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Abstract

In this paper, we present a new approach to study erosion phenomena. It is substantially based on multi-scale and fractal concepts. The
theory permits to predict the wear in terms of mass loss evolution for one-, two- and three-dimensional structures under erosive flows. In
particular, a comparison with the results of an experimental investigation—only recently published—performed during 28 and 42 months
of in-flight exposure for the MIR orbital space station, is presented. The experimental analysis gives the mass loss of polymer films, used
as protection against erosion due to space debris impacts, as a function of in-flight exposure time, as well as their life-time predictions,
crucial parameters for an optimal design of the protective films. The theoretical approach predicts a catastrophic damage evolution in
terms of eroded mass as a function of the exposure time. This surprising time-effect is experimentally confirmed, showing that the trivial
assumption of steady-state damage evolution is strongly non-conservative.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Classical theory of wear, proposed by Reye[1] about
140 years ago and universally accepted, assumes a removed
volume proportional to the energy dissipated in the process.
On the other hand, the universal fractal laws only recently
published by Carpinteri and Pugno for the evaluation of the
energy dissipation during fragmentation and comminution
[2], show a possible violation of the Reye assumption. Based
on statistical and fractal concepts, the three-dimensional law
predicts an energy dissipation proportional to the measure
of a fractal domain always comprised between a surface and
a volume. As a consequence, the Reye assumption appears
only as a limit case.

The wear phenomenon is studied in the tribology science
embracing the scientific investigation of all types of friction,
lubrication and wear[3].

Focusing our attention on wear, we can distinguish main
forms like adhesive, abrasive, corrosive, surface fatigue
(occurring during repeated sliding or rolling over a track),
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fretting (occurring when contacting surfaces undergo oscil-
latory tangential displacement of small amplitude), impact,
brittle fracture and erosion wear mechanisms. In particular
erosion, in which a particle carried in a fluid medium hits
a solid surface and removes material from it, can involve
low-speed, high-speed as well as cavitation. High-speed
erosion is absolutely the predominant wear process in
aerospace environment, due to space debris impacts[4–13].
In fact, orbital debris generally moves at very high-speeds.
In low earth orbits (altitudes lower than 2000 km) the av-
erage relative velocity at impact could be around 10 km/s.
At this velocity, even small particles contain a significant
amount of kinetic energy. For example, a metal particle hav-
ing size around 1 mm has damage potential similar to that
of a 22 caliber long rifle bullet. Fragments, typically smaller
than 1 mm in size, do not generally pose hazard to space-
craft functionality but they strongly erode the aerospace
vehicles.

In this paper, we present a new approach to study the
erosion phenomena. It is substantially based on the above
mentioned universal fractal laws[2]. The theory makes pos-
sible the prediction of the time history of mass loss under
erosion and the life-time of the elements. In addition, a com-
parison between the theory and the results of an experimen-
tal investigation—only recently published[14]—performed
during 28 and 42 months of in-flight exposure for the MIR
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orbital space station, is presented. The life-times of the pro-
tective films, crucial parameters for the space-station safety,
have been predicted according to our theory, showing a
methodology towards their optimal design. The trivial as-
sumption of steady-state damage evolution is demonstrated
to be strongly non-conservative.

2. Classical erosion

The wear lossw1 during erosion is defined as the ratio
of the removed massM1 to the incident massM2 causing
erosion[15,16]:

w1 = dM1

dM2
(1)

On the other hand, the wear coefficientk1 due to erosion is
defined as

w1 = k1
ρ2v

2
2/2

H1
(2)

whereρ2 is the density of the incident particles of (mean
square) velocityv2 andH1 is the hardness of the eroded ma-
terial. It is very interesting to note that the ratio betweenk1
andw1 (with H1 = F /A andF andA, respectively, contact
force and area) is equivalent to the well-known drag coeffi-
cientCx = F/(1/2ρv2A) in hydrodynamics.

The main difference between the wear lossw1 and the
wear coefficientk1 during erosion is that the former is not
a material property, being velocity-dependent. On the other
hand, the latter, in the classical approach, can be considered
as a material property and is obviously velocity-independent.

SinceM2 is defined as the incident mass causing erosion,
the energy dissipated in the process will be

dW1 = 1
2v2

2 dM2 (3)

whereW1 is the work done to erode the target material (1)
and the rebound energy, a fraction of the total incident kinetic
energy (material 2) is excluded by definition. FromEqs. (2)
and (3), we obtain

w1 = k1ρ2

H1

dW1

dM2
(4)

If we define the wear resistance asS1 = W1/V1, ratio of
dissipated energy to removed volume, fromEq. (1)we have

w1 = k1ρ2

H1

dW1

dM2
= k1ρ2

H1ρ1

S1 dM1

dM2
= k1ρ2

H1ρ1
S1w1 (5)

whereρ1 is the density of the target material.
Eliminating w1 from Eq. (5), we obtain the wear resis-

tanceS1, which is a macroscopic parameter, as a function
of microscopic material constants:

S1 = H1ρ1

k1ρ2
(6)

3. Classical coupled erosion

The developed theory has described the relationship be-
tween the classical wear coefficientk1 and the wear resis-
tanceS1 (of the material with hardnessH1). It is interesting
to emphasize that relationship (6) is true only for a pure ero-
sion process, i.e. when we assume that the whole energy is
entirely dissipated in erosion. This cannot be assumed (by
definition) in a coupled theory, for which the definition (6)
must be modified taking into account that not the whole en-
ergy is dissipated to erode only one of the two materials.
According to these considerations, the hypothesis used in
Eq. (3)must be replaced with the following relationships:

dWi = αi dW, αi = Wi

W
(7a)

∑
i

αi = 1 (7b)

whereαi is the ratio of the energyWi, dissipated to erode the
first material (i = 1) or the second one (i = 2), to the total
energy involved in the process. As a consequence,Eq. (6)
becomes

Si = αi

Hiρi

kiρj

(8)

whereHi andki being the hardness and the wear coefficient
during erosion for the first (i = 1) or second (i = 2) mate-
rials.

Eq. (8) permits to obtain theoretically the ratio between
the volumes removed from the two different materials (cou-
pled parameter):

α2

α1
≡ W2

W1
= S2V2

S1V1
= α2ρ2H2

ρ1k2

ρ2k1

α1ρ1H1

V2

V1
(9)

from which the coupled law becomes

V2

V1
=

(
ρ1

ρ2

)2
k2H1

k1H2
(10)

and predicts a linear relationship between the eroded vol-
umes for the two materials, as a function of other parameters
like density, hardness and wear erosion coefficient.

4. Fractal erosion

In this section a multi-scale and fractal theory, extending
the classical concepts developed previously, is presented.

The fundamental hypothesis of the theory is a self-similar
distribution of the energy dissipations. It is realistic for
different erosion mechanisms like brittle (self-similar frag-
ments at each scale) as well as ductile (self-similar ploughs)
erosions. Note that that theory is self-consistent, the space
debris, deriving from a previous fragmentations (e.g. of as-
teroids), being expected to be self-similar in size and corre-
spondingly to cause a self-similar damage in the target.
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The statistical theory is substantially based on the fractal
universal laws for energy dissipation during fragmentation
[2] for one-, two-, and three-dimensional objects, that, con-
cerning the mean values, can be summarized as follows:

W = Γ ∗
1 Lγ1, 0 ≤ γ1 ≤ 1 (11a)

W = Γ ∗
2 Aγ2, 1

2 ≤ γ2 ≤ 1 (11b)

W = Γ ∗
3 Vγ3, 2

3 ≤ γ3 ≤ 1 (11c)

i.e. the energyW dissipated in the comminution processes
is proportional to the lengthL/surfaceA/volume V of the
element, raised to fractal exponentsγi, for which well de-
fined limits are given.Γ ∗

i is the so-calledfractal fragmenta-
tion strength and appears to be a constant, differently from
the usual fragmentation strengthS [17]. Strong size effects
on classical fragmentation strengthS are in fact clearly ob-
served from an experimental viewpoint[17,18].

The statistical three-dimensional law ofEq. (11c)can be
considered as the generalization of the Reye’s hypothesis
[1]. As a matter of fact, the energy dissipation is classically
assumed as occurring in a volume, for whichγ3 = 1. On
the other hand, if the dissipation occurs on a surface, the
fractal exponent becomesγ3 = 2/3. In general, it occurs
over a fractal domain comprised between a surface and a
volume, so that 2/3 ≤ γ3 ≤ 1. It is interesting to emphasize
that the physical dimensions ofΓ ∗

3 changes withγ3 and that
they become those of a pressure only in the classical case
of γ3 = 1. Similar considerations are related to the one- and
two-dimensional cases.

For three-dimensional target, we can define a fractal wear
loss w∗

1 due to erosion, generalizing the classical concept
of w1 ≡ w3,1 = ρ1V1/ρ2V2 (we assume the convention
for which in the first pedex (i = 1, 2, 3) corresponds to the
space-dimension of the object, as well as the second one
(j = 1, 2) defines the material) as proportional to the energy
dissipated in the erosion wear process:

w∗
3,1 = ρ1V

γ3,1
1

ρ2V2
(12)

On the other hand, the fractal wear coefficientk∗
3,1 due to

erosion, can be defined as

w∗
3,1 = k∗

3,1
ρ2v

2
2/2

H1
(13)

The main difference between the fractal wear lossw∗
3,1 and

the fractal wear coefficientk∗
3,1 is that the former is not a

material property, being velocity-dependent. On the other
hand, k∗

3,1 can be considered as a real material constant
with anomalous physical dimensions changing withγ3,1. It
is interesting to emphasize that only in the classical case
(γ3,1 = 1) it is a dimensionless parameter.

The energy dissipated during a pure erosion wear process
can be obtained fromEq. (3):

w∗
3,1 = ρ1V

γ3,1
1

ρ2V2
= k∗

3,1ρ2

H1

dW1

dM2
(14)

FromEq. (14)and from the definition of fractal wear strength
(seeEq. (11c)) we have

w∗
3,1 = k∗

3,1ρ2

H1

Γ ∗
3,1V

γ3,1
1

M2
= k∗

3,1ρ2

H1ρ1
Γ ∗

3,1w
∗
1 (15)

Eliminatingw∗
3,1 from Eq. (15), we obtain the fractal wear

resistanceΓ ∗
3,1 as

Γ ∗
3,1 = H1ρ1

k∗
3,1ρ2

(16)

The developed theory has established the relationship be-
tween the fractal wear coefficientk∗

3,1 and the fractal wear
resistanceΓ ∗

3,1 (of the material with hardnessH1) due to ero-
sion. Forγ3,1 = 1, Eq. (16)becomesEq. (6) (energy dissi-
pation assumed to occur in a volume).Γ ∗

3,1is a macroscopic
parameter and has been previously obtained as a function
of microscopic material constants, like the hardnessH1 and
the fractal wear coefficientk∗

3,1 of the base material.
GeneralizingEq. (16)for the other space-dimensions, we

obtain by definition:

Γ ∗
i,1 = H1ρ1

k∗
i,1ρ2

(17)

5. Fractal coupled erosion

It is important to emphasize thatEq. (17)is true only for
a pure erosion process, i.e. we have assumed that the whole
power is entirely dissipated to erode only one of the two
materials. This cannot be assumed (by definition) in a cou-
pled theory, for which the definition (17) must be modified
taking into account that not the whole energy is dissipated
in wearing the same material. According to these consider-
ations,Eq. (3) must be replaced withEq. (7) and, conse-
quently,Eq. (17)becomes

Γ ∗
i,1 = α1

H1ρ1

k∗
i,1ρ2

, 1 ↔ 2 (18)

Eq. (18)permits to obtain theoretically the relationship be-
tween the volume removals during coupled wear processes.
Assuming, for example, three-dimensional impacting parti-
cles against two-dimensional objects:

α2

α1
≡ W2

W1
= Γ ∗

3,2V
γ3,2
2

Γ ∗
2,1A

γ2,1
1

= α2ρ2H2

k∗
3,2ρ1

k∗
2,1ρ2

α1ρ1H1

V
γ3,2
2

A
γ2,1
1

(19)

from which the fractal coupled law becomes

V
γ3,2
2

A
γ2,1
1

=
(

ρ1

ρ2

)2 H1k
∗
3,2

H2k
∗
2,1

(20)

Accordingly, we can predict the eroded surface area as a
function of the impacting volume:

A1 ∝ V
γ3,2/γ2,1
2 (21)
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6. Experimental comparison with in-flight erosion
due to space debris impacts on MIR orbital
space station

The results of an experimental investigation performed
during 28 months (17 July 1995 to 12 November 1997) and
42 months (17 July 1995 to 8 January 1999) of in-flight ex-
posure of MIR orbital space station, have been only recently
published[14]. In particular, the experimental analysis has
permitted to obtain the mass loss of polymer films used as
protection against erosion due to space debris impacts, as a
function of in-flight exposure time. The aim of this section
is a comparison between the fractal theory of erosion and
the mentioned experimental data. For experimental details
the reader should refer to[14].

The energy available for the erosion of the films is the
fraction(1−ζ)α1 of the total kinetic energy of the impacting
particles,ζ being the fraction of rebound energy. The kinetic
energy available is proportional to the cumulative massM2
of space debris impacting against the MIR space station.
Considering a steady-state flow of space debris (confirmed
by the same damage evolutions observed in the different
oriented protective films), i.e.M2 ∝ t, wheret is the time of
exposure and observing that, ifL1 denotes a characteristic
length of the damage zone having surface areaA1, A1 ∝
L2

1 ∝ (L3
1)

2/3 ∝ V
2/3
1 ∝ M

2/3
1 , whereM ≡ M1 is the film

mass loss, fromEq. (21)we obtain

M ∝ tβ, 1 ≤ β ≤ 3 (22a)

The constant of proportionality inEq. (22a)has a clear phys-
ical meaning, so that it can be rewritten as

M

Mu
=

(
t

tu

)β

, 1 ≤ β ≤ 3 (22b)

whereMu is the initial film mass (a variation of which de-
fines the origin of the time) andtu is the film’s life-time.
This surprising result is a catastrophic statistical prediction
for the damage evolution as a non-linear function of the ex-
posure time. The fractal exponent for the exposure time is
theoretically expected to be comprised between 1 and 3 and
not, as more intuitive, close to the unity, that would describe
a steady-state damage evolution. This steady-state behavior
is obtained only as a limit case.

The experimental results in terms of mass loss versus ex-
posure time for the different polymer films, as well as the
experimental values of the fractal exponentsβ obtained by a
regressive analysis, are reported inFigs. 1–4. As expected,
they appear larger than 1, describing a catastrophic dam-
age evolution rather than a steady-state coupled erosive phe-
nomenon. The experimental data for the fractal exponentβ

appear comprised between 1.48 and 3.15, close to the range
predicted by the fractal approach within the theoretical limit
values of 1 and 3.

As a consequence of the limited number of available data,
the corresponding correlation coefficients were found by
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Fig. 1. Experimental mass variation due to space debris erosion during
in-flight exposure of MIR space station (Fluoroplast FEP-100A film).
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Fig. 2. Experimental mass variation due to space debris erosion during
in-flight exposure of MIR space station (Polyimide�M-1 	 film).

definition equal to 1. In this context we have to mention
that, a stronger assessment of our fractal theory has been
successfully found in a similar context, performing an ex-
tensive theoretical and experimental analysis on the coupled
problem of drilling and wear in mechanical tools[19].

It is interesting to note that, if we remove the hypothesis
of coupled processes, i.e. assuming that the entire energy is
dissipated in eroding the films, the result formally can be ob-
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Fig. 3. Experimental mass variation due to space debris erosion during
in-flight exposure of MIR space station (Polyimide Kapton 100HN film).
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Fig. 4. Experimental mass variation due to space debris erosion dur-
ing in-flight exposure of MIR space station (aluminized Polyimide
�M-Y 	 -OA film).
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Table 1
Life time predictions according to our evolutionary fractal theory and to the trivial assumption of a steady-state process for protective polymer films
against space debris erosion, during in-flight exposure of MIR space station

Life time predictions (months) Fluoroplast
FEP-100A

Polyimide
�M-1 	

Polyimide Kapton
100HN

Aluminized Polyimide
�M-Y 	 -OA

Evolutionary fractal theory (non-linear) 103.7 80.4 53.4 47.0
Steady-state assumption (linear) 710.1 110.0 65.9 52.6

tained fromEq. (21)in which γ3,2 ≡ 1. The corresponding
domain for the parameterβ becomes 3/2 ≤ β ≤ 3, in which
substantially the experimental results have been found. This
seems to suggest a negligible damage in the harder impact-
ing particles compared to the damage of the softer protective
films.

In Table 1, the corresponding life-time predictions, ac-
cording to our evolutionary fractal theory (obtained by the
regressive analysis), are reported and compared with the
non-conservative trivial assumption of a steady-state dam-
age evolution.

7. Conclusions

The proposed theory is able to predict the damage evolu-
tion and the life-time for space structures under multi-scale
coupled erosion.

In particular, a comparison with the results of an exper-
imental investigation performed during 28 and 42 months
of in-flight exposure of MIR orbital space station[14],
has been presented. The experimental and theoretical anal-
yses agree satisfactorily in predicting the mass loss for
polymer films used as protection against erosion due to
space debris impacts as a function of time during in-flight
exposure.

The theoretically expected catastrophic damage evolution
for the eroded mass, as a function of the exposure time,
clearly emerges from the experimental results. Fractal theory
and experiments seem to agree satisfactorily. It is important
to emphasize that assuming a trivial steady-state damage
evolution in the design of the protective panels, i.e.β = 1,
would strongly reduce the safety of the space station.

In addition, the estimations of the panel life-times
are quantified, according to our catastrophic non-linear
multi-scale coupled theory and compared with the trivial
assumption of a steady-state damage evolution; this would
result in not realistic time-effect predictions with dangerous
overestimations of the life-times of the protective elements.
Accordingly, the trivial assumption of steady-state damage
evolution is demonstrated to be strongly non-conservative.
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