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The morphology and surface roughness of silver deposits formed by cementation in 0.5M H2SO4 sol-
ution containing 0.5M CuSO4 was investigated at various temperatures. The influence of O2 on the mor-
phology of deposited Ag on the Cu surface was studied in solutions containing 20 or 100 mg/dm3 initial
Ag+. Surface-height-distribution diagrams were calculated from scanning-electron-microscopic (SEM)
images. For the lower Ag+ concentration, the formation of granular deposits occurred in the presence
of O2. In contrast, under anaerobic conditions, rather flat deposits with tiny Ag crystals were observed.
For the higher Ag+ concentration, the presence of O2 did not significantly affect the morphology of the
Ag deposit, but increasing temperature resulted in more-compact and denser dendrites. Differences in
the Ag-deposit morphology and surface roughness were attributed to a different mechanism in the
absence of O2. Under anaerobic conditions, a competitive reaction between Ag+ and Cu+ occurs in
bulk solution, which consumes additional Ag+ ions. The SEM images and, especially, distribution dia-
grams of the surface height provided useful information on the formation and expansion of anodic
sites on the Cu surface at various temperatures.

Introduction. – Electrochemical cementation is a heterogeneous redox reaction
involving reduction of more-electropositive metal ions at cathodic sites and dissolution
of a less-noble metal at anodic sites. The cementation process leads to the deposition of
noble metal on a reaction surface and, consequently, to a significant reduction of the
concentration of noble-metal ions in solution. Obviously, as a result of the anodic
half-cell reaction involving dissolution of less-noble metal, the concentration of the sac-
rificial metal ion increases in solution. However, both cathodic and anodic sites are
short-circuited and located on the same surface of a sacrificial solid metal.

Contrary to the complicated nature of the process, the application of cementation to
various industrial processes is well-known and widely recognized. Applications are sit-
uated in the fields of traditional hydrometallurgy [1– 6], electroplating and electrowin-
ning [7– 10], as well as purification of electrolytes [11 – 14], and waste treatment
[15 – 19]. Recently, the scientific focus has been directed onto production of alloyed
powders [20] and growth of nanowires on metal plates by cementation [21]. Cementa-
tion has been also applied as a very effective method for defect testing in PVD coatings
[22]. The motor industry and, especially, new power-sources industry shifts traditional
applications of the cementation process to a new region connected with the preparation
of leady oxide for lead–acid batteries [23] and the manufacture of platinum-layer-modi-
fied Al electrodes by cementation [24]. Such a modified electrode can be applied for
electro-oxidation of MeOH in fuel cells used in future electric-powered vehicles.
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These modern applications of the cementation process often require a specific and well-
defined morphology of the reaction product, e.g., leady oxide powders [23] or Ag wires
[21]. Therefore, the investigation of the morphology and roughness of deposit formed
during cementation is very important.

Recently, we have reported that the Ag+/Cu cementation reaction at the initial
stage of the process follows first-order kinetics [25] [26]. At the latter stage of the pro-
cess, the kinetics and mechanism of cementation depend on the presence of O2 in the
system. Under O2-free conditions, the following competitive reaction to cementation
can proceed in bulk solution:

Ag++Cu+ ! Cu2++Ag0
colloid (1)

However, the presence of O2 does not significantly affect the morphology of Ag
deposits formed at 258 [26] [27].

The present paper is focused on the temperature influence on the morphology and,
especially, the surface roughness of Ag deposits formed by cementation conducted in
the presence or absence of O2, and the results are discussed in terms of change in mech-
anism.

Experimental. – All chemicals purchased were of anal. grade, and four-times-distilled H2O was used
to prepare all solns. Experiments were conducted in a rotating cylinder system described previously [25].
The rotating steel cylinder had a diameter of 1.175 cm, and a length of 7.450 cm. Before each run, the
cylinder was carefully pre-treated, which included immersion in HNO3/H2O 1 : 1 (v/v), thorough rinsing
with H2O, and degreasing with MeOH. Then, the steel cylinder was covered with a fresh 24-mm-thick
layer of Cu by electrolysis at a constant current of 36.4 mA/cm2 for 30 min at 208 in an electrolyte con-
taining 0.5M H2SO4 and 0.5M CuSO4. The deposited Cu layer was electropolished at a constant current of
72.7 mA/cm2 for 40 s at 208 in H3PO4/H2O 3 : 1 (v/v), and then chemically polished for 1 min in 0.5M aq.
H2SO4 soln. at 208. After polishment, the cylinder was rinsed, air-dried, and used for cementation.

The electrolyte used for cementation tests was made from 0.5M H2SO4 and 0.5M CuSO4 in the pres-
ence of 20 or 100 mg/dm3 of Ag+ ions (Ag2SO4). The initial concentration of Ag+ in the studied soln. was
determined before the experiment by atomic-absorption spectroscopy (AAS). The electrolyte used in
each experiment had a volume of 200 ml, and was stirred at 500 r.p.m. The cementation tests were carried
out in a temp. range of 15 –558. Before each run, the electrolyte in the cell was purged by bubbling with
high-purity Ar gas or high-purity O2 for 20 min. The O2-free or O2-sat. atmospheres were maintained
over the solns. throughout the whole process by passing Ar or O2. The duration of each experiment
was 60 min. After each run, the Cu layer with cemented Ag was rinsed carefully, dried, cut, and separated
from the cylinder. Two samples of the Cu sheet with cemented Ag were taken, dissolved in hot HNO3/
H2O 1 : 1 (v/v), and analyzed for Ag content by AAS. The surface area of each sample taken for AAS
analysis was ca. 3.5 cm2. For each cementation test, the surface of two samples of the Ag-cemented Cu
sheet was observed with a Hitachi S-4700 scanning electron microscope (SEM). SEM Images were ana-
lyzed with the scanning probe image processor WSxM 3.0 Beta [28].

Results andDiscussion. – The temperature influence on the morphology and rough-
ness of Ag deposits formed in the cementation process was investigated both in O2-free
and O2-saturated solutions at two initial concentrations of Ag+. Fig. 1 shows the SEM
top-view images of the Cu surface with cemented Ag, together with their surface-
height-distribution diagrams, for various temperatures under O2-free conditions at an
initial concentration of 20 mg/dm3 Ag+. The analyzed surface area of the samples
was ca. 500 mm2. During the cementation process, formation of cathodic and anodic
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sites occurs at the same time. The cathodic sites are formed on parts of the Cu surface,
where a deposition of Ag occurs. The deposition of Ag proceeds preferentially on a pro-
trusion existing on the Cu surface. As a result of the reaction progress, a dendrite grew
on such a protrusion (Fig. 1,a).

As expected, with increasing temperature, the cementation rate increased rapidly
(Table 1), and germs of cathodic sites were regularly spread over the reaction surface.
At the same time, increasing temperature also promoted the progress of the reaction in
bulk solution according to Eqn. 1. However, this reaction does not start below a tem-
perature of ca. 258 [25]. As a result, no visible dendrite was observed in the SEM images
at temperatures higher than 158 (Figs. 1,b and 1,c). At higher temperatures, the catho-

Fig. 1. SEM Top-view images and surface-height-distribution diagrams for an O2-free solution contain-
ing 20 mg/dm3 Ag+ at a) 158, b) 358, and c) 558. Analyzed surface area: ca. 500 mm2. For details, see

Experimental.
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dic sites were smoothly covered with Ag deposit, and a flattening effect of the surface
roughness occurred. Anodic sites appeared on the Cu surface in forms of cracks, cav-
ities, and holes visible in SEM images as dark spots. From the images presented in
Fig. 1, it is clearly visible that, with increasing temperature, the surface area of the ano-
dic sites increased rapidly due to an increasing rate of cementation (Table 1).

The distribution histogram of the surface height calculated from the SEM image
shown in Fig. 1,a shows a relatively narrow and intense peak. The wide range of surface
heights existing in the positive region of the diagram corresponds closely with dendrites
visible in SEM images. For the two temperatures above 158 (Fig. 1,b and 1,c), the den-
drites disappeared from the surface, but a new inhomogeneity appeared. This inhomo-
geneous surface was related now to anodic sites represented as a net of cracks. As a
result of the disappearance of dendrites and the appearance of anodic sites on the reac-
tion surface, the surface-height analysis performed from the SEM image for the experi-
ment conducted at 358 (Fig. 1,b) showed a peak a little bit broader than the one shown
in Fig 1,a. Further changes in the morphology of the Ag deposits obtained at 35 and 558
were clearly visible in the corresponding SEM images. The difference was closely con-
nected with an increasing surface area of the anodic sites on the surface, especially at
558 (Fig. 1,c). This change was reflected in a significant broadening in the surface-
height-distribution diagram.

To examine more closely the morphology of Ag deposits formed at various temper-
atures, higher-magnification SEM top-view images of the Ag-cemented Cu surface are
shown in Fig. 2 for the O2-free solution containing 20 mg/dm3 of Ag+, together with the
corresponding surface-height distributions. Here, the analyzed surface areas were ca. 20
mm2. As can be seen from the SEM images, increasing temperature affected the mor-
phology of the Ag deposits. At the lowest temperature (158 ; Fig. 2,a), the deposit
exhibited a tight well-adhered structure, with some separated large Ag crystals spread
over the surface. These Ag crystals could grow due to the low rate of cementation
(Table 1). As a result of this relatively tight deposit with separated crystals, the sur-
face-height analysis of the SEM image showed a peak with a significant contribution
of various heights in a range of positive values of the diagram heights.

Separated large Ag crystals did not appear at temperatures higher than 158 [27],
where the rate of the cementation process is higher (Figs. 2,b and 2,c). In the latter

Table 1. Reduced Average Rate Constants (k’=k/w0.701×10�4 ; in cm/s) Determined by Atomic-Absorption
Spectroscopy for the Initial Cementation Period (first few minutes) as a Function of Temperature under
Aerobic or Anaerobic Conditions. [Ag+]0 corresponds to the initial solution concentration of silver, n is

the number of independent cementation experiments. For details, see Experimental.

T [8] [Ag+]0=20 mg/dm3 [Ag+]0=100 mg/dm3

O2-free O2-saturated O2-free O2-saturated

n k’ n k’ n k’ n k’

15 5 1.34�0.01 5 1.38�0.02 5 1.34�0.03 5 1.40�0.04
25 30 1.83�0.03 29 1.78�0.03 7 1.81�0.01 7 1.82�0.05
35 6 2.33�0.06 6 2.16�0.03 6 2.55�0.12 6 2.38�0.07
55 6 3.93�0.30 6 3.04�0.05 7 3.63�0.05 7 3.63�0.33
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case, the deposit becomes finer, but less tight, with visible tiny cracks. Consequently,
broader peaks appeared in the corresponding surface-height-distribution histograms.
Also, elevated temperatures gave rise to a number of mini-cracks between deposit
grains, which led to some signal broadening in the height-distribution diagram.

The disappearance of separated Ag crystals and dendrites from the surface at pro-
cess temperatures above 158 in O2-free solutions is closely related to the decreasing per-
centage of cemented Ag found on the Cu surface after cementation. Table 2 shows the
average percentage of cemented Ag on the Cu surface as a function of the initial Ag+

concentration (as determined by AAS) for both O2-free and O2-saturated solutions at
initial Ag+ concentrations of 20 or 100 mg/dm3. As can be seen, the percentage of
cemented Ag decreased rapidly with increasing temperature under O2-free conditions
at an Ag+ concentration of 20 mg/dm3. At 558, only ca. 20% of the initial Ag+ content

Fig. 2. Images of Fig. 1 at higher resolution. Analyzed surface area: ca. 20 mm2.
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was found on the surface, which rationalizes the observed flattening effect in terms of
surface roughness (Fig. 2,b).

It is worth noting that the decrease of the percentage of cemented Ag is strictly
related to the mechanism of the process conducted in O2-free solution, and to the obser-
vation that the cemented Ag came off the rotating cylinder during the experiment. The
contribution of the solution reaction presented in Eqn. 1 to the overall cementation
kinetics was estimated at ca. 30– 40% at 258 [25] [26]. With increasing temperature,
this reaction should become more dominant due to the higher concentration of Cu+

in solution [26]. Cu+ Ions appear in solution as a result of the equilibrium between
Cu2+ and Cu0. The cemented Ag came off the cylinder due to the increasing surface
area of the anodic sites during cementation, and due to the expansion of the anodic
sites to parts on the surface that had previously been occupied by Ag deposits.

Next, we studied the cementation under O2-saturated conditions at 20 mg/dm3 ini-
tial Ag+ solution concentration at temperatures of 15, 35, and 558, respectively (Fig. 3).
Similarly to the O2-free reaction conducted at 158, some dendrite germs were observed
on the reaction surface under O2-saturated conditions (Fig. 3,a). Again, at higher tem-
peratures, they disappeared (Figs. 3,b and 3,c). In contrast to the O2-free experiment,
separated Ag crystals of relatively large size were spread over the surface, even at 358.
This result is consistent with the percentage of cemented Ag observed for the O2-satu-
rated solution at 20 mg/dm3 Ag+ (Table 2). It can be seen that the percentage of
cemented Ag remained almost constant in the temperature range of 15 –358. Obviously,
the presence of O2 significantly enhances the corrosion of Cu, and increasing temper-
ature increases the rate of both processes: cementation (Table 1) and corrosion. As a
result of enhanced Cu corrosion, the anodic sites are spread more uniformly over the
reaction surface, forming a dense net of cracks (Figs. 3,a and 3,b), or can develop
their working surface area in the Cu material just under the deposited Ag, under for-
mation of deep cavities (Fig. 3,c). Cavity formation has, actually, been reported before
[26].

The expansion of the anodic sites at 558 resulted in more cemented Ag coming off
the cylinder. As a consequence, lower percentage of cemented Ag were found on the
surface (Table 2). For cementations performed under O2 saturation at elevated temper-

Table 2. Average Percentage (V) of Cemented Silver on Copper as a Function of Temperature, both under
Oxygen-Free and Oxygen-Saturated Conditions. The V values were determined by AAS. [Ag+]0 corre-
sponds to the initial solution concentration of silver, n is the number of independent cementation

experiments, and SX (in %) is the standard deviation. For details, see Experimental.

T [8] [Ag+]0=20 mg/dm3 [Ag+]0=100 mg/dm3

O2-free O2-saturated O2-free O2-saturated

n V SX n V SX n V SX n V SX

15 4 67.8 2.2 5 74.8 2.7 4 82.1 3.5 4 88.1 1.0
25 9 52.7 3.9 6 73.8 2.0 7 74.7 5.6 7 90.1 5.6
35 4 34.1 3.1 5 74.3 2.6 6 66.7 1.9 6 89.2 5.1
55 6 20.4 4.9 6 63.8 4.6 7 45.9 7.6 7 76.8 1.8
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atures, two phenomena were observed in the SEM images: 1) the disappearance of den-
drites, and 2) separated Ag crystals from the reaction surface at temperatures above
25 8C [27] and 358, respectively. The second observation is related to the development
of anodic sites. Both effects were observed in the SEM images presented in Fig. 3.

Increasing temperature modifies the roughness of Ag deposits due to increasing
cementation rates. This effect is clearly exhibited in the surface-height-distribution dia-
grams. With increasing temperature, peak broadening occurred (Figs. 3,b and 3,c). The
presence of anodic sites on the surface is especially pronounced at negative depths. As
expected due to enhanced Cu corrosion in O2-saturated solutions, the surface-height
distributions calculated from the SEM images were broader than those obtained by
cementation of the corresponding O2-free solutions. A comparison of the SEM images

Fig. 3. SEM Top-view images and surface-height-distribution diagrams for an O2-saturated solution
containing 20 mg/dm3 Ag+ at a) 158, b) 358, and c) 558. Analyzed surface area: ca. 500 mm2.
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of the Cu surfaces obtained at identical temperatures, but either under O2-free (Fig. 1)
or O2-saturated conditions (Fig. 3) shows that the Ag deposit is flatter and smoother in
the latter case. In aerobic solutions, the Ag deposit was found to be more granular. This
difference can be rationalized in terms of the different percentages of cemented Ag on
the surface, and differences in roughness of the deposits. From Table 2, it can be seen
that the average percentage of cemented Ag is lower under O2-free conditions than
under O2-saturated ones, except at 158, where the values are similar.

Higher-magnification SEM images of the Cu surface with cemented Ag are pre-
sented in Fig. 4 for O2-saturated solutions (20 mg/dm3 initial Ag+). Closer examination
of the reaction surface showed that the morphology of the Ag deposit was similar for
the reactions performed at 15 and 358 (Fig. 4,a and 4,b). The Ag deposits were found to
cover the Cu surface with a uniform, tight layer, similar to the result observed previ-
ously for the experiment under O2-free conditions at 158 (see Fig. 2,a). Moreover,
the appearance of the Ag crystals formed at 158 in the presence or absence of O2

was very similar. The broad peak in the surface-height-distribution diagram presented
in Fig. 4,a exhibited a clearly inhomogeneous surface, with relatively large Ag crystals
in the SEM image. When the temperature was increased to 358, granular and finer crys-
tals were formed in the O2-saturated system, with a change in shape from an oval to an
oblong shape. As expected, the temperature-dependent, increasing rate of cementation
promoted formation of fine Ag crystals on the Cu surface. Simultaneously, anodic sites
started to appear. As a consequence, a somewhat narrower peak was observed in the
distribution diagram of the surface heights (Fig. 4,b).

A further increase in temperature to 558 resulted in loss of perfect tightness of the
deposit, in combination with a further decrease of the dimensions of the deposited Ag
crystals (Fig. 4,c). The corresponding peak broadening in the surface-height-distribu-
tion diagram indicates qualitatively a further expansion of the anodic-site area on
the reaction surface. Finally, it is notable that the crystals grown at 35 and 558 from
O2-free solutions looked basically the same.

Figs. 5 and 6 show the SEM images of the sample surfaces (together with the corre-
sponding surface-height distributions) at various temperatures for O2-free and O2-satu-
rated solutions, respectively, but at higher initial Ag+ concentration (100 mg/dm3). For a
given process temperature, the morphologies of the Ag deposits were not strongly
affected by O2, and the dendrites also looked very similarly. However, temperature
had a great impact on morphology. At 158, the dendrites formed huge ‘lycopodium
twigs-shape’ crystallites on the surface (Figs. 5,a and 15,b, and Figs. 6,a and 6,b).
These dendrites resulted in a very broad peak in the associated surface-height-distribu-
tion diagrams. At 158, the reaction surface was very inhomogeneous, resulting in broad
hight-distribution peaks under both aerobic and anaerobic conditions. When the tem-
perature was increased to 258 (Figs. 5,b and 6,b), the Ag deposits appeared denser and
the ‘lycopodium twigs’ looked thicker. This means that the deposition proceeds mainly
on the dendrites, which results in somewhat narrower peaks in the distribution dia-
grams (Figs. 5,b and 6,b).

We also observed that the Ag crystallites formed from the O2-saturated solutions
were denser and occupied larger surface areas than those grown under O2-free condi-
tions (Fig. 5,b vs. Fig. 6,b). In the aerobic solution (Fig. 6,b), the dendrites covered
almost the whole surface, and the peak in the distribution diagram was broader than
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that for the O2-free experiment (Fig. 5,b). This can be attributed to the observation
that, under O2-saturated conditions, the average percentage of cemented Ag was higher
than that under O2-free conditions (Table 2).

When the temperature was increased to 35 or 558, the Ag crystallites became more
compact and denser, independent of the presence of O2 (Fig. 5,c and 5,d, Fig. 6,c and
6,d). The surface areas occupied by the dendrites were smaller and, consequently, the
peaks in the corresponding distribution diagrams were narrower and more intense.
These results are consistent with the observed percentage of cemented Ag found on
the Cu surface (Table 2). For the O2-free solution containing 100 mg/dm3 of Ag+, the
percentage of cemented Ag decreased rapidly with increasing temperature, mainly as
a result of the progress of the competitive solution reaction (Eqn. 1), which consumed
additional Ag+ ions. In O2-saturated solutions containing 100 mg/dm3 of Ag+, the per-

Fig. 4. Images of Fig. 3 at higher resolution. Analyzed surface area: ca. 20 mm2.
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Fig. 5. SEM Top-view images and surface-height-distribution diagrams for an O2-free solution contain-
ing 100 mg/dm3 Ag+ at a) 158, b) 258, c) 358, and d) 558. Analyzed surface area: ca. 0.13 mm2.
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Fig. 6. SEM Top-view images and surface-height-distribution diagrams for an O2-saturated solution
containing 100 mg/dm3 Ag+ at a) 158, b) 258, c) 358, and d) 558. Analyzed surface area: ca. 0.13 mm2.
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centage of the cemented Ag remained constant between 15 and 358. Finally, a decrease
of ca. 10% in cemented Ag was observed when the temperature was raised to 558. This
was attributed to the observation that much of the cemented Ag came off the rotating
cylinder. A similar decrease (10%) had been observed also in the experiment per-
formed at lower Ag+ concentration (see above).

To further illustrate the influence of temperature on the morphology of deposit dur-
ing the cementation process conducted in the O2-free and O2-saturated solutions con-
taining 100 mg/dm3 Ag+, higher-magnification SEM images are presented in Fig. 7.
Detailed examination of the Ag crystallites formed at various temperatures showed
that the presence of O2 and temperatures below 358 did not significantly influence
the morphology of the deposits. Relatively small morphological differences were
found at a temperature of 358. However, whereas under anaerobic conditions at 558
the Ag crystals were very fine and tiny, they became bigger and more uniform under
aerobic conditions. The deposits formed huge porous crystallites with some vertical col-
umns, independent of temperature and presence or absence of O2. Also, the Cu surface
was partially occupied by huge crystallites, but some parts of the surface were not cov-
ered by dendrites.

In Fig. 8, the higher-magnification SEM top-view image of a Cu surface with Ag
deposits prepared at 358 under O2-saturated conditions is shown. The image was
taken from the part of the reaction surface that was not directly covered with dendrites.
Here, the Ag crystals were distributed randomly over the surface without tightly cover-
ing the Cu surface. This part of the surface can, thus, play the role of the anodic site. The
large dimension of the Cu crystal is partially visible at the bottom of the scattered, tiny
Ag crystals. Similar observations of anodic sites were obtained at other temperatures
under both O2-free and O2-saturated conditions (data not shown).

Conclusions. – When cementation is conducted in solutions containing 20 mg/dm3

Ag+ at 158, germs of Ag dendrites are observed on the surface, independent of the pres-
ence or absence of O2 in the system. The resulting deposits exhibit a tight, well-adhered
structure, with some medium-sized Ag crystals spread over the surface. In the latter
case, the surface-height distribution shows a peak with a significant contribution of var-
ious ‘positive’ heights (protruding elements). With increasing temperature, two inde-
pendent phenomena are observed, which both affect the surface-height distribution.
The first process is connected with the disappearance of dendrites from the surface,
as indicated by peak narrowing in the distribution diagrams. The second is related to
the formation and expansion of anodic sites on the surface, which results in peak broad-
ening. Therefore, a contribution of various ‘negative’ surface heights (depressions) is
observed. In O2-saturated solutions, enhanced Cu corrosion leads to a denser net of
anodic sites on the surface, and, as a result, the distribution histograms of the surface
height exhibit broader peaks compared to those obtained in O2-free experiments.
The morphology of the Ag deposits is affected slightly by the presence of O2 in the sys-
tem. Under aerobic conditions, the deposits are granular up to a temperature of 358.
Morphological differences can be largely attributed to a different mechanism in the
absence of O2, leading to a different percentage of cemented Ag on the surface. The
flattening effect of the surface roughness, observed mainly under O2-free conditions,
is connected with a competitive reaction in bulk solution (Eqn. 1) that consumes addi-
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tional Ag+. As a result, lower amounts of cemented Ag are found on the surface after
cementation. At a temperature of 558, the cemented Ag readily comes off the rotating

Fig. 7. SEM Top-view images of cemented silver under O2-free conditions (left panel) and O2-saturated
conditions (right panel). Temperature (from top to bottom row): 15, 25, 35, and 558, resp. Initial Ag+

concentration: 100 mg/dm3
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cylinder as a result of the expansion of the anodic sites to parts on the surface that were
previously occupied by Ag deposits.

The morphology of Ag deposits formed from solutions containing 100 mg/dm3 of
Ag+ seems to be independent of the presence of O2 in the system. Under O2-saturated
conditions, the resulting Ag dendrites are denser together and occupy a larger surface
area than those formed under O2-free conditions. This difference is also related to a dif-
ferent mechanism. With increasing temperature, Ag dendrites become more compact
and denser, independent of the presence of O2 in solution. The changes in the morphol-
ogy of the Ag deposits are clearly reflected in the corresponding surface-height-distri-
bution diagrams.

In general, one can say that both morphology and roughness of Ag deposits formed
on Cu by cementation vary significantly with temperature, as readily reflected in their
surface-height distribution. Therefore, SEM in combination with surface analysis pro-
vides useful information about the evolution of anodic and cathodic sites during cemen-
tation, and the results can be rationalized in terms of mechanism and process kinetics.

We kindly acknowledge the Laboratory of Field Emission Scanning Electron Microscopy and Micro-
analysis at the Institute of Geological Sciences, Jagiellonian University (Poland), where SEM imaging has
been performed.
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