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Abstract: A periclasehercynite brick was prepared via reaction sintering at 1600°C for 6 h in air using magnesia and reaction-sintered her-
cynite as raw materials. The microstructure development of the periclasehercynite brick during sintering was investigated using X-ray dif-
fraction, X-ray photoelectron spectroscopy, and scanning electron microscopy in combination with energy-dispersive X-ray spectroscopy. 
The results show that during sintering, Fe2+, Fe3+ and Al3+ ions in hercynite crystals migrate and react with periclase to form 
(Mg1−xFex)(Fe2−yAly)O4 spinel with a high Fe/Al ratio. Meanwhile, Mg2+ in periclase crystals migrates into hercynite crystals and occupies 
the oxygen tetrahedron vacancies. This Mg2+ migration leads to the formation of (Mg1−uFeu)(Fe2−vAlv)O4 spinel with a lower Fe/Al ratio and 
results in Al3+ remaining in hercynite crystals. Cation diffusion between periclase and hercynite crystals promotes the sintering process and 
results in the formation of a microporous structure. 
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1. Introduction 

Magnesiachrome bricks have been widely used in cement 
rotary kilns for many years because of their excellent prop-
erties, which include good corrosion resistance and good 
coating adhesion stability [12]. However, because of envi-
ronmental concerns, many countries have passed legislation 
forbidding the use of chrome bricks. Therefore, attention has 
been directed toward the development of chrome-free re-
fractories to replace magnesiachrome refractories [311]. 
In recent years, the use of periclasehercynite refractories 
based on hercynite (FeO·Al2O3) and periclase has become 
an important trend in the development of chrome-free re-
fractories; such periclasehercynite refractories have been 
successfully used as a substitute for magnesiachrome 
bricks in the burning zone of cement rotary kilns [1215].  

Recent research has been focused mainly on the prepara-
tion of periclasehercynite refractories using fused hercynite 
as a raw material. For instance, Guo and Nievoll [14] syn-
thesized magnesiahercynite refractories from high-purity 
magnesia and fused hercynite. In their study, a spinel layer 

was formed on the surface of fused hercynite crystals. Liu 
et al. [15] investigated the composition and structure of the 
composite spinel made from magnesia and fused hercynite 
at high temperatures. They observed that hercynite was ini-
tially decomposed into γ-Al2O3 and γ-Fe2O3, which reacted 
with MgO to form MgO·Al2O3 and MgO·Fe2O3, respec-
tively. Then, γ-Fe2O3 dissolved into MgO·Al2O3 or γ-Al2O3 

dissolved into MgO·Fe2O3 to form a composite spinel such 
as MgFexAl2−xO4 or MgFe2O4. Compared with the bricks 
synthesized from fused hercynite and magnesia, the bricks 
prepared from reaction sintering using hercynite and mag-
nesia as raw materials exhibited a better kiln-coating ability 
and better thermal shock resistance because of their high re-
activity. 

In this study, a periclasehercynite brick was prepared by 
reaction sintering at 1600°C for 6 h in air using magnesia 
and reaction-sintered hercynite as raw materials. Given that 
the performance of the periclasehercynite brick is mainly 
attributable to its chemical composition, microstructure, and 
element distribution, we investigated the element distribu-
tion and microstructure evolution to establish a foundation 
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for the practical application of periclasehercynite refracto-
ries. 

2. Experimental 

High-purity sintered magnesia (97.3wt% MgO, 1.35wt% 
CaO, and 1.25wt% SiO2) and pre-synthesized reac-
tion-sintered hercynite (43wt% Fe2O3 and 57wt% Al2O3) 
were adopted as raw materials. Methyl cellulose was used as 
a binder. High-purity sintered magnesia (05 mm) and her-
cynite (05 mm) were wet-mixed in a mass ratio of 90:10 
and then pressed into green bricks with dimensions of 65 
mm × 110 mm × 230 mm under a pressure of 200 MPa. The 
dried green bricks were subsequently sintered at 1600°C for 
6 h in air. 

The phase and microstructure of the sample before and 
after sintering were characterized using X-ray diffraction 
(XRD) and scanning electron microscopy (SEM) in combi-
nation with energy-dispersive X-ray spectroscopy (EDS). 
XRD measurements were performed on a Rigaku D/Max 
2200PC diffractometer (Rigaku Corp., Tokyo, Japan); the 
samples were scanned over a 2θ range of 10° to 90°. SEM 
observations were performed using a Quanta 200 (FEI, The 
Netherlands) scanning electron microscope equipped with 
an energy-dispersive X-ray spectrometer (INCA250 Oxford 
Instruments, UK). The valence of Fe in the periclase phase 
of the sintered bricks was characterized with an X-ray pho-
toelectron spectroscope (ESCALAB 250Xi, Thermo Fisher 
Scientific). 

3. Results and discussion 

3.1. XPS and XRD analyses  

Fig. 1 shows the XRD pattern of the periclasehercynite 
brick sintered at 1600°C for 6 h in air. Almost all the char-
acteristic peaks correspond to the phases of periclase and 
composite spinels containing Mg, Fe, Al and O. The char-
acteristic peaks in the magnified 2θ region between 29° and 
40° shown in the inset of Fig. 1 further confirm the exis-
tence of a composite spinel ((Mg1−xFex)(Fe2−yAly)O4) with a 
high Fe/Al ratio. 

The iron state in the magnesia crystal was investigated by 
X-ray photoelectron spectroscopy (XPS). Fig. 2 shows the 
XPS spectrum of magnesia grains in the sintered bricks. As 
analyzed using peak-deconvolution software, peaks at 724.6 
eV and 710.8 eV correspond to the binding energies of Fe 
2p1/2 and Fe 2p3/2 respectively. A satellite peak at 718.8 eV 
was also detected, indicating that iron exists in the form of 
Fe3+ in magnesia, which is in consistent with results reported 

in Ref. [16]. Fe3+ ions are mainly transformed from Fe2+ 
ions in hercynite and may diffuse into crystalline magnesia. 
This possibility will be further discussed in the following 
section. 

 
Fig. 1.  XRD pattern of the periclasehercynite brick sintered 
at 1600°C for 6 h in air. 

 
Fig. 2.  XPS pattern of magnesia grains in the sintered peri-
clasehercynite brick. 

3.2. Morphology of the periclasehercynite brick before 
and after sintering  

Figs. 3(a) and 3(b) indicate the morphology of the peri-
clasehercynite brick before sintering. The white grains are 
hercynite (Area 1), and the gray grains (Area 2) are sintered 
magnesia. EDS analysis indicates that no other elements 
were present inside crystalline magnesia. Impurities such as 
Si and Ca were mainly located at the periclase crystal 
boundary (Area 3). 

The morphology of the periclasehercynite brick after 
sintering is shown in Figs. 3(c) and 3(d). After the brick was 
sintered, cavities were clearly observed, especially in large 
hercynite crystals (Fig. 3(c)); these cavities lead to the for-
mation of a shell microstructure. Some bright spots were 
detected in the inner part of the periclase crystals of magne-
sia grains that contact with hercynites. EDS analysis shows 
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that the periclase boundaries comprise Mg, Ca, Si, Fe, Al, 
and O (Area 4), whereas both the shells and the bright spots 
are composed of Al, Mg, Fe, and O (areas 5 and 6). Com-
pared with the green brick before sintering (Figs. 3(a) and 
3(b)), the sintered brick contains more micropores in its ma-
trix. On the basis of SEM and EDS results (Table 1), we 

concluded that Fe mainly existed in crystalline periclase, 
whereas Al mainly remained in the matrix. Combined XRD 
(Fig. 1) and XPS (Fig. 2) results reveal that the shells are 
composed of spinel solid solution with a small amount of 
dissolved Fe ions ((Mg1−uFeu)(Fe2−vAlv)O4), whereas the 
bright spots are composed of (Mg1−xFex)(Fe2−yAly)O4) spinel. 

 
Fig. 3.  Morphology of periclasehercynite brick (a,b) before and (c,d) after sintering at 1600°C for 6 h in air. 

Table 1.  EDS analysis results for areas in Fig. 3    at% 

Microzones Mg Fe Al Ca Si O 

1 — 15.83 32.76 — — 51.41

2 50.00 — — — — 50.00

3 18.08 — — 14.52 11.60 55.80

4 17.44  0.70  1.31 14.01 11.19 55.35

5 42.32  7.23  2.15 — — 42.80

6 14.71  2.63 26.13 — — 56.53

 

3.3. Discussion  

The iron state in hercynite is known to be Fe2+. At high 
oxygen partial pressure, Fe2+ tends to be oxidized to Fe3+. 
Therefore, Fe2+ on the surface of hercynite grains prefers to 
transform into Fe3+ during the sintering process. The main 
reaction is as follows [17]:  

X III II
2 o M T4O 4O 2V +V +8h   ,  

where X
oO  

represents the oxygen atom site; III
MV  

is the 

octahedron vacancy with three positive charges; II
TV  is the  

tetahedron vacancy with two positive charges and h   is the 
electron hole. This reaction increases the concentration of 
octahedron and tetrahedron vacancies in hercynite lattices. 
Simultaneously, it further enhances the outward diffusing 
abilities of Fe and Al ions in crystalline hercynite. 

When hercynite crystals contact periclase crystals in 
magnesia grains, Fe2+ (or Fe3+) and Al3+ in hercynite diffuse 
toward periclase because of the concentration difference. At 
the same time, Mg2+ in periclase moves toward hercynite 
and occupies the oxygen tetrahedron vacancies. This process 
leads Mg2+ to react with Al2O3 to form MgAl2O4. At the 
same time, Al3+ is arrested in hercynite crystals. Therefore, 
hercynite is transformed into a composite spinel containing 
a small amount of Fe3+ and Fe2+. Because the diffusion rate 
of Fe2+ (or Fe3+) and Al3+ toward periclase is faster than that 
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of Mg2+ toward hercynite, composite spinel cavities in her-
cynite are formed, as shown in Fig. 3(c). 

At a sintering temperature of 1600°C, a liquid phase such 
as CaO·MgO·SiO2 (CMS) is formed in the CaOMgOSiO2 
system because the melting point is only 1500°C [18]. 
When hercynite grains contact with periclase crystal 
boundaries in magnesia grains, Fe2+ (or Fe3+) and Al3+ mi-
grating from hercynite enter the liquid phase through the 
boundaries. Thus, the boundary liquid phase changes from a 
CaOMgOSiO2 system to a CaOMgOSiO2Fe2O3 
Al2O3 system, which further decreases the melting point and 

viscosity of the boundary liquid [19]. In this study, the 
CaO/SiO2 (C/S) mole ratio in the high-purity magnesia is 
11.2. In Fig. 4, the liquid line in equilibrium with periclase 
(MgO) at high temperature is marked in red. Fe2+ and Al3+ 
ions diffuse gradually from hercynite to the boundary liquid 
and cause the concentration of Fe3+ and Al3+ ions in the liq-
uid to be relatively lower than the concentration of Ca2+ and 
Si4+. Meanwhile, Fe3+ and Al3+ ions have similar effect on 
the CaOMgOSiO2 system. The phase diagram of the 
CaOMgOSiO210wt%Al2O3 system (Fig. 5) was adopted 
to clarify the influence of Fe3+ and Al3+. 

 
Lime = CaO; Per = periclase; Hat = hatrurite; Ra = rankinite; Psw = pseudowollastonite; Wo = wollastonite; Ak = akermanite (MgCa2Si2O7); Mer = mer-

winite; Mtc = monticellite; Dsp = diaspore; Pgt = pigeonite; Opx = orthopyroxene; Ppx = protopyroxene; Fo = forsterite; Trd = tridymite; Crs = cristobalite; 

lines represent isotherm at different temperature (C). 

Fig. 4.  Phase diagram of the CaOMgOSiO2 system [18]. 

In view of the phase diagram of CaOMgOSiO2 Al2O3 
with a low Al2O3 content, the phase zones in equilibrium 
with periclase at high temperature are 2CaO·SiO2 (C2S), 
3CaO·MgO·2SiO2 (C3MS2), CaO·MgO·SiO2 (CMS), and 
2MgO·SiO2 (M2S), which are consistent with the CaO 
MgOSiO2 system. With respect to magnesia grains, the 
boundary liquid is in equilibrium with periclase. Therefore, 
the phases in equilibrium with periclase at high temperature, 
e.g., 1600°C, are C2S, C3MS2, CMS, and M2S. The CaO/SiO2 
mole ratio used in this experiment is in the range of 11.2. 

When Al3+ enters the boundary liquid at high temperature, 
the CaO/SiO2 mole ratio of the boundaries is fundamentally 
stable; thus, this system is considered to be isolated. The 
MgO content in the boundary liquid in equilibrium with 
periclase is between CMS and C3MS2. Fe3+ and Al3+ in the 
boundary liquid do not belong to the equilibrium composi-
tion; they enter the periclase lattices because of the existence 
of MgO. At the same time, vacancies are formed because of 
the occurrence of nonequivalent substitution between 
Fe3+/Al3+ and other ions in periclase, which promotes the  
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Fig. 5.  Phase diagram of the CaOMgOSiO210wt%Al2O3 system [20] (lines represent isotherm at different temperature (C)). 

diffusion of Fe3+ and Al3+. Therefore, a hercynite composite 
is formed; this composite possesses a high melting point and 
exists as a solid even at the sintering temperature. 

The diffusion rate of Fe3+ and Al3+ through the boundary 
liquid is higher than that through periclase crystals because 
of a lower diffusion energy; thus, the transformation and 
diffusion of the cations occur primarily in the boundary liq-
uid. Therefore, the spinel composite is initially formed at the 
boundary instead of at periclase crystals when hercynite 
contacts magnesia grains.  

During cooling, the phase in equilibrium with the main 
phase (periclase) should possess a composition between 
CMS and C3MS2 without Fe or Al as a consequence of the 
phase equilibrium. However, the system cannot reach the 
theoretical equilibrium state in practice; traces of Fe and Al 
therefore exist in the periclase boundaries, whereas most of 
the Fe and Al remain in the periclase crystals to form a 
structure such as that shown in Fig. 3(d). 

In the periclasehercynite brick, in addition to the 
changes that occur for both magnesia and hercynite grains, 
similar changes occur for hercynite fine powder in the ma-
trix. Both hercynite and magnesia fines are sintered together 
at high temperature. A large number of micropores exist, as 
shown in Figs. 3(c) and 3(d), because of ion diffusion be-
tween periclase and hercynite. These features are character-
istic of periclasehercynite bricks prepared from reac-
tion-sintered hercynite and magnesia. At the same time, the 
micropores contribute to the good thermal shock resistance 

of the brick. 

4. Conclusions 

A periclasehercynite brick was synthesized from mag-
nesia and reaction-sintered hercynite via reaction sintering at 
1600°C for 6 h in air. The microstructure evolution of the 
periclasehercynite brick before and after sintering was par-
ticularly discussed. Some of Fe2+ ions in hercynite grains 
changed into Fe3+ ions due to the high oxygen partial pres-
sure. Fe2+ (or Fe3+) and Al3+ in hercynite migrated toward 
periclase crystals to form a composite spinel with a high 
Fe/Al ratio ((Mg1−xFex)(Fe2−yAly)O4). Meanwhile, Mg2+ in 
periclase migrated toward hercynite and occupied tetrahe-
dron vacancies. It further reacted with Al2O3, forming a 
spinel-like phase with a low Fe/Al ratio 
((Mg1−uFeu)(Fe2−vAlv)O4), whereas Al3+ predominately re-
mained in hercynite. The cation diffusion between the peri-
clase and hercynite crystals promoted the sintering process 
and resulted in the formation of a microporous structure, 
which contributes to the thermal shock resistance of the 
periclasehercynite brick. 
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