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Rotating cylinder (RC) technique is widely used for flow corrosion testing. However, this test configura-
tion has limitations. Particularly, integrity of corrosion products films formed on the RC surface can be
affected. The objective of this work is to show how intense the stresses in corrosion product films can
be at high rotation speeds. In such cases, failure of the films is possible due to inertial forces rather than
other factors, such as flow, leading to erroneous results. Consequently, theoretical calculation of stresses
in films has been performed and a case of corrosion product film failure assessed using a fracture
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1. Introduction

The rotating cylinder (RC) technique has been widely used in
corrosion laboratory testing to determine the effect of flow velocity
on corrosion rates [1-8]. The obtained information can be used to
predict the corrosion behavior of the internal walls of pipes in
industrial applications. This is usually achieved by using character-
istic flow-related parameters such as the mass transfer coefficient,
for which formulations for RC configuration are available else-
where [5,6]. However, this test configuration is not exempt from
complications. Particularly, the rotation-induced inertial forces
acting on the whole volume of the RC can play an important role
on the integrity of solid corrosion products or deposits that may
form on the RC surface.

The objective of this paper is to show that the stresses in RC cor-
rosion product films can be significant, particularly when high
rotation speeds are employed. Under these conditions unnatural
failure of corrosion product films may be possible due to inertial
forces rather than other well-known factors under study, such as
flow, which leads to erroneous conclusions.

Regarding this matter, a theoretical approach to the calculation
of the stress field of corrosion product films is introduced. More-
over, an experimental case of film failure is assessed using avail-
able fracture mechanics knowledge. The results indicate that
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under certain experimental conditions the use of the RC technique
can provoke spontaneous fracture of the corrosion product film,
which is undesired in the corrosion test.

1.1. Stresses in corrosion product films attached on the cylindrical
external surface of a RC

Uniform corrosion product layers attached on a metallic surface
can be modeled as thin films. If a uniform isotropic elastic film of
thickness h is completely adhered on the cylindrical external sur-
face of a RC (Fig. 1), it can be presumed that the attached surface
of the film will share the same displacement field as the substrate
surface (attachment boundary condition). This is expressed as the
equality of the strains of the film and the strains of the substrate
surface in the tangential (t) and the axial (z) directions:

& = Es 1)

Eaf = ;s (2)

The subscripts fand s indicate whether the strain corresponds to the
film or the substrate surface, respectively.

As the film is considered to be very thin, its radial stress compo-
nent can be neglected (o.¢~ 0). Moreover, the constraint that the
adhered film could cause on the substrate is also ignored; this
means that if the substrate is loaded in some way it will respond
as if nothing is on its surface.

If the cylinder length is larger than its diameter and the cylinder
is unloaded in the axial direction, the axial strain of the substrate
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Nomenclature list

a half of the length of a preexisting characteristic defect in
the corrosion product film

o thermal expansion coefficient of the film

s thermal expansion coefficient of the substrate

f;; } Dundurs parameters

AT temperature variation

E¢ Young’s modulus of the film

E, Young’s modulus of the pore-free material of the film

E Young’s modulus of the substrate

&t tangential strain in the film

&ts tangential strain in the substrate

Euf axial strain in the film

Ezs axial strain in the substrate

f friction factor

flallos)  dimensionless function of a/l and vy estimated by means

of numerical methods

g(a,)  dimensionless function dependent on the Dundurs
parameters

h film thickness

Kc critical stress intensity factor

Kic critical mode I stress intensity factor

K; mode I stress intensity factor

K, bulk modulus of the pore-free material of the film

l reference length

Vf Poisson’s ratio of the film

Vo Poisson’s ratio of the pore-free material of the film

Vs Poisson’s ratio of the substrate

P porosity of the film material

R, inner radius of the RC

R, outer radius of the RC

Re Reynolds number

Os density of the RC material

0n density of the fluid around the RC

gjj stress tensor

Orf radial normal stress component in the film

Ors radial normal stress component in the substrate

Orr radial normal stress component in the corrosion prod-
uct film of FeCO5

Ot shear stress component in the corrosion product film of
FeCOs3 (acting in tangential direction)

O tangential normal stress component in the film

[ tangential normal stress component in the substrate

Ot tangential normal stress component in the corrosion
product film of FeCO3

Ot axial normal stress component in the film

Oz axial normal stress component in the substrate

[ axial normal stress component in the corrosion product
film of FeCO3

ot thermal stress in the film

Tw wall shear stress

U velocity at the surface of the RC

Ua dynamic viscosity of the fluid around the RC

o) rotation speed

can be ignored (¢,5 = 0 and 7,5 # 0). The radial stress component of
the surface substrate (o) is considered as zero.

Using Hooke’s law (strain-stress relationship) to relate the
strains in the film and in the substrate with their respective stres-
ses, the Egs. (1) and (2) can be written as:

Ots — UsOgzs _ Oif — UfOf

Es - Ef (3)
Ozs — UsOys _ O — ViOyf _
Es - Ef =0 (4)

where Er and Es are Young’s moduli of the film and the substrate,
respectively; vf and vs are Poisson’s ratios of the film and the sub-
strate, respectively; o, oy and o, are the radial, tangential and
axial normal stresses in the film, respectively; o, o and o5 are
the radial, tangential and axial normal stresses in the substrate sur-
face, respectively.

Combining Eqgs. (3) and (4), the tangential and the axial stresses
in the film can be expressed as a function of the surface tangential
stress of the substrate:

(1 - v3)E

O = Gtsm (5)

Thin film__ r

%C surface

/

Fig. 1. Schematic of a portion of a uniform thin film attached on the RC surface.

Uf(l - U?)Ef

O = Utsm (6)

From Egs. (5) and (6) the stresses in the film have a linear depen-
dence on the tangential stress of the substrate surface (o). The
main factor that controls the stress transferred from the substrate
to the film is the quotient between Young's moduli of the film
and the substrate materials (Eg/Es).

1.1.1. Rotation-induced stresses

Rotating solid bodies develop internal stresses in order to equil-
ibrate the volume forces produced by the resulting accelerations.
In the case of a RC apparatus, the working piece or electrode can
be modeled as a rotating hollow cylinder made of an isotropic elas-
tic material.

If the RC rotates at constant speed (w) around its symmetry axis
(named here z), the developed internal stresses will be: radial
stress (o), tangential stress (o), and axial stress (). These stres-
ses are present through the section of the RC and vary with the
radius [9].

Consequently, If a thin film is adhered or deposited on the
cylindrical external surface of a stationary RC and subsequently
the RC is rotated at a constant speed (), it will experience normal
stresses in the tangential and the axial directions due to the strains
in the substrate. According to Egs. (5) and (6), the tangential stress
at the RC surface will be needed to calculate the stresses in the
adhered film. From integrating differential equations (Hooke’s
law and force balance) and applying boundary conditions
(0rs(Rq) = as(R2) = 0; surfaces are unloaded in the radial direction
at R, and R,, internal and external radii of the hollow cylinder,
respectively), the tangential stress at the RC surface results [9]:

ps?

vy (B 209)R] + (1 - 205)R;] (7)

Ot =
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where ps is the density of the cylinder material.

Replacing the tangential stress (o) in Egs. (5) and (6) by Eq. (7),
the tangential and the axial stresses in the film can be calculated as
a function of the rotation speed and geometry of the RC:

(1 - )

__p? :
O = 4(1—0y) [(3 — ZUs)Rf +(1- ZDS)Rg] m ®)
2 E
O = 4p5430us) [(3 — 20)R + (1 - ZvS)Rﬁ] UE&——D%);I)S; )

The expressions above indicate that both the tangential and the
axial stresses in the film will be tensile if the film is adhered in sta-
tionary or quasi-stationary conditions and then rotated. Egs. (8) and
(9) can also be used to estimate the stresses in a film that is adhered
under a constant rotation speed and then the rotation is stopped,
but in that case the generated stresses will be compressive.

1.1.2. Flow-induced stresses

The RC apparatus is commonly employed to provide the cylin-
drical external area of the working electrode with hydrodynamic
conditions comparable to those experienced on the internal walls
of pipes during industrial operation. One of the parameters of
interest to be matched in many cases is the wall shear stress.
The mean wall shear stress on a RC smooth surface can be esti-
mated with the following equation:

1
Tw ijpﬂuz (10
where fis the friction factor, pq is the density of the fluid, and U is
the velocity at the cylinder surface (U = wR»).
The friction factor can be related to the Reynolds number as fol-
lows [10] (1000 < Re < 100,000):

g =0.0791 Re %3 (11)

The Reynolds number is based on the diameter of the cylinder:
Re = 2pqR,U/ g, where py is the dynamic viscosity of the fluid. In
general the RC is used in turbulent flow when Re > 200 [11].
Numerical studies on the turbulent flow field of a RC indicate
that the fluctuations of the mean wall shear stress value (7,
defined by Eqs. (10) and (11)), expressed in terms of rms (root
mean square), can be around 0.3 (30%). Moreover, the peak values
of wall shear stress can rise up to twice its mean value [12]. It must
also be taken into account that the average wall pressure fluctua-
tions (rms variation of the surface stress in the normal direction)
can be as high as 1.3 and 2 times the mean wall shear stress for
Re numbers of approximately 3600 and 18,000, respectively [12].
The fluctuating wall shear stresses as well as the fluctuating wall
normal stresses and their frequencies may be important when
assessing the structural integrity of a corrosion product film.

1.1.3. Thermally-induced stresses

If temperature changes are experienced after forming the film
on the substrate, the thermally-induced stresses must also be
taken into account, mainly when the thermal expansion coeffi-
cients of the film and the substrate are different. The thermal stres-
ses in the film can be estimated as follows:

(12)

where o and o are the thermal expansion coefficients of the film
and the substrate, respectively; and AT is the temperature variation.

1.1.4. Total stress field

If an intrinsic or residual stress field, or other type of stress field
(e.g. flow-induced, Section 1.1.2) is present in the corrosion prod-
uct film, it must be added to the stress components calculated by
Eqs (8) and (9) (Section 1.1.1) in order to determine the total stress
state in the film.

1.1.5. Mechanical properties of the corrosion product films

From the previous sections it is clear that to perform a theoret-
ical assessment of the internal stresses in a corrosion product film,
its mechanical properties have to be known a priori. In general,
corrosion product films are porous structures which can present
diverse microstructures and compositions. Here, models to
account for the mechanical properties of porous materials are
introduced. Young’s modulus and Poisson’s ratio can be modeled
as [13]:

1.21

Er = Eo(1 — P?) (13)

(1 - P*)"?'12(3 = 5P)(1 — 205) + 3P(1 + y)]
43 -5P)(1—P)

where P is the volume fraction of porosity, and E, and v, are Young’s
modulus and Poisson’s ratio of the pore-free material, respectively.

Although Egs. (13) and (14) were developed for spherical pore
geometry, they have been used to obtain good agreement with
experimental data for materials with varied pore structures and
low porosities (P < 0.5).

v =0.5- (14)

1.2. Failure of corrosion product films during RC tests

1.2.1. Case study

In previous work by Ruzic et al. [2-4], protective iron carbonate
(FeCO3) corrosion product films were developed on a carbon steel
RC at low rotation speed (200 rpm) in a glass cell with CO,-con-
taining brine at 80 °C. Once these protective iron carbonate films
were well developed, the RC speed was increased to a range of
7000-10,000 rpm in order to study the effect of the flow-induced
wall shear stresses on their integrity. After increasing the RC speed,
it was found that corrosion product films consistently fractured in
the axial direction at several surface locations. Fig. 2 shows a back
scatter SEM image of the surface topography of a characteristic
FeCOs film previously formed at low rotation rate (200 rpm) and
subsequently tested at a speed of 7000 rpm for 2.5 h. The FeCO3
film shows through-thickness cracks oriented in the axial direc-
tion, called ‘vertical cracks’ by Ruzic et al., which can reach more
than 1 mm in length. This failure was detected indirectly by in situ
electrochemical measurements of the corrosion rate of the carbon

- vertical cracks

Fig. 2. Typical surface topography (BSE) of an FeCOs; film formed at low rotation
rate (200 rpm) and subsequently rotated at 7000 rpm for 2.5 h. Picture is courtesy
of Prof. Srdjan Nesic.
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steel substrate, which progressively increased after the cracking
occurred since the electrolyte came in contact with the bare steel
surface. After long exposure times at high rotation speed, detach-
ment of portions of the film was observed.

The authors commented about the possible influence of centrif-
ugal forces on the failure of the corrosion product films; however,
they did not make any quantification of this effect. Moreover, it
was discussed that the main mechanical factor involved in the fail-
ure of the films was the flow-induced fluctuating stresses on the RC
surface.

It must be mentioned that the thermal residual stresses, which
the film may experience because of the cooling down of the RC
samples from 80 °C to room temperature when extracted from
the glass cell, were not responsible for the film cracking since fail-
ures were not found in films rotated at low speed (200 rpm). Ther-
mal residual stresses are not expected when varying the
temperature of the samples since the thermal expansion coeffi-
cients of the iron carbonate (~1.26 x 107> °C~'[14,15]) and carbon
steel (~1.2 x 107> °C~! [16]) are similar.

During the remainder of this work, theoretical calculations of
the internal stress field of a rotated FeCO5 corrosion product film
of similar characteristics to the ones tested in previous research
[2-4] will be performed using the equations introduced above
and taking into consideration the effect of film porosity. In addi-
tion, the film failure will be assessed using a fracture mechanics
approach.

1.2.2. Fracture mechanics analysis

As will be shown later, there is a large tensile stress component
in the tangential direction due to the rotation of the RC affecting
the iron carbonate films described in the previous section. In order
to determine if such a stress component can be responsible for the
occurrence of the axial cracks in the iron carbonate film (Fig. 2), a
fracture mechanics analysis is performed. The driving force for the
propagation of axial through-thickness or ‘channeling’ cracks from
a preexisting defect in the film (Fig. 3) is calculated in the form of
stress intensity factor (K), taking into account the film/substrate
attachment, the elastic mismatch between the film and the sub-
strate, and the thickness of the film. The curvature of the RC surface
is neglected treating the film/substrate interface as plane. More-
over, the only contribution for the through-thickness crack propa-
gation is mode I (K; # 0) driven by the uniform tensile stress, oy.
The shear stress in the axial direction (o) is zero (Kj;=0), and
the shear stress in the radial direction (o = o, ~ 0) is neglected
(Kyy = 0). Thus, the stress intensity factor at the crack tip can be cal-
culated as follows [17]:

Ki = f(a/l, vr) o1 (15)

where f(a/l, v¢) is a dimensionless function of a/l and vy, estimated by
means of numerical methods; o is the known tensile tangential
stress applied normal to the crack direction, a is the half-length of

crack
r
T A
Oy ZI; ™GOy
hy film
substrate

Fig. 3. Schematic of a portion of film attached on the RC substrate and loaded with
tensile stress, showing a through-thickness finite crack of length 2a.

a preexisting defect or crack in the film, and I is the reference length
which is defined as:

1= gl p)h (16)

where h is the thickness of the film and g(«, 8) is a dimensionless
function that depends on the Dundurs parameters, o and S, which
characterize the elastic mismatch between the film and the
substrate:

ao b=k (17)
E¢ + Es
1 t5(1 - 20,) — (1 — 20y)
- _ 18
P=3 @ v v p (1 —wp) (18)

where p=E/(2(1+v)) is the shear modulus and E = E/(1 —?) is a
plane strain tensile modulus where the subscripts f and s refer to
the film and the substrate, respectively.

2. Materials and methods

2.1. Characterization of the corrosion product films of FeCOs obtained
in RC tests

The formation and testing of the corrosion product films were
done using a RC apparatus in a glass cell. Specific information
about the performed experiments (solution chemistry, procedure
for corrosion product film formation, etc.) can be found in Ruzic’s
research [2].

Fig. 4 shows SEM images of the surface topography and the
cross section of a characteristic FeCO; film formed at 200 rpm. It
is observed that the iron carbonate film developed on the steel sur-
face has uniform thickness of about 50 pm and presents a smooth
topography. It can also be seen from the cross-sections that the dis-
tribution and shape of the pores in the film are not uniform, show-
ing zones with large pores somewhat aligned parallel to the RC
surface, and compact zones with small pores. From image analysis
of cross-sections it was determined that the overall porosity of
these films does not exceed 0.3 (30%). The theoretical mechanical
assessment of these films will be performed for several porosity
levels (from 0.1 to 0.4) to account for the uncertainty in the deter-
mination of this parameter.

2.2. Parameters used for the mechanical assessment of the FeCOs films

2.2.1. Mechanical properties of FeCOs

Young’s modulus of the pore-free iron carbonate obtained from
theoretical molecular calculation will be 134 GPa [18]. Poisson’s
ratio of the pore-free FeCO3; can be obtained using the following
known relationship:

1 E
‘“‘?O*3m> (19)

where K, is the bulk modulus of the pore-free iron carbonate, which
is assumed to be 114 GPa [18]. Thus, according to Eq. (19), the Pois-
son ratio value of the pore-free iron carbonate is 0.304.

2.2.2. Calculation of the stress field in the corrosion product film of
FeCOs

To model the problem described in Section 1.2.1, a thin porous
film of FeCO3 with similar characteristics to the one shown in Sec-
tion 2.1 (uniform thickness of 50 pm and smooth surface) is pre-
sumed to be completely adhered on the external cylindrical
surface of the RC. The film is supposed to be unstressed (oj; = 0)
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Fig. 4. Typical surface topography (left) and cross-section (right) of an FeCOs film on the steel surface at the end of the formation process at 200 rpm. Pictures are courtesy of

Prof. Srdjan Nesic.

for a rotation speed (w) of 200 rpm; thus, intrinsic or residual
stresses are not considered.

Eqgs. (8) and (9) are used to estimate the rotation-induced oy,
(tangential) and ¢, (axial) normal stress components, respectively.
The shear stress component () exerted by the fluid flow are cal-
culated using Eq. (10). The subscripts of the stress components
refer to the axis system (rtz) shown in Fig. 1 where r, t, and z are
the radial, tangential, and axial directions, respectively.

The properties of the RC material (carbon steel) used for the
stress calculations are density (ps) 7800 kg/m>, Young’s modulus
(Es) 210 GPa, and Poisson’s ratio (vs) 0.3. The properties of the fluid
moving around the RC (aqueous brine at 80 °C) are density (pn)
972 kg/m? and dynamic viscosity (i) 3.57.107% Pa s. The RC inner
and outer diameters adopted for the calculations are 6.5 mm (2R;)
and 12 mm (2R;), respectively.

10" 3
10°
— ] 0’4
© 3
o, 1
@ 1074 R
9 E ’ - Sk
»n 104 [l .- - .
] e — - =o, (flow-induced)
10° _ / — —o,, (rotation-induced)
] ! o, (rotation-induced)
10"
0 2000 4000 6000 8000 10000

Rotation rate [rpm]

Fig. 5. Calculated stress components in a porous thin film of FeCO5; adhered to the
RC surface as a function of rotation rate (film porosity: 0.3, RC material: carbon
steel, RC inner diameter: 6.5 mm, RC outer diameter: 12 mm, fluid: aqueous brine,
temperature: 80 °C).

3. Results and discussion
3.1. Stress field in corrosion product films of FeCO3; under rotation

Fig. 5 shows the estimated values of the stress components in a
thin FeCOs film with a porosity of 0.3 (30%) as a function of the
rotation rate. All of the stress components increase with rotation
rate. Moreover, the normal stresses (oy, acting in the tangential
direction, and g, acting in the axial direction) are several orders
of magnitude higher than the shear stress (o, acting in the tan-
gential direction). Even if wall shear stress fluctuations and pres-
sure fluctuations (additional normal stress component acting in
the radial direction, o) due to the turbulent RC flow are consid-
ered in the total stress state characterization of the film, their rel-
ative contribution is negligible. These results indicate that the

6x10*
‘@
D'_-.'. 5x10% 1 Porosity
© —0—0.1
% 4x10* —A—0.2
£ —0—0.3
< 3x10* 1 —o—04
£
2 2x10*A
©
S 1x10* 4
[e)]
% O o,
|_ T

4000 6000 8000

Rotation rate [rpm]

0 2000 10000

Fig. 6. Calculated tangential normal stress in thin FeCO; films with different
porosities adhered to the RC surface as a function of rotation rate (RC material:
carbon steel, RC inner diameter: 6.5 mm, RC outer diameter: 12 mm).
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main stresses in the film are produced by the RC rotation rather
than the turbulent flow.

Regarding the main stress components in the film, the axial nor-
mal stress (¢,,) can be about 10-30% of the value of the tangential
normal stress (o) depending on the value of the Poisson ratio of
the film.

Fig. 6 shows that increasing the porosity decreases the tangen-
tial normal stress (o). Despite the drop in the normal stress values
with increasing porosity, the rotation-induced stress components
always have a greater impact than the stress components produced
by the turbulent flow around the RC.

From the stress analysis performed, a mechanical failure such as
that seen in Fig. 2 (cracks oriented in the axial direction of the RC)
is no longer unexpected since the largest tensile stress component
found in the film is acting in the tangential direction (oy).

3.2. Stress intensity factors for defective films of FeCO3 under rotation

Fig. 7 shows the calculated values of stress intensity factors for
different preexisting defect or crack lengths in an FeCOs film of
50 pwm thickness with different porosities attached on the surface
of the RC rotating at 7000 rpm. The defect lengths (2a) considered
for the calculation of the stress intensity factors range from less
than an FeCOs average grain size (~3-7 pm, Fig. 4) to a distance
equivalent to the film thickness (50 um). However, defects with
sizes larger than the film thickness may also exist due to the
non-uniform conformation of the corrosion product layer (Fig. 4,
cross-section).

It is interesting to note that the variation of the stress intensity
factor with the porosity of the film is not proportional. This result
is non-trivial and is related to the complicated nature of the stress
intensity factor function (Eq. (15)). For example, porosities of 0.1
and 0.2 show similar stress intensity factor values for all the eval-
uated range of defect sizes. On the other hand, increasing porosity
from 0.2 to 0.3 reduces the stress intensity factor approximately
40% for almost all of the assessed defect lengths. It can be antici-
pated from Egs. (15) and (16) that the stress intensity factor will
increase with film thickness.

It is supposed that if failure of the film occurs it will be brittle,
with negligible energy consumption in plastic work around the
crack tip as observed in most ceramic materials. Hence, the crack
growth from an existing defect will occur spontaneously when
the required energy level, defined in terms of stress intensity
factor, reaches the critical value Kjc. The Kjc value is an intrinsic
property of the material that is determined experimentally.

300
—-— K_ lower bound (Schmitt et al.)
250+ Porosity
—o0—0.1 4
20041 —A—0.2
— —0—0.3
o 1| —6—04
E 150
a, _ . _
w100+ A
504 No fracture
0 T T T T T f—

0 10 20 30 40 50 100
Defect length, 2a [um]

Fig. 7. Stress intensity factor values for different pre-existing defect lengths in an
FeCOs film of 50 pm thickness with different porosities attached on a RC surface at
7000 rpm (RC material: carbon steel, RC inner diameter: 6.5 mm, RC outer
diameter: 12 mm).

The values of Kic for corrosion product films of FeCO3; formed on
carbon steel surfaces are not easy to determine due to the micro-
inhomogeneity of their structures (polycrystalline single or multi-
layer structure, porosity, non-uniform flaw distribution, and the
presence of non-corroded carbide residues, among other factors).
Moreover, the information available in the literature regarding
Kic values for the inter- and/or intra-granular brittle fracture of
iron carbonate films is scarce and inconsistent [19-23]. Despite
this fact, there are some useful data to analyze.

Schmitt, et al. [20] measured K;c values from 110 to 360 Pa m'/?
for iron carbonate films that had comparable characteristics and
were formed under similar conditions (temperature: 80 °C, flow
velocity: 2 m/s, Pcoz: 0.5 MPa) to those of the films under evalua-
tion. When the reported Kic values are compared to the calculated
Kic values for different defect lengths shown in Fig. 7, it is found
that spontaneous fracture can occur in films with porosities of
0.1-0.2 with a defect length as small as 10 pum. Moreover, for a
considerable porosity level such as 0.3, the critical defect size to
trigger the failure can be as small as 30 um. This analysis would
justify the occurrence of the relatively long axial cracks seen in
Fig. 2 and previous work [2,3].

It is worth noting that the cracks propagated in the axial direc-
tion while rotating the RC at high speed finally arrest (Fig. 2). This
behavior could be related to a film/substrate interface debonding
and/or interface debonding in between film layers (parallel to the
substrate) which can modify the stress intensity to continue prop-
agating the crack as was discussed elsewhere [24]. Additionally, if a
propagating crack induces an interface debonding on one side of
the crack but not the other, it produces a strong asymmetry with
respect to the crack tip causing the crack to follow a curved trajec-
tory [17], which can be observed for one of the cracks shown in
Fig. 2.

The intrinsic or residual stresses of the FeCO3 films formed in
the RC tests in [2,3] (Figs. 2 and 4) should not be too significant
since the mechanical assessment performed without considering
their effect is in good agreement with the experimental results.

It is clear that RC corrosion tests involving the formation of cor-
rosion product films need to be carefully designed based not only
on parameters such as wall shear stresses or mass transfer coeffi-
cients but also on the mechanical integrity of the formed corrosion
product films. The assessments introduced in this paper can be
applied to different RC materials and corrosion product films as
well as deposited scales, if their mechanical properties and film
or scale thickness are known.

4. Conclusions

Theoretical formulations were introduced for the calculation of
the rotation-induced stress field of corrosion product films adhered
to RC substrates as a function of the rotation speed and the film
and substrate’s elastic properties (Young’s modulus and Poisson’s
ratio). The quantification of these stresses as well as the flow-
induced and residual (intrinsic and thermal) stresses elucidates
the actual stress state of the corrosion product films for their
mechanical assessment.

Under particular experimental conditions the use of RC in corro-
sion tests can be harmful for the mechanical integrity of the
formed corrosion product films. This concern is especially impor-
tant if the formed films have brittle fracture behavior. In this work,
it has been demonstrated by means of mechanical assessment that
FeCO5 corrosion product films formed on RC carbon steel sub-
strates at low rotation rates can be fractured when rotated at
higher speeds due to the high inertial tensile stresses produced.
This type of unnatural failure can cause misleading corrosion
results.
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Therefore, RC corrosion tests involving the formation of corro-
sion product films need to be carefully designed based not only
on parameters such as wall shear stresses or mass transfer coeffi-
cients but also on the mechanical integrity of the formed corrosion
product films.
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