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using these types of refractories [1-4, 7,8]. Thus, some 
efforts have been done to decrease this weakness of do-
lomite-based products. Among the proposed solutions 
is the use of organic materials such as pitch and bitu-
men to cover the surface of dolomite grains and lead to 
the covering surface of dolomite bricks from reaching 
moisture to them [1-6, 9-11]. The other way is carbon-
ation of the external surfaces of dolomite bricks with 
the help of carbonate based-compounds. The most im-
portant solution that has been considered by research-
ers in recent years is the use of oxides of various com-
pounds such as ZrO2, TiO2, MgAl2O4, CuO, FeTiO3, 
SiO2, Al2O3, V2O5, CeO2 and La2O3 [1-24]. The results 
of experiments have shown that the latest way has bet-
ter impact than the other mentioned ways. Researchers 
have noted that the use of oxide compounds such as zir-
conium and titanium has led to the formation of high 
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In this research, the properties and microstructure of direct bonded dolomite refrac-
tory (having) Iron oxide (Fe2O3) and Chrome oxide (Cr2O3) nanoparticles have been 
investigated. For this reason, 0, 0.5, 1, 1.5, 2, 2.5 and 3 wt. % of Fe2O3 and Cr2O3 
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cold crushing strength. Also, microstructural investigation and phase’s analysis of 
the selected samples was performed by scanning electron microscopy (SEM/EDX) 
and X-ray diffraction (XRD) devices; respectively. Results showed that the use of 
Cr2O3 nanoparticles lead to formation of CaCr2O4 and MgCr2O4 phases, which im-
proved the sintering process of the samples thorough the solid state sintering mech-
anism. Also, the use of Fe2O3 nanoparticles leads to creating CaO.Fe2O3 (CF) and 
2CaO.Fe2O3 (C2F) phases which improved the sintering process of the specimen 
thorough the liquid phase sintering mechanism. Also, it showed that Cr2O3 nanopar-
ticles additive has a greater effect on improving the properties of direct bonded 
dolomite specimens compared to Fe2O3 nanoparticles additive.
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1. Introduction

Existence of abundant resources of dolomite in the 
world, high refractoriness, ability to produce clean melt 
by removing sulfur and phosphorus impurities of mol-
ten, etc. are the advantages of using dolomite refracto-
ries in various industries [1-6]. But in addition to the 
more advantages of dolomite products, the low hydra-
tion resistance of them has created a great challenge for 
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melting point phases which improved sintering process 
through the solid-state mechanism sintering [2, 3, 9, 14, 
24]. While the use of some other oxides such as silica 
and aluminum cause the formation of low melting point 
phases and improve the sintering process through the 
liquid state mechanism sintering [2, 8, 10]. The purpose 
of this paper is the investigation the effect of using iron 
and chrome oxide nanoparticles on the microstructure 
and properties of the direct bond dolomite samples. 
Also the sintering mechanism of each of them has also 
been evaluated.

2. Method of experiment
2.1. Raw materials

a) Sintered dolomite (CaO.MgO): sintered dolomite, ex-
tracted from the Shadiyar mine in Iran, used as the main 
component in this research. Table 1. shown the chemical 
analysis of it.
b) Binder: liquid paraffin (3 wt. %) with the technical 
specifications mentioned in Table 2. was used as a binder 
in this research. 
c) Nano-iron oxide (Fe2O3) and nano-chrome oxide 
(Cr2O3): Iron and chrome oxide nanoparticles were used 
as additives in this study. The transmission electron mi-
croscopy (TEM) image and chemical analysis of them 

presented in Fig. 1. and Table 3. respectively.

2.2. Forming, drying and firing process of 
the samples

The prepared samples with the mentioned formu-
lation in Table 4. were pressed in a cylindrical shape 
with the dimension of 50 * 50mm2. They were dried 
(at110 °C for 24hr) and then sintered (at 1650°C for 
3 hr).

2.3. Tests

a) Physical properties:
The physical properties test such as bulk density (BD), 
apparent porosity (AP) and resistance to hydration (HR) 
were performed according to the ASTM C20-87 and 
ASTM C492 standards; respectively.
b) Mechanical properties:
The cold compressive strength (CCS) test was per-
formed according to the ASTMC133-84 standard. 

2.4. Phases and microstructural analysis

The phases and microstructural evaluation were per-
formed on the selected samples using XRD and SEM/
EDX devices; respectively. 
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Oxide CaO MgO SiO2 Fe2O3 Al2O3 LOI 
(wt. %) 57.68 39.8 0.94 1.08 0.26 --- 
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Properties Value 
Viscosity(CPS)at 25°C 8500-9000 

Specific Gravity at 25°C 1.25 
Fixed Carbon (%) 48.2 

Non-Volatile Matter (%) 81.12 
Moisture <0.5 
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supplier CAS 
number 

Color SSA 
(m2/g) 

Density 
(g/cm3) 

Size 
(nm) 

Purity 
(%) 

Oxide 

Us research nanomaterial’s, INC. 1309-37-1 red 115 5.24 40-50 >98 Fe2O3 
Us research nanomaterial’s, INC. 1308-38-9 green >80 5.22 50-60 >99 Cr2O3 
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additives reference Nano-
Fe2O3 

 

Nano-
Fe2O3 

 

Nano-
Fe2O3 

 

Nano-
Fe2O3 

 

Nano-
Fe2O3 

 

Nano-
Fe2O3 

 

Nano-
Cr2O3 

Nano-
Cr2O3 

Nano-
Cr2O3 

Nano-
Cr2O3 

Nano-
Cr2O3 

Nano-
Cr2O3 

wt.% 0 0.5 1 1.5 2 2.5 3 0.5 1 1.5 2 2.5 3 
Sample Code D DF0.5 DF1 DF1.5 DF2 DF2.5 DF3 DCr0.5 DCr1 DCr1.5 DCr2 DCr2.5 DCr3 

 

Table 1. Chemical analysis of sintered dolomite.

Table 2. Technical specifications of liquid paraffin.

Table 3. Properties of nano-iron oxide (Fe2O3) and nano-chrome oxide (Cr2O3) particles.

Table 4. Formulation of prepared specimens.
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3. Results and discussion
3.1 Phase’s analysis 
3.1.1. Sample without additive (D) 

TEM images of the Fe2O3 and Cr2O3 nano materials 
are shown in Fig. 1. X-ray Diffraction patterns (XRD) 
of the sample without additive (D) shows that only two 
main phases, i.e. Calcia (CaO) and magnesia (MgO) is 
detected (Fig. 2.). Also, detection of some weak picks, 
related to Ca(OH)2 phase, demonstrated the high ten-
dency of this sample to absorb humid and hydration.

3.1.2. Samples with iron oxide (DF1.5 and DF3)

X-ray diffraction patterns (XRD) related to sam-
ples containing 1.5 and 3 wt. % nano-iron oxide after 

firing are shown in Figs. 3.(a-b). In addition to Calcia 
(CaO) and Magnesia (MgO) phases, some picks related 
to phases with low melting point like CaO.Fe2O3 (CF) 
and 2CaO.Fe2O3 (C2F) are detected by increasing the 
amount of nano-iron oxide. Simultaneously with de-
creasing the intensity of Calcia (CaO) and magnesia 
(MgO), peaks intensity of CaO.Fe2O3 (CF) and 2CaO.
Fe2O3, (C2F) phases are decreased for higher content 
nano-iron oxide at firing temperature. Generation of 
CaO.Fe2O3 (CF) and 2CaO.Fe2O3 (C2F) phases with low 
melting point at the firing temperature (1650°C) leads 
to the improvement of the sintering process by liquid 
phase mechanism and thus leads to the decrement of the 
voids, porosities and finally hydration resistance will be 
enhanced. Also, not detection picks of Ca (OH) 2 phases 
in X-ray diffraction patterns show the impact of iron 
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Fig. 1. TEM images of the a) nano-Fe2O3, and b) nano-Cr2O3.

Fig. 2. X-ray diffraction patterns (XRD) related to D sample.
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oxide addition on hydration resistance improvement of 
samples.

3.1.3. Samples with chrome oxide (DCr1.5 and 
DCr3)

The X-ray diffraction patterns (XRD) related to sam-
ples containing 1.5 and 3 wt. % nano-chrome oxide after 
firing process are shown in Figs. 4.(a-b). Calcia (CaO) 
and magnesia (MgO), CaCr2O4 and MgCr2O4 phases de-
tected as the main crystalline phases in these samples. 
The melting point of MgCr2O4 and CaCr2O4 phases are 
2350 °C and 2170 °C; respectively [4]. In during the firing 
process (1650 °C), the CaCr2O4 and MgCr2O4 phases are 
in solid state. Generated MgCr2O4 and CaCr2O4 phases 
preferred to locate on intra-granular and inter-granular 
area of magnesia (MgO) and Calcia (CaO) grains. The 
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peaks intensity of the MgCr2O4 and CaCr2O4phaseS 
for DCr3 sample are higher than other samples contain 
chrome oxide.

3.2. Scanning electron microscopy results
3.2.1. Sample without additive (D)

By comparing the scanning electron microscopy (Fig. 
5a.), it can be seen that the grain boundary and porosi-
ties of this sample (D point) is more in compare to other 
samples. 

3.2.2. Samples with Iron oxide (DF1.5, DF2 
and DF3)

It is observable that containing nano-iron oxide 
samples (DF1.5 and DF3), have fewer voids and porosity 

Fig. 3. X-ray diffraction patterns (XRD) related to a) DF1.5 and b) DF3 samples.

Fig. 4. X-ray diffraction patterns (XRD) related to a) DCr1.5 and b) DCr3 samples.
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than (D) sample (Figs. 5.(b-c)). By using of EDX anal-
ysis results (Table 5.), it can be concluded that A points 
(dark gray) is related to magnesia (MgO) phase (for to 
low atomic number), B points (light gray) is related to 
Calcia (CaO) phase (for to high atomic number), and C 
points (white regions at the grain-boundaries) are related 
to phases which have low melting point, such as CaO.
Fe2O3 (CF) and 2CaO.Fe2O3 (C2F) phases.  Also, it is ob-
servable (Figs. 5.(a-c)) that magnesia (MgO) and Calcia 
(CaO) grains grow by adding nano-Iron oxide. Grain-
grown of magnesia (MgO) and Calcia (CaO) grains leads 
to grain-boundaries, porosities, and triple intersection 

points to be reduced. Thus, the hydration resistance is en-
hanced. Based on the above mentioned, specification of 
liquid phase sintering mechanism such as continuity and 
high quantity of the melted phase, also separated small 
porosities are observable for samples with the highest 
content of Iron oxide. 

3.2.3. Samples with Chrome oxide (DCr1.5, 
DCr2and DCr3)

For samples with higher than nano-chrome ox-
ide content (DCr3), a homogeneous microstructure 

Fig. 5. SEM images of fractured surfaces of the samples: (a) D, (b) DF1.5 and (c) DF3.
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Element Point A (wt %) Point B (wt %) Point C (wt %) 
O 38.20 22.42 69.35 

Mg 61.65 - 1.56 
Si - - 2.96 
Ca - 57.39 15.15 
Fe - 19.8 1.7 
Al - - 9.1 
Au 0.24 0.59 0.18 

 

 

Table 5. EDX analysis of A, B and C points related to Fig. 5.
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composed mainly of a well-distributed phases is ob-
served (Figs. 6.(a-b)). It’s observable that two phases 
are surrounded by the magnesia (MgO) and Calcia 
(CaO) ground mass. The first one is related to light 
gray particles composed by Ca and Cr elements, as it 
was identified by EDS. This phase is a CaCr2O4 spinel 
which detected with XRD analysis . The last phase is 
related to bright gray particles composed by Mg and 
Cr elements (identified by the EDS), (Table 6.). This 
phase is MgCr2O4 spinel which detected with XRD 
analysis. By increasing nano-chrome oxide content, 
some coarse agglomerations composed by CaCr2O4 
and MgCr2O4 were created.
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4. Physical properties 
4.1 Densification 
4.1.1. Samples without and containing nano- 
iron oxide

Variation of bulk density and apparent porosity of 
without and containing nano-iron oxide samples are 
shown in Fig. 7. It is observable that bulk density and 
apparent porosity increased and decreased; respectively. 
This variation trend is related to filling up pores, porosi-
ties and inter-grain pores of samples matrix by Iron oxide 
with formation of low-melting point phases such as CaO.
Fe2O3 (CF) and 2CaO.Fe2O3 (C2F) phases.

Fig. 6. SEM images of fractured surfaces of the samples: (a) DCr1.5 and (B) DCr3.

Fig. 7. Variation of bulk density and apparent porosity of without and containing nano-iron oxide samples.
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Element Point A (wt %) Point B (wt %) Point C (wt %) Point D (wt %) 
O 37.19 38.54 43.73 45.65 

Mg 62.64 - 0.52 15.30 
Si - - 0.41 0.11 
Ca - 61.36 18.15 0.8 
Cr - --- 34.46 32.60 
Al - - 2.60 5.42 
Au 0.17 0.19 0.13 012 

Table 6. EDX analysis of A, B, C and D points related to Fig. 6.
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4.1.2. Samples with chrome oxide

Bulk density and apparent porosity variation of the 
fired samples with different amount of nano-chrome ox-
ide have been shown in Fig. 8.  It is showed that the bulk 
density starting to increase gradually from 0 up to3 wt. 
%.  This increment can be attributed to:
•   Filling up of the inter-granular voids between Cal-

cia (CaO) and magnesia (MgO) grains and creating a 
better compression of the microstructure of samples.

•	 A better firing of the refractory matrix due to the pres-
ence of chrome oxide.

•	 The higher true density of nano-chrome oxide (5.22 
g/cm3) , in comparison to the Calcia (3.35 g/cm3) and 
magnesia (3.58 g/cm3) or maybe due to a possible 
new phases formation [such as CaCr2O4 (4.43 g/cm3) 
and MgCr2O4 (4.43 g/cm3)] [4].

•	 And nano-chrome oxide alter the grain boundary be-
tween assemblage and the morphology of the grains, 
changing the dihedral angle (θ). The lowering of the 
dihedral angle means ϒss will be smaller, which will 
facilitate grain-to-grain contact and ultimately direct 
bond formation. This tendency increases the densifi-
cation.

But the apparent porosity variation shows that it val-
ues decrease with increasing nano-chrome oxide con-
tent up to 1.5 wt.% and for further nano-Cr2O3 (2 up to 
3 wt.%), the apparent porosity increased. The reason for 
this variation is more differences in thermal expansion 
coefficients between magnesia (∼13.5 × 10−6 °C−1), (CaO) 
(∼13.8∼ × 10−6 °C−1) and MgCr2O4 (∼8.5∼ × 10−6 °C−1) 
phases, which cause to generation high amount of 
micro-cracks in the microstructure.

5.  Hydration resistance 
5.1. Samples without and containing nano- 

iron oxide

The hydration resistance variation of the samples are 
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shown in Fig. 9. It is showed that the variation of weigh 
gained of sample decreased with increasing the amount 
of nano-iron oxide appreciably.

Generally the reasons for hydration resistance en-
hancement of sample containing nano-iron oxide are due 
to:
•	 The promotion of densification by the addition of na-

no-iron oxide due to decrement  the active specific 
area of main grains (Calcia and magnesia)

•	 By adding of nano-iron oxide, the content of free Cal-
cia phase (CaO) in samples decreased further.

•	 It has been proven that the hydration reaction always 
starting from the area with crystal defect. Thus, the 
grain-boundaries and triple points are the poor hydra-
tion resistance area. Therefore, by adding nano-Iron 
oxide, some phases such as CaO.Fe2O3 (CF) and 
2CaO.Fe2O3 (C2F) with low melting point formed and 
located at these are, thus preventing the hydration of 
the samples.

5.2. Samples with chrome oxide

 Fig. 9. shows that the weight gained of samples de-
creased appreciably with addition of nano-chrome oxide. 
When nano-chrome oxide was added, the hydration re-
sistance of the samples is increased. This improvement 
is due to generation of phases such as MgCr2O4 and 
CaCr2O4 which located at triple point and grain-bound-
aries of CaO and MgO grains, thus preventing the hy-
dration resistance of samples and the other reason is con-
verted of CaO and MgO free phases to high hydration 
resistance phases i.e. MgCr2O4 and CaCr2O4.

Fig. 8. Variation of bulk density and apparent porosity 
of without and containing nano-chrome oxide samples.

Fig. 9. The hydration resistance variation of without and 
containing nano-iron and nano-chrome oxide samples.

6. Mechanical properties 
6.1. Cold Crushing Strength (CCS) 
6.1.1. Samples without and containing nano- 

Iron oxide

Typically, cold crushing strength (CCS) test results 
of samples are used for assessment of firing process. 

A. Davoodi Jamaloei et al. / International Journal of ISSI, Vol. 20(2023), No. 2, 1-9
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Usually, a higher amount of strength indicates a more 
complete and better firing process. Fig. 10. shows that 
D and DF3 samples have the lowest and highest CCS 
values; respectively. The lowest CCS value is due to the 
heights porosities, pores, and grain-bindery and low-bond 
connections between main grains. Also, the use of na-
no-iron oxide lead to improve the firing process by liquid 
phase sintering mechanism and created a strong bonds 
connection between  CaO and MgO grains  through the 
generation of  some phases with  low melting point such 
as CaO.Fe2O3 (CF) and 2CaO.Fe2O3 (C2F).

6.1.2. Samples with nano-chrome oxide

The results of cold crushing strength of the samplers 
containing nano-chrome oxide are shown in Fig. 10.  The 
cold crushing strength value is increased with adding na-
no-chrome oxide content up to 1.5 wt. %. The highest 
CCS value was registered for the DCr1.5 sample (843 kg/
cm2). Good compactness created by the nano-chrome ox-
ide particles and the low values of apparent porosity are 
the reasons for this upgraded. Also it was showed that 
for higher nano-chrome oxide concentrations (from 2 to 
3 wt. %), the CCS values were decreased. The reason for 
these drops may be attributed to the:
•	 Formation of coarse agglomerates and a large ther-

mal expansion coefficient miss-match between differ-
ent existing phases which leads to generation of mi-
cro-cracks around agglomerates; these micro-cracks 
could be a detriment to CCS, as can be observed in 
the plot of Fig. 10.
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7. Conclusions

In this paper, the properties and microstructure of 
direct bonded dolomite refractory using nano-Fe2O3 and 
nano-Cr2O3 has been investigated. The following results 
are concluded: 
•	 Adding nano-iron oxide to dolomite specimens leads 

to the generation of some phases with low melting 
point, such as CaO.Fe2O3 (CF) and 2CaO.Fe2O3 

(C2F). These phases improved the sintering process 
through the liquid state mechanism of sintering. 

•	 The use of nano-iron oxide leads to the improvement 
hydration resistance of samples due to alternation of 
free-Calcia and magnesia, generation of low melting 
point phases and filling up voids and porosities in the 
microstructure.

•	 The use of nano-chrome oxide improved the sintering 
process of samples through the solid state sintering 
mechanism. 

•	 Generation of MgCr2O4 and CaCr2O4 phases, im-
proved the properties of samples containing na-
no-chrome oxide.

•	 Generally, nano-chrome oxide has higher than effect 
on properties improvement of samples than iron ox-
ide.
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