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Abstract

In this study, phase transformation of the vitreous enamel and the interface steel-enamel during firing was analyzed. The thermal transformation
of vitreous coating on steel was observed “in situ” with an environmental scanning electron microscopy and the mechanical properties of the
steel-enamel interface were studied by using a nano-indenter. The interface reactions and the resulting structure can strongly influence the adhesion
mechanism between glass coatings and the metal substrate. An in-depth investigation and structural characterization was therefore performed to
define the correlation between interface morphology and the final chemical and mechanical properties of the enamel-steel interface.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Vitreous enamels play a very important role in the coating
production process of steel in accordance with the technical and
esthetic properties induced by the enamel to the final material.
In particular, from the functional point of view, vitreous enamel
coatings show excellent resistance to chemical degradation
processes>> as well as a good resistance to tribological phe-
nomena such as abrasive wear.* Enamel coatings are generally
defined as a substantially vitreous glassy inorganic layer bonded
to various metal substrates by fusion at a defined temperature.
The key factor affecting the functionality of the final material
is the achievement of a good bond between the enamel and the
metal substrate during the enameling process. Several factors
could affect interface reactions and the adhesion mechanism
between the glass coatings and the metal substrate such as chem-
ical composition of enamel, the type of steel, the roughness of
the metal surface, the heating process and the temperature of
glazing, the atmosphere of the oven, and so on.> Although many
papers have been published on this topic, the base mechanism
related to the metal-enamel interface formation is not still clear
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and needs further and in-depth investigation. The most com-
mon analytical techniques used to characterize the enamel-steel
interface mainly from the chemical/mineralogical point of view
include scanning electron microscopy, transmission electron
microscopy, X-ray photoelectron microscopy, X-ray diffraction
and dilatometric method.%’

The aim of the present study is to analyze “in situ” the melt-
ing process of the enamel by using an environmental scanning
electron microscope and to obtain the mechanical properties of
the steel-enamel interface by using a nano-indenter. Quantita-
tive correlation between the structure of the interface and its
chemical and mechanical properties was analyzed.

Data from microstructural and chemical examination of the
interface during firing were used to interpret some thermal trans-
formations that occur “in situ”, and the micromechanical test
was used to correlate the diffusion of Fe-ions with the final
mechanical properties of the interface.

2. Experimental procedure

2.1. Materials and sample preparation

The substrates used for enamel coating were cold rolled
rectangular plates of very low carbon steel whose chemical
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Table 1
Chemical composition of enamel frit.

Oxide SiO; B,03 Na,O TiOy BaO

AlLO3 CaO

K,O Fe, 03 MnO MgO (Co304 +NiO + CuO) Total

ICP wt.% 62.41 10.06 7.65 451

2.57 22 4.37

3.01 1.21 0.92 0.14 0.95 100

composition in wt.% is as follows: C=0.004, Si=0.008,
S$=0.015, Mn=0.22, P=0.008, Al=0.037, Ni=0.036,
Cr=0.021, Cu=0.032, and Fe rest. The dimensions of the sheet
of steel were 30 mm x 30 mm x 0.8 mm. The first treatment
of the metal sheet consisted of the elimination of grease
and impurities by immersing the specimens in a chemical
degreasing bath at 70 °C for 10 min. The degreasing agent was a
solution of 5% (w/v) of a commercial product made of sodium
hydroxide, benzenesulfonic acid and mono-C10-14 alkyl
derivates produced by MAZZON. After this pre-treatment,
the metal sheet was pickled in a sulfuric acid solution at 5%
at 65 °C for 5Smin. This removes rust and scale and increases
the surface roughness that helps the subsequent treatment. To
increase the oxidation of iron, the sheet metal was immersed in
a bath of 1.2% (w/v) of sulfate of nickel at 68 °C. This enabled
the deposition of a thin layer of nickel on the surface of the
metal sheet. The addition of nickel mitigates the problems of
fish-scaling and promotes adhesion between the enamel and
the steel surface.>'0 Smaltiflex S.p.A. provided the enamel
studied in this work. The enamel slip was produced by milling a
proper frit, whose chemical composition is reported in Table 1,
with the addition in the milling chamber of 12 wt.% of SiO»,
4 wt.% of a commercial caolinitic clay (provided by Colorobbia
S.p.A.), 0.6 wt.% of NaNO;, 0.6 wt.% of NaAlO; and 0.6 wt.%
of H3BO3.

The frit was ball milled down to D90=45 pm and mixed
with additives, clay, salts, quartz and water to form a batch of
enamel slip. The enamel slip was applied to the sheet steel by a
hand-spraying system. The specific gravity of enameling slip is
1.70 g/lcm?. The enameled samples were then dried in an oven
at 120°C.

The heating process, which promotes the bond creation
between steel and enamel, was performed in an industrial fur-
nace. The firing time was 6 min at 860 °C; the sample was then
cooled in air. The thickness of the enamel was about 200 pm per
side. This final product is named “industrial sample”.

3. Sample characterization
3.1. Enamel and steel characterization

The glass transformation temperature of enamel, T, was
determined with a Netzsch, STA 409 differential thermal ana-
lyzer (DTA) on samples milled to an average particle size of
less than 25 pm. The DTA measurements were catried out on
about 30 mg of sample in a Pt crucible. Data for each run were
automatically collected from the DTA apparatus.

The thermal behavior and the coefficient of thermal expansion
(alfa) of the enamel were measured using a hot-stage microscope
using powdered enamel (<25 wm) (Model Misura, Expert Sys-
tem Solutions, Modena, Italy) and an optical dilatometer (Model

Misura, Expert System Solutions, Modena, Italy). For the hot-
stage microscope, the enamel powders were compacted to little
cylinders (1 mm diameter and 3 mm of height) by uniaxial press-
ing. The measurements were performed with 20 °C/min heating
rate from 20 °C to 1400 °C. Hot stage microscopy is a fast and
simple procedure that makes it possible to approximately mea-
sure some points of the viscosity temperature curve for vitreous
materials. The different stages of the process are recorded pho-
tographically or by means of a video camera. A typical series
of photographs shows the evolution of the glass compact during
heating. In these investigations, the shape change of the silhou-
ette of the sample is the indicator used for assessing the physical
changes occurring in the material (from sintering to melting).
One of the main advantages of the heating microscope is that
the specimen is at no time in contact with an external measuring
element (e.g. a contact rod such as in dilatometers). Thus, no
external load is applied which could alter the softening process.
In this work the viscosity—temperature curve for the
studied enamel was measured by using the De Pablos
method,!! choosing four characteristic points: the transforma-
tion point (log n=13) (from DTA measurement), first sintering
(logn=10), softening point (log n=06), half-ball (logn=4.2)
and flow (logn=3.0) from hot stage microscopy. The coeffi-
cient of thermal linear expansion of the enamel was measured
on a bar of 15 mm x 15 mm X 5 mm, in the 50-400 °C temper-
ature range with a heating rate of 10 °C/min. In order to obtain
the bar, the frit was melted at 1400 °C and the melt was poured
into a graphite mold and cooled to room temperature. The bar
was then cut in order to fit the dilatometer sample holder.
Microhardness measurements were performed on enamel
and steel with a Matsuzawa DMH-2 automatic hardness tester
equipped with a Vickers indenter. A total time of 15 s was used
for each indentation. Each value of hardness is the average of
twenty measurements with the respective standard deviation.
Measurements of surface steel roughness were performed by
using DIAVITE DH-5 equipment. In order to study the thermal
transformation of enamel on the steel, “in situ” environmen-
tal scanning electron microscopy (ESEM) with hot stage was
used. An FEI Quanta 200 ESEM equipped with a thermal tung-
sten gun, a gaseous secondary electron detector (GSED), and
a 1500 °C hot stage was used for in situ electron imaging. An
AS-type thermocouple was used to monitor the temperature,
and calibration was performed using the melting point of gold
(1064 °C). The instrument was operating at 20kV acceleration
potential and with a working distance of about 10 mm. The sam-
ples were heated at a rate of about 20 °C/min. SE images were
collected at several temperatures. The heating gradient and tem-
perature interval were selected on the basis of an industrial cycle:
heating rate 50 °C/min up to 900 °C. All controlled ESEM exper-
iments were repeated twice and gave reproducible results. The
sample preparation consisted of cutting a small piece of steel in a
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square form (3/4 mm per side); the enamel powder was then dis-
persed in acetone, to create slurry. This dispersion was applied
over the steel by using a laboratory air-spray. It is worth noting
that the thickness of the enamel is thinner than the industrial
one, since it is more or less 150 wm. This sample was named
“laboratory sample”.

Finally the crystalline phases formed on the enamel were
monitored by an XRD diffractometer with Cu-K, radiation and
conventional 6-26 geometry (PANAlytical, X’ Pert PRO, Cu-K,,
radiation equipped with an X’Celerator detector).

3.2. Enamel-steel interface characterization

To study the enamel-steel interface, a conventional high res-
olution scanning electron microscope (SEM) with an energy
dispersion spectroscope (EDS), SEM+EDS, (Philips XL
40/604 + INCA instruments) was used. A transversal cross-
section of an industrial specimen was incorporated into a resin.
After the solidification, the sample was polished on the surface
with silicon carbide and alumina gel papers. Finally the spec-
imen was mounted on aluminum stub and gold-coated (10 nm
thick).

The nanohardness as well as the Young modulus of the
interface was determined on the polished cross-sections by
depth sensing Berkovic nanoindentation (Nanoindenter, CSM
Instruments, Peseux, Switzerland), using a constant size normal
penetration of 200 nm. The tested sample was incorporated into
resin for the measurements. This resin was thermosetting and
created a sustainable system after its solidification in order to
place the system on the sample port. The resin is very important
in order to block the sample and prevent its movement during
measurement. For the test, an indentation matrix (7 rows x 5
columns) on the steel-enamel interface was used. A semi quan-
titative chemical analysis by EDS was then performed on each
single indentation in order to correlate the mechanical properties
with the interface chemical compositions.

4. Result and discussion
4.1. Enamel and steel characterization

Fig. 1 shows the DTA thermogram of enamel: while a well-
defined endothermal effect corresponding to a 7, temperature
of about 480 °C was observed, no crystallization peak can be
noted.

The linear thermal expansion coefficient of vitreous enamel
is 12.4 x 1079/°C, and for steel, as reported in the literature, 12
itis 13.0 x 107%/°C. This small difference between the thermal
expansion coefficients makes it possible to obtain the coating
under compression while the steel is under tension (see Fig. 18
in!2 from which, for this specific case, it is possible to esti-
mate a maximum residual stress acting on the coating of about
—20MPa). The introduction of surface compression is a well-
established technique for strengthening of enamel because the
presence of a layer of surface compression mitigates failure from
coating cracks.!?13
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Fig. 1. DTA curve of the studied enamel.

From the hot stage microscopy experiments it was possi-
ble to observe that the sintering temperature of the enamel
occurs at about 660 °C, the softening occurs at about 760 °C
while the sphere is reached at about 790 °C. Finally, the hot
stage microscopy experiments showed that the half-sphere of
the enamel occurs at about 830 °C and the melting temperature
is about 840 °C.

Fig. 2 shows a qualitative viscosity—temperature curve
obtained by hot stage microscopy for the enamel samples.
Since only a small temperature range was considered, the
viscosity—temperature behavior is linear. It is important to under-
line that the atmosphere of the kiln of the hot stage microscope
influences the surface tension and the wet angle, while the possi-
ble emission of gases from the enamel mainly affects the points
based on the observation of definite geometrical forms such as
the half ball and melting points.

In any case, this technique makes it possible to obtain a qual-
itative viscosity—temperature curve for the enamel in an easier
way than the other more “sophisticated” techniques (beam bend-
ing, fiber elongation, high temperature rotational viscosimeter,
etc.. . .]4‘16).
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Fig. 2. Qualitative viscosity—temperature curve and the related ESEM taken
during the heating of the enamel—steel system.
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Fig. 3. ESEM “in situ” image of studied enamel during heating at different temperatures.

Surface microhardness of the enamel and of the steel are,
respectively, 710+ 20 and 129 20 Vickers. Surface rough-
ness of the enamel is: R, =0.39 £0.04 pm, R, =2.15 £ 0.26 pm,
and Rpax =2.8£0.8 wm; while the surface roughness of
the steel is: Ra=1.07£0.19 pm, R,=5.73 £0.43 pm, and
Rmax =7.32 £0.84 pum. The measured steel roughness fits the
range” that is known to be able to support the enamel—steel adhe-
sion. On the other hand, the very low roughness of the enamel
coating is suitable for technical applications where cleanability
is mandatory. The measured microhardness can be considered
as the real hardness of the enamel coating. From the functional
point of view, it is relevant to note the fact that the enamel coat-
ing is 5.5 times harder than the steel base material. In fact the
surface microhardness of the enamel coating plays a strategic
role in technical applications where a tribological resistance is
needed.

The “in situ” ESEM observation of the laboratory sample,
during the enameling, provides an important tool to study the
full melting process and this equipment makes it possible to
record a “movie” of all the observations as well of the mea-
surements. Fig. 3 shows in detail the morphological evolution
of the enamel powder during melting, starting from room tem-
perature up to 900 °C. Fig. 3a shows a classical crushed-glass
powder; increasing the temperature above the 7, temperature
the viscous flow resulting from the driving force of the surface
tension causes grain rounding and neck growth (Fig. 3b—d). At
about 700 °C (Fig. 4e) the enamel starts to melt even if quartz
particles are clearly visible, but it becomes homogeneous and
totally melted at about 900 °C. An isotherm at 900 °C for 10 min
produces strong crystallization observed by XRD of Fe;O3 and
Fe3 04, (Reference codes: 01-079-0007 and 00-002-1035) while
the quartz is already present in the enamel as raw material
(data not reported). As already reported by Barcova et al.!”
these crystalline phases are formed during heating because an

intensive thermal effect induces an oxidation process on the
enamel surface, which takes place according to the follow-
ing pathway: a-Fe — Fe304 — a-Fe;03. The oxygen supply
is very important during the thermal process because we obtain
different chemical reactions at different temperatures. Water can
be a good supply of oxygen to obtain the oxidation of the iron.°

NiO(precoat) + Fe(steel) — FeO(oxidelayer)
+ Ni(oxidelayer)

dG°(J/molFeorC) = dH® — TdS®
= —28,137—-21.8T

dG°(J /molFeorC)

Enamel coating

(Zone 3 ) Near the
S J

surface

Steel substrate

— 5 pm.

BSD 1000x HT=25.0Kv. S8SPOT=4 WD=10.6mm.

Fig. 4. SEM micrograph of cross sectioned enamel/steel interface.
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Fig. 5. X-ray mapping of interface.

Fe(steel) + HyO(steam) — H»(gas) + FeO(oxidelayer)

dG°(J/molFeorC) = dH° — TdS°
= —16,245 + 8.6T

dG°(J/molFeorC)

2Fe(steel) + 3H,O(steam) — Fe,O3(oxidelayer) + 3H2(gas)

dG°(J/molFeorC) = dH° — TdS°
= —35,861 + 41.6T

dG°(J/molFeorC)

In fact, ferric and ferrous cations play different roles in the
structure of melt, so the ferric—ferrous ratio influences the phys-
ical properties of melts. The redox state of iron in melts depends
on some external and internal parameters: temperature, oxygen
fugacity and composition. The authors would like to underline
that the oxygen concentration in the sample was measured in an
industrial sample, after heat treatment in SEM equipment not
in situ in ESEM equipment. ESEM was used only to understand
how the enamel melts on steel during the heat treatment.

4.2. Steel-enamel interface characterization (industrial
sample)

A typical micrograph of the enamel—steel interface using back
scattered electrons for imaging is shown in Fig. 4. This figure
shows small islands in the interfacial region, Zone 1. It can be
noted that the islands form the so-called anchor points; thus the
roughness of steel in the interface is increased.'®

Several EDS spectra, twenty, were collected in three different
zones of enamel, Fig. 5: near metal; above “islands” and near

the surface; the average semi quantitative chemical analysis of
the main oxides is reported in Table 2.

Analysing the same zone by using X-ray mapping, Fig. 5
shows a distribution of Si, O, Na, Fe and Ni elements in the
interface. While anchor points are mainly composed of Fe and
Ni (observed by EDS but the spectrum is not reported), enamel
can be found around these “small islands”, as confirmed by the
presence of Si, O and Na. Observing the Ni-map, it was found
that the interface is mainly composed of Ni and Fe even if very
small Ni-richer areas are clearly evident in the enamel phase.

The equipment used to detect the amount of element on the
studied samples is an energy dispersive spectroscope (INCA
instruments). The microanalysis software has a built-in routine
to transform the element % concentration in weight oxide %.
As reported in”’ the X-ray intensity generated for each ele-
ment in the sample is proportional to the concentration of that
element. The quantitative analysis used in this work is a “stan-
dardless analysis”. Standardless analysis is the simplest of the
correction procedure. The spectrum of the unknown is recorded
without concern for the electron dose as long as the dead time
is acceptable. To perform a quantitative analysis, it is necessary
only to supply the correct beam energy and the elements to be
analyzed. The analysis total will always be exactly 100%. This

Table 2
semiquantitative chemical analysis of the three different zones of the enamel
(see Fig. 4).

Zones Oxide wt.% (£1%)

Na,O SiO, Fe, O3 Others
Zone 1 6.9 38.6 454 9.1
Zone 2 7.8 57.5 22.4 12.3
Zone 3 9.0 71.0 1.8 18.2
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approach is that we can calculate the intensity measured from
standards with accuracy equal to that measuring them directly,
based on certain properties of the single spectrum obtained from
anunknown. The most general approach makes use of four equa-
tions to predict the X-ray intensity that would be obtained from
a pure-element standard.?’

From the results itis clear that the concentration of iron oxides
at the top of the enamel layer is 1 wt.%, while the presence of
higher Fe concentrations at the interfacial enamel must be caused
by a reaction between enamel and steel as well as the dissolution
of any iron oxide phases formed during firing.

As reported by Dumm and Brown,!? iron concentration was
measured mainly as Fe2*, since Fe3* is not stable at 850 °C in
the presence of iron.

Atthe interface we had the presence of FeO and islands rich in
FeNi at the intergrowth phase. The equilibrium at the interface,
in the pretreatment, is shown by this reaction:®

NiOprecoat + Festeel — FeOoxidelayer + Ni oxidelayer

dG°(J/molFeorC) = dH® — TdS°
= —28,137—-218T

dG°(J/molFeorC)

As reported by Sorensen et al.,”’ the Fe?* ions behave as
network modifiers, while the Fe>* ions preferably behave as
network formers; this means that the viscosity of enamel in the
interface should have a lower viscosity with respect to industrial
enamel during firing, especially at higher temperatures, increas-
ing the diffusion of iron from the steel. For the same reason, the
coefficient of linear expansion of enamel in the interface having
higher amounts of network modifier will present a CTE value
lower than the steel one (13.0 x 10~%/°C). This fact can con-
tribute to increase the compressive stress in the enamel layer at
the interface region.

At the same time, it is important to underline that, as reported
by Romero and Rincon,?! thanks to TEM observation of glasses
with similar composition, iron oxide in the glass seems to pro-
mote a liquid-liquid phase separation in the original enamel
where drops richer in iron are dispersed in the silica-vitreous
phase. The industrial sample was also subjected to a fracto-
graphic analysis after an impact test as described in.'> From
the SEM observation of the fractured surface, a morphology
close to a known liquid—liquid phase separation was observed.??
The liquid formed during melting of a glass batch can, in
some cases, spontaneously separate into very viscous liquids
or phases. Cooling the melts to a temperature below the glass
transformation leads to a phase separation as a result of a
liquid-liquid immiscibility. Understanding of immiscibility is
based on thermodynamics of regular solutions. The separation
process can yield glass with either droplet/matrix or intercon-
nected microstructures.?® In particular, in glasses containing
high amounts of iron, the EDS analysis indicates the presence
of two phases rich in iron oxide (mainly crystalline) and silicon
oxide (mainly vitreous), respectively.

This phase separation can act as a nuclear agent for the crys-
tallization of iron rich phases.

Enamel coating

Area under
investigation
by means of the
nanoindenter

Steel substrate

5 pm.

SED 1500x HT=25.0Kv. SPOT=5 WD=10.7mm.

Fig. 6. SEM indentation matrix zone on enamel—steel interface at 1500x of
magnification.

Since the steel-enamel interface presents a very complex
chemical composition due to the diffusion of Fe ions, the
microhardness of this zone will show different mechanical prop-
erties with respect to the other enamel and the steel constituents.
As reported above, the thickness of the interface is in the range
of 3540 pm and it is quite difficult to measure its mechanical
properties by Vickers microhardness because the indentation
area is usually larger than 20 wm. For these reasons, a nanoin-
dentation technique is used to map cross-section hardness from
the enamel-steel junction to the outer enamel surface. Fig. 6
shows a cross-section of the industrial sample tested by using
a nano-indententer; in particular, the indentation matrix area is
formed by 9 columns in x direction and 7 rows in y direction.

Fig. 7 reports Vickers Hardness with matrix points of single
indentation. The distance between each horizontal and vertical
line of the matrix is 5 wm, so they are equidistant in the xy plane.

The variability in this plot is largely due to the variation of
concentration of metal oxides in the enamel interface. As an
example, in Fig. 8B, we report the iron (Fe) and the silicon
(Si) atomic concentration diagrams respect the position in the
interface. A more evident diagram of the hardness variation can
be obtained by a mean value of the hardness along each line with
respect to the material constitution. Such a diagram is shown in
Fig. 8C, where the mean values and the standard deviation of the
HYV hardness obtained by means of nanoindentation are related
to the measurement positions through the specimen thickness.

The increase of hardness from the steel to enamel is due
to the fact that the interface-enamel has a higher amount of
Fe?* than the surface-enamel and, as already reported, it acts
as a network modifier; this means that some properties, such
as hardness, chemical, thermal and so on, decrease with the
increase of iron content in the glass.?>~23 As reported by Romero
and Rincon,?! glasses containing higher amounts of iron oxide
(15-25 wt.%) give Vickers hardness values in the 571-685 HV
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Vickers, Hir (MPa)

Enamel

Steel

Fig. 7. Vickers map by interpolation of nanoindentations values: enamel — red; steel — blue; yellow/light blue — interface. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the article.)

range in agreement with the values of Vickers hardness obtained the Young modulus of silicate glasses is usually 70 GPa while
for the enamel-interface. On the contrary, the Young modulus, for the low-carbon steel it is close to 150 GPa; increasing the

see Fig. 8D, showed a decreasing trend from the steel to the glassy phase content in the interface thus decreases the Young
enamel layer. Such behavior can be explained by the fact that ~ modulus.
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Fig. 8. (A) detail of the indented area; (B) iron (Fe) and silicon (Si) percentage concentration versus position in the interface area; (C) hardness and (D) Young
modulus trends versus position in the interface area.
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Fig. 9. (A) HV and (B) Young modulus trends with respect to the iron and silicon percentage content.

In Fig. 9A HV versus iron and silicon percentage concen-
trations are reported and the data show that microhardness
increased from the steel to the enamel. Fig. 9A clearly shows
a significant gradient in the interface nanoindentation hardness
going from the outer to the interior enamel (part in contact with
the steel). The outer enamel exhibits the highest hardness and
was consistent with the fact that the enamel contains higher
amounts of silicon, which is a former network ion. The hardness
in the interior enamel decreased significantly, and this reduc-
tion is due to the fact that the enamel contains high amounts of
iron ion which is, as reported above, a network modifier ion.
Fig. 9B shows the Young modulus versus the iron and the sili-
con percentage content. On the contrary, with respect to what is
observed in the case of the material hardness, the Young mod-
ulus decreases as the silicon percentage content increases and
as the iron percentage content decreases. As it was observed
by Sorensen et al.,2? the concentration of iron has a significant
influence on the crystallization behavior of the glass, and due
to the fact that the enameling is a high temperature process in
an oxidizing environment, the iron, that diffuses from the steel
plate, could promote the formation of stable crystalline phases>”
into the enamel coating so locally enhancing the mechanical per-
formances and in particular the Young modulus as highlighted
by the experimental results.

From a general point of view, it can be observed that the inter-
face between the steel and the enamel is formed by a graded
interface material, where due to a gradual variation of the ele-
ments from the steel to the enamel it is possible to obtain a
gradual variation in the main material properties such as hard-
ness and elasticity.

5. Conclusions

The study reported in the present paper aims to increase
the understanding of the characteristics and properties of the
enamel—steel interface. Due to the fact that the enamel-steel
interface is one of the most strategic and at the same time crit-
ical aspects that influence the quality and the behavior of the
enamel coating, its understanding is crucial. With respect to pre-
vious papers reporting studies on the enamel-steel interface, in
this study the authors used recent techniques, such as nanoin-
dentation, and some consolidated techniques, such as hot stage
ESEM analysis, in a nonconventional way in order to investi-
gate the chemistry and the mechanical properties of the interface.
The present study provided confirmation of the complex diffu-
sion processes of material constituents that take place during
enamel—steel system maturing at high temperature; it was dis-
covered that such a diffusion process enabled the formation of
some phase separations that can act as a nuclear agent for the
crystallization of iron rich phases. These iron rich phases influ-
ence the adherence of the enamel as well as the hardness and
the elasticity of the interface. By means of the nanoindentation
techniques, the interface hardness and the Young modulus were
analyzed and a trend of increasing hardness from the steel side
to the enamel one was observed. On the contrary, the elastic-
ity of the interface decreased from the steel side to the enamel
one. Such behavior is very well supported by the diagrams that
relate the iron and the silicon values to the hardness and the
Young modulus. These diagrams confirm the influence of the
chemical composition on the enamel-steel interface mechanical
properties.
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