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Abstract:

Due to the difficulty that excessive feature dimension in fault diagnosis of rolling bearing will lead to the decrease of classification
accuracy, a fault diagnosis method based on Xgboost algorithm feature extraction is proposed. When the Xgboost algorithm classifies
features, it generates an order of importance of the input features. The time domain features were extracted from the vibration signal
of the rolling bearing, the time-frequency features were formed by the singular value of the modal components that were decomposed
by the variational mode decomposition. Firstly, the extracted time domain and time-frequency domain features were input into
the support vector machine respectively to observe the fault diagnosis accuracy. Then, Xgboost algorithm was used to rank the
importance of features and got the accuracy of fault diagnosis. Finally, important features were extracted and the extracted features
were input into the support vector machine to observe the fault diagnosis accuracy. The result shows that the fault diagnosis accuracy

of rolling bearing is improved after important feature extraction in time domain and time-frequency domain by Xgboost.

Keywords: fault diagnosis;rolling bearing;xgboost;feature extraction;support vector machine

1. Introduction

Nowdays, the requirement of safety and reliability of
mechanical products is higher and higher. The fault
diagnosis research on the most widely used rolling bearing
can improve the safety of mechanical operation.

Fault diagnosis of rolling bearing usually consists of
feature extraction and fault identification. The commonly
used feature extraction methods include time domain,
frequency domain and time-frequency domain. Zhang et
al. I diagnosed the fault of rolling bearing by extracting
the time domain features of the vibration acceleration
signal of the rolling bearing, such as kurtosis. Kurtosis is
sensitive to fault classification !, while some other time
domain features are not sensitive to fault classification,
which may lead to low accuracy of fault recognition
due to too many feature dimensions. Empirical Mode
Decomposition (EMD) can adaptively decompose the
signal into a series of intrinsic mode functions from
high frequency to low frequency. However, this method
is easy to mode mixing. In 2014, Dragomiretskiy et al.
U proposed a new adaptive signal processing method-
Variational Modal Decomposition (VMD). The VMD

method iteratively searched the optimal solution of the
Variational model to determine the frequency center and
bandwidth of each intrinsic modal component, which can
realize the frequency domain subdivision of signals and the
effective separation of each signal component. However,
the impact of penalty parameter & and decomposition
number K should be considered in VMD decomposition.
Envelope entropy can be used to represent the sparse
characteristics of signals. After signal decomposition, if
there are more noise in signal components, the envelope
entropy will be smaller. The optimal combination (K, )
can be obtained by taking the minimum value of envelope
entropy as the objective function . Wang et al. ! used
particle swarm optimization algorithm to optimize the
VMD method to obtain the optimal (K, &) combination
to decompose the signal. Liu et al. "' further improved it
by using particle swarm optimization based on genetic
variation. Extracting the features that can easily distinguish
different fault types are the most important for fault
diagnosis . Swarm intelligence optimization algorithms
tend to fall into the local optimal solution, and the modal
components obtained by VMD method decomposition
do not completely represent fault characteristics (fault

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.



frequency is not obvious for other noise information and
interference).

At present, fault recognition systems based on
machine learning algorithms are widely used. Support
Vector Machine (SVM) method "'l has been widely used in
many fields such as fault diagnosis and pattern recognition
12l Tn terms of nonlinear problems, SVM introduces
penalty parameters and kernel functions to transform
them into linear problems in high dimensional space, so as
to achieve effective classification. Boosting dcecision tree is
an extensive and efficient integrated learning method. As a
new method of boosting decision tree, Xgboost algorithm
has been widely applied in economy and medical ", and
has achieved good results.

2. Xgboost Algorithm

The Xgboost algorithm is short for eXtreme Gradient
Boosting. It is a c++ implementation of the gradient
boosting machine algorithm developed by Dr. Chen
Tianqgi of Washington University ['!l. The biggest advantage
of Xgboost is that it can automatically take advantage
of the CPU's multiple threads to run in parallel, while
also improving the algorithm to improve the accuracy.
Compared with Xgboost algorithm, the traditional
Gradient Boosting Decision Tree (GBDT) algorithm
only uses the information of the first derivative and the
residual of the first n-1 tree to train the nth tree, which is
difficult to realize distribution. Xgboost performs a second
order taylor expansion of the loss function (the objective
function) and adds a regular term to the loss function to
optimize the overall solution, so it can be used to weigh the
decline of the objective function and the complexity of the
model to avoid overfitting the model.
Suppose the model has k decision trees.
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The loss function (objective function) can be defined
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Remove the constant term , and the loss function as
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function
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Xgboost is a greedy algorithm. Each training will add
segmentation to the existing leaf nodes. Suppose L and
R are the set of left and right nodes after segmentation.

Information gain is as equation (12)
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As can be seen from the above formula, Xgboost
uses a certain value after division to subtract a certain
value before division. In order to control the growth of the
tree, the algorithm adds a threshold value 7 . Only when
the information gain is greater than the threshold value,
the algorithm allows the nodes to segment. It is also the
coeflicient of the leaf nodes in the regular term, so it is
equivalent to pre-pruning the tree model while optimizing
the loss function.

The Xgboost algorithm uses the decision tree model
to classify the attributes of child nodes, and expresses the
feature importance to the current classifier through the
product of weight and leaf nodes. Because Xgboost uses the
idea of integration (grouping multiple weak classifiers into
one classifier), it adds up the importance of the same feature
to multiple trees (sorted by different attributes) and gets the
F score for the importance of the feature throughout the
classification process.

3. Feature Extraction

3.1 Data

The vibration acceleration signal data ") obtained by
simulating different states of rolling bearings in the electrical
engineering laboratory of Case Western Reserve University
(CWRU) is taken as the object (the test rig picture is shown



in fig.1). It is known that SKF deep groove ball bearing
model 6205-2RS JEM was selected for the experiment, fault
points with fault diameters of 0.178mm were introduced

by manual discharge operation. The sampling frequency of
vibration signal is 12kHz, and the motor speeds are 1797r/
min. In this paper, the early vibration signal data are used

to research.
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Figure 2 Healthy state vibration signal. The data of fig-
ure 2 to 8 were normalized.

6

Figure 1 The test rig of CWRU. As shown in Figure 1
above, the test stand consists of a 2 hp motor (left), a torque 4
transducer/encoder (center), a dynamometer (right), and N
control electronics (not shown). The test bearings support 2
the motor shaft. Single point faults were introduced to the "
test bearings using electro-discharge machining with fault E o
diameters of 7 mils, 14 mils, 21mils, 28 mils, and 40 mils (1 3
mil=0.001 inches). =
3.2 Data Analysis £ 4
It is assumed that the four states of the rolling bearing are
healthy, bearing element fault, outer ring fault and inner -6
ring fault, and the four states are represented by 0, 1, 2 and 3 0 02 0.4 06 08 1
respectively. Fig.2 to 5 are respectively the vibration signals Time (s)
of the bearing in four states (the data was normalized). It
can be seen that the fault type of the bearing can hardly Figure 3 Outer ring fault vibration signal

be distinguished by the time domain signals of the rolling
bearing. Fig.6 shows a series of modal components and
corresponding spectrum obtained by VMD (K=6,« 4
=2000) of no.105 data and bearing signals at the driver end

of the test bench. The envelope spectrum of the first modal
component was obtained as shown in fig.7. It was found
that the inner ring fault frequency could be obtained, but

it was not obvious. Fig.8 is the envelope spectrum obtained

by enveloping the second modal component, and it can be

seen that the fault characteristic frequency was obtained
within the allowable error range. After enveloping all the
modal components, it was found that only the second
modal component had obvious fault characteristics, so it

is necessary to extract the features. The failure frequency
calculation formula of the inner ring % is as follows
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r =60 ; Rotational frequency (14) Figure 4 Bearing element fault vibration signal
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Figure 5 Inner ring fault vibration signal
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Figure 6 Modal function and spectrum of VMD. The
inner ring fault signal composed of 10000 data points was
decomposed into six modal compoments.
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Figure 7 Envelope spectrum of the 1st modal compo-
nent. Fault frequency is not obvious.
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Figure 8 Envelope spectrum of the 2nd modal compo-
nent. Fault frequency is obvious.

3.3 Time Domain Feature Extraction

The 10 time domain features of bearing signals were
extracted: peak f;, peak index f;, skewness f,, kurtosis
/5, pulse index f,, root mean square value f,, kurtosis
factor f;, margin index f,, waveform index f, and root
square amplitude fy, and the above features are composed
into the vector F=[fy, 7., fo]. The early bearing
vibration data of CWRU were extracted, and 1024 points
were taken as a group, 15 sets of time domain eigenvectors
were extracted respectively from 4 kinds of load (speed)
and 4 kinds of state types (in which the fault diameter
is 0.178mm), and 240 sets of data were divided into 160
training sets and 80 test sets.

3.4 Time-Frequency Feature Extraction

In literature ), the frog jump algorithm was used to
optimize the variational modal decomposition by taking
the minimum value of envelope entropy as the objective
function. The number of modal function K=6 or 7 and
the coefficient of quadratic penalty o =2000 or 3000 were
obtained for different fault states.

Same as 3.3, the variational mode decomposition
of K=6 and @ =2000 was performed on the bearing data
with 1024 points as a group. The six modal components
obtained by decomposition of the signal are composed into
the modal matrix, and the singular value decomposition
(SVD) was applied to the modal matrix. 1 set of feature
vectors is denoted as F=[ f,, f;, fo, f3» Sf4s S5l a
total of 240 groups, which were divided into 160 training
groups and 80 test groups.

4. Fault Identification

4.1 Fault State Recognition Based on Time Domain
Feature

1) Input the obtained time domain feature vectors into
the support vector machine after grid optimization for
classification '8! (optimization penalty parameter ¢ and
radial basis kernel function parameter g and ¢, ge[27,
2%7), and the classification accuracy was 93.125%, as shown
in fig.9.




2) Input data into xgboost after parameter adjustment
(learning rate =0.01, number of trees n=1000), got the
accuracy of 91.25%, and got the importance order of time
domain features, as shown in fig.10.

3) Take the top five features, namely peak, root mean
square value, kurtosis factor, waveform index and root
square amplitude were taken to form the feature vector
F=[f,, fs, fo. fs» Jfol and input it into the SVM
after parameter adjustment, and the accuracy was 95.625%,
as shown in fig.11.

Best c=512 g=0.03125 Accuracy=93.125%

Accuracy(%)

log ,g -15 log , ¢

Figure 9 Time domain feature classification accuarcy.
In the range of ¢ and g, grid search was carried out to get
the maximum accuracy.

Feature importance

Feature

Figure 10 Order of importance of time domain fea-
tures. A histogram obtained by ranking input time domain
features by importance by xgboost.

Best c=512 g=16 Accuracy=95.625%

100

Accuracy(%)

Figure 11 Classification accuracy after time domain
feature extraction. After feature extraction,the accuracy

obtained by grid search within the range of cand g.

4.2 Fault State Recognition Based on Time-Frequency
Domain Feature

1) Input the time-frequency domain feature vectors into
the support vector machine after grid optimization for
classification (c, g€ [2°'%, 2'°]), and obtain the classification
accuracy was 94.375%, as shown in fig.12.

2) Input data into Xgboost after parameter adjustment
(learning rate =0.1, number of trees n=500), got the
accuracy was 86.25%, and the importance order of features
was obtained, as shown in fig.13.

3) Take the top five features features f,, f;, f. 55 fas

f5,and compose the vector F'=[ f,, fis f35 fy» f5],and
input it into the SVM which was adjusted, and the accuracy
was 95%, as shown in fig.14.

Best c=2 g=8 Accuracy=94.375%

Accuracy(%)

log ,9 A5 T s iog ¢

Figure 12 Time-frequency domain feature classifica-
tion accuracy.

Feature importance

Feature

F score

Figure 13 Order of importance of singular values

Best c=2 g=8 Accuracy=95%

Accuracy(%)

Figure 14 Classification accuracy after time-frequency
domain feature extraction



4.3 Result Analysis

It can be seen from 4.2 and 4.3 that the Xgboost algorithm
can improve the accuracy of fault diagnosis by ranking
the time domain and time-frequency domain features
respectively and extracting important features for fault
diagnosis.

Doing 4 sets of experiments according to the method
proposed in this article, and the results are presented in
Table.1 and Table.2, it can be seen that the proposed method
is more accurate than SVM and Xgboost algorithm.

Table.1. Accuracy of time domain feature extraction

SVM Xgbooxt Xgbooxt+SVM
Data
(%) (%) (%)
1 93.125 91.5 95.625
2 83.75 75.625 85.625

Table.2. Accuracy of time-frequency domain feature
extraction

M +
Data SV Xg[l))o()xt ngOOXt SVM
(%) (%) (%)
1 94.375 86.25 95
2 87.5 70 88.75

5. Conclusion

In view of the influence of noise and other information on
signal feature extraction in bearing fault diagnosis, Xgboost
algorithm is used in this paper to order the importance
of features, the important features in time domain and
time frequency domain are extracted and fault diagnosis
studied. Through the study, the conclusions are as follows:

1) For fault diagnosis of rolling bearing, some
features directly obtained by feature extraction method
do not play a role in fault diagnosis. On the contrary, as
the dimension of feature vector increases, overfitting and
other phenomena will occur. The results of signal analysis
show that the accuracy of fault diagnosis can be improved
by using Xgboost algorithm to prioritize the features of
signals in time domain and time-frequency domain, and
by extracting important features to reduce the feature
dimension for fault diagnosis.

2)The VMD algorithm optimized by group intelligence
algorithm tends to fall into the local optimal solution. The
mode matrix composed by VMD is decomposed by SVD
to construct the feature vector, and the important features
are extracted by Xgboost algorithm, which can improve the
accuracy of fault diagnosis.
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Abstract:

Any linear stage of machine tool has inherent six-degree-of-freedom (6-DOF) geometric errors. Its motion control system, however,
has only the position feedback. Moreover, the feedback point is not the commanded cutting point. This is the main reason why the
positioning error along each axis and the volumetric error in the working space are inevitable. This paper presents a compact 5-DOF
sensor system that can be embedded in each axis of motion as additional feedback sensors of the machine tool for the detection of
three angular errors and two straightness errors. Using the derived volumetric error model, the feedback point can be transferred to
the cutting point. The design principle of the developed 5-DOF sensor system is described. An in-depth study of systematic error
compensation due to crosstalk of straightness error and angular error is analyzed. A prototype has been built into a three-axis NC
milling machine. The results of a series of the comparison experiments demonstrate the feasibility of the developed sensor system.

Keywords: 5-DOF geometric motion errors; linear axis; measurement; systematic error compensation.

1. Introduction

The assessment of machine tool’s volumetric errors is always
an important issue in precision machining. Traditional
measurement methods can only use such instruments as
laser interferometer, ballbar, etc. to measure the static error
of machine tool under the non-working condition 2. For
the assessment of dynamic errors under cutting condition,
the only method is to measure and analyze the cut specimen
(41, The direct measurement method of dynamic error is
rare.

Itisknown that the volumetricerror ofa 3-axis machine
toolis contributed by 21 geometric errors, including 6-DOF
geometric errors in each axis and three squareness errors
among three axes. In order to fast measure all errors, multi-
degree-of-freedom simultaneous measurement (MDFM)
techniques ' have been developed in the past three decades.
Fan developed a 3-beam 6-DOF measuring system for
a linear stage /) and a 4-beam 6-DOF system for the XY
stage ¥l based on laser Doppler displacement meters. Liu
developed a 3-beam 6-DOF system based on fiber coupled
laser interferometer. Feng and Cui ' et al. developed a
series of 2-beam 6-DOF measurement system. Huang 7
developed a 2-beam 5-DOF measurement system based on
a monolithic prism to generate a pair of parallel laser beam.

Chen developed a 2-beam 6-DOF measurement system
based on a straightness interferometer with rotational error
compensation. Gillmer and Yu !*1° developed a single
beam 6-DOF measurement system based on Polarization
Optics and wavefront aberration effects.

The applications of MDFM also have received
much attentions. Ni %% developed a series of 3-beam
MDEM systems for monitoring errors of the coordinate
measurement machine and machine tool. Chen ' and Li
(21 applied MDFM to simultaneously measure the 6-DOF
and 5-DOF errors of a rotary axis, respectively. Commercial
MDEM systems are also available on the market, such as
XM-60 (Renishaw Inc, UK), XD5 (API Inc, USA) and
SP1500 C5 (SIOS Gmbh, Germany) 2.

Although the above-mentioned MDFM systems are
useful, however, their costs are high and they are all designed
as measuring instrument for quasi-static geometric errors.
The MDFM system designed for permanently fixed sensor
in each linear axis of the machine tool can not only detect
quasi-static errors but also dynamic geometric errors under
cutting. This kind of embedded sensor system has not been
seen yet.

This paper presents a low-cost and compact 5-DOF
measurement system for monitoring all geometric errors
except position sensing of the linear stage. A collimated

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-
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laser diode is used as the light source to reduce the system
cost. The motivation of developing such an embedded
sensor system is explained in section 2. The schematic of
systems and the measurement principles of each error are
described in section 3. In section 4, a series of experiments
have been carried out to verify the feasibility of the sensor
system.

2. Multi-sensor feedback NC control system

Any numerically controlled (NC) precision machine
is constructed by some moving stages and a functional
head. The stages can be composed of linear stages and
rotary stages to form three- to multi-axis machines. The
functional head characterizes the machine capability, such
as the spindle head of a machine tool, the lithography
head of a wafer stepper, the bonding head of an IC die
bonder, the probe head of a measuring machine, etc. As
it is called a precision machine, its moving position must
be precisely controlled. The typical position control loop
of machine tool can be seen in Fig. 1. It is noted that the
commanded position is the tool point, but the feedback

position is the sensing point. If the moving stage has a
tilted angle at this position, the actual position of tool (X
functional point) is deviated from the sensing point (X) by
AX, which is called the positioning error and is the tilted
angle multiplied by the offset L. Such a positioning error
is caused by the Abbe principle because the measuring
axis is not in line with the functional axis . In fact, each
moving stage has all 6-DOF geometric errors, as shown in
Fig. 2. The actual positional error in the working space is
called volumetric error which is caused by related linear
errors, angular errors and squareness errors induced
positional errors at the functional point. Modelling the
volumetric errors is dependent on the configuration of the
machine tool, normally by the technique of Homogeneous
Transformation Matrix (HTM) 2. Therefore, in order to
compensate the volumetric error during cutting, a 5-DOF
sensor system must be equipped in the machine tool and
establishes a 6-DOF feedback control loop of NC machine
tools, as schematically shown in Fig. 3. This is the main
reason why the embedded 5-DOF sensor system is urgently
needed in precision machine tools.

4’H* AX=L(tan0)

L=

Ballscrew

Measuring axis

Sensing _|
point

. X, Y, Z
Program Controller
X’, Y', VA
Feedback [«
| position |

Figure 1. Typical control loop of NC machine tool

Figure 2. 6-DOF geometric errors of the linear stage

3. Design of a 5-DOF sensor system

The schematic diagram of the proposed 5-DOF sensor
system is shown in Fig. 4(a). It is an extended work from
our previous 4-DOF sensor system **! with the addition of
roll error sensing. The stationary part is fixed on the base
of the linear stage and the moving part is moved with the
motion table.

C ded
PC-NC XY,Z NC | Machine Machining
Program " | Controller "] Toor
Compensated “
AX, AY, AZ
X, Y, -
3-axis
Volumetric [« Position
Error Sensor
Compensation
Model 3-axis 5-DOF
< Error
<
Measurement
Module

Figure 3. The proposed feedback control loop with 6-DOF
sensors

In the stationary part, the laser beam from the laser
diode (LD) is reflected by a mirror M1 and is then split by a
polarized beam splitter (PBS) into 2 beams. The transmitted
beam is used to measure straightness, yaw and pitch errors
of the moving table by the quadrant photodetector (QPD3)
and the autocollimator unit of focus lens (FL2) and QPD2,
respectively. The reflected beam from PBS is spilt by a
beam splitter (BS1), from which the reflected beam enters




to an autocollimator unit consisting of a focus lens (FL1)
and a (QPD1) to measure the laser drift angle. The other
transmitted beam turns to a outgoing beam parallel to
the first beam after deflected by M2. A QPD4 detects the
straightness error motion of the moving table at this point.
Comparing with the vertical straightness error detected at
QPD3, the difference reveals the roll error of the moving
table. There are two PZT actuators embedded in the
mechanism of angle steering mirror (M1) for real-time

Stationary part Moving part

¥ 2
OM e | m2 s

! qwe o |

M3 !
| B3| lr\n : m:|
| LD V. S FL3 QD2 |
| o |
¥ o l QBD4 |
|&.l_z M2S » ! ﬂ:J

(a)

L

Figure 5. Mounting the 5-DOF sensor system in one axis of the machine tool

3.1. Measurement principle

It can be seen in Fig. 4(a) that the upper part of optical
system is a 4-DOF sensor system 2! that detects the vertical
and horizontal straightness errors, and the pitch and yaw
errors, of the moving table. The center of QPD3 is defined
as the point of straightness error measurement. This
point is also the feedback point of measured straightness
errors to the controller as illustrated in Fig. 3. Changing to
different feedback point will result in different straightness
error due to rigid body kinematics. Therefore, this point
on the machine tool must be recorded. The corresponding
straightness errors detected by the QPD3 can be expressed
by:

S =Ax =k (i1+i4)_(i2+i3)
O T G i+,
1 2 3 4
, @ +iy)— (i, +1,)
) . . . .

SN UESAET AT )

5)} = AyQPD3
(1)

Where, dx and Jy are the straightness errors of

compensation of the drifted angle of the LD. The detailed
design and control of this fine-tuning mirror can be seen
in our previous 4-DOF sensor system ¢\, Fig. 4(b) shows
the photo of the prototype of this 5-DOF sensor. When
installing such a sensor system in the machine tool, the
optical path is covered by a bellow shield so that the cutting
chips, fluid and air disturbance can be avoided, as shown in
Fig. 5. All three axes of the machine tool are treated in the
same way.

(b)

the measured linear stage in the X and Y directions,
respectively. Ax,, . and A o5 ATE the corresponding spot
movement on QPD3 respectively in the X and Y directions,
i,,i,1, i, indicate the output currents acquired by the QPD’s
1~4 quadrants, and k_, k, are constants obtained by the
calibration experiment.

The yaw and pitch errors measured by the
autocollimator unit of FL2 and QPD2 can be expressed by

Ax Ay
e = orPD2 e = oPD2

x ¥

/ and / 2)

where, ¢ and & are yaw and Pitch errors of the

measurement linear stage, respectively, Ax,,,, and Ay, ,

are the corresponding outputs of QPD2, and f is the focal
length of FL2.

The principle of roll measurement used in this system
is a typical dual parallel beam measurement method. Fig.
6 shows a simplified diagram from Fig. 4(a). The roll error
of the moving stage can be obtained by the following
formula:



_ (6x—6x,)
) L 3)

where, 0x is the straightness error in x-direction
measured by QPD3, 8x4 is the beam spot movement in
x-direction measured by QPD4, L is the distance between
the center of QPD3 and the center of QPD4 in the vertical
direction.

&
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Figure 6. Measurement principle of the roll error

3.2 Feedback compensation for laser beam drift

In order to eliminate the measurement error caused by the
laser beam drifts, a beam drift feedback control module
proposed before ! is integrated into the system. The angle
measurement unit consisted of FL1 and QPD1 is used to
measure the angular drift of the emergent laser beam. A

Moving part

fine-tuning mirror driven by two PZT actuators is used as
the drift feedback control mechanism to make the angle
of the emerging laser beam stabilized through the PID
control. To suppress the spot parallel drift caused by the
change of the reflection point on the steering mirror 2, we
optimized the structural design to ensure that total linear
drift is within +2.56pum within the full motion of the PZTs.

4. Error compensation in angular error mea-
surement

The measurement error compensation is a serious problem
for the MDFM system, especially in the small size, highly
compact measurement devices. Except the conventional
crosstalk error due to the assembly error between the
QPD’s coordinate system and the actual coordinate system
of the stage, there still have some error sources which
would significantly affect the accuracy of angular error
measurement.

4.1 systematic error in yaw and pitch measurement

In the proposed 5-DOF measurement system, the laser
incident position of FL2 would change if the straightness
error exists. As shown solid lines in Fig. 7(a), In the ideal
condition, the incident position of the laser has no influence
on the angular measurement since the QPD2 is set on the
focus plane of FL2. In actual condition, however, due to
the assembly error, the change of laser’s incident position
would cause a positioning shift of the focused beam spot on
the QP2 surface, as shown in Fig. 7(b).

Ideal QPD

BS2 | , Prosition
y } .ﬂ: : :
RN S - | —— e
L ;x ! oy | .
N %J_ﬂ: ! X Actual QPD
A4 1" ! position
FL2 QPD2 . 7
(a) (b)

Figure 7. Systematic error of yaw and pitch angle measurement caused by the straightness error: (a) the laser’s incident
position shift due to the straightness error, (b) position shift of focused beam spot on the QPD surface due to the change
of laser’s incident position.

The relationship between the straightness error, the
assembly error of QPD2’s position and the position shift of
the focused beam spot can be express as follows:
Ex=0x(Af/ f) and Ey=0y(Af 1 f) “4)

where, dx and 0y are the straightness errors of the
measured linear stage in the X and Y directions, respectively.
Ex and Ey are the position shifts of the focused beam spot
on the QPD2 surface, respectively. f is the focal length of
FL2 and Af is the offset distance between QPD2 surface
and the focus plane of FL2 caused by assembly error. The
extra shift of focused beam spot would cause a systematic
measurement error E_ in yaw error and E in pitch error as

expressed by
LTI S
f f and A S (5)

In order to reduce the size of the 5-DOFsensor
system, the focus length of FL2 is limit, which leads to a
result that the measurement error caused by the change of
incident position cannot be ignored. Hence, it is necessary
to calibrate and compensate for these errors in the
measurement software. The calibration test set-up is shown
in Fig. 8(a). The incident position was measured by QPD3
of the 5-DOF system, and the autocollimator (made by

EX



AutoMAT Co. model 5000U) was used to detect the angular
error of moving stage. The calibrated results are shown
in Fig. 9. It is clearly seen that the relationship between
incident position change and the angular measurement
error is quite linear. Due to the influence of the gap between
each quadrant of QPDs, the assembly error of QPD sensing
surface needs to be limited to +1.5mm of focal length of
the FL2. When the assembly error is too large, both the
autocollimator measurement principle and the defocus
error compensation formula will not work properly.

Autocallima tor ’

£
Stanenany w
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(a)

Figure 8. Experiment set-up of the yaw and pitch systematic measurement error tests. (a) Calibration set-up, (b)

Comparison set-up

In order to verify the effectiveness of error
compensation, the readings of 5-DOF’s measured yaw and
pitch were compared to the commercial autocollimator. The
comparison test is shown in Fig. 8(b) and the comparison
results are shown in Fig. 10 and Fig. 11. It is seen that
the residuals after compensation have been significantly
reduced from about 15 arcsec to about 2 arcsec in yaw error
and from about 4 arcsec to about 1.5 arcsec in pitch error.
The trend of the residual curves is similar to the straightness
error which will be presented in Section 5.
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Figure 9. Calibration results of the relationship between the incident positon and angular measurement error: (a) Yaw,
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Figure 10. Systematic error of yaw angle measurement: (a) before compensation, (b) after compensation




—— 500F &
45 )| === dazhiar

—a Rgzectasl ]

4
30, MR
g , B
£ 15, !
m -—
z 02
= I:E
o /./’, B ]
15 - -2

E=5

(T I I T T

Digtance (mm)

(a)

—l— 008
45 J +$I.H.T
) 25 r
E L=
g 15 — =
2 P ‘\ 00 B
=0 =
= ey ./" ...E
154
N T T T T
Dastance (mmj
(b)

Figure 11. Systematic error of pitch angle measurement: (a) before compensation, (b) after compensation

4.2 Systematic error in roll measurement

The measurement accuracy of the principle of roll angle
based on the method of dual parallel beams is significantly
affected by the parallelism between the two referenced
beams. If the two beams are not parallel with a small
angle, a measurement error of the roll would increase
with the measured distance. Therefore, an error correction
model is required to separate the actual roll error from
the non-parallelism induced error. This part has been
comprehensively considered and solved in our previous
work on the robust roll error measurement study ! The
technical detail is not repeated here.

5. Experiment results and discussions

5.1 Calibration experiments

The straightness errors were calibrated by a Laser Doppler

Displacement Meter (LDDM, made by Optodyne Inc.
USA, model LICS-100) and the angular errors of pitch and
yaw were calibrated by an autocollimator. The roll error was
calibrated by an electronic level.

The calibration results of straightness measurements
are shown in Fig. 12 (a) and (b). Within a measurement
range of +100 um. The accuracy in each direction is
within +0.5 pm. The calibration results of yaw and pitch
measurements are shown in Fig. 12 (c) and (d). The
measurement range is £100 arcsec. The accuracy is within
+0.5 arcsec in either pitch or yaw error. The calibration
result of roll measurement is shown in Fig. 12(e). The
measurement range is £100 arcsec. The accuracy is also
within +0.5 arcsec. These performances verify the feasibility
of the developed 5-DOF sensor system.
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Figure 12. Results of calibration tests: (a) horizontal straightness, (b) vertical straightness, (c) yaw, (d) pitch, (e) roll.



5.2 Comparison and repeatability tests

A series of comparison experiments were made to
demonstrate the effectiveness of this 5-DOF sensor
system. The measurement results obtained by this sensor
system are compared with the measurement results by the
commercial measuring instrument. The measured distance
was 900 mm with a step size of 100mm. Each comparison
was repeated 5 times.

First of all the comparison experiment set-up for
straightness error measurement is shown in Fig. 13(a).
The straightness measurement was compared with a
commercial Laser Straightness Measuring System (LSMS
made by 3DFamily, Taiwan, accuracy +0.5 arcsec). An
electronic level (made by Qianshao Co. China, model WL-
2, accuracy 0.5 arcsec) was used to measure the roll angle
in order to compensate the Bryan error in straightness

Staronary part

(a)

measurement. According to the Bryan principle, the
straightness error measured at point A is different from
that measured at point B, as shown in Fig. 13(b), and it is
necessary to transform the straightness measured by the
LSMS at point B to the point A for comparison. The angular
induced error is corrected in association with the offset *°
by the Bryan errors, expressed by:

8, (2)=6,,(2) +£.(2)Ly, (2) (6a)
8, (2)=6,,(2)—£.(2)Ly,, () (6b)

The comparison results of straightness errors are given
in Fig. 14(a) to (c) for the horizontal straightness and (d) to
(f) for the vertical straightness of the tested linear stage. It is
clearly seen that not only the trend but also the magnitude,
measured errors by two systems are very coincident. The
relative errors in both directions are all within +1.5 pm.

(b)

Figure 13. Comparison of straightness error measurements (a) experimental set-up, (b) Bryan error correction for

different points of measurement
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Figure 14. Straightness repeatability and comparison results: Horizontal straightness: (a) 5-DOF, (b) LSMS, (¢) com-
parison results. Vertical straightness: (d) 5-DOE, (e) laser alignment tool, (f) comparison results.




The comparison experiment set-up for yaw and pitch
error measurement has been shown in Fig. 8(b), and the
comparison experiment set-up for roll error is depicted
by Fig. 13(a) but without the LSMS. Fig. 15(a) to (c) show
results of yaw error measurements, (d) to (f) show results
of pitch error measurements, and (g) to (i) show the results

of roll error measurements. All are very satisfied. This
comparison experiment can be reproduced on any eligible
linear motion stage with a stroke of less than 1000mm and
all 5 geometry errors are within the measurement range of
the proposed 5-DOF sensing system.
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Figure 15. Angular measurement repeatability and comparison results: Yaw: (a) 5-DOE (b) autocollimator, (c) com-
parison results. Pitch: (d) 5-DOF, (e) autocollimator, (f) comparison results. Roll: (g) 5-DOE, (h) electronic level, (i) com-

parison results.

5.3 Stability tests

The stability tests were performed under a general
industrial environment without temperature control. The
distance between the stationary part and moving part of
the 5-DOF system remained 450 mm and the beam drift
error is compensated by the feedback control in real-time.
The readings of the 5-DOF system were automatically
recorded at each 10 seconds and the total experiment time
elapsed 5 hours.

The experimental results shown in Fig. 16 confirm the
signal drift of the proposed 5-DOF system is less than 1
um in straightness measurement, less than one arcsec in
yaw and pitch measurement, and less than 2 arcsec in roll
measurement, all are in 5 hours. These results prove the
stability and feasibility of using this 5-DOF sensor system
to detect motion errors of the linear stage of the machine
tool.



—— Hosixca bl Wu pVisrn
e el Dt T

0.5 B0y
§ & 302 B
z 90 S i
& = "
= 20k 5
505 = &
z 303 £
LTy =10

000510 15 20 25 10 15 40 45 50 0005 1015 20 25 10 154045 50 0005 10 1.5 20 25 30 3.5 40 45 5.0
Thme (hewry Time jhour Time fhar}
() (b) (c)

Figure 16. Results of stability experiments. (a) straightness (b) yaw&pitch (c) roll

6. Conclusions

In this paper, a 5-DOF sensor system for detecting geometric
errors of each linear axis of machine tool is proposed. The
system is compact in size, simple in optical configuration
and low cost. It is to be installed in the machine tool as
an embedded sensor to real-time detect 5-DOF geometric
errors in each axis of motion. Experimental results show
the feasibility and stability of the developed sensor system.
It has a great potential to discover the dynamic error of
the machine tool during real-cutting condition. It can also
extend the current NC control loop from a single sensor
feedback system to all 6 sensors feedback system so that
the volumetric error compensation is possible. These are all
our future works.
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Abstract:

In order to find the optimal combination of process parameters for laser cladding 304L alloy powder on the surface of 45 steel, a
combination method of single factor test and multi-factor orthogonal experiment was used to perform the single pulse laser cladding
experiment. The effects of process parameters (pulse current A, pulse width B, pulse frequency C,defocus distance D, scan velocity
E) on the morphology and performance of cladding layer was studied by range analysis, and the optimal combination of cladding
parameters is calculated by fuzzy comprehensive evaluation. The results show that different process parameters have different effects
on the morphology of the cladding layer and scanning velocity E and defocus distance D are the most important influencing factor of
cladding morphology. The effect on cladding width is D> C > A > B > E and the effect on cladding heightis E> A > C > D > B. The
optimal combination of cladding width is A,B,C,D,E . The optimal combination of cladding high is A,B,C D,E,. The comprehensive
optimal process parameters are pulse current 210A, pulse width 3.6ms, pulse frequency 16Hz, defocus distance +10mm and scanning
speed 240mm/min. The average hardness of the cladding layer, melting pool, heat-affected zone and substrate under the optimal
process parameters is 406.2 HV  , 470.8 HV ,230.5HV , and 202.0HV , respectively. The 304L cladding layer on 45 steel surface is
stable in width, height and surface quality under comprehensive optimal parameters.

Keywords: laser optical; the optimal process; orthogonal test; 304L alloy powder; laser cladding; fuzzy comprehensive evaluation.

cladding forming geometry and found that laser cladding
process parameters had a direct impact on its geometry.
Jiao X.Yet al. ! studied the influence of scanning velocity
on the microstructure of cladding layer, and found that
increasing velocity would induce defects.Lei J.F et al
04 studied the laser cladding Ni60-25% WC coating on
U71Mn steel surface and obtained the optimal process
parameters. ZanS.P et al. ) studied the laser cladding
technology of 316L stainless steel powder, and analyzed the
effect of technological parameters on surface morphology

1. Introduction

Laser cladding is a coating technology that deposits
multiple layers of composite material on the substrate to
improve the physical properties of the work-piece such as
wear resistance and corrosion resistance .. Laser cladding
technology is widely used in surface enhancement and
wear repair of parts®?. Laser cladding technology has
good adaptability and no special requirements for metal
powder and substrate. It can obtain high performance

alloy on cheap and low performance metal surface and
can significantly improve the mechanical properties of
mechanical parts!'®!!.Steel 45 is a common material used in
manufacturing machine parts. It has important industrial
application value to prepare wear - resistant and corrosion
- resistant cladding layer with high hardness on the surface
of 45 steel.

Atpresent, the research of preparing high performance
alloy cladding layer on low performance metal has been
published. Parekh R et al.'”studied the optimization of

and hardness.Xu M.S et al. ! studied the microstructure
and properties of laser cladding Ni base alloy of 45 steel.
Xu QK et al. ' studied the technicality of TiBCN powder
CO, laser cladding on the surface of steel 45.Liu X.M
et al. ¥ studied 45 steel laser cladding Ni35B+WC alloy
and found that WC content can improve the hardness and
wear resistance of cladding layer. The above studies show
that the process parameters are the main factors affecting
the morphology, microstructure, hardness distribution
and wear resistance of the coating.However, there is little

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.



literature on the cladding layer of 304L alloy on the surface
of 45 steel by pulsed laser, and there is a lack of optimized
process parameters. As a result, the 304L alloy powder is not
widely used in remanufacturing and surface strengthening
of mechanical parts.

In this paper, the process optimization of laser cladding
304L alloy powder on 45 steel surface is studied.Firstly,
single-factor test and multi-factor orthogonal test are
carried out to analyze the influence of each process factor
on the morphology of single-pass cladding layer.Then the
range analysis method is used to evaluate the significant
order of the influence of each process parameter on the
single-pass cladding morphology.Based on the orthogonal
test results, multi-objective fuzzy comprehensive
evaluation is carried out to find the comprehensive optimal
combination of cladding process parameters.Finally, the
stability of the synthetic optimal process is verified by the
test of morphology and hardness!**2!.

2. Orthogonal Experimental Design

2.1. Experimental equipment and materials

focal
length
Protective = ! 45 el b

gas MHL powider [N focus el Base

Clip specific

Clamping constraint

The Nd: YAG pulse laser cladding machine with a power
of 800 watts is used in the experiment.The effective range
of the cladding process parameters of the equipment:
pulse current is 200A~ 230A, pulse width is 3.0ms
~3.6ms, frequency is 14Hz~17Hz, defocusing amount
is +8mm~+14mm, and scanning speed is 240mm/min
~330mm/min.In order to avoid mutual influence of each
channel of cladding and interference of residual heat
of substrate, laser beams were scanned along the same
direction during the test. The spacing g between adjacent
cladding strips was set to be more than 2 times of the
width W of single channel of cladding, and the scanning
cooling interval was set to be 10 minutes. The experimental
principle was shown in Figure 1.

The particle size of 304L stainless steel alloy powder
is 180-320 mesh, the loose packing density is 3.8g /
cm’, the base material is the 45 steel plate after being
polished and cleaned, the length, width and height is
200mmx80mmx10mm.The mass fraction of 304L stainless
steel alloy powder and 45 steel composition is shown in
Table 1.

_ Cladding width W _

Cladding

304L cladding 5
layer height H|
Maolicn pool E.\-“!lll.'n
{eat affected zone pool
depth £

45 steel base

Figure 1. Schematic diagram of experimental principle of Laser cladding.

Table 1. Chemical composition of 304L stainless steel alloy powder and 45 steel substrate (wt%).

Materials C Si Mn Ni Cr P S Cu O Fe
304L alloy powder <0.03 <1.0 <0.2 8.0-12.0 18.0-20.0 - - - <0.15 Bal
45 steel 0.45 0.20 0.20 <0.25 <0.25 <0.035 <0.035 <0.25 - Bal

2.2. Design of experimental scheme

Due to the laser cladding machine used has many
technological parameters and each parameter can be
adjusted widely, the orthogonal experiment of multiple
factors was carried out. The orthogonal experiment scheme
L,(4")was designed, as shown in Table 2.

The macroscopic morphologies of 16 groups of single-
pass cladding layers were obtained by orthogonal test, as

shown in Figure 2. From the macroscopic morphology,
the width of no. 1-2 specimen is narrow and the cladding
pattern is too dense. The surface roughness of no. 3-6
specimen is relatively large, and a few powder particles are
in the state of semi-melting. There is un-melted powder and
uneven cladding width on the surfaces of no.9, 11, 12, 14
and 16;The surface and edge of no. 7, 8, 10 and 15 cladding
layers are smooth and have good macroscopic morphology.

Table 2. Multi-factor orthogonal experimental scheme(L4(4°)).

Number Pulse current  Pulse width ~ Pulse frequency  Defocus distance ~ Scan velocity ~ Layer width  Layer height
A ms Hz mm mm-min’! mm mm
1 200 3.0 14 +8 240 1.80 0.52
2 200 3.2 15 +10 270 2.12 0.38
3 200 3.4 16 +12 300 2.60 0.32




Pulse current ~ Pulse width ~ Pulse frequency ~ Defocus distance ~ Scan velocity ~ Layer width ~ Layer height

Numb
Hmber A ms Hz mm mm-min™! mm mm
4 200 3.6 17 +14 330 3.06 0.30
5 210 3.2 14 +14 300 2.32 0.58
6 210 3.0 15 +12 330 2.48 0.38
7 210 3.6 16 +10 240 2.66 0.54
8 210 3.4 17 +8 270 2.54 0.40
9 220 3.4 14 +10 330 2.36 0.32
10 220 3.6 15 +8 300 2.58 0.30
11 220 3.0 16 +14 270 2.92 0.56
12 220 3.2 17 +12 240 2.80 0.42
13 230 3.6 14 +12 270 2.86 0.38
14 230 3.4 15 +14 240 2.98 0.44
15 230 3.2 16 +8 330 2.54 0.30
16 230 3.0 17 +10 300 2.72 0.30
T :
. & - g
E £ 3 :
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o 3 : ¥ 5 i
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Figure 2. Multi-factor orthogonal experimental results.
3. Results and Discussion shown in Figure 3. As it can be seen from the figure, No.
1 cladding layer is height and narrow; No. 4, 9, 15 and 16
3.1. Section morphology analysis cladding layers are relatively flat, and the height and width

do not meet the cladding requirements;No. 2, 6, 10 and 14
] i i cladding layers are unevenly distributed and convex, and
to the cladding, the cross section of cladding layer was 1. cladding layer is not well fused;The surface of No. 3,
observed by optical microscope, and the cross-section 5 7, 8, 11, 12 and 13 cladding layers is flat and has better
morphologies of 16 groups of samples were obtained, as  height and width.

The cladding layer was cut along the direction perpendicular

Figure 3. Cross-section microscopic image of a single laser cladding layer in orthogonal test.



3.2. Range analysis

Set T, be the sum of experimental results y (y, and y, are
the width and height of cladding layer, respectively) at the
level j in column i. K, is the experimental mean value at
the j-th level of column i. R is the range value of column
i, indicating the range of variation of the test index within
the value range of this factor. Max (K) and min(K) are the
maximum and minimum K values in column 7 respectively.
In formula (1), j is the number of levels, i is the number
of columns, namely the number of factors (A, B, C, D, E),
and r is the number of repeated tests at the same level in a
certain factor.

4
=2V,
j=1
T

K =L
r

J

R = max(K ) - min(K)

The range analysis can determine the primary and
secondary factors that affect the experimental results. The
large range indicates that the factor has a great influence on
the experimental results, and it is the main factor.The small
range indicates that this factor has a great influence on the
experimental results, and it is a secondary factor.

The width and height of the cladding layer are
measured by the microhardness tester, and the range
analysis results of laser cladding test results are calculated by
using formula (1), as shown in Table 3. It can be seen from
the Table 4 that the main factor affecting the cladding layer
width is scanning speed E, and the corresponding optimal
combination is A B,C D E The main factor affecting the
cladding layer height is also the scanning speed E, whose
optimal combination is A,B,C D E .The effect of scanning
speed on height and width of the cladding layer is the main
factor, the focal length has a greater effect on the width of
the cladding layer and the least effect on the height, and
the effect of pulse width and frequency on the height and

(1)  aspectratio of the cladding layer is in the middle level.
Table 3. Range analysis.
T Mt g Sy
Factor A Factor D
T, 9.58 9.92 9.34 9.46 10.24
T, 10.00 9.78 10.16 9.86 10.44
T, 10.66 10.48 10.72 10.74 10.22
T, 11.10 11.16 11.12 11.28 10.44
The width of K, 2.40 2.48 2.34 2.36 2.56
the cladding K, 2.50 2.45 2.54 2.47 2.61
layer K, 2.67 2.62 2.68 2.69 2.55
i K, 2.78 2.79 278 2.82 261
R 0.38 0.35 0.45 0.46 0.06
The precedence order of the factors: D> C >A> B>E
Optimization levels A, B, C, D, E,
Optimal combination ABCDE,
T, 1.52 1.76 1.80 1.52 1.92
T, 1.90 1.68 1.50 1.54 1.72
T, 1.60 1.48 1.72 1.50 1.50
T, 1.42 152 1.42 1.88 1.30
The high of K, 0.38 0.44 0.45 0.38 0.48
the cladding K, 0.48 0.42 0.37 0.39 0.43
layer K, 0.40 0.37 0.43 0.38 0.38
mm K, 0.36 0.38 0.35 0.47 0.32
R 0.12 0.07 0.10 0.09 0.16
The precedence order of the factors: E>A>C>D>B
Optimization levels A, B, C, D, E
Optimal combination ABCD,E




Range analysis cannot directly reflect the optimal
results under the control of multiple indexes, and
comprehensive evaluation is needed to determine the
comprehensive optimal process parameter combination.
Therefore, the surface height and width indexes of 304L
laser cladding layer are comprehensively analyzed by fuzzy
comprehensive evaluation method.

The specific methods of comprehensive analysis are:

Firstly, the fuzzy judgment matrix is obtained through
the comment set of each sample factor set, and the weight
judgment matrix of each evaluation index is obtained
through expert knowledge and experience.

Then, the analytic hierarchy process (AHP) is used to
analyze the weight consistency index and find the objective
weight coefficient of each evaluation index.

Finally, fuzzy operator is used for fuzzy comprehensive
evaluation.

The fuzzy comprehensive evaluation factor set:
{cladding height, cladding width}, comment set: {good,
relatively good, general, bad, poor}.The evaluation of
cladding height H, and cladding width 7 obtained the
fuzzy matrix F, (i= 1,2,3...16,Where i is the serial number
of cladding strip), the first row of the matrix 7, values from
H, and the second row values from#.,.

The zadeh operator is used to conduct compound
operation on the fuzzy matrix to get the evaluation resultZ,
,and the normalized processing is done Z*; (i=1,2,3...16), as
shown in Table 4. As can be seen from Table 4, Z*;and Z's
should be the highest level, from the level of "good" quality,
the comprehensive optimal result isZ*;. In other words,
the comprehensive optimal process parameters are current
210A, pulse width 3.6ms, frequency 16Hz, defocusing
amount +10mm, and scanning speed 240mm/min.

Table 4. Evaluation results of fuzzy matrix.

7= (0.14, 043, 0.29, 0.14, 0.00) 7%= (0.10, 0.50, 0.40, 0.00, 0.00)
7= (0.00, 0.20, 0.40, 0.40, 0.00) Zz+,= (0.00, 0.11, 0.22, 0.44, 0.22)
Z*s= (0.00, 0.23, 0.31, 0.31, 0.15) 7%= (0.00, 0.08, 0.46, 0.31, 0.15)
7%= (0.42, 0.42, 0.17, 0.00, 0.00) 7%= (0.36, 0.55, 0.09, 0.00, 0.00)
7%= (0.30, 0.30, 0.40, 0.00, 0.00) Z*mz (0.08, 0.25, 0.50, 0.17, 0.00)
Z*“= (0.09, 0.18, 0.55, 0.18, 0.00) 2*12: (0.09, 0.18, 0.55, 0.18, 0.00)
2*13: (0.00, 0.30, 0.60, 0.10, 0.00) Z*Mz (0.00, 0.10, 0.50, 0.40, 0.00)
2*15: (0.00, 0.17, 0.42, 0.42, 0.00) Z*m: (0.08, 0.23, 0.46, 0.31, 0.00)

3.3. Hardness testing

Through the results of fuzzy comprehensive evaluation, it
can be found that when the scanning speed and defocus
are controlled in the range of 240 ~ 270 mm/min and + 8 ~
10 mm respectively, the cladding layer with better surface
shape and no crack defects can be formed. Figure 4 (a)
shows the three single-pass cladding morphologies under
the optimal process parameters.It can be seen from the
Figure 4 (a) that the surface of the cladding layer (No. 1,
No. 2 and No. 3) is smooth and continuous, with uniform
height and width, and good formation. The cladding
width is 2.54mm, 2.56mm and 2.54mm, and the height is
0.56mm, 0.54mm and 0.54mm, respectively. Figure 4 (b)
shows the cross section morphology of the cladding layer
corroded by 4% nitric acid alcohol in No. 1. It can be seen
that the cladding layer has a good bond with the substrate,
and no cracks, pores and other defects are found.

The micro-hardness of the No. 1 cladding sample in Fig.
4b was observed, and 11 measuring points were set along
the vertical direction on the section. The measuring point
distribution in the cladding layer I molten pool II, IV,III
heat-affected zone and the 45steel base IV, respectively(as
shown in Figure 5 (a). HV-1000 micro-hardness tester was
used to measure the hardness of cladding samples (KGF
=0.5), and the test results were shown in Figure 5 (b). By
the figure shows, molten pool II has the highest hardness
and as depth increases, the hardness of cladding layer [
value is higher, but lower than the molten pool II matrix

[V minimum hardness, the hardness of heat affected
zone [II hardness value rapid transition from high to low
hardness value, the final hardness is only slightly higher
than the base material.Cladding layer I, molten pool I,
heat affected zone III and IV average hardness are 406.2
HV .. 470.8HV . 230.5HV .. 202.0HV, respectively.
The average hardness of the cladding layer I is 2.33 times of
the 45 steel substrate [V.

(b)the cross section shape.
Figure 4: Three single-pass cladding morphologies
under the optimal process parameters
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Conclusions

The influence degree of different process parameters on the
cladding layer morphology is found by range analysis of
orthogonal test results. From the effect on cladding width,
defocus distance D> frequency C > current A > pulse width
B> scanning speed E. From the effect on cladding height,
scanning speed E > current A > frequency C >defocus
distance D > pulse width B. The scanning velocity E and
defocus distance Dare the most important factor affecting
the cladding layer morphology.

The comprehensive optimal combination of cladding
process parameters is current 210A, pulse width 3.6ms,
frequency 16Hz, defocusing amount +10mm, scanning
speed 240mm/min.The single pass cladding layer has
good surface finish, stable width and height, good bonding
between the cladding layer and the substrate, and no cracks,
pores and other defects.

Under the comprehensive optimal process parameters,
the average hardness of cladding layer, molten pool, heat
affected zone and substrate is 406.2HV ., 470.8HV _,
230.5HV . and 202.0HV ,, respectively. The average
micro-hardness of cladding layer is 2.33 times that of 45
steel substrate, and the surface hardness of the substrate
after cladding is significantly improved.

Acknowledgements: This work was supported by
the National Natural Science Foundation of China
(No0.51505268),Key project of shaanxi provincial science
and technology department (2017ZDXM-GY-138) and
Shaanxi provincial education department special research
program (16JK1139).

References

[1] C. Brunner-Schwera, T. Petrata, B. Grafa, et al.. High
speed-plasma-laser-cladding of thin wear resistance
coatings: A process approach as a hybrid metal
deposition-technology [J]. Vacuum, 2019, 166 : 123-
126.

[2] E Govekar, A Jeromen, A Kuznetsoy, et al.. Study of an
annular laser beam based axially-fed powder cladding
process [J]. CIRP Annals-Manufacturing Technology,
2018, 67: 241-244.

[3] Guo W, Zhang Y P, Chai R X. Numerical Simulation and
Experimental Study of Single-Track Laser Cladding of 304
Stainless Steels [J]. Laser & Optoelectronics Progress,
2019, 56(9): 091401-1-7.

[4] Yu T B, Song B X, Xi W C. Influence of Laser Cladding
Process Parameters on Morphology of Cladding Layer
and Its Optimization [J]. Journal of Northeastern
University (Natural Science), 2019, 40(4): 537-542.

[5] Navas C, Conde A, Fernandez B J, et al.. Laser coatings
to improve wear resistance of mouldsteel[J].Surface and
Coatings Technology,2005,194(1):136-142.

[6] Huang Y, Sun W L, Chen Y. Trajectory planning of laser
cladding remanufacturing for complex shaft shaped part
[J].Infrared and Laser Engineering,2017,46(5):0506005.

[7] Wang H, Wang L W , Wang T, et al..Method and
implementation of repair of
aircraft engine damaged blades[J]. Acta Aeronautica et
Astronautica Sinica,2016,37(3): 1036-1048.

[8] Feng H,Li J FSun J. Study on Remanufacturing Repair
of Damaged Crank Shaft Surface by Laser Cladding [J].
Chinese Journal of Lasers,2014,41(8): 0803003.

[9] Liu F G, Lin X, Song K. Microstructure and Mechanical
Properties of Laser Forming Repaired 300M Steel[J].
Acta Metallurgica Sinica,2017,53(3):325-334.

[10] Xu B S, Fang J X, Dong S Y, et al..Heat-affected Zone
Microstructure Evolution And Its Effects On Mechanical
Properties For Laser Cladding FV520B Stainless Steel[J].
Acta Metallurgica Sinica, 2016,52(1):1-8.

[11] Song M, Kan Y, Cheng Z H, et al..Study on Microstructure
and Performance of Laser Cladding Layer on Ultra-
high Strength Stainless Steel Surface[J].Hot Working
Technology, 2017,46(6):148-151+154.

[12] Parekh R, Buddu R K, Patel R I. Multiphysics Simulation
of Laser Cladding Process to Study the Effect of Process
Parameters on Clad Geometry [J]. Procedia Technology,
2016, 23: 529-536.

[13] Jiao X Y, Wang J, Wang C M, et al..Effect of laser
scanning speed on
properties of T15M cladding coating fabricated by
laser cladding technology[J]. Optics and Lasers in
Engineering,2018,110: 163-171.

[14] Lei J F, Qi W J, Xie Y D, et al..Optimization of Process
Parameters of Laser Cladding Ni60-25%WC Coating on

remanufacture and

microstructure and wear



U71Mn Steel[J].Surface Technology,2018,47(3):66-70.

[15] Zan S P, Jiao J K, Zhang W W. Study on laser cladding
process of 316L stainless steel power[J].Laser &
Optoelectronics Progress,2016,6:061406.

[16] Xu M S,Li J F ,Li H D, et al..Influence on Powders
and  Process Bonding  Shear
Strength in Laser Cladding[J].Journal of Mechanical
Engineering,2017,53(9): 209-216.

[17] Xu Q K, Hu J D, Zhang W C. Application of TiBCN Powder
as Additive in Laser Cladding of 45 Steel[J]. Applied
Laser,2018,38(1):7-11.

[18] Liu X M, Xie J J, Chen H. Manufacturing Stamping Die by
Laser Cladding Ni35B+WC on the Surface of 45 Steel [J].

Parameters on

Rare Metal Materials and Engineering,2013,42(2):247-250.

[19] LiB C, Zhao Y, Yu T B, et al.. Experimental Study of Single
Pass Cladding Layers for Process Parameter Selection
of Laser Cladding Ni204 Alloy [J]. Applied Laser,2018,
38(5):713-719.

[20] B Bax, R Rajput, R Kellet, et al.. Systematic evaluation of
process parameter maps for laser cladding and directed
energy deposition [J]. Additive Manufacturing, 2018,
21: 487-494.

[21] Li Y J, Dong S Y, Yan S X, et al.. Elimination of voids by
laser remelting during laser cladding Ni based alloy on
gray cast iron [J]. Optics and Laser Technology, 2019,
112:30-38.



Viser Technology Pte. Ltd.
Mechanical Engineering Science
doi: 10.33142/me.v1i2.1658

@* VISER

Study on the Cutting Temperature of the Textured Tool by 3D
FEA Simulation

Siwen TANG', Pengfei LIU', Rui WANG', Qiulin NIU?, Guoqing YANG?, Wenhui LIU?,
Qian LIU*

1 Hunan Provincial Key Laboratory of Health Maintenance for Mechanical Equipment, Hunan University of Science and Technology,
Xiangtan, China

2 Hunan Provincial Key Laboratory of High Efficiency and Precision Machining of Difficult-to-Cut Material, Hunan University of Science
and Technology, Xiangtan, China

3 Hunan Provincial Key Defense Laboratory of High Temperature Wear Resisting Materials and Preparation Technology, Hunan
University of Science and Technology, Xiangtan, China

4 Engineering Research Center of Advanced Mining Equipment, Ministry of Education, Hunan University of Science and Technology,
Xiangtan, China

*Corresponding Author: Siwen TANG, Hunan Provincial Key Laboratory of Health Maintenance for Mechanical Equipment, Hunan
University of Science and Technology, Xiangtan, 411201, China

Abstract:

Temperature plays an important role in the life of cutting tools. However, it is sometimes difficult to observe instantaneously because
of limited data acquisition, especially for the textured tool. In this paper, the performance of microgroove textured cutting tools for
three-dimensional (3D) oblique dry turning of AISI 1045 steel was studied by finite element simulation. The effects of width, depth
and spacing of strip micro-texture on cutting temperature and the effect of cutting speed on cutting temperature of strip micro-
texture tool were studied. The results show that the maximum temperature of the tool and the tip temperature first increase and then
decrease with the increase of micro-texture width. When the micro-texture depth increases, the maximum temperature and the tool
tip temperature decrease first and then increase. The highest temperature and tip temperature of the tool gradually increase with the
increase of micro-texture spacing. The highest temperature and tip temperature of the tool increase with the increase of cutting speed,
feed speed and cutting depth. In addition, the effective mechanism of micro-texture parameter for the temperature was proposed. It
provides profound guidance for optimizing the microstructure parameters and cutting process of cutting tools according to cutting
temperature in this study. It also provides an effective and practical method for the design, innovation and development of micro-
textured tools.

Keywords: Micro-textured cutting tool; FEM modeling; Cutting temperature; Cutting parameters

while machining titanium alloys. Lei et al ! experimentally
researched the performance of the micro-pool lubricated
cutting tool in processing mild steel. Koshy and Tovey !
reported that texturing decreased the changeability of

1. Introduction

Dry cutting has attracted attention in mounting numbers
to the emphasis on environmental issues 'l. However, high
friction and strong adhesion of the dry cutting process

reduce the life of the tool ??. Recent studies have shown
that a micro-texture on the tool surface can effectively
decrease cutting force and tool-chip contact length,
thereby improving the performance of the tool .. Many
researchers studied the cutting mechanism of micro-
texture by using the experimental and simulation methods.
Xie et al. ™ found the cutting forces for micro-grooved
tool decreased 32.7% compared to traditional plane tools

cutting forces during turning of hardening steel. Sugihara
and Enomoto " revealed that a cutting tool with micro-
textured surface improved tool cutting performance (e.g.,
anti-adhesive properties) in wet and dry-cut aluminum
alloy A5052. Obikawa and Kani "! found that the vertical
and horizontal types of micro-texture could reduce
cutting forces most effectively. Sun et al. % studied the
cutting performance of the hybrid texture self-lubricating

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.



tool. The effects of these nanoscale surface textures with/
without WS2 solid lubricant coatings comparing with the
conventional investigated by Deng et al. ¥ tools. Dong
et al. ' studied the effect of texture morphology, texture
parameters on the cutting force and effective friction
coeflicient by using Deform 3D finite element simulations.
However, there is less research on the temperature of
the micro-texture tool since cutting temperature cannot
be observed instantaneously because of limited data
acquisition, especially for the oblique cutting. Meanwhile,
finite element simulations provide an effective means for
predicting the cutting temperature of the micro-texture
tool. Therefore, this paper uses the commercial software
ThirdWave AdvantEdge to establish a three-dimensional
model of micro-textured tool cutting. Based on this model,
the influence of micro-texture parameters on cutting
temperature was studied, and the mechanism of influence
of micro-texture parameters on cutting temperature
was analyzed. The high model can be used to predict the
temperature of the cutting process of the tool.

2. Establishment of Finite Element Model

2.1 Geometric model

The 3D FEM machining model are shown in Figure 1. The
commercial software ThirdWave AdvantEdge has been
used to simulate the cutting process. An oblique cutting
model was established, the tool cutting edge angle Kr=75°,
as shown in Figure 1. Adaptive grid technology and updated
Lagrangian finite element formula as well as continuous
meshing are used in this model. The area of the tool and
the workpiece closer to the tool-chip contacted area has
fine mesh, which is beneficial to improve the simulation
precision. The mesh far from the cutting region is coarser,
which is convenient for the calculation, as shown in Figure
2. The parameter setting for mesh generation is illustrated
in Figure 3. The workpiece material is 15 mm in diameter
and the total cutting distance is 6 mm. The cutting tool
is fixed during the cutting process, and the workpiece to
do the rotary motion. The cutting conditions are given in
Table 1. The initial simulated temperature is 20°C.

Figure 1. Finite element model

Figure 2. Mesh generation of FEM
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Figure 3. Parameter setting for mesh generation

Table 1. Cutting conditions

Parameters Values

90, 150, 210, 270, 330
0.05, 0.075, 0.1, 0.125, 0.15
0.1,0.2,0.3,0.4, 0.5

Cutting speed, V(m/min)
Feed rate, f (mm/rev)

Depth of cutting, d(mm)

2.2 Cutting tool

The geometric model of the tool was established with Pro/E
software. The tool size was 8mm x8mmx1.5mm. Rake angle
Y,=0°clearance angle a =11°cutting edge angle K =75°,
cutting edge inclination A =0°,corner radius r =0.5mm. The
striped microstructure was built on the rake faces of the
commercial Carbide-Grade-P cutting tool. The geometric
model of the non-textured and textured tool is featured in
Figure 4. Because the hardness of the tool is much greater
than the hardness of the workpiece, the cutting time is
short, and the tool wear is small during the cutting process.
Therefore, the changes in the micro-texture geometry are
not considered during the simulation cutting process. The
MT-0, MT-90, MT-45, and MT-135 were named as micro-
texture tools with a lot of grooves in the directions of
horizontal (0°), vertical (90°) and slanting at 45° and 135°
to the cutting edge on the rake faces. The parameter values
of tiny grooves on the tool rake face are presented in Table
2. The micro-texture tool model established by Pro/E was
imported into the Third Wave Advantage. Rake angle of



Tool y, = -6 °, flank angle o = 11 °, and tool cutting edge inclination A, = 0 °.

(a) Plane tool (b) MT-0

eoveee

(c) MT-45

(d) MT-90 (e) MT-135

Figure 4. Geometry model of cutting tools

Table 2. Parameter values of micro-texture on tool rake face

Micro-textured cutting tool parameters

Values/pm

Groove width
Groove depth

Groove spacing

40, 60, 80, 100, 120, 150
5,15, 25, 35, 45
40, 80, 130, 180, 150, 300

2.3 Workpiece

The workpiece is AISI 1045 steel. The Johnson-Cook model
is used to describe the thermo-viscoplastic deformation
behavior of materials at high strain rates in this study. The
model links the strain hardening effect, strain rate effect
and thermal softening effect produced by materials at high
strain rates. The specific form of the model is as follows:

o=(4+B¢") 1+C1n[,—éJ 1—(T_T’jm
& Tn-T:

0

(1)

where o is the effective yield stress, A is the yield
strength, B is the strain hardening parameter, n is the
hardening index, & is the equivalent plastic strain, C is the
strain rate strengthening parameter, £ is equivalent plastic
strain rate, &, is the reference strain rate of the material,
T is the operating temperature, T is the reference room
temperature, T is the melting point of the material, m
is the thermal softening coefficient. Coulomb friction is
used in AdvantEdge, which is as described the following
equation: F=u*F , where F_is a normal force applied
between surfaces, y refers to the coefficient of friction. F is
the force produced by friction.

3. Experimental Validation

FEM model is validated by comparing with experimental
results when V=270m/min, f=0.1lmm/r and a = 0.3mm.
In the experiments, all tools with or without texture are
choosen for the cutting performance. The micro-texture
width, groove depth, and groove spacing is 40um, 25um,
and 40pum, respectively. The machining conditions, tool
condition and material are the same as in the simulation.
The three directional cutting force in the X-, Y-, and Z-axes
was measured by a dynamometer system consist of a Kister
9527B-type three-way piezoelectric dynamometer, a 5080-
type charge amplifier, a PCIM-DAS1602/16-type data
acquisition card, and a Dyno Ware System data acquisition
system. The experimental and simulated cutting force,
thrust force and feed force are depicted in Figure 5.
All values of force are average in the figure. The results

show that all three cutting forces have good consistency
between experiment and simulation. The differences
between the experimental and emulational results for
the three-dimensional force are all below 6%. It can be
justified that the FEM model can accurately simulate the
three-dimensional turning of AISI 1045 steel based on the
comparisons as shown in Figure 5. In addition, the force
and temperature of cutting are all affected by the same
factor such as workpiece, cutting parameters, tool material
and tool geometry. So, the established model can describe
the effect of texture on the cutting temperature of the tools
with and without texture.
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Figure 5: Cutting force of the experiment (a) and
difference between the simulated and experimental cutting
force (b). (v.=270m/min, f=0.1mm/r,ap=0.3mm)



4. Result and Discussion

4.1 Effect of morphological parameters on cutting tem-
perature

The temperature distribution nephogram of the cutting
tools with and without micro-texture cutting with AISI
1045 steel are shown in Figure 6. The cutting parameters
are the same as section 2. The maximum temperature of
the plane tool is at the tip of the tool and that of the tools
with micro-texture appears at the ridge edge of the micro-
texture. Because the microgrooves on the micro-texture
of the tool surface can transfer cutting heat to the micro-
texture direction faster, the edge of the micro-texture is in
direct contact with the chip. So a large amount of cutting
heat is concentrated on the edge of the micro-texture. It
caused the highest temperature of the micro-texture tool to
be distributed on the edge of the micro-texture. Besides, the
micro-texture tool tools with different texture directions
have different temperature distribution characteristics.
Figure 7 shows the max temperature and the tip
temperature of tools with and without micro-texture. Tools
with micro-texture all decreased the cutting temperature to
some extent compared to plane tools, especially for the tool
MT-135. The maximum and the tip temperature of MT-135
were reduced by 10.4% and 13.2% compared to plane tools,
respectively. In the texture tool, MT-45 has the highest
cutting temperature, MT-90 second, MT-0 third, MT-135
minimum.

The flow direction of the chip is controlled by the
microstructural shape on the rake face. Dong's research
14 shows that the tool has the lowest friction coefficient
and the cutting force when the present of micro-texture

4

direction making the chip flow angle smaller. It can be
observed the distribution of cutting temperature in Figure
6. It shows high-temperature area of MT-0 and MT-135
tool was significantly smaller than the MT-45, MT-90 and
plane tool. It also shows that the two kinds of cutting tools
in these cutting conditions is conducive to the reduction
of tool cutting angle. So it helps reduce the tool and chip
friction, cutting force and cutting temperature.

Wanigarathne et al. "' studied the temperature of TiN
/ TiCN / TiC coated groove tool cutting with AISI1045
steel by infrared thermal imager. When v_= 200m / min, f
= 0.15mm / rev, the cutting temperature increases with the
increase of cutting time, and the tool surface temperature
increases from 350 to 500 ° C during the cutting time of
50s ~ 65s. Song et al. ¢! studied the cutting temperature of
the micro-holes CaF, self-lubricating tool using an infrared
thermal imager when cutting with AISI 1045 hardened
steel. The research shows that the cutting temperature is
from 400 ~ 550 ° C at the speed range of 60 ~ 140m / min.
Norouzifard et al. 7! measured the cutting temperature
with an infrared thermal imager when using an ISO P30
tool cutting with AISI 1045 steel tool temperature at 503 ©
Ct0 662 ° C, the cutting conditions are v_ = 31.4 ~ 125.7m /
min, f=0.05 ~ 0.11 mm / rev. The processing conditions of
this simulation study are different from those of the above
experimental study, but the temperature range is consistent
with the experimental results in general. At the same time,
the cutting temperature of the micro-texture tool is slightly
lower than that of the experiment due to the influence of
the micro-texture on friction reduction. The comparison
of the above experimental results shows that the cutting
model established in this study can predict the temperature
of the tool surface.

Figure 6. Cutting temperature distribution nephogram of different tool.

(a- plane tool, b-MT-0,c-MT-45,d-MT-90,e- MT-135, v =270m/min, f=0.1mm/r,a =0.3mm)
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4.2 Effect of microstructure size on cutting temperature

The MT-135 tool was picked to study the effects
of width, depth, and pitch on the cutting temperature
of micro-texture tools, as display in Figure 8. It can be
found from the Figure 8 that the maximum temperature
and the tip temperature of the tool increase first and then
decrease with the increase of the micro-texture width.
The maximum value appears at 80um. As the depth of
the micro-texture increases, the maximum temperature
and the tip temperature of the tool decrease first and then
increase. And the tool has a lower temperature when the
micro-texture depth is 25um. With the increase of the
micro-texture spacing, the max temperature of the cutting

of different tool. tool and the tip temperature display an increasing trend.
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Figure 8. The effect of groove parameters on cutting temperature (v.=270m/min, f=0.1mm/r, ap=0.3mm)

During the cutting process, the texture supplies the
space to reduce the contact between the chip and cutting
tool, and then decrease the friction and the cutting tool
temperature ["*l. At the same time, the chips soften at high
temperatures can enter the space of the micro-texture, and
then cause a "derivative cutting" phenomenon . This
phenomenon reinforces the resistance of chip flows and the
contact of the tool and chip, so the friction between the tool
and chip increased, finally, making the tool temperature
rise. According to the above analysis, it can be concluded
that the new sources of cutting heat during the cutting were
provided by the phenomena of secondary cutting. Micro-
textured tool cutting diagram is shown in Figure 9.

cutting tool

chip

textures

workpiece

Figure 9. Schematic drawing of micro-textured tool cutting

Figure 10 is a schematic diagram showing the
variation of micro texture width. When the micro-texture




width is small (40pm), the micro-texture provides a
supremely fabulous contact interface to reduce the friction
and temperature. Research ') shows that micro nano-
scale texture is more effective than micro-scale texture
because it minifies the contact region between the tool-
chip interfaces. Yet as the micro-texture width increase
(40~80pm), the voids in the micro-texture increase, and
the severer " derivative cutting" cause the rise of tool
temperature. Furthermore, when the depth increases to a
certain value (>80pum), the temperature decreased due to
reduced contact is exceeding the temperature rise caused
by the " derivative cutting" phenomenon, so the tool
temperature reduced.

The micro-texture depth change is shown in Figure
11. When the micro-texture depth is small (5um), the
micro-texture is filled full of chips. At this condition, the

chip chip
rake face L rake face
— derivative chip ——
.,\ ] ‘\‘
, / ",
. :’I/@Iact area .
.\ 3 textures .
\ .
a b ‘

chip can flow as the plane tool. However, as the micro-
texture depth increases (5~25um), the voids in the
micro-texture increase. The temperature reduced due to
reduced contact is over the temperature rise caused by the
"secondary cutting" phenomenon, so the tool temperature
decline. Nevertheless, when the depth raise to a certain
value (>25um), in the opposite case, the tool temperature
increases sharply.

The micro-texture spacing is shown in Figure 12. With
the increase of micro-texture spacing, the max temperature
and the tip temperature of the cutting tool emerge an
increasing trend. This is because the larger spacing, the less
number of micro-textures involved in the cutting, so that
the actual tool-chip contacts region expands, so the friction
generated more heat. It causes the cutting temperature to
rise.
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Figure 10. Is a schematic diagram of the micro-texture width change.

(a-micro-texture width is 40um, b-micro-texture width is 40 ~ 80pm, c-micro-texture width is greater than 80um)
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Figure 11. Schematic diagram of micro-texture depth change

(a-micro-texture depth is less than 5pm, b-micro-texture depth is 5 ~ 25um, c-micro-texture depth is greater than 25um)
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4.3. Effect of cutting parameters on cutting temperature

Figure 13 shows the influence of cutting parameters on
cutting temperature of the MT-135 tool with a width of 40
um, a depth of 25 um and a space of 40 um. Under the same

feed and cutting depth, the maximum temperature and the
tip temperature of the tool increase with the cutting speed
go up. The effect of the feed rates and depth of cutting is
also true.
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Figure 13. Effect of cutting parameters on cutting temperature

Conclusion

The micro-texture tool has good cutting performance and
is used for cutting hard-to-machine materials. The finite
element simulation technology is used to study the influence
of micro-texture parameters of micro-texture tools on
cutting temperature, which reduces the experimental cost
and makes it easier to analyze the cutting performance
of micro-texture tools, thus making it possible to prepare
micro-texture tools with excellent performance, which is
of great significance to the development of new tools. The
finite element analysis model of the oblique cutting process
of the surface micro-texture tool was established by using
a FEM simulation. The effect of micro-texture morphology,
size parameters and cutting parameters on the cutting
temperature of micro-texture was studied with AISI 1045
steel. The main conclusions are as follows.

(1) All the micro-texture tools can diminish cutting
temperature to some extent compared with the traditional
tool. MT-135 tool has the lowest cutting temperature.

(2) The maximum temperature of the plane tool is at
the tip of the tool and that of the tools with micro-texture
emerges at the upper edge of the micro-texture. The max
temperature and the tip temperature of the tool is increase
first and then reduced with the rise of the width of the

micro-texture. When the micro-texture depth increases,
the maximum temperature and the tool tip temperature
decrease first and then increase the maximum temperature
and the tool tip temperature of the tool are gradually
growing with the augment of micro-texture spacing.

(3) The maximum temperature of the tool and the tip
temperature increase with the increase of cutting speed,
feed rate and depth of cutting.
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Abstract:

The semi-solid slurries of the CoCrCuFeNi high entropy alloy (HEA) were fabricated through the recrystallization and partial
melting (RAP) process by cold-rolling and partial remelting. The temperature range of the semi-solid region and the relationship
between the liquid fraction and the temperature were determined by the differential scanning calorimetry (DSC) curve. The effect
of isothermal temperature and holding time on the evolution of the microstructure and mechanical properties of the rolled samples
was analyzed. The results show that the microstructure was significantly deformed, and the tensile strength has been increased by
107% after 63% rolling deformation of the CoCrCuFeNi high entropy alloy (HEA). The high-entropy alloy after cold rolling was
maintained at 1150 and 1300 C for 20, 30, 60, and 120 minutes respectively, the plasticity has been improved compared with the
rolled high entropy alloy. The optimal plasticity was reached 13.7% and 7.9% at 1150 ‘C and 1300°C for 30 minutes, respectively.
After semi-solid isothermal heat treatment, the grain morphology changed from dendritic of as-cast or rolled to spherulite and the
grain size increased significantly with time and the holding temperature increased.

Keywords: high entropy alloy; plastic deformation; semi-solid isothermal treatment; tensile strength; microstructure

improved the hardness and wear resistance of magnesium
alloy, and better applied in aerospace, chemical industry,
vehicles and biomedical fields. Therefore, HEA was is
regarded as a promising structural material. In order to
further improve the mechanical properties of HEA, many
researchers used spark plasma sintering’, high-pressure
torsion” and equal channel angular extrusion™ to obtain
high-strength HEA.

The semi-solid metal process (SSM), as the most
promising material-forming process in the 21st century,
combined with the advantages of solidification and plastic

1. Introduction

As a new alloy design concept, high-entropy alloy (HEA)
has attracted much attention of many researchers in recent
years. Different from the traditional concept of single-
element based alloy, HEAs are the multi-component
alloys with equimolar or near-equimolar compositions
1121, Therefore, high-entropy alloy is also known as multi-
principal component high entropy alloy. Huang et al. P!
have prepared high entropy alloy AlCoCrCu, NiFe on
single crystal silicon and glass by magnetron sputtering,
which expanded the application prospect of high entropy

alloy in terms of oxide film. Chen et al. ) manufactured
Al ,.CoCrFe ,Ni . HEA coating on 45 steel surface by
laser cladding, the results show that the surface hardness
of cladding layer can reach 3.2 times of 45 steel due to
the mutual solubility of high entropy alloy elements, the
solution strengthening effect is produced. Qiu Jingwen, Fu
Zhengfan © et al. prepared high entropy alloy reinforced

AZ91D composite by laser cladding, which greatly

processing, such as the good flowing ability, low resistance
to deformation, and easy formation of complex and high
precision parts *!*. The key to the SSM process is to obtain
a semisolid slurry with a uniform, small non-dendritic
structure. The required spherical microstructure can be
generated by either a liquid or a solid route. Solid-state
path ways include strain induced melt activation (SIMA)
method and recrystallization and partial melting (RAP)

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.



method . Some researchers have studied the effects of
plastic deformation, isothermal temperature and holding
time in an appropriate semi-solid temperature range on the
microstructure evolution and tensile properties of A380
aluminum alloy through SIMA and RAP methods . Chen
et al. ¥ pointed out that the SIMA process can produce
ideal, fine semisolid tissues, in which spherical a-Mg
particles have almost no residual liquid. The relationship
between the spheroidization degree, holding time and
liquid fraction in isothermal treatment is also discussed.
However, the research focuses on the low melting point of
Al and Mg alloys, there are few reports on high melting
point alloys, especially for HEA. Rogal ' obtained the
spherical microstructure of CoCrCuFeNi HEA required for
the thixotypic process through RAP method. However, the
influence of semisolid conditions (isothermal temperature
and time) on microstructure evolution, mechanical
properties and coarsening mechanism is not given. These
explorations will be interesting and meaningful, which will
expand the understanding and application of HEA.

A two-phase FCC CoCrCuFeNi HEA was selected
in this paper. Semi-solid slurry is produced by the RAP
process through cold rolling and partial remelting. The
microstructures and mechanical properties of cast, rolled
and semisolid isothermal heat treatment alloys were
studied. And the influence of isothermal temperature
and holding time on microstructure evolution and tensile
properties at room temperature were discussed.

2. Experimental Procedures

In this experiment, five high-purity metals (Co, Cr, Cu,
Fe and Ni) with higher than 99.9% (mass fraction) purity
were selected as raw materials. Each element is weighed
according to the equal molar ratio, with a total weight of
4 kg. CoCrCuFeNi high entropy alloy was obtained by
melting in a vacuum suspension induction melting furnace
protected by high purity argon. In the smelting process, the
ingot was re-melted 4-5 times to ensure uniform smelting.
The cylinder sample with a dimension of 90 mm in diameter
and 70 mm in height was obtained.

The rectangular sample with a dimension of 70
mmx15mmx6 mm was cut from the as-cast button.
Large deformation rolling high entropy alloy sheet with
a thickness of 2.2mm was obtained by 8 passes of rolling
treatment, in which the first 7 passes rolling reduction are
all 0.5mm, and the last pass rolling reduction is 0.3mm. The
rolled plate is cleaned with anhydrous ethanol and then
vacuum sealed with quartz tube. The quartz tube is kept
flat and put into YFFG40/13G-YC three-phase resistance
furnace for semi-solid isothermal treatment and water
quenching after treatment at different temperatures and
holding times.

The microstructure was investigated by X-ray
diffraction (XRD)with the CuKa radiation and optical
microscope (OM). The compositions of phase were
analyzed by energy dispersive spectroscope (EDS). The
thermal analysis was performed by the differential-
scanning calorimetry (DSC) with a constant heating rate

of 20 K/min. The mechanical properties were characterized
by tensile behavior. The tensile samples with a total length
of 60mm, a thickness of 2.2mm, a clamping end width
of 15mm, a standard tensile distance of 30mm, a section
width of 5mm and a radius of 5mm arc transition as shown
in Figurel.
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Figurel. Dimensional drawing of tensile samples (mm).

3. Results and Discussions

3.1. SEM of as-cast materials and thermodynamic results

The as-cast CoCrCuFeNi HEA has typical dendrite (DR)
and interdendrite (ID) structures as shown in Figure 2. The
chemical compositions of different phases were determined
by SEM energy dispersion spectrometer (EDS) at the points
of dendrite (DR) and interdendrite (ID) respectively. The
DR structure was FCC2 matrix phase with high volume
fraction. In the DR region, the ID phase with a low volume
fraction is FCC1 phase. The chemical composition of FCC1
and FCC2 phases indicates that FCC1 phase is Cu rich
phase, However, the concentration of Co Cr, Fe and Ni in
FCC2 is similar as shown in Table 1. The reason leading
to a strongsegregation of Cu in the FCC1 phase from the
EDS results is the positive mixing enthalpy of Cu-Cr, Cu-
Co, Cu-Fe, and Cu-Ni"*. The volume fraction of the FCC2
phase was about 87%.

Figure 3 shows the DSC curves of as-cast and rolled
CoCrCuFeNi HEA. There are two exothermic peaks in the
as-cast alloy and the rolled alloy, and the positions of the
exothermic peaks are basically the same, which indicates
that the internal composition of the alloy has not changed
after rolling. The first exothermic peak appears at about
1114 °C, the integral area of the peak is small and the
temperature point is close to the melting point of copper
(1083 C). Combining DSC curve, EDS test and volume
fraction calculation results, it could be judged that this peak
represented FCCI phase, and the second peak represented
FCC2 phase. The alloy began to melt partially at about
1114Cand the crystal structure changed, the second
exothermic peak appeared at about 1343°Cand ended at
about 1388°C, indicating that the alloy was completely
melted at this time. The semi-solid holding temperature
of the as cast sample is obtained by integrating the DSC
curve in Figure 3. In the liquidus rate curve as shown in
Figure 4, the liquidus rate is about 9.2% at 1150°C, which is



relatively low, and there is a rapid increase of liquid phase
ratio before 1150°C. In combination with DSC curves, the
FCC1 phase has been completely melted at 1150 C, and
the liquid phase ratio increases slowly with the increase of
temperature. When the temperature reached 1350°C, the
liquid phase ratio curve increased rapidly, indicating that
the FCC2 phase began to melt, and the liquid phase ratio
approached 60%. It is very difficult to get accurate liquid
phase ratio in the two regions where the liquid phase ratio
changes rapidly, finally the liquid phase ratio changes
rapidly and the solid phase ratio is easy to lose stability.
When the temperature is higher than 1350°C, the melting
of FCC2 phase leads to the high liquid ratio of materials,
which is easy to cause the deformation and melting and
cannot maintain the macroscopic structure of the sheet
metal during the semi-solid heat preservation treatment.
Therefore, the semi-solid treatment temperature should be
between 1133°C and 1343°C. Therefore, in this experiment,
1150°C with a liquid phase ratio of 9.2% and 1300°C with a
liquid phase ratio of about 41% were selected as semi-solid
insulation temperature.

Figure 2: The SEM of as-cast sample.
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Figure 4: Liquid phase ratio curve of as-cast.

Table 1. Contents of each element at two regional points
in the as-cast microstructure of CoCrCuFeNi high-entro-
py alloy (wt. %).

Sampling Co o o Ni
F 0,
point % Cr (%) Cu (%) e (%) %)
DR region 23.89  21.57 11.66 21.63  21.25
ID region 9.81 10.36 56.03 10.04  13.76

3.2. XRD diffraction

Figure 5 shows the X-ray diffraction patterns of samples
in different states. Comparison before and after semi-solid
isothermal treatment, the positions of each diffraction
peak did not shift, and they were all combinations of FCC1
phase and FCC2 phase. The phase composition structure of
CoCrCuFeNi high-entropy alloy did not change, indicating
that CoCrCuFeNi high-entropy alloy had good thermal
stability. In the subsequent analysis, the changes in material
properties could be excluded the factors of phase structure
change.

015

as-casl
cold-rolled

1343

RIS

14 1133 1387

05 4
0,00

005

Heat flow

=010

154
] 1115 1138 1343 1388

-0.20

endothermic

<025

- T ‘ T o v T
1100 1200 1300 1400

Temperature(°C)

T T
00 (LU

Figure 3. DSC curves of as-cast and rolled CoCrCuFeNi
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different states.



3.3. Microstructure

As shown in Figure 6, the (a) and (b) are the metallographic
diagrams of ingots in different areas, (a) is the upper ends
of all the stretch sheet areas cut on the ingots, i.e the
clamping area of the stretch sheet, (b) is the central area of
the ingot, where the basic stretch sheet deformation area.
The dendrite size in (b) region is more uniform and smaller
than (a), which makes the tensile effect more stable. (c)
shows the microstructure of the parallel rolling direction of
the rolled plate. Compared with the as cast structure, it can
be seen that the dendrites have obvious deformation, the
secondary dendrite arm spacing is reduced, the dendrites
have bending deformation, and even have dendrite fracture.
(d) shows the microstructure in the vertical direction of

rolling. Compared with as cast samples, dendrites also
have obvious extrusion deformation. (¢) and (d) show that
rolling makes the microstructure of the plate have a very
large internal stress that can promote the grain boundary
remelting in the semi-solid isothermal treatment, there
are also a lot of dislocation energy in the crystal. (e) and
(f) were the microstructure of the semi-solid isothermal
treatment at 1150°C for 120min and 1300°C for 120 min
respectively. Compared with the as-cast and rolled state,
the morphology changed from dendrite to spherulite, and
the grain size became smaller and evenly distributed, which
indicated that the internal stress had been basically released.
The higher the temperature of semi-solid isothermal
treatment is, the larger the manager size is.

Figure 6. Metallographic photograph: (a) the upper area of the ingot;(b) central region of the ingot (c) parallel roll-
ing direction (d) vertical rolling direction (e) 1150°C, 120min;(f) 1300°C, 120min.

Figure 7 shows the metallographic structure photos
of semi-solid isothermal treated CoCrCuFeNi high-
entropy alloy. The upper side(a), (c), (e) and (g) are the
microstructure treated at 1150°C for 20min, 30min, 60min
and 120min respectively, while bottom column (b), (d), (f)
and (h) are the microstructure treated at 1300°C for 20min,

30min, 60min and 120min respectively. At 1150°C for 20
minutes, the grain size of FCC2 phase is still relatively
small, the morphology and size of primary dendrite remain
unchanged, and the secondary dendrite was partially
remelted and peeled off to form small spherulites. For 30
minutes, the number of spherulites increased gradually and



the primary dendrite dissolved and fractured. When the
temperature of semi-solid isothermal treatment is 1300°C,
the grain size increases obviously, and with the increase of
treatment time, the larger the grain size is.

Itcanbeseenthatat 1150°C or 1300°C, the distribution
of grains is uniform and the grain size is small when the
time of semi-solid isothermal treat is 30 minutes. After 30
minutes, the grains grow with the increase of holding time;
The average grain diameter is 50um and 180pm at 1150°C
and 1300°C for 120 minutes respectively,which indicated
that the temperature has a key effect on grain growth.

The variation of grain size can be explained by growth
kinetics. In the RAP process of manufacturing CoCrCuFeNi
HEA semi-solid slurry, remelting heat provides energy
to support dendrite fuse and spheroidization, while pre
deformation stores internal energy. During reheating,
recrystallization occurs, and with the formation of liquid
phase, spherical grains are easy to form. Driving force of
solid recrystallization is produced by the reduction of free
energy due to the reduction of elastic storage energy (i.e.
bit error energy)!'®. During the whole isothermal process

1150°¢

Temperature ™=

X0min

of semi-solid remelting, the sharp angle of solid-state FCC2
grains is engulfed by the liquid phase first, and then the
grains become larger and rounder.

3.4. Tensile properties

Figure 8 shows the stress-strain curves of as-cast and rolled
alloys. As you can see, the mechanical properties of the
alloy has significant improvement after rolling compared
to as-cast alloy, Tensile strength increased from 455MPa
to 945MPa, and Young's modulus is also greatly improved,
which in accordance with the previous rolling sample
that causes the lattice fracture and grain refinement of the
alloy to increase the strength and hardness. However, the
elongation after fracture is much lower than that of as cast
alloy, which may be due to: (1) Severe plastic deformation
causes lattice fracture, grain refinement makes the strength
of the alloy increase significantly and decrease the plasticity;
(2) Rolling treatment leads to a certain degree of stress
concentration in the alloy, which causes some defects, such
as cracks, etc., in the process of drawing, which makes the
alloy fracture rapidly and leads to low elongation.

Soking time/min

Figure 7. Metallographic photograph: (a) 1150°C, 20min;(b) 1300°C, 20min;(c) 1150°C, 30min;(d) 1300°C, 30min;(e)
1150°C, 60min;(f) 1300°C, 60min;(g) 1150°C, 120min;(h) 1300°C, 120min.
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Figure 8. Stress-strain curves of as-cast and rolled alloys.



Figure 9 and Figure 10 show the stress-strain curves
of four groups of tensile experiments treated at 1150°C and
1300°C for 20min, 30min, 60min and 120min, respectively.
As can be seen from Figure 9, the tensile strength of the
alloy was 350MPa when the alloy was isothermally treated
at 1150°C for 20min, and the tensile strength increased
to 365MPa when the alloy was kept heat preservation for
30min. However, the tensile strength decreased to 335MPa
and 305MPa after the isothermal treatment for 60min and
120min. In FIG.10, the tensile mechanical properties of the
alloy treated at 1300°C have the same tend as those of the
alloy treated at 1150°C. The tensile strength was 330MPa
at 20min of heat preservation, and slightly increased to
335MPa after 30min of heat preservation.

This shows that the mechanical properties of
CoCrCuFeNi high entropy alloy will change with the
holding time when the temperature of semi-solid
isothermal treatment remains unchanged. When the semi-
solid isothermal treatment time is less than 30 min, the
mechanical properties of CoCrCuFeNi high entropy alloy
become better with the increase of semi-solid isothermal
treatment time. When the semi-solid isothermal treatment
time is more than 30 min, the mechanical properties of
CoCrCuFeNi high entropy alloy become worse with the
increase of semi-solid isothermal treatment time.

When the time of semi-solid isothermal treatment
is constant, it can be seen that the tensile strength of the
alloy at 1300°C is lower than that at 1150°C from Figure
9 and 10. The results show that the optimal properties
of CoCrCuFeNi high entropy alloy appear in the semi-
solid isothermal treatment at 1150°C for 30min, which
is the same as the conclusion obtained in the previous
metallographic structure analysis. It may be due to the
high degree of grain refinement and microstructure
homogenization after treatment at 1150 “C for 30min, so
the strength of CoCrCuFeNi alloy is better at this time.
After the heat preservation, the copper rich FCCI1 phase
cannot be supplemented by the liquid phase, resulting in
shrinkage or porosity.

On the one hand, the composition has changed
because of the exchange of elements in the two phases
during the semi-solid isothermal heat treatment. According
to the similar study in L.J. Zhang ['”), the content of Cu in
low melting point FCC1 phase increased to about 83%
and the content of CoCrFeNi decreased after semi-solid
treatment. The enrichment of copper in FCC1 phase results
in dendrite segregation, and the difference of composition
and structure between the two phases becomes larger. The
formation of positive mixing enthalpy between Cu and
other four components, which indicated that it can repel
the other four elements and reduce the affinity of two-
phase structure, so the overall plasticity of the sample is
reduced™; on the other hand, the solid phase of FCC2
grows up slowly and contacts with each other, the liquid
phase of FCC1 is enclosed by the solid phase of FCC2
into a closed region. At the end of heat preservation, the
copper rich FCC1 phase will produce shrinkage cavity and
porosity due to the lack of liquid supplement during the

water-cooling solidification process. Under the action of
semi-solid isothermal treatment, the shrinkage cavity and
porosity changes into crack shown in Figure 11, and the
higher the holding temperature is, the more obvious the
crack is, resulting in an obvious drop of plasticity.
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Figure 9. Tensile stress-strain curves of four groups at 1150°C.

— 1300°C-20min
Loy ——— 1300°C-30min
450 —— 1300°C-60min

——— 1300°C-120min

4004 (5.9,326) (7.2,330)

3504] (5.7,307) (7.9,335)

00~
250+
200 4

p
150

Engineering stress(MPa)

4
100 -
4

50+

Engineering strain(%o)

Figure 10. Tensile stress-strain curves of four groups at 1300°C.

Figure 11. (a) high power in casting state (b) high power
in rolling state (c) high power in 1150°C for 120min (d)
high power in 1300°C for 120min.



Conclusions

1) The as-cast CoCrCuFeNi high-entropy alloy has two
simple FCC phases, which exists in the form of intercrossing
between dendrites and dendrites. The phase structure is not
changed by rolling and semi-solid isothermal treatment.
The as-cast alloy has 28% excellent plasticity.

2) After cold rolling with 63% deformation, the
strength of CoCrCuFeNi high entropy alloy increased
about 107%. Cold rolling pre deformation destroys the
continuous distribution of dendrites, and the deformation
energy accumulates at the grain boundary. In the stage
of remelting and heat preservation, the release of stored
internal energy can promote the melting of grain boundary,
increase the proportion of liquid phase and improve the
dendrite fuse.

3) The orthogonal experiment of semi-solid
isothermal treatment was carried out on the rolled
CoCrCuFeNi high entropy alloy. The results show that
for the same holding time, with the increase of holding
temperature, the microstructure grains become larger
and the mechanical properties decrease; with the same
holding temperature, the holding time of the optimal
tensile properties is 30min, and the optimal semi-solid
isothermal treatment parameters are 1150°C, 30min. The
corresponding optimum elongation plastic variable is
13.7%, and the strength is 365MPa.

4) The tensile strength and plasticity of the high
entropy alloy after isothermal treatment in solid state are
lower than that in as-cast. The reason is that the micro
cracks in rolling and the oxidation of the cracks in the
process of isothermal treatment form, which results in
the mechanical properties of the alloy after isothermal
treatment is inferior to that of the as cast alloy. More
experiments are needed to find other ways to strengthen
the high entropy alloy.
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Abstract:

In the construction of asphalt mixture pavement, there are many paving construction procedures, high requirements for machinery
and personnel, unreasonable technology and so on. In this paper, the millimeter-scale 3D automatic paving control technology of
asphalt mixture pavement is studied with an engineering example. From the analysis of the test results in the later stage of construction,
it can be seen that the technology has achieved the goal of high precision paving, and the successful application of the technology

provides valuable reference experience for similar asphalt concrete pavement construction in the future.

Keywords: Asphalt pavement; Millimeter grade; 3D paving control technology; Engineering application

1. Introduction

Due to its advantages of safe and comfortable driving, no
dust on sunny days, no mud on rainy days and strong self-
repairing, asphalt concrete surface layer is widely used in
the construction of high-grade highway in China, especially
in the Eastern and Western regions ,where the temperature
difference between winter and summer is large!).However,
at present, the early damage of asphalt concrete pavement is
quite serious, and the fine construction of asphalt concrete
pavement construction is particularly important, especially
the paving link of asphalt concrete. Traditional pavement
paving construction process is more, the requirements of
machinery and personnel coordination, weather and other
aspects are relatively high. In the design of turning, super
elevation curve and other cross-slope changes, it is almost
impossible to accurately set the hanging line®. With the
rapid development of science and technology, the concept
of pavement 3D paving has gradually emerged. Through
the application of advanced information technology
such as high-precision positioning, intelligent sensors,
three-dimensional modeling, data analysis and so on, the
traditional roadbed construction machinery has eyes,
has a sense, makes it can be accurately realized to control
the smoothness in pavement constructionand, greatly

simplifies the construction procedure. Especially, it reduces
the measuring frequency, improves the benefit and controls
the quality®*.Lu® described the main equipment and
technological process of 3D paving system, and analyzed
the effect of 3D automatic paving technology applied to
pavement construction based on the reconstruction and
expansion project of liuzhou to nanning expressway. Liu'®
introduced the construction process of 3D automatic paver
control system, and compared the traditional construction
technology, analyzed the advantages of 3D automatic paver
system construction, providing valuable experience for the
development of 3D paver technology.

2. Principle of 3D paving technology

2.1. Technical principle

Paver is the main machine used for laying structural layer
and surface layer. During the construction of the automatic
control system of 3D paver, the total station installed at the
control point transmits the captured coordinates to the
control box of the paver control system through the data
radio in real time. After comparing the display control box
with the design data, the elevation correction information is
transmitted to the control box. At this time, the control box
sends out instructions, and the hydraulic cylinder is driven

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-
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in any medium, provided the original work is properly cited.



by the hydraulic valve to produce a certain displacement  2.2. system composition
of the traction arm. Change of the position of the left and
right traction points cause the vertical movement of the
ironing plate in the corresponding direction, which makes
the filling change in slope and elevation, compensates for
the fluctuation of the road surface, realizes the required
smoothness of the road surface and meets the paving
design requirements.

The high-precision paving system of 3D asphalt pavement
mainly includes guiding system, control system and sensing
system. The three systems are complementary and highly
integrated to realize the automation, intellectualization and
high precision of asphalt mixture paving construction. The
hardware involved is shown in Table 1.

Table 1. List of equipment for 3D paving system

System Equipment name Function description
Intelligent Total The position of the target machine is measured and the position information of the
Station Robot target machine is transmitted to the control box by digital radio.
Guiding system

Tarcet Actively transmitting signals to the total station to facilitate the measurement of
arge
g prism 3-D coordinates by the total station

The gradient sensor measures the cross slope and transmits the measurement result

Gradient
racient sensor to the control box through CAN bus.

Control system
Angle sensor The angle deviation information of receiving target positioning rod during paving is
& collected relative to that of receiving target positioning rod during installation.

Display current elevation, design elevation, current slope, design slope and other

2D Control b information.
ontrol box
The correction information provided by the three-dimensional control box is
submitted to the valve module through the CAN bus.
Sensi Load 3-D design files.
ensing system Display current elevation, design elevation, current slope, design slope and other
3D Control box information.
Receive the data collected by each sensor, compare with the design data and send the
results to the 2-D control box..
Digital radio Receiving Target Position Information Launched by Total Station

"y

| | A Gradient sensor

o
I

i Digital radio
a',‘}"i
2D Control box |
N -

= + .
“ 3D Control box

Angle sensor Target

Intelligent Total Station Robot

Figure 1. Schematic diagram of 3D paving system




3. Field implementation plan

3.1. Test scheme

In order to compare the difference between 3D paving
construction and traditional paving construction, the
experiment is carried out in parallel with two methods. The
specific requirements are as follows.

(1)system configuration

Paver 1 is equipped with 3-D paving control system
and Paver 2 adopts the traditional paving control system.

(2)Programme description:

central line

|

Traditional

Paverl is equipped with 3D paving control system.
Paver2 adopts the traditional 2D paving control mode.
Figure 1 is the schematic test plan.The right side of paverl
is equipped with a target, which is guided and controlled
by the intelligent robot of total station; the left side is
controlled by the cross slope sensor. There is no need to
lay piles and hang wires or aluminium beams on both
sides. The left side of paver2 uses the traditional 2D mode
to refer to the paverl's paved surface to ensure the perfect
joints; the right side still needs lay piles and hang wires /
aluminium beam manually, and uses the traditional 2D
control mode to pave.

Figure 2. Schematic diagram of paving scheme

3.2. The Collection Scheme of Test Data

In order to compare the difference of personnel, efficiency
and quality between traditional paving and 3D paving
construction technology. According to each kilometer as
a unit, the data acquisition section of 3D paving and the
traditional construction section are one kilometer each,
corresponding stake numbers are K31+000-K32+000 and
K32+000-K33+00 in the northern half. The data acquisition
requirements are as follows.
3.2.1 Personnel data
According to the statistics of manual consumption in
this test section, the time consumption of labor workers
(auxiliary workers), mechanical operators (drivers of
pavers), surveyors (engineers and technicians), and testers
was collected under the two conditions of 3D paving
construction and traditional construction.
3.2.2 Line detection
After the field rolling, the gradient of the center of the
paving area is measured by total station in the 3D paving
area and the traditional paving area. The data acquisition
density is 100 meters.
3.2.3 Data Acquisition of Quality Inspection
(1) thickness

Total Station Measuring Method: Total Station is
used to measure the elevation difference of the same
point before and after paving construction. Six points are
collected for each section of 10 meters, three points for
the construction section of the left paver and three points
for the construction section of the right paver. Thickness
nephogram of 3D paving area and traditional paving area

is generated.

Core drilling sampling method: Within the range of
K32+000-K33+00, 6 points are collected for each section of
200 meters using core drilling machine , which are 3 points
for the construction section of the left paver and 3 points
for the construction section of the right paver. Within
K31+000-K32+000, in the construction area of the left
paver, there is a section every 200 meters and three points
for each section.

(2) Compaction degree

Marking the core samples obtained from the drill
core, and measuring the compactness of each core sample
by Marshall method.

(3) Planeness

Measuring the pavement smoothness of 3D paving
section and traditional construction section by eight-wheel
instrument.

4. Analysis of experimental data

4.1. Personnel data

According to the statistics of construction site, there
are seven types of work involved in asphalt pavement
construction, namely: paver mechanical driver, surface
treatment worker, joint treatment worker, road surface
treatment worker, measurement control worker, quality
inspector, management personnel. From Table 2, it can be
seen that the number of workers required by each paver
is 12 by using 3D paving construction technology, and
20 by using traditional paving construction technology.
Therefore, the use of 3D paving technology can save 40%



of human resources.

4.2 Line detection

The longitudinal gradient of the center line of the left
paving area of K31+000-K32+000 and K32+000-K33+00
is obtained by total station. The traditional paving area

K31+000-K32+000 obtains 10 data of a vertical slope every
100m, while the 3D paving area K32+000-K33+000 obtains

10 data of a vertical slope every 100m. The specific data
are shown in Table 3. It can be seen from the table that the
variation coefficient CV of longitudinal slope is -0.54 and
that of traditional paving construction technology is -1.43.
It shows that the 3D paving construction technology can
better control the line type and the slope control is more
accurate.

Table 2. Statistics of labor consumption

e 3D paving / number of Traditional paving / number of
number Personnel situation
people people
1 paver mechanical driver 3 3
2 surface treatment worker 2
3 joint treatment worker 1 3
4 road surface treatment worker 1 3
5 measurement control worker 2 4
6 quality inspector, 1 1
7 management personnel 2 3
total 12 20
Table 3. data of line detection
traditional paving construction 3D paving construction
number
stake number Longitudinal gradient (%) stake number Longitudinal gradient (%)
1 K31+000 0.02% K32+000 -0.14%
2 K31+100 K32+100
-0.10% -0.14%
3 K31+200 K32+200
4 K31+300 -0.01% K32+300 -0.14%
5 K31+400 K32+400
-0.04% -0.12%
6 K31+500 K32+500
7 K31+600 0.01% K32+600 -0.05%
8 K31+700 K32+700
-0.21% -0.04%
9 K31+800 K32+800
10 K31+900 -0.03% K32+900 -0.07%
0.00% -0.09%
11 K32+000 -0.02% K33+000 -0.06%
-0.15% -0.01%
standard deviation SD 0.08% standard deviation SD 0.05%
statistical
. average value -0.05% average value -0.09%
analysis
Coefficient of variation CV -1.43 Coefficient of variation CV -0.54

4.3 Data Acquisition of Quality Inspection

4.3.1 thickness

(1) Method of total station measurement
Figure 2 shows the thickness of asphalt pavement
obtained by total station . From the figure, it can be seen

that the thickness of 3D paving construction area is uniform
and the error is controlled within 1 cm. In the traditional
construction area, the paving is too thick or thin in some
areas. The blue area in the figure is over 1 cm thick, and the
red area is over 1 cm thin.



Lef_l_ 3D _pa\f_in_ con:strl_lctic_un area

Traditional paving construction area on the right side

Nephogram of 3D paving thickness (K32+000-k33+000)

Nephogram of traditional paving thickness (K31+000-k32+000)

Figure 3. Thickness nephogram

(2) Method of core sampling

According to the core sampling detection scheme,
drilling cores were sampled in the field, and the height
of each core sample was measured by vernier caliper.
The average thickness of each core sample was taken as
the layer thickness of the sampling point. A total of 30
sets of data were obtained. The specific data are shown
in Table 4. It can be seen from the table that the average
thickness of 3D paving construction technology and
traditional paving construction technology are 79.3 mm
and 83.3 mm, respectively, which meet the requirements
of the specifications, but the traditional paving thickness
is too large, resulting in waste of asphalt mixture and
increasing construction costs. From the aspect of thickness
uniformity, the standard deviation of thickness between
3D paving construction technology and traditional paving
construction technology is 1.0 and 6.5, respectively, which
indicates that the performance of thickness control of 3D

paving construction technology is much higher than that
of traditional paving technology.

4.3.2 Compaction degree

By using Marshall method, the core samples obtained from
field drilling are tested for compactness. A total of 30 sets
of data are obtained. The specific data are shown in Table 5.
It can be seen from the table that the representative values
of compactness of 3D paving construction technology
and traditional paving construction technology are
more than 98, and the compaction quality is qualified.
However, the standard deviation of compactness in 3D
paving construction area is 0.9, which is much smaller
than the standard deviation of compactness in traditional
paving construction area of 2.6. This is due to 3D paving
technology, the control thickness is more uniform, and the
compaction quality is more uniform under the same rolling
conditions.

Table 4. Data of Core Sampling Thickness Detection

3D Paving Construction

Traditional paving construction

Location of measuring points Location of measuring points
Horizontal distance thickness (mm) Horizontal distance | thickness (mm)
stake number stake number
(m) (m)
2 78.5 2 81.5
K32+900 4 78.6 K31+900 4 85.2
6 79.6 6 86.9
2 80.1 2 91.6
K32+700 4 79.3 K31+700 4 90.3
6 78.9 6 95.7




3D Paving Construction

Traditional paving construction

Location of measuring points

Location of measuring points

Horizontal distance thickness (mm) Horizontal distance | thickness (mm)
stake number stake number
(m) (m)
2 78.6 2 73.5
K32+500 4 79.3 K31+500 4 84.4
6 80.4 6 78.4
2 79.9 2 76.6
K32+300 4 80.4 K31+300 4 75.9
6 79.3 6 88.6
2 80.2 2 82
K32+100 4 79.9 K31+100 4 82.9
6 76.5 6 75.8
Number of
umber o Prescribed average standard
data type measurements L.
. value (mm) value (mm) deviation
(points)
3D Paving Construction 15 80 79.3 1.0
Traditional paving construction 15 80 83.3 6.5

Table 5. Data for compactness testing

3D Paving Construction

Traditional paving construction

Location of measuring points Location of measuring points
Compaction degree . 0
Horizontal (%) Horizontal Compaction degree(%)
stake number . 0 stake number .
distance(m) distance(m)
2 98.5 2 98.0
K32+900 4 100.6 K31+900 4 101.1
6 98.5 6 101.5
2 100.7 2 100.2
K32+700 4 98.9 K31+700 4 99.1
6 99.5 6 98.9
2 98.1 2 97.6
K32+500 4 99.9 K31+500 4 98.7
6 100.9 6 99.2
2 98.8 2 100.2
K32+300 4 100.0 K31+300 4 98.3
6 100.4 6 99.9
2 100.0 2 99.6
K32+100 4 98.5 K31+100 4 101.0
6 100.4 6 108.6
Number of
dat Hmbero . Prescribed average standard Representative
ata type measurements
yp . value (%) value (%) deviation value (%)
(points)
3D Pavi
aving 15 98 99.6 0.9 99.1
Construction
Traditional
paving 15 98 100.1 2.6 98.9
construction




4.3.3 Planeness
After the construction of asphalt pavement completed, the
effects of 3D paving and traditional paving are tested by
eight-wheel planeness meter. The results are shown in
Table 6.

Table 6 shows that the planeness of asphalt pavement
is less than the allowable value (1.2 mm) and the qualified

rate is 100% using 3D paving technology. The planeness
of asphalt pavement construction fluctuates greatly using
traditional paving technology, the maximum value is 1.79
mm, which is larger than the allowable value, and the
qualified rate is only 61%. This indicates that the 3D paving
technology can improve the planeness of asphalt pavement.

Table 6. Testing data of compactness

Number of Allowable  averagevalue =~ Maximum  minimum  Pass rate
Technology stake number
tests value (mm) (mm) value mm)  value (mm) (%)
3D i
paving K32+000-K33+00 24 12 0.58 0.71 0.33 100
construction
Traditional pavi
radiionalPavIig y31,000-K324000 24 12 1.4 1.79 0.89 70
construction

5 Conclusion

3D paving technology does not need to lay piles and erect
aluminium beams to greatly reduce construction survey
work. Site can be put into work quickly. Digital construction
can reduce about 40% of surveying and assistant personnel,
make construction site more concise and efficient, reduce
potential safety hazards, realize millimeter accuracy level
control and improve paving accuracy by about 30%, the
intelligent paver does not need the operator to control
the ironing elevation and cross slope. Compared with
the traditional construction, the work efficiency can be
increased by about 50%. It reduces the dependence on
the roughness of the base and ensures the accuracy of the
pavement in the error range to the greatest extent.
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