much
complicated due to the fact there is larger possibility of occurring meshing and
during the production interference, much larger than interference happening in
standard involute profiles. Also here there is a higher risk of too small thickness of a
tooth tip and significantly less favorable values of specific slips into the flanks [1].

It is well known that increasing the average number of teeth in contact leads to
excluding or reduction of the vibration amplitude. First, it was established exper-
imentally that dynamic loads decrease with increasing contact ratio in spur gearing
[2]. Moreover, in order to get a further reduction of the vibration, HCR gear profiles
can be optimized. Sato et al. [3] found that HCR gears are less sensitive with respect
to manufacturing errors. In particular, such kind of gears allows larger tolerance in
the tip relief length. Moreover, they found that, in the absence of pressure angle
error, the best contact ratio should be about 2; otherwise, it is better to have a
contact ratio about 1.7 or higher than 2.3. Kahraman and Blankenship [4] published
an experimental work on HCR gear vibration; they found that the best behavior is
obtained with an integer contact ratio, even though other specific non integer
(rational) contact ratios can minimize the amplitude of some specific harmonics of
the static transmission error. It is important to note that in Ref. [4] HCR gears were
obtained by modifying the outside diameter; the other macro-geometric parameters,
e.g. the number of teeth, were left unchanged.

Contact ratio is increased by increasing tooth height. Dynamic loads and noise
are reduced by using high contact ratio gears. According to results of different
measurements of gear pair, reduction of noise proved to be the best using HCR
gearing with the value of contact ratio ¢, = 2. Decrease in noise is caused by ¢, = 2
because there are always two pairs of teeth in contact, which means when one pair
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of teeth go out from the contact, another pair of teeth is coming in contact and
applied force is considerably smaller since it is divided on two pairs of teeth.
Therefore, gearing in automotive industry should be done with ¢, = 2 in order to
reduce the noise and dynamic forces [5].

Scientific and technological progress in engineering leads to the increasingly
better use of resources, reducing energy intensity of production and increasing the
reliability and efficiency during operation. This trend is also reflected in the field of
the development of gears, which in recent years have increased the transmitted
power, while in the same time reduced the volume and weight of the gear.

Increasing the transmitted power of gear relative to the unit of volume is,
however, associated with the increase of thermal load transfer. Apart from usual
kinds of teeth damages (fracture in the heel and formation of pitting), the increased
heat load has discovered another kind of damage, the so-called scuffing.

Problems with teeth scuffing mainly occur in such transfers, which cannot be
used for lubrication oils with EP additives (EP—extreme pressure). Naturally,
scuffing may arise in other cases, even assuming that the gear lubrication oils have
additives. In such cases, scuffing occurs in overloading transfers that operate at the
higher peripheral speed of transfers with poorly chosen tooth geometry or that
influence an excessive increase in oil temperature operation (e.g. high ambient
temperature, etc.).

In any case, progressive scuffing means serious damage to the tooth profile
shape, which subsequently means removing the teeth from the service. Increased
noise transmission over the standard border may refer in some cases to the reason
for exclusion from the transfer operation [6, 7].

The problem related to the involute gear with the extended duration of the
contact period, known in the literature as HCR (High Contact Ratio), is discussed in
this paper. Due to the larger path of action and the higher peripheral speed, the
scuffing can occur more frequently in HCR gear teeth. The objective of this paper is
to analyze and discuss the possibilities to reduce the occurring of scuffing as a teeth
damage on external HCR gears.

2 HCR Gearing and Possibilities of Optimization
of Geometrical Parameters

The main indicator of HCR gearing, which differs from the commonly used stan-
dard involute profiles, is higher contact ratio, at least two pair of teeth in contact.

According to the results of different measurements of gear pair, the reduction of
noise proved to be the best using HCR gearing with the value of the contact ratio
&, = 2. Decrease in noise is caused by ¢, = 2 because there are always two pairs of
teeth in contact, meaning that, when one pair of teeth leaves the contact, another
pair of teeth is coming in contact; hence, the applied force is considerably smaller
since it is divided between two pairs of teeth.
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Contact ratio depends on the length of line of action and tooth pitch ¢, = f (g,
Pu:)- Tooth pitch on the base circle of LCR gearing is equal to the base pitch on
HCR gearing, and it is considered as constant. This means that, achieving the
greatest value of the contact ratio ¢, has to be obtained by the greatest possible
increase of the length of line of action g, [8]. The length of line of action g, is
calculated in following equation:

— ]2 2 2 _ 2 -
8y = \/ra1 —rb1+\/ra2—rb2—aw ST (1)

Consequently, according Ref. [8] the contact ratio is the objective function of
both addendum heights and the addendum modification factor of pinion
&y = f(h},, 1}y, x1) = max, i.e. optimization parameters i’ h’,; x; makes a non-
linear optimization of triple constraint, with limitation requirements defined for

[8, 9]

removal of the meshing interference,
minimum arc thickness of the tooth tip s, 2,

e distribution x. to x;, x, has to be performed through balancing specific slips,
strength, or a particular condition, respectively compromising their combina-
tions [8, 9].

2.1 Interference During the Production

This interference occurs in the production process of gear forming when the tooth
of the rack tool is in collision with a produced transition curve of the gear wheel,
resulting in a so-called undercut tooth (Fig. 1).

This phenomenon largely depends on the method of manufacturing process.
Unfavorable conditions arising with manufacturing by tool rack, so if it is not known
in advance the means of production, always should check the production interfer-
ence of gearing for production by tool rack. After satisfying conditions not to occur
the interference during the production, following relations are obtained [8, 9]:

rp1 - sin’ o

hy < —— +x 2
4= m, - cosoy ! @)

i 02
Ipp - SIN™ 0

iy < 2 (3)
my, - COS 0
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Fig. 1 Interference during the production with tooth rack tool

2.2 Interference During the Production

Meshing interference is referred in the case of a collision between curves of teeth
profiles as interference between these curves. It means that the meshing interference
may occur as a collision of head of gear and the transition curve of pinion (Fig. 2)
and/or head of pinion and the transition curve of gear wheel [8, 9].

Addendum heights 4}, and h}, can be expressed:

1 Sin o, tan o my,
hy < — |aw— — Fpy— + — = (hy —x2) —ri| —x1 (4)
my, Sin o, Sin o, sin o - Sin oty
1 Sin o,y tan o m,
By < — @y ——— — rp1 — + — = (o —x1) —r2| —x2 (5)
m, Sin oty Sinoy  Sinoy - Sin o)

2.3 Minimum Thickness of the Tooth Head Circle

Changing addendum heights will certainly influence the total thickness of the tooth
on tip circle. Greater tooth height, as well as a positive correction factor, may affect
the thickness of the tooth on tip circle under the permissible value (Fig. 3).
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Fig. 2 Meshing interference between head of gear wheel and transition curve of pinion

Fig. 3 Determination of the
tooth thickness on the tip
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After these conditions [8, 9], addendum heights /), and %}, can be expressed:

0.2 d
hZI < pi+4x my, tano, . . - 2 _ X1 (6)
P +2- (invoy, — invor,) my
0.2 d
hyp < ——x (7)

— pi+4xm, tano, +2 . (

T invo, — invop)  2my

2.4 Optimization of HCR Geometry

After different obtained conditions, the goal is to achieve that contact ratio has value
two (g, = 2), so that always two pairs of gears are engaged. With this value of
contact ratio it is expected to reduce the vibration and gear noise. In order to
achieve high contact ratio, addendum height is made higher in order to obtain larger
line of action. The equation of contact ratio represents goal function with the aim it
should have the value of two:

b4 . .
&y = i [tan o, — tan o, —i - tan o, 41 - tan o, = 2 (8)

3 Scuffing as the Most Important Damage of HCR Tooth
Flanks

Scuffing is not a fatigue phenomenon and it may occur instantaneously. Based on
the severity of the damage, scuffing can be categorized as mild, moderate, or severe
(Fig. 4). Scuffing is classified as mild if it occurs only on small areas of the teeth
and is confined to the peaks of the surface asperities. It is generally nonprogressive.
Moderate scuffing occurs in patches that cover significant portions of the teeth. If
the operating conditions do not change, moderate scuffing may be progressive.
Severe scuffing occurs on significant portions of the gear tooth (for example, the
entire addendum, the entire dedendum, or both). In some cases the surface material
may be plastically deformed and displaced over the tip of the tooth or into the root
of the tooth. Unless corrective measures are taken, severe scuffing is usually pro-
gressive [6, 7].

Scuffing is severe adhesion that causes transfer of metal from one tooth surface
to another due to welding and tearing. The damage typically occurs in the
addendum, dedendum, or both, away from the operating pitchline, in narrow or
broad bands that are oriented in the direction of sliding. Scuffing may occur in
localized patches if it is due to load concentrations. The scuffed area appears to have
a rough or matte texture.
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Fig. 4 Light scuffing (a), severe scuffing (b) [7]

Scuffing is the process that occurs when the surfaces of two contacting bodies
are joined by localized welding and then pulled apart. A material transfer occurs
between the two contacting surfaces due to high metal-to-metal contact and hence
produces a weld. The high metal-to-metal contact is the result of a local failure of
the gear lubricant which has been caused by frictional heating due to high sliding
speed and high surface pressure. This type of scuffing is called warm scuffing.

The scuffing traces appear in the form of streaks or scratches with rough bottoms
and sides, often emerging as bands of variable depth and width oriented in the
direction of the height of the tooth, affecting isolated zones or their whole width.
The scuffing traces are generally more clearly marked at the tooth tip and root of the
teeth in the high sliding zones.

In the case of warm scuffing, it is in fact the combined action of high pressure
between surfaces, high sliding speeds, and excessive contact temperature resulting
from pressure and sliding speed values, which causes the rupture of oil film
between the teeth flanks. During the start-up or running-in of certain gears, some
local scuffing of lesser importance, which is characterized by shallow traces and
very fine roughness, may appear in certain points of the teeth in the zone where the
contact pressure is maximum. In general, after a certain time of operation at reduced
load, these localized traces of scuffing diminish by wear. Once this happens, the
gear may operate under its nominal load. In this case, a slight increase in the
lubricant viscosity will allow for better safety in service. On ground gears, localized
scuffing can be observed at the tip and root of the teeth as the result of insufficient
tip relief or too great a deviation in the profile. Identical phenomena can also appear
near tooth ends due to insufficient longitudinal correction or too great helix
deviation.

Scuffing damage can be prevented through the design changes or through the
operational/break-in changes. Design-related changes include optimizing the gear
geometry/accuracy and the use of nitrided steel. Operational and break-in changes
include the use of high viscosity lubricants with anti-scuff additives, reduced
lubricant temperatures, and the running-in of new gearboxes at reduced loads.
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4 Calculating the Tooth Scuffing Resistance According
to the Criterion of Integral Temperature

Temperature criterion is one of the hypotheses about developing the scuffing
phenomena. It is based on the assumption that there is a limit temperature of the
surface of the teeth, at which the scuffing occurs. These criteria can be divided into
criteria based on local instantaneous surface temperature and the criteria based on
the mean temperature of the surface of the teeth.

Theoretically, the best criterion among these criteria is the sophisticated Blok
criteria (1937). Blok was one of the earliest researchers to study scuffing and to
propose a hypothesis to explain the experimental observations. In his study, he
suggested that scuffing would only take place if a critical temperature is reached at
the sliding interface [10].

For practical calculation of safety against scuffing of gearing, more favorable
temperature criteria are the criteria based on the mean surface temperature.
Winter-Michaelis criterion [11] of integral temperature (median average contact
temperature) is among the most modern criteria for assessing resistance to teeth
scuffing. It is based on defining the contact surface temperature of teeth in relation
to the Blok theory. The calculation consists of identifying the instantaneous tem-
perature along the mating line under the Blok and adding tooth bulk to a constant
temperature. Comparative average temperature of the surface is then determined as
the quotient of the integral thus calculated during the unsteady temperature along
the mating line and a length image. The calculation of safety against scuffing the
teeth is a relatively simple and provides good agreement with measured or detected
data in practice, both for pure mineral, but also for doped and synthetic oils. For
these reasons, integral temperature criterion appears to be the best so far published
comprehensive method for calculating gearing resistance to scuffing. Therefore, in
addition to Blok criterion, it became a part of the standard DIN 3990 [10].

4.1 General Principles of the Integral Temperature
Criterion in HCR Involute Gearing

Integral temperature criterion is based on the middle temperatures of surface cal-
culated on the basis of Blok theory according to the Eq. (10). Comparative medium
temperature of surfaces 9J; (the integral temperature) consists of two temperatures:
the medium value of local instantaneous flash temperature along the action line 9z,
and tooth bulk temperature ¥, [10].
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Therefore, integral temperature is calculated from the following relationship:
¥; = Yo + B )

where B is a weighting factor which takes into consideration qualitatively different
temperatures influencing the actual tooth bulk temperature ¥, and temperature ¥y,
which is defined only as a comparative temperature, and it does not reflect the
actual size of the temperature in the contact points.

4.2 Calculating Medium Temperature of the Tooth Surface
UBIm for HCR Involute Gearing

The size of the local instantaneous flash temperature ¥z is explained and deter-
mined in [9]. To compare the resistance of particular types of gearing against the
scuffing, it is necessary to identify local flash temperatures ¥ in the reference
point. Reference point is defined by the integral temperature for HCR involute
gearing as the endpoint of contact line on the head of pinion, i.e. the point E on the
contact line. The temperature at the reference point E can be expressed:

FnE> 0.75 (Er> 0.25 ‘VplE o Vp2E’
O = 0.62 1, i 10
oE g ( b Pr) g \/BmiVpie + \/Bu2 vior (10)

With referring to [9] medium temperature value can be obtained as
’lgBlm =u, w0.75 V8.5 a70.25 XM XG Xs (11)

where: 3p;,—medium temperature value;

U—mean coefficient of friction;

w—mnormal unit load (w = F,/b);

v,—peripheral speed.

The values E, and B,, depend only on the material of meshing gear wheels.
Then, the coefficient of material X,, can be defined by the expression [13]:

0.25
— E"

Xu = s

(12)

where, for standard steel it follows [13]:

VBy = \/Apc = V507800 - 10-° - 482 - 10 = 13.7Nmm™'s K"

E, =226 - 10" Nm™2, A1 ,—coefficients of thermal conductivity of wheel
materials, p—specific densities of gear material.
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Then, the coefficient of material is calculated as: X, = 50 K-N9736%5m ™05 mm,

X is a dimensionless coefficient of gear geometry, which can be modified in the
following form [9, 13]:
of 0w Vutl /pig— /P
coston, 2 V/PIEP2E

Factor of load distribution is obtained [9] in the following form:

Xg =124 (13)

1
T 2618,

[—0.543¢16 +0.204¢5 +0.12367 +0.759, + 1.001; — 0.539] (14)

If the medium value of the coefficient of friction u,, along the contact line is
considered as constant, then the general influence on the medium temperature value
Ui, Will be expressed with the product of the coefficients X and X,. Therefore, the
occurrence of scuffing depends on the factor of load distribution (X;) and the factor
of gear geometry (Xg).

The product of coefficients X - X, is crucial for the assessment of impact on the
size of the temperature 95, and thus on the resistance to scuffing of HCR involute
gearing. It is clear that there is strong dependence of the temperature /5, on the
shape of the tooth [12]. So, it is very important what profile is used for teeth
meshing (involute, cycloidal, Novikov, etc.) since it determines the temperature in
contact and the occurrence of scuffing.

5 Joined Optimization of Geometrical and Scuffing
Parameters of HCR Gearing

The goal of the optimization is to obtain HCR involute gearing with the contact
ratio factor ¢, = 2; yet, at the same time, the occurrence of scuffing must be
avoided.

Describing geometrical and manufacturing constraints, there are several con-
straints that should be satisfied (interference during the production, meshing
interference, minimum thickness of the tooth head circle, slide-conditions in the
HCR involute gearing). According to [8, 9], several constraints are provided and
they come from the limitation condition, Egs. (2-7), but there is an equation of
contact ratio which represents the goal function with the aim that it should have the
value of two, Eq. (8).

Beside geometric condition, there is another requirement to avoid the occurrence
of scuffing and consequently reduce the rapid damage of tooth flanks. Using the
same variable parameters %, ), and x;, flash temperature at the reference point E
(Eq. 10) is considered as the highest temperature at the mating line. Since scuffing
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occurrence depends on flash temperature, the value ¥z should be an additional
constraint that has to be minimized. Since the occurrence of scuffing depends on the
factor of load distribution (X;) and the factor of gear geometry (X;), the product of
the coefficients X - X,, is crucial for the assessment of impact on the flash tem-
perature and thus on the resistance to scuffing of HCR involute gearing. According
to the Egs. (10), (11) and (13):

Ipip = fh, W' V8‘5 a " XuXeeXer = f(Xer - XGE)

|/VoE = v/ViE| |v/Pig — /Pag| (15)

= min
0.25 0.25
()1 ) (P1EP2E)
PrE

= f

and for both gears made of standard steel (i.e. By;; = By = Byy), the equation for
g depends on variable parameters only in tangential velocities (v,1z and v,op),
reducing the radius of curvature at the reference point E (p,z) and the radii of
curvature of profiles in the point E (pg, p2g). Therefore, additional tooth param-
eters should be calculated:

e tangential velocity at the reference point E:

1

VplE = P1E D1, Vp2E = PoE W2, M:w—z (16)
¢ radius of curvature of profiles in the reference point E:
Pig = Tp1 - ANy, Pop = Gy + SIN Oy — Fp) - tAN Oy (17)
e reduced radius of curvature at the reference point E:
Lo "

PrE B PiE  P2E

However, in order to demonstrate this hypothesis about obtaining minimal flash
temperature at the reference point E, the conditions for achieving maximal tem-
perature will be found:

Opie = i, W' V8'5 a P XuXoeXer = f(Xer - XGE)

|V/VoIE = v/ViE| |v/Pig — /| (19)

= max
0.25 0.25
( 1 ) (P1EP2E)

b

= f
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The factor of load distribution (X,) and the factor of gear geometry (Xs) depend
on the variables v,i£, Vpor, p1£ and pp which are also the functions of variable
parameters &, h’, and x;, for the same centre distance a,,. Therefore, it is possible
to simultaneously satisfy both these functions: the objective function which must be
equal two and additional constraints according to scuffing. That is the reason for the
strong dependence of the temperature ¥, on the shape of the tooth [12].

Obtaining the parameters for HCR involute gearing for maximal temperature in
the reference point E, the condition for rapid scuffing occurrence on teeth flanks is
achieved. Experimentally, it is proved on a test rig according to FZG methodology
[9]. Searching numerical optimization results of involute HCR gearing is given in
Ref. [9]. There is no just one solution of this task; there is infinite number of
optimization results. All other results obtained by this numerical optimization give
the same result: contact ratio equals two, Eq. (8) and maximum condition, Eq. (19).
Therefore, all these optimization parameters are located in 3D field defined by
parameters A, h;, and x;. Choosing any combination inside the field of obtained
parameters gives conditions that satisfies the aim function and gives maximum
condition [9].

Applying any of these parameters obtained by numerical optimization to the real
pinion and gear wheel, it will cause condition for rapid damaging HCR teeth flank
due to scuffing. Scuffing occurrence can be visible by naked eye, but limiting
condition when scuffing occurs can be recognized by several ways. One of the ways
of scuffing occurrence is gravimetric criterion, when the pinion and gear wheels are
measured after certain period of operating. Depending of their mass and volume,
when they lost particular mass quantity, they can be considered as damaged and not
more for use. Also, there is another method for recognizing scuffing and it is
criterion of maximal damage depth due to scuffing. This method is also doing after
certain periods of operating, when the depth due to scuffing is controlled and
when it amounts 7 pm or more, the gears are damaged due to scuffing [13].
Obtained information are noticed there and given as information about occurring
scuffing phenomenon. Using the same HCR gears (z; = 21, z, = 51, m,, = 4 mm,
a,, = 144 mm) and transmission oil PP90, scuffing damage occurred for the torque
M, = 256 Nm and rotation speed 760 min~', temperature of oil in that moment
was 70 °C [8, 9].

Of course, if this scuffing phenomenon occurs after short period of time, it means
that using opposite constraint, i.e. that Eq. (15) tends to be minimal, longer operating
of gears is expecting without scuffing occurrence. In that way scuffing damaging of
gear teeth can be avoided. In this way, the hypothesis is proved about obtaining
minimal flash temperature and thus obtaining parameters for minimal ¥z and
&, = 2 as the solution to this problem.
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6 Conclusions

High contact ratio (HCR) gear pair is a contact between gears with at least two pairs
of teeth in contact. High contact ratio is obtained with increased addendum height,
so larger than in LCR gearing. Proposed geometry of HCR gearings is much
complicated due to the fact there is larger possibility of occurring meshing and
during the production interference, much larger than interference happening in
standard LCR profiles. Also, there is a higher risk of too small thickness of a tooth
tip and significantly less favorable values of specific slips into the flanks. Contact
ratio is increased by increasing tooth height. Dynamic loads and noise are reduced
by using high contact ratio gears. According to the results of different measure-
ments of gear pair, the reduction of noise proved to be the best using HCR gearing
with the value of contact ratio ¢, = 2. Decrease in noise is caused by ¢, = 2 because
there are always two pairs of teeth in contact, meaning that, when one pair of teeth
leaves the contact, another pair of teeth arrives in the contact, while the applied
force is considerably smaller since it is divided between two pairs of teeth.
Therefore, gearing in automotive industry should be performed with ¢, = 2 in order
to reduce the noise and dynamic forces.

Due to the increased addendum height, there is a larger possibility of some
interference or pointed tooth tip to occur. Consequently, these errors should be
prevented by verifying whether all equations and constraints are satisfied.
Conditions for teeth on pinion and gear wheel are related to the following: con-
ditions for non-occurrence of interference during the production, conditions for
non-occurrence of meshing interference, conditions for minimal thickness of the
tooth head circle of both gears, and additional condition related to the balance of
specific sliding at the beginning and the end of meshing in order to reduce losses
during meshing [8, 9]. Also, there is a possibility of scuffing occurrence due to
higher tangential velocities and high pressure between teeth. Using the criterion of
integral temperature, in order to avoid scuffing occurrence the relation must be
minimized.

The main contribution of this paper is a generalization of the integral temper-
ature criterion for involute HCR gearing. It has been shown that relations for
integral temperature criterion for involute HCR gearing need to have the calculation
of the factor of load distribution for the case ¢, > 2. In the continuation of this
researching, the criterion for integral temperature of involute HCR gearing can be
optimized and the minimal flash temperature can be obtained. For that case, the
factor of load distribution (X;) and the factor of gear geometry (Xs) were derived for
the case of involute HCR gearing. Summary results of the article show that tooth
shape significantly affects the resistance of the teeth to the scuffing. It can be
expressed by analytical relations derived from the integral temperature criterion and
confirmed by scuffing tests. Based on the derived relationships it can be derived for
the special occasion when ¢, =2 to optimize HCR gearing which is used to
increase their resistance to scuffing.
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