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A B S T R A C T

The cordierite is one of the most important phases within the MgO-Al2O3-SiO2 (MAS) system. In this study, the
crystallization and microstructure of cordierite was analyzed. Four samples were prepared, which were sub-
jected to a thermal treatment at a temperature of 1200 °C with a permanence time of 2 h. The temperature of the
thermal treatment was selected depending on the critical working temperature, specific applications such as
coatings of glass ceramic materials, according to the literature review. Characterization was performed by
thermal analysis, X-ray diffraction, scanning electron microscopy, microhardness tests and nano-indentation to
observe the effect of NiO (0–3%wt) addition, on the formation and crystallization of α and β cordierite phases.
The X-ray diffraction results showed that the formation of α-cordierite was promoted by crystallization of several
metastable phases with the addition of NiO. Meanwhile a decrease of the β-cordierite phase was observed, to
give rise to formation of α-cordierite as %wt. NiO increases. The average crystal size of the crystalline phases was
larger in the sample without NiO addition, and the sizes of the crystals, especially α-cordierite decrease with
higher concentrations of NiO, and the crystals within the domains become smaller, which results in a micro-
structure and better mechanical properties (hardness= 8–11 GPa and Effective elastic modulus= 11–14 GPa),
than those reported in the lit erature (hardness= 7–8 GPa and Effective elastic modulus= 10–13 GPa).

Introduction

Glass-ceramics (GC) are classified between inorganic and ceramic
glasses; A glass ceramic can be completely crystalline, it can contain a
considerable percentage of glass or a considerable residual amount.
They are usually composed of one or more vitreous and crystalline
phases. Basically, the glass ceramic is produced from the base a vitreous
material, followed by a controlled crystallization. The new crystals
produced in this way, grow directly in the vitreous phase and, there-
fore, slowly change the composition of the remaining glass [1–5]. The
vitrocerámicos that present as cordierite main phase (Mg2Al4Si5O18),
are distinguished by having a great commercial importance. The first
glass-ceramics of this type were developed in Corning Glass Works
[4,6]. According to the bibliography with the passage of time, other
glass-ceramics of this type were developed. Cordierite glass-ceramics

are distinguished by their special properties, such as high mechanical
strength, good thermal stability and resistance to thermal shock [7].

Cordierite is the main compound of the SiO2-MgO-Al2O3 system, in
which there is an area corresponding to the ternary compound, which
can be identified with the letter A in Fig. 1, in this zone the cordierite
presents a complex polymorphism [6–8]. The cordierite stability zone
has a range of temperatures ranging from 1365 °C to 1465 °C, according
to the database that Fact Sage® contains, and the bibliography con-
sulted. It has been observed that cordierite has three forms of poly-
morphism: α, β and μ-cordierite [9–12]. The hexagonal cordierite or α-
cordierite is stable between 1450 °C and 1460 °C, and this polymorph is
also called α-cordierite, cordierite of high temperature or indialite. The
orthorhombic or β-cordierite is stable below 1450 °C, also called cor-
dierite of low temperature. The metastable form or μ-cordierite is a
phase difficult to obtain and requires many hours for its crystallization
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between 800 °C and 900 °C [13,14]. The hexagonal and orthorhombic
structures are characterized by their six-member rings of tetrahedral
coordinate cations perpendicular to the c-axis. The alternative layers of
the structure of the hexagonal rings are connected through Mg octa-
hedra and Al tetrahedra. The silicon occupies mostly tetrahedra and
aluminum tetrahedra. The differences between the high and low tem-
perature cordierites are found in a greater or lesser degree of disorder
between the aluminum and silicon atoms [15,16].

Cordierite and cordierite-based glass-ceramics have been ex-
tensively studied in various applications, mainly in those requiring high
thermal shock resistance, including ceramic matrix composites (CMCs)
[17,18] and substrates for high speed computers [19,20]. The principal
properties used for these applications are bulk density (2.53 g/cm−3),
high melting point (∼1470 °C), low thermal expansion coefficient
(CTE), low dielectric constant and high chemical durability [21–24].
The CTE depends on the cordierite content in the ceramic; typical va-
lues are 1.5×10−6–4.0×10−6C−1 in the 25–700 °C temperature
range [25]. Transition metals (TM) are often used in the manufacture of
glass ceramic because they can dramatically affect the nucleation
speed, and can also act as nucleating agents, or can give specific
properties to the GC, acting as agents “assets”. More than one transition
metal can be used at the same time, to promote simultaneous and re-
lated phenomena, such as mass nucleation, decreased crystallization
and increased kinetics of nucleation; they can accelerate phase se-
paration or they can reduce the energy barrier of nucleation [26–29].
One of the most common problems encountered in GCs when using
nucleation agents such as TiO2 and ZrO2 is that a very high %wt is
required to achieve adequate nucleation of the glass. It is important to
mention that these agents not only function as nucleants for the for-
mation of the main crystalline phase phases, but they can also pre-
cipitate crystal forms in the final material [30].

More than one study has been carried out to understand what
happens with the incorporation of molybdate and how it improves the
solubility of molybdate in silicate glasses [31,32]. As a consequence, it

has been observed that MoO4
2− ions are mainly associated with net-

work modifying cations and, thus, are located in alkalies and alkaline
earth enriched domains in the glass network [32,33]. The study of the
adaptation of glass composition to improve the solubility of molybdate
in borosilicate glass was carried out by many researchers; however, the
solubility remains low [34–36].

The Ni2 + ion is one of the most interesting nucleants for the for-
mation of crystalline phases in theMgO-Al2O3-SiO2-NiO system, be-
cause it has important technological implications, such as applications
in electrical engineering, elaboration of special refractories and carriers
of catalysts. Previously studies have been reported on the crystallization
of magnesium aluminosilicate glasses doped with NiO as well as Mg-
cordierite glasses. Golubkov et al. [37,38] investigated the effect of the
addition of NiO on the phase separation and crystallization of the
magnesium aluminosilicate glasses with equimolar contents of MgO
and Al2O3 nucleated by TiO2 and doped by 0.5–5 mol% NiO. The result
of this study was focused on observing the reduction in the crystal-
lization of the magnesium aluminosilicate phase with an increase in the
NiO content leading to its complete suppression in the presence of 5%
in moles of NiO. Alekseeva et al. [39] studied phase transformations in
magnesium aluminosilicate glasses doped with NiO nucleated by ZrO2,
observing the change in material absorption spectra due to the entry of
Ni2 + ions into the crystalline phases of aluminosilicate. Boberski and
Giess [40] studied the isothermal crystallization behavior of the stoi-
chiometric powdered cordierite glasses containing NiO and found the
existence of a complete crystalline solid solution between magnesium
cordierite (Mg2Al4Si5O18) and nickel cordierite (Ni2Al4Si5O18). With
this they concluded that the cordierite formation containing nickel is
independent of the nickel content in the glass. Despite these very in-
teresting studies aimed specifically at examining the influence of NiO
on the relationship between phase separation, nucleation and crystal-
lization in the MgO-Al2O3-SiO2-MoO3 glasses, in general, and cordierite
glasses, a literature survey reveals that no studies have been made so far
dealing with the effect of NiO on the thermal stability and non-

Fig. 1. Phase diagram of MAS equilibrium system showing the phase domain formation of cordierite, Fact Sage®.
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isothermal crystallization kinetics of the cordierite glasses nucleated
with MoO3. Therefore, more comprehensive data is required before a
clearer understanding of the crystallization processes can emerge. In
this regard, the aim of the present study is to contribute in the
knowledge of the influence of NiO based compound with potential for
high temperature coating applications. Particularly, it is important to
highlight the thermal stability and crystallization of the near stoichio-
metric cordierite glasses nucleated by means of MoO3. Four samples
with specifically NiO variations from 0 to 3%wt, were analyzed by
differential thermal analysis (DTA), scanning electron microscopy
(SEM), nano-indentation, Vickers Hardness and X-Ray diffraction (XRD)
with this purpose.

Material and methods

As the parent glass, a chemical composition was selected close to the
stoichiometric chemical composition of the cordierite in the phase
diagram of the MAS system (circle red: 12MgO–29Al2O3–59SiO2 %wt)
in Fig. 1. Powders of reactive grade of MgO, Al2O3, SiO2, MoO3 and NiO
from Sigma Aldrich were used. A 20%wt of MoO3 was used as a nu-
cleant to melt the main frit, in an oxygen atmosphere, leaving 10.55%
wt of MoO3 in the chemical composition of the main frit (Table 1). Glass
frit in bulk form for sample M7 was melted in Pt crucible at 1600 °C for
2 h, followed by a quench in water at room temperature. The frit was
dried for 2 h at 250 °C and then milled in a mill with planetary move-
ment (Retsch PM 400), using vials and zirconia balls; at 300 rpm for 5 h,
resulting in fine glass powders with mean particle sizes of 1.02–3.45 μm
(determined by the Scanning Electron Microscope; Nova NanoSEM 200
FEI). NiO was used to help the crystallization of the cordierite, so the
compositions of the samples were designed in such a manner as to in-
crease the content of NiO from 1%wt to 3%wt, while keeping constant
the mass ratio of all the other constituent oxides. A sample batch (ap-
proximately 50 gr.) was prepared with the aim to obtain compacted
tablets in cylindrical geometry with a variation of %wt NiO, the
homogenization was carried out in a high-energy planetary mill (Restch
PM 400), Table 1 shows the compositions used for each of the tablets
samples. Tablets of each one of the chemical compositions of Table 1
were made, using 2 tons of pressure with a time of 1min of permanence
in the load, using a circular matrix of 0.5 “diameter and a uniaxial press
MTI with a capacity of 20 tons of maximum pressure.

The gravimetric thermal analysis (TGA) and the differential scan-
ning calorimetry (DSC) were carried out using an instrument model
Castle Q600, which determined the sequence of thermal decomposition
in air, in a temperature range from 100 °C to 1400 °C, using a heating
rate of 10 °C/min, with 100 cm3/min of air flow. From these analyses,
weight loss, Tg (vitreous transition temperature) and crystallization
temperatures were obtained. The crystalline phases were identified by
X-Ray diffraction analysis (XRD, Panalytical EmpyreamTM) with Copper
Kalpha radiation (λ=1.5406 nm) produced at 45 kV and 40mA scanned
the range of diffraction angles (2θ) between 10° and 80° with a 2θ-step
of 0.016◦s−1. The phases were identified by comparing the experi-
mental X-Ray patterns to standards complied by the International
Centre for Diffraction Data (ICDD), using High Score Software®.

With the aim to identify microstructural features, the samples sur-
face was polished through a series of SiC abrasive paper down to 4000
mesh and subsequently polished with diamond pastes of 1000 and

250 nm on a hard cloth. The final polishing was carried out with 50 nm
diamond powder slurry. Microstructure observations of glass–ceramics
were made by field emission scanning electron microscopy (FEI Nova
NanoSEM 200, Japan; 25 kV acceleration voltages, beam current 10 μA)
under secondary electron mode. Energy dispersive analysis (EDXS) was
employed to identify the phases in vitreous phase separation in glasses.

The mechanical properties of Effective elastic modulus, Eeff, and
hardness, H, of the samples were characterized by nanoindentation
technique. The nanoindentation tests were carried out in a TI 950
Triboindenter Hysitron system. A diamond tip with Berkovich geometry
was used. Single load indentation cycles in “load control” mode was
undertaken. Nanoindentation tests were performed using cycles with
steps of 10 s of loading, 3 s of holding at the maximal load of 3000 μN,
and 10 s of unloading, with both, load and unload rate kept constant,
leading to a total experiment time of 23 s. The obtained load-penetra-
tion depth (P-h) curves were analyzed to determine Effective elastic
modulus and hardness of the characteristic phases with the Oliver-Pharr
method [41].

In order to calibrate the system, nanoindentation tests were carried
out on a fused silica sample (RMS roughness Rq=1.93 nm) with a
Berkovick diamond indenter in a TI 950 Triboindenter Hysitron system
(Minneapolis, USA). This enabled machine compliance to be de-
termined following the Oliver and Pharr method [41] before glass–-
ceramic materials tests. Accordingly, the machine frame, Cm, and tip-
sample contact, Cs, is modeled as springs in series. Thus, the total
measured compliance, Ct, is given by:

= +C C Ct s m (1)

Since Ct is the inverse of the overall stiffness measurement, St, and Cs is
the inverse of the spring contact stiffness, Ss, therefore, the total com-
pliance measured based on the relation of the Effective elastic modulus,
Eeff, and contact area, Ac, can be approximated as:

= +C π
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where, Eeff, is defined by the Effective elastic modulus, E, and Poisson’s
ratio, υ, of the sample, as well as by the elastic constants Ei and υi, of the
indenter, through the followed relation:
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using Sneddon’s solution [42] of the relation between the stiffness, Ss,
and Eeff, the contact area, Ac, is determined as followed:

=A π S
φE4 ( )c

s

eff

2

2 (4)

In studies where a Berkovich indenter was calibrated in this way, a
value for φ of 1.034 is often used as it gives satisfactory results [41];
thus, we used this choice. Finally, the intersection of the plot of Ct

against Ac
−1/2 provides the value of Cm.

In these tests the applied load, P, was measured as a function of
penetration depth, h, defined as the total penetration depth of the tip
indenter into the sample surface, enabling deduction of the stiffness:

=S dP dh/s (5)

this was obtained after the machine compliance was accounted for
through the next power-law relation:

= −P λ h h( )f
m (6)

where, hf is the residual penetration depth, while λ and m are constants
in the fitting process for the unloading P-h curve [41].

In addition, the true geometry of the indenter was determined using
the contact area function Ac(hc) [41,43], where the experimental area
function was obtained from a campaign of indents at variable loads. For
each indent, the contact area, Ac, as a function of the contact depth, hc,

Table 1
Chemical composition of samples in %wt.

Sample SiO2 (%wt) Al2O3 (%wt) MgO (%wt) MoO3 (%wt) NiO (%wt)

M7 52.1 26.35 11 10.55 –
M7-1A 51.579 26.0865 10.89 10.4445 1
M7-1B 50.537 25.823 10.78 10.339 2
M7-1C 50.537 25.5595 10.67 10.2335 3
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was measured. The resulting contact area function has the form:

≈ + + + + +A h C h C h C h C h C h C h( )c c c c c c c c0
2

1 2
1/2

3
1/4

4
1/8

5
1/16 (7)

The variation of the contact depth, hc, was computed as a function
of the penetration depth, h, as follows [41]:

= −h h ξ P
Sc

s (8)

where, ξ is a correction factor that depends on the indenter geometry,
with a value of 0.72 for a Berkovich one [41]. To determine re-
presentative values, series of 10 indentations were performed for each
sample. Moreover, Vickers hardness, HV, was obtained in all samples.
The microindentations tests were carried out using Matzuzawa MMT X-
7 Microdurometer and CLEMEX software. A diamond tip with typical
four side pyramidal geometry was used, where a load of about 0.5 N
was applied. Similarly, to nanoindentation test, to determine re-
presentative values of each sample, series of 10 indentations were
performed randomly in all samples.

Results

Thermal analysis

A thermal analysis was carried out to examine the development of
phases grown in the prepared samples, looking for the NiO addition
effect on cordierite formation, for a temperature range from 25 °C to
1400 °C, with a specifically attention to the results at 1200 °C. Fig. 2 (a)
corresponds to the TGA analysis, where the curves for M7, M7-1A, M7-
1B and M7-1C samples are shown in this Figure, with black, red, blue
and green color, respectively. A gradual weight loss of 1%wt to 2%wt
is observed for the 4 samples, in the range of 25 °C–550 °C, which can
be attributed to the evaporation of humidity; in the 550 °C–1060 °C, the
weight is maintained, and later the most notable weight losses are at-
tributed to the evaporation of the MoO3. The M7 sample maintains its
stable weight up to 930 °C, subsequently loses less than 1%wt at a
temperature of approximately 1060 °C, and finally in the range of
1060 °C–1400 °C loses 9%wt. The samples M7-1A and M7-1B show a
very similar behavior between them, maintaining their stable weight in
a range of 550 °C–1120 °C, and finally in the range of 1120 °C–1400 °C
they lose 6%wt. Sample M7-1C conserves its stable weight in the range
of 550 °C–1100 °C, from 1100 °C to 1400 °C losing 11.25%wt. The
thermograms showed a slight weight loss (1 %wt to 2%wt) in all the
samples, in a temperature range of 25 °C–550 °C, which can be attrib-
uted to the evaporation of humidity. In the other hand, from 550 °C to

1060 °C, the weight was conserved; after 1060 °C the most notable
weight losses were found, and such behavior can be attributed to the
MoO3 evaporation, in the case of sample M7-1C, a greater weight loss is
shown, this may be due to the fact that the% NiO is higher in this
sample, with respect to the others, so it is possible that a greater amount
of the sample crystallizes, in this way the glass remaining free in the
matrix can evaporate together with the MoO3.

The DSC curves corresponding to the M7, M7-1A, M7-1B and M7-1C
samples are shown in Fig. 2 (b), with black, red, blue and green color,
respectively. Clearly, an endothermic peak can be observed around
200 °C for all cases and is related to dehydration effect. Characteristic
peaks corresponding to temperature Tg between 700 °C and 800 °C, are
observed for the four samples; notably, such values of Tg do not de-
crease with increasing NiO contents. In fact, such characteristic Tg is
easier to identify for the M7-1A, M7-1B and M7-1C samples, showing a
similarly behavior. However, significant differences can be observed for
the exothermic peaks for the M7 sample compared to the other samples.
The M7 sample shows an exothermic peak at a temperature of 935 °C,
while the samples M7-1A, M7-1B and M7-1C present an exothermic
peak at a temperature of 967 °C. The exothermic peak corresponding to
the formation of µ-cordierite, appeared in a range from 984 °C to
1018 °C and other obvious exothermic peak appeared at 1310 °C duo to
the appearance of α-cordierite. Later, at 1150 °C small exothermic
peaks of secondary phase appearance can be attributed to some SiO2

formation, such as silicates and aluminosilicates phases. Two weak
exothermic peaks were observed at 1202 °C and 1235 °C, which were
attributed to the crystalline phase change. The second most important
exothermic peak observed in this thermogram is at a temperature of
1116 °C for samples M7-1A, M7-1B and M7-1C; also, a moderate am-
plitude increase take place for the M7-1C DSC behavior from 1000 °C to
1150 °C. In the range of 1150 °C to 1400 °C, an endothermic peak is
observed for samples M7-1A, M7-1B and M7-1C. In sample M7 (black
line), two peaks are defined. In the same way, the endothermic peaks
that appear at 1200 °C correspond to a partial fusion of the samples.
Finally, the peak that appears at 1330 °C in M7-1A, M7-1B and M7-1C
samples cases, corresponds to the beginning of the cordierite fusion.

X-ray diffraction

Fig. 3 shows the X-ray diffraction patterns of the samples analyzed
in the development of this study. In the M7 sample, the presence of
three main phases stands out, corresponding to the α-cordierite (iden-
tified with the black color ICDD 01-089-1485), β-cordierite (identified
in blue, ICDD 04-016-0571) and the mullite (identified in red, ICDD 01-

Fig. 2. a) TGA and b) DSC of samples M7, M7-1A, M7-1B and M7-1C, with black, red, blue and green color, respectively. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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083-1881). In the case of the sample M7-1A the outstanding phases are:
α-cordierite (identified in black, ICDD 01-089-1485), β-cordierite
(identified in blue), ICDD 04-016-0571, and cristobalite (identified with
purple, ICDD 01-082-0512). In sample M7-1B, phases such as α-cor-
dierite (identified with the color black, ICDD 01-089-1485), β-cor-
dierite (identified with blue, ICDD 04-016-0571), cristobalite (identi-
fied with purple, ICDD 01-082-0512) and spinel (identified with pink
color, ICDD 04-002-2623). Finally, in sample M7-1C, where the same
phases of sample M7-1B are observed.

In general, the most noticeable differences in the diffractograms of
the four samples are the appearance of the Mullite only in the M7
sample. The cristobalite can be identified in the M7-1A, M7-1B and M7-
1C samples, and the spinel is only present in sample M7-1B and M7-1C.
In addition to the different phases that were identified in the four
samples, it is worth highlighting the difference of intensities of the
characteristic planes of α-cordierite and β-cordierite phases ((1 0 0) for
the α-cordierite; (0 2 0) and (1 1 0) for the β-cordierite) that can be
observed in sample M7-1B, and is one of the main characteristics that
stand out in the results of XRD.

X-ray diffraction Rietveld analysis

Fig. 4 shows the results of the phase quantification analysis by
means of the Rietveld method, where the most important phases that
were identified are reported. The α-cordierite and β-cordierite are the
main phases, and together they account for more than 84% of the total
phases, and the black line and the red line represent them respectively.
The α-cordierite increases its composition with respect to increasing the
percentage of NiO; the opposite occurs with β-cordierite, which de-
creases with the increase of %wt NiO. Mullite is only present in the M7
sample, with a percentage lower than 5%; the cristobalite is present in
the sample M7-1A, M7-1B and M7-1C, in percentages of 9–12% ap-
proximately. The spinel is formed in the sample M7-1B and M7-1C in
percentages of 0.7–3% approximately. Finally, the quantification of the
vitreous phase, is represented with the olive-green line (the M7 sample

contains approximately 3.5% vitreous phase, samples M7-1A, M7-1B
and M7-1C contain less than 1% of the vitreous phase). Diffractograms
corresponding to sample M7 in Fig. 3, show the main crystalline phases
that are formed at 1200 °C without NiO nucleate. Also, the corre-
sponding XRD results of samples M7-1A, M7-1B and M7-1C, with the
respective NiO percentage from 0 to 3%wt are shown in the same
figure. Mainly, In the XRD results it is possible to observe an increase in
the crystallinity of the phase and how the crystallization of α-cordierite
is particularly promoted. The peak located at 10.68 θ corresponds to the
plane (1 0 0) of the β-cordierite that becomes α-cordierite according to
the results of DTA. The highest crystallinity could be observed in
samples M7-1A and M7-1B, which indicates that, in the sample M7-1A
the formation reaction of α-cordierite has not been carried out

Fig. 3. X-Ray Diffraction at 1200 °C for samples, (a) M7, (b) M7-1A (1%NiO), (c) M7-1B (2%NiO) y (d) M7-1C (3%NiO).

Fig. 4. X-Ray Diffraction Rietveld analysis at 1200 °C for samples M7, M7-1A,
M7-1B y M7-1C.
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completely. Finally, in sample M7-1C, the decrease in crystallinity in-
dicates that the main phases begin to dissolve. In the cordierite reaction
scheme, using simple oxides as described in:

+ + → +Al O MgO Si Mg Al Si O Al Si O5 2 7
M O

2 3 2 4 5 18 6 2 13
0 3

Alumina, Magnesia, and Silica powders were converted to cordierite
and Mullite via MoO3. When following this reaction by XRD, we ob-
served that the first reaction to occur is the conversion of Alumina,
Magnesia and Silica clearly to cordierite, principally. As spinel has the
correct aluminum to magnesium stoichiometry to form cordierite, all

Fig. 5. SEM and EDXS results: a) M7, b) M7-1A, c) M7-1B and d) M7-1C, heat treatment at 1200 °C for 2 h.
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subsequent reactions used the attractive preparative simplification

+ →Mg Al Si O Al Si O Mg Al Si O2 4 5 18 6 2 13
NiO

2 4 5 18

In the four samples analyzed, different intensities were observed in
the characteristic peaks of the present phases. In a particular way, in
sample M7-1B, the highest intensities were observed in the main peaks
of the most important phases, such as the α and β-cordierite.
Particularly in Fig. 3 in M7 sample, the presence of β-cordierite phases
was observed with an intense peak at 10.68 θ and Mullite, mainly. In
the case of the diffractogram of the sample M7-1A (1%wt NiO) the
intensities of the peaks corresponding to the phase α-cordierite and β-
cordierite, decreased its intensity, and this is attributed to the presence
of NiO with a concentration of 1%wt promotes the dissolution of
Mullite to form α and β cordierite. On the other hand, in the dif-
fractogram of sample M7-1B (2%wt NiO), the intensity of the plane
(1 0 0) corresponding to the most representative peak of the α-cor-
dierite phase; stands out unlike the other samples. With this feature, it
can be determined that M7-1B is the sample that has the highest
structural stability. Finally, for the sample M7-1C (3%wt NiO) the in-
tensity of the main peaks corresponding to α and β cordierite varies,
showing the competition in the growth of the structures formed. In
general, a marked preferential growth was observed in the plane (1 0 0)
at 10.45° and (2 1 1) to 29.51°, corresponding to the main crystal-
lization planes of the α-cordierite. Contrary to the behavior of the in-
tensity of the most important peak of the β-cordierite phase which is at
21.88 θ, this trend corresponds to the %wt of the NiO.

In the results of Rietveld, the percent of the α-cordierite phase in-
creases with respect to the percentage of NiO, and the % of the β-cor-
dierite phase decreases with respect to % NiO. The Mullite phase only
appears in the M7 sample denoting the formation of this spinel without
NiO, because the composition of the sample M7 gives the formation of
Mullite at this temperature. It is well-known that this phase transforms
into cordierite at a higher temperature [10]. Such phase formation
performance suggests that the addition of NiO prevents the formation of
Mullite and promote the cordierite formation at low temperature. The
concentrations of cordierite show a steady increase with the crystal-
lization time as the corresponding peak intensities become higher. The
results show 11.13% for cristobalite in the sample M7-1A, 9.03% in the
sample M7-1B and 11.93% in the sample M7-1C, indicating that the
increase in NiO does not have any marked effect. Spinel is only formed
from sample M7-1B where it appears with a percentage of 0.70% and in
sample M7-1C with a percentage of 2.93%, demonstrating that the in-
crease in NiO affects the formation of this phase. Finally, the percent of
the vitreous phase is greater in the M7 sample and decrease with the
addition of NiO. The results of the quantification of the present phases
and the % of the vitreous phase in the samples were carried out using
the Rietveld method. Only the most outstanding phases of each of the
samples are reported. It is clearly observed that the highest percentage
corresponds to the α-cordierite and the β-cordierite; furthermore, it is
perceived that the α-cordierite phase increases in the positive direction
of the X axis, unlike β-cordierite. As it could be detected, Mullite is only
found in sample M7 and cristobalite is formed from sample M7-1A. The
percentages of the spinel and the vitreous phase are below 5%.

SEM analysis

Fig. 5 shows SEM micrographs for samples M7, M7-1A, M7-1B y M-
1C. All samples were exposed to a thermal treatment of 1200 °C for 2 h.
Fig. 5 (a) shows the micrographs of the M7 sample; the dendritic
structure corresponds to the crystalline phase that is formed after the
thermal treatment, so it is presumed that it can be a mixture of α-
Cordierite and β-cordierite mainly; the matrix contains the dendritic
phase, and a phase of glass that did not crystallize during the heat
treatment can be identified, this is supported by the results of XRD, due
to the similarity in the crystalline structures, α-cordierite is hexagonal

and the crystalline structure of β-cordierite is orthorhombic [45]. Fig. 5
(b) and 5 (c) show SEM micrographs for samples M7-1A and M7-1B.
These two samples have a very similar morphology in their micro-
structure. In the micrographs, is clearly to see a dendritic structure for
the most part, it is worth mentioning that the sample M7-1A and the
sample M7-1B contain 1%wt and 2%wt of NiO respectively; in the
grain boundaries, a small percentage of the phase different from the
dendritic phase can be seen by contrasting colors, a phase that possibly
corresponds to the vitreous phase without crystallizing after the
thermal treatment. Fig. 5 (c) corresponds to the microstructure of
sample M7-1C, where a non-dendritic microstructure is observed, un-
like samples M7, M7-1A and M7-1B. It is important to mention that
sample M7-1C contains 3%wt of NiO.

Results of SEM analysis are shown in Fig. 5. Fig. 5 (a) corresponds to
the sample M7 where it was observed that the morphology of the mi-
crostructure is constituted by a vitreous matrix (dark gray), according
to the EDXS results, which are summarized in the table attached to the
image. It could be observed that this phase contains %wt Si greater than
the other regions of the sample. Within the matrix, is a crystalline phase
that is composed of Cordierite α and β principally (light gray). The
third crystalline phase identified can be attributed to the Mullite phase,
which can be corroborated with the XRD results, as well as the presence
of three crystalline phases. On the other hand, in Fig. 5 (b and C)
corresponding to Sample M7-1A and M7-1B (1%wt NiO and 2%wt NiO
respectively), a columnar (light gray) microstructure was observed,
corresponding to the crystalline phase of the sample, in which a mixture
of Cordierite α and β is mainly found. This columnar structure is de-
limited by a grain limit in which it was possible to observe a small
portion of a different phase, and so can be presumed by the results of
EDXS and quantification of phases, which corresponds to the vitreous
phase. The crystalline phases can be distinguished according to the
EDXS point analysis and the XRD results. In the EDXS, the presence of
two compositions for the crystalline phase and the vitreous phase with
more Si is observed in the same way. For these samples, the appearance
of grain growth for phases α and β of cordierite is marked according to
the EDXS of the micrographs and the results of XRD. Crystallization of
this phase is favorable with the chemical composition used. As %wt NiO
increases grain size decreases due to competition for the formation of
cordierites α and β.

Based on the previous XRD results, it is assumed that the grains with
the brightest appearance in Fig. 5 (c) corresponding to sample M7-1C
(3%wt NiO) correspond to the α-cordierite, which possesses the highest
crystallinity and stability. Dendritic structure corresponding to a mix-
ture of the α and β phases of the cordierite, extends uniformly over the
entire surface. Furthermore, the microstructure of the glass was ob-
served in gray contrast and small scattered white crystals that support
the XRD results for the presence of the mixture of phases α and β phases
of the cordierite. However, it is not easy to distinguish other crystalline
phases of the residual glass matrix, being this attributed to a poor
contrast in the micrographs or in the EDXS mappings and could be also
due to the small sizes of the crystals. While the crystallization tem-
perature increases, the characteristic structure emerges consisting of
irregular “regions” with the limits of white grains. The cordierite phase
precipitated at 1200 °C, and a complete solution of the crystals was
produced at high temperature and for the addition of NiO, giving a
glass-ceramic. The amount of NiO played an important role in the
crystallization behavior of the ceramic through phase separation. α-
cordierite are randomly oriented as already observed in M7-1C. How-
ever, in contrast to M7, M7-1A and M7-1B, the orientation information
presented in Fig. 5 (c) gives no clue as to the preferred orientations of α-
cordierite. The average size of the α-cordierite crystals is reduced and,
therefore, it is much smaller than in the M7, M7-1A and M7-1B samples.
In summary, the microstructure of M7-1C seems more homogeneous
than that of the rest of the samples.
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Evaluation of mechanical properties

The Effective elastic modulus, Eeff, and hardness, H, values de-
termined by means of nanoindentation for samples M7, M7-1A, and
M7-1B y M7-1C versus %wt content of NiO are shown in Fig. 6 (a) and
(b). Here, measurements carried out in M7 sample at crystalline or
amorphous phases were defined as M7 CZ and M7 VZ, respectively.
Despite its nonlinear behavior, a clear tendency to increase can be
noticed for the Eeff values regarding to the NiO content increase, where
the maximal scattering values were obtained for measurements at M7
CZ sample. Conversely, H results shows a clear tendency to decrease
regarding to the NiO content increase, where once more the maximal
scattering values were obtained for measurements at M7 CZ. In addi-
tion, Vickers Hardness results, HV, are shown in Fig. 6 (c). Similarly, to
the nanoindentation test, HV results show a clear tendency to decrease
regarding to the NiO content increase, but additional to the M7 CZ
sample high scattering, also a high scattering behavior was obtained for
measurements for the M7-1B sample. The glass-ceramics with higher
concentration of α-cordierite had the higher elastic properties when
compared against the glass-ceramics with less cordierite phases. Such
increasing tendency of the E values with NiO content agrees with the
highest intensity peak in XRD patterns regarding to the α-cordierite.

The Vickers hardness test clearly evidence that HV values slightly
decreasing as the %wt NiO increases. In this regard, analyzing the SEM
images, it can be corroborated that when increasing the %wt NiO, the
crystal microstructure size decreases. According to Rice et al. [44] if the
grain size decreases the hardness increases. Analogously, in the present
study, such behavior should be expected when decreasing the crystal-
line phase size, but the opposite occurs. As a result, this effect suggests
that, despite the crystallize phase size decrease, the crystallize %wt
remains constant, keeping or even showing a slight decrease in me-
chanical resistance. In this regard, due to the micro-indentation im-
prints size, the crystalline and vitreous phases were involved in the
same indentation deformation, which avoid determining the respective
mechanical resistance contribution. Therefore, it was necessary to carry
out a precise analysis about individual mechanical behavior, trying to
differentiate such contribution of crystalline and the vitreous phase, in
respect to the whole system performances.

Nanoindentation analysis

Calculation of the indenter contact area function, Ac (hc) was done
over a contact depth range of 0–69 nm on a standard fused silica
sample. The contact areas, Ac, were determined from the experimental

Fig. 6. (a) Effective elastic modulus (Eeff) of samples M7, (0%wt NiO), M7-1A (1%wt NiO), M7-1B (2%wt NiO) and M7-1C (3%wt NiO); (b) Contact hardness (H) for
the samples M7, (0%wt NiO), M7-1A (1%wt NiO), M7-1B (2%wt NiO) and M7-1C (3%wt NiO) and (c) Vickers hardness of samples M7, (0%wt NiO), M7-1A (1%wt
NiO), M7-1B (2%wt NiO) and M7-1C (3%wt NiO).*In reference to Fig. 4.
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values of contact stiffness, Ss, according to equation (4) with an Effec-
tive elastic modulus of fused silica (Eeff=69.6 GPa) [42]. The resulting
contact area function has the form of equation (7), where C0= 24.5,
C1= 34589.148788, C2= -3014749.916104, C3= 34461793.529287,
C4= -91757702.851772 and C5= 60870340.279533.

In addition, in order to define a range of contact area values, Ac,
within which the indenter tip could be approximated as spherical, given
that the penetration depth is small compared to the tip radius, R, the
initial experimental values of the contact area from equation (7), was
fitted through:

= −A πRh π h2 ( )c c c
2 (9)

Therefore, the tip radius was determined by non-linear fitting of the
Ac-hc experimental curve using the equation (9) of a sphere, from
twenty indents carried out at low loads from 100 to 2000 µN, leading to
a tip radius value of 559 ± 3 nm, which was confirmed adjusting a
pure elastic loading curve of fused silica by using the Hertz solution.
The machine compliance at the time of the indentation tests was
Cm=3.2 nm/mN.

Nanoindentation tests were performed on the same optimized
samples, focusing on individual phases observed through scanning
probe microscopy (SPM) as a refined microstructure study. In this re-
gard, the representative crystalline phases into the structural
morphologies of M7, M7-1A, M7-1B and M7-1C samples are showed in
Fig. 7 (a, e, g, f) respectively. Concerning to the M7 sample, in Fig. 7 (a)
can be noticed the microstructure morphology as columnar form. It is
important to mention that the corresponding crystalline phases are
surrounded by the vitreous phase. Particularly, individual na-
noindentation imprints were performed at the single crystalline and
vitreous microstructures as showed in Fig. 7 (b) and (c), respectively.
The obtained P-h curves carried out in sample M7 are shown in Fig. 7
(d). The P-h curves in red color correspond to the nanoindentation at
the vitreous phases, while the black color corresponds to the crystalline
phase. Despite the maximal penetration depth (hmax) range values of
whole experiments reached from 85 to 115 nm, a lower scattering was
obtained when testing the vitreous phases.

In the other hand, the highest variation in the P-h respond was
obtained for the case of crystalline phase. In the same way, Fig. 7 (e)
shows the SPM micrograph of the M7-1A sample (1%wt NiO), where
clearly a thinner columnar microstructure was achieved, letting a little
growth of about 5% of the crystalline phase. However, due to the small
size of crystalline morphologies, it wasn’t possible to achieve individual
nanoindentation imprints performed at the single crystalline or vitreous
microstructures. As a result, a nanoindentations arrangement with
random positions combining mechanical responses from both, crystal-
line as well as vitreous phases was performed. As a result, the hmax of
whole experiments reached values from 95 to 110 nm, as can be seen in
Fig. 7 (f), showing the M7-1A sample a diminished scattering response
than M7 sample. Similarly, in Fig. 7 (g) the SPM micrograph of M7-1B
sample (2%wt NiO) is presented, were the presence of both main mi-
crostructures, crystalline and vitreous phases, can be observed. How-
ever, the regarding morphology shows a crystalline microstructure in
columnar form but in a scarcely very subtle way. Therefore, a na-
noindentations arrangement with random positions was performed
again, where the resulting P-h curves are shown in Fig. 7 (h). In this M7-
1B sample, the obtained hmax values were between 90 and 100 nm,
which reveal a scattering response that decrease even more than to
those obtained from the M7-1A sample during the nanoindentations
tests. Finally, Fig. 7 (i) shows the SPM micrograph obtained from the
M7-1C sample (3%wt NiO), where it can be observed that the crys-
talline and vitreous phases still present uniformly distributed. Clearly,
in this case, the smallest crystalline microstructure size was achieved
due to the columnar form of crystalline phases was completely sup-
pressed. In the similar way, a nanoindentations arrangement with
random positions was performed, and the resulting P-h curves are
shown in Fig. 7 (j). Accordingly, the hmax values of whole experiments

goes from 95 to 100 nm, which once more such behavior reveals the
lowest scattering response of all samples during the nanoindentation
test. For this reason, series of nanoindentation tests were carried out in
the M7 sample, whose morphological characteristics, well as larger
enough area sizes in crystalline and vitreous phases, allowed carried out
nanoindentations imprints at well-defined individual phases structures.

In order to see when the elastic-to-elastoplastic deformation takes
place, the experimental P-h loading curves were adjusted by using the
Hertz equation. According to Hertz theory [46], during contact between
a non-rigid indenter and a flat surface of a specimen, the elastic de-
formation when the indenter of radius R becomes to penetrate the
specimen free surface, the maximal penetration depth, hmax can be
viewed as a function of the Effective elastic modulus of Eeff, and in-
dentation load P, as:

=P E R h4
3 eff

1/2
max
3/2

(10)

As a result, clearly in Fig. 7d can be notice that the transition from
the elastic to elastoplastic regime for the M7-CZ sample takes places at
the indentations loads about 600µN and 400µN, when analyzing the
maximal and minimal responses, respectively. Meanwhile, for the case
of the M7-VZ sample the elastoplastic transition takes place at an in-
dentation load about 400µN. In the other hand, such elastoplastic
transitions takes place at the indentations loads of about 300 µN,
200 µN and 200 µN for the M7-1A, M7-1B and M7-1C samples, see in
Fig. 7f, h and j, respectively.

Typically, crystalline materials exhibit enhanced penetration at a
constant load, called “pop-in,” in the indentation P-h curves, when the
elastic limit has been reached [47]. In this regard, it is worth to mention
that the most penetration resistances where found for the case of the
M7-CZ sample, when the loading curve encloses a pop-in event, while
such resistance decrease after or when the pop-in don’t appears. Thus,
this phenomenon suggests that an increased mechanical penetration
response can be found when the effect of a not preferentially de-
formation according to a specific crystalline plane take place, at the
elastic regime; and a brittle behavior may be promoted when the elastic
limit is exceeded.

Therefore, the results suggest that analyzing average values, the
hardness improves for the case of the vitreous phase with respect to the
crystalline phase (see H value of M7-VZ on Fig. 6b). This behavior could
be attributed to the fact that the crystalline structure of α-cordierite
phase allows deformation preferentially according to a specific crys-
talline plane (1 0 0). Particularly, such plane presents the highest planar
density (1.096× 1014 atoms/cm2). Thus, high values of plastic de-
formation, even greater than those of vitreous phase, should be ex-
pected, since the orientation of the deformation coincides with the
crystalline direction, then the resistance to penetration decreases.
However, during elastic deformations, stiffening effects are expected,
which was obviously favored at other crystalline direction, for example
in crystalline plane (1 1 0) (5.94×1013 atoms/cm2), where a not pre-
ferential deformation occurs, promoting the main stress deformations
and then Eeff values increase as shown in Fig. 7d at the elastic regime.
Meanwhile, for the case of the vitreous phase, the deformation can
occur homogeneously in any direction, due to its isotropic behavior.
Thus in general, despite the capacity of hardening by deformation de-
creases, the rigidity of the material increases, since the Effective elastic
modulus is directly proportional to the rigidity according to equation
(11) [48–50]:

=E S π
A2eff

s

c (11)

Finally, it could be observed that as the %wt of NiO increases, the
grain size decreases (see Fig. 7i). Also, a greater scattering was obtained
in P-h curves of M7 sample (see Fig. 7d), since despite the small na-
noindentation imprint size, the respective strain-stress fields propagate
in a different way according to the shape and size grain. As a result,

M.A. Zalapa-Garibay, et al. Results in Physics 13 (2019) 102227

9



Fig. 7. Typical sample of the data collected during nanoindentation testing, (a) AFM image of sample M7, (b) AFM image indentation in crystalline zone M7, (c) AFM
image indentation in glassy zone M7, (d) Series of P-h indentation curves, black line crystalline zone, red line glassy zone, (e) AFM image of sample M7-1A, (f) Series
of P-h indentation curves M7-1A, (g) AFM image of sample M7-1B, (h) Series of P-h indentation curves M7-1B, (i) AFM image of sample M7-1C, (j) Series of P-h
indentation curves M7-1C. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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deformations at crystalline phases showed different behaviors, (black
lines of Fig. 7d). On the contrary, deformations of vitreous phases
showed a very low scattering as expected due to its isotropic and
amorphous nature (red lines of Fig. 7d). Therefore, a crucial advantage
in homogeneous performances was achieved at the highest %wt of NiO,
since despite the slight decrease in H values, the decrease in grain size
allows to obtain a very low scattering response in its P-h curves (see
Fig. 7j), which is reflected in the low scattering of its overall mechanical
properties values (see Fig. 7). Hence, it was demonstrated the exciting
new capabilities of the full-featured spatial distribution of cordierite-
vitreous structures in a composite material, since such remarkable
homogeneity feature due to the bimodal nature of cordierite structures
distribution was obtained, avoiding the concentrations stress in het-
erogeneous crystal structures when deformation propagate through the
composite, inhibiting mechanical failures as fracture which is the most
common in vitreous-ceramic materials.

In the other hand, it is well known that the yield strength increases
as the plastic deformation increase, due to strain hardening effects.
However, during indentation test, hardness values commonly increases
when decreasing the penetration depth, where such phenomenon is
known as indentation size effect (ISE) [51]. Previous research relate
hardness increases with higher dislocations densities as the indent size
decrease, since spreading of the generated dislocations take place over
smaller slip areas; as long as the effects of pile-up and sink-in phe-
nomena are taken into account in determination of contact areas [52].
Thus, assuming that the flow stress can be related to the shear strength
by the von Misses flow rule, and the hardness can be related to flow
stress by the Tabor theory [53], the ISE model gives an expression for
an increasing behavior of hardness values as a function of a decreasing
behavior of penetration depth values as a followed:

= +H H h
h

10
0

(12)

where, H0 is the hardness in the absence of deformation geome-
trically necessary which dislocations lead to strain hardening appear,
and h0 is the penetration depth length scale depending on H0.

In this regards, previous work had reported hardness values varia-
tions of about 0.8% (∼0.81 GPa of difference) due to ISE between
nanoindentations and microindentations tests, particularly using max-
imum indentations loads of 0.625 mN and 125mN, respectively,
meaning an indentation load increase of about 99.4%, when testing a
single crystal (1 1 1) copper [54].

In our present cases, the sample which presented the highest
hardness variation values when comparing microhardness HV against
nanohardness H values, it was found for the case of M7 1A (M7-1%NiO)
sample, with a main hardness variation value of Haverage-
HVaverage= 0.53 GPa. Accordingly, such variation could be associated
to some ISE effect, since an indentation load increase of about 99.4%
was also performed between our microindentation and nanoindentation
test as in case of the above discussed literature. However, the micro-
structure effect should be considered as one of the major influences
obtained in our hardness values variations, since although crystalline
and amorphous materials can present hardness values variation due to
ISE, it is well known that hardness may present significant differences
when for example comparing single materials against polycrystalline
materials as suggested by previous reports [55], where hardness mea-
surements were carried out by nanoindentations on single crystal
(1 1 1) copper and cold worked polycrystalline copper at the same pe-
netrations depths close to 100 nm. There, the maximal hardness var-
iation values of about 0.7 GPa was more related to the microstructure
changes.

Analogously, in the present study, the most noticeable hardness
variation value of 0.59 GPa was found when comparing the nano-
hardness values H of M7-CZ sample against nanohardness value H of
M7-VZ sample, where the only difference between both tests conditions

was the type of the indented material phases, thus ISE was avoided.
Meanwhile a barely lower value hardness variation value of 0.56 GPa
was found when comparing the average microhardness values HV of M7
sample against main nanohardness value H of M7-VZ sample. As a re-
sult, such differences between both H and HV hardness cannot be jus-
tified mainly by the relatively large indentation size; since the variation
in nanohardness H response under the same nanoindentation conditions
indicates an additional influence, attributable to the differences be-
tween microstructure features.

Accordingly, nanoindentation tests in single microstructures al-
lowed observation of penetration resistances with variable behavior at
a constant maximal load of 3000 μN, typically associated with strain
heterogeneities of the material. Here, a holding time at maximal load
was used letting to the microstructure reach stable stiffness values,
necessary to obtain proper elastoplastic performances during un-
loading. In addition, despite the roughness sample surfaces, in all mi-
crostructures cases were carried out several nanoindentation tests
adequately; for example, the necessary symmetry and uniform geo-
metry for the obtained residual imprints is represented by the residual
nanoindentations in Fig. 7b and c, avoiding as much as possible pile-up
as well as sink-in phenomena. Also, the size and separation of the na-
noindentation imprints, of at least two times the residual indentation
sizes, allowed a suitable evaluation of the nanoindentation tests re-
sponses. Finally, the accurate deformation behavior during the loading
and unloading steps when performing each nanoindentation test can be
confirmed at the P-h curves analysis, where no abrupt change, noises or
low reproducibility were obtained for any material type.

Conclusions

Formation of α-cordierite in the samples proceeded through the
crystallization of several metastable phases at different temperatures.
The M7 remained the major crystalline phase until 1200 °C, but the
intensity of the metastable phases decreased considerably at high
temperature, with the addition of NiO. The vitreous-ceramics with the
greater %wt of α-cordierite phases showed the highest Effective elastic
modulus and a slight decrease in hardness. Remarkably, the increase of
%wt NiO promoted crystallization of α-cordierite, which promote a
uniform and dense distribution of cordierite-structures embedded on a
vitreous matrix, allowing achieving an increase in compactness of the
composite homogenizing its mechanical performances, and then, due to
this well controlled property, can be used as an effective composite for
wide machinable applications.
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