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Abstract: Extreme temperature fluctuations in the space environment can cause thermal deformation of transmission
components in aerospace equipment, thereby affecting the normal operation of transmission mechanisms. Focusing on gears
coated with solid lubricating films, this paper conducts theoretical research and analysis related to thermal deformation. Based
on the theory of thermal expansion of materials, the quantitative relationships among linear, areal, and volumetric expansion
coefficients are clarified, and an equivalent conversion model between volumetric expansion and linear expansion is established.
Combined with thermoelasticity, the thermoelastic equations of gears and solid lubricating coatings under temperature changes
are derived, and their thermal deformation characteristics are analyzed. On this basis, the influence mechanism of temperature
changes on the normal backlash of gear pairs is emphatically studied. By analyzing the thermally induced changes of parameters
such as base circle radius and pressure angle, the final calculation expression of normal backlash is derived. The research results
provide a theoretical basis for evaluating the meshing safety of solid-lubricated gear pairs under extreme thermal environments
in space and avoiding interference risks, and have important engineering significance for ensuring the stable and reliable
operation of transmission systems in aerospace deployable/retractable mechanisms.
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influence patterns of temperature variations on gear
geometric parameters and meshing characteristics have

1. Introduction

The space environment, serving as the unique operational become a key technical chal}que in ensuring the reliable
medium for aerospace equipment, is characterized notably by operation of aerospace transmission systems[S]. . .
the absence of atmospheric buffering and regulation of Research on gear thermal deformatloq began. in the .mld'
temperature[1]. Under the alternating influence of space 20th century. Scholars from both domestic and international
environmental factors such as direct solar radiation and Earth backgrounds have conducted extensive work on the thermal
shadow occlusion, the surface temperature of spacecraft deformation  mechanisms, ~ calculation methods, —and
undergoes severe periodic fluctuations, creating an extreme influencing factors under conventional operating conditions[7,
temperature  differential  environment. Such  drastic 8]. At the theoretical level, early studies established thermal
temperature variations pose serious challenges to the deformation calculation models for key geometric parameters
structural stability, functional reliability, and operational of gears based on material thermal expansion theory and
lifespan of aerospace equipment, with particularly elasticity mechanics. Subsequently, the application of finite
pronounced impacts on core moving components such as element methods advance.d the developmen.t of thermal—
transmission systems[2, 3].Gear transmission, with its s‘Fructural coupling analysis for gears, .enabllng numerical
advantages such as high transmission efficiency, strong load- simulation  of temperature  distribution and thermal
bearing capacity, and precise transmission ratio, is widely defarmat10n[9, 10]. On the F:xperlmental front, dedicated
used in critical transmission scenarios such as aerospace testing platforms have })een built to measure gear tooth'proﬁle
deployment mechanisms, attitude control systems, and deformation and meshing clearance variations under different
propulsion systems. It serves as a core component in ensuring temperature and load conditions, providing data support for
the successful implementation of aerospace missions. In the the validation of theoretical models[11]. However, existing
extreme temperature-difference environment of space, gear research has predominantly focused on conventional
materials undergo significant thermal deformation due to temperature ranges and uncoated gears, lacking adaptability
thermal expansion and contraction[4]. This deformation not to the extreme temperatur.e—dlfference environment in space.
only alters key geometric parameters of the gear, such as tooth Moreover, .lt often fall_S to adequately 60.1151der. the
profile shape, base circle radius, and tooth thickness, but also therrpophyswal property dlffer.ence.s be.tween solid lubricant
directly affects the meshing clearance and transmission coatings and substrates, makmg it dlfﬁcult to accurately
accuracy of gear pairs. When temperature changes, the describe thermal deformation behavior under complex
thermal deformation of components such as the gear body, coupled effects[lZ,.13]. o _ )
shaft system, and housing may lead to a reduction or even In summary, while existing research has achieved certain
elimination of the meshing backlash, causing issues such as progress in gear thermal deformation theory and the
interference, jamming, and accelerated wear in the gear pair. application  of ~solid lubricant ~coatings, significant
Therefore, conducting in-depth research on the thermal shortcomings remain in studies on solid lubricant gears for
deformation mechanisms of solid lubricant gears under extreme space thermal environments. This is particularly
extreme temperature environments and revealing the evident in the absence of a thermal deformation theoretical
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model that can effectively characterize the thermophysical
property differences between coatings and substrates.

2. Theory of Thermal Deformation of
Solid Lubricated Gears

2.1. The Theory of Thermal Expansion of
Materials

In mechanical design, changes in ambient temperature can
cause variations in the dimensions of components. Typically,
we use the following empirical formula for calculation:

AL=L-a, At 0

Where:

L represents the length of the component at the initial
temperature (usually 25°C), with the unit of (mm);

a . .
m represents the average linear expansion

coefficient of the component within a certain temperature
range, with the unit of (1E-6/°C);

AL represents the length change of the component
during the initial stage of temperature change, with the unit of
(mm);

At
of (°C).

Typically, thermal expansion leads to linear expansion,
areal expansion, and volumetric expansion of components,
which correspond to the linear expansion coefficient, areal
expansion coefficient, and volumetric expansion coefficient
respectively, and there exists a certain quantitative
relationship among the three.

The average linear expansion coefficient in the above
formula can be obtained through conversion as follows:

AL
a =—0-
LAt Q)
Wherein, let the length of the component be L at the initial

temperature t0; when the temperature is t1,the length of the
component becomes L1. Therefore, at this point

AL=L —-L At=t —t,

Substituting it into the original formula and performing
differentiation on the formula, the instantaneous thermal
expansion coefficient can be obtained, which is expressed as:

" :it"thl tL _ (dLL/dt)
L wob t —1, i 3)

Wherein Li is the length of the component at the
instantaneous temperature.

For the average areal expansion coefficient Sm, let the
initial length and width, as well as the length and width after
temperature change, be A0,B0,A1 and B1 respectively. Then,
the area S1 of the material after temperature change is
expressed as:

S;=A-B=A"B, '[1+am(t1_to)]2
=SO[1+2am(t1_t0)+am2(t1_t0)2]

represents the temperature variation, with the unit

4)

It can be derived with the aid of the formula for the areal
expansion coefficient as follows:
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Since the term am in the formula is much smaller than 1,
their mathematical relationship can be approximately
obtained Sm=2am.Similarly, the relationship between the
linear expansion coefficient and the volumetric expansion
coefficient can be derived as Vm=3om.

By sorting out and deriving the above formulas, the
mathematical correspondence between the expansion
amounts in different directions can be clarified, thereby
establishing an equivalent conversion model between the
linear expansion and volumetric expansion of materials.
Based on this mathematical relationship, in the subsequent
thermal deformation analysis, the volumetric expansion
coefficient of the material can be replaced by the average
linear expansion coefficient to effectively predict the
variation trend of the material volume with temperature. Due
to the definite proportional relationship between the
volumetric expansion coefficient and the linear expansion
coefficient, this replacement method can significantly
simplify the difficulty of theoretical calculations while
ensuring calculation accuracy, and improve the operability
and engineering application value of the analysis process.

=2a,,(t, —t,) +am2 ( _to)2

2.2. Analysis on Thermal Environment
Adaptability of Solid-Lubricated Gears

When studying thermal deformation, it is first necessary to
analyze thermal stress and establish the relationship between
thermal stress and thermal deformation based on
thermoelastic mechanics. Meanwhile, for solid-lubricated
gears coated with molybdenum disulfide, attention should be
paid to the differences between the solid coating and the gear
material when considering their thermal deformation. For two
components with uniform heterogeneity, when temperature
changes occur, both will undergo tensile strain expansion or
contraction simultaneously without generating shear strain.
Thus:

Oyt 04, =0, +0,, =0, +0,, =a,At
gxlyl + gx2y2 = gylzl + gyZzZ = gzlxl + 822x2 = O (6)
Where:

S, 0, 0, 0, O, O ,
XL Tx2 Tyl Ty2 P P2 represent the tensile

strains of the two materials in the X, y, and z directions
respectively;

gxlyl‘ 8x2y2‘ gylzl‘ 8y222‘ Eaxy a2

represent the shear strains of the two materials on the three
planes respectively.

Substituting the above equations into the elastomechanics
equations, the thermoelastic mechanics equations for the
tensile strains in each direction can be obtained, namely:

O0y+0,, = é[ax (v +v,)(o, + O-z)j| +a, At

1
Oy +0,= E[ay —(v+0v,)(o,+ Gz)j' +a, At

1
0,+0,, = —[UZ (v +v,)(o, + ax)} +a, At

E

(7

Where:



E represents the elastic modulus;
v represents the Poisson's ratio;
(o}

represent the magnitudes of forces acting in each
direction respectively.

2.3. Temperature Field in the Gear Base Circle

When analyzing the thermal deformation theory of gears,
it is assumed that the gear is in an ideal state, the meshing
contact is ideal contact, and there is no uneven load in the
tooth surface direction. Meanwhile, it is assumed that the
temperature variation along the axial direction is zero, and the
temperature distribution of the gear is uniform under stable
operating conditions. Thus, the temperature can be considered
to vary only with the radial radius r. Under these conditions,
the heat conduction differential equation can be simplified to
the following form:

(%)
r r (8)
Integrating this formula yields:

t(r)=C,Inr+C, ©)

Substituting r=ra, t=ta; r=rb, t=tb, the relevant parameters
into the formula, the temperature distribution in the base
circle of the gear without considering the solid coating can be
obtained as follows:

t(r) :ta +(tb _ta)

Inr—Inr,
Inr,—Inr, (10)

Wherein, t represents the temperature at different time
periods, and ra and rb represent the gear inner diameter and
the gear base circle radius respectively.

By combining this formula with the aforementioned
thermoelastic mechanics equations, the thermal strain and
thermal deformation caused by the thermal stress on the gear
can be calculated.

3. Formulaic Study on the Effect of
Temperature Variation on Gear

3.1. Theoretical Calculation of Thermal
Deformation for Disc-Type Gears

For disc-type gears, the base cylinder of the gear can be
regarded as being subjected only to plane stress. Meanwhile,
the ambient temperature is uniformly distributed. Therefore,
when considering the radial deformation [ of the gear, it can
be regarded as being related only to the gear radius r, and the
tangential displacement Y in all directions is zero.
Substituting into the previous equation yields a new
expression as follows:

0 1
} ﬁf E[G, —UGH]—FamAt

o, —vo, |+ a,At
r (11)
Where:

(o}

r 0-9 z

(o)
, represent the radial stress and
mrcumferentlal stress of the gear respectively.
By rearranging the formula and expressing the result in
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terms of displacement, the corresponding stress is given by:

o, = E {dﬂ s -(1+v)e,, At}
(1-v?) r

) = —(1 E 2 {£+V(:j—f—(l+ v)amAt}
-v

The stress equilibrium equation
coordinate system is as follows:

oo. Ot

(12)

in the cylindrical

r+ I‘+ r :0
or 0z r

aT" +%+i:0

or 0z r

(13)

T, . e
Where ' is the shear stress. Substituting the above
equation into the stress equilibrium equation yieldS'

d? 1dg B (1+)a_
dr rdr r dr (14)

By integrating, the thermal deformation displacement 3 can
be obtained as follows:

p= —(1+V)a J tr dr+—= k1 k2
2 r (15)
Substituting the aforementioned base circle temperature
field formula into the radial displacement B and setting r=rb,
the thermal deformation formula of the gear base circle can
be obtained as follows:
- ta )

3
ﬁ rat + a,l (tb _ta) _

bPmla 2 2

L —r; —Inr,)

amrb (tb
2(Int,

(16)

3.2. Expression for the Normal Backlash of
Gear Pairs After Thermal Deformation

Temperature variation has a significant influence on gear
backlash, and its mechanism of action is mainly reflected in
the thermal expansion and contraction of materials. When a
gear transmission system is in operation, if the temperature
rises, key components such as the gear body, gearbox, and
shaft will undergo dimensional changes due to thermal
expansion. This expansion will increase the gear center
distance and change the base circle tooth thickness of the gear
itself, thereby directly affecting the non-working tooth
surface clearance during meshing. If the initial backlash is
improperly designed, temperature rise may lead to a series of
issues such as insufficient tooth surface lubrication,
intensified tooth wear, and increased vibration and noise,
which seriously affect the transmission accuracy and service
life. Therefore, when designing gears for high-precision
applications or working conditions with large temperature
differences, it is essential to take the expected operating
temperature range and the thermal expansion coefficient of
materials as key parameters, and conduct necessary
temperature compensation corrections on the theoretical
backlash to ensure the stable and reliable operation of the
transmission system under all working conditions. For this
reason, this chapter will focus on deriving the calculation
expression for the normal backlash increment of gear pairs
considering the deformation of coated solid lubricants[14].



Figure 1: Schematic Diagram of Thermal Deformation of the Base Circle

Wherein, O1 and O2 represent the rotation centers of the
two meshing gears; Rb1, Rb2 R'b1, and R'b2 denote the base
circle radii of the gears before and after temperature change;
K and K' indicate the thicknesses before and after solid
coating; and a and o' represent the meshing angles of the gear
pair before and after thermal deformation.

By means of the derived expression for the thermal
deformation of the gear base circle mentioned above, the
changed base circle radii R'bl and R'b2 can be expressed
accordingly.

Ry =Ry + 5, +K
Rlbz = Rb2+ﬂb2+K (17)

Where:

B1, pP2—— thermal deformation of the gear base circles.

Under the condition that the gear center distance remains
unchanged due to heat, the reference circle pressure angle o
can be expressed as follows:

Ry +2K +Ry, _ Ry +R, +2K
cosa cosa (18)

Therefore, the new meshing angle after temperature
variation is as follows:

1T P +2K + R, + )
R, +R,,+2K (19)
By means of the formula between the base circle and the
reference circle, the base circle pitch Yb1 and the base circle

tooth thickness Nb after thermal deformation can be
calculated as follows:

Y, = 27[(Rtl)1)

- R
o =arccos (—2

z (20)
. N -
N, = (R, + K)[=—(invar —invex)
R,
. N P, -
N,, =(R,, +K )[R—— (inva —inva)
2 (21)
S1, S2— represent the reference circle tooth thicknesses

respectively.

Finally, the final normal backlash caused by the gear
backlash variation induced by temperature change is derived
as follows:

F=Y,-N,—N,+2(R,+R,+K)inva @
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Through a systematic analysis of the thermal expansion
behavior of solid-lubricated bevel gears under temperature
variation, an analytical expression for the final normal
backlash of gears after the adjustment of meshing geometric
parameters caused by ambient temperature changes is
obtained. The derived results provide a clear theoretical basis
for subsequent evaluation of the meshing safety margin of
gear pairs, judgment of potential interference risks, and
conduct of thermal-structural coupling analysis in the space
thermal environment.

4. Validation via Simulation Analysis

The analytical expression for the normal backlash
considering the gear thermal deformation effect derived
above from a theoretical perspective provides a key
theoretical model for evaluating the on-orbit precision of
space mechanisms. However, the accuracy and applicability
of this formula still need to be verified through rigorous
numerical experiments. Therefore, based on the
aforementioned theoretical achievements, a corresponding
parametric simulation model of the gear pair will be
established to systematically conduct simulation analysis
under the thermal-structural coupled field. By simulating the
dynamic response of the mechanism under actual high and
low temperature operating conditions, the variation of the
normal backlash of the gear pair will be accurately quantified,
thereby cross-validating the correctness of the theoretical
derivation and providing reliable data support for subsequent
on-orbit performance prediction.

4.1. Simulation Results

To quantitatively evaluate the effect of temperature load on
transmission accuracy, the probe function of ANSYS was
adopted to arrange displacement monitoring points at the key
contact points of gear meshing. The set monitoring points
cover typical positions including the start of meshing, the
middle of contact and the end of disengagement, and the
three-directional displacement time-series signals varying
with temperature were recorded under a unified coordinate
system. To ensure the reliability of the results, all monitoring
points correspond to the nodes after mesh generation or are
interpolated to the mesh nodes, and post-processing analysis
was carried out under the premise that the boundary
conditions and contact definitions remain consistent. Finally,
the precise variation of the relative position of the tooth
surface under different thermal deformation conditions can be
obtained.
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Figure 3: Deformation Diagram of Gear Pair at -75°C

4.2. Analysis of Simulation Experiment Results

It can be seen from the results of the simulation analysis
that within the temperature range of -75°C to +100°C, under
the combined effect of thermal expansion and thermal
contraction of the gear pair, the tooth surface clearance in the
meshing area undergoes slight changes, but the overall

1.137e-8 Bih

meshing relationship remains good without any tooth surface
interference. Meanwhile, the coordinates of the nodes and the
deformation values in the X, Y and Z directions at these
positions are extracted to calculate the clearance of the gear
pair after thermal deformation, which is then compared with
the formula derived earlier. Similarly, the simulation analysis
of another gear pair is completed.

Figure 4: Simulation Result Diagrams of Gear Pair at 100°C and -75°C

Finally, the normal backlash is calculated by extracting the
coordinate parameters of the nodes, and the results are

compared with those obtained from the formula calculation,
as shown in

Table 1 Gear Pair Backlash

Gear Pair Normal Backlash Simulation Analysisat  Formula Calculation ~ Simulation Analysisat-  Formula Calculation
100°C 75°C
1 0.0326 0.0310 0.0328 0.0348 0.0339
2 0.0445 0.0426 0.0439 0.0459 0.0469




Since the simulation analysis model adopted in this study
is an idealized three-dimensional geometric model, the
influences of factors such as actual machining errors,
assembly clearances and tooth surface micro-damage were
not fully considered in the modeling process. Therefore, there
may be a certain deviation between the simulation results and
the real gear meshing state. This paper mainly focuses on the
discussion and verification of the rationality of the theoretical
model and the reliability of the calculation formula. It can be
seen from Table 1 that under different temperature conditions,
there is no interference in the meshing state of the gear pair,
indicating that the meshing geometric relationship of the
system after thermal deformation is still within the safe range.
Meanwhile, by comparing the backlash variation obtained
from the simulation with the theoretical calculation results, it
is found that the two sets of values are close and the variation
trends are consistent, which verifies the correctness and
engineering applicability of the derived thermal deformation
model and normal backlash correction formula. Therefore,
this theoretical model can accurately describe the thermal
deformation characteristics of solid lubricated gears in the
space environment, and provides a reliable theoretical basis
for subsequent transmission efficiency analysis and structural
optimization design.

5. Conclusion

This study investigates the thermal deformation of solid
lubricant gears under extreme space thermal environments.
By integrating theoretical modeling, formula derivation, and
ANSYS simulation validation, the quantitative relationships
among material linear, area, and volume expansion
coefficients are clarified, and an equivalent conversion model
is established. A theoretical system for gear thermal
deformation that considers the coating-substrate coupling
effect is constructed, along with a temperature field
calculation model for the base circle. Finally, an accurate
calculation expression for the normal backlash of gear pairs
is derived. The quantitative comparison between simulation
and theoretical calculations shows that for Gear Pair 1, at
100°C, the simulated backlash of 0.0310 mm has a relative

error of 5.8% compared to the theoretical value of 0.0328 mm.

At -75°C, the simulated backlash of 0.0348 mm has a relative

error of 2.6% compared to the theoretical value of 0.0339 mm.

For Gear Pair 2, the relative errors at 100°C and -75°C are 3.0%

and 2.1%, respectively. Under all operating conditions, no
meshing interference occurred in the gear pairs, and the
numerical values from both methods were close, with
consistent variation trends. These results validate the
correctness and engineering applicability of the model. The
research outcomes fill a theoretical gap in this field and
provide key technical support for backlash optimization
design, thermal environment adaptability evaluation, and
interference risk avoidance in transmission systems of
aerospace deployment mechanisms. This work is of
significant importance for enhancing the transmission
reliability and service life of aerospace equipment.
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