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Leakage Monitoring in Static
Sealing Interface Based on
Three Dimensional Surface
Topography Indicator

Leakage directly affects the functional behavior of a product in engineering practice, and
surface topography is one of the main factors in static seal to prevent leakage. This paper
aims at monitoring the leakage in static sealing interface, using three-dimensional (3D)
surface topography as an indicator. The 3D surface is measured by a high definition
metrology (HDM) instrument that can generate millions of data points representing the
entire surface. The monitoring approach proposes a series of novel surface leakage
parameters including virtual gasket, contact area percentage (CAP), void volume (VV),
and relative void volume (SWvoid) as indicators. An individual control chart is adopted
to monitor the leakage surface of the successive machining process. Meantime, based on
the Persson contact mechanics and percolation theory, the threshold of leakage parame-
ter is found using finite element modeling (FEM). Experimental results indicate that the
proposed monitoring method is valid to precontrol the machining process and prevent
leakage occurring. [DOI: 10.1115/1.4040620]

Keywords: leakage monitoring, static sealing, three-dimensional surface topography

1 Introduction

Leakage is an important issue of concern in manufacturing
industry. When the leakage occurs, it is a huge danger which can
cause resources waste, product quality decline, equipment dam-
age, and environment pollution, thereby brings safety accidents
and economic losses. Therefore, sealing technology is developed
to prevent leakage. A seal is a widely used device for closing a
gap and making a joint tight [1]. In many engineering fields, seals
play a crucial role to achieve quality and reliability. There are two
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types of seals: static seal and dynamic seal. Static seal is per-
formed by direct surface to surface contact. Comparing with
dynamic seal, static seal is more common in engineering. Direct
contact, rubber, and gasket seal are three seal forms corresponding
to the seal requirement from low to high, respectively. However, a
large number of practices have proved that the leakage still exists
with the seals in some industrial applications. Therefore, identify-
ing the leakage mechanism and developing the leakage monitor-
ing approach are essential to precontrol the machining process
and ensure the product quality in satisfactory condition and reduce
the losses.

Numerous studies were conducted in order to understand seal-
ing and especially leakage. Persson and Yang [2] had proposed a
critical-junction theory of the leak-rate of seals, which was based
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on percolation theory [3] and Persson contact theory [4]. Soon
afterward, the critical-junction theory was verified effectively by a
series of researches containing theory comparison and experiment
investigation [5,6]. Bottiglione et al. presented a theoretical
approach to estimate the fluid leakage mechanism in flat seals by
making use of percolation theory and theory of contact mechanics
[7,8]. Marie and Lasseux described an experiment study to charac-
terize fluid leakage through a rough metal contact [9]. From these
studies, it is clear that the contact pressure, surface topography
and the material property of sealing element are three main factors
in static seal. Clearly, contact pressure and sealing element are
easy to be controlled, but the full control of surface topography
during the manufacturing processes is still out of reach. With the
limitation of surface characterization and measurement technol-
ogy, a thorough characterization of surface topography which
impacts on the contact efficiency and leakage paths generation are
still at the beginning. Therefore, the performance of surface
topography on the rate of leakage through seals is the focus of
researches among these features.

Due to the existence of roughness and multiscale on surface, it
is not a simple matter to know the impact of surface topography
on leakage in detail. Waviness motifs-based model was proposed
by Robbe-Valloire and Prat to reveal that both the amplitude and
the valley to the peak distribution of surface were influential [10].
Okada et al. investigated the quantitative effect of surface profiles
on leakage using surface activated bonding technique [11]. Har-
uyama et al. developed a metal gasket model with different sur-
face roughness levels to evaluate the sealing performance through
simulation study [12]. Based on experimental observations, Marie
et al. proved that surface components at the intermediate scale,
which is corresponding to waviness, was of major concern for
leakage [9,13]. In their further study, the modal content of surface
components was employed to explore the role on leakage of static
flat seal [14]. All these studies indicate the direct relationship
between surface topography and leakage, thus surface topography
can be considered as an indicator for leakage monitoring.

In general, the vast majority of leakage is detected with a whole
part by leak testing machine in the last manufacturing process of
production line, and a large number of leakage problems appear
during the using of the product. Consequently, it is essential to
develop the precontrol measures and leakage monitoring methods.
Since the complex leakage mechanism and inconvenient measure-
ment, the leakage monitoring research is less. As a pioneer, Mal-
burg first studied the relationships between the two-dimensional
(2D) surface topography and the sealing performance. It is one of
the important approaches to investigate the sealing problem and
leakage monitoring. Malburg adopted the two-dimensional
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surface waviness profile parameters to monitor the sealing per-
formance based on a morphological closing filter [15]. Liao et al.
pointed the presence of significant middle wavelengths (waviness)
would result in leakage, and the tooling marks with the large
peak-to-peak variation on the surface were considered as the leak-
age path [16]. From the data-driven point, Ren et al. first proposed
a novel method of modeling and diagnosis of leak areas for sur-
face assembly. A lattice graph model and a color tracking
approach were developed to predict potential leak areas and paths
in between assembled surfaces [17]. Arghavani et al. proposed a
fuzzy logic model to predict the sealing performance and leakage
rate of gasketed flange joints using inputs including surface rough-
ness and gas pressure [18]. Xin and Gaoliang presented a leakage
prediction calculation method for static seal rings in underground
equipment [19]. However, these studies neither explain the sur-
face parameters indicator from the leakage mechanism, nor give
the threshold when leakage occurs. Nevertheless, surface topogra-
phy is still the most suitable indicator, which can provide reliable
and detectable information for leakage monitoring.

Recently, an advancement of noncontact laser holographic
interferometry measurement, called high definition metrology
(HDM), which can generate a surface height map of millions of
data points within seconds for three-dimensional (3D) inspection
of an entire surface has been developed [20]. Figure 1 shows an
engine block surface measured by HDM, there is about 0.8 x 10°
data points generated to cover an area of 320 mm x 160 mm with
150 pm lateral resolution in x—y direction and 1 pm accuracy in z
direction. With the precision measurement, a preprocessing
method is used to convert the mass data points into a height-
encoded and position-maintained gray image to represent the
entire surface [21]. The 3D surface topography of the entire sur-
face examined by HDM presents a novel platform, several
researches based on HDM such as 3D surface topography evalua-
tion [21,22], filtering [23-25], classification [26,27], forecasting
[28] and tool wear monitoring methods [29] have been explored
for the precontrol of the manufacturing process.

In the meantime, the full and precision measurement also
makes it more possible to monitor leakage condition using 3D sur-
face topography indicator. Malburg pointed out that the surface
components including form and roughness could be tolerated, but
the presence of waviness was highly significant in the static seal-
ing interface. The relationship between surface waviness profile
and leakage potential was qualitatively described by several
numerical parameters. However, the research only focuses on
two-dimensional surface topography and it lacks quantitative ana-
lytical information. Meanwhile, the explanation of the relationship
between surface parameters and leakage mechanism is absent.

Hologram registration

Measurement by HDM
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Therefore, benefitting from the development of measurement, the
research focus is extended from two-dimensional surface topogra-
phy to three-dimensional surface topography. The main contribu-
tion of this paper is to present a new leakage monitoring approach
using 3D surface topography indicator based on some conclusions
of Malburg’s research [15].

e The measured surfaces are first separated into different fre-
quency components including form, waviness, and roughness
using spline filter. Then, a virtual gasket is generated by the
morphological filtering on the waviness.

e A series of novel surface leakage parameters, which includ-
ing contact area percentage (CAP), void volume (VV), and
relative void volume (SWvoid), are defined as indicators for
the characteristics of the leakage.

e Meantime, based on the Persson contact mechanics and per-
colation theory [2—4], the threshold of leakage parameter is
found using finite element modeling (FEM).

e Finally, a classical control chart is adopted to monitor the
leakage surface of the successive machining process. Results
of the engineering case indicate that the proposed monitoring
method is valid to precontrol the machining process and pre-
vent leakage occurring.

The paper is organized as follows: a detailed description of leak-
age monitoring approach is presented in Sec. 2. Then, in Sec. 3, a
case study demonstrates the effectiveness of the proposed method.
The results illustrate the performance of the proposed approach for
leakage monitoring. Finally, the last section draws the conclusions
and discusses the future research.

2 The Proposed Method

This section describes an overview of the proposed approach. It
consists of surface components extraction, virtual gasket genera-
tion, leakage parameters definition and threshold determination
and leakage condition monitoring. The framework is shown in
Fig. 2. The procedure involves the following steps:

Step 1: Surface components extraction. HDM is employed to
measure the engineering surface and generate millions of points.
A converted gray image which can represent the entire surface is
gained by the points cloud [21]. Then, the high resolution meas-
ured surface is filtered to extract form, waviness, and roughness
using spline filter [30], which is the ISO accepted linear filter.

Step 2: Virtual gasket generation. A novel concept called vir-
tual gasket is proposed to simulate the actual situation of contact
and deformation. The 2D and 3D virtual gasket are generated by
2D and 3D morphological-closing filter based on the waviness
profile and surface, respectively.

Step 3: Leakage parameters definition. Three areal leakage
parameters CAP, VV, and SWvoid are defined to represent the
characteristics of the leakage.

Step 4: Threshold determination and monitoring the leakage
condition of the successive machining process. The threshold of
leakage parameters is used to determine whether the leakage
occurs or not. Based on the Persson contact mechanics and perco-
lation theory, the threshold of leakage parameter is found using
FEM analysis. If the value of leakage parameter of a surface
region goes beyond the threshold, this surface region is out of
limit (OOL), corresponding to leakage area. Subsequently, an
individual control chart is used to clearly monitor the leakage con-
ditions of the successive machining process.

2.1 Surface Components Extraction. Surface topography
has profound influences on part quality as it plays two vital roles:
one is to control the manufacturing process and the other is to
help functional prediction. In order to clarify the effect mecha-
nism, filtration is mainly employed in surface metrology, which
has been clearly described and specified in ISO 16610-1 [31].
Generally, there are two filters systems: M-system (linear and
robust filters) and E-system (morphological and segmentation
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filters). As a popular linear filter, spline filter has been proved that
it can extract and separate surface components exactly. Compar-
ing with classical Gaussian filter, spline filter incorporates
improved “form following” capabilities and reduces much bound-
ary effect, which mean that it can be used as a good surface filter
for feature extraction.

Spline filter is originally proposed by Krystek [32] and incorpo-
rated into ISO 16610-22 [30] as a modified solution to overcome
edge distortion and poor performance of large form which are
associated with the Gaussian filter. Different from Gaussian filter,
filter equation is used instead of the weighting functions to
describe spline filter

[+ PP + (1 — B QW = Z 1)

where I is an n x n identity matrix, P is an n x n tridiagonal sym-
metric matrix, and Q is an n X n five-diagonal symmetric matrix.
Z is the vector of the original data and W is the vector of the fil-
tered data. o = 1/(2sin(nAx//.)) and f§ are the tension parameter
which lies between 0 and 1. Ax is the sampling interval and /. is
the cutoff wavelengths. The recommended value of A. can be
found in ISO 16610-22 [30], such as 2.5 um, 8 um, 25 um, 80
um, 250 pm, 0.8 mm, 2.5 mm, 8 mm, 25 mm, and so on. Based on
these, waviness profile can be separated from the original profile
exactly and Fig. 3 shows a clear illustration.

As an extension of the profile spline, areal spline filter has been
implemented and widely used by researchers although the docu-
ment with ISO 16610-62 has not yet been published. Figure 4
gives an example.

2.2 Virtual Gasket Generation. Morphological filter is more
suitable for functional prediction than linear filter, as the logic of
the former is more related with the geometrical properties of
surfaces. It plays an essential role in understanding static seal
interfaces as the various wavelength domains affect the leakage in
different ways. Morphological filters were first presented by Mag-
aros and Schafer under the framework of mathematical morphol-
ogy in 1987 [33], and subsequently they were developed as
powerful image processing tools for pattern recognition purposes
in various engineering applications. Morphological filters are non-
linear signal transformations that locally modify geometric fea-
tures of the signal, and they have been accepted in ISO 16610-40
as a part of standard filtration techniques [34].

The natural concept of morphological filter is to perform mor-
phological operations on the surface with structuring elements.
There are four basic operations: erosion, dilation, opening, and
closing which are listed as follows:

Erosion
Feg)w) = inf {f(y)-gl—2} @)

Dilation
f®e)x) = yesggc{f ) +gly —x)} ©)

Opening
feglx) =[(feg’) Dgl(x) @

Closing
fes(x) = [(FPg’) oglx) Q)

where the input surface function f(x) and structuring element g(x)
are defined in D CR" and G CR", respectively, and
g*(x) = g(—x). The erosion operation decreases the peaks and
expands the minima of f(x), while the dilation operation gains the
opposite result. The opening and closing operations are both used
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1. Surface components extraction

Measured Converted gray
. . . . o . . .| Surface
engineering » image by points »| Spline filtering P aviness
surfaces by HDM cloud

Generation of virtual gasket on the surface waviness by morphological filtering

3. Leakage parameters definition

Three leakage parameters are definition based on the virtual gasket and surface waviness

y A\ 4 A

Contact area . . .
Void volume Relative void volume
percentage

(CAP) 4) (SWvoid)

4. Threshold determination and Monitoring the leakage
condition of the successive machining process

Leakage threshold SWvc is confirmed based on Persson contact mechanic, percolation
theory and FEM simulation analysis

Leakage won't occur

v

Is the relative void volume
(SWvoid) Out of Limit (SWvc)ina =
certain surface region?

v

Leakage occurs

YES

NO The successive
machining process is
out of control

v

A 4

Is the number of leakage surface
region in control?

The successive
machining process is
YES in control

v

Fig.2 The framework of the proposed approach

to smooth f(x), the former one is cutting down its peaks from namely, opening filter and closing filter in geometrical product
below, and the other is filling up its valleys form above. Accord-  specifications [34].

ing to the monotone increasing and idempotence of opening and Structuring element g(x) is another sticking factor affecting the
closing operations, there are two kinds of morphological filters, results of morphological filter. Various kinds of structuring
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elements have been proposed, whereby circular and horizontal
line segments for profile and spherical and horizontal planar seg-
ments for surface are recommended by ISO 16610-41 and 16610-
85 [35,36]. According to the Malburg’s research [15], the circular
structuring element is chosen to process the engineering surface
profile, which is the better one based on its joint properties on the
surface profile component. So in this research, spherical structur-
ing element is employed as an extension for areal surface. More-
over, the radius of the structuring element is equally important to
the filter results. Considering the actual part’s compressive proper-
ties (i.e., its ability to “fill gaps”) as well as its bending properties,
the radius can be confirmed from the recommended values 1 um,
2 pm, 5 um, 10 pm, 20 um, 50 pm, 100 pum, 200 um, 500 um,
1 mm, 2 mm, 5 mm, and so on [35].

As the above mentioned, gasket is one of the main seal forms to
prevent leakage. To some extent, a gasket can conform to the sur-
face when sealing a surface. Given this property of the gasket, it
makes more sense to take note of the gaps between the gasket and
the surface features than the peak-to-valley height of the surface.
However, due to the limits of measurement, it is difficult and
inconvenient to get the real gasket topography and the deforma-
tion is unknown in practice. Thus, a new concept named virtual

Journal of Manufacturing Science and Engineering

gasket is proposed to simulate the actual situation of contact and
deformation. The virtual gasket is derived from the result of a
morphological-closing filter, which is similar to rolling a disk
over the waviness profile or a ball over the waviness surface. As
shown in Figs. 5 and 6, virtual gaskets for profile and surface are
generated, respectively in 2D view and 3D view.

El 05 0
2
E 7. 0.1
g 054 -0.2
< .

2 0.3

60 - -0.4
waviness surface 40

30 -0.5

20
Distance (mm)

Distance (mm) viod volume

Fig. 6 Virtual gasket surface
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2.3 Leakage Parameters Definition. Once the virtual gasket
is determined, the next critical process is to quantitatively describe
the difference between the virtual gasket and the underlying wavi-
ness, which is related to leakage. Malburg first formulated the sur-
face leakage potential by using several numerical parameters,
such as contact length percentage (CLP) and void area (VA). The
contact length percentage, is the ratio of the number of contact
points between the virtual gasket profile C(x) and waviness profile
W(x) to the total number of points, which can be used to assess
the load distribution. The void area is the enclosed area between
the virtual gasket profile C(x) and waviness profile W(x). It is
considered as the related area that may lead to leakage. To be spe-
cific, the profile leakage parameters are defined as

CLP =) "fif (C;(x) = Wi(x))1 else 0]/1 (6)
!
!
VA = J (C(x) — W(x))dx 7
0

where [ is the nominal length of surface profile. It is noted that
CLP and VA are relied upon the length /, which are not flexible.
So the normalized parameter relative void area Wvoid is preferred
to describe a void area per unit length, and it is given by the fol-
lowing equation:

Wvoid = VA/I ®)

Benefitting from the development of surface metrology, areal
surface parameters have been fully described in ISO 25178-2
[37]. Following the expansion mode of areal surface parameters,
an attempt is made to extend the application from 2D surface pro-
file to 3D surface topography, as well as the corresponding areal
leakage parameters CAP, VV, and SWvoid. Likewise, with
respect to virtual gasket surface SC(x,y) and waviness surface
SW(x,y), the areal leakage parameters are defined as

CAP = Z[if (SCi(x,y) = SWi(x,y))lelse 0]/S )
S

VV = JJ(SC(){, y) — SW(x,y))dxdy (10)

N

SWvoid = VV/S (11)
where S is the nominal area of surface topography. Analogously,
CAP and VV are relied upon the nominal area S, which are neither
flexible. However, the normalized parameter SWvoid is independ-
ent with the area of the surface, which is preferred to describe a
void area per unit length clearly. Therefore, SWvoid is first
selected to as the leakage indicator to report the leakage area.
With regard to leakage, traditional surface height parameters
[37,38] like W, (mean height of waviness profile), W, (total height
of waviness profile), S, (mean height of waviness surface) and S.

Profile 1

(maximum height of waviness surface) cannot determine whether
the leakage occurs or not effectively. The following waviness pro-
files, as shown in Fig. 7, have almost the same W, and W,, but the
generated virtual gaskets are totally different. Obviously, the leak-
age parameter Wvoid which reports the leakage area can clearly
distinguish them. Analogously, the similar performance of 3D sur-
face by SWvoid is graphically depicted in Fig. 8.

2.4 Threshold Determination and Monitoring the
Leakage Condition of the Successive Machining Process

24.1 Threshold Determination. Based on the proposed leak-
age parameter (SWvoid), the key problem of leakage monitoring
is to find out the threshold of it, which can be named as SWvc.
The threshold means a limit of leakage, when the value of
SWvoid in a surface region goes beyond SWvc, it can be consid-
ered as a leakage region. That is to say, this region is OOL area on
this surface, where the leakage occurs probably. It is noted that
the threshold is primarily up to the natural attributes of the part
and operating condition, such as material and pressure. As a pio-
neer on leakage mechanism research, Persson et al. had published
a series of research including contact mechanics, leak-rate theory,
and the factors affecting leakage. Percolation threshold was first
proposed to be regard as a flag of the occurrence of leakage [4].
Subsequently, the critical-junction theory was extended to present
the quantitative relationship [2].

Assume that the nominal contact region between the gasket and
the counter surface is rectangular with area Lx x Ly(see Fig. 9,
the black color means total contact). The high pressure fluid and
low pressure fluid are in x < O region and x > Lx region, respec-
tively. Furthermore, assume that number N = Ly/Lx, side Lx = L
and area Ay = L%, N is an integer which does not affect the final
results.

In order to understand easily, the study focuses on the contact
between the two surfaces within one of the squares as changing
the magnification {. The magnification { is defined as { = L/4,
where A is the resolution corresponding to surface scale. As is
shown in Fig. 10, the apparent contact area A({) between the two
surfaces is widely divergent with different magnification {, and
the relative contact area RC({) = A({)/A¢. Depending on whether
the two surfaces contact or not, each square of the lattice which
represents the contact area can be black or white (The black
means total contact and the white means no contact). When mag-
nification { = 1, any surface roughness cannot be observed and
the contact appears to be complete, that is RC({) = 1, A(1) = Ay.
As the magnification { increasing, some interfacial roughness
appears and the apparent contact area A({) accordingly decreases.
Once magnification { is high enough, say { = (., a percolating
channel of noncontact area is eventually formed and leakage
occurs (see Fig. 10(c)). Instead of determining the critical magnifi-
cation (., the relative contact area at this point is given by site
percolation theory. Thus, the percolation probability P({) =
1 —RC({) =1 —A({) /Ao can directly reflect the relative contact
area, and the corresponding P.=P({.)=1—-RC(({,)=
1 —A((.)/Ap, where P, is the so called percolation threshold [3].
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Fig. 7 Different void areas
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Fig. 8 Different void volumes
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Fig. 10 Evolution of the apparent contact area (The black
means total contact and the white means no contact)

For infinite-sized systems, the percolation threshold P, is about
0.593 for a square lattice and 0.696 for a hexagonal lattice [3]. For
finite-sized systems, the percolation threshold will fluctuate
between different realizations of the same physical system.
Through molecular dynamics results and experimental verifica-
tion, Persson and Yang [2] pointed that when two elastic solids
with randomly rough surfaces were squeezed together, as a func-
tion of increasing magnification or decreasing squeezing pressure,
a noncontact channel would percolate when the relative contact
area RC(({,) was of the order 0.4, in accordance with percolation
theory. That is to say, when it meets the condition of P, =~ 0.6,
RC({.) = A({.)/Ao =~ 0.4, leakage occurs.

So, based on the Persson’ conclusion, the threshold SWvc of
SWvoid can be confirmed by the relative contact area RC((,) ~
0.4 under a certain pressure. Traditionally, the solutions of rough
surface contact can be classified into three categories: statistical
model, multi-asperity contact model, and deterministic contact
model. Many works have shown that there is little difference
among the three models, but the former two need more prior
knowledge such as the distribution and geometry of asperities,

Journal of Manufacturing Science and Engineering

which are not easy to obtain. Fortunately, the deterministic model
is based on the directly measured surface data, which reserves the
surface geometry as complete as possible. Finite element analysis
is a representative and widely used tool in solving deterministic
model of rough surface contact [39,40]. Hence, the relative con-
tact area is obtained by finite element model in case study section,
and the threshold SWvc can be confirmed subsequently. But
determining the value of RC depends on the results of finite ele-
ment model which is very time-consuming and is not suitable for
engineering practice applications. In order to meet the takt time
requirement in the practice applications, SWvoid can be easily
calculated and used as the leakage indicator.

2.4.2 Monitoring the Leakage Condition of the Successive
Machining Process. Generally, leakage is easily caused by the
poorly machined parts, but it can be detected only during later
product assembly and the costly and wasteful pressure testing, so
that it does not prevent additional parts from being poorly
machined. Hence, it is possible to develop the monitoring methods
of leakage potential prior to product assembly so as to avoid
wasted costs, decrease scrap, and enable quick adjustment and
control of the machining process before the additional cost of
product assembly is incurred.

With a large amount of statistical quality control applications
appearing in the industrial field, control chart is a powerful tool
for on-line process monitoring or surveillance. The control chart
is a device for describing in a precise manner what is meant by
statistical control. That is, sample data is collected and used to
construct the control chart, and if the sample values fall within the
control limits and do not exhibit any systematic pattern, then the
process is in control at the level indicated by the chart. To some
extent, a surface which exists the leakage is considered as a defec-
tive or nonconforming product. Therefore, in monitoring phase,
the individual control chart is used to monitor the successive
machining process.

As mentioned above, when the leakage parameter SWvoid in a
surface region goes beyond the threshold SWvc, this region is
OOL area on this surface, namely a leakage region. Assume that n
regions are selected in a surface, and the SWvoid of these regions
is calculated as SWvoid;(i =1,...,n). Once the parameters
SWvoid; and SWvc are collected, the number of OOL ¢ is defined
as

(12)

n
C = E k,‘
i=1
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Fig. 11 (a) EX-CELL-O machining center and (b) the face mill-
ing cutter

SWvoid; > SWvc

1 ;] —
k= { 0 SWvoid; < SWye® | 2t

13)

Suppose that m successive machined surfaces are measured and
handled by the above procedures, and the numbers of OOL
regions of these surface are obtained as ¢y, ¢3, ...c;;,. The number
of OOL c is the control variable. The centerline, the upper control
limit, and the lower control limit (LCL) of the individual chart for
leakage can be depicted using the following equation:

UCL =c¢ + 30
CL=¢ (14)
LCL=c¢ -3¢

where ¢ is the mean value and ¢ is the standard deviation. They
are estimated by the following equations:

m

¢ = Z cj/m

J=1

15)

(16)

Should these calculations yield a negative value for the LCL, set
LCL =0. If the number of OOL ¢ of a surface is beyond the con-
trol line, it can be determined that the successive machining

(a)

Gasket

Fig. 13 The selected thirty typical regions of the top surface

process is out of control and the leakage will occur probably in
the surface of this machining process. Otherwise, the machining
process of the surface should be kept. The detailed control chart
can be seen in the case study section.

3 Case Study

The proposed methodology is applied to a machining process
for the top surface of vehicle engine cylinder block. The material
of the engine cylinder block is cast iron FC250. This surface is a
major sealing surface in automotive powertrain and it is manufac-
tured by rough milling, semifinish milling, and finish milling. The
milling process is carried out on an EX-CELL-O machining center
using a face milling cutter which has a diameter of 200 mm with
15 cutting inserts intercalated by 3 wiper inserts. Quaker 370
KLG cutting fluid is used. The milling speed is 816.4 m/min, the
depth of milling is 0.5 mm, and feed rate is 3360 mm/min. The
machining center and cutter are shown in Fig. 11.

Leakage is always a serious concern in engine manufacturing,
and it may lead to engine overheating, compression loss, and
power reduction. Typically, leakage occurs most in the interface
between engine cylinder block and head, and the gasket is
assembled to prevent it, as seen in Fig. 12. As a consequence, the
case study on the top surface of engine block cylinder is represen-
tative and significant. For example, a top surface of engine block
cylinder is measured by HDM, and the converted gray image of
the measured result is shown in Fig. 13. Thirty typical surface
regions in the same size (6 X 6 mm) are selected to represent the
probable leakage areas. The sampling interval is 0.2 mm, and each
region has 900 points with 30 x 30 grid.

3.1 Finite Element Model. In order to determine the thresh-
old of SWvc, an explicit dynamic finite element method is used to
simulate the contact process in the subsection. The numerical

Gasket

Fig. 12 (a) Assembled engine cylinder head and block and (b) gasket and block
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Fig. 14 Waviness surface solid

procedures are roughly consist of loading measured surface data,
generating the solid, giving the material properties and load condi-
tions, meshing, and determining contact deformation.

As in previous researches [41], some well-known results from
contact mechanics are used to simplify the contact geometry. If
there is no friction or adhesion between two rough surfaces and
the surface slope is small, then elastic contact between them can
be mapped to contact between a single rough surface and a rigid
flat plane. Meanwhile, contact area has a well-defined thermody-
namic limit, that is to say, the percentage of contact area at a given
average normal pressure is independent with the system size for a
fixed surface.

In this case, the gasket surface and the waviness surface of
engine block cylinder both can be considered as elastic solids
without friction and adhesion. Thus, a rigid flat surface is used

(a)

U, Magnitude
+3.391e+00
+3.109¢+00
+2.826e+00
+2.544¢+00
+2.261e+00
+1.978¢+00
+1.696¢+00
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+1.130e+00
+8.479¢-01
+5.652¢-01
+2.826e-01
+0.000e+00

Y

x <4
(b)

Fig. 15 Mesh generation

instead of the gasket surface, and the waviness surface of engine
block cylinder is considered as a three-dimensional deformable
elastic rough surface. One selected 6 x 6 mm size waviness sur-
face with 30 x 30 grid is first loaded into a computer-aided design
software called PRO/ENGINEER, boundary hybrid scanning and
stretching are adopted to generate the modeling waviness surface
solid, see Fig. 14. Then, the solid is loaded into a computer-aided
engineering software called aBaQus for an explicit contact analy-
sis. A same size 3D analytical rigid flat surface is generated by
ABAQUS to assemble into the loaded waviness surface solid.
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Fig. 16 (a) Results of displacement and (b) contact area
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Material properties and load conditions are given according to
the real work condition. The material of the waviness surface solid
is cast iron FC250, and its Young’s modulus, Poisson’s ratio and
density are 120 GPa, 0.25 and 7.0 g/cm?, respectively. The bound-
ary condition is that the four sides of the rigid flat surface are
fixed, and simultaneously both the four sides and bottom of the
waviness surface solid are fixed. The load is applied by tightened
force of 10 bolts, and it is equal to about a 2 MPa face pressure.
As mentioned above, numerical simulations are done for an elastic
surface in contact with a rigid flat surface. A fine mesh for the
elastic waviness surface is illustrated in Fig. 15. The mesh is dis-
cretized with tetrahedral elements. The mesh for the waviness sur-
face grid contains about 11,383 nodes and 54,042 elements. By
simulation, the results of displacement-deformation and contact
area are illustrated in Fig. 16. As shown in Fig. 16(a), the maxi-
mum magnitude means the displacement of the gasket, corre-
sponding to the noncontact area. Meanwhile, the remaining area is
the contact area, and the different magnitudes represent the differ-
ent displacement-deformations of the nodes in the waviness sur-
face. Considering the face pressure is a progressively load in
FEM, Fig. 16(b) displays the changing curves of contact area with
time. It’s noted that the sampling interval is 0.2 mm and the units
are consistent in all directions in FEM. The final contact area is
307.6, that is 307.6 x 0.2 x 0.2 = 12.304 mm, so the relative con-
tact area is RC = 12.304/36 =~ 0.342. Obviously, the relative
contact area of this surface region is less than 0.4, and this region
is a leakage region. It can be seen more clearly in Fig. 16(a).

Considering the selected 30 surface probable leakage regions in
Fig. 13, each surface region is analyzed by the same finite element
model. At the given load, the contact area is determined for each
surface region. The goal is to find out the certain surface region
when the relative contact area RC is closed to 40%. Here, a small
deviation of 5% is tolerated, which means that the deviations of
*2.5% go beyond 0.4 can be considered as 0.4. That is to say,
RC € [0.390,0.410] is equivalent to RC = 0.4. Table 1 gives the
relative contact area of the thirty surface regions and the corre-
sponding CAP, VV, and SWvoid.

In order to further clarify the relationships among these parame-
ters, line charts and scatter diagrams are depicted to make correla-
tion analysis and correlation coefficient r is calculated as

Cov(X,Y)

)’(X, Y) =
Var(X)Var(Y)

an

A line chart is a common chart which displays distribution infor-
mation as a series of data points, and a scatter diagram indicates
the potential relationship between two variables. From the defini-
tion, it is clear that VV is in direct proportion to SWvoid. There-
fore, the detailed charts and diagrams of RC, CAP, and SWvoid
are shown in Fig. 17, and the pairwise correlation coefficients are
calculated in Table 2.

The scatter diagram indicates a strong negative correlation
between RC and SWvoid, and the same to CAP and SWvoid.
Meantime, RC and CAP exists a medium positive correlation. The
results of correlation analysis show that determining the threshold
SWvc based on the relative contact area RC is accurate and effec-
tive. Therefore, from Table 1, the relative contact area of surface
region 1, 5, 8, 14, 19 are satisfied with closing to 40%. The thresh-
old SWvc can be approximately calculated as

SWve ~ (SWvoid; + SWvoids + SWvoids + SWvoidy,
+ SWvoid;e)/5 = (0.299 + 0.303 + 0.307 + 0.293
+0.298)/5 = 0.300 (18)

According to contact mechanics, when the parameters such as
material, process parameter and pressure change, the RC and the
threshold SWvc will also change. The corresponding value of
SWvc can be obtained by the proposed approach. Therefore, the

101003-10 / Vol. 140, OCTOBER 2018

threshold SWvc ~ 0.300 is suitable for the engine cylinder block
in the case study condition.

3.2 Experimental Results. As mentioned in Sec. 2.3, the nor-
malized parameter SWvoid is independent with the area of the
surface. At the same time, a strong negative correlation between
RC and SWvoid is shown by the scatter diagram and the correla-
tion coefficient. Therefore, SWvoid is selected to as the leakage
indicator to report the leakage area.

From Table 1, the SWvoid of the thirty regions are calculated
as SWvoid;, SWvoid,, ..., SWvoidsy, and the threshold is
SWvc = 0.3. The number of OOL c is obtained as

30

=k (19)
=1
1 SWvoid; > 0.3
ki = , 1=1,2,...,30 (20)
0 SWvoid; < 0.3

The line chart of SWvoid is depicted in Fig. 18(a), each
selected region is determined as a leakage region by the corre-
sponding SWvoid goes beyond 0.3. As shown in Fig. 18(b), the
OOL leakage areas of an engine block top surface are identified.
Furthermore, confirming the leakage surface and monitoring the
successive machining process are achieved through the above
mentioned individual control chart.

Figure 19 shows two series of successive machining process of
20 engine block top surfaces, it is clear that the first one is out of
control process which exists an obvious growing tendency since
the 12th block surface, and No.19 surface is very likely a leakage
surface. It indicates that something changes like tool wear or chat-
ting has probably appeared in the machining process which lead
to the variation of surface topography. On the contrary, the second

Table 1 Results of surface region
Surface region RC CAP \'A% SWvoid
Region 1 0.401 0.289 10.76 0.299
Region 2 0.452 0.313 11.42 0.317
Region 3 0.440 0.283 10.21 0.284
Region 4 0.496 0.322 9.10 0.253
Region 5 0.396 0.298 10.92 0.303
Region 6 0.472 0.304 10.30 0.286
Region 7 0.432 0.278 13.01 0.362
Region 8 0.391 0.309 11.03 0.307
Region 9 0.504 0.343 8.52 0.237
Region 10 0.348 0.300 12.58 0.349
Region 11 0.528 0.341 8.25 0.229
Region 12 0.280 0.311 13.81 0.384
Region 13 0.434 0.331 9.86 0.274
Region 14 0.409 0.296 10.56 0.293
Region 15 0.449 0.299 10.07 0.280
Region 16 0.360 0.299 13.22 0.367
Region 17 0.457 0.338 9.34 0.260
Region 18 0.380 0.302 11.17 0.310
Region 19 0.403 0.330 10.72 0.298
Region 20 0.429 0.302 11.30 0.314
Region 21 0.480 0.341 8.90 0.247
Region 22 0.454 0.280 11.58 0.322
Region 23 0.341 0.266 12.72 0.353
Region 24 0.370 0.313 11.63 0.323
Region 25 0.478 0.342 8.89 0.247
Region 26 0.340 0.281 13.54 0.376
Region 27 0.454 0.341 9.40 0.261
Region 28 0.500 0.308 10.16 0.282
Region 29 0.480 0.302 9.76 0.271
Region 30 0.420 0.309 10.38 0.288

Note: In Table 1, The values of RC in bold are considered as closing to
0.4, and the values of SWvoid in bold are the corresponding to RC in the
same surface region.
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Fig. 17 (a) Line charts of RC, CAP, and SWvoid, (b) scatter diagram of RC and SWvoid, (c) scatter diagram of RC and CAP,

and (d) scatter diagram of CAP and SWvoid

Table 2 Correlation coefficient
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Fig. 18 (a) The line chart of SWvoid and (b) OOL leakage regions
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machining process is relatively stable and the probability of leak-
age surfaces is small.

The control chart for leakage monitoring enables leakage suscep-
tibility mensuration long before pressure test, and detects more
leak-prone parts which have been machined. At the same time, the
leakage potential surface can be prevented entering the next costly
procedure in time from the control chart. Furthermore, leakage
monitoring ensures a higher quality product that will incur lower
postdelivery warranty costs and higher customer satisfaction.

4 Conclusions

This paper presents a leakage monitoring method in static seal
interface using 3D surface topography as indicators. To achieve
this functional analysis, a combination of spline filter and morpho-
logical filter are employed. The 3D surface topography indicators
including leakage parameters CAP, VV, and SWvoid are calculated
by virtual gasket surface SC(x,y) and waviness surface SW(x,y).
According to Persson contact mechanics and percolation theory,
the threshold of leakage parameter is confirmed using FEM simula-
tion. Then, an individual control chart is proposed to monitor the
leakage surface of the successive machining process. Experimental
results indicate that the proposed monitoring method is valid to pre-
control the machining process and prevent leakage occurring.

Furthermore, there have been only a few attempts on leakage
monitoring, the proposed approach is a first idea to account for
this kind of problems. Thus, there is a large amount of room for
important improvements. Moreover, in order to enhance quality
control, the quantitative leakage rate experimental investigation
will be designed to further reveal and test the potential relation-
ship between leakage and surface topography, which is the next
research topic in future.
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