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Abstract:

For the traditional multi-process capability construction method based on principal component analysis, the process variables are mainly con-
sidered, but not the process capability, which leads to the deviation of the contribution rate of principal component. In response to the question,
this paper first clarifies the problem from two aspects: theoretical analysis and example proof. Secondly, aiming at the rationality of principal
components degree, an evaluation method for pre-processing data before constructing MPCI using PCA is proposed. The pre-processing of
data is mainly to standardize the specification interval of quality characteristics making the principal components degree more reasonable and
optimizes the process capability evaluation method. Finally, the effectiveness and feasibility of the method are proved by an application example.
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1. Introduction

Process capability is the consistency index of machining pro-
cess. In order to measure, evaluate, analyze, and compare pro-
cess capabilities, quantifiable indicators as Process Capability
Index (PCI) are practically used. The concept of process capabil-
ity ratio are firstly proposed by Juran', who compared process
fluctuations with process specification as a quantitative index to
evaluate process capability. Other quantifiable indicators that
have emerged since then are based on process fluctuations and
specifications, such as C, C and C_ . With the improvement
of processing level and increasingly complex parts, the process-
ing parts generally have multiple quality characteristics, and the
process capability evaluation needs to consider multiple quality
characteristics. Since the concept of a multi-process capability
index are proposed by Chan L K et al.””/, Process Capability In-
dex multivariate analysis model was constructed as the follow-
ing categories: the multi-process capability index (MPCI) was
constructed by region ratio, such as the method for evaluating
the process area that are presented by Shahriari et al.””, and the
spatial MPCI proposed by Wang S. X et al.’ to solve the eccen-
tricity of multivariate quality features. MPCI was constructed by
a failure rate, such as Wierda et al.”’ Bothe et al. and Chen K
S et al.”!. MPCI was constructed by principal component analy-
sis, such as the process capability index of principal components
proposed by Wang KF and Chen JC'*, Wang FK and Du TC"),
Ma Yizhong""' and Wang Rang CH"" to build multi-quality

characteristics index. And based on the correlation of the spec-
ification intervals, Shinde et al."* and Zhang M et al."”) mod-
ified the specification interval. MPCI is constructed by vector
method, such as a new multivariate capability vector that are
proposed by Shahriari and Abdollahzadeh!*. In addition to the
methods above, there are another method. Pan'"* proposed two
new multi-process capability indices: NMC and NMC_ .

In the traditional Principal Component Analysis (PCA)
constructing the Multivariate Process Capability Index (MPCI),
a few principal components mainly consider process variation
but not process capability, which is unreasonable. Therefore,
aiming at the rationality of principal components degree, an
evaluation method for pre-processing data before constructing
MPCI using PCA is proposed.

2. Principal Component Analysis theory

When the mass data of multi-quality feature parts obeys the
multivariate normal distribution, the principal component anal-
ysis is proposed by Wang KF and Chen JC'*' to construct the
multivariate process capability index. They extended the one-
unit capability index to pluralism and defined the multivariate
process capability indices: MCP, MCpk, MCpm and MCpmk.

When using the principal component analysis method, a
small number of principal components can explain about 90%
of the process variation. In terms of construction methods, the
method of weighted averaging is used by Ma Yizhong'’. Ac-
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cording to the fluctuations, for each principal component index,
different weights are assigned. Take Cp as an example:

MCp = ZriCp;PCi
=) (1)
And Wang F K and Du T C" and Wang Rang C H"" use
geometric mean, namely:

1y

MCp= [H Cp;PC, J

i=1 (2)
Where

USL,,. - LSL

Cp; PC, = ——o TG
60 pc

Where, r. = 4, /tr(A, tr(A) =4 + 4, +...+ 4, here, 4, 4,...4,
is the feature vector of ¥, Cp;PC,is the single process capabil-
ity index of the i-th principal component, and V represents the
number of principal components which can explain about 90%
of the process variation. The specification range and target value
of the principal component are:

LSLp; =/ LSL  USLpe; =u; USL 3)

Where, Up,ty,. U, 18 the feature vector of % .

Shinde and Khadse''” pointed out that the formulas calcu-
lated by Wang K F et al.”* are biased, because in principal com-
ponent analysis, only the distribution of principal components is
independent, the canonical intervals of different principal com-
ponents are still interrelated, and their viewpoints are verified
by examples. At the same time, new specification intervals and
multi-process capability indices are defined.

V ={(3:920--3,)|LSLy <Uy <USLy

)’,:(}’pyz,-.-yp),y, :EY},}
r=v+Lv+2,.,p @

Where, y is the observations of the principal component
(PC), V is not a super-rectangular, it is composed of 2p linear
inequalities (p is the number of quality features).

Y=1.%,..1,) eV’
Mp, :P{ v }

|V ~ N, (uy =Ty, 5y =diag(Ay.... 4, ) )

Y=,.Y,,.,Y,) eV’
¥ ~ N, (uy, 2y =diag(Xy,... 2, ) ©

Y represents the vector of PC, Mp, is similar to MCp , Mp, is
similar to MCpk .If Mp, >0.9973,it indicates that this process has
potential capability. If Mp, >0.9973,it indicates that this process
has actual capability.

Mpzzp{

3. The principal component contribution rate

The contribution rate of the principal component was deter-
mined by the variance ratio of the quality feature and the cor-
relation coefficient. For convenience of explanation, the follow-
ing two quality characteristics are taken as examples to describe
and calculate the principle component contribution rate.

3.1 Theoretical analysis of the influencing factors of the prin-
cipal component contribution rate

It is known from Figure 1 that when the correlation coefficients

of quality control features are same, the contribution rate of each
principal component is only affected by the variance difference of
each quality feature. Moreover, the higher the variance of quality
characteristics, the higher the contribution rate of the first prin-
cipal component. From the comparison of the three curves in
Figure 1, it is found that with the increase of the variance ratio of
the quality features, the correlation coefficient between quality
characteristics has less influence on the contribution rate of the
first principal component. When the standard deviation ratio
of quality characteristics is more than 9 times, the contribution
rate of the first principal component is independent from the
correlation coefficient of the quality feature. What’s more, it is
only determined by the ratio of variance between quality charac-
teristics. At this time, the contribution rate of the first principal
component is approximately equal to the proportion of the max-
imum variance to the total variance.
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Figure 1. Variance ratio of quality characteristic influence on
principal component contribution degree

As is shown in Figure 2, when the variances of the control
quality characteristics are same, the contribution rate of each
principal component is affected by the correlation coeflicient
between the various quality features, which indicates that the
greater the correlation coefficient between the quality features,
the greater the contribution rate of the first principal component.

From the theoretical analysis above, during analyzing the
covariance matrix based on quality features, the contribution
rate of principal components is determined by the variance ratio
and the correlation coeflicient between quality features. Howev-
er, during calculating the multivariate process capability index,
multivariate process capability index is not only related to the
variance and the correlation coeflicient of quality characteristics,
but also to the quality characteristic interval. Therefore, it is not
advisable and reasonable to use the contribution rate of principal
components to represent and evaluate the contribution rate of
multivariate process capability

3.2 Application of the principal component contribution rate

The gearbox base used in this paper has two quality charac-
teristics, the width X (60mm) and the height X, (90mm).
S={(X},X,),57< X, <63, 89.4< X, <90.6} is the specifi-
cation range. We collected 100 sets of sample data of this part.
The sample mean vector and the covariance matrix are obtained
as:
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Fig 2. Correlation coefficient of quality characteristic influ-
ence on principal component contribution degree

Through principal component analysis based on covariance
matrix, the principal component contribution rates of each qual-
ity characteristic are obtained as:

PC, =u, X = X, ~N(60.00,1)
PC,=u, X =X,

PC2 gy

91.5F b

Cils b

90.51 b
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Figure 3 Principal component process capability

As shown in Figure 3, U=(u,,u, ) is the eigenvector of S.
The ellipse represents the area of 95% process capability, and the
rectangular refers to the specification interval.

Obviously, the process capability of the first principal com-
ponent is greater than that of the second principal component,
which indicated that using the first principal component to cal-
culate the multivariate process capability index will inevitably,
overestimated the multivariate process capability. Because 91,7%
of the first principal component contribution rate only explains
91,7% of the variation but not the multivariate process capability.
It is ignoring the influence of the specification interval on the
contribution rate of the multi-process capability, that leads to the
over-estimation of the multi-process capability.

As illustrated by the above example, when calculating the
multivariate process capability index, using the principal com-
ponent contribution rate to evaluate the multivariate process
capability directly is not precise. To solve this problem, we pro-
posed a new method based on processing raw data.

G.Q. Ying et al

4. MPCI with improved principal component contribution
rate

Different from the traditional principal component analysis
method, MPCI with improved principal component contribu-
tion rate needs to preprocess the quality features to standardize
the specification intervals of each quality feature.

4.1 Data preprocessing

Interval standardization:

H;=(X;-M,;)/d;, i=12,...p )
where X is the original quality feature, H. is the processed

quality feature, M. is the center of the X, specification interval,

and d. is half of the interval between the upper and lower speci-

fication boundaries of X.:

M, =(USLy +LSLy;)/2 d; =(USLy;-LSLy;)/2

Through processing the original data, the specification in-
tervals of all quality features are normalized to [-1, 1]. Thus, in
the process of calculating the multivariate process capability in-
dex with the new data meter, the multivariate process capability
index is only determined by the variance and correlation coeffi-
cient of the quality features.

In the process of principal component analysis of new data,
because the principal component process with a residual contri-
bution rate of less than 10% is very strong, these principal com-
ponents can be ignored, and the total component is explained
by a small part of the principal component whose cumulative
contribution rate reaches 90% or more.

4.2 Multivariate process capability index calculation

For a part with p feature qualities X, X,,....)x , its feature qual-
ity vector is X'=[X,,X,,..X,], each of which has n sample
points or observation data, and obeys X <N, (x,%). ¢ is the
covarjance matrix. Symbols used are defined as:

Ty =(1},T5,...Tp) : X target value vector

LSLy =(LSL,,LSL,,...,LSL;): Lower specification limit of
X

USLy =(USL,,USL,,...,USLp) : Upper specification limit of
X

S ={x|LSL, < x<USLy}: X’s super-rectangular specifica-
tion interval

Quality characteristics H centralized treatment:

Z,=H,-pu,, i=12,.,p (8)
So,
Z<N,0%,)
Where,
SIS
% )
h<h <. ip: Characteristic value of 2.

155Uy . Characteristic vector of 2 .

Principal component vector:

Y=U7 (10)
Where U =(u1,u2,...,up), EY)=0.
Covariance of principal components:

COV(Y) = Diag(X,2y,..., 4,) (11)

Covariance of principal components:
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TZi:(];‘_:uXi)/di (12)
Target value of quality characteristic Z:

TY = U'TZ (13)
Y specification area:

R= {(yl,yz,...yv) LSL. <(U")'y <USL.,
y, :(y]’yzs"'yp)5yr = EYr = 0}
r=v+Lv+2,..,p (14)

Probability that the principal component satisfies the spec-
ification area:

Y=(Y,,Y,,..Y,) <R

U |aN, (uy =Ty 2y =diag(Gy ... 0, ) (15)
h_p Y=(,Y,..Y,) R
F YN0y =diag(h, .., 4, ) 6

Get the new MPCI at this point:
Vep = Lot [ PLH]

P=3 2 an
Mcpk=l®.1(P2+l)

3 2 (18)

5. Application

Take the gearbox housing produced by a domestic manufactur-
er as an example. The proposed multi-process capability index
(MPCI) is used for the capability analysis of the gearbox hous-
ing. In the manufacturing process, the specification intervals
of the quality characteristics X, X,, X, and X, respectively are
[-0.1, 0.1], [-0.035, 0.035], [-0.018, 0.004], and [-0.021, 0.004],
and the target values are 0,0,-0.007 and -0.0085, respectively.

From the production process, 50 observation samples were
randomly selected and according to the method of PAN et al.!'"/,
the Shapiro-Wilk statistic was calculated to check whether the
sampled data follows the multivariate normal distribution. The
Shapiro-Wilk statistic is 0.304078, which is greater than 0.05.
Therefore, the sampled data is considered to follow a multivari-
ate normal distribution. o

Calculate the sample mean vector X and the covariance
matrix S:

—_—

X' =[0.00841,0.00281,-0.00743,-0.00821]

0.000 421 33
| 0.000146 98  0.000 083 88
0.000 054 25 0.000 02518 0.000 010 52
-0.000 002 71  0.000 000 89 -0.000 000 14 0.000 017 28

5.1 MPCI with improved principal component contribution
rate
Preprocess X according to equations (7) and (8):

H;=(X;-M,;)/d;, Z;=H,;-py, i=12,.,p

Calculate the Z-means vector Z and the covariance matrix
S, according to equation (9):

Z =[0,0,0,0]
0.042 133
3 0.041994 0.068 473
271 0.049 318 0.065 403  0.086 942
-0.002 168 0.002 034 —-0.001 018 0.110 592

Calculate each principal component according to equation
(10):

2 =0.1753

PC =Y, = u, <Z =04376Z, +0.5883Z, +0.6800Z; -0.0069Z,

2, =0.1107

PC, =Y, = u, < Z =0.0168Z, -0.0272Z, +0.0027Z; -0.9995Z,

2, =0.0118

PC, =Y, = u; < Z = 034757, -0.8076Z, +0.4754Z, +0.0292Z,
A, =0.0104

PC, =Y, = u, <Z =0.8292Z, +0.0286Z, - 0.5582Z, +0.0117Z,

In addition, the principal components Y, Y, Y, and Y , are
independent of each other and obey the normal distribution,
and their parameters are =(0, 0.1753), (0, 0.1107, (0,0.0118)
» (0,0.0104) .The target vector of the principal component is
(0.0422, -0.0283, 0.1361, -0.0375). The first two principal
components explain the overall difference of 92.8%, so the first
two principal components were used to analyze the multivariate
process capability.

Since Z can be expressed as , according to the Z section the
specification interval of the first two principal components can
be calculated. Because only the first two principal components
are considered, the expectation of the other two principal com-
ponents is used when calculating the specification region. Its
specification area is as follows:

-0.1+0.00342 0.1+0.00342

0.1
0.035-0.00298

0.035
0.004+0.00826

0.011
0.004+0.00889
0.0125

<0.4376Y, +0.01627Y, <

-0.035-0.00298
0.035
-0.018+0.00826
0.011
-0.021+0.00889
0.0125

<0.5883Y,-0.0272Y, <
<0.6800Y; +0.0027Y, <

<-0.0069Y, - 0.9948Y, <

E(y;)=0,E(y,)=0

As shown in Figure 4, the common area enclosed by 8 lines
is the revised specification area:
0.5883Y; -0.0272Y, <0.915

-0.885 < 0.6800Y, +0.0027Y,
-0.969 < -0.0069Y, -0.9948Y, <1.031

R=1(%.1;)

According to equation (11), (12) and (13), the target values
of principal component covariance and Y are calculated as fol-
low:

5 01753 0
Y7o 01107

T,=(0.0422, -0.0283)
Calculate the probability that the principal component sat-
isfies the specification region according to equations (15) and



(16):
P =0.9965 P =0.9962
MCP is calculated according to equation (17) and (18):
Mcp,=0.9748
MCpk,=0.9651

PC2
5

T T

3: ' |\

Figure 4 Revised specification area

5.2 Traditional principal component method of MPCI

Calculate the principal component based on the covariance:
4 =0.0004839

PC, =Y, =-0.9287Z," -0.3491Z," -0.1250Z;' +0.0048Z,
2, =0.0000299

PC, =Y, =0.36227,-0.9068Z, -0.1637Z;' -0.1404Z,
2y =0.0000170

PC, =Y, =0.0564Z, -0.1247Z, -0.0333Z, +0.9900Z,’
A4 =0.0000022

PC, =Y, =0.0562Z, +0.2006Z, -0.9780Z, -0.0109Z,’

Principal components Y, Y, Y, and Y, are independent
from each other and subject to normal distribution, and their pa-
rameters are 1,0 = (0,0.0004839), (0,0, 0.0000299 (0,0.0000170),
and (0,0.0000022), respectively. The target vector of the principal
component is (-0.0023, 0.0037, 0.0009, -0.0016). The first two
principal components explain the overall difference of 96.4%, so
the first two principal components were used to analyze the mul-
tivariate process capability.

-0.1+0.00342 < -0.9287Y; +0.3622Y, < 0.1+0.00342
-0.035-0.00298 < -0.3491¥ -0.9068Y," < 0.035-0.00298
-0.018+0.00826 < -0.1250Y; -0.1637¥, < 0.004+0.00826

-0.021+0.00889 < 0.0048Y; -0.1404Y," < 0.004 +0.00889
E()=0,E(¥)=0

R = (YI,,Y2’

a—

As shown in figure 5, the common area surrounded by 8
lines is the revised specification area:

-0.09658 < -0.9287Y," +0.3622Y," <0.10342
(Y1Y2) -0.03798 < -0.3491Y," -0.9068Y, < 0.03202
-0.00974 < -0.1250Y", -0.1637Y,'

’

R =

G.Q. Ying et al

The target values of principal component covariance and y”:
: (0.0004839 0 j
X, =

0 0.0000299
T,’=(-0.0023, 0.0037)

The probability that the principal component satisfies the
speification region:

P =0.99939
P =0.99936
The MCPI:
Mcp,=1.1428
MCpk =1.139
PC2
0.5
04t /

PC1

Figure 5 Revised specification area

The multi-process capability index should be less than the
process capability index of any single quality feature. The poten-
tial process capability indices of the individual quality features
X1, X2, X3, and X4 are calculated to be 1.62, 1.27, 1.13, and
1.002, so the multivariate process capability index should be less
than 1.002.

In the example above, the potential MPCI with improved
principal component contribution rate is 0.9748, and the po-
tential MPCI of the traditional principal component method
is 1.1428. The MPCI with improved principal component con-
tribution rate is more realistic than the traditional principal
component method. The analysis found that in the MPCI of the
traditional principal component method, the variance of the
quality feature X4 is smaller and the correlation is weaker than
other quality features, so the contribution rate of the quality fea-
ture X4 is small and ignored (in the second section, it has been
derived that the smaller the variance ratio and the weaker the
contribution of the quality features, the smaller the contribution
rate), resulting in MPCI being overestimated.

6. Conclusion

1) Through the theoretical analysis of the influence factors of the
contribution rate of principal components, we found that the
principal component contribution rate is determined only by
the variance ratio and correlation coefficient between the quality
features. Moreover, when one of them is constant, the contribu-
tion rate of the first principal component is positively linearly
relative to another.

2) Based on the principal component method, we found
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that the principal component contribution rate is not equivalent
to the contribution rate of multivariate process capability prac-
tically. So, using the principal component contribution rate to
directly evaluate the multivariate process capability is not rea-
sonable or precise.

3) To solve the problem mentioned above, through normal-
izing the specification range of the processed quality features to
[-1,1], eliminating the principal components with smaller vari-
ance to simplify the data. We proposed a method based on pro-
cessing original data. Moreover, the rationality of the method is
proved by an example.
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Abstract:

Pressure guide plate plays a certain role in the safe operation of elevator. Based on understanding the respective performance of new and old
pressure guide plates, this paper analyses the problems existing in the original pressure guide plate. It also conducts stress analysis according to
the function of pressure guide plate on elevator, and designs a new type of pressure guide plate combined with technological capability and equip-
ment. According to the stress characteristics, a test device is designed and a comparative test is made between the new type of pressure guide plate
and the old in order to test the reliability of the new type of pressure guide plate. The test proves that the new pressure guide plate of elevator can
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meet the requirements of product use and safe operation of elevator products.
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1. Introduction

Because of the inconvenience of going upstairs and downstairs,
elevators have always been the first choice for the public to solve
this problem. However, in recent years, injuries caused by ele-
vators have occurred from time to time. Thus, its safety is being
questioned. In line with the enterprise mission of “providing
safe, comfortable and fast delivery system for human beings”,
safety is put in the first place for elevator products.

Based on understanding the properties of new and old
pressure guide plates, this paper analyses the problems existing
in the original pressure guide plates. According to the function
of pressure guide plate on elevator, a new type of pressure guide
plate is designed, which combines process capability and equip-
ment. According to the stress characteristics, the test device is
designed to test the reliability of the new type of pressure guide
plate to meet the requirements of the safe operation of elevator
products .

2. Design and selection of new elevator pressure
guide plate

2.1 Guide rails and pressure guide plate

Guide rails and pressure guide plate are important components
of elevator guidance system. The guide rails provides guidance
for the elevator’s lifting motion and limits the horizontal move-
ment of the carriage and counterweight /. Take the carriage as
an example. Because the positions of people standing in the car-

riage after entering are not fixed, the carriage will incline due
to the unbalance loading. The existence of the guide rails limits
the occurrence of such excessive inclination, ensuring the stable
operation of the carriage and reducing vibration.

Generally speaking, the guide rails are not fixed directly on
the wall of the shaft, but on the guide rails bracket, as shown in
Figure 1. In order to solve the problems of normal settlement,
shrinkage of concrete and deviation of building, the commonly
used fixing method is to fix the guide rails on the guide rails
bracket with a pressure guide plate, and then connect the guide
rails bracket with the pressure guide plate with bolts. The contact
between the guide plate and the guide rails is a point contact.
When the shaft sinks or the guide rails expand when hot and
contracts when cold, and the tension force on the guide rails
exceeds the compression force of the pressure guide plate, the

guide rails can move relatively to avoid bending deformation
Guids Rails

i I F-
| 'm0 || o&] |
| ﬁj’ Prazvare Guide Plus
Grobde Rail Bracket
L3 -
log. | o]

Figure 1. Fixed sketch of guide rails
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2.2 New pressure guide plate structure

In elevator industry, the selection of pressure guide plate is gen-
erally based on experience. As the guide rails is a standard part,
generally speaking, the specific types of guide rails have the cor-
responding pressure guide plates. A new type of pressure guide
plate is designed in a step shape, as shown in Figure 2. The plate
body is divided into three parts: front pressure surface, side pres-
sure surface and support surface. The front pressure surface is
used to hold down the guide rails. The side pressure surface is
used to resist the side edge of the guide rails and reduce the in-
clination of the elevator. Compared with the old type of pressure
guide plate, the side pressure surface of the new type is larger,
which is conducive to increasing the stress area. A hole is set in
the middle of the supporting surface, which is used to connect
the guide rails bracket through the bolt. The upper part of the
supporting surface is provided with a bolt locking groove, and
the peripheral edge has a side opening. The other edges are inner
hexagonal shape corresponding to the shape of bolt head. This
shape is easy to install and helps to improve efficiency */. If the
guide plate does not have such grooves, the top of the guide plate
is flat. When installing, one wrench must be used to screw the
head of the bolt, and another wrench must be used to tighten
the nut. Both wrenches need to operate simultaneously. With a
groove, the inner hexagonal shape of the groove is the same as a
wrench to fix the bolt head. Therefore, the design of the groove
improves the installation efficiency.

Compared with the old type of pressure guide plate (Figure
3) ¥, the structure formed by the front pressure surface and the
side pressure surface of the new type fits more closely with the
side edge of the pressure guide plate. In use, it can reduce the
possibility of micro-movement caused by carriage impact.

Sie Supporting
EBurfare
4 Surfars
Fromt Presauss ¥y

Surfcz W f

Figure 2. New pressure guide
plate

Figure 3. Old pressure guide
plate

3. Design of test device

3.1 Design thought of test device

The main function of the pressure guide plate is to limit the dis-
placement of the guide rails in the horizontal direction. There-
fore, its force comes from the guide rails. The following condi-
tions exist when the guide rails is subjected to force:

1) The position of the passenger after entering the carriage
is not fixed.

2) The cables and compensation chains suspended at the
bottom of the carriage are not located at the center of gravity.

3) Because of some devices attached to the carriage (ex-
cluding cables and compensation chains), the center of gravity
of the carriage is not in the central position.

The above reasons create a reversal trend for the carriage.
Thus, they exert a certain force on the top and side of the guide
rails.

The analysis shows that the pressure guide plate is subjected
to the forces in the X and Y directions in the horizontal direc-
tion. Therefore, the main principle of the test device is to use a
pendulum test (as shown in Figure 4), imitating the position of
the guide rails in the shaft, fixed it on the guide rails bracket, and
welded the guide rails bracket on the steel frame. At the same
time, the gravitational potential energy of the heavy hammer is
transformed into kinetic energy to produce the same amount of
force as the theoretical analysis above, which indirectly acts on
the guide rails. Then the verticality of the guide rails is measured
to compare with the verticality of the guide rails specified in the
national standard, to measure whether the new type of pressure
guide plate can meet the requirements.

./ 4

Figure 4. Schematic diagram of the test device

3.2 Force analysis of guide rails

The coordinate system of elevator guide rails specified in the na-
tional standard is shown in Figure 5. The guide rails is in the
direction of x perpendicular to its side and y perpendicular to
its top. When the top view of the carriage bottom is taken as an
example (Figure 6), the direction of the opening of the carriage
is x direction, and the horizontal direction of the other one is y
direction .
7y

f’_/J %PX

Figure 5. Guide rails coordinate system




Guide Rail * l Czrrizgs Botham

Figure 6. Carriage bottom coordinate system (View from Top)

3.2.1 Force analysis of guide rails in x direction

The joint force acting on the guide rails is divided into forces F_
and F in the direction of x and y by the method of orthogonal
decomposition. This section begins with the calculation of F..
Ideally, the guide rails is not stressed when the elevator is in nor-
mal operation. In fact, however, the load distribution of elevators
is not even. When the front and rear forces of the carriage are
uneven, there will be a reversal trend, which will cause a certain
pressure on the guide rails. Especially when the safety clamp are
in action, the pressure will be greater. The distribution of load
when maximum pressure is exerted on the x-direction of the
carriage guide is shown in Figure 7.

Figure 7. Distribution of gravity center of carriage bottom at
maximum F_

After measuring all the relevant data, the value of F_can
be calculated. According to the knowledge of torque calculation,
when the safety clamp is in action, horizontal force F_is pro-
duced by the front and rear torque of the carriage.

K19n (Q'xQ +MMer “XMtr +MMer “XMer )
nh (1)

Fy=

In the formula:

K,-- Impact coefficient, determined according to Table G2
on page 70 of Appendix G of GB 7588-2003. Take K =2.0;
—Standard gravity acceleration, 9.81m/s”.

3.2.2 Force analysis of guide rails in y direction

Similarly, when the force is uneven between the left and right of
the carriage, the overturning trend will result in the force F of
the guide shoe on the guide rails. The steps are the same as those
for solving F . However, it should be noted here is the gravity

O.H. Xu, S.K. Chen

center when the carriage loads Q located 3/4 to the left of the
carriage bottom (at this time, the pressure on the y direction of
the guide rails is the greatest). The vertical force on the guide
rails is when the carriage is overturned (see Figure 8).

Figure 8. Distribution of gravity center of carriage bottom at
maximum Fy

K1gn (QYQ MM YMtr tMMer YMer )
E,= 7
—h
’ )

Formula has the same meaning as (1).
3.2.3 Determination of Fx and Fy

For the force on the guide rails in the x direction, assuming that
the maximum load of the passenger elevator is 1600 kg, the car-
riage depth D =2400 mm, the carriage width D =1400 mm, and
the carriage center of gravity P is also the suspension point S, the
coordinate system is established for the origin. Then (x, y,) =
(xg ¥g) = (0, 0), carriage geometric center position (x , y,) =(-110,
0), rated load gravity center position (x, y,) =(-410, 0), traveling
cable gravity center position (x,,, y,,.) = (300, 600), compensa-
tion chain gravity center position (x,,_, v,,.,) =(-200, -357), dis-
tance between guide shoe H = 3975 mm, guide shoe number n
= 2, self-weight P = 1806 kg, compensation chain weight m, =
470 kg, traveling cable weight m , = 41 kg.

When the safety forceps are in action, the above data are
put into formula (1) and the force on the guide rails at the stress
point in the x direction is F ~2138N.

Similarly, for the force in the y direction at the stress point
of the guide rails, except for the center of gravity of the rated load
(XQ, yQ) =(-110, -175), other assumptions are the same. When the
safety forceps are in action, the above data are put into formula
(2) and the force on the guide rails at the point of force in the y
direction is F =2089N.

3.3 Design of test device

3.3.1 Principle of Test Pendulum

The function of the pendulum is to produce a force that is the
same as the theoretical analysis to impact the guide rails. The
pendulum can be released from a certain height without initial
velocity. According to the law of conservation of energy:

2

1
mg,H = S mv 3)
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Where:

m—Pendulum mass;

H—Pendulum drop height;

V—Velocity of the pendulum at its lowest point.

From the impulse theorem:

Ft=mv

Where:

F—The impulse of the pendulum on the guide rails;

t—The action time of the pendulum on the guide rails. Here
t=0.02s.

According to (3) (4), the required mass of the pendulum
can be set, and then the drop height of the pendulum can be
calculated. In addition, when testing the force condition, the se-
lected measuring point should be the midpoint of the guide rails,
because the deformation of the guide rails will be the largest at
this time.

(4)

3.3.2 Design and calculation of guide rails bracket

The guide rails bracket structure of elevator carriage adopts
IT-shaped structure, which belongs to statically indeterminate
rigid frame. The original statically indeterminate structure is
transformed into statically determinate structure, and unknown
forces are added to the statically determinate structure. Then the
displacement or deformation of statically determinate structures
under the action of loads and unknown redundant forces at the
redundant constraints are obtained to satisfy the constraints of the
original statically indeterminate structures. The constraints are
then transformed into supplementary equations with loads and
unknown forces through physical equations. After solving these
equations, unknown forces can be obtained, and other unknown
forces can be obtained from static equilibrium equations .

In order to solve the displacement of guide rails support
under the action of F _and F alone, a unit force should be add-
ed at the action point of F, and F at statically determinate base
(where the transverse support is selected as statically determi-
nate base). The unit bending moment diagrams M, and M,
on statically determinate bases under unit force are also drawn
(Figure 9 a) and Figure 9 b)).

P-1

o

a) b)
Figure 9. Unit load moment diagram
To solve the displacement of guide rails bracket under the
action of F alone, the area of M, can be multiplied by the coor-

dinates of its centroid position corresponding to the load bend-
ing moment diagram of M load by graph multiplication .

1(1 L L [2 (FRL FI? 1 FL? F L3 (2H+L
AF=2><—{—><—><—x[—x(y———y )——x z }=—y @A)
y El2” 274713 4 am+20)) 37 (H42L) 96EI(H+2L)

(5)

Similarly, the displacement of guide rails bracket under the

action of F_alone can be obtained by graph multiplication.

FeH (3H+L 12 H3
A@zl{lexHxe ( +)_lX3FH]}=FH(2H+2L)
Bl |2 37 206H+L) 3 2(6H+L) 12E1(6H+L)
(6)

4. Experiment and result analysis of test device

4.1 Testing device experiment

The pendulum is used to impact the guide rails according to the
set height in turn, and the verticality of the guide rails is used as
a benchmark to measure whether the pressure guide rails plate
meets the requirements.

Mark the height to which the pendulum will be drawn with
chalk on the cart and tie the other end of the pendulum to that
height with a rope. Push the cart away until the rope is straight-
ened. After adjusting the pendulum to align its impact plate with
the side or top of the guide rails, use the tape to measure wheth-
er the gravity center of the pendulum to the ground meets the
height requirement. If so, cut the rope with zero speed release
and let the pendulum hit the test point. If the verticality of the
guide rails after hitting exceeds the requirement of GB/T 10060-
2011, it is necessary to readjust the verticality of the guide rails.
Record the verticality value, and carry out the second pendulum
impact test.

When recording the perpendicularity of the guide rails, the
pendulum rope is hung above the guide rails. For the x direction,
the deviation between the center of the upper guide rails and the
weight line is marked as a value, the deviation between the cen-
ter of the lower guide rails and the weight line is marked as value
b, and the deviation between the guide rails and the weight line
is marked as value a-b. For the y direction, the deviation between
the top surface of the guide rails and the weight line is marked as
value a, the deviation between the lower top surface of the guide
rails and the weight line is marked as value b, and the deviation
of the guide rails is marked as a-b (figs. 10 a), b)). At the same
time, the marking fluid is used at the intersection of the pressure
guide plate and the guide rails to confirm whether the guide rails
displaces relative to the pressure guide plate after hitting.
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a) Measuring the Perpendicularity of the x-direction b) Mea-
suring the Perpendicularity of the y-direction

Figure 10. Diagram of Verticality Measurement



4.2 Result Analysis

According to the test results, the verticality of x and y direc-
tions after impact is sorted out as follows:

According to the theoretical calculation, the double drop
height is 711 mm, and the measured value of x-direction pendu-
lum test of guide plate is shown in Table 1.

1) When the drop height is 3 times as high as 1422 mm, the
measured values of x-direction pendulum test of guide plate are
shown in Table 2.

O.H. Xu, S.K. Chen

2)According to the theoretical calculation, the double drop
height is 679 mm, and the measured value of y-direction pendu-
lum test of guide plate is shown in Table 3.

3) When the drop height is 3 times as high as 1358 mm, the
measured values of y-direction pendulum test of guide plate are
shown in Table 4.

The verticality data of the guide rails tested in the table are
represented by a line chart, as shown in Figure 11.

Table 1. Measured value of x-direction pendulum test of guide plate at 711 mm drop height

Pressure guide plate type Sequence a(mm) b(mm) a-b (mm)
Initial Value 35.00 34.90 0.10
First Time After Impact 35.06 34.92 0.14
Change Value 0.06 0.02 0.04
New Pressure Guide Plate
Initial Value 35.06 34.92 0.14
Second After Impact 3514 3492 0.22
Time
Change Value 0.08 0.00 0.08
Initial Value 35.68 35.37 0.31
First Time After Impact 35.77 33.54 2.23
Change Value -0.09 1.83 1.92
Old Pressure Guide Plate
Initial Value 35.60 35.39 0.21
Second After Impact 3568 32.82 2.86
Time
Change Value -0.08 2.57 2.65

Table 2. Measured value of x-direction pendulum test of guide plate at 1422 mm drop height

Pressure guide plate type Sequence a(mm) b(mm) a-b (mm)
Initial Value 39.66 39.44 0.22
First Time After Impact 37.56 36.50 1.06
Change Value -2.10 2.94 0.84
New Pressure Guide Plate
Initial Value 38.20 37.96 0.24
Second Time After Impact 37.12 35.02 2.10
Change Value -1.08 2.94 1.86
Initial Value 35.78 35.42 0.36
First Time After Impact 35.68 27.26 8.42
Change Value 0.10 8.16 8.06
Old Pressure Guide Plate
Initial Value 35.68 35.42 0.26
Second Time After Impact 35.82 27.58 8.24
Change Value -0.14 7.84 7.98

Table 3. Measured value of y-direction pendulum test of guide plate at 679 mm drop height

Pressure guide plate type Sequence a(mm) b(mm) a-b (mm)
Initial Value 40.32 40.28 0.04
First Time After Impact 40.32 40.28 0.04
Change Value 0.00 0.00 0.00
New Pressure Guide Plate
Initial Value 40.32 40.28 0.04
Second Time After Impact 40.32 40.28 0.04
Change Value 0.00 0.00 0.00
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Pressure guide plate type Sequence a(mm) b(mm) a-b (mm)
Initial Value 41.00 41.00 0.00
First Time After Impact 41.00 40.92 0.08
Change Value 0.00 -0.08 0.08
Old Pressure Guide Plate
Initial Value 41.00 40.92 0.08
Second Time After Impact 41.02 40.88 0.14
Change Value 0.02 -0.04 0.06

Table 4. Measured value of y-direction pendulum test of guide plate at 1358 mm drop height

Pressure guide plate type Sequence a(mm) b(mm) a-b (mm)
Initial Value 41.50 41.30 0.20
First Time After Impact 41.50 41.32 0.18
Change Value 0.00 0.02 -0.02
New Pressure Guide Plate
Initial Value 41.50 41.32 0.18
Second Time After Impact 41.52 41.32 0.20
Change Value 0.02 0.00 0.02
Initial Value 40.32 40.00 0.32
First Time After Impact 40.32 40.04 0.28
Change Value 0.00 0.04 -0.04
Old Pressure Guide Plate
Initial Value 40.32 40.04 0.28
Second Time After Impact 40.33 40.03 0.30
Change Value 0.01 -0.01 -0.02
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a) Verticality x-direction of guide rails test

b) Verticality y-direction of guide rails test

Figure 11. Verticality of guide rails test

By comparing the verticality charts above, it can be seen
that the verticality of data display is within the requirement
when measuring the verticality of y direction of both new and
old pressure guide plates. This can be mainly attributed to the
support function of the rear guide bracket. In addition, the pres-
sure guide plate will not be loosened or collapsed after the y-axis
of the guide is hit forward. For the x direction, the verticality of
the guide rails under the action of two kinds of pressure guide
plates has changed obviously, and both of them are in the state
of increasing. By comparison, the following two points can be
drawn:

1) After impact, the verticality guaranteed by the new type
of pressure guide plate is much higher than that of the old type
of pressure guide plate. Even if the guide plate is impacted at
3 times the height, the verticality guaranteed by the new type
of pressure guide plate is much higher than that of the old type
when the guide plate is impacted at double the height.

2) When the pressure guide plate is tested by double height,

the verticality of the new type of pressure guide plate is within
the prescribed range. However, the verticality of the two types
of pressure guides exceeded the requirement after the test was
carried out at 3 times the height. Especially the verticality value
a-b of the old type pressure guides was much higher, which far
exceeding the national standard.

5. Conclusion

Pressure guide plate plays a certain role in the safe operation
of elevator. According to the requirements of safe operation of
elevator products and the shape and structure performance of
the guide rails, a new type of pressure guide plate is designed
and selected in this paper. At the same time, a test device is de-
signed for testing. Through the test, it has been verified that the
verticality of the guide rails guaranteed by the new type of pres-
sure guide plate meets the requirements of the national standard
when the height is 2 times as high. It not only meets the require-



ments, but also reduces the cost by two-thirds compared to the
old pressure guide plate.
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Abstract:

Micro milling is a machining method of high precision and efficiency for micro components and features. In order to study the surface quality of
single crystal materials in micro milling, the two-edged cemented carbide tool milling cutter with 0.4 mm diameter was used, and the orthogonal
experiment was completed on the micro-milling of single crystal aluminum material. Through the analysis of statistical results, the primary and
secondary factor which impacting on surface quality were found as follows: spindle speed, feed rate, milling depth. The ideal combination of
optimized process parameters were obtained, when the spindle speed was 36000 r/min, the milling depth was 10 pm, the feed rate was 80 pm/s,
which made the milling surface roughness is 0.782 pm and minimal. Single crystal materials removal mechanism were revealed, and the influence
of cutting parameters on micro-milling surface were discussed, the reason of tool wear was analyzed. Those provide a certain theoretical and

experimental basis for micro milling of single crystal materials.
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1. Introduction

Micro milling refers to the cutting technology of precision ma-
chining of micro parts with micro milling cutters. The diameter
in micro milling cutter is usually less than 1 mm "".The size of
cutter and workpiece are not reduce by macro-size in the pro-
cess of micro micro-cutting, the cutting edge radius and the
cutting depth are in the same order of magnitude. The cutting
edge radius of the tool has obvious influence on the minimum
cutting thickness, size effect and chip formation. The radius of
cutting tool edge has obvious influence on the minimum cut-
ting thickness and chip formation, and the conventional cutting
mechanism is no longer applicable in the micro machining .
Through a lot of test to prove that: The micro-milling mecha-
nism is very different from the traditional milling mechanism
in cutting conditions, system stiffness, cutting parameters and
so on ©7. In order to ensure the surface quality and accuracy of
the parts, it is necessary to adopt appropriate milling methods,
cutting parameters and machining conditions.

Scholars at home and abroad have studied the micro mill-
ing of single crystal silicon, copper and polycrystalline alloys.
Sato et al. ¥/ put forward the scale effect in the micro cutting
experiment of aluminum alloy. Lucca et al.  found the phe-

nomenon of ploughing and scratching in the small cut depth
experiment. Damazo """ and Schaller "' put forward the ways to
solve the burr in the micro cutting test of copper, stainless steel
and cast iron. But it’s rarely reported both at home and abroad
for micro milling of the single crystal aluminum. Tool geometric
parameters, tool wear and tool vibration are many factors that
will have an impact on the surface quality and the machining
system. In this paper, the micro milling process of single crystal
aluminum was studied by means of orthogonal experiment, the
reasonable micro milling process was optimized through range
and variance analysis, and the mechanism of micro milling and
the reasons affecting surface roughness are analyzed.

2. Experiment on micro milling of single crystal
aluminum

2.1 Experimental condition

As shown in Figure 1(a), The micro milling experiment was
carried out on the JX-1 platform, which is equipped with NSK
pneumatic spindle, and its working stroke of X axis is 490 mm, Y
axis is 490 mm and Z axis is 120 mm respectively. The maximum
spindle speed is 60000 r/min, and the radial and axial runout de-
gree of the spindle is less than 0.1 um and the repeat positioning
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accuracy is £0.2 um; As shown in Figure 1(b), VHX-1000E mi-
croscope is used to observe the surface morphology; As shown
in Figure 1(c), The surface roughness of the microgroove bottom
was measured by STIL laser 3D profile instrument, the measur-
ing accuracy is 0.001 pum, and the measuring range is 0.02-20
pm; As shown in Figure 1(d), the cutter was M.A.FORD uncoat-
ed cemented carbide spiral cutter, the cutter diameter is 0.4 mm,
the handle diameter is 3 mm, the length of cutter blade is 1.2
mm, and the cutter length is 38 mm.

|

(a) JX-1 Machine platform  (b) VHX-1000E Microscope

(c) STIL Profilomete

Figure 1 Micro milling experimental equipment and cutter

(d) Micro Milling Cutter

2.2 Experimental scheme

In this experiment, three factors and five levels of orthogonal
test are used, namely L, (5°). Factors set are mainly these cutting
parameters which have main effect on cutting quality, namely,
the three factors are the spindle speed n, the axial milling depth
a_and the feed rate v. Because the blade diameter of the micro
milling cutter is very small, and the maximum speed of machine
is 60000 r/min, in order to obtain higher surface accuracy, so
the spindle speed was selected in the 12000-48000 r/min equal-
ly, that is the spindle speed must be increased; Smaller cutter
blade diameter can be easily machined damage, considering the
influence of vibration and the minimum cutting thickness, the
cutting parameter set strive to smaller, and the milling depth
uniform distributed between 5-15 um, and the feed rate uniform
distributed between 20-100 um /s.

3. Experimental results and analysis

3.1 Experimental data

According to the factors and levels of the orthogonal experi-
ment, the orthogonal experimental table and the corresponding
roughness value were established by the micro milling experi-
ment of single crystal aluminum, as shown in table 1.

3.2 Range and Variance analysis

According to the data in table 1, calculating the range R and vari-
ance V, the results of data processing were shown in table 2.

The range and variance chart of the surface roughness of
single crystal aluminum under three kinds of cutting parameters
were shown in Figure 2 We can see from the chart, the spindle
speed range was the biggest, the feed rate secondly, and themi-
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lling depth is the minimum, thus what can be concluded is that
the primary and secondary order was spindle speed> feed rate
>milling depth thatinfluenced surface roughness. The optimized
combination of process is: when the spindle speed is 36000 r/
min, the milling depth is 10 um, and the feed rate is 80 pm/s, the
minimum surface roughness and the best surface quality can be
got. The scheme was repeated three times, and the surface rough-
ness value is 0.782um. By comparing the results, the scheme
was the optimal and optimization, and the least roughness.

Table 1 Experimental data of the single crystal Al

Experimental n a, v R,
Number (r/min) (um) (um /s) (um)
1 12000 5 20 1.03
2 12000 8 40 0.992
3 12000 10 60 0.955
4 12000 12 80 0.962
5 12000 15 100 1.13
6 24000 5 40 1.02
7 24000 8 60 0.954
8 24000 10 80 0.998
9 24000 12 100 0.994
10 24000 15 20 0.946
11 36000 5 60 0.949
12 36000 8 80 0.880
13 36000 10 100 0.800
14 36000 12 20 0.929
15 36000 15 40 1.07
16 42000 5 80 0.863
17 42000 8 100 0.986
18 42000 10 20 1.03
19 42000 12 40 1.05
20 42000 15 60 0.889
21 48000 5 100 0.980
22 48000 8 20 1.01
23 48000 10 40 0.942
24 48000 12 60 1.04
25 48000 15 80 1.02
Table 2 Calculated Results of Single Crystal Aluminum Surface
Roughness
Processing
Number " % v
K, 5.069(1.014) 4.842(0.968)  4.945(0.989)
§ 4.912(0.982) 4.822(0.964) 5.074(1.015)
K, 4.628(0.926) 4.725(0.945) 4.787(0.957)
K, 4.878(0.964) 4.975(0.995) 4.723(0.945)
K, 4.992(0.998) 5.055(1.011) 4.890(0.978)
Klj2 25.695 23.445 24.453
szz 24.128 23.252 25.745
K3j2 21.418 22.326 22.915
K2 23.213 24.751 22.301
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Processing N a v
Number P

Ksj2 24.920 25.553 23912
R 0.441 0.330 0.351
T 24.419

CT 23.852

SS 0.0228 0.0134 0.0132
\4 0.00570 0.00335 0.00330

BEER

000
oo0s 1
oons
0003 1~ 1888

0002

0001

(b) Variance chart

Figure 2 Range and variance chart of the influence of each
factor on surface roughness

3.3 The influence of process parameters on the surface rough-
ness

In order to study the influences of various factors on the single
crystal aluminum surface roughness, averaged the summation of
the data corresponding to each level of each column, as shown in
table 2, the broken line graph of the three factors such as spindle
speed, milling depth and feed rate that effects on surface rough-
ness were drawn, as shown in Figure 3.

(1) The effect of spindle speed on Ra

As shown in Figure 3 (a), the surface roughness of micro milling
groove was first decreased and then increased with the increase
of spindle speed, the turning point was 36000 r/min. When the
spindle speed is less than 36000 r/min, the effective friction be-
tween the chip and the front tool surface decreases with the in-
crease of the spindle speed, thus the chip deformation time was
shortened, and chip was cut from the workpiece instantly. Most
cutting heat was taken away by the chip. Small friction reduced
cutting force and the possibility of producing tumor, and im-
proved the processing precision of single crystal material. When
the spindle speed was greater than 36000 r/min, Due to the lack
of rigidity of the system, the spindle produces certain vibration
that made the cutter wear with the spindle speed continues to

increase. The cutting heat cannot be taken away in time, so that
the surface quality would become worse.
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(c) Influence of Feed Rate on Ra
Figure 3 Influence of each factor on surface roughness

(2) The effect of milling depth on Ra

As shown in Figure 3 (b), the surface roughness of micro milling
groove decreased first and then increased with the increase of
milling depth, and the turning point is 10 um, the roughness
is the minimum. When the milling depth was lesser, the mill-
ing process was not easy to produce cutting, the cutter produced
squeeze and slippage, and thereby the surface roughness was
degraded. When the milling depth was greater than 10 um, the
amplitude of the cutting force increased with the increase of the
milling depth, which resulting in deformation and cutting vibra-
tion of workpiece and tool, and causing a significant increase in
surface roughness.

(3) The effect of feed rate on Ra

As shown in Figure 3(c), the surface roughness of micro mill-
ing groove increased first and then decreased and then in-



creased with the increase of feed rate. Due to the exist of mini-
mum chip thickness, when the feed rate is less than 40 pm/s, the
feed per tooth is less than the minimum cutting thickness, and
the milled surface was mainly caused extrusion and ploughing,
and thereby the milling force was increased and surface rough-
ness was became bigger. When the feed per tooth is greater than
the minimum cutting thickness, the surface roughness decreas-
es at first and then increases. When the feed is greater than 80
pm/s, increasing the feed rate can improve the machining effi-
ciency, increase the residual area height, and directly lead to the
increase of surface roughness.

4. Micro Milling Cutter Wear

Single crystal aluminum belongs to the plastic removal material.
Through 25 groups of micro milling experiments and observed
by superfield depth microscope, the micro-milling blade used
in the experiment has a certain amount of wear and tear, by the
observation of microscope with super field depth, as shown in
Figure 4, the cutting edge radius was 0.97 um before processing,
and the cutting edge radius was 2.65 um after wearing. It can
be seen that the wear of cutter nose and grooves in the cut deep
direction were the main forms of failure. In the micro milling
process, a lot of heat and shear stress were generated in the
deformation zone, and the cutter was easy to cause failure
because of the adhesive softening, blade deformation and hot
tearing. In milling process, with the increase of cutter wear, the
cutter edge radius would increase sharply, and the milling force
and the friction coefficient increases, and the machine trembled,
thus degrading the surface roughness. Therefore, in the milling
of difficult machining materials, cutting tools should be replaced
in time to reduce the influence of tool wear on workpiece quality.

100, OOHm

Figure 4 Worn Cutter

5. Conclusions

(1) The cemented carbide micro milling cutter with 0.4mm di-
ameter was used for the micro milling of the single crystal alu-
minum by three factors and five levels orthogonal experiment.
The primary and secondary factors that affect the processing
surface roughness were as follows: spindle speed, feed rate, mill-
ing depth.

(2) Through the range and variance analysis and the op-
timized process scheme, when the spindle speed was 36000 r/
min, the milling depth was 10 um, the feed rate was 80 um/s,
the minimum surface roughness can be obtained and its value
is 0.782 um.

0. Gao, P. Jin, G. Guo

(3) Because of the low stiffness of the micro milling cutter,
the worn cutter had a certain effect on the micro milling surface
roughness. Under appropriate conditions, the cutters should be
replaced to ensure the processing quality of parts.
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Introduction

Meridian Air Tire Molding machine is the key equipment for the
manufacture of air tires, which is usually formed by two meth-
ods. In the process of molding machine design and manufac-
ture, the precision positioning, rapid feedback and cycle control
of molded semi-finished rubber parts are required, and the main
application parts are: A section of host rotation, two segments
with beam layer bondingdrum rotation, two section footwear
winding head lifting and panning, Two segment host pitch and
rotation, host rear pressure rotation/advance and retreat/divi-
sion, etc. Among them, the two-segment host pitch and rotary
servo motor selection is the most typical, the following on its
design ideas and selection methods to discuss.

1 process flow and equipment structure principle

Company 16~20 Inch radial air tire two-time molding machine
consists of a section of molding machine and two-segment mold-
ing machine. A molding machine is used for molding aeronauti-
cal meridian Fetal Body, the main adhesive components include
lining layer, fiber cord body, wire ring, tire side, filler glue, shoul-
der pad glue, wear-resistant adhesive and body coating, curtain
reinforcement layer, etc.; two-stage molding machine with beam
layer bonding drum forwinding beam layer, bonding corrugat-
ed protective layer, FittingTire surface and other adhesive parts,
Two-stage molding machine shaping drum adoption no capsule
drum, by the left and right two chucks respectively installed in
the molding machine spindle, external bushings on the chuck
composition.The joint area is fitted with a PU ring to prevent
compressed air leakage during training. The following focuses
on the two-segment fetal billet shaping process and equipment

structure principle.
1.1 Process Flow

In the two section of the host training drum, a section of the
molding machine molded a good tire body in the adjustment of
a flat width of the shaping chuck, the shape of the bulging drum
rise, chuck lock the body mouth part. Compressed air through
the molding machine hollow spindle to inflate the body, while
the spindle pitch servo motor rotation, through the ball screw
to drive the two cards to the middle of the closing, so that the
body inflatable shaping, the formation of the basic outline of the
tire. Then, the transmission ring will be clamped tread/belt lay-
er composite parts transmitted and fitted to the surface of the
tread, the spindle rotation, at the same time through the tread
pressure rollertire shoulder pressure roller, rear pressure roller
combination rolling, the body, The composite parts with bundles
are closely attached to the surface of the tread, and the tread is
shaped and finished. After shaping and rolling, the gas in the
fetus is discharged, the tire billet is detached from the shaping
Chuck, and the tire billet is removed by the transfer ring. The
entire training process processes are as follows:

The chuck is divided into a flat width > placement of fe-
tal body> The stereotype drum rise > low pressure inflatable->
The chuck closes to the predetermined type >Transfer ring right
shift > high pressure inflatable> chuck closed to styling position,
ultra-shaping position >Transfer ring relaxation->Transfer ring
left shift > tread, tire shoulder, rear pressure roller combination
rolling-> Passing ring discharge tire

During the training process, the tire body inflatable pres-
sure gradually increased, from 0.05MPa,0.1Mpa finally reached
0.18MPa, the center line of the placenta does not move, the side
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of the fetal ring symmetrical shrinkage, Inflatable, fetal coil
shrinkage, fetal expansion synchronized, the center line of the
placenta and tread/belt layer composite parts of the center line
coincide, each glue parts through the rear pressure combined
pressure roller rolling tightly fit to form the shape of the fetal
billet.

1.2 Principle of equipment structure

Two segment molding machine host pitch, rotation diagram as
shown in Figure 1(overlooking):

1.2.1 shaping distance mechanism

Two segment molding machine host pitch implementation
process is: Mitsubishi HG-SR Series servo motor with MO-
TOREDUCE brand VB series Planetary reducerl (Motor re-
ducer under the spindle, the diagram will be removed from the
motor, indicated by a dotted line) rotation, motor sprocket2
drive sprocket8, two sprocket8 Installed on two bidirectional
ball screws, two bidirectional screw horizontal placement, front
right spin, back end left, two pieces supporting screw nutl2,13
Installing external bushings separately14 rear end Front bracket
11 upper and spindle 4 back end the rear bracket 9 On.

17 18
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1-distance servo motor, reducer; 2-motor sprocket; 3-rotary joint;
4-spindle; 5-guide key; 6-large synchronous belt wheel; 7-guide seat;
8-ball screw sprocket; 9-ball screw rear bracket; 10-left and right ball
screw; 11-ball screw front bracket; 12-Front ball screw Nut ; 13-rear ball
screw nut; 14-outer bushing; 15-right Chuck; 16-left chuck; 17-Rotary
servo motor, reducer; 18-small Synchronous belt wheel
Figure 1: two segment molding machine host pitch, rotation
diagram

When the distance servo motor is turning in the direction,
driving the sprocket 8, the ball screw is rotated with the same
turn, at this time, two front right-handed ball screws push the
outer bushingl4 Flattening shift, install the right chuck at the
front end of the outer bushingl5 and pan forward at the same
time; two rear left spin ball screws pull the spindle back and pan,
mounted on the front end of the spindle left chuck16 pan back-
ward at the same time. The two cards are panned in opposite
directions, and the tire billet pitch is shaped. When the shaping
servo motor rotates in the opposite direction, driving the sprock-
et8, the ball screw 10 is rotated with the same turn, two front
right-handed ball screws pull the outer bushingl4 pan back-
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ward, right chuck15 at the same time pan backward; two rear left
spin ball screws push the spindle forward to pan, left chuck 16
pan forward at the same time. Two card disk back translation, to
carry out the training drum adjustmentlevelingwide work.

1.2.2 host rotating mechanism

Two segment molding machine host rotation execution process
is: Mitsubishi HG-SRSeries servo motor with MOTOREDUCE
brand VB series Planetary reducerl?7, the motor synchronous
belt wheell8 drive the spindle synchronous belt wheel 6 rota-
tion. Thespindle 4 is supported by the bearing of the front seat
and rear seat of the chassis, and the rear bearing is mounted on
the guide seat7, and thesynchronous belt wheel 6 is fixed on the
guide seat, the guide seat7and the spindle4 are connected by the
guide key5, and the spindle is in the guide groove make axial
movement and drive torque through the key. The spindle4 and
the outer bushing14 also have a guide key connection when the
rotating servo motor rotates, driving the spindle4 , outer bush-
ingl4, shaping drum15/16, The fetal billet rotates together, and
the combined rolling action is carried out.

Spindle 4 and outer bushing14 have guide key connection,
can carry on the left and right relative translation movement, ro-
tate together when rotating; spindle4and guide seat7 also has the
guide key join, can carry on the left and right relative translation
movement, rotates together when rotating.

2 Design selection process

2.1 Existing problems and preliminary verification and servo
motor selection conditions in question

After the Air Meridian two section molding machine is put into
production and applied, the servo motor has several overload
alarm phenomena in the process of pitch setting and rotary
rolling, and the power of servo motor is judged preliminarily
by empirical method and analogy method. First, based on the
principle of investment minimization, the following verification
is carried out:

2.1.1 Preliminary verification

(1) The host rotary servo motor, REDUCER (Mitsubish
HG-SR502] 5KW,reducerVB-DR-140-005-S2-P1, speed ratio
1:5) with pitch servo motor (MitsubishiHG-SR352] 3.5KW,redu-
cerVB-DR-180-010-S2-P1, Speed ratiol:10) Installation posi-
tion interchange,at the same time the control system servo drive,
cable, connector replacement, modify PLC control procedures,
still appear pitch motor , rotating motor have overload alarm
phenomenon.

Only consider the motor, reducer situation, the preliminary
reasoning is as follows:

By formula:
9550 P

Ne X1 X7 D
T--rated torque in formula Nm
P-- rated power KW
N, --rated speed r/min
i --deceleration ratio
n--reducer transmission efficiency, checkVB-140/VB-180
Series Reducer samples, its efficiency are above 95%.

T=
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Rated output torque in the non-braking, the same rated
speed (2000r/min), the host pitch replacement motor, reducer
after the output torque reduction, easier overload alarm, the host
rotation replacement servo motor, reducer, improper selection,
overload alarm.

(2) Adjust 2 sets of motors and gearboxes back to the orig-
inal installation position, the distance motor VB series reducer
from1:10 to 1:20, at the same time, the motor sprocket2from
the original 32 teeth, changed to 26 teeth , So the adjustment
of the mechanism deceleration ratioreached more than 2 times
the original. In the process of fetal billet shaping, the rotation
drive of the distance motor can make the tire billet reach the
super-stereotyped position by the training bit, but in the su-
per-stereotyped position combination rolling process, the servo
motor can not maintain the positioning for a long time, the dis-
play display pitch spacing gradually increased, the motor alarm,
the equipment can not move. After that, the motor is replaced
with Mitsubishi HG-SR352B] 3.5KWwith electromagnetic brake
servo motor, the situation has changed, but there will be motor
overload alarm problem.

As a result of the preliminary verification, the selection of
the distance servo motor needs to be re-demonstrated, and the
selection of rotary servo motor is verified.

2.1.2 Selection conditions

Servo motor selection, generally follow the following prin-
ciples:

(1) Continuous operating torque < servo motor rated
torque (special case 0.8 times)

(2) Instant maximum torque < servo motor maximum
torque (when accelerating)

(3) Inertia ratio < required by motor (4times)

(4) Continuous operating speed < motor rated speed

2.2 Pitch servo motor selection verification

2.2.1 Relevant parameters:
After consulting the relevant drawings and information, as fol-
lows:

Tire Billet quality M : 78kg

Spindle quality M,: 280kg

External bushing quality M.: 73kg

Left and right shaping drum mass M,: 15kg

Ball screw mass M, = 24.2 kg pitch P, =8mm nominal di-
ameterD_ take 60 mm

Ball screw friction coefficient: , take 0.02

Tire Billet rim plane width 915mm, predetermined position
880mm stay 5 seconds, ultra-shaping location 430mm, training
totaltime 42 seconds

Ball screw sprocket Tooth number Z = 17 mass M = 2.1
kg, chain 16A

Motor sprocket Tooth number Z, =26 quality M = 4.8 kg

Motor deceleration ratio is based on the original design to
takei =20

VB180 reducer transmission efficiency take n, = 90%

Sprocket drive Efficiency n, = 96%

Transmission efficiency of ball screw n, = 95%

Ball screw positioning accuracy APC 0.01mm
2.2.2 Servo motor speed
According to the actual production, the unilateral training pitch

speed V control in 6.5 mm/s is most suitable, the maximum
speed of 8 mm/s, because the ball screw drive The shaping chuck
at the same time parallel, the shape of the pitch speed of twice
times the unilateral speed. The maximum speed of the servo mo-
tor is determined by the shaping speed, the screw pitch and the
deceleration ratio of the transmission system, by the formula:
\ A

Ne=N =60 Pyt 2)

N--Servo motor speed ,r/min

V--Tire billet shaping distance working speed ,mm/s

i -Total deceleration ratio of the distance adjustment mech-
anism
Put V = 6.5 mm/s, PB = 8mm, iz =Z1/Z_2 x il = 13.08, get N =
637.5 r/min

Maximum speed N__ = 785 r/min.

2.2.3 Load inertia

The load inertia of the distance servo motor is the inertia
generated by acceleration and deceleration during the shaping
pitch. When the load inertia is relative to the motor inertia ex-
ceeding the load inertia ratio specified by the motor, the motor
response characteristics become worse. In the training process
of two-segment molding machine, in order to ensure the posi-
tioning accuracy and response characteristics, it is required that
the load inertia J, converted to the shaft end of the motor and
the inertial ], ratio of the motor itself be within 4 times range.

1) 2 ball screw inertia converted to the shaft end of the mo-

tor:

2
o = 2]y _ 2MsgDg,
% i2 8i2

(3)
ToJ,, = 1.27 kg - cm?

2) 2 Ball screw sprocket inertia converted to the shaft end
of the motor:

2]y 2My1Df
Ju="ZF=—"F7"
ly ly (4)
Calculate p= 25.4mm pitch sprocket, estimate
Du= —F%w 11)8002 138mm
Nz

by fractal circle diameter, and get ], =0.58 kg- cm’
3) 1 motor sprocket inertia converted to the shaft end of
the motor:

_J3 _ Mi2Diy
]LZ 2 T g2
5] 151 (5)
Estimation by split circle diameter
D= —2= =211mm
sin

get] , = 0.67 kg e cm®
4) Inertia of axial moving parts:
Jy =Mz x (12)_3)2
4 (6)
Where M, -The sum of the quality of the accessories such
as the shape of the tire billet, the outer bushing, the spindle, the
shaping drum and the bracket, take 500kg
Get], = 8.1 kgecm?
5) The moment of inertia of the reducer, check the sam-
ple of VB-DR-180-020-S2-P1 reducer, the moment of inertia is
J,=7.3kg-cm?



6) The sum of the inertia of the inner ring of 4 bearings on
2 ball screws is smaller than that of the sprocket and ball screw,
and the inner ring inertia of the bearing is small.

J, =T+, +, +]jl ~ 18.0kg ¢ cm?

Check Mitsubishi HG-SR352 ] servo motor sample, rated
speed of 2000r/min, maximum speed of 3000r/min, motor rotor
inertia J, = 88.2 kg- cm? much larger than the Load inertia at the
end of the motor shaft, and the load inertia matched.

2.2.4 Load torque

The load torque of the distance motor refers to the working
driving force, friction and acceleration torque of the mechanical
moving part during the training pitch, and after a working cycle
of the two-segment molding machine, the motor is shut down
for a long time, requiring the load torque T, < T can be.

1) Load torque generated by internal pressure

In the horizontal axial position of the training process, the
axial load F, of the shape internal pressure on the left shaping
drum and the right shaping drum can estimate the load torque
converted to the shaft end of the motor by the left and right ball
screws, as shown in Figures 2 and 3:

When the stereotype is in an ultra-stereotyped position, at
this point, the internal pressure is the largest, resulting in the
largest axial load, 2 F,

B MOAXI0T e 0

(7)
D, --Maximum diameter of fetal billet cavity, 1100mm
d, -shape drum spindle outer diameter, 140mm
By the above parameters, get the F =~ 168203.5 N
Load torque generated by motor shaft end T,
2F,Pp
21N N2N3iy (8)
Substitute the above calculated values, T~ 39.9Nm

ny

2141
2174
183

1- spindle; 2-outer bushing; 3-bearing; 4-right shaping drum;
5-left shaping drum

Figure 2: shaping drum shrinkage structure diagram
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Figure 3: Analysis of inflatable force of Tire Billet
2) Friction load torque T , generated by friction of the bear-
ing
F, uOP B
2111 M2 N3l (9)

F ,--friction of the load state bearing, N, F =pF g

u--Friction coefficient of copper tile and steel, take pu=0.15

F -The total friction caused by the relative motion of the
outer bushing and spindle, N

As shown in Figure 1, during the mainframe pitch, the
spindle and the outer bushing are relatively panned, while bear-
ing the weight of the cantilever shaft support tire billet, the con-
tact bearing of each component is sliding friction, the force size
changes, according to the two section of the main spindle length,
support point position, cantilever length, force direction and
other related factors, the estimated total friction force F, at 2~4
times the M, value, where the mean value of 3 times is calculated,
the known value is taken into the T ~0.26 Nm

3) Additional pre-tightening torque T, generated by screw
pretightening Force

The ball screw drive with fetal billet shaping does not allow
for reverse clearance, requires high positioning accuracy and
axial stiffness, and the ball screw should be pre-set to pre-tight-
en the force. In this example, the ball screw is balanced by axial
force, and the axial load is approximately1/20~1/40 of the rated
dynamic loadof the ball screw. Check the FFZD6308 ball screw
rated dynamic load for 40KN, take the preload F, = 2 KN, calcu-
late 2 ball screws, there are:

2KF;Pp
T, = iy Ll

K--ball screw torque coefficient k = 0.05V(tan B ), § for ball
screw guide Angle

tan B= P , Da is the roller diameter, check the ball screw

nDg
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sample D =4.762mm, get k=0.037

F, --pretightening force of ball screw nut pair, N

Substitute known values for T, = 0.017 Nm

4) Maximum Load torque

Molding machine Shape drum no-load pitch process, fast
forward maximum load torque T, ;:
T,=T, +T,=028Nm (11)

The maximum load torque T during the formation of the
tire billet of the molding machine:
T, =T, + T, =~39.9Nm (12)
T. > MAX {TK/,TG]} = 399 Nm (13)

5) Maximum acceleration torque required at the end of the
motor shaft.

When the no-load accelerates the start ,The training pro-
cess is generated by the linear acceleration law of the TorqueT :

27 N ax U g+ )X 104 x(1—e ~Ksta)
60ty

Top =
(14)

N, -The maximum speed of the motor corresponding to
the load-empty shaping drum moving at the fastest speed, r/min

J,; -rotor inertia of the motor,kg:- cm?

], -Motor total load inertia,kg- cm?

t =3/K ,k is the position ring gain of the servo system, Hz,
usually take k = 8~25Hz, servo motor in position control mode.
Pulse to add deceleration slope, molding machine training re-
quirements positioning accuracy control in 0.Imm can be, the
desirability of k =10 Hz, get t = 0.3s

Substitute the above values for T~ 2.8 Nm

In the tire billet booking process, at this time there is a
5-second time pause process, and began to run until the train-
ing, ultra-stereotyped position, the motor in the load accelera-
tion state, the resulting acceleration torque T

20N (J 4] ,)x10 ™%

T.g=
ad 60t,

(15)

N-maximumshaping speed when the motor speed, for the
motor operating speed, r/min

t = 1/k, Kk for servo systemspeed loopgain, Hz, satisfying
formula:positionringgain (1/s) <2*n*speed ringGain (Hz)/4,
take k =2k=20Hz, get t = 0.05s

Substitute the above values for T , = 14.2 Nm

6) Maximum torque Ta required on the motor shaft:

No-load startup acceleration torque

Tak]. =Tap +Tu +T,=2.1 Nm (16)
Styling speed change accelerate torque

Tam:Tad’LTny“L T, = 54.1 Nm (17)
Maximum equivalent load torque

de = MAX{TaK] ) TaG] }: 54.1 Nm (18)

7) Molding machine Training process, servo motor in inter-
mittent working state, no need to start frequently, braking, can not
considertheservomotorinacycleoftorquemeansquarerootvalue.

Mitsubishi HG-SR352B] Servo rated torque 16.7 nm, max-
imum torque 50.1 nm, obviously, can not meet (13), (18) type
requirements, the need for servo motor,deceleration machine
re-selection.

According to the above relevant parameters, choose Mit-
subishi Servo Motor Reducer HG-SR702BG1 type, 7.0KW, rated
speed N_ 2000r/min, maximum speed 3000r/min, rated torque

33.4Nm, maximum torque 100Nm, motor inertia 161 kg- cm?
choose Mitsubishi Reducer Speed ratio 1:29, reducer Model: KB-
180-29-52-P2 J | " =15.2kg- cm?, Reducer transmission efficien-
cy:n,” =94%

According to the above formula, you can get:

. 1
lZ = Z Xll =19

N ' =926.3 r/min
N0 = 1140 r/min
7~ 24.5 kg o cm?
Ta | =263 Nm

T,~0.17 Nm

T¢~0.011 Nm

Tyy= T, + T; =0.18Nm
Ty=To' + Tf =263Nm
T,> MAX {Ty;,T;} = 263Nm
T,p~7.0Nm

T.,~ 36.0 Nm

Tag= T+ T, + T =72Nm

’

Togy= Taa +Tay '+ Tp ~623Nm

a
Td’x = MAX {Ta’K] ’ Ta’G] }
From the above calculation data can be seen :
Motor operating speed is less than motor rated speed, N’ <
2000r/min
The maximum working speed is less than the maximum
motor speed,
Ny << 3000r/min

=62.3 Nm

The load inertia of the motor shaft end is much smaller
than the motor inertia,
J, <161kg e cn?’

The working torque is less than the rated torque of the mo-
tor,
T, <33.4Nm

The maximum operating torque of the load is less than the
maximum torque of the motor,
T,, < 100 Nm

Through the verification, two-segment molding host dis-
tance motor re-selection qualified.

2.3 Rotary servo Motor selection Verification

2.3.1 Relevant parameters:

Consult the relevant drawings and materials as follows:

Servo motor model: HG-SR502] 5KW, reducer VB-DR-
140-005-52-P1 deceleration ratio i,=5

Servo synchronous Belt Wheel: 32-14M, diameter d =
142.6 mm, number of teeth z, = 32, Mass M, = 7.7kg

Spindle Synchronous Belt Wheel: 80-14M, diameter d,=
356.5 mm tooth number z,,=80, mass M, = 24.3kg

Friction coeflicient between roller wheel and adhesive parts
during tire billet combination rolling: p_take 0.20

Tire Billet combination Rolling working speed:N = 451/
min, maximum speed N_ = 65r/min



During the combination rolling process of the tire billet, the
pressure change process of the rear pressure cylinder is as: 0.25
Mpa-=>0.3 MPa->0.35 MPa->0.25MPa, tire shoulder pressure roll-
er pressure : 0.4MPa, tread press roller pressure: 0.4MPa

VB140 reducer transmission efficiency take n = 95%

Synchronous belt drive Efficiency n_, = 98%

2.3.2 rotating servo motor speed

The rotation speed of the rotating servo motor of the
two-segment molding machine is determined by the rotation
speed of the tire billet and the deceleration ratio of the transmis-
sion system, by the formula:

Ny = N, x =42
Zqi1 (19)

The known data is included in the N,, = 562.5 r/min, the

maximum speed N =812.5r/min.

2.3.3 Load inertia

X 1p

The load inertia of rotary servo motor of molding machine
is the inertia produced during the acceleration and deceleration
of the tire billet rolling process. During the combined rolling ro-
tation of the two-segment molding machine, the load inertia J,
, which is required to be converted to the shaft end of the motor,
is within 4 times the ratio of the inertial J; of the motor itself .

1) Synchronous belt wheel inertia of servo motor converted
to motor shaft end:

_ Mgqdf
]dll - 8i2
g (20)
Get ], =7.8kg-cm’

2) The Spindle synchronous belt wheel inertia converted to
the shaft end of the motor:
] _Maiz dj

di2 Y ;%z
1)
o= U2, =12.5, get ] a=~24.7 kgecr®
Zdi1

3) Spindle, outer bushing inertia: In the tire billet combina-
tion rolling process, the spindle, external bushing together rota-
tion, take M_ = 400kg

MZZ DZ2
]zz g2
lxz
(22)
Take D, =16 cm, get ] = 81.9 kgecm’
4) Shaping Drum Inertia:
Mg(D3+d%)
Jeo e
XZ (23)

Mg= 30kg,c1Z = 14 cm, take Dg =40 cm, get Ig ~43.1 kg » cm?

5) The moment of inertia of the reducer, check the sample
of VB-DR-140-005-S2-P1 reducer, the moment of inertia is:

J,=742Kkg - cm’

6) Rotation inertia of tire billet

The tire billet model figure is shown in Figure 3, the total
mass of the placenta is 78kg, and the placenta is divided into
three parts, left, middle and right, and the quality of M,=24kg,
M,=30kg, M,=24kg,it is estimated respectively on both sides of
the fetal shoulder. the left and right two parts are similar to hol-
low cylinders to calculate the rotational inertia, the middle part
is different hollow cylinders, the sum of which is the moment of
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inertia of the whole fetal billet.
T Ms(dZ+DZ)x2+zMs(DZ+D3?)
t— .
i3z (24)

M, =24 kg, M= 30 kg, Rim diameter d =50.4 cm, D =110 cm,
D, =121 cm, get ] =1204.0 kg « cm?

7) The inertia of the inner ring of the rotating bearing on
the spindle is very small relative to the spindle inertia and is neg-
ligible here.

T, =y Hap + ]ZZ+Ig +]j2+]t =1368.9kg » cm’

Check Mitsubishi HG-SR502] servo motor sample, rated
speed of 2000r/min, maximum speed of 3000r/min, motor rotor
inertia 99.7 kg- cm?,motor inertia ratio:] /], = 13.7 times, well
beyond the motor end load inertia 4 times range.

2.3.4 Load torque

Rotating servo motor load torque refers to the motor itself
acceleration torque, load acceleration torque and normal opera-
tion of the required torque, molding machine combined rolling
process, servo motor in a long time continuous working state,
no need to start frequently, braking, do not consider the servo
motor A periodic torque of the mean square root value,But to
ensure that the load torque T, < 0.8T,

1) Accelerated torque of the motor itself T

27N Mmax J Mx x10~*
60t g

Ta= ]mx X Omx =
(25)
In the speed control mode, the rotary servo motor operates
according to the acceleration and deceleration time inside the
drive, considering the large inertia of the tire billet, the acceler-
ation and deceleration time can be extended appropriately. Take
t = 10/k_ .k _Position Ring gain for servo system, Hz, usually
take k_=8~25Hz, take k =10 Hz, Gett_=1.0s
Substitute the above parameters for T = 0.85 Nm
2) Load Acceleration Torque T,
_ 2nNpmax Jxz x10~*
a 60tax Nx1Mx2

TXZ

(26)

Substitute known values for T , = 12.5 Nm

3) Torque T , required for normal operation, generated by
combined rolling

After the completion of the fetal billet training, in two
segments of the mainframe, the use of tread pressure roller,
tireShoulder pressure roller, rear pressure roller on the tire billet
adhesive parts for rolling. Tread Roller cylinder DSBC-80-560-
PPVA-N3, 1 group; tire shoulder Roller cylinder DSBC-80-600-
PPVA-N3, 1 group; rear pressure roller cylinder ADVU-80-80-
A-P-A, 2 groups; tread roller and tireshoulder pressure roller
different action, a certain period of time, there is a tireShoulder
pressure roller (or tread pressure roller) and the rear pressur-
eRoller simultaneous action process. As shown in Figure 4, con-
sidering the number of cylinders, cylinder diameter and other
factors, the maximum rolling pressure appearsin the tireshoul-
der pressure roller(or tread pressure roller) and the rear pressur-
eroller at the same time The period of action, at this time, the
rear pressure gaspressureis up to 0.35MPa.
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1-Fetal billet; 2-tread pressure roller; 3-tire shoulder pressure roller;
4-Rear Press Roller

Figure 4: Styling combination pressure Roller diagram

UxF; xx%
3= T
LxzMx1Mx2 (27)
u -Combination pressure roller and tire billet rolling fric-
tion coeflicient, take 0.20
F -The maximum pressure force of the combined pressure
roller on the centerline of the spindle, N ; it is equal to the joint
force of the tireShoulder pressure roller andthe rear pressure
roller.
F,=Fj+ 2 x Fycos 40’
= 7 % 0.08 x0.4x10° + 2x 7 x 0.08* x0.35x10°xC0s 40"

=4703.6 N

D,-Outer diameter of tire billet, 1.21m

The known value , T ,= 489 Nm, which is the working
torque of the servo motor.

4) Maximum load torque

=T +T,+T, ~623 Nm (28)

Mitsubishi HG-SR502] servorated torque 23.9 Nm, maxi-
mum torque 71.6 nm, obviously, can not meet the requirements
of (27), at the same time, the motor load inertia ratio far beyond
the requirements of not more than 4 times, the servo motor re-
ducer needs to be re-selected.

According to the above relevant parameters, select Mit-
subishi Servo Motor reducer, the motor reducer deceleration
ratio from 1:5 to 1:17, rated torque 23.9Nm, maximum torque
71.6Nm, motor inertia J,, ' =99.7 kg cm?, reducer speed ratio
1:17, reducer model: KB180-17-S2-P2, reducer transmission ef-
ficiencyn ' =94%

To re-account the above values, you must:

T

N,,' =1912.5 r/min,maximum velocity N, '=2762.5r/min.
J, | =0.67kg-cm?

J,, | =2.1kgecm?

J,' =7.08kgecm’

J, " =37kgecm?

]]2 , = 15. 2kg-cm? (check Mitsubishi Servo motor REDUCER
sample)

J,/ =104.2kgecm?
J,| =133kgecm’

Check Mitsubishi HG-SR502] servo motor sample, rated
speed of 2000r/min, maximum speed of 3000r/min, motor ro-
tor inertia J,, " = 99.7 kg- cm?, Themotor inertia ratio is:J ' /

IMX’ = 1.33 times, well below the motor end load Inertia 4 times
range, load inertia matching.

T, ' =~ 288 Nm

T, =417Nm

T, =~145Nm

T,,  =21.6 Nm

Mitsubishi HG-SR502] Servo motor rated torque 23.9 nm
0.8 times greater than the load torque T, 14.5Nm, Motor
Maximum torque 71.6 nm greater than maximum load torque
T, 21.6Nm, For the host rotating servo motor deceleration
Machine to re-qualified selection.

3 2-segment Molding machine host rotation and
shaping servo motor selection Summary

Two segment molding machine host re-selection replace-
ment servo motor, reducer process, some selection parameters
are summarized, as follows:

3.1 Host Styling Pitch Servo Motor

Original motor, gearbox model: HG-SR352B] with VB-DR-180-
020-S2-P1

Related parameters:

Rated speed 2000 r/min

Maximum speed 3000 r/min

Inertia 88.2 kgecm?

Rated torque 16.7 Nm, maximum torque 50.1 Nm

Convert the load to the end of the motor shaft:

Rev 637.5 r/min

Maximum speed 785 r/min

Inertia 18 kgecm?

Operating torque 39.9Nm, maximum torque 54.1 Nm

Selection verdict: Unqualified

Non-conformities: operating torque and maximum torque
exceed motor rated torque and maximum torque

Re-selected motor, gearbox: HG-SR702BG1 with KB180-
29-S2-P2 Mitsubishi brand

Re-select motor parameters:

Rated speed 2000r/min

Maximum speed 3000r/min

Inertia 161 kgecm®

Rated torque 33.4Nm, maximum torque 100 Nm

Convert the load to the end of the motor shaft:

Speed 926.3 r/min

Maximum speed 1140r/min

Inertia 24.5 kgecm?

Operating torque 26.3Nm, maximum torque 62.3 Nm

Re-selection verification results: qualified

3.2 Host Rotary Servo Motor

Original motor, gearbox model: HG-SR502JVB-DR-140-005-
S2-P1

Related parameters:

Rated speed 2000r/min

Maximum speed 3000r/min

Inertia 99.7 kgecm?

Rated torque 23.9Nm, maximum torque 71.6 Nm

Convert the load to the end of the motor shaft:

Rev 562.5r/min

Maximum speed 812.5 r/min



Repertoire 1368.9 kgecm®

Operating torque 51.6Nm, maximum torque 65.7 Nm

Selection verdict: Unqualified

Non-conformity: operating torque exceeds motor rated
torque, load inertia ratio exceeds specified value

Re-selected motor, gearbox: HG-SR502] (unchanged) with
KB180-17-S2-P2 Mitsubishi brand

Re-select motor parameters:

Rated speed 2000 r/min

Maximum speed 3000 r/min

Inertia 99.7 kgecm?

Rated torque 23.9Nm, maximum torque 71.6 Nm

Convert the load to the end of the motor shaft:

Rated speed 1912.5r/min

Maximum speed 2762.5r/min

Inertia 133 kgecm?

Working torque 14.5 Nm, maximum torque 21.6 Nm

Re-selection verification results: qualified

The key point of selection of servo motor for two-segment
molding machine is the calculation of load torque, and the se-
lection of Rotary servo motor has a large load inertia. The above
two sets of calculated servo motor, reducer, as well as re-align-
ment motor servo system control drive, cable, connector selec-
tion, installation in place and modify the corresponding PLC
program, after 2 consecutive months of production, there are no
problems, in the production practice has been fully verified.

4 Conclusion

The selection design of host pitchandrotary servo motor in radi-
al Air Tire two-section molding machine is a relatively complex
design and calculation process, which involves many disciplines
of mechanical design and manufacture, including mechanical
transmission, kinetic energy conservation Conversion, mechan-
ical analysis, Electrical control and so on. Servo motor selection
must be based on the actual operating conditions of the motor
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continuous working torque, instantaneous maximum torque,
inertia ratio, continuous operating speed and other parameters
and its own rated torque, maximum torque, the specified iner-
tia ratio, rated speed comparison, in line with the principle of
less than the latter, choose servo motor and supporting gearbox.
Under certain circumstances, the maximum speed of the servo
motor should also be considered, and if the servo motor is start-
ed frequently and braking, parameters such as the torque mean
square root value of torque during a period are also considered.
In the process of production practice, the efficient and smooth
operation of equipment is the practice test process of design
and manufacture, and the applicability audit process of special
working conditions on site. Equipment manufacturers can draw
lessons from this, design and develop suitable for high-perfor-
mance radial air tire molding key manufacturing equipment.
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Abstract:

Metal droplet deposition is a kind of additive manufacturing (3D Printing) technique that fabricates near-net part through droplets deposition
with lower cost and higher efficiency. This paper proposed a solution to problems of electric power fittings that large inventories, high procure-
ment costs, low manufacturing efficiency and transportation cost. Using additive Manufacturing technique - metal droplet deposition, electric
power fittings fabricated on power construction site. This paper describes the manufacturing process of typical thin-walled samples (the structure
optimized based on additive manufacturing principle) and ball head rings of electric power fittings. Aiming at the integral AM forming for ball
and ball socket electric power fitting workpiece, a novel easy removal forming support material (ceramics and gypsum mixed with UV cured
resin) have been developed. Here this support material was used to fabricate nested integral workpieces. Dimensional accuracy and microstruc-
ture of the test pieces were analyzed. The error of the height and width of the forming workpiece is within 5%. No obvious overlap trace (such as
overlap line and cracks) observed, and the internal microstructure is equiaxial crystal. The average density of the component is 99.51%, which

Mech Eng Sci, 2019,1(1): 27-32. https://doi.org/10.33142/me.v1i1.658

measured by drainage method and 13.39% higher than the cast raw material.
Keywords: Additive manufacturing; Metal droplets; Electric power fittings; Thin-walled sample; Ball head rings workpiece.
Citation: H.H. Wu, G.X. Zhao, Z.Y. Wei, The Additive Manufacturing Process of Electric Power Fittings fabricated by Metal Droplet Deposition.

1. Introduction

Metal additive manufacturing (3D printing) of metallic mate-
rials has become a research hotspot in additive manufacturing
(AM) technology !, which fabricates functional component
directly. Currently, high power laser or electron beam are adopt-
ed as heat source in metal 3D printing “*, and raw materials are
usually in powder or wire form, leading to high cost and material
limitations. As a result, it is necessary to propose a new metal
additive manufacturing technology that cost saving and high ef-
ficiency. In this paper a 3D printing device has been established
for fabricating electric power fittings using electromagnetic in-
duction as the heat source.

At present, the main forming methods of electric power
fittings are casting and forging. The issues that large invento-
ries, high procurement costs, low manufacturing efficiency and
transportation cost have caused great economic losses. There-
fore, it is significant to fabricate electric power fittings on power
construction site using high efficiency and low-cost metal 3D
printing process according to site requirement.

Metal droplet deposition is an additive manufacturing pro-
cess during which workpieces are fabricated from molten mate-
rials without mould or other tooling. Workpieces are fabricated
by droplets deposition layer-by-layer which belongs to near net
shape methods. Electric power fittings are fabricated by metal
droplet deposition process, satisfying the electrical repairs re-
quirements, while reducing assembly costs and achieving zero
inventories.

Researchers at the University of Toronto " researched
3D printing technology of tiny metal workpieces, which uses
pulsed air pressure to melt low-melting tin-lead metals under
a pneumatic pulse. The lead or tin metal droplets with diame-
ters between 100 and 300um printed by layer-by-layer stacking
of droplets ", Lee ©* produced uniform solder droplets with a
molten metal inkjet system, but the material is limited to low
melting metal materials. Wenbin ' researched the droplet depo-
sition process of metal workpieces and intermetallic compound
materials, but the surface quality is low. Xiong and Ando estab-
lished the numerical analysis models with different overlapping
conditions !, Trapaga studied the spreading and solidifi-

Copyright © 2019 by author(s) and Viser Technology Pte. Ltd. This is an Open Access article distributed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any
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cation mechanism of the droplets deposition within a narrow
space and large temperature gradient '?- The numerical analysis
and experimental varication were used to investigate the metal
droplet deposition and spreading with different process param-
eters, such as droplet size, displacement and substrate tempera-
ture. At present, the numerical simulation works ') of droplets
deposition and overlap processes were mainly based on simple
prototypes, which couldn’t reflect practical application value of
the deposition process.

In this paper, the process test is carried out for typical
electric power fittings with cantilever structure, and the form-
ing accuracy and microstructure of the forming workpieces are
analyzed. The functional parts of electric power fittings were
fabricated by successive deposition and solidification of molten
aluminium droplets on a horizontally Al alloy substrate, and the
microstructure and performance of deposition parts were also
analyzed. The morphology and the influences of the internal
quality of the droplets on the cross-sectional feature were re-
vealed. The results could provide technical support and refer-
ence to the electric power fittings forming.

2. Experimental system and Methods

2.1 Experimental system

Figure 1 shows a conceptual view of the droplet deposition pro-
cess. It mainly consisted of a pneumatic system, a motion control
system, a forming process monitoring system and an inert envi-
ronment control system. The pneumatic system is used to pro-
duce metal droplets on demand. It includes a droplet controller,
a solenoid valve, a crucible, a heating furnace and a nitrogen gas
resource. The motion control system is used to form the work-
pieces by controlling the motion of a 3D platform according to
data information. It consisted of a PMAC (program multiple
axes controller), a 3D movement platform and the deposition
substrate. The forming process monitoring system composed by
a CCD camera and an image acquisition card is used to observe
the deposition process of droplets. The inert environment con-
trol system is made up of glove box and gas circulating device. It
is used to prevent the metal from being oxidized. The whole pro-
cess is coordinately controlled by industrial computer to com-
plete the fabrication of workpieces.

Solenoid
vahe

couple |

Eleciromagnetic |
induction coil |

Crucible

Depasition
layer

Figure 1 Schematic diagram of droplet deposition system

Figure 2 shows the experimental system of droplet depo-
sition according to above schematic diagram. The equipment
mainly includes pneumatic drive system, droplet deposition sys-
tem, inert gas protection system and three-dimensional motion
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translation stage. The photograph in Figure 2 shows the manu-
facturing system established by the scholars in Xi’an JiaoTong
16-17)

University (China) 17,

.
Smelting system N\

L 3D motion platform

m 5
Atmosphere
protection system

Figure 2 Experimental system of droplet deposition
2.2 Manufacturing parameters of electric power fittings

A variety of electric power fittings are exhibited in Figure 3. It
can be seen that there are so many kinds of electric power fit-
tings. So, a typical component that a movable joint with hollow
structures (shown in Figure 4) were selected for the forming
research. As shown in Figure 5, the movable joint mainly con-
sists of a thin-walled workpiece and a ball head ring workpiece.
As long as the parts shown in Figure 4 can be processed by the
droplet deposition process, almost all the forming of the electric
power fittings can be realized.

EREOVmE®
@ s EQ®

l=he A LG
WD A5 TT%

Figure 3. Structure of the electric power fittings

Figure 4. The movable joint with hollow structure

*i'\

Figure 5(a) Typical thin-walled workpiece
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Figure 5(b) Ball head ring workpiece

One of the advantages of additive manufacturing technol-
ogy is the ability to simplify complex assemblies into one func-
tional part. As shown in Figure 6a to Figure 6¢, the structure of
typical thin-walled workpiece was redesigned based on the char-
acteristics of metal droplet deposition. The thin-walled work-
piece with 100mm*2mm dimension was fabricated by molten
droplets depositing sequentially layer by layer. The experimental
parameters were shown in Table 1.

Table 1 Process parameters of typical Electric Power Fittings

Parameter Value
Scanning speed (mm's™) 30
Droplets temperature (K) 950
Substrate temperature (K) 400
Nozzle diameter (mm) 0.7
Pulse pressure(Mpa) 0.4
Oxygen content (PPM) 20
Frequency(Hz) 30
Manufacturing time (min) 12.5
Interlayer height (mm) 1

During the manufacturing process, droplets with ini-
tial temperature of 950K were generated and deposited onto
a 400K substrate. Deposition experiments were carried out in
glove box under inert atmosphere with low oxygen content
(below 20 ppm). The argon gas pulses were imposed by a so-
lenoid value onto the molten metal in crucible with a 0.4MPa
pulse pressure and a 30 Hz pulse frequency. Therefore, the
uniform droplets are ejected from the nozzle with a diameter
of 0.5 mm at the bottom of the crucible, which is wrapped by
a resistance heating ring. In order to stabilize the morphology
and dynamic behavior of droplets, the distance between nozzle
and substrate is 5 mm. The time it takes to fabricate the typical
thin-walled workpiece is 12.5min, when the displacement speed
is 30mm/s and the height interval of adjacent layer is Imm.

8 —

100mm

Figure 6 Structure of typical thin-walled workpiece. (a) Model
(b) schematic diagram of layer slices (c) workpiece fabricated
by droplets

As is shown in Figure 7, the ball head ring workpiece 85
mm in length, 42 mm in width and 12 mm in height and 15 mm
of the inner diameter. According to the influencing factors of
droplet deposition process, the stratified cross section is shown
in Figure 7b, the suitable parameters such as scanning speed,
droplet temperature and nozzle diameter were selected, Work-
piece of ball head ring after rough grinding is shown in Figure
7c. The process parameters of deposition of ball head ring work-
piece are the same with the parameters of thin-walled workpiece
except the interlayer space. The time used for building the ball
head ring workpiece was 13.5min, when the scanning speed was
30mm/s and interlayer spacing was 0.6mm.

Figure 7 Structure of ball head ring workpiece. (a) Model; (b)
Schematic diagram of layered slices; (c) The workpieces fabri-
cated by droplets

2.3 Investigation on supporting materials

Due to the existence of cantilever and movable joints, it is nec-
essary to add support during the metal droplet deposition form-
ing process, otherwise collapse and joint immobility will occur.
Based on the principle of metal droplet deposition process, it
can be known that good supporting properties, fluidity, high
temperature resistance and removable property are required for
supporting material. As shown in Figure 8, supporting material
performance testing device mainly consisted of a pneumatic sys-
tem, a nozzle, a 3D motion platform and corresponding control
software. The pressure control device controls the outlet pres-
sure of the pressure tank to extrude the support material out of
the nozzle stably. Simultaneous, the 3D motion platform moves
under the control of the pre-set path until the desired support
is formed. In this paper, water, gypsum powder, sand, ceramic
powder, and resin were mixed in different proportions to devel-
op supporting materials.

Forming process diagram of suspended structure was
shown in Figure 9. The two nozzles were alternately operated,
one nozzle was provided with the metal material to be formed,
and the other nozzle was filled with the suitable supporting ma-
terial. Firstly, the metal substrate was deposited layer by layer
by droplet deposition, and then the supporting material of a
specified shape was deposited under the suspended portion of
the power fitting. Furthermore, the cantilever structure was de-
posited on the supporting material and finally the supporting
material was removed to complete the forming of the cantilever.

3. Results and Discussion

3.1 Forming accuracy of droplet deposition

The height and thickness of the experimental measurements are
shown in Table 2 by multiple measurements. It can be seen that
the relative error in height direction is small, but it is larger in




thickness direction. This is due to that the relative error of height
direction is more prominent than that in thickness direction
during deposition. The experimental results verify the correct-
ness and feasibility of the typical thin-walled workpiece pre-
pared by droplet deposition process, and provide a new method
for the research of thin-walled workpiece.

Substrate

Caontrol
panel

(b)

Figure 8 Testing device of supporting material performance

(a) (b)

Figure 9 Forming process diagram of suspended structure

In order to verify the manufacturing accuracy of the ball
head ring workpiece, by using the method of averaging through
multiple measurements, the dimensional accuracy of the form-
ing part was measured and analysed and the results are shown
in table 3.

3.3 Performance test of the supporting material and nested

integral workpiece

The different proportions and properties of supporting material
are shown in Table 4.
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As is shown in Table 4, No.3, No.4 and No.5 have high
supporting strength and better surface quality so that they are
suitable, and their accuracy retaining abilities were further test-
ed, respectively. Initial samples were rectangular with a cylin-
drical hole, and the dimensions of the hole were measured after
12 hours standing. Results are shown in Table 5.1t can be seen
from Table 5 that No.5 supporting material has the best accuracy
retaining ability so it was adopted to process suspended struc-
ture. Comparison of electric power fittings structure is shown
in Figure 10.

(a)

Part 1

Part 2

Part 3

Figure 10 Electric power fittings. (a) model (b) Experimental
piece (c) Original component

As shown in Figure 10, complex nested component was
fabricated by metal droplet deposition with supporting material.
Compared with traditional subtractive method, the workpiece is
simplified as an integral structure, which can greatly reduce the
assembly cost.

3.4 Microstructure Analysis

The formed end-shapes were examined by SEM (scanning elec-
tron microscope). The droplet diameter was maintained at a
size of about 100 pum in all experiments because at this size, the
resulting droplets were the most stable. The initial droplet di-
ameter was measured by integrating Nikon AF Micro 200 mm
and Monarch Nova-Strobe BBX 115/230 Digital Portable Stro-
boscope.

Figure 11 Microstructure of overlap area

As illustrated in Figure 11, no obvious overlap trace (such
as overlap line and cracks) was observed, and the internal micro-
structure is equiaxial crystal.

3.5 Density Measurement

Density was measured by drainage method, measuring principle
diagram of which is shown in Figure 12.
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Figure 12 Measuring principle diagram of density

Measure the mass of the test piece in the air and marked
as m1, and put a cup of water on an electronic scale and set the
display to zero. Immerse the test piece in water, ensuring that the
water doesn’t spill and that the test piece doesn’t touch the bot-
tom of the cup and marked the display as m2. The actual density
of droplet deposition component can be expressed as:

densification (%)
EERRERRER.

84.54

Densification degree can be calculated by:

“)

This paper takes six pieces of droplet deposition compo-
nents and raw casting material respectively for densification test,
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Figure 13 Density of test pieces

Table 2 Height and thickness measurement results of typical thin-walled workpiece

Five measurement values /mm Average value /mm

relative error

Height 101;98;102;101;100 100.4 0.4%
Thickness 2.05;2.10;2.12;1.96;1.92 2.03 1.5%
Table 3 Measurement results of ball head ring workpiece dimension
Five measurement values /mm  Average value /mm  relative error
Height 85.8;86.3;85.3;85.7;85.9 85.8 0.94%
Thickness 42.8;43.6;42.3;42.7;43.1 42.9 2.14%
diameter 14.5;14.2;14.8;14.6;14.4 14.5 3.3%
Table 4 Proportions and properties of supporting material
NO gypsum ceramic Sand/g Photosensitive Water/  Supporting ~ Surface Extrusion performance
powder/g  powder/g resin/ml ml strength quality
1 62 62 0 0 40 -- -- Hard to squeezed out
5 62 62 0 0 50 High Good Squeezed out but solidified
too fast
62 0 25 High better ~ Squeezed out, no solidification
4 62 62 35 High better  Squeezed out, no solidification
62 62 62 48 High better  Squeezed out, no solidification
6 62 0 255 0 88 Higher Good Squeezed out but solidified
too fast
Table 5 Results of accuracy retaining abilities
NO. placement methods Diameter/mm Depth/mm
3 Initial sample 10 7
After 12h (without light) 10.5 6
4 Initial sample 8 8 9 9
After 12h (with light) 8.5 7.8 8.9 9.2
5 Initial sample 12 12 12 12 8 8.5 9 9
After 12h (with light) 12 12 12 12 8 8.6 9 9




The average density of droplet deposition component
and raw casting material were respectively 99.51% and 86.12%.
Droplet deposition isn’t like casting which usually has defects
such as air entrainment and shrinkage, so that the densification
is higher.

4. Conclusions

In this paper, the functional parts of electric power fittings were
fabricated by successive deposition with a suitable supporting
material, and the microstructure and performance of deposition
parts were also analyzed. Experiments proved that the typical
electric power fittings fabricated by droplets depositing satisfied
the using requirements.

(1) Using the process parameters shown in Table 1, such as
substrate temperature and moving speed, the droplet deposition
process was experimentally investigated. It is found that the rel-
ative error of dimension is less than 5%.

(2) Aiming at the integral AM forming for the typical elec-
tric power fitting workpiece, the composition and performance
of forming support material were researched. The optimal sup-
port material composition and configuration are shown in the
fifth group of schemes in Table 4. Nested integral workpieces
were fabricated with this support material.

(3) Dimensional accuracy and microstructure analysis of
the workpieces were carried out. No obvious overlap trace (such
as overlap line and cracks) was observed, and the internal micro-
structure is equiaxial crystal.

(4) Density of the metal droplet deposition workpiece was
measured by the drainage method. The average density of drop-
let deposition components is 99.51%, which is much higher than
the cast raw material.
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Abstract:

The cutterhead system is a core component of TBM equipment, which works in the extremely severe environment, and the strong impact loads
result in severe vibration, crack, damage failure and other engineering failures. Accordingly, the key for cutterhead system structure design and
parameter matching is to evaluate and predict cutterhead tunneling per-formance reasonably. In this paper, a prediction method for TBM cutter-
head dynamic tunneling performance is pro-posed under the typical composite geological conditions, based on the CSM model of multi-cutters
and cutter loads field test data. Then an actual TBM cutterhead of a water conservancy project is taken as an example, a spatial three-dimensional
separation zone model for cutterhead tunneling is established under the typical geological condition, and the parameters influence rules of cutter-
head tunneling performance are analyzed. The results show that, the cutter-head loads and specific energy change rules with different parameters
are basically similar. Moreover, under the condi-tion of penetration p=10mm, the cutterhead bending moment coefficient of variation magnitude
exceeds 20%, which is the maximum, and the normal cutter spacing optimal value is 95mm. Also, when the normal cutter spacing is kept con-
stant in 85mm, the penetration has a greater influence on the torque and specific energy coefficient of variations, which is increased from 2mm to
10mm, and the two indexes decrease by about 73%. It is indicated that proper increase of pene-tration is beneficial to reduce the vibration fluc-
tuation degree of torque and specific energy. The proposed method of TBM cutterhead dynamic tunneling performance and the analysis results
can provide theoretical basis and design refer-ence for TBM cutterhead layout and tunneling parameters matching.
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extremely complicated. Accordingly it is difficult to accurately
evaluate the cutterhead excavation performance. However, it is
necessary to predict and analyze the cutterhead dynamic excava-
tion performance in the design stage, according to the geologic

1. Introduction

Cutterhead system is a key working component of the full face
hard rock Tunnel Boring Machine (TBM), which endures strong,

random, and multi-point distributed impact loads, leading to
structure vibration, fatigue, crack damage and other mechanical
failures (Huo et al., 2017; Cai, et al., 2017). Hence, accurate anal-
ysis and evaluation of cutterhead loads are closely related to the
whole machine control parameters matching, system dynamic as
well as the key structure fatigue life prediction. Besides, it may
indirectly affect the construction efficiency and safety. Moreover,
the energy consumption prediction of rock breaking by cutter
is also a key point of TBM. Due to the random variability of
surrounding rock in excavation interface and tunneling direc-
tion, the TBM cutterhead force and load transfer condition are

exploration report, so as to achieve the purpose of component
structure optimization and tunneling parameters matching.

In view of the problems above-mentioned, relevant scholars
have done a lot of research. Many researchers have proposed dif-
ferent prediction models to estimate the cutting forces, with the
means of theoretical derivation, test and numerical simulation.
Previous attempts to measure cutting forces (i.e., normal, rolling,
and side force) in the field and laboratory were carried out by
Samuel and Seow (1984), Rostami (1997), Zhang et al. (2003)
and Gertsch et al. (2007). These studies gave valuable insight into
the rock breaking mechanism and load change regulation of an

Copyright © 2019 by author(s) and Viser Technology Pte. Ltd. This is an Open Access article distributed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any

medium, provided the original work is properly cited.



individual disk cutter. However, different types of disc cutters
were mounted on the cutterhead, and with different installation
locations, the change regulation of cutting forces were not the
same. Moreover, in all these studies, the normal disc cutters were
mostly used, and the gage cutters were rarely studied. Accord-
ingly, a new cutter force measurement method was proposed by
Entacher et al. (2013), and it was implemented at Koralm tun-
nel. Later, a series of punch penetration tests were performed by
Jeong et al. (2015), to estimate the disc cutter’s normal force, and
the results were validated by a LCM test. Considering the circu-
lar running path and wear of the disc cutter, a new cutter force
model was developed by Yang et al. (2013), which was also com-
pared with the classical models. Besides, with the rapid devel-
opment of numerical simulation technology, many researchers
carried out lots of CAE analyses to simulate the rock breaking
process. A 3D FEM-SPH coupling method was applied to study
the rock fragmentation mechanism by Nan et al. (2015). Mean-
while, Liu et al. (2015), Geng et al. (2017), Xia et al. (2017) and
Jiang et al. (2017) respectively simulated the rock cutting process
by the methods of FEM and DEM, to obtain the cutter forces and
the optimal cutter spacing, as well as establish foundation for
cutterhead performance prediction. Some scholars studied the
rock cutting process based on numerical simulation and rotary
cutting experiments (Xia et al., 2016; Geng et al., 2016), to pro-
vide reference for side force formation mechanism and cutters
layout.

For a long time, many earlier models and studies have also
been carried out about cutterhead loads, cutterhead system de-
sign and specific energy. Zhu et al. (2014) studied the excavat-
ing loads characteristic on TBM cutterhead, and the parameters
influence on cutterhead loads was analyzed. A new cutterhead
load model was established based on the CSM model and rock
section circular hierarchical model, then the cutterhead force
distribution under certain geology was calculated (Liu et al,
2016 and 2017). The cylinders thrust force and cutterhead loads
were respectively presented by Huang et al. (2016) and Han et al.
(2017), based on the theoretical derivation and simulation meth-
od, which can provide important theoretical basis and a reference
for the design and parameters control during TBM construction.
The cutterhead system design for the hard rock TBM was stud-
ied by Rostami (2008), and it pointed out that the cutters distri-
bution was critical to cutterhead balance performance. A calcu-
lation model was built to study the TBM cutterhead mechani-
cal performance in mixed rock ground conditions, and it was
verified with a boring experiment (Geng et al., 2016). They also
proposed a free-face-assisted rock breaking method based on a
multi-stage TBM cutterhead, to improve the TBM rock break-
ing efficiency (Geng et al., 2016). Huo et al. (2015, 2016) studied
the multi-directional coupling dynamic characteristics of TBM
cutterhead system, to lay a foundation of cutterhead structural
design and system parameters matching. Avunduk and Copur
(2018) developed empirical performance prediction models for
predicting a EPB TBM excavation performance, and field tests
were carried out to validate these proposed models. The specific
energy (SE) is another important performance parameter, and
many scholars have studied it with different methods in different
tunnels (Wang et al., 2012 ; Mirahmadi et al., 2017).

As mentioned above, scholars have studied cutter force pre-
diction, cutterhead loads and system design, specific energy and
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so on, by using the methods of theoretical derivation, numerical
simulation, and model experiment, as well as field test. However,
in the previous studies, it was assumed that the formation was
single and homogeneous or two element circular cross-section
model while predicting the cutter forces. It was inappropriate
since the results ignored the cutter forces impact-resistance,
time variation of the cutter’s surrounding rock in excavation
section and the formation random variation. Besides, the rock
breaking loads change is closely related to the cutter location
and tunneling parameters. The dynamic parameters changes
need to be considered while solving the cutterhead loads and
specific energy, and then the performance indexes can be ob-
tained. For this, in this study, a spatial three-dimensional sep-
arate surrounding rock model under an actual typical tunnel is
established, based on the geological exploration data. That is, the
rock physical properties in different tunneling sections are all
different. Meanwhile, a prediction method for TBM cutterhead
excavation performance under typical geological conditions is
proposed, considering the TBM tunneling parameters, cutters
position information and the dynamic changes of surrounding
rock property at different time, based on the CSM model and
cutter loads field test data (Samuel and Seow, 1984; Zhang, et
al., 2003). In this study, the cutterhead loads and specific energy
are used to quantify the excavation performance. Last, takinga
water diversion project as an example, the dynamic cutter loads,
cutterhead loads and specific energy are obtained with the pro-
posed method. And the influences of normal cutter spacing and
penetration on cutterhead excavation performance are analyzed,
which can provide reference for TBM cutterhead layout and tun-
neling parameters matching.

2. Theoretical calculation model of cutterhead ex-
cavation performance

When the TBM tunnels, the cutterhead endures strong, multi-
point distributed impact loads, which leads to intense vibration.
After all the cutters loads are combined, the cutterhead main-
ly bears the thrust P, radial force P, torque T and the bending
moment M, as shown in Figure 1. Accordingly, the cutterhead
loads can be obtained with the information of cutters locations,
installation angles and surrounding rock physical properties un-
der the typical condition. In addition, the relational schematic
diagram between the cutter force and layout position is shown in
Figure 2. In this figure, the cutter normal force, tangential force
and side force are denoted as F ,F and F_, respectively, [ is the
cutter polar radius, 0 is the cutter phase angle, and f is the instal-
lation angle of gauge cutter.
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Figure 1. Cutterhead force.
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Figure 2. Cutter force and layout position.

2.1. Cutter load model

It is necessary to obtain the dynamic loads of each cutter, be-
fore solving the cutterhead loads. The cutter rock breaking force
model developed at the Colorado School of Mines (CSM) was
based on the experimental data, which was deduced by a re-
gression analysis algorithm, and it had been verified in lots of
projects with high precision (Rostami, 1997). However, in the
CSM model, the cutter loads are static and calculated under the
uniform geological condition. Actually, due to the rock inherent
physical properties, the rock breaking forces are time-variant
even in the uniform geologic section, which shows a certain de-
gree of randomness. Concerning the randomness of cutter force,
the test data indicated that it conformed to logarithmic normal
distribution (Samuel and Seow, 1984; Zhang et al., 2003), as
shown in Figure 3. Accordingly, in this study, it is assumed that
the cutter force follows log-normal distribution, the mean value
is calculated by CSM model, and the mean square deviation is
obtained indirectly by counting the cutter force test data.

In the CSM model, the normal force F, and tangential force
F are expressed as follows:

c’o,S 5 4
F, =C-T-R-¢p-(—==) -cos—
oNRT 2 (1
oo P
F C-T-R- Q- (—t)3'SiIl—
oNRT 2 2
¢ =arccos((R— p)/R) (3)

where ¢ is angle of the contact area, &, is uniaxial com-
pressive strength of rock, 0, brazilian indirect tensile strength
of rock, R is cutter radius, S is cutter spacing, p is cutter penetra-
tion, T is cutter tip width, Cis constant equal 2.12.
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2.2. Cutterhead excavation performance model

After obtaining the cutters loads, the cutterhead loads can be
combined according to the cutters location information. Then
according to the specific energy definition, the time history
of cutterhead specific energy can be obtained. The cutter side
force direction is greatly related to the rock breaking way, so
the randomness is obvious. Moreover, due to the cutter layout
symmetry, the side forces can be approximately counteracted.
Accordingly, the side forces have little influence on the cutter-
head loads, which can be ignored. Besides, the cutterhead radial
force is up and down balanced with small fluctuation when the
cutterhead tunnels, which is considered as a constant load and
can be equivalent to the cutterhead system gravity. Hence, the
cutterhead torque, thrust and bending moment characteristics
are mainly studied in this paper.

2.2.1 Cutterhead torque

Cutterhead torque T is equal to the resultant torque of each tan-
gential force around Z axial, which can be expressed as:

T= Zn:Fn.ll. + Zm:Frjlj + Zq:Frklk
i=l j=1 k=1 )

where F (t=i,jk) is the tangential force of the ¢-th center
cutter, normal cutter and gauge cutter, respectively, n, m and p
are the number of the center cutter, normal cutter and gauge
cutter, respectively, and [ (t=i,j,k) is the polar radius of the ¢-th
center cutter, normal cutter and gauge cutter respectively.

2.2.2 Cutterhead thrust

Cutterhead thrust P is equal to the resultant force in Z direction
of each cutter, with the following expression:

=i&+i%+iﬂwwé (5)
i=1 j=1 k=1

where F(t=i,j,k) is the normal force of the t-th center cut-
ter, normal cutter and gauge cutter, respectively, and §, is the tilt
angle of the k-th gauge cutter.

2.2.3 Cutterhead bending moment

Similarly, the cutterhead bending moment M can be decom-
posed into two directions, which is equal to the vector sum of
overturning moment M, and M, with the expressions showing
in Eq. (6) ~ Eq. (8).
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Figure 3. The measured forces of disc cutter rock crushing



n m q
Mx = ZEJilix +ZF:/jljx +ZE)klkx cos ﬂk (6)
i=1 =1 k=1
n m q
M, =Y Fl +Y Fl +Y F.l cosp, (7)
i=1 j=1 k=1
2 2
M= M+ M’ (®)

where [ (t=i,j,k) and lty (t=1,5,k) are the distance to X and Y
axis of the t-th cutter, respectively.

2.2.4 Cutterhead specific energy

The energy consumption of rock fragmentation per unit volume
is defined as specific energy, which is an important basis for eval-
uating the cutter spacing. The cutterhead rock breaking energy
is mainly produced by thrust and torque, so the specific energy
E_ can be expressed as:

_Pp+2xT
TR p

where R, is the tunnel excavation radius.

E

N

9)

3. Project case

The total length of the diversion tunnel in Liaoning Dahuofang
water project is 85.31km, and the project is tunneled by 3 TBM
with 8.03 m excavation diameter. An American Robbins TBM
is employed, with the whole machine showing in Figure 4, and
the cutterhead system parameters are shown in Table 1. Accord-
ing to the statistics of geological exploration data, the typical
soft rock and hard rock are mainly pelitic siltstone and granitic
gneiss, and the rock mechanical property parameters are shown
in Table 2.

Figure 4. The physical model of TBM.

J.X Ling, X.J. Yang, Z.H. Wu

3.1. Spatial geological model in mixed-face rock ground con-
dition

Based on the geological exploration report, a separation zone
model for continuous tunneling is established, and the simu-
lation length of two typical geology models is 100m. Using an
interpolation algorithm in Matlab software, a three dimensional
stratigraphic separation model is obtained, as shown in Figure 5,
soft rock is above the separation zone, and hard rock is under it.

R
R
R
S

S
R
e

5000

0
F
0 -5000

Figure 5. Geological model in typical engineering.

3.2. Numerical calculation and analysis of cutterhead loads in
complex strata

The cutterhead loads numerical calculation is a process of con-
tinuously synthesizing the cutter forces and solving the cutter-
head thrust, torque and bending moment, and the key step is to
judge the surrounding rock property of each cutter at any time at
the tunneling section in complex strata. The relative position of
cutters and formation changed continually due to the cutterhead
moving forward and rotating, which is the most influential fac-
tor of cutterhead loads fluctuation. Another important factor is
the randomness of cutter rock breaking loads. In order to get the
continuous cutterhead loads time-histories, the composite stra-
ta model and cutter position matrix are constructed, and then
the numerical simulation analysis of the whole cutterhead exca-
vation process is carried out based on the cutterhead tunneling
parameters, cutter rock breaking load models and the field test
data. The numerical solution process is shown in Figure 6.

3.2.1 Cutter loads

As mentioned above, based on the CSM model and cutter test
loads data, the cutter loads are obtained under different condi-
tions. With the conditions of 85mm normal cutter spacing and
rated penetration, the obtained loads of 30# cutter are presented
in Figure 7.

Table 1 Parameters of cutterhead system.

Cutterhead diameter /mm  Rated speed /rpm  Rated torque /kNm Rated thrust /kN
8030 6 3490 13750
Driving power /kW Cutter number Cutter diameter/mm  Rated penetration /(mm/r)
3000 51 483 10
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Table 2 Mechanics parameters of typical rocks.

) ) Peak shear strength ) )
Density /(g/ Compression — - Elastic modu-  Poisson
Rock type Internal friction Cohesion / )
cm?) strength/MPa lus /GPa ratio
angle /(°) MPa

Pelitic siltstone 2.61 42 33.8 1.2 9.6 0.30
Granite gneiss 2.75 93.6 334 0.9 18 0.19

q %Thrust% iTorquﬂii Bending

I i omeny
eoretical i Cutters 1 t
Typical spatial geological model of The load time histories of :;;;Zfsu
functions and cutters cutterhead loads |1 et “
arrangement matrix A
Composite strata  Polar Coordinate position: The load time histories of ¢ [ Testdataof
separate function matrix of cutters cutters cutters loads
S (x,3,2) RO ) J
i Cutters : . i
-, position
Initializing the cutterhead information .
ne Determination of the
tunneling parameters .
cutters trajectory
' Tunneling speedV  Rotating speed @
Figure 6. Numerical simulation process of cutterhead loads.
< 10° 3.2.2 Torque characteristics
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Figure 7. Loads of 30# cutter (a) Normal force. (b) Tangential

force.

According to engineering statistics, the TBM cutterhead normal
cutter spacing is generally 40mm ~ 120mm. Due to the installa-
tion position limit, the spacing less than 60mm is seldom used.
Accordingly, in this paper, the range of spacing value is limited
to 75mm ~115mm when the influence of cutter spacing on the
cutterhead tunneling performance is analyzed. Generally speak-
ing, the value of cutter penetration depends on the rock proper-
ties at the cutterhead tunneling section. When the rock is hard,
the penetration is taken as a smaller value appropriately and vice
versa. So the range of penetration is defined as 2mm~10mm in
this study.

Based on the numerical simulation process of cutterhead
loads in Figure 6, with the condition of penetration p=10mm,
the cutterhead torque along the tunneling direction under dif-
ferent normal cutter spacing values is obtained after substituting
each parameter into Eq. (4), as shown in Figure 8(a). Similarly,
the cutterhead torque under different penetration values is cal-
culated with the condition of normal cutter spacing S=85mm, as
shown in Figure 8(b).

From the above results, when the cutter penetration
p=10mm and the normal cutter spacing S=85mm, the cutter-
head torque fluctuates in the range of 2500~2900kNm approx-
imately, which is basically consistent with the field cutterhead
torque value in TBM tunneling state monitoring interface (as
showed in Figure 9). It shows that the cutterhead loads calcula-
tion method and simulation process are reasonable and effective.

3.3.3 Thrust characteristics

Based on the numerical simulation process in Figure 6 and Eq.
(5), the influence law of the normal cutter spacing and penetra-
tion on the cutterhead thrust can be also obtained, as shown in
Figure 10.



L L L L L
3000 4000 5000 6000 7000
Z/mm

0 1000 2000

"»,\ ll“\

.
'l
i

0.5

> v
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Z/mm

(b)
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Figure 9. Tunneling state monitoring interface of field TBM.

3.2.4 Bending moment characteristics

In the same way, the influence law of the normal cutter spacing
and penetration on the cutterhead bending moment are solved,
as shown in Figure 11.

3.3. Specific energy characteristics

The obtained cutterhead torque and thrust, as well as the giv-
en parameters are substituted into Eq. (9), and the influence law
of the normal cutter spacing and penetration on the cutterhead
specific energy are analyzed, as the results shown in Figure 12.
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Figure 10. The influence of different parameters on cutterhead
thrust (a) Influence of cutter spacing (p=10mm). (b) Influence
of penetration (S=85mm).

3.4. Data statistics and analysis

In order to further analyze the influence of the normal cutter
spacing and penetration on the cutterhead performance, the
mean value, standard deviation and coefficient of variation un-
der different cutter spacing and penetration values are counted,
with the statistical results showing in Table 3 and Table 4, re-
spectively.

From the cutterhead tunneling performance influence rule
and statistical results can be known:

(1) From Figure 8 ~ Figure 12 can be seen, the change reg-
ulation of the cutterhead tunneling performance under different
normal cutter spacing and penetrations is basically identical,
and the performance curves with each parameter show strong
randomness.

(2) From the statistical data in Table 3 can be found, the
cutterhead performance mean value increases with the normal
cutter spacing. Under the working condition of penetration
p=10mm, the normal cutter spacing is increased from 75mm to
115mm (increased about 53%), and the increase values of cutter-
head torque and specific energy mean values are the maximum,
which is about 15%. Then the bending moment mean value in-
creases about 14.7%. Last, the thrust mean value increases about
12.6%.
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Figure 11. The influence of different parameters on cutterhead
bending moment (a) Influence of cutter spacing (p=10mm). (b)
Influence of penetration (§=85mm).

(3) From the statistical data in Table 4 can be known, the
cutterhead torque, thrust and bending moment mean values are
all increased with the penetration, yet the specific energy mean
value is decreased with it. With the normal cutter spacing keep-
ing constant in 85mm, when the penetration increases from
2mm to 10mm, the increase value of torque mean value is the
maximum, which increases about 3.8 times. And the mean val-
ues increment of thrust and bending moment are almost equal,
which are about 69.7% and 68.1%, respectively. In addition, the
cutterhead specific energy mean value decreases by about 23.3%.

(4) The change regulations of cutterhead tunneling perfor-
mance standard deviations with normal cutter spacing and pen-
etration can also be known from Table 3 and Table 4. The cutter-
head thrust and bending moment standard deviations show pos-
itive correlation with the two parameters, and the cutter spacing
value increases by 53%, thrust and bending moment standard
deviations increase by about 4.2% and 9.4%, respectively. More-
over, the penetration increases from 2mm to 10mm, thrust and
bending moment standard deviations increase by about 43%and
45.6%, respectively. Besides, with the increase of normal cut-
ter spacing, the cutterhead torque standard deviation shows a
trend of first increase and then decrease. But with the increase
of penetration, it presents an opposite tendency. With regard to
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Figure 12. The influence of different parameters on cutterhead
specific energy (a) Influence of cutter spacing (p=10mm). (b)
Influence of penetration (S=85mm).

the cutterhead specific energy standard deviation, it also shows
a trend of first increase and then decrease with the increase of
normal cutter spacing, and it shows an inverse correlation with
penetration.

(5) Under the condition of penetration p=10mm, the cut-
terhead bending moment coefficient of variation magnitude are
greater than other indexes, which is more than 20%, and the val-
ues of other indexes are about 5%. It indicates that the unit av-
erage dispersion degree of bending moment is the maximum. In
addition, with the increase of normal cutter spacing, almost all
the indexes coefficient of variation decreases in different degrees
except the bending moment. When the normal cutter spacing
is equal to 95mm, the bending moment coeflicient of variation
is the minimum. From the point view of reducing the average
vibration intensity of cutterhead bending moment, it demon-
strates that the optimal value of normal cutter spacing is 95mm
under this condition.

(6) When the normal cutter spacing is equal to 85mm,
with the increase of penetration, the cutterhead thrust and
bending moment coefficient of variations are basically remain
unchanged, which indicates that the penetration has little effect
on the average dispersion degree of the two indexes. However,
the penetration has a great impact on the cutterhead torque and



specific energy coeflicient of variations. The penetration is in-
creased from 2mm to 10mm, the two coeflicient of variations
all decrease by about 73%. It shows that proper increase of pen-
etration is beneficial to reduce the average vibration intensity of
cutterhead torque and specific energy.

4 Conclusions

A spatial three-dimensional separation zone model for cutter-
head tunneling under the typical geology is established, based on
the geological exploration data of TBM tunneling sections. Then
a prediction method of TBM cutterhead dynamic tunneling per-
formance under the typical geological conditions is proposed,
which comprehensively considers the tunneling parameters, cut-
ter layout information and the tunneling section rock dynamic
changes, on the basis of the multi-cutters CSM model and field
test statistic data. Last, taking an actual TBM cutterhead system
as an example, the proposed prediction method is used to pro-
gram a numerical simulation process for cutterhead dynamic
loads, and the dynamic cutters loads, cutterhead tunneling loads
and specific energy are obtained. Besides, the influences of the
normal cutter spacing and penetration on the cutterhead perfor-
mance are analyzed, and a series of qualitative and quantitative
conclusions are obtained. The main conclusions can be drawn
as follows:

(1) The change laws of cutterhead tunneling performance
curves with different parameters are basically identical.

(2) The cutterhead loads have a positive correlation with
the normal cutter spacing and penetration, and the specific en-
ergy is positively related to the normal cutter spacing but nega-
tively related to penetration.

(3) Under the working condition of penetration p=10mm,
the cutterhead bending moment coefficient of variation magni-
tude exceeds 20%, and the optimal value of the normal cutter
spacing is 95mm at this situation.

(4) When the normal cutter spacing is equal to 85mm, the
penetration has a greater influence on the torque and specific
energy coefficient of variations, which indicates that proper in-
crease of penetration is beneficial to reduce the average vibration
intensity of the two indexes. The proposed prediction method of
TBM cutterhead dynamic tunneling performance and the engi-
neering practice numerical analysis results can provide reference
for TBM cutterhead layout and tunneling parameters matching.
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Abstract:

The hot pressing process parameters were optimized to prepare flax fiber reinforced polyethylene (PE) thermoplastic composite by the Taguchi
method. The optimal hot pressing process parameters were determined to increase the tensile strength of the composite. The optimal parameters
of the design include the following sections: hot pressing temperature, pressure, hot pressing time and coupling agent modification time. An L,
(3*4) orthogonal matrix based on the Taguchi method was created. By means of analysis of signal-to-noise ratio and analysis of variance, the
optimal hot pressing process parameters combination was found, compared to the average tensile strength in the nine design experiments, and

the tensile strength was improved nearly 10%.
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1. Introduction

In recent years, with global energy shortages and environmental
pollution, fiber-reinforced composite materials are gradually de-
veloping towards a green ecology !"'". Natural fiber reinforced
composites with the characteristics of low cost and recyclability
are used to replace other synthesized fiber reinforced compos-
ites '\, The good mechanical properties is showed by compos-
ite reinforced with natural fibers °l. As a kind of natural fiber,
flax fibers have several advantages: low density '/, high Young’s
modulus "/, biodegradability relatively high tensile and flexural
modulus 7, and it shows the same outstanding performance as
glass fiber reinforced plastics *'°. At the same time, thermoplas-
tic resin is superior to thermosetting compound in terms of its
excellent characteristics. The thermoplastic resin is used widely
as the matrix material for environmental protection. Because the
polymerization reaction has been completed before the impreg-
nation, the hot pressing process is completely a physical process,
and compared with the thermosetting resin, there is no environ-
mental pollution problem, and it is called a green material of the
21% century """

By reading a wide range of literature to study green com-
posite or reinforced biocomposite ".. With the help of hot

pressing process, flax fiber and polypropylene (PP) were used
as raw materials to prepare composite materials. The influence
of hot pressing parameters (temperature and hot pressing time)
on the mechanical properties of the composite plate was ana-
lyzed by orthogonal design. The optimal solution was obtained
by the range analysis and variance analysis. It found that the me-
chanical properties of flax fiber/PP composite were the best with
the hot pressing temperature of 180°C and hot pressing time of
40min ). When the flax fiber has a content of 30 and 40wt.%,
the strength of the flax/PLA (polylactic acid) composite is 50%
better than flax/PP composites ""*. The Flax fiber/PLA Through
the analysis of peeling test and tensile test, the optimum hot
pressing parameters of the flax fiber/PP composite were that
pressing temperature was 180°C, hot pressing time was 5min
and hot pressing pressure was 6MPa "l For bamboo fiber/PP
composite, by analysis of tensile strength and flexural strength.
170°C, 3MPa and 140s are optimum hot pressing process pa-
rameters .. In addition, the optimum hot pressing parame-
ters of other plant fiber composite are temperature 179°C and
pressure 178bar '),

Besides the basic hot pressing parameters, in order to ob-
tain better mechanical properties, flax fibers need to be mod-
ified during hot pressing. Coupling agents are also important

Copyright © 2019 by author(s) and Viser Technology Pte. Ltd. This is an Open Access article distributed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any
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for enhancing the mechanical properties of natural fiber ther-
moplastic composite. Some studies showed that the cellulose/
PP composite which the fiber modified with the maleic anhy-
dride-polypropylene copolymer can increase the tensile strength
by 80% 7. Mo "' studied the effect of ramie short fibers surface
KH-550 modification on the interlaminar fracture toughness of
laminates. Besides the silane coupling agent was used to mod-
ify aramid. The contact angle test shows that the contact angle
of the modified aramid becomes smaller, indicating that the
KH550 silane coupling agent can be improved the hydrophilic-
ity of aramid ", It found that alkali modification improved the
compatibility between jute fiber and matrix, and their interface
bonding strength. The mechanical properties of jute fiber rein-
forced composites after alkali modification are better than un-
modified composite . Tensile tests have been performed for
evaluated the tensile strength of flax fiber reinforced composites.
The Max. tensile strengths for linear low density polyethylene
and its related composites reinforced by flax fibers were about
13.40MPa and the 14.30MPa ™'/, which were about 19.50MPa
and the 20.50MPa for the cases of high density polyethylene and
its related composites reinforced by flax fibers

The flax fiber and PE that has low cost and can be decom-
posed are chosen as the raw material. Besides, the flax fiber/PE
thermoplastic composite have a wide range of applications.
Many attempts have been made to study the hot pressing pro-
cess of natural fiber composite materials. The most important
of these is the optimal design of the pressing parameters. In ad-
dition to the traditional hot pressing parameters, fiber modifi-
cation is also considered to enhance the mechanical properties
of the composite plate. The selection of hot pressing parameters
involves four parts: hot pressing temperature, hot pressing pres-
sure, hot pressing time and coupling agent modification time.
Reasonable adjustment of the size of the four parameters is crit-
ical to the quality of the specimen. In order to find suitable hot
pressing parameters, the hot pressing experiment was carried
out using the Taguchi method.

The experimental factors include four hot pressing parame-
ters, and there are three levels in the each parameter. The L, (3*4)
orthogonal experimental table was designed. Signal-to-noise
(S/N) ratio analysis and analysis of variance (ANOVA) were car-
ried out to determine the influence of different hot pressing pa-
rameters on the tensile strength of the specimen and the optimal
experimental parameters.

2. Experimental procedure

2.1 Experimental details

hor pressing
machine

As shown in Figure 1, there are flow chart of hot pressing pro-
cess and material property characterization. The flax fiber and
PE film were used as raw material to prepare fiber/PE thermo-
plastic composite, the hot pressing process was applied with the
help of hot pressing machine to prepare composite plate. After
that, the composite specimens were prepared with the size of
100mmx10mmx3mm, the tensile test was performed following
by ASTM. The cross section of morphology of composite spec-
imens were observed by SEM (scanning electron microscope).

The Taguchi method was originally established to reduce
the number of experiments, and the design of experiments
(DOE) were designed to find the best process parameters *.
The DOE was realized by the matrix tool. The S/N ratio and the
ANOVA are two important tools for Taguchi method analysis.
They can be used to determine the optimal parameters and the
influence of various experimental factors on the optimal param-
eters [24-25].

The hot pressing process of the material is completed by
using a hot press machine. The setting of the hot pressing pa-
rameters was designed by the Taguchi method. The mechanical
properties of the specimens were tested by a universal tensile
machine with a tensile rate of I mm/min.

The main parameters in the hot pressing process include
hot pressing temperature (A), hot pressing pressure (B) and hot
pressing time (C). Because the flax fiber composite itself has
poor adhesion to fibers and resins, it is necessary to modify the
flax fiber with a silane coupling agent to enhance the cross-sec-
tional bonding property. Thus, another parameter modification
time (D) by silicon coupling agent is studied. As shown in the
Table 1, there are four hot pressing parameters and three levels
for each hot pressing parameter.

Table 1. Hot pressing process parameters and corresponding levels

Parameters Unit Levell Level2 Level3
A (hot pressing °C 120 130 140
temperature )

B (hot pressing h 025 050 075
time)

C (pressure) MPa  1.00 1.50 2.00
D (modification h 0.50 1.00 2.00

time)
According to the Taguchi method, an orthogonal matrix
of L, (3*4) was used as shown in Table 2, it contains nine hot
pressing experiments.
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Figure 1. The flow chart of hot pressing process and material property characterization




Table 2. An L, (3*4) orthogonal array of the Taguchi method

Parameters

Num.b er of Tensile Strength

experiments A B C D /MPa
No. 1 120 0.25 1.00 0.50 23.83
No. 2 120 0.50 1.50 1.00 23.45
No. 3 120 0.75 2.00 2.00 26.42
No. 4 130 0.25 1.50 2.00 24.38
No. 5 130 0.50 2.00 0.50 25.18
No. 6 130 0.75 1.00 1.00 22.03
No. 7 140 0.25 2.00 1.00 25.64
No. 8 140 0.50 1.00 2.00 22.33
No. 9 140 0.75 1.50 0.50 22.11

3. Results and discussion

3.1 Analysis of the S/N ratio

Through the S/N ratio, the influence of each experimental factor
on the response value can be analyzed and the optimal experi-
mental parameters can be predicted. Besides, smaller-is-better
(Eq. (1)), larger-is-better (Eq. (2)) and nominal-is-the best (Eq.
(3)) are used to calculate the S/N ratio.

n=—1010gl(§:yf2) (1)
n 1

i=

nz—lOlogl(él/yizj (2)
n\ =1
1 - 2 2
n=10log—| Yy /s (3)
n\ i=1

and 77 is mean the S/N ratio, n represents the number of exper-
iments, y, represents the response value of i experiment, and
s is square error. In this study, tensile strength was used as an
optimized response. The greater the tensile strength, the better
the mechanical properties of the plate, so the second formula is
chosen.

30

25

20

OO0~ W~
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Tensile strength/MPa

Strain/%

Figure 2. Stress-strain curves for flax fiber/PE composite speci-
mens and pure resin specimens

As shown in the Figure 2, the average of the results of the
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three tensile specimens under each hot pressing parameter and
the average of the tensile results of the pure PE resin specimens
were used for comparative analysis. The flax fiber reinforced ther-
moplastic composite specimens has higher tensile strength than
pure PE resin specimens, the average stress is 23.93MPa, and the
tensile strength of the pure PE resin specimen is 7.87MPa. How-
ever, the pure PE resin specimens have larger strain than flax
fiber/PE composite tensile specimens.

The results of the signal to noise ratio are shown in Table 3.
According to Table 3, for tensile strength, the best combination
of parameters: the hot pressing temperature is 120 °C, the hot
pressing time is 0.25 h, and the hot pressing pressure is 2.00MPa,
silane coupling agent modified the flax fiber for 2.00 h.

Table 3. The S/N response table (larger-is-better) for tensile strength

Parameters
Level
A B C D
1 27.79 27.82 27.13 27.49
2 27.54 27.47 27.35 27.48
3 27.35 27.40 28.21 27.72
Delta (A) 0.45 0.42 1.09 0.24
Rank 2 3 1 4

3.2 Analysis of variance (ANOVA)

As shown in the Table 4, the ANOVA are also used to analy-
sis the influence of each experimental factor on the response
value. Besides, the percentage of contribution (P%) of variance
and p-value are the important for the ANOVA to analyze exper-
iment. The analysis and calculation of Taguchi experiment can
refer to these two books > ?"l. The sequential sums of squares
(Seq SS) and adjusted sums of squares (Adj SS) of experiment
factor k are given by

SeqSSk = Adj SSk = £3[ (mk )1 ~m |

4
The formula of the adjusted mean square (Adj MS) and the
E-statistic (F) are given by
5 _AdjSS. SeqSS )
DF. DF;
Adj Ms, = AU 55
DF., (©)

and E is mean error, SS_ represents the total sum of squares

given by
i 2

SS; El ( 7, —m ) )

The formula of the percentage contribution of the different
factors to the response value is given by

SSi

ss. 10 (8)

From the analysis of variance in Table 4, it was found that,
there are differences in the magnitudes of the four P (%) of A,
B, C, and D. According to the magnitude of the P (%), it can be
inferred that the contribution of the four hot pressing parame-
ters to the tensile strength is that: C>A>B>D. Combined with
the above analysis, the optimal hot pressing process parameters
are A1B1C3D3.

P:
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3.3 Microstructure

As shown in the Figure 3, there are flax fiber on the section
morphology of the specimens after tensile, three microscopic
pictures of tensile sections with different modification times
were used as controls. It can found that more matrix attached
to the surface of flax fiber with the extension of the modifica-
tion time with the coupling agent. Because the coupling agent
modification changes the functional group on the surface of the
fiber, which made the fiber and matrix have better bonding.

In addition to modification time with the coupling agent,
hot pressing temperature and pressure also have a great influ-

ence on microstructure, as shown in the Figure 4. No. 3 has
more pressure than No. 1, and the gap between the fiber and
matrix is smaller, so the combination is closer. No. 8 has a high-
er temperature than No. 1, and the gap between the fiber and
matrix is smaller, so the combination is closer. From the above
observation, it found that the PE matrix can be more easily filled
into the fiber bundle in the higher hot pressing temperature and
pressure. Because the higher temperature reduces the viscosity
of the matrix, it has better mobility, and under the higher pres-
sure, it is easier to immerse into the inside of the fiber bundle
and reduce the internal gap of the fiber bundle.

Table 4. Summary of ANOVA results for tensile strength

DF Seq SS Adj SS Adj MS F P (%) p-Value
A 1 2.1814 2.1814 2.1841 109.20 10.58 0.061
B 2 2.1485 2.1485 1.0742 53.71 10.42 0.096
C 2 15.3617 15.3617 7.6808 384.04 74.54 0.036
D 2 0.8978 0.8978 0.4489 22.45 4.36 0.148
Error 1 0.02 0.02 0.02 0.10
Total 8 20.6120 20.6120 100

Figure 3. SEM images of flax fiber in composite (a) no modification, (b) with 0.50 h modification, and (c) with 2.00 h modification
by the silane coupling agent

Figure 4. SEM images of composite cross section prepared at different processing conditions: (a) No. 1, (b) No. 3, and (c) No. 8

3.4 Verification experiment

Verification experiments are very important in engineering
analysis. The optimization results can be verified by the four hot
pressing parameters. The verification experiment was carried
out by using the best hot pressing process A1B1C3D3. To ob-
tain the maximum tensile strength produced by the optimiza-
tion process. Base on the systematical and scientific study, the
tensile strength of the flax/PE thermoplastic composite material
made by other researchers were about 20MPa ', and it was
improved to 27MPa, which was increased more than 30% by our
optimization method. Results show that the hot pressing process

parameters can be optimized effectively by the Taguchi method.
It can effectively improve the tensile strength of flax fiber ther-
moplastic composite.

4. Conclusion

The Taguchi method was proposed to determine the optimal hot
pressing process parameters which improved the tensile strength
of the test composite specimen. In total, nine experiments were
performed using an L, (3*4) orthogonal matrix, four hot press-
ing parameters were chosen as design parameters, and each hot



pressing parameter had three levels. Besides, the S/N ratio and
ANOVA were calculated for the optimization. The validation ex-
periment was performed to verify the best parameters which can
improve tensile strength. Through the analysis of the optimiza-
tion of the hot pressing process, the following conclusions can
be drawn:

(1) Through the analysis of the S/N ratio, the optimal
hot-pressure parameters are suggested as: the hot pressing tem-
perature is 120 °C, the hot pressing time is 0.25 h, and the hot
pressing pressure is 2.00MPa. The silane coupling agent modified
the flax fiber for 2.00 h. Analysis of variance results showed that,
the contribution of the four factors to the tensile strength of the
panel is: C>A>B>D, combined noise ratio analysis, the final hot
pressing optimization parameter is: A1B1C3D3.

(2) The optimal hot pressing process parameter verifica-
tion results show that, compared to the average tensile strength,
the tensile strength under the optimal parameters is improved
about 10%. The Taguchi method effectively increase the tensile
strength of flax fiber thermoplastic composite.

(3) Combined with hot pressing parameters and micro-
structure pictures, as can be seen, coupling agent modification
can enhance the degree of fiber and matrix bonding, so it make
the fiber surface have more matrix adhesion. The temperature
and pressure work together to fill the PE matrix into the fiber
bundle, high temperature reduces the viscosity of the matrix, so
that it has better mobility, and under the larger pressure, it is eas-
ier to immerse into the inside of the fiber bundle. The hot press-
ing time has little effect on the performance of the specimen.
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Abstract:

This article introduces the application of image recognition technology in cement pavement crack detection and put forward to method for
determining threshold about grayscale stretching. This algorithm is designed for binarization which has a self-adaptive characteristic. After the
image is preprocessed, we apply 2D wavelet and Laplace operator to process the image. According to the characteristic of pixel of gray image, an
algorithm designed on binarization for Binary image. The feasibility of this method can be verified the image processed by comparing with the
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results of three algorithms: Otsu method, iteration method and fixed threshold method.
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1. Introduction

Pavement Surface Crack is one of the main damage forms of
road. Manual crack detection is time-consuming, laborious and
costly. This method is no longer suitable for the market. Road
surface image capture and processing techniques are now widely
used. However, due to various reasons of interference, the cap-
tured image is not easy to identify "I,

In order to solve the problems we encountered, many schol-
ars have done the corresponding research. Fan Jiu-lun ' pro-
posed the two-dimensional otsu’s curve thresholding segmenta-
tion method for gray-level images; Lakhwinder Kaur*! proposed
image de-noising NormalShrink threshold method, but it can
lead to blurry edges on the target. DONG Hong-Yan * proposed
the multiscale edge detection based on laplacian pyramid meth-
od, this approach enhances the boundary between the target and
background; Nobuyuki Otsu ' proposed the Otsu method for
binary image conversion, however, when it is applied to pave-
ment crack image processing, the results are not ideal.

In this article, we begin with gray scale transformation, and
then we use weighted average method to transform the captured
image. Using the improved grayscale stretching algorithm to
stretch the gray image. After that, we use Laplace operator to
sharpen the abrupt region of the image pixel value. Next step
is image de-noising which use 2D wavelet de-noising method.
Finally, an algorithm about binarization that have a self-adaptive

characteristic is used to transform the image. The transformed
image is compared with the processing results of Otsu method,
iteration method and fixed threshold method.

The results show that the grayscale stretching algorithm and line
self-adaptive threshold binarization algorithm in this paper pre-
sented are effective in image processing.

2. Image preprocessing

Images which are captured at high speed usually have three dis-
turbing factors: uneven illumination, random noise and the oc-
clusion of irregular objects. Cement pavement cracks are mainly
divided into three types: transverse, longitudinal and irregular
oblique cracks. Usually, the color of the crack is dark, that is, the
gray-level of the target is low. To sum up, in image processing, it
is necessary to enhance the target surface crack and reduce the
interference from the background ",

2.1 Gray-level transformation

There are three methods that maximum method, average meth-
od and weighted average method for image to transformation its
gray-level "', The maximum method is to select the maximum
value from the R, G and B values of the image as the R, G and B
values of the new image. That is, as the following formula (1) is
shown.
R=G=B=max(R,G,B)

(1)

Copyright © 2019 by author(s) and Viser Technology Pte. Ltd. This is an Open Access article distributed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any

medium, provided the original work is properly cited.



The gray image obtained by this method is not suitable for
pavement crack image processing because of its high brightness.
The average method converts the R, G and B values of the image
into the average values of the original R, G and B values, as for-
mula (2) shown below:

R+G+B
R=G=B= (—3 ) ?)

The gray image generated by this method is softer than those
obtained by other methods, while the processing of cracked im-
age requires enhancing the edge of mutant pixel, so this method
is not applicable, too.

The weighted average method is to carry out the weighted av-
erage of the values of R, G and B according to a certain weight
value, as formula (3) shown below.

R:G:B:(Q)RR+CUGG+0)BB) 3)

3
Op~ O~ @y the weights of R, G and B, and different

values are taken to form different grayscale images. According
to experience, taking @; > @, > @, could make the obtained
images easier to recognize. In general, we take @, =0.2989

w, =0.5870, @;=0.1140, that could obtain better gray-

scale images at this time, as shown in figurel.

2.2 Grayscale stretching method

2.2.1 Algorithm

Image quality is often affected by many reasons, which hinders
the detection of cracks. Grayscale stretching is a common meth-
od to improve image quality.

The histogram of cement pavement crack image is mainly of
single-peak type, and the crack of pavement is in the dark part
with lower gray-level. The background focuses near the peak.
Grayscale stretching is completed through grayscale transfor-
mation 2],

Let /(n,m) be the input image, its minimum gray-level J
and maximum gray-level g are defined as follows:

J= min[l(n,m)];

K =max[l(n,m)]

Map J and K linearly to 0 and 255, respectively, and the

resulting image ¢(7,m) is as follows:
255
— (2 my-J
q(n,m) (J—K)[ (n,m)—J] @

According to the characteristics of road surface image, us-
ing stretching method to improve the above formula. The main
way of segmental stretching is to divide the gray histogram of
pavement crack image into multiple sections, and then conduct
linear processing to enhance the recognition degree of the image
without losing the original information of the image. The piece-
wise linear transformation can highlight the grayscale details of
the target and suppress the background of the image according
to the actual needs ). The formula (5) is as follows:
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ﬁl(n,m) s I(n,m) <n,
n
qnm) =120l m) =y )+ m, L n <I(n,m) <n,
n,—m
2357, i my=m 4 m, , n, <I(n,m) <255

The grayscale range of the image is [0,255]. According to
the requirements, the range 7 of the piecewise function and the
slope s of each function are selected, so we divide the gray
level of the image into [0,n,], [1,n,] and [n,,255], and the
second section is stretched, which can effectively suppress the
background area and enhance the crack pixel of the road im-
age. However, the numerical selection of 7, and n, is a difficult
work. According to the characteristics of pixel distribution of
different images, different segmentation points can be selected.
If the selected segmentation point is not reasonable, it may cause
image distortion or enhance the image noise.

2.2.2 Piecewise function method
According to the characteristics of cement pavement images, de-
signing the algorithm to determine the threshold values 7, and

N, | The formula (6),(7) are as follows:

Z Xij

n = kk (il’jIEM)
(6)
inzfz
n, =+ (i,, 7, €M)
k (7)

7, in the piecewise function is the expected value of the last
30% in the order from the largest to the smallest of the grayscale
pixel values. 7, in the piecewise function is the expected value
of the first 30% in the order from large to small of the grayscale
pixel values. K is 30% of the total number of pixels. That is, Yii

and X,j, are the pixel value.

Grayscale stretching was performed on the crack image, and
the results were shown in figure 1. (a), (b) and (c) refer to the
original, grayscale and grayscale stretching results.

(@)
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(b)

(c)

Figure 1. Image processing results comparison

3. De-noising method based on 2D wavelet

Road surface images contain noise, which will cause interference
to image grayscale stretching, sharpening and segmentation in
the later stage. Due to the variable nature of its window, wavelet
transform can maintain the image detail information at the same
time of de-noising, that is, narrow window is used when the sig-
nal is high frequency, and wide window is used when the signal

is low frequency "I,

Denotes the mother wavelet is (), the scaling factor is a
, and the translation factor is b, then the wavelet generated by

the mother wavelet is :

1 t-b
Wap(O) ===y (—)
o~ a
®)
There we have, a,be R,a#0.
For the mother wavelet w(¢) , there we have:
N
(o)
Cl// —J:w Wda)<oo (9)

The continuous wavelet transform of signal ./ (¢) is

e -
v @b =(f s ) =lal = [T w0 o)
w,(a,b) corresponds to the decomposition of f(¢) in fam-
ily of function ¥, (¢) . It can also be regarded as the filtering op-
eration of the original signal /() and a set of wavelet bandpass
filters of different scales, so that the signal can be decomposed
into a series of frequency bands for analysis and processing.
Sample ¢ and p, take a=a, ,b=nbya; , and obtain the

discrete wavelet transform (DWT). Generally, ¢, = 2,by =1 are

selected. In this case, DWT is called multi-resolution analysis.
Mallat puts forward the tower-type algorithm for solving
wavelet coefficients ', which enables discrete wavelet transform
to appear in the form of digital QMF filter Banks. The wavelet
decomposition formula of multiresolution analysis is

Jj-1 _ J
G = Zan—chn
n

d/fil = zbn—zkcr{
" (11)

The reconstruction formula is

Cl{ = Z(pk-znc;fl + qk—2ndr{71)
" (12)

Each row and column pixels of the image are processed by
Mallat algorithm respectively to complete a 2D wavelet trans-
form. There we get four subgraphs representing different fre-
quency characteristics and direction characteristics of the orig-
inal image.

The wavelet transform threshold de-noising method pro-
posed by Donoho et al. " is as follows:

Stepl: The wavelet coeflicients of signals are obtained after
wavelet transform of signals.

Step2: The nonlinear threshold ¥ acting on the wavelet co-
efficient, and obtain the modified coefficient value, That is:

hard threshold method

T D X,|X| >t
X = 1) =
, 0, x| <t
(13)
soft threshold method
sgn(X)(|X|—1),| X|=>¢
=[O0
’| | <t (14)
The nonlinear soft threshold is :
t=042logn
(15)

Where, 7 is the signal length, o is the signal standard
variance, and 7 is the estimated threshold level.

Step3: carry out wavelet inverse transformation and recon-
struct the signal.
The above 2D wavelet de-noising method is used to process the
original image, and the processed results are shown in figure 2.

Figure 2. The result of 2D wavelet de-noising



4. Laplace operator transformation

The main method of image sharpening enhancement is to
strengthen the part of image pixel where the value change is big-
ger, so as to make the contour of image clearer. In other words,
when the pixel gray value of the selected center of the neighbor-
hood is lower than the average gray value of other pixels in the
field, the gray value of this center pixel will be reduced, and vice
versa. In order to achieve image sharpening processing.

Laplace operator is a widely used sharpening operator in
image sharpening processing . Laplace operator is a kind of
second-order differential operator, whose input image will not
affect the operator after rotating at a certain angle. For 2D image
JS(x,¥), the general equation of Laplace operator is:

szzaz_f+62_f

ox> oy’ (16)
Among them:
L e 1.1-271 3]+ 1)
a7
o= 11211 -]
(18)
The equation in discrete form is:
S, y)=f(x+1L,y)+ f(x=1,p)+
f(xvy+1)+f(x’y_l)_4f(x’y)
19)

Laplace operator and appropriate filter template are used to
sharpen the crack image after gray stretch, and the results are
shown in figure 3.

4

Figure 3. The result of Laplace operator transformation

5. Methods in this article

The histogram of the crack image processed by the above meth-
od is unimodal. The Ostu method "”! is for obtaining the thresh-
old value of images with bimodal gray histogram. Obviously, it
has poor performance in pavement crack image processing. The
iterative method retains too much noise when it is applied to
pavement crack image processing. The fixed threshold method
loses too much information in the work.

R. j. Wall put forward dynamic calculation of the thresh-
old algorithm ¥, that divide image into many small pieces, get
thresholds from each small piece. In comparison, the perfor-
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mance of this algorithm is improved. Due to the cracks are line
shape, after the processing image in Wall’s algorithm kept too
much noise, the effect is not ideal.

In view of this situation, this article designs a binarization
algorithm for cement pavement crack images. The pixel of ce-
ment pavement crack image is mainly divided into two parts:
background and target. The pixel value of the target part is ob-
viously lower than that of the background part. Therefore, the
common image segmentation algorithm has a large degree of
distortion in the image segmentation of cement pavement. It
cause the background and the noise get enhancement or the
crack target information to lose.

Most of the already proposed adaptive threshold binariza-
tion algorithm have been used to segment pixels into chunks,
that is, to consider the pixel value characteristics of a local 2D
neighborhood, which leads to inadequate selection of threshold
and unsatisfactory processing effect in crack image processing.

According to the characteristics of cement pavement image,
designing the adaptive threshold binarization algorithm as fol-
lows. The processing image size is 1024 x 768.

The operation process of this algorithm is shown in figure 4.

A 1

e —

A

—

An

‘ | | | - ‘ ‘ I | |

Figure 4. The process of running the line threshold algorithm

Sy,

xe(1,2,---,m) and y€(1,2,---,n) are the matrix whose pixel

Identify the grayscale image as Where,

of gray image is m rows and 7 columns, and the element is 4., .
Each a,, value pair should have a pixel gray value of a,, € (0,255)

. Arrange each row pixel according to its gray value from small

n
to large, then take the first S, where s = T ,teR.
Xt

After many experiments, when the pavement crack im-

age select ¢ = (.98 processing effect is good. Then the thresh-

a,ta,+a,+--+a i
w1 T4 Ty x . and the pixel

old of line ¥ is A =
s
whose gray value is bigger than A, ,then set it equal to 255; If

pixels with a grayscale value less than 4, let set it equal to 0.
Traverse all the pixels of the image, that is, complete the bi-
narization transformation of the gray image.

6. Conclusions

The pavement crack images processed by gray stretch, Laplace
sharp and 2D wavelet threshold de-noising were converted into
binary-valued images respectively by Ostu method, iterative
method and fixed threshold method and the method desighed
in this article. The results are shown in figure 5, where (a), (b),
(c) and (d) are the processing results of Ostu method, iteration
method, fixed value method and line threshold algorithm.
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(c} (d)

Figure 5. Comparison of binarization results

In figure 6, figure 7, figure 8 and figure 9 are project charts of
processing results of Ostu method, iteration method, fixed val-
ue method and line threshold algorithm. It can be seen that the
noise in the image vertical projection processed by Ostu meth-
od seriously affects the recognition of crack location; The image
processed by iterative method is lost information and the image
has large noise interference. After the fixed threshold method,
the target crack information is lost seriously. Line threshold al-
gorithm, the threshold binarization algorithm proposed in this
paper, lost fewer information after processing.

Computer technology improves the efficiency of maintain-
ing the pavement. It saves labor cost and time cost. Compared
with other binarization methods, the method proposed in this
paper is more effective in image processing of pavement cracks.
It loses less information and the resulting image is more recog-

nizable.
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Figure 6. The projection of Ostu method processing results
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Figure 7. The projection of iteration method processing
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Figure 8. The projection of fixed value method processing result
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Figure 9. The projection of line threshold method processing
result
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Abstract:

Some crucial loads that current strength design specifications have not taken into ac-count are also considered when assessing the strength of a
bogie frame. Calculation methods of these loads come from load analysis. Finite element simulation and fa-tigue test rig have been used to assess
static strength and fatigue strength of a bogie frame. In addition to the two methods, actual running test is also used to assess bogie frame fatigue
strength. In finite element simulation method, endurance limit and modified Goodman fatigue limit diagram are two important tools to judge
whether fatigue strength of a bogie frame meets requirement. In actual running test method, Miner linear cumulative damage rule is used to
assess bogie frame fatigue strength. Endurance limit and modified Goodman fatigue limit diagram are two effective tools to judge fatigue strength
of the frame. For the measured dynamic stress data, Miner linear cumulative damage rule seems to be very effective when judging fatigue strength

org/10.33142/me.v1i1.662

of the frame. All the above methods have proved that static and fatigue strength of the tested bogie frame meets requirement.
Keywords: Strength; Bogie frame; Finite elements; Fatigue test rig; Actual running test
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1. Introduction

Bogie frame, one of the most important high-speed train
load-bearing components, is located between wheelsets and
train carriage. Bogie frame belongs to typical frame type struc-
ture and it has very complex loading conditions. To some extent,
whether structural strength meets requirements of relevant reg-
ulations directly determines safety of high-speed train. There-
fore, it is very necessary to assess bogie frame strength. There
are a variety of structural strength evaluation standards of bo-
gie frame in the world today such as EN 13749 ", UIC 615-4
“land JIS E 4207 “\. These standards have made clear experi-
mental rules of bogie frame’s static strength and fatigue strength.
According to these standards, loads applying on a bogie frame
mainly consist of vertical load and transverse load. Calculation
methods of these loads are also listed by formulas. By using of
these standards to assess bogie frame strength can get satisfac-
tory results 7. However, loading condition of bogie frame is
extremely complex. Only using two kinds of load and neglecting
the other loads to analyze bogie frame strength will get risk as-
sessment results.

In order to accurately reflect loading condition of bogie
frame and assess bogie frame strength, this paper calculates
vertical loads, transverse loads, longitudinal loads, motor in-
ertia loads, gearbox hanger loads, brake friction loads and an-
ti-side-rolling torsion pole loads to evaluate bogie frame strength.

In this paper, strength evaluation of bogie frame mainly
consists of static strength evaluation and fatigue strength eval-
uation. Static strength evaluation is operated by means of finite
element simulation and load testing on test rig. Fatigue strength
evaluation is operated by means of finite element simulation,
load testing on test rig and train running test on actual rail-
way.

2. Load calculation method

The studied bogie frame mainly consists of two side beams and
two transverse beams. Various kinds of component mounting
base are installed on the frame so that loads are very complicat-
ed. Four ends of the frame connect with axle box springs and
four locating bases connect with axle box rotary arms.

Loading condition of the bogie frame is shown in Figure 1.
Vertical loads and transverse loads can be calculated from for-
mulas in EN13749. Calculation methods of the other types of
load are deduced from load analysis.

2.1. Vertical loads
Vertical loads are applied to each side frame. According to
EN13749, the load that each side frame withstand is calculated
as (1):

F

z

1.4¢g
Imax=L'z2max= > (MV+C1 '2m+)
21’!;J (1)
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Nomenclature
F ,F, Verticalloads acting on each side frame
C The mass of the passengers under overload
! condition
M, Net mass of the train body
n, Number of each carriage bogie
m* Mass of the bogie
n, Number of each bogie axle
E Transverse load acting on bogie frame
F, Longitudinal load acting on bogie frame
a Longitudinal impact acceleration of bogie
a, Vertical vibration acceleration of motor
- Transverse vibration acceleration of motor
a,, Longitudinal vibration acceleration of motor
L. Vertical load of motor caused by inertia
- Transverse load of motor caused by inertia
on Longitudinal load of motor caused by inertia
M, Mass of motor
F Gear box hanger load caused by short circuit
& torque of motor

Orthogonal distance between hanger rod center
@ line and axle center line

F, Reactive load applying on driving gear shaft
T, .. Shortcircuit torque of motor

R, Radius of driving gear

R, Radius of driven gear

i Transmission ratio

Maximum gear box hanger load

M Mass of gearbox
E’ Reactive load of F_

F,.. Verticalload caused by braking load
a,_ Maximum braking deceleration
R Radius of wheel
R, Friction radius of brake disk
K Stiffness of air spring
F . Anti-side-rolling torsion pole load
C Damp of second vertical shock absorber
L Transverse pitch between two anti-side-rolling
anti torsion pole seats
a Side-rolling angle of train carriage body
a Torsion angle of torsion pole
L Arm length of torsion bar
T Torsional rigidity of torsion pole
5, Major principal stress
6, Secondary principal stress
64 Third principal stress
6 Vonmises stress
von
K Normalized constant
. Variable to adjust the proportion of each distri-
0 bution function in the combined distribution
x) Probability density function of Weibull distri-
! bution
f(x) Probability density function of lognormal
2 distribution
fx) Probability density function of combined dis-
tribution
n Cycle numbers of each level
C,,m  S-N curve parameters
6, Stress amplitude of each level
—11
D Miner damage
N, Fatigue life under certain stress level

2.2. Transverse loads

According to EN13749, transverse loads are calculated as (2):

(Mv+cl)g]
3neny

4
Fypax=2[10"+
2)

Transverse loads are distributed on lateral stop and air
spring seat.
2.3. Longitudinal loads

Longitudinal loads are calculated according to Newton’s Second
Law of Motion. The formula is listed as (3):

F

— it
xmax_m a

xmax (3)

The acting positions of longitudinal loads are two traction
rod seats.

2.4. Motor inertia loads
Considering the influence of vibration acceleration, motor iner-
tia loads are listed as follows:

Ler=M,, 0, “)
ItMZMmatm (5)
Ilon szalon (6)

2.5. Gearbox hanger loads
Gearbox hanger loads are caused by two main aspects. One of
the aspects is the load that caused by short circuit torque of mo-
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tor. This torque is also called starting torque. When power is
connected to motor and motor has yet to start turning, wires be-
tween stator and rotor are equivalent to short circuit. The torque
is very large at this moment which can be up to 2.2 times bigger
than rated load torque of motor.

Load diagram under the condition of motor short circuit is
shown in Figure 2.

As can be seen from Figure 2, the gearbox hanger is con-
nected to case body. Driving gear is connected to motor and
driven gear is connected to hollow axle of high-speed train.
When motor runs, driven gear is driven to rotate by driving
gear. As a result, motor torque is passed to driven gear. Ac-
cording to principle of mechanics, all the torques are con-
verted to loads applying on driving gear shaft, hollow axle of

z

H Ltan

high-speed train and gearbox hanger. According to force mo-
ment equilibrium principle at central point of driven gear,
force moment equilibrium equation can be listed as follows:

T
ngLtanz(Rl +R2)F1 =(R1 +R2) =
R, %)
Therefore,
F - Tmmax(Rl +R2) _ (1+i)Tmmax
& RlLtan Ltan (8)

Considering vibration load of gearbox, maximum load
applying on gearbox hanger is

(1+i)T, Mgayer
ngmax: mmax g
Lian 3

)

- Vertical load

[ Transverse load

I spring constrains

I Longitudinal load

- Motor inertia load

B Brake friction load

B Gearbox hanger load
Anti-rolling rod load

B Rotary arm constrains

Gearbox hanger

Driving gear

Cagse body

Driven gear

Figure 2. Load diagram of gearbox




2.6. Brake friction loads

The brake mode of bogie in this paper is wheel disc brake. When

brake calipers act on brake discs, wheel loads can be considered

as dynamic balance. The load diagram is shown as Figure 3.
According to EN13749, the longitudinal loads of bogie

frame can be calculated as (10):

M, + C;

F.=a
x~“%bmax np (10)
According to moment balance principle, friction load of
each axle that caused by maximum braking load under emer-
gency braking condition is
_FR
zbrake 4Rf (11)
2.7. Anti-side-rolling torsion pole loads
The load diagram of anti-side-rolling torsion pole is shown as
Figure 4.
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On the basis of load balance, anti-side-rolling torsion pole
load can be calculated as (12):

T,
F anti— o
Lapti cosp (12)

The geometrical relationship between side-rolling angle of train
carriage body and torsion angle of torsion pole is

Lanti

—==sina = L sinf
(13)
3. Static strength evaluation of bogie frame

The purpose of static strength assessment is to test the stresses
of bogie frame under static exceptional loads so that whether
static strength can meet requirements will be judged. If stresses
are lower than yield stress of the frame, then the frame can be
considered to meet requirements of static strength. In this paper,
two methods, that is finite element simulation and load testing
on test rig, are used to evaluate static strength of bogie frame.

Figure 3. Load diagram of wheelset

Air spring constrains

Side-rolling movement

Train carriage

N | A\ r_‘_,...—/
e}

1
2

)
T

Anti-side-rolling torsion pole

Figure 4. Load diagram of anti-side-rolling torsion pole
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Therefore, anti-side-rolling torsion pole load can be mod-
ified as

L, sina
: anti
T, arcsin=H#5—
F 2

anti= L - 2
’ anti SINK
Lanti 1'( 2L ) (14)

3.1. Checking static strength of bogie frame by means of finite

element simulation

Considering bogie parameters under exceptional conditions and

formulas of each load, final load cases are listed in Table 1.
Through finite element calculation, there are five positions

show maximum stress on the frame under 13 kinds of load case.
The vonmises stress response of the results are shown in Figure 5.

Table 2 shows frame material mechanics property param-
eters. After comparison of Figure 5 and Table 2, it can be seen
clearly that all the stress values of the selected measuring points
are lower than yield limit of base metal. Therefore, the bogie
frame has enough static strength. Figure 6 displays finite element
calculation results under the eighth load case which is the worst
load conditions in the total 13 load cases.

As can be seen from Figure 6, the maximum stress occurs
in gearbox reinforcing plate. The value of its vonmises stress is
319.6 MPa.

Table 1: Supernormal load values under different load cases.

Load case
Load type Location
1 2 3 4 5 6 7 8 9 10 11 12 13
Vertical load Left side beam -183.5 -183.5 -183.5 -183.5 -183.5-183.5 -183.5 -183.5 -183.5 -183.5 -183.5 -183.5 -183.5
ertical loa
Right side beam -183.5 -183.5 -183.5 -183.5 -183.5-183.5 -183.5 -183.5 -183.5 -183.5 -183.5 -183.5 -183.5
Air spring seat 0 0 0 -146 146 O 0 0 0 0 0 0 0
Transverse load
Lateral stop 0 0 0 -1209 1209 0 0 0 0 0 0 0 0
Longitudinal Front 0 1264 -1264 0 0 667 -667 234 234 322 322 0 0
load Back 0 1264 -126.4 0 0 234 -234 66.7 -66.7 322 -32.2 0 0
Left 0 0 0 60 -60 0 0 0 0 0 0 0 0
Anti-rolling rod
Right 0 0 0 -60 60 0 0 0 0 0 0 0 0
Front 0 0 0 0 0 0 0 0 0 48.6 -48.6 0 0
Brake friction
Back 0 0 0 0 0 0 0 0 0 -48.6 48.6 0 0
Front 0 0 0 0 0 156.1 -156.1 47.8 -47.8 0 0 0 0
Gearbox hanger
Back 0 0 0 0 0 -47.8 47.8 -156.1 156.1 0 0 0 0
Front 0 0 0 0 0 0 0 0 0 0 0 -85.7 -85.7
Vertical
Back 0 0 0 0 0 0 0 0 0 0 0 -85.7 -85.7
Front 0 0 0 0 0 0 0 0 0 0 0 39 -39
Motor inertia  Lateral
Back 0 0 0 0 0 0 0 0 0 0 0 39 -39
Longitu- Front 0 0 0 0 0 0 0 0 0 0 0 234 234
dinal Back 0 0 0 0 0 0 0 0 0 0 0 234 -234
500
B Arc plate of locating seat
450 - ® Inside of side beam top plate
A Ou_tsidc l:lf side beam top plate
e . ::::3:3:; fi:::i g El'ifﬁli‘?fa. Table 2: Material mechanics property parameter

350

300

250

200+

Vonmises stress/MPa

150
100

50+

Load case

Figure 5. Response of five locations of maximum vonmises
stress under different supernormal load cases.

Frame material S$355]2G
Tensile strength (MPa) 510
Yield strength (MPa) 355
Endurance limit of S-N curve 130

by 107 cycles (MPa)

Elastic modulus(MPa) 206000
Poisson’s ratio 0.29




(a) The complete figure
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(b) The local figure of the reinforcing plate

Figure 6. Finite element results of the worst load cases.

Table 3: Von Mises stress results comparison between FE and test(MPa).

Meth- Load case
Location
od 1 2 3 4 5 6 7 8 9 0 11 12 13
Arc plate of FE 1525 1502 1463 947 1842 1384 1533 223.1 89.2 150.5 147.2 221.6 230.2
locating seat  Test 154.5 1542 150.3 87.7 1802 130.4 1523 221.1 952 1565 1472 228.6 2352
Inside of side FE 1053 832 954 2131 231 1472 347 2131 0 1003 753 1143 1535
beam top plate  Test 933 80.2 874 207.1 23.1 1442 327 2061 10 1003 753 1133 1515
Outside of side =~ FE 1402 1689 914 1233 1381 692 1737 1612 113.6 133.8 121.6 2385 1279
beam top plate  Test 1492 1789 944 1263 1451 652 1717 1562 120.6 129.8 118.6 2345 1189
Reinforcing plate ~ FE 0 0 0 0 2072 0 0 0 0 0 0 0 0
of lateral stop  Test 0 0 0 0 2014 O 0 0 0 0 0 0 0
Reinforcing plate ~ FE 0 0 0 0 0 692 714 3196 3177 0 0 0 0
of gearbox seat  Test 0 0 0 0 0 672 714 3086 3107 0 0 0 0

3.2 Checking static strength of bogie frame by means of load
testing on test rig

The full-size bogie frame was installed on MTS fatigue test rig.
The biggest test load of actuator is 1000kN. Around the test rig,
there were no high-intensity magnetic field, noise and calibra-
tion which could affect the testing accuracy. The temperature
was kept at about 25°C and air relative humidity was not greater
than 80%. All the loads were applied by actuators. The type and
value of the applied loads were consistent with finite element calcu-
lation. The complete experiment equipment is shown in Figure 7.

After applying loads on the frame, it can be seen in real
time that stress values of all measuring points were lower than
yield limit of base metal. Therefore, it was confirmed that static
strength meets the requirements from the angle of experiment.
Table 3 shows the good consistence between FE and test under
supernormal load cases.

4. Fatigue strength evaluation of bogie frame

4.1. Checking fatigue strength of bogie frame by means of fi-
nite element simulation

4.1.1 Normal service loads calculation

Operating loads of bogie frame are needed to check fatigue
strength. The calculation formulas of operating loads are consis-
tent with exceptional loads. The only difference between them is
that values of the parameters in those formulas have to change
according to exceptional loads or normal service loads.

The normal operating load values under different load cas-
es are shown in Table 4 and calculation results of finite element
simulation are listed in Table 5

Figure 7. MTS fatigue test rig.
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Table 4: Normal operating load values under different load cases.

Load case
Load type Location
1 2 3 4 5 6 7 8 9
. Left side beam -1245 -112.1 -112.1 -1619 -1619 -87.2 -87.2 -1369 -136.9
Vertical load . .
Right side beam -1245 -872  -872 -1369 -1369 -112.1 -112.1 -161.9 -161.9
Transverse load Air spring seat 0 0 14.6 0 14.6 0 -14.6 0 -14.6
Lateral stop 0 0 68.7 0 68.7 0 -68.7 0 -68.7
Loneitudinal load Front 0 16.7 16.7 16.7 16.7 16.7 16.7 16.7 16.7
& Back 0 16.7 16.7 16.7 16.7 16.7 16.7 16.7 16.7
Anti-rolline rod Left 0 14.2 14.2 14.2 14.2 14.2 14.2 14.2 14.2
& Right 0 14.2 -14.2  -142  -142 -142 -142 -142  -14.2
Brake friction Front 0 31.1 31.1 31.1 31.1 31.1 31.1 31.1 31.1
Back 0 31.1 -31.1 -31.1 -31.1 -31.1 -31.1 -31.1 -31.1
Gearbox haneer Front 0 34.2 34.2 34.2 34.2 34.2 34.2 34.2 34.2
carbox hange Back 0 342 342 342 342 342 342 342 -342
Vertical Front 0 -36.8 -36.8 -36.8 -36.8 -36.8 -36.8 -36.8 -36.8
Back 0 -36.8 -36.8 -36.8 -36.8 -36.8 -36.8 -36.8 -36.8
Motor inertia Lateral Front 0 -294  -294 -294 -294 -294 -294 -294  -294
Back 0 -294  -294  -294 -294 -294 -294 -294  -294
Loneitudinal Front 0 -234  -234 -234 -234 -234 -234 -234 -234
& Back 0 -234  -234 -234 -234 -234 -234 -234 -234
Table 5: Finite element simulation results under normal service loads.
. Load case Stress  Mean
Location
1 2 3 4 5 6 7 8 9 range  stress
Traction rod seat 0 41.2 357 415 346 51.1 293 374 418 51.1 25.55
Motor suspension 0 52.3 477 622 59.6 534 641 733 642 733 36.65
Anti-rolling rod seat 0 37.7 663 829 636 712 854 896 974 97.4 48.7
Braking hanging brackets 0 64.5 66.1 824 1059 772 88.6 923 101.2 1059 5295
Arc plate of locating seat 103.8 1451 1492 186.6 190.7 160.1 1923 201.1 2192 1154 1615
Inside of side beam top plate 99.6 142.6 110.7 153.3 136.5 1543 1924 1852 2143 1147 156.9
Outside of side beam top plate 92.3 64.5 99.5 829 1271 712 214 1341 662 112.7 77.75
Reinforcing plate of lateral stop 0 0 116.1 0 1059 0 1135 0 107.5 116.1  58.1
Reinforcing plate of gearbox seat 0 756 663 693 847 712 854 447 731 854 42.7

4.1.2 Fatigue strength evaluation method basing on endurance
limit

It is well known that when steel is applied load that changes over
time, the stress will also change over time. If the value of alter-
nating stress exceeds an ultimate strength and lasts for a long
term, material will be destroyed. The ultimate strength is called
endurance limit. Therefore, material will not be destroyed if the
stress amplitude is lower than endurance limit. As can be seen
from Table 5, all measuring points’ stress amplitudes are lower
than endurance limit. As a result, fatigue strength of the bogie
frame meets requirement.

4.1.3 Fatigue strength evaluation method basing on modified
Goodman fatigue limit diagram

Modified Goodman fatigue limit diagram "' is a kind of sim-
plified fatigue limit diagram. Based on linear empirical formula
proposed by Goodman, actual fatigue limit stress lines are re-
placed by straight lines. This diagram is, in fact, a kind of fa-
tigue damage stress envelope. If any stress points are located in

the envelope, then fatigue fracture of the material will not occur
after N times fatigue cycles. Based on material mechanics prop-
erty parameters, the modified Goodman fatigue limit diagram
is shown in Figure 8. At the same time, the stress points of finite
element simulation result are also shown in Figure 8.

Boundary line
== Lraction rod scat
= Motor suspension
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Figure 8. Goodman fatigue limit diagram




It can be seen from Figure 8 that all stress points are locat-
ed in the envelope of modified Goodman fatigue limit diagram.
Therefore, fatigue strength of the bogie frame meets require-
ment.

4.2 Checking fatigue strength of bogie frame by means of load
testing on test rig

The bogie frame was also installed on MTS fatigue test rig when
operating fatigue strength test. There are three different stages
during test and each frame load at each stage is composed of
three different forms of load, that is static load, quasi-static load
and dynamic load. The cycle number of quasi-static load in the
first stage is 6 million. The cycle number of quasi-static load in
the last two stages is all 2m. The quasi-static load cycles are nor-
mally reversed every 10 dynamic cycles. The dynamic load fre-
quency is 2 Hz. The load loading diagrams are shown in Figure
9 and Figure 10.

Figure 11 is operation interface of the fatigue test rig sys-
tem. Through computer control, different types of load are ap-
plied on frame according to certain rules. At the same time,
loading status of the frame can be monitored in real time. The
fatigue test started in mid-November 2014 and ended in early
April 2015. The bolts and test-ing tool were replaced several time
during the whole test period. The magnetic powder inspection
was operated after 2 million, 4 million, 6 million, 8 million and
10 million cycles respectively. The testing results showed that no
fatigue crack was formed in the bogie frame.
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Figure 9. Variation of load magnitudes during test
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Figure 10. Variation of loads with respect to time
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Figure 11. Computer control interface of fatigue test rig.

4.3. Checking fatigue strength of bogie frame by means of
train running test on actual railway

In order to verify the frame’s fatigue strength in the process of
practical application, strain rosettes were pasted on fatigue criti-
cal parts of the bogie frame. Frame diagram of measuring points
is shown in Figure 12. There are nine types of measuring point
and twenty-eight positions of measuring point. All the strain
gauges were protected by silica gel and were connected with
IMC data acquisition system by wires. The IMC data acquisition
system was placed in the train carriage, which is shown in Figure
13.

The tested train is a new kind of high-speed train which
consists of eight train unit. The tested frame was installed in the
first quarter of the head car. The installation position of the test-
ed frame is shown in Figure 14.

The operation route is Beijing-Shanghai express railway
which was opened in 2011. Total length of the railway is 1318
kilometers and the top speed of tested train is 350 km/h. The
train ran a full round trip and a great deal of dynamic stress data
was collected.

4.3.1 Test data processing

Although the test equipment has high accuracy and reliability,
normal signal will still be difficult to avoid interference by var-
ious interference sources. Therefore, it is definitely necessary to
process the signal before analysis. The signal processing process
is shown in Figure 15.

4.3.2 Statistical processing of dynamic stress signal

Each strain rosette has three strain test channels. Three princi-
pal stresses of each measuring point can be gotten through cer-
tain conversion formula. Then vonmises stress can be calculated
through the following formula:

2 2 2
(0,-0,)"+(0,-03)"+(03-0;)
Uvon: 2

(15)

There are a total of 28 measuring points’ vonmises stress
time domain data. These data cannot be directly used to judge
fatigue strength of the frame. To make use of the measured data
to check fatigue strength of the frame, rain-flow counting meth-
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- Traction rod seat
- Motor suspension

- Braking hanging brackets
- Arc plate of locating seat

I Outside of side beam top plate
Reinforcing plate of lateral stop

- Anti-rolling rod seat - Inside of side beam top plate -Reinforting plate of gearbox seat

Figure 12. Measuring points diagram of bogie frame

Figure 13. Data acquisition system

Figure 14. Location plan of the tested bogie frame.

od is used to process the time domain data. Table 6 is statistical
counting result of one of the gearbox seat me- asuring point.
For the structure, the measured dynamic stress time history
is often a subsample of limited length so that the dynamic stress
spectrum cannot be directly used for fatigue strength evaluation.
A feasible method is to carry on the statistical inference to get
dynamic stress extension spectrum which contains the possible
maximum value during the period of service. It is necessary to
do the distribution fitting of measured dynamic stress spectrum
before statistical inference. There are some common types of dis-
tribution such as truncated normal distribution, lognormal dis-
tribution and Weibull distribution. Through different values of
shape parameter, the shape of Weibull distribution changes a lot

The original test data

‘ Data format transform ation

.

Equalization treatment of the signals

Zero-drifting processing of the signals

-

Glitches treatment of the signals

I

Filtering processing of the signals

Rain flow counting
Figure 15. The flow chart of data processing.

and has a strong adaptability. Lognormal distribution has a good
adaptability when the data distribution is uneven and high-low
amplitude areas vary widely. In order to ha- ve a combination
benefits of these two types of distribution, this paper combines
the two types of distribution to become a new kind of distribu-
tion which is called combined distribution. The probability den-
sity function is set as follows:

flx)=—[9f C)y+(1-p)f(x) ]
' (16)
The data in Table 6 is fitted by using of the combined distri-
bution. The fitting curve and frequency distribution histogram
are shown together in Figure 16.



Table 6: The rain flow count results of a gearbox seat measuring

point.
Level Class midpoint (MPa) Frequency
1 6.73 378678
2 10.19 208683
3 13.66 98715
4 17.12 42743
5 20.58 17472
6 24.05 7305
7 27.51 3006
8 30.97 1301
9 34.43 618
10 37.9 292
11 41.36 148
12 44.82 80
13 48.29 50
14 51.75 25
15 55.21 18
16 60.41 8
17 70.8 8
020 ] Frequeney distribution histogram
0.18 1 Best fitting curve
0.16-
(.14 i
. 0.12-
% 0.1 0-
=
rg 0.08 §
= 1
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Figure 16. Frequency distribution histogram and fitting curve.

As can be visually seen from Figure 16, the fitting curve and
frequency distribution histogram match very well.

4.3.3 The extension of stress spectrum and damage calculation

Due to the limited sample size of the dynamic stress time history
data, it is necessary to do statistical inference to get the maximum
stress value. According to ', 10-°should be seen as the maximum
stress’s probability of occurrence. The maximum stress that may
occur during service period can be gotten by reverse solving the
distribution function under the help of exceedance probability.
In this paper, the inferred maximum stress value is 81.13
MPa which is slightly larger than the measured maximum
77.72MPa. In order to get the measured extension spectrum,
all levels of the measured spectrum need to be multiplied by a

D.Y. Chen, S.G. Sun, Q. Li

coeflicient so that the total cycles can reach 10°. The minimum
value of extension spectrum is also 5 MPa. The inferred results
are shown in Table 7.

The damage can be calculated according to the extension
spectrum of combined distribution. The calculation of damage is
on the basis of Miner linear cumulative damage rule "’". Consid-
ering the parameters of S-N curve, the formula can be modified
as (17):

17 17
p- - )
ey ey B
(17)

Table 7: Comparison of measured spectrum and extended
spectrum.

Measured spectrum Extended spectrum

Level Amplitude Frequency Amplitude Frequency
(MPa) (MPa)

1 6.73 498818 7.24 532654

2 10.19 274890 11.72 262792

3 13.66 130034 16.20 112365

4 17.12 56304 20.68 54256

5 20.58 23015 25.16 22351

6 24.05 9623 29.64 8659

7 27.51 3960 34.12 3754

8 30.97 1714 38.60 1615

9 34.43 814 43.08 789

10 37.9 385 47.56 401

11 41.36 195 52.04 156

12 44.82 105 56.52 95

13 48.29 66 61.00 53

14 51.75 33 65.48 29

15 55.21 24 69.96 22

16 60.41 11 74.44 6

17 70.80 11 78.92 3

Design using mileage of the high-speed train is 12 mil-
lion kilometers. According to Miner linear cumulative damage
rule, Structure fatigue fracture will occur when the total damage
equal to 1. That is to say, the total railway operation mileage is
12 million kilometers. However, the damage calculated by (15) is
the damage that train runs 2636 kilometers. To dete-

rmine whether fatigue failure of each measuring point will
happen when the train run 12 million kilometers, the measured
damage should be converted to equivalent damage that train
runs 12 million kilometers. Assuming that damage is propor-
tional to train running mileage, then measured damage and
equivalent damage can be listed as Table 8.

As can be seen from Table 8, equivalent damage values of
all the frame measuring points are all less than 1. In addition,
measuring points with the same types have damage value with
the same order of magnitude.
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Table 8: Measured damage value and equivalent damage value

of each measuring point.

No.  Location g/;?l?;?d ljgr?i:;lent
1 3.10E-07 1.41E-03
Traction rod seat
2 5.20E-07 2.36E-03
3 ~ 7.70E-06 3.50E-02
4 Motor suspension 7.70E-06 3.50E-02
5 Anti-rollingrod ~ 1.20E-07 5.45E-04
6 seat 1.20E-07 5.45E-04
7 4.20E-08 1.91E-04
8 Braking hanging 2.20E-08 1.00E-04
9 brackets 4.70E-08 2.14E-04
10 3.20E-08 1.45E-04
11 2.20E-05 1.00E-01
12 6.20E-05 2.82E-01
13 3.70E-05 1.68E-01
14 Arcplate of locat- 4.50E-05 2.05E-01
15  ingseat 3.40E-05 1.55E-01
16 3.80E-05 1.73E-01
17 3.40E-05 1.55E-01
18 5.50E-05 2.50E-01
19 8.20E-07 3.73E-03
20  Insideofside 5.20E-07 2.36E-03
beam top plate
21 3.40E-07 1.55E-03
22 8.40E-07 3.82E-03
23 Qutside of side  2.70E-06 1.23E-02
24  beamtopplate  3.70E-06 1.68E-02
25 Reinforcing plate  7.70E-06 3.50E-02
26  oflateral stop 6.90E-06 3.14E-02
27 Reinforcing plate  2.20E-06 1.00E-02
28  of gearboxseat  7.20E-06 3.27E-02

5. Summary

In this paper, finite element simulation and fatigue test rig are

implemented to assess static strength and fatigue strength of a
bogie frame. In addition, actual running test was also operated
to assess fatigue strength of the frame. The results show that stat-
ic strength of the tested bogie frame meets requirements. For the
measured dynamic stress data, Miner linear cumulative damage
rule seems to be very effective when judging fatigue strength
of the frame. All the above methods have proved that fatigue
strength of the tested bogie frame meets requirement.
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Abstract:

Considering the influence caused by a early single pit defect on the outer raceway of the work roll bearing, a 2-DOF plate strip rolling mill ver-
tical vibration model with a single point weak fault on the outer raceway was established. With the practical parameters of the roughing mill of
the 1780 hot continuous rolling mill, the vertical vibration characteristics of the rolling mill work roll with different rotating speed and different
single pit defect area on the bearing outer raceway are analyzed by numerical simulation. It is found that with the change of the rotation speed
of the work roll, different nonlinear vibration behaviors occurred, such as superharmonic resonance, main resonance, com-bined resonance and
sub-harmonic resonance. Especially the subharmonic resonance of the work roll is more harmful than the main resonance when the work roll
speed is twice the rotation speed corresponding to the first and second natural frequency of the rolling mill. This work provides a theoretical basis

Keywords: Work roll bearing; Weak defect; Strip mill; Vertical vibration

for further clarifying the effect caused by a early defect of the work roll bearing on the mill vibration.
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1. Introduction

With the increase requirements in rolling speed and product
quality, the problem about vibration of the strip mill has beco-
me increasingly prominent. The vibration not only affects the
surface quality of the rolled product, but the frequent vibration
also accelerates the wear of the rolling equipment components,
thereby reducing the service life of the rolling equipment. There
are many reasons for the vibration of the rolling mill, Wu et al.
studied the effects of different sizes defects on the surface of the
work roll of the Sendzimir 20-high rolling mill on the vibration
characteristics, which provides a theoretical basis for monitoring
the indentation defects on the surface of the work roll". Lu et
al. proposed a dynamic increment model for chatter in a Uni-
versal Crown Contral mill(UCM mill), which considering strip
hardening, elastic deformation of the work roll, nonlinear fric-
tion, transfer delay of the strip and dynamic coupling effect of
tension between adjacent stands,and his work provides a more
accurate prediction of mill chatter and a basis for optimal design
of rolling parameters”. Shi studied the influence casued by the
angle of the jointed shaft in the drivelines of the rolling mill and

the friction force of the roll gap on the nonlinear vibration of the
rolling mill, and found that the optimal angle of the jointed shaft
is 4.7613°".. Study by Vladimir et al. have shown that the main
cause of chatter in the rolling mill is the frictional conditions in
the roll gap, and then is the residual chatter marks on the roll,
which sometimes can also cause chatter!”..

A work roll bearing defect can also cause the vibration
of the rolling mill as a common factor. Son et al. first propo-
sed that the defect of the work roll bearing and the backup roll
oil film bearing can cause the vibration of the rolling mill®. Wu
et al. analyzed the vibration power spectrum of the rolling mill
by measuring the vibration of the high-speed rolling mill, and
found that the frequency modulation is caused by 12 ripples in
the inner raceway of the work roll bearing. Youngdeuk et al.
established a six-degree-of-freedom vibration model of a cold
tandem mill considering the stiffness caused by roller bearin-
gs and contact between rolls, the chatter frequency affecting the
rolling performance was found by studying the dynamic cha-
racteristics of the rolling mill vibration'”’. Work roll bearings are
important rotating parts in the mill work stand, which carries

Copyright © 2019 by author(s) and Viser Technology Pte. Ltd. This is an Open Access article distributed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any

medium, provided the original work is properly cited.
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a heavy working load and in a poor working environment. Its
operating state directly affects the rolling precision of the rolling
mill. The rolling mill often vibrates when the work roll bearing
has a certain degree of defect. And then the quality of the pro-
duct is affected. At present, the vibration behavior caused by the
failure of the rolling mill work roll bearing, are often measured
and diagnosed from the bearing alone, which neglecting the mu-
tual coupling between the work roll bearing and the rolling mill
mechanical structure. Therefore, it is impossible to find out the
influence rule of the work roll bearing defect on the nonlinear
vibration of the rolling mill.

Therefore, this paper established a vertical vibration model
of a two-degree-of-freedom strip mill with a single point pit de-
fect on the work roll bearing outer raceway. With the practical
parameters of the roughing mill of 1780 hot continuous rolling
mill, analyzing the vertical vibration dynamics of the rolling mill
under the conditions of different work roll speeds and single pit
defect areas on bearing outer raceway, which provides a theoret-
ical basis for further clarifying the effect of a early defect of the
work roll bearing on the rolling mill vibration. In actual pro-
duction of the factory, we can estimate whether the working roll
bearing is likely to fail according to its vibration characteristics
when the mill vibrates. Replace the defected bearing in time. Fi-
nally, the production efficiency of the factory is improved.

2. The 2-DOF Vertical Vibration Model of the Roll-
ing Mill with a Single Pit Weak Raceway Defect on
the Work Roll Bearing

2.1. Contact Force Model of the Work Roll Bearing with a Sin-
gle Pit Weak Raceway Defect

Considering the bearing outer raceway weak defect, idealized
the defect area as a closed ellipse, so the schematic diagram of
the weak defect model on the outer raceway of the work roll
bearing can be drawn, as shown in Figure 1.

Hertz contact area

A

a

Lej b

\/

The fault area

\ L Raceway

Figure 1. Schematic diagram of weak defect model on the outer
raceway

In the Figure 1, L is the effective contact length between
the rolling element j and the outer raceway, ®_is the rotation
angular velocity of the cage, a is the short axis length of the el-
liptical defect zone, and b is the long axis length of the elliptical
defect zone. According to the defect model in Figure 1, the total
contact force F,(x,) between the roller and the raceway is'*

4
Fy(x,) =Y K,5,t)""" cosasing, (1) (1)
J=1

In Equation (1), Z is the number of rollers in the bearing,
(pj(t) is the position of rolling element j, (pj(t):Zn(j—l)/Z+coct. o,
is the rotation angular velocity of the cage, ® =(nn/60)(1-D,
cosa/((d +d)/2)), n is the run speed of the work roll, D, is the
average diameter of the roller cross section, d and d, are the out-
er diameter and inner diameter of the bearing, respectively. K is
the total contact stiffness between the inner and outer raceways
of the work roll bearing and rolling element j.

k; =8.06x 104Lej8/9 9/10 @
With Le]_ is defined as
L,—y,0< %’
Lej = (3)
L, 0%
2

Where L, is the ideal contact length between the roller and
the outer raceway without defect, @, is the angular extent of the
outer raceway defect, which is defined as ¢ ,=4b/D,. 0 is the angu-
lar distance between the defect center and Hertz contact line for
rolling element j and the outer raceway, 9:|m0d((pj(t), 2m)—1.57|.
yis the length of the roller that is not in effective contact with the
raceway in the defect zone, and is defined as

y=2a\[1-0°D,? J(4b* (4)
Where D, is the average diameter of the outer raceway sur-
face.
The contact deformation § (1) for rolling element j between
the inner and outer raceway is given by

8,(t) =xysing,(t)cosa +x, cos @, (t)cosa + z, sina
(5)
Where x,, x, and z, is the relative displacement of the inner
and outer raceway in the horizontal direction, the vertical direc-
tion and the axial direction, respectively.

2.2. 2-DOF Vertical Vibration Model of the Rolling Mill with
a Weak Defect on the Work Roll Bearing Outer Raceway

Considering the influence of the contact force of the work roll
bearing with defect in Equation (1), a 2-DOF vertical vibration
model of the rolling mill with a weak defect of the work roll
bearing can be established, as shown in Figure 2.

Fo (XZ)J % ks
Center plane of strip

Figure 2.2-DOF vertical vibration model of the rolling mill
with a weak defect on the work roll bearing




The model includes a equivalent mass m, representing the
upper backup roll, its bearing and bearing seat. a equivalent
mass m, representing the upper work roll, its bearing and bear-
ing seat. The spring and damper constants k, and c, represent the
stiffness and damping between the upper backup roll and the
middle part of mill beam. The spring and damper represent the
spring and damper constants k, and c, represent the stiffness and
damping between the upper backup roll and the upper work roll.
The spring costant k, represents the stiffness between the work
roll and the strip. The force F,(x,) represents the faulty reaction
force of the work roll bearing to the work roll.

Using the rolling mill vertical vibration model in Figure 1,
the equations of the dynamic motion are now given by
mX, + ¢, X, + ¢, (X, —X,) + kyx, + by (x, —x,) =0

. .. (6)
myXy + ¢y (X, — X)) +ky (X, — X)) +hyx, = Fy(x,)

3. Simulation and Analysis

Using the actual parameters of the rough rolling mill of the 1780
hot strip mill in a factory”’, the mechanical parameters of the
rolling mill are shown in Table 1.

Table 1. Mechanical structure parameters of the roughing mill
of the 1780 hot strip mill

Variable Unit Value
m, kg 7.59x10*
m, kg 1.596x10*
k, N/m  3.241x10
k, N/m  5.948x10'
k, N/m 2.566x10"°
c Nes/m 3x10°
c Nes/m 5%10°

2
The structural size parameters of the work roll bearing are

shown in Table 2.

Table 2. Parameter values of the rolling mill bearing

Description Variable/Unit Value
Outer diameter d /mm 900
Inner diameter d./mm 710

Roller effective length L,/mm 53.64
Number of rollers VA 32
Contact angle a 13°8" 21"

3.1. Calculation of a Single Pit Defect Frequency on Bearing
Outer Raceway

The frequency of the bearing rolling element passing through a
point on the outer ring raceway is calculated as'"’

f :é—%(l—%cosaj (7)

m
The first and second natural frequencies of the two-degree-

Z.N. Sun et al

of-freedom rolling mill vertical vibration model can be calculat-
ed from Equation (6) as follows

f,=122.84 Hz
£, =391.19 Hz

3.2. Analysis of Vibration Characteristics of the Work Roll
with a Single Pit Defect on Bearing Outer Raceway

(8)

Figure 3-5 present the frequency spectrum waterfall figures of
the vertical vibration displacement of the work roll with the
change of the work roll rotation speed, when the defect area S of
the work roll bearing outer raceway is 8.75m mm?, 351 mm* and
140m mm? respectively.
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Figure 3. The frequency spectrum waterfall of the vibration
displacement of the work roll with the change of the work roll
rotation speed (S=8.751 mm?)

Figure 3 presents that the work roll exhibits different spec-
trum characteristics with different speeds, when the rotation
speed reaches 490r/min (the rotation speed corresponding to the
first natural frequency), its spectrum curve shows a distinct peak
at 123 Hz, at this point, the rolling mill has resonance at the first
natural frequency. When the rotation speed reaches 980 r/min
(twice the speed corresponding to the first natural frequency),
the resonance of the first natural frequency in the work roll will
become more intense, the sub-harmonic resonance occurred in
the rolling mill at this time, we can see that the subharmonic res-
onance has a greater influence than the main resonance accord-
ing to this phenomenon. Therefore, except the work roll rotation
speed corresponding to the first natural frequency, it is necessary
to avoid twice the rotation speed of the work roll corresponding
to the first natural frequency. When the rotation speed reaches
1561 r/min, the work roll exhibits a main resonance of the sec-
ond natural frequency. When the rotational speed reaches 2051
r/min, resonance of the first and the second natural frequency
occurs at the same time, and this behavior also called the com-
bined resonance. When the rotation speed reaches 3122 r/min
(twice the rotation speed corresponding to the second natural
frequency), the sub-harmonic resonance of the second natural
frequency appears again on the work roll.

Figure 3-5 present that sub-harmonic resonance of the
second natural frequency will be weakened as the defect area
increases, but the main resonance is enhanced when the defect
frequency is consistent with the first and second natural fre-
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quencies, respectively. Among the vibration behaviors caused by
the work roll rotation speed from 200 r/min to 3200 r/min, when
the defect frequency is twice the work roll speed corresponding
to the first and second natural frequencies, the induced subhar-
monic resonance is the most serious, respectively. In particular,
the subharmonic resonance caused by the defect frequency be-
ing twice the second natural frequency of the rolling mill is the
most serious.
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Figure 4. The frequency spectrum waterfall of the vibration
displacement of the work roll with the change of the work roll
rotation speed (§=351 mm?)
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Figure 5. The frequency spectrum waterfall of the vibration
displacement of the work roll with the change of the work roll
rotation speed (S=140m mm?)

Figure 6 presents the vibration displacement of the work
roll under the working conditions of the work roll bearing with-
out defect and micro-defect (the bearing outer raceway defect
area is 8.75m mm?) when the work roll rotation is 200 r/min (no
resonance). The partial enlargement in the figure is the compari-
son curve when the vibration reaches steady state. It can be seen
that when there is a defect, the work roll exhibits a vibration be-
havior; however, as the defect is weak, the vibration amplitude
of the work roll is very small (the amplitude fluctuation is about
2.2x10°® m).
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Figure 6. Work roll vibration displacement with or without
micro-defect

In the Figure 6, the speed of the working roller is 200 r/
min (the defect frequency is 50.12 Hz at this speed), the single
pit weak defect area S of the work roll bearing is 351 mm?, there
is the displacement time domain curve of the work roll vibration
and its corresponding spectrum analysis curve.
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Figure 7. Vibration displacement and spectrum of the work
roll(n=200 r/min, S=35m1 mm?)




In the Figure 7(a), the rolling mill presents complex peri-
odic vibrations at this point. Also, we can see that the vibration
frequency component of the work roll is very complicated at this
time. In addition, except the defect frequency f, the natural fre-
quencies f, and f,, other frequency components appear, such as
2f and 3f.

In the Figure 8, the speed of the work roll is 490.17 r/min
(the speed corresponding to the second natural frequency), the
single pit weak defect area S of the work roll bearing is 351 mm?,
there is the displacement time domain curve of the work roll
vibration and its corresponding spectral analysis curve.
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(b) Spectrum analysis of the work roll
Figure 8. Vibration displacement and spectrum of the work
roll(n=490.17 r/min, S=35m mm?)

In Figure 8(b), we can see that except the first and second
natural frequency components of the work roll vibration fre-
quencies, there is also a triple frequency component of the first
frequency, and the first natural frequency has the largest ampli-
tude among the frequency components.

In Figure 9, the speed of the work roll is 1561 r/min (The
speed corresponding to the second natural frequency), the single
pit weak defect area S of the work roll bearing is 351 mm?, there
is the displacement time domain curve of the work roll vibration
and its corresponding spectral analysis curve

In Figure 9(b), we can see that the vibration frequency com-
ponents of the work roll contain the first and second natural fre-

Z.N. Sun et al

quency components, and the second natural frequency has the
largest vibration amplitude.

4. Conclusion

(1) Considering the early single pit weak defect on the outer
raceway of the work roll bearing, the vertical vibration model of
a 2-DOF strip mill with a weak defect of the work roll bearing
is established.
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(b) Spectrum analysis of the work roll
Figure 9. Vibration displacement and spectrum of the work
roll(n=1516 r/min, S$=351 mm?)

(2) When a single pit weak defect presents on the outer
raceway of the work roll bearing, the work roll exhibits nonlin-
ear vibration behaviors such as main resonance, superharmonic
resonance, subharmonic resonance, and combined resonance.
As the defect area S is 351 mm? (the defect is weak), the subhar-
monic resonance becomes the most severe. As the defect area
increases gradually, the subharmonic resonance weakens and
the main resonance increases.

(3) The research work of this paper has important reference
significance for the simulation of rolling mill vibration with de-
fect on the work roll bearing practically and further clarifying
the vibration mechanism of the rolling mill caused by the defect
on the outer raceway of the work roll bearing.

Author Contributions: This article presented in the paper was
completed by Sun in theoretical derivation and simulation. Hou



Study on Vertical Vibration Characteristics of the 2-DOF Strip Rolling Mill Model with a Single Weak Defect on the Work Roll Bearing Outer Raceway

proposed the idea of the article. Xu and Shi assisted Sun in com-
pleting the simulation.

Conflict of Interest: No conflict of interest was reported by the
authors.

Acknowledgments: This research is supported by Natural
Science Foundation of China (Grant no. 51405068), Natu-
ral Science Foundation of Hebei Province of China (Grant
n0.E2019203146), and Natural Science Foundation of Hebei
Province of China (Grant no.E2014501006).

References

(1].

[2].

[3].

[4].

Shengli Wu, Liming, Yinmin Shao, et al. Vibration char-
acteristic analysis of twenty-high rolling mill with local
defect on roll surface based on the time-varying contact
stiffness. Engineering Failure Analysis 2014; 42: 297-310.
Xing Lu, Jie Sun, et al. Dynamic analysis of vibration sta-
bility in tandem cold rolling mill. Journal of Materials Pro-
cessing Technology 2019; 272:47-57.

Pei-ming SHI, Ji-zhao LI, et al. Nonlinear Dynamics of
Torsional Vibration for Rolling Mill’s Main Drive System
Under Parametric Excitation. Journal of Iron and Steel
Rsearch, International 2010; 20: 7-12.

Vladimir Panjkovic, Ronald Gloss, John Steward, et al.

[5].

(6].

[8].

[9].

[10].

Causes of chatter in a hot strip mill: Observations, qual-
itative analyses and mathematical modelling. Journal of
Materials Processing Technology 2012; 212(4): 954-961.
Son, B., Roh, Y,, and Lee, Y., “The Cause of Vibration at
Finishing Stands in a Hot Strip Mill,” Korean Society for
Noise and Vibration Engineering 1994; 1(4), 43-50,.

Wu, Y. X. and Duan, J. A., Frequency modulation of high-
speed mill chatter, J. Mater. Process. Technol. 2002; 129:
148-151.

. Youngdeuk Kim, Chang-Wan Kim, Sungjin Lee, and Hyun-

chul Park. Dynamic Modeling and Numerical Analysis of a
Cold Rolling Mill. International Journal of Precision Engi-
neering and Manufacturing 2013; 14(3): 407-413.

Xiang LI, Li-yan HAN, Yong-sheng ZHU, et al. Fault diagno-
sis based on nonlinear dynamic modeling in tapered roller
bearing. Journal of Vibration and Shock 2014; 33(S):128-
131.

Jing Zhao. Vibration analysis of 1780 HSM R1 machine.
Qinhuangdao: Yanshan University, 2011.

Dick Petersen, Carl Howard, Nader Sawalhi, et al. Analysis
of bearing stiffness variations, contact forces and vibra-
tions in radially loaded double row rolling element bear-
ings with raceway defects. Mechanical Systems and Signal
Processing 2015; 50-51: 139-160.



Publisher: Viser Technology Pte. Ltd.

URL: www.viserdata.com
Add.:21 Woodlands Close, #08-18,

Primz Bizhub SINGAPORE (737854)



	版权目录
	1-6Computing method of Multivariate Process Capability Index
	7-13Design of New Elevator Pressure Guide Plate and Its Test Device
	14-17Study on Surface Roughness in Micro Milling of Single Crystal Materials
	18-25Design and selection of servomotor for radial aircraft tire
	26-31The Additive Manufacturing Process of Electric Power Fittings
	32-40A Prediction Method for TBM Cutterhead Dynamic Tunneling
	41-45Optimization of the Hot Pressing Process for Preparing
	46-51Cement Pavement Surface Crack Detection Based
	52-62Strength Evaluation of a Bogie Frame by Different
	63-68Study on Vertical Vibration Characteristics of the 2-DOF Strip Rolling Mill Model with
	空白页面

