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a b s t r a c t

The tubes in a heat exchanger, such as a steam generator (SG), are subjected to crossflow, and interaction
between tubes and supports can happen, which can cause fretting wear of tubes. Although many ex-
periments and models have been established, some detailed mechanisms are still not sufficiently clear. In
this work, more attention is paid to obtain the regulation of impact and sliding in the complex process
and many factors, such as excitation forces and clearances. The responses and contact forces were
analyzed to obtain clear understanding of the influences of these factors. Room temperature tests in the
air were established. The results show that the effect of clearance on the normal work rate is not
monotonous and instead has two peaks. The force ratio can influence the normal work rate by changing
the distribution of contact angles, which can result in higher sliding in the contact process. Fretting wear
tests are conducted, and the wear surfaces are analyzed by a scanning electron microscope (SEM) and
energy dispersive X-ray spectrometer (EDX). The results of this work can serve as a reference for impact-
sliding contact analysis between AVBs and tubes in steam generators.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The tubes in a heat exchanger, such as a steam generator (SG),
are subjected to crossflow, and fluid-induced vibration may
develop [1]. Turbulence can cause interaction between tubes and
supports, and long-time tube fretting wear damage can occur,
which cannot be avoided in any heat exchanger. The clearances
between tubes and supports is another reason for fretting wear.
Unfortunately, clearance is often considered necessary between the
tubes and their supports to facilitate tube/support assembly and to
allow for thermal expansion of the tubes.

The interaction between tubes and anti-vibration bars (AVBs)
has been studied by many researchers via theoretical analyses.
Axisa et al. [2] carried out theoretical analyses of loosely supported
tubes using various models for fluid-elastic instability and reported
a chaotic-like response. Paidoussis and Li [3] proved that chaotic
oscillations were indeed possible for loosely supported tubes
excited by crossflow. The complexity of the dynamics of such
Y. Wang), wtan@tju.edu.cn

by Elsevier Korea LLC. This is an
systems was further demonstrated in a series of papers byMureithi
[4], who showed that the transition to chaos was governed by
different mechanisms, depending in part on the type of tube sup-
port considered.

Many experiments have been performed on fretting wear
caused by the interactions of tubes and supports. R. D. Blevins re-
ported some experimental data of fretting wear [5e7]. P L Ko in
Chalk River Labs (CRL) performed many experiments to study
fretting wear between SG tubes and supports [8e11]. The RMS
values of contact force were found to have some effect on the
fretting wear. Fisher et al. [12,13] and Guerout et al. [14] performed
fretting wear measurements on different material combinations
and support-plate geometries. Rogers and Frick studied several of
the factors associated with the forces resulting from a heat-
exchanger tube vibrating against its support plate; a simulation
model was built, and its accuracywas proved [15,16]. Through these
research studies, the normal work rate model was proposed, in
which the volume wear rate can be described as

V
!¼KwWN (1)

where Kw is the wear coefficient and WN is the normal work rate.
This model has been widely used in the prediction of fretting wear.
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The wear coefficient results of CRL differed compared to the
Electric Power Research Institute (EPRI) results by more than one
order of magnitude, while the wear prediction agreed reasonably
well with their own experiments [17]. Hassan and Weaver [18e21]
established many researchers on the contact model and obtained
many results through numerical simulation. They studied the effect
of clearance, offset and flow oration with drilled holes, square flat-
bars and rhomboid flat-bars. M. Yetisir conducted a theoretical
study to investigate the effect of flat-bar supports on the dynamic
response of a heat exchanger U-tube [22].

However, in practical SGs, the excitation forces can be ran-
domized, and the ratios between two directions are not constant
values. The position of the tube between the 2 bars can also affect
the contact behavior and then may result in a higher wear rate.
These factors coexist with the change of clearances, which has not
been clear.

In this work, a set of equipment was built to investigate the
interaction behavior between the tube and support. The parame-
ters, such as the normal work rate, contact angle and normal con-
tact forces, were studied at different excitation force levels, force
ratios and preloads at different clearances. The wear tests at room
temperature in the air are established, and wear volume is
measured by the 3D-profiler. Thewear scars are observed through a
scanning electron microscope (SEM) and energy dispersive X-ray
spectrometer (EDX). The goal of this paper is to obtain the results of
impact-sliding behavior and fretting wear between supports and
tubes, which can be helpful in the fretting wear investigation of the
AVB supports.
2. Experiment

2.1. Experimental setup

To study the interaction between supports and tubes, the con-
tact forces and displacements shall be tested. The equipment has
been built for the experiments in dry conditions to obtain the
contact force and tube displacements in the clearance. The
Fig. 1. Schematic diagram.
schematic diagram is depicted in Fig. 1. The equipment is securely
fixed to a platform by bolts so that the equipment cannot be shaken
by the excitation of the exciter.

As shown in Fig. 1, the cantilever beam is mounted in the
baseplate, and the stiffness of the two directions can be
controlled to a constant value with a natural frequency of 13.2 Hz.
The top of the cantilever beam is excited by a set of vibration
exciters, which can output a random excitation in two directions.
The excitation signals are controlled by an arbitrary waveform
generator and then transformed to the expected value by two
power amplifiers. The tube specimen is fixed on the cantilever
beam by a set of clamping apparatuses. The tube vibrates in an
almost translational manner in the clearances between tube and
support because the top part is strengthened by the tube and
clamping apparatus.

As shown in Fig. 2, the support specimen was mounted by four
force transducers to obtain the contact forces during the contact
process. Two displacement transducers, fixed in two directions
perpendicular to each other, were used to record the displacements
of the tube in the clearance in both tangential and normal di-
rections. The accuracy of the force transducers was 0.05%, while the
accuracy of the displacement transducers was 1 mm. The data
collection equipment DH5922 with max sampling frequency of
10 K was used in this work.

The test specimens are shown in Fig. 3(a) and (b). The support
material is chosen as SUS 405, and the tube was the material
Inconel 690 TT, which is widely used for heat transfer tubes in the
SGs. The microstructure of Inconel 690 TT is shown in Fig. 3(c)
and (d). The carbide is continuously distributed along grain
boundaries. The main chemical compositions of the two materials
are shown in Table 1. The tube specimen is 50 mm long with a
diameter of 17.48 mm. The thinness of the support specimen is
20 mm, and the roughness of the contact surface is controlled to
be lower than Ra 0.2. The exact parameters of the experiments
are shown in Table 2.
2.2. Excitation forces

The fluid forces acting on the tubes in the heat exchanger can be
expressed as a combination of turbulence forces, motion-
dependent forces and periodical forces. The tube was assumed to
be fluid-elastically stable. Therefore, turbulence forces can be the
most important excitation sources.

In general, fluid excitation due to turbulence is modeled as
randomly distributed forces. The bounding power spectral density
Fig. 2. Installation of sensors.



Fig. 3. Test specimens. (a) Support specimen, (b) tube specimen, (c) microstructure of Inconel 690 TT, (d) grain boundary.

Table 1
Material chemical composition.

(a) Inconel 690 TT

element Ni Cr Fe C Mn Si P S

compositions (%) bal 30.30 8.88 0.023 0.23 0.07 0.006 0.002

(b) SUS 405
element Ni Cr Fe C Mn Si P S

compositions (%) 0.65 14.50 bal 0.073 0.25 0.75 0.025 0.03
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(PSD) measured by Oengoren and Ziada [23] was utilized in this
research. The normalized PSD can be expressed as

SFF ¼
F
�
Vg

�
d
�

�
1
2 rV

2
g ld

�2 (2)

where SFF is the PSD of the local force per unit length; Vg is the gap
Table 2
The experimental parameters.

Item Value

Support martials SUS 405
Support Hardness 183 HB
Support Young's modulus 205 GPa
Tube martials Inconel 690 TT
Tube Hardness 140 HB
Tube Young's modulus 210 GPa
Sampling Frequency 10 K
velocity; l is the tube length, and d is the tube diameter; r is the
fluid density; The F is the normalized PSD, which can FL and FD. FL

is the normalized PSD of the lift force and FD is the normalized PSD
of the drag force, which can be expressed as

FL ¼ 4:75� 10�3S�0:4 S � 0:43
¼ 1:02� 10�4S�5 S � 0:43

(3)

FD ¼ 7:35� 10�4S�0:4 S � 0:53
¼ 3:96� 10�5S�5 S � 0:53

(4)

This PSD curve is transformed into a force-time record using an
inverse Fourier transform algorithm. Two different force-versus-
time records were used to represent the fluid excitation in the lift
and the drag directions.

3. Results of contact behavior and discussion

As the influence of clearance can be quite pronounced in many
conditions, all of the experiments were conducted with different
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clearances, and the coupling effect of different factors would be
obtained, which can be very meaningful. Therefore, the clearance
effect will be discussed in all cases below.
Fig. 4. The time-domain normal contact forces (C ¼ 0.1 mm). (a) Ferms ¼ 0.8 N, (b)
Ferms ¼ 1.6 N.
3.1. Dimensionless parameters

The dimensionless parameters developed by Hassan et al. [19]
are reviewed briefly and will be used to present the current results.
The tube/support clearance C is normalized by the RMS tube
response with its support inactive, df, the tube response at the
support location obtained by applying the same excitation on the
linear unconstrained system. Thus, the dimensionless clearance Cr
is the quotient of the tube/support clearance C divided by df. f is the
tube's natural frequency, and d is the tube's diameter.

The normal work rate, WN, is normalized by the input power
induced by turbulence, Wtur. The total power absorbed by a tube of
length L and mass per unit length m was expressed by Yetisir
et al. [22].

Wt ¼
Xn
i¼1

SFFðfiÞJ2i L
2m

(5)

where SFF(fi) and Ji
2 are the PSD of the local force per unit length in

the ith mode and the joint acceptance, respectively. Thus, the
dimensionless normal work rate is WN¼Wtur. The lift and drag
displacements of a point at a distance x from the fixed end are
normalized by the RMS lift dysi and drag dzsi, the response of the
unconstrained configuration (tube with support inactive), respec-
tively. WN can be easily defined by the product of sliding distance
and normal force [24] as follows:

WN ¼ 1
T

ðT

0

Fnds (6)

where T is the total time, Fn is the normal contact force, and s is the
sliding distance.

The contact ratio is defined as the summation of the time in-
tervals during which tube/support contact is maintained divided by
the total duration of the time record. The dimensionless RMS
impact force, F, is presented as F¼ Fimp/(PL), where Fimp, Ptur and L
are the RMS impact force, the RMS distributed turbulence force per
unit length (computed as the square root of the sum of squares of
the lift and drag components), and the tube length, respectively.

The dimensionless parameters are selected in most conditions,
while in some conditions, the metric unit parameters are used,
which will be described in some detailed problems. The application
of dimensionless parameters focuses on the comparison of the data
in different excitation conditions. The dimensionless normal work
rate will be used all through this work. This will be described in
each decision in the following sections.
3.2. Effect of the excitation level

In fact, the tube bundles are excited by turbulence forces; even
the tubes in a same steam generator are excited with different force
amplitudes because of the difference of excitation levels. As the
impact and sliding of tube/support is nonlinear behavior, the effect
of force amplitudes could be difficult to be defined. The RMS
excitation force (Ferms), ranging from 0.4 N to 2.4 N, was used to
discuss the effect of excitation force. The tube was carefully
adjusted to the center of the support. The time-domain results of
normal contact forces and tangential contact forces are shown in
Fig. 4. There are peaks of the normal force at the impact moment.
The contact frequency fc, which is the number of contacts that occur
during a unit period of time, is 7 at Ferms ¼ 0.8 N, while at
Ferms ¼ 1.6 N, the contact frequency fc can be larger than 25. The
normal contact forces can be much larger at Ferms ¼ 1.6 N.

The dimensionless normal work rate WN as a function of the
dimensionless clearance is shown in Fig. 5(a). The trend of the
dimensionless normal work rate shows two peaks at dimensionless
clearances of approximately 0.2 and 0.9, which is similar to what
Hassan found in the drilled hole supports [19]. In Fig. 5(b), the
average dimensionless contact forces are shown as a function of
support clearance. Two turning points can be found at approxi-
mately 0.2 and 0.9, and the contact forces between the two clear-
ance values are close, which causes the normal rate to become quite
stable in this range. When the dimensionless clearance reaches
approximately 1.0, the dimensionless normal work rate will be
much lower due to the sharp decrease of the contact ratio and



Fig. 5. Dimensionless parameters at different dimensionless clearances. (a) Dimen-
sionless normal work rate; (b) Normal contact force.

Fig. 6. Contact ratio at different excitation levels.
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contact forces, which can be seen in Figs. 5(b) and 6. To obtain a
lower normal work rate, the dimensionless clearances are found to
be lower than 0.2 or larger than 0.9. However, if the clearance is
greater than 0.9, the support can be inactive, whichmay cause large
displacement flow-induced vibration. To make the dimensionless
clearance lower than 0.2, the accuracy of manufacturing must be
quite excellent.

Fig. 7(a) depicts the dimensionless normal work rate between
the tube and support for various excitation levels. With the increase
of dimensionless clearance, the trend is in conformance with the
normal work rate in Fig. 5(a). The ascending behavior of the normal
work rate with RMS excitation forces is almost the same as that of
the different clearances. The increase of the normal work rate with
excitation forces is mainly caused by the contact ratio, which shows
a similar trend at different clearances.

Fig. 7(b) depicts the RMS sliding velocity between the tube and
support for various excitation levels. The trend of the RMS sliding
velocity with the excitation force at different clearances is similar.
With the increase of the excitation force, the RMS sliding velocity
increases first and then decreases, which is almost the same as the
Fig. 7. The parameters at different excitation levels. (a) Dimensionless normal work
rate; (b) RMS sliding velocity.



Fig. 8. The dimensionless parameters at different force ratios. (a) Dimensionless
normal work rate; (b) Dimensionless normal Impact force.

Fig. 9. The contact ratio at different force ratios.

Fig. 10. Definition of the contact angle.

Fig. 11. Contact angle with different force ratios. (a) Contact angle distribution
(C ¼ 0.1 mm); (b) Contact angle distribution (C ¼ 0.3 mm).
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Fig. 12. Drag displacement and sliding velocity at different force ratios (a) RMS drag
displacement; (b) RMS sliding velocity.

Fig. 13. Contact ratio and sliding velocity with different force ratios. (a) Contact ratio;
(b) RMS sliding velocity.

Fig. 14. Dimensionless normal work rate at different excitation levels (tube
on one side).
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normal work rate. The normal work rate is a product of the normal
contact force and sliding velocity. The tendency of the sliding ve-
locity indicates that the main trend of the normal work rate is
defined by the sliding velocity.

3.3. Effect of the forces ratio

The ratios of forces in the lift to drag directions are not stable in
steam generators and seem to have a very large range. Therefore,
force ratios between 0 and 1.0 were utilized to obtain its effect on
impact-sliding behavior.

In Fig. 8(a), the dimensionless normal work rate WN is depicted
as a function of the force ratio at different dimensionless clear-
ances. The regulation at larger clearances can be more stable, and
WN becomes stable at a certain clearance after the force ratio is
larger than 0.67. When force ratios are within the range of
0.17e0.67, the dimensionless normal work rate increases with the
force ratio. As shown in Fig. 8(b), the dimensionless contact forces
are almost independent of the force ratio. The contact forces change
with the contact ratio. The contact ratio, shown in Fig. 9, is also



Fig. 15. The tube moving trajectory and normal contact force. (a) Tube moving trajectory (Ferms ¼ 0.8 N); (b) tube moving trajectory (Ferms ¼ 1.6 N); (c) normal contact force
(Ferms ¼ 0.8 N); (d) normal contact force (Ferms ¼ 1.6 N).

K. Guo et al. / Nuclear Engineering and Technology 52 (2020) 1304e1317 1311
found to not have an obvious link to the force ratio. The impact
contact angle ai is the angle between the impact velocity and the
contact surface, which can be seen in Fig. 10. Due to the combined
action of excitation forces and contact forces, the contact angle can
be quite complex. In Fig. 11, the contact angle percentage of
different force ratios was shown as a function of the force ratio at
different clearances. The distributionwould be uniform as the force
ratio increases. When the force ratio is low, the contact angle can be
concentrated in the high angle. As the force ratio increase, the low-
angle percentage grows. According to the studies, if the contact
angle is lower than 30�, sliding will be more significant, but in the
high-angle part, the impact will be dominant [25].

As the normal work rate is the function of sliding distance and
normal contact force, the normal work rate will increase when the
sliding component is greater. The growth of the percentage of the
lower contact angle will cause a rise in the sliding distance. The
increase of force ratio creates more sliding and an increase of the
rms displacements in the drag direction.
In Fig. 12(a), the RMS sliding velocity as a function of force ratio
is shown at different clearances. When the force ratio is lower than
0.4, the RMS sliding velocities of different clearances are almost the
same, while when the force ratio is larger than 0.4, the sliding ve-
locity decreases as the clearance increases. This trend is caused by
the contact angle and results in a close value of the normal work
rate.

In Fig. 12(b), the drag displacements as a function of force ratio
are shown at different clearances. The drag direction displacements
are not highly influenced by clearances but by the force ratio. The
influence of clearances can be quite small at low force ratios but
will be more significant at higher force ratios. That indicates that a
larger force ratio can result in a higher normal work rate. The ac-
cident in San Onofre Nuclear Generating Station was caused by the
fluid-elastic instability in the in-plane direction. The in-plane
instability increased the force ratio and then resulted in a larger
normal work rate.



K. Guo et al. / Nuclear Engineering and Technology 52 (2020) 1304e13171312
3.4. Effect of tube position

Clearances exist in a practical steam generator. However, it is
impossible for tubes to hang in the middle of the AVBs without any
contact at the beginning. It could lean to one side in some support
bars so that the tubes could hold a certain position. It is easy to
believe that the contact ratiowill increase, and the normalwork rate
shall be studied indetail. Theexperimentshereinwereconductedon
the case in which the tube just leans on one side of the AVBs.

The contact ratio as a function of RMS excitation forces at
different clearances is shown in Fig. 13(a), and it can be influenced
mainly by the clearance and RMS excitation forces. An interesting
problem of the contact ratio can be found in this condition. With
the increase of RMS excitation, the contact ratio will not increase as
rapidly as the condition with the tube in the middle in Fig. 6. In
Fig. 13(b), the sliding velocity is shown as a function of RMS exci-
tation forces at different clearances. The sliding velocity will in-
crease with the RMS excitation force, while the influence of
Fig. 16. The parameters at different force ratios (tube on one side). (a) Dimensionless
normal work rate; (b) contact ratio.
clearance is not very significant.
Fig. 14 depicts the normal work rate as a function of excitation

level at different clearances. The normal work rate will not increase
much at the clearances C ¼ 0.1, 0.15 and 0.2 mm as the excitation
force grows larger. However, at C ¼ 0.05 mm, the normal work rate
will increase with the excitation force.

Fig. 15 depicts the tube moving trajectory and normal contact
force at a clearance of C ¼ 0.1 mm. If the tubes are leaning on one
side of the supports, the larger the forces the tubes are excited by,
the larger the probability of the tube leaving this side may be,
which can be seen in Fig.15(a) and (b). Then, if the clearance is large
enough and the tube cannot touch the other side of the AVBs, the
contact ratio will be lower. The contact forces shown in Fig. 15(c)
and (d) are almost close. At the same time, the contact ratio has
dropped. Therefore, the normal work rate cannot increase due to
the situation of the tube in the middle of the support. When
C ¼ 0.05 mm, the clearance is so small that the contact ratio and
normal work rate will increase with the excitation force.
Fig. 17. Parameters under preload. (a) Dimensionless normal work rate, (b) RMS
normal contact force.



Fig. 18. Wear volume. (a) Wear volume of different force ratios, (b) Wear volume of
different force levels.

Table 3
Wear rate of the tubes.

Item Rf ¼ 0 Rf ¼ 0.4 Rf ¼ 1.0

Wn (mW) 0.8475 2.439 3.395
Kh (mm3/h) 0.454 � 105 0.908 � 105 1.135 � 105

Kw (Pa�1) 1.488 � 10�14 1.034 � 10�14 9.286 � 10�15
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Fig. 16(a) depicts the contact ratio as a function of the force ratio
at varied dimensionless clearances. The results show that the force
ratio has little effect on the contact ratio. Fig. 16(b) depicts the
normal work rate as a function of the force ratio at varied dimen-
sionless clearances. Compared with the results of experiments of
tubes in the middle in Fig. 8(a), there is little difference in the
normal work rate at force ratios less than 0.32. The normal work
rate will continue to decline with the decrease of the force ratio,
while it will be stable when the tube is just in the middle. The
reason could be that the tube on one side of the support can cause a
change of contact angle. In total, the effect of the force ratio can be
almost the same as the condition of the tube in the middle after the
force ratio is larger than 0.32, as shown in Fig. 8.

3.5. Effect of preload

For manufacturing deviation and the small clearances between
tube and AVBs, in practical SGs, the tube and supports contact with
preload. The normal work rate as a function of preload is in
Fig. 17(a). The experiments were only conducted on the clearance
C ¼ 0.15 mm, and the RMS excitation forces can be 2.0 N. The
normal work rate drops sharply to quite a low value when the
preload increases from 0 to 1.2. After the preload is larger than
1.2 N, the effect of the preload will not be so significant with the
increase of preload. These results are consistent with simulation
results of Hassan [18] and experimental results of Yetisir [22].

As shown in Fig. 17(b), the RMS normal contact forces are
depicted as a function of preload. When the preload is lower than
1.0 N, the normal contact forces cannot increase greatly because of
response transitions, which are thought to be due to the change in
the effectiveness of the support and the resulting response fre-
quency, which is similar to the result of lattice-bar support
bars [19].

4. Wear analysis

4.1. Wear prediction

Fretting wear tests with clearances of 0.05 mm are conducted to
obtain wear results of 690 TT and SUS 405. The wear volume of the
690 TT tubes is shown in Fig. 18. The max test time is 48 h, and the
wear volume ranges from 0.2 � 106 to 5 � 106 mm3, which can be
found in Fig. 18(a). The wear rate and wear coefficients are depicted
in Table 3. The wear rate of the force ratio Rf ¼ 0.4 is two times
larger than that of Rf ¼ 0 inwhich the impact wear mainly happens.
The normal work rate cannot reflect the effect of the energy
dissipation due to the impact. Therefore, the wear work rate is
underestimated. The wear coefficient Kw is overvalued in return in
the test. The impact wear coefficient is 1.488 � 10�14 Pa-1, which is
larger than the impact-sliding wear. When the vibration in the
transverse direction becomes dominant, the prediction of the
normal work rate is smaller than the real value, and this can cause
an underestimation of the wear rate if the wear coefficient Kw is
obtained through a sliding wear test or an impact-sliding test,
which can be seen in Fig. 18(a).

Fig. 18(b) shows the wear volume of different excitation forces.
The relationship of thewear rate and force level is not simply linear,
especially in the impact wear process. The trends of Rf ¼ 0.4 and
Rf ¼ 1.0 are close because they are all impact-sliding wear.

Fig. 19 shows the surfaces after 16 h of impact wear and impact-
sliding wear. The shapes of the wear scars are similar. The furrows
can be found on the surfaces that suffered the impact-sliding wear,
and the cracks are not along but perpendicular to the sliding di-
rection under SEM. We do not find furrows on the SEM results of
wear scars of the impact test. The wear debris of the impact wear is
less than that of the impact-sliding wear. The subsurface of the
wear scars of sliding wear can be divided into the wear debris layer
(WDL), tribologically transformed structure (TTS) layer, and general
deformed layer (GDL) [26,27]. The original structure of Inconel
690 TT transformed into the GDL layer due to the high density of
dislocations and twins by impact and sliding. There aremany cracks



Fig. 19. Wear surfaces under microscope and SEM. (a) Impact, (b) Impact-sliding.

Fig. 20. Cross-section of the wear scars.
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in the TTS layer, which will become the WDL layer after the former
layer spalls off. The cross-section of the subsurface after 16 h of
impact-sliding wear is shown in Fig. 20. As impact can accelerate
the spalling of the wear debris, the new TTS layer is exposed and
transformed to wear debris. The thickness of the WDL layer is only
approximately several micron meters, which can be seen in Fig. 20.
The grain boundary in Fig. 20 is influenced by the impact and
sliding, and the grain boundary can turn into a direction parallel to
the TTS layer.
4.2. Wear scars

Fig. 21 shows the wear scars of tube and supports, as well as the
result of the 3D-profilometer. Thewear shapes of thewear scars are
almost the same in different tests, although the test times are
different. The width and depth of wear scars are larger near the
contact area of the edge of support, which make the wear scars
approximately triangular. The contacts of the support edge and
tube are point contacts, where high stress can exist. Thewear of this
area is more serious than that of the other part. As the wear con-
tinues, the point area can move into the middle of the support. The
furrows can be obvious at the surface under the microscope, which
means adhesive wear is playing a very important role in the
impact-sliding process.

Fig. 22 depicts themaximumwidth of thewear scars at supports
and tube specimen of different force ratios. The width of wear scars
at the supports increases first, then it becomes stable, and finally it
becomes larger again after 32 h of the wear test. During the
beginning of the wear process, wear debris begins to exist, and the
surface of the supports becomes stable after consecutive impact
and sliding. Thewidth of the tubewear scars increases slowly, and a
larger force ratio can cause wider wear scars at the supports.
However, compared with the wear scars at the support, a closer
value of wear width can be found at the tube specimens.

In Fig. 23, the shapes of wear scar cross-sections at supports and
the tube are different. The middle area of the tube wear scars is
slightly deeper than the other area at the support, which is not
significant on the tube wear scars. The material stacked at the edge
of the tube wear scars is lower than that of the support. The shape
of the tube cannot prevent the flow of the material. As the
tangential forces increase, the width of the wear scars of the tube
increases. However, a larger force component of the drag direction
can result in the rise of the max wear width at supports.

As shown in Table 4, the length of the tube wear scars increases
with the RMS excitation forces, but the width of the scars only
increases by 40 mmwhen only the impact occurs. As the force ratio
grows, the length and width of scars increase, and the width values
of Rf ¼ 0.4 and Rf ¼ 0.1 are close. The wear width will not increase



Fig. 21. Wear depth of the 3D-profilometer and surfaces under microscope. a) 4 h; b) 16 h; c) 32 h.

Fig. 22. The max width of wear scars. (a) Tube, (b)support.
Fig. 23. The shape of wear scars. (a)support, (b)tube.
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Table 4
Scales of the tube wear scars.

RMS forces Rf ¼ 0.1 Rf ¼ 0.4 Rf ¼ 1.0

Widmax/mm Lmax/mm Widmax/mm Lmax/mm Widmax/mm Lmax/mm

1.6 0.72 0.836 0.565 2.03 0.76 0.87
2.4 0.76 2.31 0.86 3.18 0.97 3.18
3.2 0.76 3.13 0.97 4.77 1.06 5.47
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significantly as the force increases, but the wear length can grow
larger. That indicates that the width of wear scars is mainly influ-
enced by the wear volume and impact forces.

The EDX results are shown in Fig. 24. The content of oxygen at
the wear scars become larger, which means that the wear in the air
complies with oxidation. The content of Fe at the impact wear scars
Fig. 24. EDX results of the tube wear scars. (a) Impact, (b) Impact-sliding.
is slightly lower than impact-sliding wear. The Fe is mainly trans-
formed by SUS 405. The material transformation is decreased at a
simple impact contact wear than the impact-sliding wear for less
stick time. The content of Ni and Cr can be lower than Inconel
690 TT. The wear debris with abundant Fe element can be harder
than the original TTS layer, and then the wear rate can be larger.
That is one of the reasons that the wear rate of the impact-sliding
wear is larger than the impact wear.
5. Conclusions

In this work, a set of equipment was built approximately to
investigate the impact-sliding behavior between tube and AVB
supports. The experiments are conducted with different excitation
forces and clearances. The effects of force ratio and tube position
have been investigated through analysis of the dimensionless
normal work rate, contact angle and tube displacements in the
clearance. The wear test experiments were established to obtain
the wear results. Some conclusions can be drawn as follows:

(1) With the increase of dimension clearance, two peaks of the
dimensionless normal work rate can be found. Considering
the request of lower normal work rate and the active sup-
port, it is recommended that, in practical AVB supports,
dimensionless clearance should be controlled to be lower
than 0.2.

(2) At force ratios between 0.16 and 0.67, the normal work rate
will increase with the increase of the force ratio. The reason
could be that the increase of the force ratio makes the lower
contact angle, which will result in a rise in the tangential
displacements.

(3) If predicted with the Archard model in an impact-sliding
wear process, the wear volume value can be under-
estimated, and the safety of the design cannot be ensured
when the impact wear cannot be neglected, because the
impact energy loss is not considered in the Archard model.

(4) The subsurface damage as sliding wear can also be found of
the impact-sliding wear. In addition, the impact can affect
the spalling of the wear debris and accelerate the transfer of
the TTS layer to the WDL layer.
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Nomenclature

V
!
: volume wear rate, m3/s

Kw: wear coefficient, Pa�1

Fimp: the RMS impact force, N
Wn: normal work rate, mW
C: tube/support clearance,mm
Cr: the dimensionless clearance
f: the natural frequency of the tube
T: total time
m: tubes' mass per unit length, kg/m
Rf: The ratio of force at transverse direction to streamwise direction
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