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This paper presents a comparison of rvesulls of vibration and
direct veading (DR) ferrographic analysis of high-speed gears op-
erating under conditions of steady and varying loads. Nine sels of
gears were tested, four sels were subjected to a steady load and the
other five to varivus forms of varying loads, Gears were fubricated
aither by splash fubrication or by a vecirculating lubrication system.
The resulls showed close correlation between these lechniques, es-
pectally in the cave of splash lubricated gears. Typical results ave
presented and discussed.

INTRODUCTION

The increasing application of the “on condition™ ap-
proach to maintenance of modern machinery has led to the
development of 4 vast number of machine condition-mon-
itoring techniques. Such techniques usually fall into one of
four categories, monitoring ot operating variables (e.g. ve-
locity, pressurc), monitoring of friction-induced encrgy losses
{e.g. noise. acoustic emission, Lemperature}, monitoring of
components and/or lubrication {e.g. vibraton, displace-
ment, lubricant supply, lubricant analysis), and, finally,
monitoring of wear-induced matcrial losses (e.g. speciro-
metric oil analysis, lerrography, particle countingj.

Most of the techniques arc hest in detecting a single
“symptlom™ of machine distress. For example, particle
counting only provides informanoen about size and size dis-
tribution of wear debris, spectrometric cil analysis only pro-
vides information about gross concentration of wear metals
in a sample. ‘The detecion of machine distress and diag-
nosis, i.c. identification ol the mode, location, and mecha-
nism of the wear or damage process and its intensity, may
be greatly enhanced by using a “syndrome” approach in
which a combination of “symptoms” identified by individual
techniques is used to identity the failure or wear problem.
A relatively rare use of such an approach to condition mon-
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itoring is partly due to the increased cost of monitoring and
partly due to the rather “sectarian” views of researchers and
engineers involved in condition monitoring characterized
by a strong preference for a particular technique of con-
dition monitoring. Recent papers on condition monitoring
have addressed this problem and some interesting results
have become available (1), (2), and (3). The results of the
study reported in this paper were obtained during a con-
tinuing machine condition-monitoring program sponsorcd
by the Australian mining industry. One of the objectives of
this program is to evaluate various machine condition mon-
itoring techniques and determine the best mix of various
techniques which will provide reliable detection, diagnosis
and, eventually, prognosis of the state of mining machinery.

‘The first objective of the study reported in 1his paper was
to evaluate various vibration and ferrographic technigues
in detecling gear wcar. The second objective was to obtain
a comparison of the effectiveness of ferrographic and vi-
bration techniques in the detection of wear of gears oper-
ating under steady or varying load conditions.

Tests on nine pairs of gears were carried out. To aceel-
erate the tests, the gears were heavily loaded and, in some
tests, gear damage was induced by lubrication starvation,
contamination, or by inflicting damage to the gear teeth.

TEST EQUIPMENT

A schematic representatien of the test rig and instru-
mentation is shown in Fig. 1. The test rig consisted of a 5.6-
kW (7.5-hp) 3-phase, 2865-rpm electric motor which was
coupled by a flexible coupling to a single-stage parallel-shafi
gearbox. The output shalt of the gearbox was coupled to
a hvdraulic gear pump. The pump How was discharged at
the pressure set by a relicf valve. The test load was con-
trolled by the reliel valve setting which was adjusted either
manually or, in some tests, automatically using a solenoid-
aperated reliel valve and signal generacor.

Test gears were commercially available spur gears man-
ufactured from S1045 mild sieel. The gears had not been
heat treated. "I'ceth pressure angle was 20 degrees and shaft
center clistance was 44.45 mm. The gear shatls were sup-
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Fig. 1—Experimental test rig and instrumentation

poned by 6002 deep-groove ball bearings. These bearings
have internal and external diameters of 15 mm and 32 mm,
respectively, and load ratings of 5.59 kN (dvnamic)and 2.5 kN
{static). Dctails of gears usecl in each test are shown in Table 1.

LUBRICATION

"I'he lubricant was a commecreial GL-5 gear oil of the sul-
fur/phosphorus chemistry with extreme-pressure additives.
The oil specified viscosily was 135 ¢St at 40°C and 14.2 ¢5t
at 100°C, viscosity index was 103,

‘T'wo types ol lubrication were used during the tests. The
first five tests were run with splash lubrication. The volume
of lubricant in the gearbox was maintained constant by re-
placing the Auid lost during sampling. The remaining four
tests were run with a recirculating lubrication system which
consisted of a vane pump and full-How, in-linc filter. The
ubricant was injected directly, under low pressure, into the
contact zone of the mating gears. The paper flter element
was rated, on the basis of a single-pass filter efficiency test
carried out by the manufacturer, to retain above 90 percent
of particles greater than 3 pin.

TEST PROGRAM

The details of the test program are listed in Table 2.

FROM
REMOTE
A CONTROL

HYDRAULIC
PUMP

reading ferrographic (DR} techniques is given in {4).

Sample Processing

Oil samples were collected at time intervals specified in
Table 2. The volume of each sample was 15 cc. Before anal-
ysis, each bottle containing a sample was thoroughly shaken
using an ultrasonic bath and a mechanical shaker. When
necessary, samples were diluted to maintain readings of DR
ferrograph within linear range.

DR Trending Parameters

A number of trending parameters have been evaluated,
the most effective were (5):

1. Large Particle Count, DL 1]
2, Small Particle Count, DS 2]
8. Wear Rate Index, WR = DL + DS 151
4, Wear Intensity Index, WI = DL — D§ [4]
5. Wear Severity Index, $12 = DL*DL -~ DS)DS§ 151

This index was a good indicator of the wear occurring
in the splash-lubricated gears. Its usefulness was some-
what limited for gears using recirculating lubrication.

ANALYSIS—FERROGRAPHY
A description of analytical ferrographic (AF) and direct 6. Severity of Wear Index, 81 = WR¥WI [6]
TapLe | —DeTatrs oF TEST GEARS
TEST No 1 1 2 3 4 5 3] 7 8 9
Number of teeth 28 i_)ﬁ ﬁ ‘2_4 21 24 24 24 24
pinion/wheel 28 o8 28 32 32 39 39 K 49
Face width {mm) 12.7 6.3 197 6.3 6.3 5.0 5.0 5.0 5.0
pinion‘wheel 12.7 6.3 4.0 6.3 4.3 3.0 5.0 5.0 A0
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TaBLE 2—TEST PROGRAM
TEST - SAMPLING RATE h/
No. TyPE OF LOAD sample DAMAGE INDUCED
1. steady (5.2 kW) 3 a. lubrication off at 45 h for 8 minutes
b. lubrication off at 63 h for 25 minutes
c. lubrication off at 78 h for 60 minutes
d. tooth damaged at 96 h
e. remove one tooth at 117 h
2. steady 2 nil
3. steady 2 nil
4, steady 2 a. add 1 gm/l of ACTCD at 148 h
b. add 2 gm/l of ACTCD at 156 h
c. add 4 gm/l of ACTCD at 162 h
5. load altered every 2 h 2 add 2 gm/l of ACTCD at 86 h
6. load altered every 2 h a. 2hfor66h nil
b. one at 67 h
c. 0.5h
i load altered every 2 h a. 2hfor92h nil
b. one at 93.5 h
c. 0.5htill 95.5 h
d. one at 97.75 h
8. cyclic at 0.083 Hz 2 nil
9. cyclic at 0.025 Hz 2 nil

In practice, this parameter has very large variations. The
use of log or decibel values simplifies trending. Either
the baseline value or 8/ = 1 can be used as a reference
value (6). The SI0 index was calculated using the initial
(baseline) value of SI as a reference,

SIO = 20 log[(WR*WI)/(WR*WI,)] (7]

where WR,, WI, are baseline values of §I, and
WR, WI are values of the current sample.

In addition to the parameters listed above, parameters
proposed in the literature (7), (8) and others based on av-
erage or accumulative values of the above indices were also
evaluated. All parameters were plotted against time and
used for trending the condition of the gears. Figure 2 shows
a comparison of trends of various DR indices for gear set
6. The wear trends were verified by inspections of the gears
during tests and by analytical ferrographic analysis. The
values of DS and DL used in the calculation of SIO for the
splash-lubricated gears (tests 1 to 5) were corrected to com-
pensate for dilution caused by replacement of the oil lost
during sampling.

DL, DS, WR, WI

0 175 £
Time(hours)

52.5 70

Fig. 2—Comparison of DR trends—Gear Set 6

ANALYSIS—VIBRATION

Sample Processing

Bearing acceleration, bearing to shaft relative displace-
ments and keyphazor data were collected by a minicom-
puter and stored on a disk for further processing. These
samples were collected at the same time as oil samples. Note:
The keyphazor was a relative displacement transducer used
in providing a once-per-revolution reference pulse off the
shaft keyway. This pulse was subsequently used for deter-
mining the shaft rotational speed and in indexing the vi-
bration time domain signal for time synchronous averaging.
The signals were appropriately processed to prevent digital
aliasing before storage. The upper frequency limit was
18.653 kHz per channel during the first three tests and
10.24 kHz during the following tests. The instrumental set
up is shown in Fig. 1.

Vibration Trending Parameters

Only parameters obtained from acceleration signals are
discussed here. Most of the time and spectral parameters
used in our study were applied previously in a study of
rolling element bearings (9). Cepstral parameters and pa-
rameters based on gear discrete frequencies were also in-
vestigated and discussed in detail in (/0). The above and
other studies, reported in (/1), established that in the case
of high-speed gears and bearings operating at a steady speed,
the parameter known as the matched filter RMS was more
sensitive and reliable in the detection of damage when com-
pared with the more commonly used parameters such as
RMS or peak levels. The matched filter RMS (MFO) based
on the original spectrum is defined by

()]
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n

MFO = 10 Iog[l >
g =1




where As, is the amplitude of ith component of the sample
frequency spectrum,

Ao, is the amplitude of ith component of the original or
baseline frequency spectrum, and

n is the number of frequency components in the vibration
spectrum.

COMPARISON OF PARAMETERS

Of the wide array of analysis techniques employed in both
vibration and ferrographic studies, the matched filter RMS,
MFO and the wear severity index, SIO were chosen in order
to make a comparison of their effectiveness in detecting
and perhaps diagnosing abnormal wear and damage. The
trends of parameters MFO and S1O were compared directly
by plotting both parameters on a single graph. However,
as changes of MFO values were smaller than the changes
in values of S10, a gain factor was introduced in some MFO
trends for comparison purposes.

RESULTS

Gear Set 1

This gear set was run-in before sampling commenced.
Gear damage was induced during the test by reducing the
level of lubricant in the gearbox at 45, 63, and 78 hours.
The MFO and SIO trends are compared in Fig. 3, MFO
gain factor was 3.0. Both trends showed sharp, correlated
increases at the time when lubrication was reduced at 45
hours and responded with downward trends when the cor-
rect lubricant level was restored. The oil sampling was stopped
after 87 hours, thus no DR data are available on the effect
of tooth damage at 96 and 117 hours. These events are
clearly visible on the MFO plot.

Gear Set 2

No run-in was allowed during this test, a full steady load
was applied as soon as the test commenced. Bearing failure
at 68 hours was observed and verified using the AF tech-
nique. The MFO parameter (gain factor was 3.0) showed a
gradual increase and then, after 18 hours, stabilized at about
48dB (actual 16dB), Fig. 4. The SIO showed a sharp in-
crease by approximately 45 dB after only two hours of op-
eration and, after peaking at 60 dB between 8 and 12 hours,
decreased to approximately 40 dB at 56 hours. Both pa-
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Fig. 3—Gear Set 1—Comparison of MFO and SIO
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Fig. 4—Gear Set 2—Comparison of MFO and SIO

rameters increased again after bearing failure was observed
at 68 hours and continued this trend until the end of the
test.

Gear Set 3

To accelerate this test, the width of the driven gear was
reduced by approximately 30 percent in comparison with
the width of gears used in the previous test. After 8 hours
of operation, severe pitting and scoring of gears were ob-
served, and the gears failed after 12 hours of operation.
Both trends, shown in Fig. 5, were similar until 8 hours
after which the vibration decreased slightly (MFO gain fac-
tor was 3.0). The AF analysis showed a large quantity of
sliding and rubbing wear indicating that the gears were in
failure mode early in the test, Fig. 6.

Gear Set 4

Conditions for this test were similar to those of gear set
2, with the exception of the gear ratio. Inspection of the
gears showed gear scuffing and pitting early in the test. The
AF analysis showed a similar wear pattern to that of gear
set 2. Samples taken until 168 hours showed high levels of
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Fig. 5—Gear Set 3—Comparison of MFO and SIO

Fig. 6—Gear Set 3—Sliding and rubbing wear
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fatigue and rubbing wear and low levels of sliding wear,
Fig. 7. The initial SIO trend was very similar to trends ob-
served in tests of gear sets 2 and 3. The MFO initial trend
(gain factor of 4.0) showed a large increase unlike the pre-
vious tests, Fig. 8. After 72 hours, the MFO values showed
a decreasing trend, whereas SIO was increasing marginally.
Ingression of contaminant was simulated during this test
by adding 1 g/l of air cleaner test coarse dust (ACTCD) at
148 hours. The SIO values increased, indicating the occur-
rence of abnormal wear, however the values of MFO de-
creased markedly probably due to the lapping effect of the
dust on teeth surfaces. The effects of subsequent additions
of dust at 156 and 162 hours are clearly shown on MFO
and SIO plots. The pinion tooth fracture observed at 168
hours resulted in a sudden increase of MFO. However, the
value of SIO decreased marginally. The plot of DL and DS
parameters shown in Fig. 9 indicates that the decrease of
SIO value was caused by a sudden decrease in the DL pa-
rameter. It appears that the tooth fracture generated large
particles which did not stay in suspension and were not
sampled.
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Fig. 8—Gear Set 4—Comparison of MFO and SIO
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Fig. 9—Gear Set 4—Trend of WR and WI

Gear Set 5

This gear set was similar to the one used in the previous
test. However, the load on the gears was not constant but
was varied manually between samples. Figure 10 shows the
variation of pump pressure during the test. The lubricant
was contaminated with 2 g/l of ACTCD at 86 hours. The
tooth failure was observed at 102 hours and the test was
terminated after 109.5 hours. Similar sharply increasing
trends of 810 and MFO (gain factor of 3.0) were recorded
at the beginning of the test, Fig. 11. A gear examination
showed that tooth pitting had already been initiated. The
MFO trend remained essentially steady until the time when
the contaminant was introduced to the system upon which
it showed a decrease of about 10 to 20 dB (actual decrease
of approximately 3—7 dB). The SIO parameter gradually
decreased as the test progressed, again due to the decreasing
values of the parameter DL, but as in previous tests re-
sponded sharply, by about 30 dB, to contamination. This
test showed that a slow varying load did not have an obvious
effect on the trends of either the MFO or SIO parameters.

Gear Set 6

This gear set was lubricated by a recirculating system.
The gears were subjected to a varying load as in the previous
test. The face widths of the gears in this and the following
two tests were reduced by approximately 25 percent to in-
crease tooth loading. The correlation of both techniques
was remarkably good, Fig. 12. The initial increase of both
810 and MFO (gain factor of 2.0) parameters was due to
pitting which was confirmed by AF analysis, Fig. 13. The
gears were in a failure mode after only 18 hours of oper-
ation. The AF analysis of the sample taken at 58 hours
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Fig. 10—Gear Set 5—Load pump pressure variations at sampling times
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Fig. 12—Gear Set 6—Comparison of MFO and SIO

Fig. 13—Gear Set 6—Fatigue wear and spheres

showed large sliding wear particles, Fig. 14 and the presence
of spheres indicating the fatigue mode of failure, Fig. 15.
The trend of SIO and MFO values increased gradually over
the duration of the test until the time of gear failure due
to tooth breakage at 66 hours,

Gear Set 7

The gears used in this test were identical to those in the
previous test and gear loading conditions were similar. The

W@%M‘s -
it

i

6.30.1 Samm 400x Dil 4 58 hrs

Fig. 15—Gear Set 6—Spheres
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DR values for this test (and also for tests 6, 8, and 9) were
much lower than those recorded for the tests with splash
lubrication. The MFO was similar to those recorded during
the previous tests; after an initial increase it stabilized at
approximately the 15-dB level and did not significantly vary
even when catastrophic failure of gears occurred at 95.75
hours, Fig. 16. The SIO parameter showed large variations
and only a small increase over the time of the test. Early
samples analyzed using the AF technique showed a large
quantity of rubbing and fatigue wear almost immediately
after commencement of the test and samples taken after 28
hours indicated that the gears were in an advanced failure
mode. The DL and DS parameters showed large values at
the start of the test, which gradually decreased until ap-
proximately 28 hours and then significantly increased. The
DS showed a clear increasing trend and the ratio of DL to
DS values decreased, indicating that failure was character-
ized by production of small particles. Comparison of values
of DL, DS, and SIO in this and previous tests also showed
that after the initial running-in (0 to 28 hours) the gears
were in a failure mode.

Gear Set 8

In this test, the load on the gears was cyclic at a frequency
of 0.083 Hz and resulted in gear failure in only 16 hours.
The MFO (gain factor of 2.0) trend showed a steady increase
until the end of the test and reached the level at which, in
tests 6 and 7, the gears were in failure mode, Fig. 17. The
SIO parameter showed a large increase and reached its peak
value at 6 hours. The trend of 81O decreased soon after
due to the reduction of large particles and then started to
increase again until failure of the gears at 16 hours. The
values of DL and DS were well in excess of values recorded
for tests 6 and 7 also indicating severe wear condition at
approximately 4 hours. The decreasing ratio of DL/DS was

MFO
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Fig. 16—Gear Set 7—Comparison of MFO and SIO
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Flg. 17—Gear Set 8—Comparison of MFO and SIO
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supported by AF analysis which showed an increasing pro-
portion of relatively small particles which did not exceed
10 pm in size, Fig. 18.

Gear Set 9

To extend the duration of the test, the frequency of load
variation was reduced to 0.025 Hz. The gears showed signs
of moderate pitting after only a few hours of operation and
were in an advanced failure mode at 32 hours. The MFO
increased gradually throughout the test and reached a level
corresponding to the failure mode in previous tests at about
55 hours, Fig. 19. The SIO trend showed the running-in
period during which S10 values increased sharply soon after
the commencement of the test. It reached a level corre-
sponding to failure in test 8 after a few hours and then
gradually decreased over the next 20 or so hours. Although
SIO values fluctuated irregularly during the test, the in-
creases in 510 values to the level of failure in previous tests
indicated that the gears were in a failure mode at about 32
hours. This was confirmed by AF analysis which showed
that the level of rubbing and fatigue wear remained more
or less constant from this time on, and the levels of sliding
and laminar particles increased sharply at 72 hours.

DISCUSSION

The MFO levels recorded for the tests with splash lubri-
cation were higher than those recorded in the tests with the
recirculating lubrication system by about 6 dB, Fig. 20. This
was attributed to the much higher quantity of wear particles
in the former tests. The MFO also showed an interesting
downward trend in response to contamination. In most tests,
SIO clearly showed periods of running-in, and responded

Dil 4 4 hrs ueh

Fig. 18—Gear Set 8—Fatigue and rubbing wear
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Fig. 19—Gear Set 9—Comparison of MFO and SIO
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sharply to increased wear caused by contamination. The
SIO values were much higher in the tests with splash lu-
brication in comparison to the tests which used the recir-
culating system. There was close correlation of MFO and
SIO trends in tests I to 6. Although in the case of gears 7
to 9, the correlation between MFO and S10O trends appears
to be less apparent. Plots of DL, DS, and SIO values showed
that the gears were in a failure mode almost from the start
of tests. The trends of SIO values in these tests were, to
some extent, obscured by increasing concentration of large
and small particles. Figure 21 shows plots of DL and DS in
sequence for gears 6, 7, 8, and 9. As the lubricant and the
filter element were not replaced between these tests, it was
thought that lower than specified efficiency of the filter,
increasing intensity of wear and short duration of tests, all
prevented concentration of particles reaching an equilib-
rium.

CONCLUSIONS

1. The results of this investigation showed that both

480 &40
L B,

320
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Fig. 21—Trends of DL and DS for tests 6 to 9
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matched hlter RMS and severity of wear index showed
correlated responses which correctly indicated gear
wear and damage.

Close correlation was obtaimed in the case of splash-
lubricated gears, where samples correctly reflected
changing wear conditions. Differences in results ob-
tained in some tests using recirculating lubrication were
attributed to less representative sampling.

Some results indicated that vibration analysis was less
sensitive when sliding wear was prevalent, and signif-
icant differences in responses of S10 and MFO were
observed when contamination in the lubricant was
pr(‘scm.

The result obtained with slowly varying loads did not
differ from those obtained under a steady load. How-
ever, cyclic loads resulted in rapid damage to the gears.
Vibration and DR ferrography evaluate different
symptoms of machine condition, thus they have only
a limited capability on their own to provide a reliable
diagnosis of the machine’s condition. To obtain the
best possible results, both techniques should be applied
in conjunction with each other, with AF ferrography
and perhaps particle counting in a supporting role.
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