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TECHNICAL MEMORANDUM

FRACTURE ANALYSIS OF HPOTP BEARING BALLS

INTRODUCTION

The High Pressure Oxygen Turbopump (HPOTP) bearings of the Space
Shuttle Main Engine (SSME) have been known to crack and spall pre-
maturely [1,2]. In order to increase the life and reliability of the SSME,
it is important to understand and correct this problem, Many attempts
have been made to determine the cause of bearing failures. For example,
a detailed examination of failed balls, races and cages, and a stress
analysis were conducted by Battelle Columbus Laboratories [3]. Further-
more, analyses of wear in HPOTP bearings were made by NASA personnel
at MSFC. These analyses seem to indicate that the bearings are sub-
jected to variable, sometimes very high [estimated at approximately
4545-kg (10,000-1b)] transient axial loads, which are believed to cause
the bearings to crack by fatigue. Based on the depth of the fatigue
cracks, the maximum Hertzian stress in the bearings was estimated to be
greater than the design 186 GPa (270,000 psi) [3]. While steps are
being taken to reduce the high transient axial loads, efforts are con-
tinuing to improve our understanding of the bearing failure. As a part
of these efforts. a fracture analysis of selected balls from HPOTP bearings
was conducted at Materials and Processes Laboratory. Both surface and
subsurface cracks were characterized and attempts were made to deter-
mine the possible causes of crack initiation and propagation. The details
of these analyses are presented in the following sections.

EXAMINATION PROCEDURE AND RESULTS

A total of four HPOTP No. 3 bearing balls were examined, two with
spalis and two without. The origin and surface characteristics of these
balls are given in Table 1. Ball No. 1 showed no visible surface cracks or
spalls but had visible wear tracks and numerous shallow pits (Fig. 1). In
order to determine if the ball had any subsurface cracks, a nondestructive
evaluation technique was used. In this technique, the ball was placed in an
eddy current probe operating at 500 KHz and tested. A subsurface flaw was
detected. The flaw was located on the wear tracks. Subsequent to the
eddy probe examination, the ball was mounted in epoxy and sectioned
parallel to the wear track, using a diamond cut-off device. The cross sec-
tion was polished, etched in Vilella's reagent [4] and examined under an
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optical microscope for cracks. Any cracks observed were photographed.
Then a 0.25 mm (0.010 in.) thickness was removed by grinding and the
sample was again polished, etched and examined for cracks. This proce-
dure was continued until the wea® tracks were ground off completely.

Photomicrographs of cracks in ball No. 1 are presented in Figures 2
through 4. Figure 2 shows two photomicrographs of a rubsurface crack at
two different positions. The position 2 is 0.25 mm (0.010 in.) from posi-
tion 1. This crack was correctly located by the eddy probe. Figures 3
and 4 show different types of surface cracks present in the ball. It should
be noted that all these cracks are very shallow, less than ,025 mm (0.001 in.)
deep. They appear to meet the surface at relatively small angles (approxi-
mately 20°).

Figure 5 shows a surface crack in bail No. 2 (Table 1). Figure 6(A)
is a photomacrograph of ball No. 3 (Table 1), and Figure 6(B) is a cross
section of that ball. The photomicrographs of cracks in ball No. 3 are
given in Figures 7, 8, and 9. Figure 10 is the second half of ball No. 3
in Figure 6. Figure 11 is a photomicrograph of the crack from area A in
Figure 10. It should be noted that cracks in the photomicrographs appear
to be mirror images of cracks in the corresponding photomacrographs
because different metallographs were used in the twu cases.

Figure 12 is a cross section of ball No. 4 from HPOTP 9008, No. 3
bearing from engine 2004. A deep crack, nearly 2.3 mm (0.090 in.) deep,
is visible at area A. Figure 13 is a high magnification photomicrograph of
a crack at area A in Figure 12. Figure 14 is a photomicrograph of a crack
at area B in Figure 12. Figure 15 is a photomicrograph of a shallow crack
in area C, (Fig. 12) away from the heavily spalled areas A and B. This
crack appears to have originated at a shallow spall and then propagated
inwards at a continuously increasing angle. Extensive branching has
aecurred with cracks meeting at approximately 90°. The cracks appear to
be oriented at 45° to the surface. Significance of these angles is discussed
in the next section.

The crack A in Figure 12 was opene and the fractured surface was
carbon replicated for examination in the transmission electron microscope.
Two TEM photomicrographs of the fractured surface are shown in Figure
16. Parallel lines, resembling fatigue striations, are observed. Such
striations were observed in different parts of the fractured surface.

DISCUSSION

It is significant that the subsurface crack in ball No. 1 (Fig. 2) was
correctly located by the eddy probe technique. This result shows that it
is possible to determiie the subsurface cracks in balls without having to
section them. Hence eddy current probe technique may be used to nonde-
structively identify balls having subsurface flaws existing at the time of
manufacture or subsequently induced in operation.
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It is also significant that the subsurface crack was actually located
under the wear track. This location is to be expected because the bearing
material under the wear track is subjected to cyclic stresses. According
to the Palmgren theory [5] fatigue cracks initiate under stress at locations
of maximum shear stress which is usually subsurface, typically 0.075 to
0.203 mm (0.003 to 0.008 in.), depending on the magnitude of Hertzian
stress (3]. Under conditions of pure rolling, high stresses initiate fatigue
cracks at deep locations. With the addition of frictional or sliding forces,
planes of maximum shear stress move closer to the surface [6]. Sliding
forces of sufficient magnitude can cause cracks to originate at the surface
and significantly reduce bearing life. The cracks in Figure 3 appear to be
surface initiated. The cracks shown in Figure 4 are in advanced stages
and it is difficult to tell their origin. Interestingly, all cracks in this ball
were very shallow, less than 0.001 in. from the surface. This result sug-
gests two possible mechanisms of cracking: (1) Hertzian stresses are very
low such that crack initiation occurs at very shallow depths; (2) Hertzian
stresses are high but the coefficient of friction is also high such that the
plane of maximum shear stress is very close to the surface. The author
favors the latter mechanism because, if the Hertzian stresses were indeed
low, the bearing life would have been very long (hundreds of hours).
However, the ball in question had seen only 1904 sec of operation in the
turbopump (7) and subsurface crack initiation is not expected in such a
short time period under normal loading conditions. On the other hand,
surface cracks are expected to occur in a short time under abnormally high
loading conditions in combination with poor lubrication (high coefficient of
fraction). Therefore, it appears that the cracks in this ball were initiated
under conditions of high stresses and high coefficient of friction. The
high coefficient of friction was probably due to the failure of teflon transfer
film lubrication. If this hypothesis is correct, it should be possible to
increase the life of this bearing by improving lubrication.

The crack in ball No. 2 (Fig. 5) appears to propagate nearly perpendi-
cular to the surface. The reason for this kind of crack is not well under-
stood. It is possible that this was a preexisting crack.

The crack in ball No. 3 (Fig. 7) appears to run parallel to the ball sur-
face and is approximately 0.18 mm (0.007 in.) deep. The fracture at the
spalled edge is nearly perpendicular to the surface. This crack configura-
tion is consistent with a subsurface crack initieted under high Hertzian
stresses, ~3.8 GPa (550 ksi) [3]. The crack in Figure 8, on thie other hand,
appears to have initiated at a shallow spall (at the upper right hand corner
of the Figure), and propagated inward at an increasing angle. Figure 9
shows a more advanced stage of spalling in which some material from the
surface has been removed and cracks have propagated deeper inside. The
deep crack has two branches at right angles and both appear to be at
approximately 45° to the surface. This type of crack paitern could be a
result of concentrated loading {8). Another example of a 45° crack pattern
is shown in Figure 15. Here again. the crack appears to have originated at
a shallow spall and propagated inwards at an increasing angle. The
branches are at 90° to each other and at 45° to the surface.
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Examples of very deep cracks are given in Figure 11, 13, and 14
(balls No. 3 and No. 4). All these cracks appear to have originated in
heavily spalled areas. The crack propagation patterns seem to follow the
shear trajectories predicted ty a stress model based on concentrated load-
ing [8]. Further analytical work is needed to accurately predict the crack
propagation patterns. TEM photomicrographs of a carbon replica of the
fractured surface of the crack in Figure 13 are shown in Figure 16. This
figure shows striations that are typical of crack growth by fatigue mode.
The striation spacing is approximately 0.03 u. This spacing corresponds
to approximately 75,000 cycles for the crack to grow to a length of 2.3
mm (0.090 in.). This result translates into approximately 15,000 revolu-
tions or 30 sec of running time for the HPOTP at 30,000 rpm, The actual
running time is difficult to predict and might be longer than the estimated
30 seconds, but the result suggests that crack propagation could occur in
a relatively short time.

Considering the crack trajectories. deep spalls, and shallow spalls,
the following scenario of HPOTP bearing ball failure results. Subsurface
and surface cracks are initiated under high Hertzian stresses combined

th high coefficient of friction. The cracks lead to spalls. Deep cracks
are initiated at the spalls under concentrated loading on the edge of the
spalls. These cracks propagate rapidly by fatigue mode.

CONCLUSIONS

1. Crack initiation seems to cccur at both surface and subsurface
locations.

2. Cracks in unspalled balls are generally shallow, <0.025 mm
(0.001 in.), but spalled balls have deep cracks, up to 2.3 mm (0.090 in.)

3. Crack growth seems to occur along shear trajectories corresponding
to concentrated loading on the edge of spalls.

) 4. Crack initiation is apparently due to high Hertzian stresses combined
w1t.h high coefficient of friction between balls and races. The high coef-
ficient of friction is probably a result of poor lubrication.

5. Eddy current probe may be used to detect and locate subsurface
cracks,
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TABLE 1.

SOME DETAILS OF THE HPOTP BEARING
BALLS EXAMINED IN THIS REPORT

Ball No. HPOTP Engine Surface Characteristics

1 2502 0008 Two visible wear tracks; two pitted
areas present on tracks (see Figure 1);
no visible surface crack or spall.

2. 9008 2004 One surface crack : no visible spalls
(see Figure 5).

3. 9008 2502 Heavy spalling (sce Figure 6).

9. 9008 2004 Heavy spalling.

Mag. 4.5X
FiGURE 1. Photomacrograph of ":*1l No. 1 from HPOTP 2502,

Engine 0008.

Note the pits and .
was used tc minimize glare.

ar tracks. The black dot
Photomicrographs

of sections of this ball are given in

Figures

2, 3, and 4.
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Figure 3. Surface cracks in HPOTP 2502 bearing
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Engine 2004.

Deep crack in HPOTP 9008 bearing ball from

Figure 14.
Crack depth approximately 0

19

.76 mm (0.030 in.) (area B in Figure 12).
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