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A B S T R A C T

Wear generated by repetitive impacts between an Inconel tube sample and a stainless steel flat bar target is
studied through experiments in dry environment. Incident energy and angle of impacts are controlled, normal
and tangential loads during impact are measured as well as rebound energy and angle of impacts. Impacts
characteristics are analyzed and the influence of the energy loss during impacts and the incidence angle on
generated wear is analyzed. Wear volume is found to be proportional to the energy loss, for which a maximum is
observed at an incidence angle close to 25° from horizontal. An impact wear energy coefficient is introduced and
an impact wear law with a strong mechanical meaning is proposed. This energy-based law well predicts the
observed experimental wear.

1. Introduction

Repetitive impacts between Steam Generator (SG) tubes and Anti-
Vibration Bars (AVB) in Pressurized Water Reactors (PWR) can lead to
substantial wear over time. When wear is too large, costly maintenance
operations are required. Thus, understanding the relationship between
impacts characteristics and wear is of great interest.

Impacts lead to several types of wear according to the motions and
the bodies involved [1]. Specifically, two main categories of impacts
exist whether it involves important incident mass and low velocity
(percussive impact) or low mass and large velocity (particle erosion)
[2]. Consequently, two very different categories of wear models are
proposed. Concerning percussive impact wear, Engel [3–5] develops a
model for which wear formation depends on surfaces conformance and
wear time evolution depends on shear stress. Levy [6] proposes a
model for which wear is proportional to load and sliding distance
during impact. Connors [7], Frick [8] and Hoffman [9] also propose
impact wear models derived from Archard equation. The wear law
proposed by Lewis includes both a term derived from Engel model and
a dependency with sliding distance [10]. Gessesse [11] and Attia [12]
extend the delamination theory of sliding wear from Suh [13] to
percussive impact wear, with a specific interest to the contact geometry
at the asperity scale. Concerning erosion wear, three types of models
can be distinguished [14]. Finnie [15,16] and Bitter [17] propose
models for a rigid grain cutting into a ductile metal. Hutchings [18],
Follansbee [19], Ratner [20] and Sundararajan [21] develop fatigue
models which involve a critical accumulated strain required to generate

wear. Jahanmir [22] extends the delamination theory of sliding wear
from Suh [13] to erosion wear. The atomistic simulations of
Aghababaei [23] lead to a better understanding of wear mechanisms
in general, and of impact wear in particular.

Impact characteristics are deeply studied by Stronge [24]. The
analysis of velocities, kinetic energy, forces, friction, stick and slip
regions of the contact during impact results in a rich but complex
formulation of impact characteristics. Brach [25,26] uses a classical
impulse and momentum theory to express these characteristics,
especially the energy loss during an impact. It leads to simpler and
more intelligible formulations with a high degree of physical meaning.
Brach [26] observes a good correlation between the energy loss during
an impact and erosive wear results from literature. No comparison is
carried out between this model and percussive impact wear observa-
tions.

A lot of experimental studies have been carried out in the last
decades about impact wear in nuclear field. Guinot [27] and Zaghdoudi
[28] have listed many impact test machines and gather them into two
categories whether or not priority is given to reproducing real PWR
environment. Ko [29], Cha [30] and Blevins [31] among others studied
impacts and wear with real environment test machines. Sorokin [32],
Rice [33] and Pick [34] developed analytical test machines to study
normal impact only. These test machines are expected to have better
characteristics than the ones which reproduce real environment but the
precision of the dynamics control is very different from one apparatus
to another. A lack of analytical experimental apparatus with a large
range of possible incidence angles is to be noted.

http://dx.doi.org/10.1016/j.triboint.2016.10.014
Received 20 June 2016; Received in revised form 23 September 2016; Accepted 9 October 2016

⁎ Corresponding author at: Laboratoire de Tribologie et Dynamique des Systèmes, UMR CNRS 5513, Ecole Centrale de Lyon, Université de Lyon, 36 avenue Guy de Collongue, 69134,
Ecully, France

Tribology International 105 (2017) 241–249

0301-679X/ © 2016 Elsevier Ltd. All rights reserved.
Available online 11 October 2016

crossmark

http://www.sciencedirect.com/science/journal/0301679X
http://www.elsevier.com/locate/triboint
http://dx.doi.org/10.1016/j.triboint.2016.10.014
http://dx.doi.org/10.1016/j.triboint.2016.10.014
http://dx.doi.org/10.1016/j.triboint.2016.10.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.triboint.2016.10.014&domain=pdf


In the present work, wear of a SG tube sample subjected to
repetitive impacts against an AVB sample is studied. Section 2 presents
the experimental apparatus that has been designed and used. Section 3
presents a description of the impacts based on the time evolution of
normal and tangential displacements and loads during them. Section 4
presents the impacts characteristics experimentally obtained: restitu-
tion coefficient, impulse ratio and energy loss. Section 5 presents an
energy-based analysis of generated wear and introduces an energy-
based impact wear law.

2. Experimental apparatus and method

2.1. Impact wear test machine

The experiment aims to analytically study impact wear between a
SG tube sample and an AVB sample. The principle of the experiment is
the following. The SG tube sample is repetitively thrown against the
AVB sample with a controlled incidence energy and angle. At the end of
the experiment, wear mainly observed on the SG tube sample is
measured. The experimental set-up is shown in Fig. 1.

The impact wear test machine consists of an excitation system, a
projectile, and a target. The target is composed of the AVB sample
maintained by a holder. The latter is fixed to a force transducer. The set
of sample, holder, and force transducer is designed to be very stiff. The
projectile is composed of the SG tube sample fixed to a holder. A
loading mass is attached to the holder (total mass of the projectile:
m=0.12 kg). The projectile is connected to two shakers (reference
Brüel & Kjær Type 4810). They are placed at ± 45° to the vertical by
two identical springs (stiffness k = 590 N/m). The natural frequency f0
of the impactor (projectile on its springs) is f ≅100 Hz. The projectile is
attached at the extremity of a horizontal flexible beam (not represented
in Fig. 1). This beam being stiff in the X-direction (traction-compres-
sion) and compliant in the YZ-directions (flexion), the movement of the
projectile is enforced to stay in the YZ-plane.

The trajectory of the SG tube sample is controlled using the two
shakers. The shakers apply to the SG tube sample two orthogonal
forces which can be controlled independently. The desired value of
incident energy is obtained by controlling the amplitude of the

sinusoidal inputs. The incidence angle αi to the horizontal is obtained
by setting a particular phase difference between the two inputs. Any
impact with an incident energy from 10−3 mJ to 2 mJ and an incidence
angle between 5° and 90° can be performed.

2.2. Signal measurement

The normal and the tangential contact loads are measured during
impacts using a 3-axis piezoelectric force transducer (reference Kistler
9067) fixed to the AVB sample. The force transducer stiffness is equal
to 4500 N/µm and its sensitivity is −3.8 pC/N for normal axis. Its
stiffness is equal to 700 N/µm and its sensitivity is −8 pC/N for
tangential axis. Signals are acquired using a dynamic acquisition card

Fig. 1. Diagram of the impact wear test machine (1: displacement sensors, 2: shakers, 3:
loading mass, 4: springs, 5: tube holder, 6: SG tube, 7: AVB holder and AVB sample, 8:
force transducer).

Nomenclature

cs piezoelectric sensor damping
cc contact damping
dimp contact duration
en restitution coefficient of impact
f excitation frequency
f0 first natural frequency of the projectile
fc frequency of the projectile mass m oscillating on the

contact stiffness kc
fs internal resonance frequency of the impact wear test

machine
k stiffness of the projectile
ka surface asperities crushing stiffness
kc contact stiffness
kft force transducer stiffness
kh Hertzian contact stiffness
ks piezoelectric sensor stiffness
kt tube ovalisation stiffness
l mean experimental value of apparent contact length
m projectile mass
ms mass supported by force transducer
t time
t ; tin it time location of normal/tangential load beginning during

impact

t ; trn rt time location of normal/tangential load end during im-
pact

v ; v ; vr rn rt rebound velocity; normal/tangential component of re-
bound velocity

v ; v ; vi in it incident velocity; Normal/Tangential component of inci-
dent velocity

Ds normal displacement of piezoelectric sensor
D ; Dn t normal/Tangential component of displacement
E* equivalent Young modulus in Hertz theory
F ; Fn t normal/tangential component of load
K impact wear energy coefficient
N number of impacts during a complete impact wear test
P ; Pn t normal/tangential impulse during impact
R* equivalent radius in Hertz theory
Ti incident energy
T ; T ; TL Ln Lt Energy loss; Normal/Tangential component of energy loss
T*L normalized energy loss
V ; V− + negative/positive wear volume
Vimp wear volume per impact
αi incidence angle of the projectile
αr rebound angle of the projectile
β asperity radius of curvature
λ particle shape coefficient
μ impulse ratio
μc critical impulse ratio
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with a high sampling rate (50 kHz) in order to correctly measure the
contact load time evolution during impacts.

The trajectory of the SG tube sample in the plane of motion is
measured by two laser displacement sensors (reference Keyence LK-
H052). The measurement range is ± 10 mm, the linearity equals to ±
0.02% of the full scale and the repeatability is 0.025 µm.

A complete time acquisition of contact loads and displacements
during the full length of the test is impossible due to storage space
limitations. Therefore, signals are acquired during 2000 evenly dis-
tributed acquisition time windows of 1 s

2.3. Materials properties

The experiments focus on the wear of an Inconel 690 SG tube
sample against a 410s steel flat AVB sample. Tables 1 and 2 present the
composition and mechanical properties of the materials.

2.4. Wear volume analysis

At the end of a test, the worn SG tube sample is removed from the
test rig and wear scars are analyzed with an optical interferometer.
Negative, positive and natural volumes of wear are then retrieved. The
uncertainty on wear volume is estimated with the interferometer
characteristics and the surface adjustment. Minimal wear volume that
can be measured is 10−3 mm3.

2.5. Testing parameters

The influence of the incidence angle is studied in the range 5–85°.
During each test, the incidence angle of impacts αi is controlled to be
constant. The impacting incident kinetic energy is controlled to be
equal to 0.55 mJ, corresponding to an incident velocity of 70 mm/s.
The test duration is 20 h and the excitation frequency f is 20 Hz so that
the total number of impacts is about 1.4 million. The tests are carried
out at ambient temperature in dry condition. A total of 21 tests are
performed at different incidence angles. They give a good confidence in
the repeatability of the results.

3. Description of individual impact

3.1. Time evolution of displacements

Fig. 2 displays the trajectory of the SG tube sample in the plane of
motion. Fig. 3 displays large scale time evolution of normal and
tangential displacements during several typical impacts and their short

Table 1
Composition and mechanical properties of Inconel 690 SG tube sample.

Composition (%) Ni Cr Fe C Si Mn S Cu
58 27–31 7–11 < 0.05 < 0.5 < 0.5 < 0.015 < 0.5

Elastic modulus
(GPa)

207

Shear modulus
(GPa)

79

Yield stress
(MPa)

379

Table 2
Composition and mechanical properties of 410s steel AVB sample.

Composition (%) C Si Mn P S Cr
< 0.08 < 1 < 1 < 0.04 < 0.015 12–14

Elastic modulus (GPa) 205
Shear modulus (GPa) 80
Yield stress (MPa) 290

Fig. 2. Trajectory of the SG tube sample in the plane of motion. (a) Large scale, during 4
impacts. (b) Short scale, during a single impact (dots: measurement points, broken line:
best fit).

Fig. 3. Time evolution of normal (solid line) and tangential (broken line) displacements
of the SG tube sample. (a) Large scale, during 4 impacts. (b) Short scale, during a single
impact.
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scale time evolution during one particular impact. An impact is defined
as application of substantial mechanical actions during a very small
period of time. It is characterized by a sudden variation of load and
velocity. In particular, an inversion of normal velocity of the SG tube
sample is observed after the impact in Fig. 2. These figures show that
the trajectory is fairly controlled so that an almost periodic behavior is
observed.

For each impact, a normal restitution coefficient en is identified
from measured normal velocity immediately before and after the
impact:

e v
v

=−n
rn

in (1)

But vin and vrn can be expressed as functions of respectively αi and vi

and αr and vr (see Fig. 1 for definition of the angles αi and αr):

v v α= sinin i i (2)

v v α= sinrn r r (3)

Substituting Eqs. (2) and (3) into Eq. (1) gives:

e v α
v α

=− sin
sinn

r r

i i (4)

Since an impact always dissipates energy, the ratio between re-
bound velocity vr and incident velocity vi can never exceed 1.
Nevertheless, we observe experimentally that the rebound angle αr is
in general not equal to incident angle αi as it would be for pure specular
reflection. There are at least two effects that explain dispersal from
specular reflection: irregularities in surface that modify the actual
normal at the point of impact and friction that dissipates more
efficiently in the tangential direction than in the normal one. In
particular, when α α>r i with a low dissipation we may have v v>rn in

that corresponds to a restitution coefficient en greater than 1 without
violating the energy conservation.

3.2. Time evolution of loads

Fig. 4 displays large scale time evolution of normal and tangential
loads during several typical impacts and their short scale time
evolution during one particular impact. The contact loads are very
similar in shape and amplitude from one impact to another, high-
lighting once again a quasi-periodic behavior. On a single impact scale,
two phases are observed: a contact phase and a free flight phase.

During the contact phase, the time evolution of normal load has a
bell shape like expected for a typical shock [3]. First, surfaces approach
each other and normal load increases to a maximum (compression
period). Then, surfaces move away and normal load decreases to zero
when the contact ceases (rebound period). The shock duration is
defined as the duration of application of normal load and usually
ranges from 0.35 to 0.5 ms. The slight perturbation of the bell shape
near the maximal value is due to the influence of the compliance of the
target on the measurements. This perturbation is studied in section 2.5
in order to verify that its influence on the measured contact force is
weak, especially on the values of maximal load and impact duration.

During the free flight phase, the normal load oscillates around zero
with a frequency equal to 6.5 kHz. This is the consequence of the free
vibration of the target after the impact.

The obliqueness of impacts leads to the existence of a tangential
component of load during impact whose time evolution can also be
observed in Fig. 4. Sliding, sticking, and rolling can occur during the
contact depending on incidence characteristics and contact properties
[26,35,36]. While sliding and sticking lead to the existence of a
tangential load component, tangential load during rolling is impercep-
tible. Thus, the dates of start and end of tangential load application (tit
and trt) can differ from those of normal component (tin and trn).
Tangential impact duration is defined as the duration of application
of tangential load.

For each impact, the normal and tangential impulses are defined by
the variation of momentums during the impact:

∫P F t dt m v v= ( ) = ( − )t
t

t
t rt it

it

rt

(5)

∫P F t dt m v v= ( ) = ( − )n
t

t
n rn in

in

rn

(6)

and an impulse ratio μ is introduced:

μ P
P

= t

n (7)

Note that Eqs. (5) and (6) lead to two different methods to compute
the impulse ratio. The first one is based on the difference of incident
and rebound velocities while the second one is obtained by time-
integration of the force signals. Both methods give similar results.

Fig. 4. Time evolution of normal (solid line) and tangential (broken line) loads. (a) Large
scale, during 4 impacts. (b) Short scale, during a single impact.

Fig. 5. Dynamic model of the impact wear test machine (1: tube, 2: contact, 3:
piezoelectric sensor).
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3.3. Energy loss during impacts

The energy loss is an important impact characteristic commonly
mentioned in the literature on wear [3,15,17,37–40]. The balance of
energy between incident kinetic energy, energy loss, and rebound
kinetic energy is expressed by:

T m v v m v v T= 1
2

( + )= 1
2

( + )+i in it rn rt L
2 2 2 2

(8)

In this equation, the rotational energy is supposed to be negligible.
Eqs. (1)–(3) and (5)–(7) give rebound velocities as a function of
incidence angle αi, restitution coefficient en, and impulse ratio μ. This
leads to the following expression of dimensionless energy loss.

⎡
⎣⎢

⎤
⎦⎥T α e μ T T α e e μ

α
μ e*( , , )= / =sin (1 + ) 1 − + 2

tan
− ²(1 + )L i n L i i n n

i
n

2

(9)

The energy loss T*L may be separated in two terms: T*Ln corresponds
to the loss of energy associated to normal motion and T*Lt corresponds
to the energy loss due to tangential effects. The normal loss of energy is
defined by:

T m v v T α e* = 1
2

( − )/ =sin (1 − )Ln in rn i i n
2 2 2 2

(10)

where the second equality stems from Eqs. (1) and (2). This also
corresponds to T*L at the special value μ = 0 as it may be seen from Eq.
(9).

The tangential loss of energy is defined by:

⎡
⎣⎢

⎤
⎦⎥T m v v T α e μ

α
μ e*= 1

2
( − )/ =sin (1 + ) 2

tan
− ²(1 + )Lt it rt i i n

i
n

2 2 2

(11)

Of course, the total energy loss T*L is the sum of normal loss T*Ln and
tangential loss T*Lt .

3.4. Dynamic model of the test apparatus

Considering only the normal movement, the test apparatus can be
modeled with only two degrees of freedom as proposed in [41,42]. The
model is shown in Fig. 5. In this model, the projectile is a mass m at
position Dn. The contact is modeled by a damping factor cc and a
stiffness kc. The target is modeled by a mass ms, a damping factor cs and
a stiffness ks which is associated to the target compliance, especially to
the piezoelectric transducer characteristics. Other parts of the target
are assumed to be infinitely rigid bodies.

The impact is divided into two phases: the contact phase during
which the mass m oscillates on the system {contact+target}, and the
free flight phase during which the mass ms oscillates on the target
stiffness ks. The equations of motion are [42]:

⎧⎨⎩
mD k D k D c D c D

m D k k D k D k k D

̈ + − =− ̇ + ̇
̈ +( + ) − =−( + ) ̇

n c n c s c n c s

s s s c s c n s c s (12)

during the contact phase and

⎧⎨⎩
mD

m D k D D

̈ =0
̈ + =− ̇

n

s s s s s (13)

during the free flight phase.
Masses of Eqs. (12) and (13) are weighed with a balance. The other

coefficients of Eqs. (12) and (13) are determined using an experimental
modal analysis. Two complementary approaches have been used:
analysis of the free vibratory response to a shock hammer and analysis
of the forced vibratory response to a sinusoidal sweep excitation. The
numerical values of these coefficients are summarized in Table 3:

The stiffness kc is associated to the combination of the Hertzian
contact stiffness kh, the tube ovalisation stiffness kt and the surface
asperities crushing stiffness ka. In the present case of a cylinder in
contact with a plane, the Hertzian contact stiffness kh is given by the

ratio between the applied normal load Fn and the mutual approach δ of
the contact surfaces [43] :

k F
δ

πlE= =
*

4
=3. 6 ×10 N/mh

n 8
(14)

with l ≈ 4 mm and E*≈115 GPa.
The tube ovalisation stiffness kt is calculated numerically using a

finite element model of the tube held by the tube holder. The
displacements at the bottom of the tube are blocked and a normal
load of 50 N is applied to the top of the tube. The tube ovalisation
stiffness kt is obtained from the maximal tube displacement observed:
kt=1.2×10

8 N/m. The surface asperities crushing stiffness ka is calcu-
lated by considering the Hertzian elastic contact between two spheres
with an equivalent radius R* equal to a typical value of asperity radius
of curvature β ≈ 100 μm:

⎛
⎝⎜

⎞
⎠⎟k R E F=2 3

4
* * =7. 3 ×10 N/ma n

2
1/3

6

(15)

where E*≈115 GPa and F ≈50n N.
The surface asperities crushing stiffness ka is much lower than the

others contact stiffness. It can be deduced that the interface is governed
by contact asperities. To verify this hypothesis, the measured contact
duration observed on force signal may be compared with the duration
of an impact dimp calculated in the case of an elastic impact between a
moving mass m with velocity vi and a target considered as two spheres
with a typical value of asperity radius of curvature β ≈ 100 μm ([43]):

d m
βE v

=2. 87
( * )

imp
i

2/5

2 1/5 (16)

Since m≈0.12kg, E*≈115 GPa and vi≈0.07 m/s, we obtain
dimp≈0.49 ms in a fine agreement with experimental values. This
observation also highlights that contact is controlled by dynamic effects
of elastic forces during the impact and not by a quasi-static contact like
it would be obtained with a hydraulic press instead of the two shakers.
During impacts, the influence of external forces applied by shakers
remains weak.

The numerical value of the target stiffness ks is in the same order of
magnitude of the manufacturer's value of force transducer stiffness
k ≈4.5 × 10ft

9 N/m. Therefore, the compliance of the target mainly
corresponds to the force transducer characteristics.

3.5. Comparison between experimental impacts and dynamic model

Eqs. (12) and (13) are solved using measured incident normal
velocity as initial condition. Modeled time evolution of Dn (normal SG
tube displacement) and Ds (normal piezoelectric sensor displacement)
are obtained by a numerical simulation.

In Fig. 6 are shown the time evolution of the reaction force k Ds s (as
measured by the sensor) simulated by the present model, the measured
signal as delivered by the actual sensor and the contact force k Dc n
simulated by the model. Since k k<c s, the contact duration is mainly
controlled by the half-period T

2
of the projectile mass m oscillating on

the contact stiffness kc, with:

T
f

π
k
m

1 = = 1
2

≅1. 4kHzc
c

(17)

with k =9. 8 × 10c
6 N/m and m=0. 12 kg.

After the impact, the oscillation in force signal corresponds to the
free vibration of the sensor with a frequency fs:

Table 3
Values of parameters of the dynamic model.

cc (kg/s) cs (kg/s) kc (N/m) ks (N/m) m (kg) ms (kg)

5000 10 9.8×106 2.5×109 0.12 1.52
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f
π

k
m

= 1
2

≅6. 5kHzs
s

s (18)

with k =2.5 ×10s
9 N/m and m =1.52s kg. Free oscillations on time evolu-

tion of tangential load have a lower frequency.
A good correlation is found between the time evolution of experi-

mental and modeled normal load which shows that the proposed model
is relevant. The influence of the eigenfrequency fs on the evolution of
load during impact is highlighted: measured value of reaction force is
about 10% higher than the contact force. However, no significant
difference is observed concerning the impact duration. A similar
reasoning is used for tangential component and no significant differ-
ence is observed on tangential maximal load and impact duration
either.

4. Statistical analysis of impacts

4.1. Restitution coefficient of impact

Fig. 7 displays normal restitution coefficient en versus incidence
angle αi for data measured during 21 complete tests of 20 h. The
coefficient en is calculated from measured normal incident and rebound
velocities using Eq. (1). Each color corresponds to a particular test.
Each point of the cloud corresponds to a single impact. Data from
40,000 impacts are shown for each test, corresponding to the impacts
measured during the 2000 evenly distributed time acquisition win-
dows. The range of abscissa values is divided in ten equal parts. Error
bars are estimated for each part and correspond to standard deviation
of abscissa for horizontal bars and ordinate for vertical bars.

It can be observed on Fig. 7 that mean value of en decreases from
0.9 to 0.6 when incidence angle increases from 0° to 45°. Experimental
values of en are rather much dispersed in this range. Furthermore, en

increases from 0.6 to 0.8 when angle increases from 45° to 90°. A
similar order of magnitude has been observed in the literature [44] for
cylinder-cylinder contact in the same incident velocity range. The
dashed black line corresponds to a 2nd order polynomial fit defined by:

e α α α( )=1. 6 ×10 −1. 5 × 10 +0. 95n i i i
−4 2 −2 (19)

where αi is in degrees. The restitution coefficient en is an impact
characteristic which is experimentally observed. No supposition is
made to explain the evolution of en in this study. Kharaz [45],
Thornton [46] and Johnson [43] found that en decreases with the
incident velocity vi following a power law with a negative exponent.
These observations are consistent with our experimental results in the
range 0–45°.

4.2. Friction during impact

Friction is analyzed through the impulse ratio μ defined in Eq. (7).
By analyzing the mechanical problem of a single rigid projectile
impacting a massive flat surface, Brach [26] introduced a critical
impulse ratio μc controlling the transition from sliding throughout
the impact to sliding and rolling during the contact phase. This critical
ratio is given by:

μ
λ e α

= 1
1+

1
1+

1
tanc

n i (20)

The critical impulse ratio μc depends on normal restitution coeffi-
cient en, incidence angle αi and a shape factor λ related to the projectile
shape. The analysis of the contact stiffness in Section 3.4 shows that the
interface is governed by the contact asperities. Thus, the projectile has
the shape of the surface asperity into contact. Therefore, λ is chosen
equal to zero as contact asperities can be considered as point masses.

For any impact conditions, μ is always lower or equal to μc. If μ μ< c,
sliding occurs throughout the impact and consequently μ corresponds
to the friction coefficient. This case occurs when incidence angles are
low. Beyond an incidence angle threshold, μ μ= c and both sliding and
rolling occur during the contact phase.

Fig. 8 shows measured impulse ratio μ versus incidence angle αi.
The experimental values of μ are obtained from normal and tangential
impulses using Eq. (7). Normal and tangential impulses are calculated
by integrating measured normal and tangential loads during the shock
duration using Eqs. (5) and (6). A plateau is observed in the range 0–
30° for which μ ≈ 1. In this range, sliding occurs throughout the impact
and consequently μ corresponds to the friction coefficient which is
equal to 1 in this case. In the range 30–90°, μ decreases with increasing
incidence angle as tangential impulse is becoming lower, down to μ = 0
for normal impacts. In this range, sliding occurs at the beginning of the
contact phase until the tangential velocity falls to zero. Then, sliding
stops and the projectile begins to roll. During the rolling phase, the
tangential load is null and so the impulse ratio reaches a critical value

Fig. 6. Time evolution of normal load during an impact: experimental reaction force (-)
vs numerical reaction force k Ds s (- -) vs numerical contact force k Dc n (-.).

Fig. 7. Normal restitution coefficient vs incidence angle. Broken black curve: 2nd order
polynomial fit.

Fig. 8. Impulse ratio vs incidence angle. Solid black curve: μ λ e α( = 0, = 0. 7, )c n i .
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μc. The solid black line corresponds to:

⎪

⎪⎧⎨⎩μ α
α

μ α α
( ) =

1, 0° ≤ ≤ 35°
( ), ≥ 35°i

i

c i i (21)

where μ α( )c i is calculated from Eq. (20) with λ = 0 and e =0.7n . The
experimental impulse ratio is well predicted by μc on the range 30–90°.
According to the Brach theory, sliding and rolling should therefore
occur during these impacts. This prediction of impulse ratio μ evolution
versus incidence angle explains previous observations made without
interpretation in references [47,48]. For the range 0–30°, the plateau
μ ≈ 1 is also consistent with the Brach model and corresponds to
sliding throughout the impact.

4.3. Energy loss during impacts

The experimental study of the impact characteristics in Sections 4.1
and 4.2 reveals a dependence between impulse ratio μand incidence
angle αi by Eq. (21), and between restitution coefficient en and
incidence angle αi by Eq. (19). But general expressions of energy losses
T*L ,T*Ln, and T*Lt in terms of αi, en, and μ have been obtained in Eqs. (9),
(10), and (11). Therefore, T*L ,T*Ln, and T*Lt can be expressed as a function
of αi only by a simple substitution.

Fig. 9 shows normal dimensionless energy loss T*Ln during impact
versus incidence angle αi. T*Ln is calculated from measured incident and
rebound normal velocities using Eq. (10) for each impact. Normal
dimensionless energy loss increases with impact incidence from 0 for
low angles to 0.6 at 70°. Then, it decreases to 0.3 for normal impacts.
Fig. 10 shows tangential dimensionless energy loss T*Lt during impact
versus incidence angle αi. T*Lt is calculated from measured incident and
rebound tangential velocities using Eq. (11). Tangential energy loss is
equal to zero for incidence angles 0° and 90°. A maximum of energy
loss is observed at 25° from horizontal and is equal to 0.7. Fig. 11
shows total dimensionless energy loss T*L during impact versus
incidence angle αi. Total energy loss T*L corresponds to the sum of T*Ln
and T*Lt. T*L is equal to zero for incidence angle 0°. A maximum equal to
0.9 is observed at 30°.

The energy losses defined by Eqs. (9), (10) and (11) are calculated
with the modeled values of en and μ from Eqs. (19) and (21), and are
shown with a solid black curve on each figure. A good correlation
between experimental results and the Brach formulation of energy loss
confirms the relevance of the chosen approach to predict the energy
loss during an impact. According to these experimental results, it is
interesting to note that this approach seems to be verified not only in

Fig. 9. Normal dimensionless energy loss T*Ln during impact versus incidence angle.

Cloud: experimental data; solid black line computed from Eqs. (10) and (19).

Fig. 10. Tangential dimensionless energy loss T*Lt versus incidence angle. Cloud:

experimental data; solid black line computed from Eqs. (11) and (21).

Fig. 11. Total dimensionless energy loss T*L versus incidence angle. Cloud: experimental

data; solid black line computed from Eqs. (9), (19) and (21).

Fig. 12. SEM and interferometry images of a tube wear scar.

Fig. 13. Tube wear scar profile.
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the case of erosion as initially verified by Brach [26] but also in the case
of impact between massive solids.

5. Energy-based analysis of wear

5.1. Wear scars morphology

Wear has been observed on both SG tube samples and AVB samples
for all incidence angles. But, it has been observed that AVB wear
volume is much lower than SG tube wear volume. So only SG tube wear
is considered for the rest of this study. Negative volumes of SG tube
wear range from 2.106 µm3 to 12.106 µm3 for the largest wear. A typical
wear scar observed by scanning electron microscopy and interfometry
is shown in Fig. 12. The shape of the scar is typical of wear induced by a
cylinder-plane contact with imperfect parallelism. In this case, the tube
is slightly tilted so that the area corresponding to the bottom of the
image hits the AVB sample first. Related wear profile is shown in
Fig. 13.

A certain amount of positive volume is observed at the peripheral
region of the scar. It corresponds to wear debris which reamalgamate
with the surface or plastic deformation. These two origins of positive
volume are distinguished using interferometry and scanning electron
microscope (SEM) techniques. The shape of wear debris is granular
and oxides are observed around them (V1

+ and V2
+ in Fig. 13). Plastic

deformation is noticed by the existence of a smooth pile in the
immediate vicinity of the negative volume (V3

+ in Fig. 13). Wear debris
are observable more frequently for low angles whereas plastic defor-
mation is observed to happen for larger impact angles. The wear debris
can be considered as a third body which both aggravates and reduces
wear: on the one hand the wear debris are sharper than the contact
asperities and they cut the surface more efficiently, on the other hand
some wear debris can reamalgamate to the contact surfaces and reduce
wear. Nevertheless, under impact conditions, a large proportion of
wear debris is supposed to be ejected quickly from the contact. It is
confirmed by the observation of a small number of wear debris within
the wear scars after a test.

5.2. Experimental results on wear

Several authors observed that wear volume is proportional to the
energy loss [3,15,17,37–40]. According to the dependence of energy
loss to incident angle highlighted in the previous section, the wear
volume is expected to be strongly dependent on incidence angle. This
dependence on incidence angle has also been experimentally observed
previously [42,49].

Fig. 14 displays experimental wear volume per impact versus

average incidence angle for each test. The 21 tests performed are
represented by dots. Horizontal error bars display the dispersion of the
controlled incidence angle and correspond to the 20th and the 80th
percentiles. Wear increases with incidence angle from 0 to 8 µm3 per
impact between 0° and 25°. A maximum of wear is reached at 25° from
horizontal which is consistent with previous observations [47,48,50].
In the range 25–90°, wear decreases with incidence from 8 µm3 to
3 µm3 per impact. It should be noted that wear measured at normal
incidence is not null contrary to previous observations [47,48].

In Fig. 14, experimental wear volume is compared to the loss of
energy per impact: normal component in broken line (corresponding to
Fig. 9), tangential component in dotted line (corresponding to Fig. 10)
and total loss in solid line (corresponding to Fig. 11). Wear evolution
against incidence angle is well predicted by the total energy curve for all
the incidence angles. Two cases are observed: for small incidence
angles (α ≤50°i ), the tangential component of energy dominates, for
larger incidence angles (α ≥50°i ), the normal component of energy
dominates. For both cases, a very fine agreement is observed between
wear and the total energy loss. This shows that there is no preponder-
ant influence of tangential effects over normal effects on wear, which is
in contradiction with many studies on impact wear [48,51].

Assuming that the total wear volume V− is proportional to the
impacts incident energy and to the number of impacts N occurred
during a complete test, an impact wear law and an impact wear energy
coefficient K are introduced:

V
NT

K T α e α μ α= *( , ( ), ( ))
i

L i n i i
−

(22)

where T*L is given in Eq. (9), e α( )n i in Eq. (19) and μ α( )i in Eq. (21). The
experimental value of the impact wear energy coefficient K obtained is:

K=1. 34 × 10 μm /J4 3

The coefficient K may be interpreted as a wear volume per unit
mechanical energy lost during impacts. Although the contact is
intermittent (and even rare), this coefficient is analogous to Archard's
coefficient in continuous sliding contact wear. The coefficient K also
may be compared to energy wear coefficient introduced in fretting wear
studies [52,53]. This coefficient also corresponds to the wear coefficient
commonly used in the nuclear industry [54–56]. The observed value of
K is compared to the wear coefficients obtained in [55] with a similar
experimental configuration but with an environment considered as
more wearing (tests in water at 290 °C). These wear coefficients range
from 1×104 to 5.5×10 µm3/J, which corresponds to the same order of
magnitude of the latter observed value of K .

6. Conclusion

Wear generated by repetitive impacts between a tube sample and a
plane sample with constant incident energy is studied. An impact wear
test machine is designed with a significant care in obtaining a very fine
control of the impact dynamics and a high quality of measurements.
Normal and tangential displacements and loads during impacts are
measured and analyzed. Impulse ratio, restitution coefficient and
energy loss are calculated from these measurements and compared to
incidence angle.

The numerous experiments performed show that the restitution
coefficient during impacts slightly depends on incidence angle. The
impulse ratio follows a two-parts evolution with incidence angle. This
highlights two regimes of impacts whether only sliding occur during
the contact phase (for small incidence angle) or sliding and rolling (for
large incidence). The latter regime is well predicted by the critical
impulse ratio introduced by Brach [26]. Experimental dimensionless
energy loss is also well predicted by the Brach formulation. This tends
to prove the validity of this model in the case of percussive impacts.

Wear is observed for all the experiments performed and is found to
be proportional to the energy loss during impacts. Based on these

Fig. 14. Wear volume per impact versus incidence angle. Energy loss (-); normal
component of energy loss (- -); tangential component of energy loss (-.).
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observations, an energy-based impact wear law is proposed together
with an impact wear coefficient. It presents a strong dependence on the
energy loss during impacts and on the incidence angle. The experi-
mental values of wear are well predicted by this model.
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