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Table 1 Partial calculation results (change of pressure and coolant
� ow in re-entry process, time from 76.2 km, Tl coolant)

Relative Relative
pin, pin, difference, PM , PM , difference,

t present Ref. 2 % present Ref. 2 %

17.5 20.50 21.50 4.65 0.036 0.034 ¡5.88
18 40.00 45.00 11.11 0.054 0.049 ¡10.20
19 100.00 105.00 4.76 0.207 0.202 ¡2.48
20 195.00 200.00 2.50 0.464 0.463 ¡0.22
20.5 234.80 262.50 10.55 0.563 0.540 ¡4.26
22 212.48 212.50 0.01 0.473 0.459 ¡3.05
23 193.00 200.00 3.50 0.477 0.454 ¡5.07
24 187.00 190.00 1.57 0.346 0.360 ¡3.89
25 175.00 177.00 1.13 0.383 0.374 ¡2.41

Table 2 Partial calculation results
of M, D p, and pin for four coolants

Coolant M 1p pin

Tl 4.5 92.90 192.90
In 2.01 62.44 162.44
Sn 1.92 70.55 170.55
H2O 2.92 494.62 594.66

and for liquid coolant is

.pin/la D
qw0 ¹. NRex ¡ NR in/

½0Lv 1 C 0:6. NMa= NM c/
1
3

C pex (24a)

.pin/t D
qw0 ¹. NRex ¡ NR in/

½0Lv 1 C 0:2. NMa= NM c/
1
10

C pex (24b)

Calculation Examples
For a check of the validity of the simpli� ed method, a computa-

tional example is given. According to the parametersof the re-entry
orbit, the thermal protection of SCAT with four different physical
character coolants is calculated.

The partial calculatedresults are given in Tables 1 and 2. It can be
seen in Table 1 that, in the re-entry process, the present calculative
results agree fairly well with the numerical computation of Ref. 2
for the pressure and coolant of thallium.

Table 2 shows the total coolant mass � ow MSn < MIn < MH2O <
MTl and the internalpressure pIn < pSn < pTl < pH2O. The resultsof
the computational example show that the thermal protection effect
of coolant In is best and that the thermal protectioneffect of coolant
H2O is worst because the internal pressure . pH2O/ is too high, de-
stroying the porous nosetip. Thus, H2O is an unacceptable coolant.

Conclusions
From the preceding results and analysesof calculationexamples,

we can derive the following conclusions.
1) The theoretical analysis method based on three simpli� ed as-

sumptions is dependable and accurate.
2) The simpli� ed calculative results agree fairly well with the

numericalcomputationofRef. 2. The differencebetweenthe present
simpli� ed calculation and the numerical computation of Ref. 2 is
about §0:01 » §11%.

3) The present calculative method can be satisfactorily used for
prediction before a ground simulation experiment, and it can be
done at the request of an engineering application department.
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Introduction

S OLID lubrication of bearings for space applications, such as
precision pointing mechanisms, has been proposed in recent

years with the use of synthetic diamond coatings. Diamond is a
reasonable candidate for a low-frictioncoatingbecause it possesses
exceptional corrosion resistance and a low coef� cient of friction
(except at ultra-high vacuum) with the highest values of hardness
and stiffness.1 In addition to the lubrication properties of diamond,
the coating may improve the chemical/mechanical wear resistance
of the base material. Coatings are applied to bearing elements for
improving performance and prolonging life by enhancing the resis-
tance to substrate spalling (galling) and lubricant degradation.2

Diamond may bea suitablelow-frictionand protectivecoatingfor
bearings because it is available in thin � lm form by chemical vapor
deposition(CVD) methods at low pressures (130–1:3£104 Pa) and
modest temperatures (600–1000±C) (Ref. 3). An important aspect
of the CVD process is the conformal coating of complex shapes,
such as spheres. Much of the effort in our laboratory was directed
toward obtainingsurface characteristicsof the diamond coating that
are consistent with precision (silicon nitride) bearing components,
such as the balls and rings.4 A conformaldiamondhas beenobtained
on 1–25-mm-diam silicon nitride balls.

A number of refractorymaterials can be diamond coated, such as
most ceramics. However, as diamond growth is achieved at lower
temperatures,useful coatingson aerospacematerials are available.5

Silicon nitride was selected for the base material of the bearing
elements because of its high melting point, availability as precision
bearings,and ongoingefforts to qualify siliconnitride hybrid (metal
and ceramic) and all-ceramic bearings for aerospace applications.
In addition, a useful diamond coating cannot presently be achieved
on common aerospace bearing materials, such as 52100 steel. The
results of a bench scale evaluationof diamond-coatedsilicon nitride
bearings operating without additional lubrication is noted in the
following.

Experiment
Completed and assembled R8 silicon nitride bearings were ob-

tained consisting of Norton NBD-200 inner and outer rings and
Cerbec balls also made of NBD-200. The bearing outer diameter is
3.1 cm with 4-mm-diam balls. Components were prepared for dia-
mond deposition by disassembling the bearing, abrading with 0.1-
¹m diamond powder, and rinsing in solvents.The diamond scratch-
ing procedure is commonly used in CVD diamond deposition pro-
cesses for enhancing the nucleation density. Diamond growth was
achieved in a microwave plasma system operatingat 2.45 GHz with
a 1% concentrationof methane in hydrogen.The total � ow rate was
200 standard cm3 min¡1 with a pressure of 6:7 £ 103 Pa. The sam-
ple temperature was measured by a two-color optical pyrometer as
approximately 800±C.

Coated components (rings and balls) were examined by optical
and scanning electron microscopy (SEM) to determine the coating
coverageandmicrostructure.Raman spectroscopywas performedto
determine the diamond quality, providing a nondestructive(optical)
evaluation of the coating quality because diamond has a charac-
teristic peak at 1332 cm¡1. The � lm stress can also be determined
by Raman spectroscopy as described elsewhere.6 Finally, pro� le
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measurementswere made on the coatedballs with a roundnessmea-
suring machine.

One bearing set was reassembled and tested without lubrication
under nominal load and speed with � ve balls and a phenolic retainer
(Table 1). Excessive torque noise was immediately evident and of
suf� cient magnitude that the test was terminated after 10 min. The
bearingcomponentsweredisassembledandcharacterizedby optical
microscopy,SEM, and Raman spectroscopyto determine the source
of premature failure.

Results
SEM characterizationof the diamond-coatedsilicon nitride com-

ponents prior to bearing assembly indicated a � ne-grained mi-
crostructureon the balls, inner and outer rings, consistentwith their
specular appearance. The average diamond grain size of the ball
coating was 0.4 ¹m. The roundness deviation of the coated ball,
i.e., sphericity, was measured as 0.13 ¹m, consistent with a preci-
sion bearing ball. However, SEM examinationof the tested bearing
indicated that � lm delaminationwas prevalent on the ball and rings
(Fig. 1). Considerabledebris was generatedby wear of the phenolic
retainer.The extent of � lm failure prompted reevaluationof the fea-
sibility of diamond coating silicon nitrideby examining the residual
diamond � lm stress.

The thermal expansion coef� cients ® of diamond7 and silicon
nitride are plotted with temperature in Fig. 2, where a surprisingly
large temperature dependence is noted for diamond. Generic values
of ® for silicon nitride were used because the values are expected
to vary little among Si3N4 materials in comparison to the difference
with diamond. The thermal stress in the diamond � lm ¾th arising
from cooling to room temperature from the deposition temperature
Tdep is given by

¾th D ¡
E

1 ¡ º

Trm

Tdep

®diam ¡ ®Si3N4 dT (1)

where E .D 1050 GPa) and º .D 0:07/ are the Young’s modulus
and Poisson’s ratio of diamond.1 An intrinsic or growth component
may contribute to the total � lm stress; however, the thermal stress

Table 1 Bearing test conditions

Property Value

Temperature Ambient room temperature
Humidity Ambient air
Load 9 N
Speed 4 rpm
Lubrication Dry
Estimated hertzian stress 700 MPa
Test duration 10 min
Torque noise (peak–valley) 37.5 g-cm

Fig. 1 Scanning electron micrograph of diamond-coated silicon ni-
tride ball after bearing test.

Fig. 2 Thermal expansion coef� cient of diamond and silicon nitride
with predicted diamond � lm stress.

predicted by Eq. (1) is found to dominate in other diamond-coated
materials.6 The dependence of � lm stress with temperature T fol-
lows from the thermal expansiondata and is readily given by � tting
a polynomial over the range 25±C · T · 800±C (Fig. 2):

¾th D ¡3:627 £ 10¡2 ¡ 1:642 £ 10¡3T

C 7:883 £ 10¡6T 2 ¡ 9:938 £ 10¡9T 3

C 4:902 £ 10¡12T 4 ¡ 1:089 £ 10¡16T 5 GPa (2)

A tensile � lm stress is predicted for Tdep > 350±C. A tensile � lm
stress was con� rmed on coated balls and � at coupons by Raman
spectroscopy.The presence of residual tensile � lm stress precludes
theuseof diamond-coatedsiliconnitrideforbearingapplicationsbe-
cause the propensityfor � lm crackingand delaminationis enhanced
under contact loading.Diamond depositionat reducedtemperatures
for a compressive � lm stress on silicon nitride is unavailable with
the present technology.Work is ongoing to explorediamond-coated
bearing materials, e.g., steel, under compressive � lm stress.
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