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Protective Iron Carbonate Films—Part 3: 
Simultaneous Chemo-Mechanical Removal 
in Single-Phase Aqueous Flow
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ABSTRACT

The service life of mild steel equipment found in the oil and 
gas production and transportation industry is often condi-
tional on the viability of protective iron carbonate fi lms. Once 
deposited on steel surfaces as by-products of the carbon diox-
ide corrosion process, their integrity may be severely affected 
by the infl uence of mechanical and/or chemical fi lm removal. 
In this work, the investigation of simultaneous chemo-mechan-
ical fi lm removal has been undertaken to shed more light on 
the underlying conjoint mechanism. In addition, it provided the 
necessary information for the trilateral comparison with exist-
ing, available data on decoupled, single removal mechanisms. 
A rotating cylinder geometry has been utilized to create highly 
turbulent, undersaturated fl ow conditions at two Reynolds 
numbers (Re = 1.29 × 105 and 1.84 × 105) and pH 5.8. Film 
removal rates were followed by using the linear polarization 
resistance technique, while the fi lm damage assessment was 
carried out by means of scanning electron microscopy. The 
fi ndings clearly confi rmed the correctness of the hypothesis on 
the synergism between the mechanical and chemical fi lm re-
moval mechanisms in single-phase fl ows. A likely mechanism 
was formulated for the simultaneous chemo-mechanical fi lm 
removal process.

KEY WORDS:           carbon dioxide corrosion, chemical fi lm dissolu-
tion, mechanical fi lm removal, protective iron carbonate fi lm, 
rotating cylinder electrode, synergistic effect, turbulent single-
phase fl ow

INTRODUCTION

Protective iron carbonate (FeCO3) fi lms are advanta-
geous by-products of the carbon dioxide (CO2) cor-
rosion process that deposit on the parent metal and 
shield it from further damage. However, when the 
fi lm is damaged, this may lead to costly failures of the 
mild steel equipment utilized in the oil and gas indus-
try. The recent studies have indicated that two inde-
pendent mechanisms can be responsible for FeCO3 
fi lm disruption in an undisturbed single-phase fl ow: 
mechanical removal by hydrodynamic forces1 and 
chemical removal by dissolution.2

It is well known that in multiphase fl ow (e.g., 
liquid droplet impingement, bubble cavitation, solid 
particle erosion, etc.) fi lms are removed primarily by 
mechanical “impact” forces.3 The same appears to be 
true for submerged impinging jets where the liquid 
fl ow impinges perpendicularly on the metal surface.4-6 
It seems that, in all of these cases, the hydrodynamic 
forces are generally capable of overcoming the me-
chanical resistance of the protective fi lm. However, in 
single-phase fl ow through pipes and fi ttings, the fi lm 
removal process frequently has been associated exclu-
sively with chemical dissolution.3,7 Indeed, it was con-
sidered that in single-phase aqueous fl ow, for typical 
velocities seen in practice (<10 m/s), the removal of 
protective fi lms could not be induced mechanically by 
hydrodynamic forces alone because they were consid-
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ered to be too small. However, Ruzic, et al., have re-
cently documented that pure mechanical fi lm removal 
in undisturbed, single-phase aqueous fl ow is pos-
sible.1 Pure mechanical breakdown of FeCO3 fi lms in 
aqueous solutions was reported earlier by Schmitt, et 
al.,8 who used a “rotating cage” fl ow geometry, which 
creates very violent fl ow conditions and certainly does 
not qualify as undisturbed fl ow. The critical mean 
wall shear stress (τw) was often stated traditionally as 
an important factor responsible for mechanical mate-
rial loss.4,9-10 However, the current fi ndings recognize 
that the mean wall shear stress is too small to be the 
dominant contributor.1,8 Instead, local turbulence/mi-
croturbulence levels accompanied by signifi cant fl uc-
tuation quantities,1,5-6 as well as the internal intrinsic 
stresses8 in some instances, have been proposed to 
play major roles in mechanical fi lm destruction.

On the other hand, there seems to be a con-
sensus that chemical dissolution mechanism is 
mass-transfer-controlled.2,11-14 The FeCO3 dissolution 
reaction is defi ned as:

 FeCO s Fe CO3
2

3
2( ) –⇒ ++  (1)

It is well known that the protective fi lm readily dis-
solves when subjected to unsaturated solutions (S < 1). 
The saturation (S) may be expressed as:

 
S

Fe CO
Ksp

=
+[ ][ ]–2

3
2

 
(2)

where [ ] denotes equilibrium concentration of the 
species, and Ksp is the solubility product dependent 
on temperature and electrolyte ionic strength. It has 
been suggested that fi lm dissolution does not proceed 
uniformly; rather, it occurs through selective dissolu-
tion and via pore creation by dissolution of crystalline 
surface asperities, which enables direct dissolution of 
the amorphous inner fi lm layers.2

In practical applications, such as, for example, 
pipeline transportation of crude oil and gas, where pH 
typically varies between 4 and 6,15 it is thought that 
the parallel action of both removal mechanisms could 
be at play. Vyas has hypothesized that mechanical 
and chemical processes acting together may be more 
damaging than if they act separately, suggesting the 
synergistic effect between the two.16 Some evidence for 
this can be found in the work of Giralt and Trass, who 
pointed out that the dissolution led to the loosening 
of fi lm crystal grains, rendering them more prone to 
mechanical erosion.4,11 However, many investigations 
that dealt with synergistic phenomena often lacked 
properly defi ned and strictly controlled experimental 
conditions for both mechanisms, which may have led 

to a misleading interpretation of results. For example, 
in the case of the otherwise excellent study of Giralt 
and Trass,4,11 the pure dissolution in the absence of 
erosion was not measured, probably due to the fact 
that impact forces could not have been eliminated in 
a jet impingement testing environment. As a conse-
quence, the relative contributions of mechanical fi lm 
erosion and dissolution could not be separated. Yet, 
their work, which was done by using a model coat-
ing material (trans-cinnamic acid [C9H8O2]), is still 
signifi cant and unique in the sense that it took into 
consideration simultaneous mechanical removal and 
chemical dissolution—the two pertinent fi lm removal 
mechanisms. No other similar studies are available 
to date that are done with more realistic corrosion 
fi lms or scales. On the other hand, there are numer-
ous examples in the open literature where the com-
bined effect of corrosion and mechanical erosion by 
solid particles in two-phase fl ows was studied.17-20 In 
most of these so-called slurry erosion-corrosion or 
abrasion-corrosion studies, an agreement has been 
reached that metal loss regime is erosion-dominated. 
However, the contradictory results have been reported 
with respect to the governing synergistic mechanism: 
erosion-assisted corrosion18 vs. corrosion-assisted 
erosion.20

The present work is the last in the trilogy includ-
ing the two preceding papers that dealt with indi-
vidual decoupled FeCO3 removal mechanisms, i.e., 
mechanical fi lm removal1 (M) and chemical fi lm dis-
solution2 (D). Therefore, a series of experiments with 
combined mechanical fi lm removal and chemical fi lm 
dissolution (CMD) in undisturbed single-phase fl ow, 
i.e., simultaneous chemo-mechanical attack as it will 
be also referred to in this text, was carried out with a 
goal to verify if there is any synergism involved.

EXPERIMENTAL PROCEDURES

A classical three-electrode glass cell arrangement 
was utilized for the CMD experimental series. Tubular 
specimens, outer diameter (OD) by height (H) (12 mm 
by 10 mm), produced from 1020 mild steel (UNS 
G10200)(1) and mounted onto the rotating cylinder 
(RC) acted as a working electrode (WE). The electro-
chemical confi guration was complemented by a 
0.7-mm annular platinum wire, which served as a 
counter electrode (CE), while a saturated silver/silver 
chloride (Ag/AgCl) electrode was used as a reference 
electrode (RE). The operating conditions were 80°C 
and atmospheric pressure (101 kPa), at which the 
partial pressure of CO2 gaseous phase was pCO2

 = 
0.54 bar. Because fi lm removal rates are diffi cult to 
measure directly in mol/m2s, they were followed im-
plicitly via measuring the corrosion rates (CR) by us-
ing the linear polarization resistance (LPR) method. 
After the experiments, the damage characterization, 
i.e., the assessment of fi lm morphology, thickness, 

 (1) UNS numbers are listed in Metals and Alloys in the Unifi ed Num-
bering System, published by the Society of Automotive Engineers 
(SAE International) and cosponsored by ASTM International.
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damage type, etc., was carried out by means of scan-
ning electron microscopy (SEM).

Film Formation
The fi lm was formed in less than 2 days by pre-

cipitation at 200 rpm rotational speed (v = 0.13 m/s 
specimen peripheral velocity; Re = 3.68 × 103). The 
fi lm was typically very protective (CR < 0.05 mm/y) 
as well as smooth and uniformly thick (≈50 µm). The 
preferred fi lm formation procedure was “type B” as 
described in detail previously.1-2 More on the equip-
ment, solution, and specimen preparation procedures, 
as well as the fi lm growth methodology, can be found 
in Ruzic, et al.1

Chemo-Mechanical Film Removal
Since the in-depth explanation of pure mechani-

cal1 and chemical2 fi lm removal procedures are given 
elsewhere, this section only describes procedural 
amendments that were necessary to make in order to 
obtain simultaneous chemo-mechanical attack.

Once a very protective fi lm had formed, the ro-
tational speed was increased to match the same 
turbulent conditions as used in the studies of the 
decoupled fi lm removal mechanisms, i.e., 7,000 rpm 
(v = 4.40 m/s; Re = 1.29 × 105) and 10,000 rpm (v = 
6.28 m/s; Re = 1.84 × 105), and induce mechanical 
stress on the fi lm. Shortly after, fi lm dissolution was 
initiated by changing the water chemistry from a su-
persaturated to an unsaturated solution by adding 
hydrochloric acid (HCl). To match the short exposure 
times used in the pure dissolution experimental se-
ries, experiments were stopped after 2.5 h.

The LPR potential sweeps were performed by po-
larizing the WE ±20 mV relative to the open-circuit 

potential (Eoc) with a fast scan rate (0.5 mV/s) every 
10 min during the mechanical damage initiation pe-
riod and then every 5 min upon the introduction of 
dissolution.

The bulk solution Fe2+ concentration [Fe2+]b sam-
ples were taken at various times: 0 h (at the onset 
of mechanical fi lm removal), 0.17 h (after pH adjust-
ment), 1.33 h (midway through the experiment), and 
at 2.5 h (end of experiment). Fe2+ concentration was 
analyzed by using the phenanthroline calorimetric 
method. The corresponding pH value in the solution 
was measured for each acquired [Fe2+]b sample. Fi-
nally, after the experiment had been conducted, the 
specimens were dried and prepared for cross-sectional 
and topographic SEM examination.

RESULTS

Effect of pH
The effect of simultaneous mechanical fi lm re-

moval and dissolution for a range of pH values is il-
lustrated in Figure 1. It should be noted that for the 
sake of easier comparison the time has been normal-
ized with respect to the introduction of dissolution, 
i.e., time t = 0 h corresponds to the onset of chemo-
mechanical fi lm removal following the mechanical 
initiation period. A faster CR increase was observed 
for the higher acid concentrations, as expected. The 
pH adopted for all subsequent experiments was pH 
5.8, because of good reproducibility and a linear in-
crease in the corrosion rate, suggesting a steady re-
moval of the protective fi lm. In addition, this pH was 
suitable for comparisons with previously obtained 
data for decoupled mechanical fi lm removal1 and 
dissolution.2

FIGURE 1. CR increase during CMD fi lm removal at 10,000 rpm for pH 5.5 to 6.1, T = 80°C, pCO2
 = 0.54 bar, and 1 wt% 

sodium chloride (NaCl), where t = 0 h corresponds to the onset of CMD removal following the mechanical initiation period.
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Effect of Velocity
The effect of velocity was studied at two rotational 

speeds: 7,000 rpm and 10,000 rpm. These matched 
the conditions used in experiments where decoupled 
mechanical fi lm removal1 and dissolution2 were mea-
sured. The summary of the results discussed in this 
section is tabulated in Table 1.

In Figure 2, one can observe that the fi lm re-
moval kinetics (as indicated by the slope of the CR 
increase curve) and the fi nal CRs were reproducible. 
A steady-state linear CR increase established by the 
0.5-h mark remained preserved until the end of ex-
periment for both velocities. Furthermore, at higher 
velocity the rate of fi lm removal was higher, as one 
would expect. The corresponding corrosion potential 
(Ecorr) plots are presented in Figure 3. Interestingly, 
the Ecorr experienced a rapid decrease during the acid 
concentration increase period (0 to 0.17 h) before any 
signifi cant damage to the fi lm could be identifi ed from 
the CR measurements. The transient disturbances 
(“kinks” in the CR and Ecorr curves) midway through 
the experiments (1.33 h) seen in Figures 1 through 3 
were due to the fl ow perturbations caused by the im-
mersion of various process-control and monitoring 

equipment. Figure 4 shows the corresponding mea-
surements of ferrous ion concentration [Fe2+]b in bulk 
solution.

The linear regression analysis using the least-
squares method was carried out to fi t the appropri-
ate CR trend lines. The mean CR gradients (CRgrad), 
subsequently determined from the straight regression 
lines of best fi t, are presented in Figure 2 and Table 1. 
The ratio of the mean CR gradients for the higher and 
lower velocities, called the CMD velocity “enhance-
ment factor” here, was EFCMD = 3.20, i.e., effectively, 
the fi lm was removed more than three times faster 
at the higher velocity. When compared with the cor-
responding fl ow enhancement factors in decoupled 
mechanical fi lm removal (EFM = 2.08)1 and fi lm disso-
lution experiments (EFD = 2.93),2 the present number 
seems plausible.

Film Damage Characterization — As anticipated, 
SEM inspection confi rmed the presence of the damage. 
Both types of damage were observed: fi lm cracking in 
the vertical direction and spalling due to mechanical 
forces (M),1 as well as formation of microscopic super-
fi cial pores on the top fi lm layer and thinning of the 
inner fi lm layer in the top-to-bottom direction due to 

TABLE 1
Summary of Main Chemo-Mechanical Film Removal Results at pH 5.8(A)

    Mean Corrected Mean Mean Final
 Rotational Mean Mean Initiation Time Initiation Time Steady-State
 Speed Final CR CRgrad (CMD) (CMD and M) Ecorr

 (rpm) (mm/y) (mm/y/h) (h) (h) (V)

  7,000 0.29 ± 0.01 0.0630 ± 0.0031 8.3 ± 1.6 7.6 ± 1.1 –0.685 ± 0.007
 10,000 0.69 ± 0.01 0.2022 ± 0.0117 4.6 ± 0.7 4.5 ± 0.5 –0.706 ± 0.002

(A) Experimental uncertainties represent standard deviation of the mean, i.e., standard error.

FIGURE 2. CR increase during CMD fi lm removal at pH 5.8 for 10,000 rpm and 7,000 rpm, T = 80°C, pCO2
 = 0.54 bar, and 

1 wt% NaCl, where t = 0 h corresponds to the onset of CMD removal following the mechanical initiation period.
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dissolution (D).2 In addition, two modes of mutual 
interaction between the two base mechanisms were 
observed: dissolution-assisted mechanical removal 
(M/D) and mechanically assisted dissolution (D/M).

The cross-sectional areas of fi lm residuals are 
shown in Figures 5 and 6 for 10,000-rpm and 
7,000-rpm rotational speeds, respectively. As can be 
seen from Figure 5(a), there were areas where the fi lm 
was removed entirely and other areas still covered by 
the fi lm, similar to that observed in pure mechanical 
fi lm removal.1 However, in many places the surviving 
fi lm was severely damaged, and often the top layers of 

the fi lm were missing completely, exposing the inner 
fi lm structure. These characteristics of the fi lm are 
unique for CMD attack. Such “delamination” of the 
fi lm layers was not seen in pure mechanical removal 
where patches of the fi lm were removed entirely ex-
posing the metal surface,1 nor was it seen in pure dis-
solution at this pH.2 Clearly, this M/D mode of CMD 
damage was due to the interaction of the two individ-
ual fi lm removal mechanisms. The partial dissolution 
of the inner portions of the fi lm weakened the “foun-
dations” of the outer fi lm, which then was removed by 
mechanical forces. This resulted in increased surface 

FIGURE 3. Variation of Ecorr with exposure time during CMD fi lm removal at pH 5.8 for 10,000 rpm and 7,000 rpm, T = 80°C, 
pCO2

 = 0.54 bar, and 1 wt% NaCl, where t = 0 h corresponds to the onset of CMD removal following the mechanical initiation 
period.

FIGURE 4. Measured [Fe2+]b rise in bulk solution during CMD fi lm removal at pH 5.8 for: 10,000 rpm and 7,000 rpm.
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roughness at such sites and even more turbulence, 
leading to more damage in an “autocatalytic” fashion. 
On the other hand, in some instances, the dissolution 
damage to the inner fi lm proceeded laterally from the 
bare areas previously created by mechanical attack, 
which led to further undermining of the remaining 
fi lm, i.e., D/M damage mode (Figures 5 and 6[c]). 
Likewise, this feature was not observed in pure chem-
ical removal at the same pH, where dissolution of the 
more dissolution-susceptible inner fi lm layer occurred 
below the superfi cial pores on the top fi lm layer in the 
top-to-bottom direction only.2

The topographic SEM micrographs for high (Fig-
ure 7) and low velocities (Figures 8 and 9) confi rmed 
the characterization based on the cross-sectional im-
ages. All the qualitative fi ndings are labeled in the fi g-
ures for easy reference.

The features of pure dissolution component (su-
perfi cial pores), which are similar in nature to what 

was reported previously by Ruzic, et al.,2 could be 
observed clearly in secondary electron (SE) (Figure 
7[b]) and back-scattered electron (BSE) (Figure 7[c]) 
images. The typical surface micrograph of the low-

(a) (a)

(b) (b)

(c)

FIGURE 6. Cross section of FeCO3 fi lm at the end of CMD fi lm 
removal process at pH 5.8 and 7,000 rpm showing: (a) typical, 
fi lm-covered appearance (SE, 100X), (b) atypical, fi lm-free area (SE, 
100X), and (c) typical appearance of the remaining fi lm in the vicinity 
of a fi lm-free area—area encircled in Figure 6(b) (SE, 1,000X).

FIGURE 5. Cross section of FeCO3 fi lm at the end of CMD fi lm 
removal process at pH 5.8 and 10,000 rpm showing: (a) typical cross-
sectional appearance (SE, magnifi cation: 100X) and (b) magnifi ed 
cavern site—area encircled in Figure 5(a) (SE, magnifi cation: 
1,000X).
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velocity specimen (Figure 8[a]) revealed the presence 
of vertically oriented cracks along with clusters of 
pores. Figure 8(b) shows a magnifi ed vertical crack 
surrounded by pores. A somewhat less typical low-

velocity damage case features bare metal patches and 
other unique CMD removal characteristics (Figure 
9[a]). The encircled area from Figure 9(a) is shown as 
SE and BSE images in Figures 9(b) and (c), respec-
tively. Apart from the dissolution pores, the develop-
ment of microcracking (M/D mode) as a result of CMD 
attack is clearly visible.

In summary, the appearance of the mechanical 
component in CMD fi lm removal had some unique 
M/D features but was for the most part similar to 
what was observed in pure mechanical removal situa-
tions.1 Yet, the main difference was in the kinetics—it 
took up to ten times longer to achieve the same degree 
of damage in the pure mechanical fi lm removal experi-
ments. Clearly, the fi lm dissolution drastically accel-
erates and facilitates the mechanical fi lm removal by 
undermining the adherent inner layer and by loosen-
ing the whole fi lm chunks. In contrast, unhindered 
physical access and signifi cantly larger fi lm area ex-
posed to the solution, both of which were the result of 
prior mechanical damage to the fi lm, were responsible 
for the enhanced multidirectional dissolution of the 
inner fi lm layer, i.e., D/M mode.

Effect of Exposure Time
A single, low-velocity experiment was prolonged 

until the stabilization of CR was achieved. As it was 
hoped that the mechanical removal initiation time 
would substantially reduce in the presence of dissolu-
tion due to the expected M/D effect, the experiment 
had been designed as an ordinary pure fi lm dissolu-
tion test (i.e., the initiation period under the pure 
mechanical conditions was omitted), which was sub-
sequently allowed to spontaneously progress until 
the CR showed a tendency to slow down. The acquired 
CR increase curve is given in Figure 10. The pure dis-
solution process dominated around the 2.5-h mark 
until the departure from linearity indicated that the 
onset of mechanical fi lm removal had initiated at 3 h. 
The transition took 1 h before the steady, linear CMD 
fi lm removal was fully established at 4 h. The linear 
trend was observed for the next 6 h followed by a 
slowdown in CR rise. Although the corrosion rate 
(CR = 1.21 mm/y) did not achieve a steady-state value 
by the termination point at 23.7 h, it defi nitely showed 
a pronounced decelerating trend toward CR leveling. 
The long-term CMD removal slope was 15% higher 
than the mean slope in the short-term experiments.

Film Damage Characterization — Typical surface 
damage pattern in the long-term experiment exhib-
ited features of pure mechanical removal (M) as well 
as the M/D mode, as shown in the SE micrograph in 
Figure 11(a). The pores, which are characteristic of 
pure dissolution (D), are only noticeable from the BSE 
image in Figure 11(b) due to the small magnifi cation 
used. Figure 12 (encircled region in Figure 11) testifi es 
to the severity of M/D damage, showing three wide 
caverns. Further magnifi cation of one of the caverns 

(a)

(b)

(c)

FIGURE 7. Surface topography of FeCO3 fi lm at the end of CMD 
fi lm removal process at pH 5.8 and 10,000 rpm showing: (a) typical 
surface appearance (SE, 100X) as well as magnifi ed (b) (SE, 1,000X) 
and (c) (BSE, 1,000X) image of area encircled in Figure 7(a).
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(encircled region in Figure 12) is given in Figure 13. 
It shows many crystal grains with reduced size due 
to dissolution. Many of them have clearly lost their 
cubic shape and sharp edges and have become more 
rounded. Finally, the cross-sectional SEM micrograph 
of the least-affected fi lm section is shown in Figure 
14. The thinned and porous inner layer does not show 
good attachment to the top fi lm layer nor the metal 
substrate, providing good evidence of the bidirec-
tional thinning action, owing to the D/M mode. Such 
a vastly disintegrated fi lm structure obviously could 
not provide any adequate protection to the underlying 
steel (fi nal CR = 1.21 mm/y).

DISCUSSION

The mean CR increase (which indicates the fi lm 
damage rate) for the combined chemo-mechanical 
mechanism was plotted along with the mean corre-
sponding values at pure mechanical1 and chemical2 

fi lm removal for both velocities in Figure 15. It is clear 
from inspecting Figure 15 that when acting indepen-
dently, fi lm dissolution was more important than me-
chanical fi lm removal under these conditions.

(a)

(b)

FIGURE 8. Surface topography of FeCO3 fi lm at the end of CMD 
fi lm removal process at pH 5.8 and 7,000 rpm showing: (a) typical 
surface appearance (BSE, 50X) and (b) magnifi ed superfi cial, 
vertically oriented crack (BSE, 200X).

(a)

(b)

(c)

FIGURE 9. Surface topography of FeCO3 fi lm at the end of CMD 
fi lm removal process at pH 5.8 and 7,000 rpm showing: (a) atypical 
surface appearance (SE, 100X) as well as magnifi ed (b) (SE, 1,000X) 
and (c) (BSE, 1,000X) image of area encircled in Figure 9(a).
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FIGURE 11. Typical surface topography of FeCO3 fi lm at the end of long-term CMD removal process at pH 5.8 and 
7,000 rpm in: (a) SE and (b) BSE modes (magnifi cation: 50X).

(a) (b)

FIGURE 10. CR increase during long-term CMD fi lm removal following pure fi lm dissolution process at pH 5.8, 7,000 rpm, 
T = 80°C, pCO2

 = 0.54 bar, and 1 wt% NaCl.

Figure 16 shows the synergy between mechanical 
(M) and chemical dissolution (D) fi lm removal mecha-
nisms, i.e., that the combined chemo-mechanical re-
moval action (CMD) yielded damage to the FeCO3 fi lm 
that was greater than the simple sum of its decoupled 
components:

 CMD M D CMD M D> + ⇒ = + +( ) Σ  (3)

where Σ represents the total synergistic effect. This 
synergistic effect was signifi cant.

The total synergistic effect may be broken down 
further:

 Σ = +M/D D/M  (4)

in which M/D is the effect of enhanced mechanical 
fi lm removal due to dissolution, primarily refl ected 
through accelerated mechanical removal kinetics, 
but also through unique M/D damage forms (top fi lm 
layer stripping and wide caverns), and D/M is the 
effect of enhanced dissolution due to mechanical 
removal, mainly manifested through the enhanced 
multidirectional dissolution of the inner fi lm layer.

The contribution of the synergism to the chemo-
mechanical fi lm removal process can be expressed by 
introducing the relative synergistic ratio (R):

 
R

M D
=

+ +
Σ

Σ( )  
(5)
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FIGURE 12. Surface topography of FeCO3 fi lm at the end of long-term CMD removal process at pH 5.8 and 7,000 rpm showing 
wide CMD caverns (magnifi ed image of area encircled in Figure 11) in: (a) SE and (b) BSE modes (magnifi cation: 400X).

(a) (b)

FIGURE 13. Surface topography of FeCO3 fi lm at the end of long-term CMD removal process at pH 5.8 and 7,000 rpm showing 
a wide CMD cavern (magnifi ed image of area encircled in Figure 12) in: (a) SE and (b) BSE modes (magnifi cation: 2,000X).

(a) (b)

FIGURE 14. Cross section of FeCO3 fi lm at the end of long-term CMD removal process at pH 5.8 and 7,000 rpm showing 
typical fi lm residual and wide CMD cavern in: (a) SE and (b) BSE modes (magnifi cation: 500X).

(a) (b)
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Figure 17 shows the evolution of the synergistic share 
in the chemo-mechanical removal with velocity. It is 
not only that the absolute intensity of the synergy 
showed very strong dependence on velocity (Figure 
16), but its relative contribution in the CMD fi lm re-
moval mechanism also increased with fl ow rate (Fig-
ure 17).

CONCLUSIONS

The combined chemo-mechanical FeCO3 fi lm re-
moval mechanism has been studied in undisturbed, 
highly turbulent rotating cylinder fl ow (Re = 1.29 × 
105 to 1.84 × 105) at pH 5.8 and 80°C. The compari-

son of results with available data for decoupled pure 
mechanical removal1 and dissolution2 at the same 
conditions has shown the following:
❖ The synergistic effect has been identifi ed between 
mechanical and chemical fi lm removal mechanisms 
when the two acted simultaneously. The chemo-me-
chanical attack was found to be velocity-dependent. 
The same was true for the synergistic contribution, 
which increased with fl ow intensity, both in magni-
tude and in the relative contribution to the chemo-
mechanical removal mechanism.
❖ The total synergistic effect is primarily manifested 
through signifi cantly accelerated mechanical removal 
kinetics, enabled by enhanced multidirectional dis-

(a)

(b)

FIGURE 15. Comparison of CMD attack and pure dissolution at pH 5.8 as well as pure mechanical fi lm removal at pH 6.9 
for: (a) 10,000 rpm and (b) 7,000 rpm (bars represent standard deviation of the mean, i.e., standard error).
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solution of the inner fi lm layer. Even if the dissolution 
mechanism is more severe when acting alone, the 
synergistic effect is thought to be dominated by me-
chanical removal enhanced by dissolution.
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