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bstract

n this study, phase transformation of the vitreous enamel and the interface steel–enamel during firing was analyzed. The thermal transformation
f vitreous coating on steel was observed “in situ” with an environmental scanning electron microscopy and the mechanical properties of the

teel–enamel interface were studied by using a nano-indenter. The interface reactions and the resulting structure can strongly influence the adhesion
echanism between glass coatings and the metal substrate. An in-depth investigation and structural characterization was therefore performed to

efine 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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.  Introduction

Vitreous enamels play a very important role in the coating
roduction process of steel in accordance with the technical and
sthetic properties induced by the enamel to the final material.1

n particular, from the functional point of view, vitreous enamel
oatings show excellent resistance to chemical degradation
rocesses2,3 as well as a good resistance to tribological phe-
omena such as abrasive wear.4 Enamel coatings are generally
efined as a substantially vitreous glassy inorganic layer bonded
o various metal substrates by fusion at a defined temperature.
he key factor affecting the functionality of the final material

s the achievement of a good bond between the enamel and the
etal substrate during the enameling process. Several factors

ould affect interface reactions and the adhesion mechanism
etween the glass coatings and the metal substrate such as chem-
cal composition of enamel, the type of steel, the roughness of
he metal surface, the heating process and the temperature of

5
lazing, the atmosphere of the oven, and so on. Although many
apers have been published on this topic, the base mechanism
elated to the metal–enamel interface formation is not still clear
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nd needs further and in-depth investigation. The most com-
on analytical techniques used to characterize the enamel–steel

nterface mainly from the chemical/mineralogical point of view
nclude scanning electron microscopy, transmission electron
icroscopy, X-ray photoelectron microscopy, X-ray diffraction

nd dilatometric method.6,7

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

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

. Experimental  procedure
.1.  Materials  and  sample  preparation

The substrates used for enamel coating were cold rolled
ectangular plates of very low carbon steel whose chemical

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.03.008
mailto:a.zucchelli@unibo.it
dx.doi.org/10.1016/j.jeurceramsoc.2012.03.008
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Table 1
Chemical composition of enamel frit.

Oxide SiO2 B2O3 Na2O TiO2 BaO Al2O3 CaO K2O Fe2O3 MnO MgO (Co3O4 + NiO + CuO) Total

I 4.37 
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CP wt.% 62.41 10.06 7.65 4.51 2.57 2.2 

omposition in wt.% is as follows: C = 0.004, Si = 0.008,
 = 0.015, Mn = 0.22, P = 0.008, Al = 0.037, Ni = 0.036,
r = 0.021, Cu = 0.032, and Fe rest. The dimensions of the sheet
f steel were 30 mm × 30 mm ×  0.8 mm. The first treatment
f the metal sheet consisted of the elimination of grease
nd impurities by immersing the specimens in a chemical
egreasing bath at 70 ◦C for 10 min. The degreasing agent was a
olution of 5% (w/v) of a commercial product made of sodium
ydroxide, benzenesulfonic acid and mono-C10-14 alkyl
erivates produced by MAZZON. After this pre-treatment,
he metal sheet was pickled in a sulfuric acid solution at 5%
t 65 ◦C for 5 min. This removes rust and scale and increases
he surface roughness that helps the subsequent treatment. To
ncrease the oxidation of iron, the sheet metal was immersed in

 bath of 1.2% (w/v) of sulfate of nickel at 68 ◦C. This enabled
he deposition of a thin layer of nickel on the surface of the
etal sheet. The addition of nickel mitigates the problems of
sh-scaling and promotes adhesion between the enamel and

he steel surface.8–10 Smaltiflex S.p.A. provided the enamel
tudied in this work. The enamel slip was produced by milling a
roper frit, whose chemical composition is reported in Table 1,
ith the addition in the milling chamber of 12 wt.% of SiO2,

 wt.% of a commercial caolinitic clay (provided by Colorobbia
.p.A.), 0.6 wt.% of NaNO2, 0.6 wt.% of NaAlO2 and 0.6 wt.%
f H3BO3.

The frit was ball milled down to D90 = 45 �m and mixed
ith additives, clay, salts, quartz and water to form a batch of

namel slip. The enamel slip was applied to the sheet steel by a
and-spraying system. The specific gravity of enameling slip is
.70 g/cm3. The enameled samples were then dried in an oven
t 120 ◦C.

The heating process, which promotes the bond creation
etween steel and enamel, was performed in an industrial fur-
ace. The firing time was 6 min at 860 ◦C; the sample was then
ooled in air. The thickness of the enamel was about 200 �m per
ide. This final product is named “industrial sample”.

. Sample  characterization

.1.  Enamel  and  steel  characterization

The glass transformation temperature of enamel, Tg, was
etermined with a Netzsch, STA 409 differential thermal ana-
yzer (DTA) on samples milled to an average particle size of
ess than 25 �m. The DTA measurements were carried out on
bout 30 mg of sample in a Pt crucible. Data for each run were
utomatically 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
sing powdered enamel (<25 �m) (Model Misura, Expert Sys-
em Solutions, Modena, Italy) and an optical dilatometer (Model

h
i
s

3.01 1.21 0.92 0.14 0.95 100

isura, Expert System Solutions, Modena, Italy). For the hot-
tage microscope, the enamel powders were compacted to little
ylinders (1 mm diameter and 3 mm of height) by uniaxial press-
ng. The measurements were performed with 20 ◦C/min heating
ate from 20 ◦C to 1400 ◦C. Hot stage microscopy is a fast and
imple procedure that makes it possible to approximately mea-
ure some points of the viscosity temperature curve for vitreous
aterials. The different stages of the process are recorded pho-

ographically or by means of a video camera. A typical series
f photographs shows the evolution of the glass compact during
eating. In these investigations, the shape change of the silhou-
tte of the sample is the indicator used for assessing the physical
hanges occurring in the material (from sintering to melting).
ne of the main advantages of the heating microscope is that

he specimen is at no time in contact with an external measuring
lement (e.g. a contact rod such as in dilatometers). Thus, no
xternal load is applied which could alter the softening process.

In this work the viscosity–temperature curve for the
tudied enamel was measured by using the De Pablos
ethod,11 choosing four characteristic points: the transforma-

ion point (log η = 13) (from DTA measurement), first sintering
log η  = 10), softening point (log η  = 6), half-ball (log η  = 4.2)
nd flow (log η  = 3.0) from hot stage microscopy. The coeffi-
ient of thermal linear expansion of the enamel was measured
n a bar of 15 mm × 15 mm × 5 mm, in the 50–400 ◦C temper-
ture range with a heating rate of 10 ◦C/min. In order to obtain
he bar, the frit was melted at 1400 ◦C and the melt was poured
nto a graphite mold and cooled to room temperature. The bar
as then cut in order to fit the dilatometer sample holder.
Microhardness measurements were performed on enamel

nd steel with a Matsuzawa DMH-2 automatic hardness tester
quipped with a Vickers indenter. A total time of 15 s was used
or each indentation. Each value of hardness is the average of
wenty measurements with the respective standard deviation.

Measurements of surface steel roughness were performed by
sing DIAVITE DH-5 equipment. In order to study the thermal
ransformation of enamel on the steel, “in situ”  environmen-
al scanning electron microscopy (ESEM) with hot stage was
sed. An FEI Quanta 200 ESEM equipped with a thermal tung-
ten gun, a gaseous secondary electron detector (GSED), and

 1500 ◦C hot stage was used for in situ electron imaging. An
S-type thermocouple was used to monitor the temperature,

nd calibration was performed using the melting point of gold
1064 ◦C). The instrument was operating at 20 kV acceleration
otential and with a working distance of about 10 mm. The sam-
les were heated at a rate of about 20 ◦C/min. SE images were
ollected at several temperatures. The heating gradient and tem-
erature interval were selected on the basis of an industrial cycle:

eating rate 50 ◦C/min up to 900 ◦C. All controlled ESEM exper-
ments were repeated twice and gave reproducible results. The
ample preparation consisted of cutting a small piece of steel in a
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ing, fiber elongation, high temperature rotational viscosimeter,
etc.. .  .14–16).
A. Zucchelli et al. / Journal of the Euro

quare form (3/4 mm per side); the enamel powder was then dis-
ersed in acetone, to create slurry. This dispersion was applied
ver the steel by using a laboratory air-spray. It is worth noting
hat the thickness of the enamel is thinner than the industrial
ne, since it is more or less 150 �m. This sample was named
laboratory sample”.

Finally the crystalline phases formed on the enamel were
onitored by an XRD diffractometer with Cu-K� radiation and

onventional θ–2θ  geometry (PANAlytical, X’Pert PRO, Cu-K�

adiation equipped with an X’Celerator detector).

.2. Enamel–steel  interface  characterization

To study the enamel–steel interface, a conventional high res-
lution scanning electron microscope (SEM) with an energy
ispersion spectroscope (EDS), SEM + EDS, (Philips XL
0/604 + INCA instruments) was used. A transversal cross-
ection of an industrial specimen was incorporated into a resin.
fter the solidification, the sample was polished on the surface
ith silicon carbide and alumina gel papers. Finally the spec-

men was mounted on aluminum stub and gold-coated (10 nm
hick).

The nanohardness as well as the Young modulus of the
nterface was determined on the polished cross-sections by
epth sensing Berkovic nanoindentation (Nanoindenter, CSM
nstruments, Peseux, Switzerland), using a constant size normal
enetration of 200 nm. The tested sample was incorporated into
esin for the measurements. This resin was thermosetting and
reated a sustainable system after its solidification in order to
lace the system on the sample port. The resin is very important
n order to block the sample and prevent its movement during
easurement. For the test, an indentation matrix (7 rows ×  5

olumns) on the steel–enamel interface was used. A semi quan-
itative chemical analysis by EDS was then performed on each
ingle indentation in order to correlate the mechanical properties
ith the interface chemical compositions.

. Result  and  discussion

.1.  Enamel  and  steel  characterization

Fig. 1 shows the DTA thermogram of enamel: while a well-
efined endothermal effect corresponding to a Tg temperature
f about 480 ◦C was observed, no crystallization peak can be
oted.

The linear thermal expansion coefficient of vitreous enamel
s 12.4 ×  10−6/◦C, and for steel, as reported in the literature,12

t is 13.0 × 10−6/◦C. This small difference between the thermal
xpansion coefficients makes it possible to obtain the coating
nder compression while the steel is under tension (see Fig. 18
n12 from which, for this specific case, it is possible to esti-

ate a maximum residual stress acting on the coating of about

20 MPa). The introduction of surface compression is a well-

stablished technique for strengthening of enamel because the
resence of a layer of surface compression mitigates failure from
oating cracks.12,13

F
d

Fig. 1. DTA curve of the studied enamel.

From the hot stage microscopy experiments it was possi-
le to observe that the sintering temperature of the enamel
ccurs at about 660 ◦C, the softening occurs at about 760 ◦C
hile the sphere is reached at about 790 ◦C. Finally, the hot

tage microscopy experiments showed that the half-sphere of
he enamel occurs at about 830 ◦C and the melting temperature
s about 840 ◦C.

Fig. 2 shows a qualitative viscosity–temperature curve
btained by hot stage microscopy for the enamel samples.
ince only a small temperature range was considered, the
iscosity–temperature behavior is linear. It is important to under-
ine that the atmosphere of the kiln of the hot stage microscope
nfluences the surface tension and the wet angle, while the possi-
le emission of gases from the enamel mainly affects the points
ased on the observation of definite geometrical forms such as
he half ball and melting points.

In any case, this technique makes it possible to obtain a qual-
tative viscosity–temperature curve for the enamel in an easier
ay than the other more “sophisticated” techniques (beam bend-
ig. 2. Qualitative viscosity–temperature curve and the related ESEM taken
uring the heating of the enamel–steel system.
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dG◦(J/molFeorC) =  dH◦ −  TdS◦ dG◦(J/molFeorC)

= −28,  137 −  21.8 T
Fig. 3. ESEM “in situ” image of studied e

Surface microhardness of the enamel and of the steel are,
espectively, 710 ±  20 and 129 ±  20 Vickers. Surface rough-
ess of the enamel is: Ra = 0.39 ±  0.04 �m, Rz = 2.15 ±  0.26 �m,
nd Rmax = 2.8 ±  0.8 �m; while the surface roughness of
he steel is: Ra = 1.07 ±  0.19 �m, Rz = 5.73 ±0.43 �m, and
max = 7.32 ±  0.84 �m. The measured steel roughness fits the

ange9 that is known to be able to support the enamel–steel adhe-
ion. On the other hand, the very low roughness of the enamel
oating is suitable for technical applications where cleanability
s mandatory. The measured microhardness can be considered
s the real hardness of the enamel coating. From the functional
oint of view, it is relevant to note the fact that the enamel coat-
ng is 5.5 times harder than the steel base material. In fact the
urface microhardness of the enamel coating plays a strategic
ole in technical applications where a tribological resistance is
eeded.

The “in situ” ESEM observation of the laboratory sample,
uring the enameling, provides an important tool to study the
ull melting process and this equipment makes it possible to
ecord a “movie” of all the observations as well of the mea-
urements. Fig. 3 shows in detail the morphological evolution
f the enamel powder during melting, starting from room tem-
erature up to 900 ◦C. Fig. 3a shows a classical crushed-glass
owder; increasing the temperature above the Tg temperature
he viscous flow resulting from the driving force of the surface
ension causes grain rounding and neck growth (Fig. 3b–d). At
bout 700 ◦C (Fig. 4e) the enamel starts to melt even if quartz
articles are clearly visible, but it becomes homogeneous and
otally melted at about 900 ◦C. An isotherm at 900 ◦C for 10 min
roduces strong crystallization observed by XRD of Fe2O3 and
e O , (Reference codes: 01-079-0007 and 00-002-1035) while
3 4

he quartz is already present in the enamel as raw material
data not reported). As already reported by Barcova et al.17

hese crystalline phases are formed during heating because an
l during heating at different temperatures.

ntensive thermal effect induces an oxidation process on the
namel surface, which takes place according to the follow-
ng pathway: �-Fe →  Fe3O4 →  �-Fe2O3. The oxygen supply
s very important during the thermal process because we obtain
ifferent chemical reactions at different temperatures. Water can
e a good supply of oxygen to obtain the oxidation of the iron.6

iO(precoat) +  Fe(steel) →  FeO(oxidelayer)

+  Ni(oxidelayer)
Fig. 4. SEM micrograph of cross sectioned enamel/steel interface.
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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%)

Na2O SiO2 Fe2O3 Others
Fig. 5. X-ray m

e(steel) +  H2O(steam) →  H2(gas) +  FeO(oxidelayer)

G◦(J/molFeorC) =  dH◦ −  TdS◦ dG◦(J/molFeorC)

= −16,  245 +  8.6 T

Fe(steel) +  3H2O(steam) →  Fe2O3(oxidelayer) +  3H2(gas)

G◦(J/molFeorC) =  dH◦ −  TdS◦ dG◦(J/molFeorC)

= −35,  861 +  41.6 T

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

.2. Steel–enamel  interface  characterization  (industrial
ample)

A typical micrograph of the enamel–steel interface using back
cattered electrons for imaging is shown in Fig. 4. This figure
hows small islands in the interfacial region, Zone 1. It can be

oted that the islands form the so-called anchor points; thus the
oughness of steel in the interface is increased.18

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

Z
Z
Z

g of interface.

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

Analysing the same zone by using X-ray mapping, Fig. 5
hows a distribution of Si, O, Na, Fe and Ni elements in the
nterface. While anchor points are mainly composed of Fe and
i (observed by EDS but the spectrum is not reported), enamel

an be found around these “small islands”, as confirmed by the
resence of Si, O and Na. Observing the Ni-map, it was found
hat the interface is mainly composed of Ni and Fe even if very
mall Ni-richer areas are clearly evident in the enamel phase.

The equipment used to detect the amount of element on the
tudied samples is an energy dispersive spectroscope (INCA
nstruments). The microanalysis software has a built-in routine
o transform the element % concentration in weight oxide %.
s reported in27 the X-ray intensity generated for each ele-
ent in the sample is proportional to the concentration of that

lement. The quantitative analysis used in this work is a “stan-
ardless analysis”. Standardless analysis is the simplest of the
orrection procedure. The spectrum of the unknown is recorded
ithout concern for the electron dose as long as the dead time
one 1 6.9 38.6 45.4 9.1
one 2 7.8 57.5 22.4 12.3
one 3 9.0 71.0 1.8 18.2
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pproach is that we can calculate the intensity measured from
tandards with accuracy equal to that measuring them directly,
ased on certain properties of the single spectrum obtained from
n unknown. The most general approach makes use of four equa-
ions to predict the X-ray intensity that would be obtained from

 pure-element standard.27

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

As reported by Dumm and Brown,19 iron concentration was
easured mainly as Fe2+, since Fe3+ is not stable at 850 ◦C in

he presence of iron.
At the interface we had the presence of FeO and islands rich in

eNi at the intergrowth phase. The equilibrium at the interface,
n the pretreatment, is shown by this reaction:6

iOprecoat +  Festeel →  FeOoxidelayer +  Ni oxidelayer

G◦(J/molFeorC) =  dH◦ − TdS◦ dG◦(J/molFeorC)

= −28,  137 −  21.8 T

As reported by Sorensen et al.,20 the Fe2+ ions behave as
etwork modifiers, while the Fe3+ ions preferably behave as
etwork formers; this means that the viscosity of enamel in the
nterface should have a lower viscosity with respect to industrial
namel during firing, especially at higher temperatures, increas-
ng the diffusion of iron from the steel. For the same reason, the
oefficient of linear expansion of enamel in the interface having
igher amounts of network modifier will present a CTE value
ower than the steel one (13.0 ×  10−6/◦C). This fact can con-
ribute to increase the compressive stress in the enamel layer at
he interface region.

At the same time, it is important to underline that, as reported
y Romero and Rincon,21 thanks to TEM observation of glasses
ith similar composition, iron oxide in the glass seems to pro-
ote a liquid–liquid phase separation in the original enamel
here drops richer in iron are dispersed in the silica-vitreous
hase. The industrial sample was also subjected to a fracto-
raphic analysis after an impact test as described in.12 From
he SEM observation of the fractured surface, a morphology
lose to a known liquid–liquid phase separation was observed.22

he liquid formed during melting of a glass batch can, in
ome cases, spontaneously separate into very viscous liquids
r phases. Cooling the melts to a temperature below the glass
ransformation leads to a phase separation as a result of a
iquid–liquid immiscibility. Understanding of immiscibility is
ased on thermodynamics of regular solutions. The separation
rocess can yield glass with either droplet/matrix or intercon-
ected microstructures.26 In particular, in glasses containing
igh amounts of iron, the EDS analysis indicates the presence

f two phases rich in iron oxide (mainly crystalline) and silicon
xide (mainly vitreous), respectively.

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

a
i
a
(

ig. 6. SEM indentation matrix zone on enamel–steel interface at 1500× of
agnification.

Since the steel–enamel interface presents a very complex
hemical composition due to the diffusion of Fe ions, the
icrohardness of this zone will show different mechanical prop-

rties with respect to the other enamel and the steel constituents.
s reported above, the thickness of the interface is in the range
f 35–40 �m and it is quite difficult to measure its mechanical
roperties by Vickers microhardness because the indentation
rea is usually larger than 20 �m. For these reasons, a nanoin-
entation technique is used to map cross-section hardness from
he enamel–steel junction to the outer enamel surface. Fig. 6
hows a cross-section of the industrial sample tested by using

 nano-indententer; in particular, the indentation matrix area is
ormed by 9 columns in x  direction and 7 rows in y direction.

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

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

o the measurement positions through the specimen thickness.
The increase of hardness from the steel to enamel is due

o the fact that the interface-enamel has a higher amount of
e2+ than the surface-enamel and, as already reported, it acts
s a network modifier; this means that some properties, such
s hardness, chemical, thermal and so on, decrease with the

23–25
ncrease of iron content in the glass. As reported by Romero
nd Rincon,21 glasses containing higher amounts of iron oxide
15–25 wt.%) give Vickers hardness values in the 571–685 HV
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ig. 7. Vickers map by interpolation of nanoindentations values: enamel – red
olor in this figure legend, the reader is referred to the web version of the article

ange in agreement with the values of Vickers hardness obtained

or the enamel-interface. On the contrary, the Young modulus,
ee Fig. 8D, showed a decreasing trend from the steel to the
namel layer. Such behavior can be explained by the fact that

f
g
m

ig. 8. (A) detail of the indented area; (B) iron (Fe) and silicon (Si) percentage con
odulus trends versus position in the interface area.
l – blue; yellow/light blue – interface. (For interpretation of the references to

he Young modulus of silicate glasses is usually 70 GPa while

or the low-carbon steel it is close to 150 GPa; increasing the
lassy phase content in the interface thus decreases the Young
odulus.

centration versus position in the interface area; (C) hardness and (D) Young
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Fig. 9. (A) HV and (B) Young modulus trends w

In Fig. 9A HV versus iron and silicon percentage concen-
rations are reported and the data show that microhardness
ncreased from the steel to the enamel. Fig. 9A clearly shows

 significant gradient in the interface nanoindentation hardness
oing from the outer to the interior enamel (part in contact with
he steel). The outer enamel exhibits the highest hardness and
as consistent with the fact that the enamel contains higher

mounts of silicon, which is a former network ion. The hardness
n the interior enamel decreased significantly, and this reduc-
ion is due to the fact that the enamel contains high amounts of
ron ion which is, as reported above, a network modifier ion.
ig. 9B shows the Young modulus versus the iron and the sili-
on percentage content. On the contrary, with respect to what is
bserved in the case of the material hardness, the Young mod-
lus decreases as the silicon percentage content increases and
s the iron percentage content decreases. As it was observed
y Sorensen et al.,20 the concentration of iron has a significant
nfluence on the crystallization behavior of the glass, and due
o the fact that the enameling is a high temperature process in
n oxidizing environment, the iron, that diffuses from the steel
late, could promote the formation of stable crystalline phases20

nto the enamel coating so locally enhancing the mechanical per-
ormances and in particular the Young modulus as highlighted
y the experimental results.

From a general point of view, it can be observed that the inter-
ace between the steel and the enamel is formed by a graded

nterface material, where due to a gradual variation of the ele-
ents from the steel to the enamel it is possible to obtain a

radual variation in the main material properties such as hard-
ess and elasticity.

r
Y
c
p

spect to the iron and silicon percentage content.

.  Conclusions

The study reported in the present paper aims to increase
he understanding of the characteristics and properties of the
namel–steel interface. Due to the fact that the enamel–steel
nterface is one of the most strategic and at the same time crit-
cal aspects that influence the quality and the behavior of the
namel coating, its understanding is crucial. With respect to pre-
ious papers reporting studies on the enamel–steel interface, in
his study the authors used recent techniques, such as nanoin-
entation, and some consolidated techniques, such as hot stage
SEM analysis, in a nonconventional way in order to investi-
ate the chemistry and the mechanical properties of the interface.
he present study provided confirmation of the complex diffu-
ion processes of material constituents that take place during
namel–steel system maturing at high temperature; it was dis-
overed that such a diffusion process enabled the formation of
ome phase separations that can act as a nuclear agent for the
rystallization of iron rich phases. These iron rich phases influ-
nce the adherence of the enamel as well as the hardness and
he elasticity of the interface. By means of the nanoindentation
echniques, the interface hardness and the Young modulus were
nalyzed and a trend of increasing hardness from the steel side
o the enamel one was observed. On the contrary, the elastic-
ty of the interface decreased from the steel side to the enamel
ne. Such behavior is very well supported by the diagrams that
elate the iron and the silicon values to the hardness and the

oung modulus. These diagrams confirm the influence of the
hemical composition on the enamel–steel interface mechanical
roperties.
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