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Abstract Wear is progressive deterioration of machine
components by the loss of weight and shape results in
generation of wear debris. For the analysis of these wear
debris, ferrography method is widely used. This method
was successfully used to examine the condition monitoring
of martial aircraft engines, gearboxes, bearings, heavy
earth moving machineries, turbines etc. Ferrographic con-
dition monitoring as a preventive maintenance done by
collecting oil sample. Ferrogram’s images taken under a
microscope for monitoring wear particle contamination of
these oil samples. Both qualitative and quantitative analy-
sis of the wear particles was done from these image
analyses. Novelty of this research work is use of hot fer-
rography for getting detailed information about machine
health condition. A detailed Excel sheet containing infor-
mation about the size distribution of wear particles in terms
of count, area, perimeter, aspect ratio, and mean diameter
was created using data from the Olympus microscope
software and a ferrogram. From this data, wear mode, its
source, mechanism can be easily detected.
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Introduction

Condition monitoring is now a days playing an significant
role as a preventive maintenance (PM) [1] in various
industries such as manufacturing, food processing, robot-
ics, aerospace systems, advanced combustion engines,
mining, metalworking processes, and packaging. Condition
monitoring [2] of machines improves quality of product as
well as improves the overall equipment effectiveness and
prevents sudden shutdowns. Condition monitoring moni-
tors important parameters like pressure, temperature, wear
debris characteristics in terms of area, parameter, count,
etc. gives signals that a failure is imminent. This suggests
whether to go for scheduled maintenance or the replace-
ment of parts to prevent consequential damages to whole
unit. Thus, it improves health of machine parts. Figure 1
shows applying the proper priority [3] to corrective repair
work orders depends on the type of condition monitoring
technology used to find the problem, the amount of energy
the problem is emitting, and the P-F Curve Interval.

Advantages of using preventive condition monitoring
methods are shown in Fig 2. From this figure, by adopting
these methods, availability, and reliability of the system
components improved which avoids catastrophic failure
[4].

Here, ferrographic oil analysis for condition monitoring
was primarily taken into account. By separating the ferrous
wear particles [5] from the lubricating oil, ferrography
studies the particle wear on machine components. The
results can be used to forecast and identify malfunctions in
machinery. Both a quantitative and a qualitative approach
are used in ferrography. Both are crucial for identifying the
underlying reasons behind machine component failure.
Quantitative analysis is performed using direct reading
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ferrography to determine the concentration of wear parti-
cles. For qualitative analysis, analytical ferrography is used
to examine the morphology of wear particles (number,
shape, size, and mechanism of wear).

For condition monitoring by ferrographic oil analysis,
all the factors shown in Fig. 3 are considered and accord-
ingly experimentation can be decided.

Hot Ferrography

Ferrographic analysis done for the oil collected at elevated
temperature operating condition immediately after experi-
ment was over is known as hot ferrography. At elevated
temperature under specified operating conditions, oil was
collected and detailed oil analysis carried out for exami-
nation of wear particle analysis their shape, size, and
characteristics. When temperature was raised, the clear
image is visible showing shape, size, texture, and colour
under microscopic study. Thus, qualitative and quantitative

components before degradation in performance

analysis will give efficient results to predict about machine
health condition [6].

Experimentation

To conduct the experiments, Taguchi’s L27 OA [7, 8] was
used. Pressure, temperature, and rotational speed all varied.
Following the conclusion of the experiment, oil samples
were immediately taken and processed by a DR ferrograph
to determine the quantity of wear particles. Amount of
large and small wear particles are shown in DL and DS.
Further investigation using a ferrogram and an optical
microscope was necessary when it exceeded 90 (Fig. 4).

Oil samples collected from experiments were processed
by direct reading (DR) ferrograph. Data obtained from this
analysis is tabulated in Table 1.

Wear severity is calculated by the following formulae
land 2:-

D;: Reading of large particles quantity,

Dg: Reading of small particles quantity,
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Table 1 I?R ferrograpl'.l experin}é?ntal results at elevated temperature 350 WPC = DL+DS

under lubricated operating condition i - -
Exp. Wear severity index 250

noo. DL DS WPC=DL+DS (WSD=(DL*-DS? O 200 -

I 1018 869 188.7 2811.63 # i;g

2 103.7 88.7 192.4 2886 50

3 105.2 89.6 194.8 3038.88 0 ‘

4 105.8 90.4 196.2 3021.48 0 5 10 15 20 25 30
5 106.9 914 198.3 3073.65 Experiment No.

6 107.3 90.9 198.2 3250.48 Fig. 5 WPC for 27 oil samples

7 109.5 96.1 205.6 3270.52

8 110.8 97.4 208.2 3290.59

9 112.1 98.8 2109 2804.97 5000 Wear Severity Index (WSI) = (DL2 — DS2)

10 1142 985 212.7 3313.14 5600

11 1159 98.2 214.1 3789.57 6000

12 118.7 100.8 219.5 3929.05 5000

13 121.9 104.9 226.8 3955.6 §4000

14 122.5 105 227.5 3981.25 3000 4= B

15 1238 1049 228.7 432243 2000

16 1281 1102 238.3 4265.57 1000

17 1304 1119 242.3 4482.55 o0 5 10 15 20 25 30
18 132.8 112.5 245.3 4979.59 Experiment No.

19 135.6 116.2 251.8 4884.92 Fig. 6 WSI for 27 oil samples

20 140.2 119.9 260.1 5280.03

21 145.3 125.7 271 5311.6

22 1473 1285 75.8 5185.04 50x, 100x, 200x magnifying lens. By selecting 50x mag-
23 1508 1298 280.6 58926 nifying lens, images of ferrogram slide’s regions were
2 1523 1302 2825 6243.25 captured. These'captured images WC.I‘C thresholded agd data
25 1551 133.6 2887 6207.05 about Wear particle count, area, perimeter, aspect ratio ar?d
26 1584 1358 2042 6648.92 mean diameter was generated from' Ol}{mpus so'ftwar'e n
27 1605 1362 296.7 7200.81 the form of Excel sheet as shown in Fig. 7. This micro-

(D + Dyg) gives concentration of wear particles.
(D — Dy) gives size distribution of particles.

Wear Severity Index (WSI) = (D;—D3), (Eq 1)

Wear Particle Concentration (WPC) = (Dp + Ds),
(Eq 2)

Figures 5 and 6 are plotted for getting increasing or
decreasing trend for WPC and WSI with respect to usage of
lubricating oil.

The graph shows that increasing the applied load and
temperature causes an increase in wear [9]. This behaviour
is produced by thermal softening [10] which leads to
loosening of the metal matrix, and ultimately, an increase
in wear particles.

As for all 27 experiments values of D; and Dg are
greater than 90. Ferrogram slides were prepared. These
ferrogram slides placed under Olympus microscope having

graph data of slide 1 is tabulated in Table 2, 3.

The number of wear particle particles obtained at ele-
vated temperatures [11, 12] is greater than the number
obtained at ambient temperature. As there is rise in tem-
perature, the metal matrix softens, ensuing increase in the
number of wear particles [9].

For all 27 ferrograms, wear particle count, area,
perimeter, aspect ratio and mean diameter data obtained is
summarized in Table 3.

As compared to ambient temperature condition, elevated
temperature condition’s captured images were clearer to
identify mode of wear and wear particle types shown in
Fig. 8. As temperature goes high, there is visibility of
distinct colours regarding wear particles.

More than 25 images are taken for each slide, and
respective data was obtained for further analysis regarding
wear particles morphological characteristics. These snap-
shots are compared with standard book of Atlas for wear
particle.

Hence by adopting hot ferrography, more clear data and
characteristics about wear particles can be obtained. This
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Fig. 7 Micrographs of slide 1 (Elevated temperature under lubricated condition)
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Table 2 Micrograph data for slide 1 (Elevated lubricated condition)

No. of wear Aspect  Mean
Slide particles Area Perimeter  ratio dia,
1 4031 895457.06 58710.86  12.00  1273.37
1 568 30593.22 435791 13.68  231.63
1 827 27793.65 5252.85 18.48  225.62
1 673 2296243  2746.93 11.98  179.64
1 620 18520.20  5200.71 15.12  191.43
1 725 11697.63  2440.87 16.68  155.36
1 870 5779.03 1671.59 19.00  89.80
1 1003 1668.86  714.04 1035  44.05
1 310 23097.47 3701.62 1092 134.82
1 662 28475.41  4540.08 2432 226.61
1 325 32613.52 361245 2132 228.32
1 651 25631.24  4263.52 2035 356.41
1 459 31683.64  3263.62 19.54  268.41
1 523 26594.82  4265.84 18.61  301.23
1 492 36215.61 4357.63 15.64  261.38
Avg. 849.26 81252.25 7273.368  16.53  277.872

data is more reliable and gives accurate information
regarding type of wear particle, shape, colour, and
dimensions of wear particle, etc.

From Fig. 8, variety of wear particles is obtained from
sliding wear are tabulated in Table 4.

From the shape and colour, type of wear particle, its
mode and shape can be identified in detail with the help of
hot ferrography. At the elevated temperature, black oxide,
blue oxide, and red oxide particles are also clearly

observed. This helps in machine health monitoring easily
and effectively.

Conclusions

Predictive maintenance programmes such as used oil
analysis help to avert costly equipment, engine, and gear-
train breakdowns by identifying changes in equipment
lubricant quality as well as wear particle analysis present in
oil. From this study, it is concluded that, condition moni-
toring by hot ferrography method is very useful for
determining health of machineries. Understanding elevated
temperature tribology of metals in an oxidizing environ-
ment entail investigating non-steady states and time-
dependent processes that can influence surface degradation.
This might result in the partitioning of frictional work into
surface wear and damage. By hot ferrography method,
clear and distinguish colour of wear particles are observed.
From micrographs obtained using microscope, qualitative
analysis of wear particles is possible. More wear was seen
as the metal matrix softened under elevated temperature
operating conditions. Use of oil filter, scheduled filteration
of oil, change of oil as per contamination of wear particles
are the preventive measures for health monitoring of
machines.
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Table 3 Micrograph data for slides (Lubricated condition at elevated temperature)

Avg. area Avg. perimeter Avg. aspect ratio Avg. mean diameter
Slide no. Avg. no. of wear particles Min Max Min Max Min Max Min Max
1 1028.9 5.04 16604.5 6.993 8933.746 1.056 15.253 1.192 275.233
2 1123.56 5.04 595457.1 6.37 58710.86 1.03 12.53 1.29 273.37
3 1136.59 5.04 32593.25 7.69 435791 1.09 13.67 1.17 231.64
4 1169.54 5.04 27893.65 7.28 5252.85 1.07 18.45 1.18 225.69
5 1194.23 5.04 22562.48 6.81 2746.93 1.08 11.78 1.29 189.64
6 1221.32 5.04 18920.2 6.62 5200.71 1.09 15.32 1.15 191.42
7 1264.36 5.04 11797.62 6.73 2440.87 1.08 17.68 1.16 185.36
8 1298.64 5.04 9779.03 6.78 1671.59 1.08 19.32 1.18 99.8
9 1338.92 5.04 2668.87 6.65 714.04 1.07 10.55 1.19 104.05
10 1372.69 5.04 25097.48 7.79 3701.62 1.09 10.72 1.48 134.84
11 1399.32 5.04 885457.12 7.17 4540.08 1.08 23.35 1.45 236.62
12 1412.67 5.04 32593.25 6.57 58710.86 1.03 12.12 1.39 273.37
13 1438.69 5.04 27783.68 7.59 435791 1.03 13.88 1.26 251.63
14 1473.51 5.04 32962.42 6.17 5252.85 1.07 19.48 1.39 255.62
15 1482.84 5.04 28520.2 7.79 2746.93 1.06 12.98 1.39 199.64
16 1503.62 5.04 1697.63 7.37 5200.71 1.08 15.14 1.25 193.43
17 1534.68 5.04 8779.10 6.75 2440.87 1.04 16.71 1.16 195.36
18 1567.91 5.04 5668.87 6.98 1671.59 1.06 19.12 1.18 189.8
19 1589.34 5.04 795457.1 6.45 714.04 1.05 10.45 1.09 144.05
20 1608.31 5.04 20593.22 6.66 3701.62 1.09 10.32 1.45 164.82
21 1604.62 5.04 21793.65 6.69 4540.08 1.08 22.32 1.25 256.61
22 1632.85 5.04 25962.43 7.79 58710.86 1.03 12.52 1.39 283.37
23 1673.51 5.04 17520.2 7.17 435791 1.05 13.88 1.26 251.63
24 1692.64 5.04 12697.63 6.57 5252.85 1.07 19.49 1.19 255.62
25 1706.12 5.04 8779.03 7.89 2746.93 1.05 13.97 1.29 279.64
26 1731.54 5.04 6668.86 7.17 5200.71 1.07 14.52 1.15 22143
27 1765.32 5.04 4779.03 6.86 2440.87 1.03 17.88 1.26 255.36
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Fig. 8 Micrographs of slides (Lubricated condition at elevated temperature)
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Table 4 Hot ferrographic analysis for finding morphology of wear

Mode of wear Shape Colour

Normal rubbing wear Long strips Grey

Sliding wear Chunky White, grey, black, red

Normal rubbing wear Thin platelets Grey, yellow

Normal rubbing wear Irregular straws Yellow, white for non-ferrous metal
Sliding wear Irregular-shaped oxides Black, blue, red

Break-in normal rubbing wear Irregular Grey
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