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Abstract: Condition based maintenance(CBM) issues a new challenge of real-time monitoring for machine health maintenance. Wear
state monitoring becomes the bottle-neck of CBM due to the lack of on-line information acquiring means. The wear mechanism
judgment with characteristic wear debris has been widely adopted in off-line wear analysis; however, on-line wear mechanism
characterization remains a big problem. In this paper, the wear mechanism identification via on-line ferrograph images is studied. To
obtain isolated wear debris in an on-line ferrograph image, the deposition mechanism of wear debris in on-line ferrograph sensor is
studied. The study result shows wear debris chain is the main morphology due to local magnetic field around the deposited wear debris.
Accordingly, an improved sampling route for on-line wear debris deposition is designed with focus on the self-adjustment deposition
time. As a result, isolated wear debris can be obtained in an on-line image, which facilitates the feature extraction of characteristic wear
debris. By referring to the knowledge of analytical ferrograph, four dimensionless morphological features, including equivalent
dimension, length-width ratio, shape factor, and contour fractal dimension of characteristic wear debris are extracted for distinguishing
four typical wear mechanisms including normal, cutting, fatigue, and severe sliding wear. Furthermore, a feed-forward neural network is
adopted to construct an automatic wear mechanism identification model. By training with the samples from analytical ferrograph, the
model might identify some typical characteristic wear debris in an on-line ferrograph image. This paper performs a meaningful
exploratory for on-line wear mechanism analysis, and the obtained results will provide a feasible way for on-line wear state monitoring.
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problem by providing on-line ferrograph images, which
made real-time wear mechanism analysis feasible!®].
However, the study on the real-time wear mechanism
characterization was limited due to the difficulties in the
feature extraction from on-line wear debris images.

Significant progresses in the effective feature extraction
of the characteristic wear debris have been obtained in
analytical ferrography'®. However, such achievements
cannot be adopted directly in on-line image analysis. In
practice, it is difficult to identify single wear debris from an
on-line image due to the on-line features such as low
resolution, high contamination and wear debris chains.
Thus, statistical rather than precise description is more
suitable for on-line analysis of wear debris images!'”. In
previous works, some attempts were performed on the
statistical feature extraction of on-line wear debris
images.

Accordingly, the study was carried out focusing on the
capture of characteristic wear debris via on-line ferrograph

1 Introduction

Wear debris analysis is one of the most comprehensive
and intuitionistic methods for wear monitoring!’. With
analytical ferrography, massive information of wear
mechanism has been obtained by extracting the features of
characteristic wear debris, such as morphology, color and
texture!?. Moreover, the special analysis system has been
developed for wear mechanism identification™. However,
there are still two inherent disadvantages for traditional
analysis as the long monitoring interval and the
experience-depended judgment. By now, ferrograph
analysis has been confined in laboratory, thus was defined
as an off-line means. Nowadays, condition based
maintenance issued a new challenge of on-line and
automatic monitoring, which limited analytical ferrography
from further applications'®), Many sensors were developed
for on-line monitoring, but most of the sensors provided
numerical other than image signals'®. A newly developed

on-line ferrograph sensor'”! provided a solution to this
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sensor and the corresponding intelligent wear mechanism
identification. The sampling parameters in the wear debris
deposition were studied to achieve isolated wear debris in
an on-line image. Furthermore, an artificial intelligence
model was investigated to identify the wear mechanisms
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the range of 0 to 1. If the value of the shape factor is closer
to 1, the wear debris shape is closer to a spheroid. Thus, the
shape factor is an important parameter to identify spherical
particle.

(4) Contour fractal dimension

The contour shape of wear debris is complex and
irregular generally. Its characteristics have a certain
relationship with friction’s wear conditions!'*. The fractal
dimension is a description of the capacity of wear debris
contour and surface shape filling space. As research shown,
wear debris contour has fractal feature!'™. The fractal
dimension is calculated by using the Mandelbrot coasting
length measurement principle, approximating the actual
contour to polygon, by changing the measurements and
calculating the perimeter of polygon, which is available to
obtain the relationship of measure and scale!',
different steps of r, we can get the wear debris’s
corresponding circumference N(r). Getting this data set on
a bi-logarithm coordinates and then carrying out minimum
variance linear regression can get the wear debris contour
fractal dimension. Let x.=lg(r), y,=Ig(N(r)), and the
calculation formula is

For

w220 =50, = %)

e Z(xr_xo)(xr_xo)’ @

where W, is the wear debris contour fractal dimension, x is
the average of x,, y, is wear debris projected area.

The three images in Fig. 7 were processed to extract
above features. The calculation results of the characteristic
wear debris were given in Table 1.

Table 1. Results of four features of characteristic wear
debris in the images in Fig. 7
. Equivalent i Fractal
Images in . . Length-width Shape . .
. dimension K dimension
Fig. 7 ratio W, factor W;
W,/p,m W4
Fig. 7 (a) 31.8 1.5 1.270 19999
Fig. 7 (b) 129.3 1.4 1.042 1.998 1
Fig. 7 (c) 89.3 5.0 0.434 1.999 3

4.2 Characteristic wear debris identification model

A model of forward feed-back neutral network was
constructed for wear debris identification. The structure of
network, as shown in Fig. 8, contains three layers: input
layer, output layer and hidden layer. The input layer
contains four feature variables; the output layer contains
four two-value variables. The number of the hidden layer’s
nodes can be determined by experience firstly, and then
improved by experiment. Considering efficiency and
precision comprehensively, the hidden layer contains six
nodes finally.

Error feedback i

Expectation

Equivalent dimesion,
0.1 Normal

Length-width ratio
gth-Wi 2| Cutting

Shape factor

0.3| Fatigue

Fractal dimension 0.4 | Severe sliding

Input layer Hidden layer ~ Qutput laver

Forward propagation

Fig. 8. Structure of the forward feed-back neutral network
for characteristic wear debris identification

According to analytical ferrography, the criterion for
wear mechanism judgment was given in Table 2. Different
combination of the output variables corresponds with
different wear mechanisms. The model was realized by
programming with the software VC++ 6.0. Due to the
deficiency of on-line reference samples, some analytical
ferrograph images were adopted as the training samples.
Finally, a self-learning network model was obtained for
on-line wear mechanism identification.

Table 2. Expected outputs of the forward feed-back
neutral network

Output wear

Output 1  Output2 Output3  Output 4

mechanisms

Normal wear 1 0
Cutting 0 1
Fatigue 0 0

0 0

0
0
1
Severe sliding 0

—_ 0 o O

4.3 Application of Characteristic wear debris
identification

Aiming at the on-line wear mechanism identification, the
method designed in this paper was verified with some used
engineering oil. With the automatic sampling route, some
ferrograph images with characteristic wear debris were
obtained as shown in Fig. 9. According to analytical
ferrography, the mechanisms of the characteristic wear
debris were fatigue for Figs. 9(a) and 9(c), cutting for Figs.
9(b), 9(d) and 9(e), and normal wear for Fig. 9(f).

The four morphology features were extracted with the
six images, respectively. The results were given in Table 3.
The identification results by the network model were given
in Table 4. By referring to the criterion in Table 2, the wear
mechanisms were effectively identified.

Although more examinations were required to verify the
model, the work makes a primary first step for on-line wear
mechanisms identification.
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