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Herein, stainless-steel slag was used to prepare glass—ceramics. The effects of the MgO content on the occurrence, distribution
state, and migration behavior of Cr in glass—ceramics as well as glass properties were systematically studied. Results revealed
that in the nucleation stage, the number of Cr-spinel (Cr spinel) nanocrystals initially increased and then decreased with the
increasing MgO content. In the crystallization stage, the diopside crystal phase considered Cr-spinel nanocrystals as
heterogeneous nuclei, which gradually nucleated and grew. Transmission electron microscopy and X-ray photoelectron
spectroscopy analyses showed that part of Cr in the spinel migrated into the diopside lattice and some other parts remained
in the Cr spinel wrapped by the diopside. Cr in the glass phase also diffused and migrated into the diopside lattice with the
formation of diopside crystals. When the MgO content was 12.3 wt.%, 97.33 wt.% of the total amount of Cr was observed
in the diopside crystal phase and the leaching concentration of Cr in the glass—ceramics was only 0.006 mg/L. The compressive
strength of the glass—ceramics was 261.7 MPa, and the Vickers hardness was 1007.7 HV. The research results provide
theoretical and technical support for strengthening Cr fixation and realizing harmless and high-value utilization of stainless-
steel slag.
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Introduction and glass phases. Glass—ceramics is obtained by
nucleation and crystallization of a parent glass with a
As an important raw material, stainless steel is specific composition in the heating process [7-10].
widely used in metallurgy, construction, transportation, Compared with an ordinary glass, glass—ceramics
food, medicine, and other fields [1-3]. In 2020, the total offers the advantages of high mechanical strength,
output of crude stainless steel in China was 30.139 good wear resistance, and stable chemical properties.
million tons and more than 9 million tons of stainless- Therefore, it is widely used in many fields such as in
steel slag was produced. Cr in stainless-steel slag often construction, chemical industry, and medical treatment
exists in the form of Cr’*, and a small amount exists in [11-14]. Because the main chemical composition of
the form of Cr®. Studies have shown that when stainless-steel slag is similar to that of glass—ceramics
stainless-steel slag is stored in the natural environment and Cr,0O; in the slag can be used as the main
for long durations, Cr’* can oxidize into highly toxic nucleation agent to produce glass—ceramics, preparation
Cr®", which can be easily dissolved in water and can of glass—ceramics from stainless-steel slag can solidify
enter the environment, thereby harming the environment Cr in the slag, which is an effective method of realizing
and human body [4-6]. Therefore, the large number of harmless and high-value utilization of stainless-steel
stacked stainless-steel slag has seriously restricted slag.
production in the stainless-steel industry. Innocuously In recent years, research on the preparation of glass—
disposing this slag has become a bottleneck in the ceramics from stainless-steel slag has gradually
sustainable development of the stainless steel manu- increased [15-20]. Ouyang et al. [21] used stainless-
facturing industry. Currently, harmless and high-value steel slag to prepare glass—ceramics using diopside as
utilization of stainless-steel slag has become an the main crystalline phase in which the maximum
international research hotspot. addition of stainless-steel slag was 20 wt.%. Zhang et
Glass—ceramics is a type of polycrystalline solid al. [22] used 37.8 wt.% stainless-steel slag to prepare
material that contains a large amount of microcrystalline glass—ceramics, which further improved the utilization
rate of stainless-steel slag. Research on the preparation
*Corresponding author: of glass—ceramics has shown that the MgO content in
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[24] pointed out that following the increase in the MgO
content, the precipitated ordinary pyroxene crystals
were gradually refined, and the morphology changed
from strip to granular. The study of Dechandt et al. [25]
and Salman et al. [26] demonstrated that in the
crystallization stage, increase in the MgO content made
the glass precipitate more crystals, resulting in the
increase in hardness of the glass—ceramics. In the
research of Li et al. [27], when the MgO content
increased from 1.1 wt% to 7.5 wt.%, the diopside
spherical crystal became more uniform, and the content
gradually increased in the crystallization stage.

As a summary, existing studies focus on the influence
of MgO content on the crystal growth and glass
properties during the crystallization stage of glass—
ceramics, whereas on a few studies focus on the
influence of MgO content on the occurrence, distribution,
and migration behavior of Cr from the nucleation to
crystallization stage. Because the migration—distribution
trend and occurrence state of Cr in the nucleation and
crystallization process of glass—ceramics significantly
affect the Cr-fixation effect of glass—ceramics, investi-
gating the occurrence state and migration behavior of
Cr in glass—ceramics is very important for strengthening
the Cr fixation.

In the present study, stainless-steel slag was used as
the main raw material for glass—ceramics preparation
using the melting method. The effects of MgO on the
types and morphology of the nuclei and the occurrence,
distribution, and migration behavior of Cr between the
nuclei and glass phase in the nucleation stage were
investigated. In the crystallization stage, the migration
behavior of Cr from nuclei to crystal and the effect of
MgO on the occurrence and distribution of Cr between
the crystal and glass phase were studied. Finally, the
mechanical properties and Cr-fixation effect of the
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glass—ceramics were verified to explore the curing
behavior of glass—ceramics on Cr. The research results
provided theoretical and technical support for strength-
ening the Cr fixation and realizing harmless and high-
value utilization of stainless-steel slag.

Experimental
Sample preparation

Raw materials and formula

We used stainless-steel slag as the main raw material
for the glass—ceramics preparation together with fly
ash, a small amount of quartz sand, light magnesium
oxide, soda ash, and an industrial iron oxide for
adjusting its composition. X-ray fluorescence spectro-
meter (XRF, Axios Max, Netherlands) was used to
detect the main chemical components of the raw
materials, as listed in Table 1.

In this study, CaO-MgO-Al,0;-SiO, (CMAS)
glass—ceramics with diopside as the main crystalline
phase was prepared. By referring to relevant literature
[5,28-31] and the previous work of our research group
[32], the S3 formula listed in Table 2 was used as the
basic glass formula in which the added amount of
stainless-steel slag was 60 wt.% and that of fly ash was
20 wt.%. The added amount of the main raw materials
remained unchanged. The MgO content in the basic S3
formula was varied by adding a light magnesium oxide
to obtain five groups of glass—ceramics formulas,
namely, S1, S2, S3, S4 and S5 (S1-S5). Their chemical
compositions are listed in Table 2.

Technological process
All raw materials were crushed, dried at 100 °C for
24 h, and sieved using a 200-mesh sieve. The raw

Table 1. Main chemical compositions of the glass—ceramics raw materials (wt.%).

Raw material CaO MgO AlLO; SiO, Cr,05 Fe,05 TiO, Na,O K,O
Stainless steel slag 38.82 10.01 4.83 39.67 2.03 1.25 1.61 0.22 0.04
Fly ash 5.16 0.60 34.02 48.71 — 5.40 1.81 1.29 0.47
Quartz sand — — 0.23 98.32 — 0.25 — — —
Light magnesium oxide 0.75 98.44 0.06 — — 0.05 — — —
Industrial iron oxide — — — — — 99.00 — — —
Soda ash — — — — — — — 56.86 —
Table 2. Chemical composition of the S1-S5 glass—ceramics (wt.%).
Samples CaO MgO Al O4 SiO, Cr,04 Fe, O3 TiO, Na,O K,O
S1 26.2 6.6 12.1 47.0 1.3 4.0 1.4 1.3 0.1
S2 25.7 8.6 11.8 46 1.3 4.0 1.4 1.2 0.1
S3 252 10.5 11.5 45.0 1.2 39 1.4 1.1 0.1
S4 24.6 12.3 11.3 44.1 1.2 39 1.3 1.1 0.1
S5 242 14 11.1 432 1.2 3.8 1.3 1.0 0.1
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materials were weighed according to the formula. They
were then ball-milled in a ball mill for 3 h (the ball-to-
material ratio was 10:1). The mixed raw materials were
put into a 200-mL alumina crucible and subsequently
placed in a tubular furnace. They were then heated
to 1550°C at 10°C/min and kept warm at this
temperature for 1 h. Finally, nitrogen was injected into
the entire process for protection. Simultaneously, a
stainless-steel mold was put into the muffle furnace and
heated to 550 °C. The molten glass was poured into the
mold, placed in the muffle furnace, annealed at 550 °C
for 1 h, and cooled in the furnace to prepare the parent
glass. The parent glass was placed in an isothermal-
gradient furnace and heated according to the heat-
treatment system to obtain a nucleation glass and
crystallized glass—ceramics.

Testing and characterization

Thermal analysis

The glass was cut into 20 mm x 10 mm % 10 mm
strips. The thermal-expansion curve of the parent glass
was measured using a thermal-expansion analyzer
(CTE, ZRPY-1000, China), and the transformation
temperature (7g) of the glass was analyzed. The test
temperature ranged from room temperature to 780 °C,
and the heating rate was 5 °C/min. The crystallization
temperature of the parent glass in argon atmosphere
was measured using a differential scanning calorimeter
(DSC, NETZSCH STA449F5, Germany) at a heating
rate of 10 °C/min, and the measurement temperature
range was 30 °C-1000 °C.

X-ray diffraction (XRD)

The glass sample was ground to less than 200-mesh
size and was analyzed using XRD (D/max 2500 PC,
Japan) under Cu—Koa radiation at a working voltage of
40 kV and working current of 30 mA. The scanning
range was 10°-90°, and the scanning angular velocity
was 0.2°s.

Scanning electron microscopy (SEM)

The internal crystal morphology of the glass samples
was observed using SEM (Philips XL30, America).
The sample was flooded with HF solution (5 vol.%) for
20 s, immediately washed with distilled water, sub-
sequently washed with ethanol, and finally dried.
Before the test, gold was sprayed on the sample
surface, which was fixed on the stage using a
conductive adhesive.

Transmission electron microscopy (TEM)

The types and morphology of the nanocrystals in the
nucleation glass were analyzed using TEM (Tecnai G2-
20, America). The sample was thoroughly ground in an
agate crucible. A 10-mg sample was obtained and
placed in a centrifugal tube containing 10-mL ethanol

solution. Ultrasonic dispersion was then carried out in
an ultrasonic disperser for 30 min. After letting the
sample stand for 20 min, the solution was dropped on a
copper net using a dropper. The solution was irradiated
for 5 min using a baking lamp. The acceleration
voltage of TEM was 300 kV, and the point resolution
was 0.24 nm.

X-ray photoelectron spectroscopy (XPS)

The nucleation glass and glass—ceramics powder
were tested using XPS (ESCALAB 250XI, America).
The test condition was Al Ko X-ray (1486.6 eV). The
passing energy of the high-resolution scanning was
30.0 eV at 0.05-eV step, and the peak position was
calibrated using the standard Cls peak (284.8 eV).

Mechanical-property test

The glass—ceramics sample was processed into a 10
mm x 10 mm x 10 mm block. The upper and lower
surfaces of the sample were polished, and the
compressive strength of the glass—ceramics was
measured using a universal testing machine. A HV-
100A Vickers-hardness tester was used to measure the
Vickers hardness of the glass—ceramics under a load of
9.8 N for 15 s.

Cr leaching test

In this study, a liquid—solid ratio of 10:1 (L/kg) was
used to leach Cr in the glass—ceramics using the
overturning oscillation method to investigate the Cr-
fixation effect of the glass—ceramics. The samples were
oscillated for 1, 3, 5, 7, and 24 h and allowed to stand
for 4h. Then, a pressure filter (0.45-um filter
membrane) was used to extract the leachate and stored
it at 25°C. The Cr concentration in the leaching
solution was measured using an inductively coupled
plasma mass spectrometer (ICP, Thermo ICAP 6300,
America).

Results and Discussion

Determination of the heat-treatment system

CTE and DSC tests were performed to determine the
nucleation and crystallization heat-treatment systems of
the S1-S5 glass—ceramics. Fig. 1(a) shows the thermal-
expansion curve of the S1-S5 parent glasses. Fig. 1(a)
shows that the Tg of the parent glass varied with the
addition of MgO. Studies have shown that the
nucleation temperature of glass—ceramics is generally
30 °C-50 °C above Tg [30-32]. In conjunction with our
previous research, the present study selected nucleation
temperatures of 725 °C, 713 °C, 689 °C, 676 °C, and
670 °C and a nucleation time of 2 h to represent the
nucleation heat-treatment system of the S1-S5 glass—
ceramics. Fig. 1(b) shows the DSC curve of the S1-S5
parent glasses. From Fig. 1(b) and our previous work,
the SI1-S5 glass—ceramics showed crystallization
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Fig. 1. (a) CTE and (b) DSC curves of the S1-S5 parent glass.

temperatures of 873 °C, 856 °C, 845 °C, 838 °C, and
858 °C, respectively, and the crystallization time of
2.5h.

Effect of MgO on the internal micromorphology of
glass

The morphology of the S1-S5 glass after the
nucleation treatment was analyzed using SEM, and the
results are shown in Fig. 2, which shows that a large
number of nanocrystals with a particle size of 20-60
nm were generated in the S1-S5 glass matrix. The
added MgO increased from 6.6 wt.% to 12.3 wt.%, and

300 nm

Fig. 2. SEM images of the different amounts of added MgO.
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the number of grains gradually increased. Xu et al. [36]
pointed out that the addition of MgO could provide
“free oxygen” and break the silicon—oxygen network in
the glass matrix. Following the increase in the MgO
content, the “free oxygen” gradually increased, the
fracture in the silicon—oxygen-network structure in the
glass matrix increased, the glass viscosity decreased,
the ion-migration rate in the glass increased, and the
number of precipitated grains gradually increased.
When the MgO content was 12.3 wt.%, the nanocrystals
were evenly distributed, the largest number, and the
particle size was approximately 40 nm. When the MgO

300" nm

S5

300 nm
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Fig. 3. XRD diffraction pattern of the S1-S5 nucleation glass.

content was 14 wt.%, the number of grains decreased,
and the particle size increased to 55 nm. This result
was due to the excessive addition of MgO, more
fracture in the silicon—oxygen network, faster migration
rate of the ions, and higher grain-growth trend per unit
time than those of the grain formation, which increased
the size and decreased the number of nanocrystals.
The phase of the S1-S5 nucleation glass was
detected using XRD, and the results are shown in Fig.
3, which shows that only the typical wide glass peak of
the inorganic glass appeared at 20°-40°. No obvious
crystal diffraction peak was observed. The reason could
be that the size of the generated nanocrystals was
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Fig. 4. XRD spectrum of the glass—ceramics with different MgO
contents.

small, the dispersion of the grains in the glass was
high, and the diffraction peaks of the crystals were
widened, overlapped, and blurred, which exhibited the
characteristics of amorphous diffraction peaks.

The morphology and phase of the S1-S5 glass—
ceramics after crystallization heat treatment were
detected using XRD and SEM. The results are shown
in Figs. 4 and 5. According to the XRD and SEM
results, the main crystal phase of the S1-S5 glass—
ceramics was diopside (CaMgSi,Og4), and the small
amount of secondary crystal phase was monticellite
(CaMgSiOy).

Fig. 5. SEM image of the glass—ceramics with different MgO contents.
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When the MgO content increased from 6.6 wt.% to
12.3 wt.%, the number of diopside crystals gradually
increased, and its particle size decreased from 1.5 to 1
um. When the MgO content continued to increase, the
number of diopside crystals decreased, and the particle
size increased. The reason was that the number of
nanocrystals generated in the nucleation stage directly
affected the number and particle size of the diopside
crystals during the crystallization process. When the
MgO content was 12.3 wt.%, the number of nanospinel
grains generated in the nucleation glass was the
highest, and diopside grew with the spinel grains as
heterogeneous nuclei during the crystallization process.
The growth interfaces of the diopside crystals
contacted with each other to prevent continuous growth
of grains, which resulted in the largest number of
diopside crystals, and the particle size became smallest.

Effect of MgO on the migration behavior and
occurrence distribution of Cr in the nucleation
stage

Because the nanocrystals formed in the nucleation
stage of glass—ceramics were relatively small and
highly dispersed, their phases were difficult to analyze
by XRD. Many researchers indirectly speculated that
the nanocrystals formed in the glass are MgCr,O4

(O —Nanocrystals

(a)
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spinel based on theoretical analysis and EDS test
results [37-39]. Direct detection of whether the
nanocrystals are Mg—Cr spinel has not been reported.
In the present study, TEM test analysis was conducted
on the S1-S5 nucleation glass powder to determine the
phase type of the nanocrystals. We considered the S4
nucleation glass as an example. The test results are
shown in Fig. 6.

Fig. 6(a) shows the TEM bright-field image of the S4
nucleation glass. We can observe from the image that
the nanocrystals were precipitated in zones 1 and 2.
Fig. 6(b) shows the HRTEM image of zone 1 in Fig.
6(a). Lattice fringes can clearly be observed in the
nanocrystals in HRTEM, whereas the region without
lattice fringes was an amorphous glass phase. The
crystal lattice fringes of zones 1 and 2 shown in Fig.
6(a) were analyzed. The calibration results of the
crystal plane spacing are shown in Figs. 7 and. 8.
Fourier transform was applied to the HRTEM images
of the crystals shown in Figs. 7(a) and 8(a) to obtain
the diffraction patterns, as shown in Figs. 7(b) and 8(b).
After the measurement, distance /; from the diffraction
spot to the diffraction center in the reciprocal lattice
was obtained. The calculation formula for crystal plane
spacing d is expressed as follows:

Fig. 7. (a) MgCr,O4 nanocrystals in the S4 nucleation glass. (b) Fourier-transform diffraction pattern. (c) Profile of the calibration diagram.
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Fig. 8. (a) FeCr,O4 nanocrystals in the S4 nucleation glass. (b) Fourier-transform diffraction pattern. (¢) Profile of the calibration diagram.

d /, ) scale M

In Eq. (1), [, is 10 nm', /; represents the actual
measured lengths shown in Figs. 7(b) and 8(b), which
were 3.991 and 3.92 nm™! respectively, and “scale” is
10 nm'. According to Eq. (1), the crystal-plane-
spacing values of the nanocrystals in zones 1 and 2
were 0.25056 and 0.25510 nm, respectively. To verify
the accuracy of the calculation results, the calibration-
diagram profile of the lattice stripes was measured and
analyzed, and the results are shown in Figs. 7(c) and
8(c), which show that the measured results of the
crystal plane spacing were 0.2506 and 0.2551 nm,
respectively. We found that the calculation results were
consistent with the measurement and analysis results of
the calibration-diagram profile.

Based on the ICDD-PDF database, the plane spacing
of the crystal in zone 1 (Fig. 7) corresponded to the (3
1 1) crystal plane of MgCr,O, (PDF#: 77-0007),
indicating that the nanocrystal phase in zone 1 was
MgCr,0,. Fig. 8 shows that the crystal plane spacing in
zone 2 was 0.2551 nm, which corresponded to the (3 1
1) crystal plane of FeCr,O4 (PDF#: 24-0511), indicating
that the nanocrystal phase in zone 2 was FeCr,O,. The
TEM results showed that in the nucleation stage of the

glass—ceramics, the nanocrystals were Mg—Cr and Fe—
Cr spinels.

The chemical state of Cr’* in the S1-S5 nucleation
glass was analyzed using XPS, and the effect of the
different MgO contents on the occurrence and
distribution of Cr in the Cr spinel and glass phase was
investigated. Dingkun et al. [40] found that because of
the different ligands of Cr*" in glass, isolated Cr’" ions
and exchange-coupled Cr** pairs that formed Cr spinel
changed the linear width and symmetry of resonance to
different degrees, which resulted in different ESR
spectral signals. In the nucleation stage in the present
study, we considered that Cr’* existed as exchange-
coupled Cr** pairs in the Cr-spinel crystals and free
Cr’" ions in the glass matrix. The binding energy of
Cr" was different in the two different chemical
environments.

On the basis of the XPS electron binding-energy
spectrum of Cr ion in the Mg—Cr spinel and parent
glass, the XPS electron energy spectrum of Cr in the
S1-S5 nucleation glass was fitted and divided into
peaks, and the peak area was integrated. The area ratio
of the fitting peak represented the percentage of Cr in
the spinel crystal and glass phase to explore the
distribution behavior of Cr in the spinel crystal and
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Fig. 9. (a) XRD spectrum of pure MgCr,Oy. (b) Electron binding-energy spectrum of Cr in MgCr,Os. (¢) Electron binding-energy spectrum

of Cr in the parent glass.
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glass phase. In this study, pure MgCr,O4 was first
synthesized. The phase XRD test results are shown in
Fig. 9(a), and the XPS test results of Cr in pure
MgCr,O4 and S4 parent glass are shown in Figs. 9(b)

and (c).

Fig. 9(a) shows that only the diffraction peak of
MgCr,O, was present in the spectrum without other
impurities, which indicated that pure MgCr,O, was
synthesized. Figs. 9(b) and (c) show that the binding-
energy values of 2p;, and 2ps,; of Cr in MgCr,O4 were
586.5 and 576.1 eV, respectively. The binding-energy
values of 2pi» and 2p;;, of Cr in the S4 parent glass
were 588.8 and 577.8 eV, respectively. The XPS
electron spectrum peak-splitting results of Cr in the
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S1-S5 nucleation glass are shown in Fig. 10 and Table
3. The list in Table 3 illustrates that with the increase in
the MgO content, the proportion of Cr in the form of
Cr spinel in the total Cr first gradually increased and
then decreased. When the MgO content was 12.3 wt.%,
the proportion was 84.38 wt.%, which reached the
maximum value. This result was consistent with the
trend in the SEM analysis. The XPS results demon-
strated that in the nucleation stage of the glass—
ceramics, an increase in added MgO could promote
migration of Cr in the glass phase to Cr spinel; thus,
more Cr existed in the finely dispersed Cr-spinel
crystals.

Sl
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Fig. 10. XPS fitting peak-splitting spectrum of Cr in the S1-S5 nucleation glass.

Table 3. Proportion of the Cr distribution in the Cr spinel/glass phase to the total Cr content in the S1-S5 nucleation glass.

Samples Peak/eV Area/a.u. Sum/a.u. Proportion of Cr in Cr-spinel/%
Gl hase 2 588.8 504.13
G1aSS phalse 2p”2 577.8 905.57 1457
S1 C ass'p f;e o 586.5 1250.29 7185
r-spin . .
PInet =Pz 3597.86
Cr-spinel 2p;, 576.1 2347.57
Gl hase 2 588.8 457.27
A58 Phase <pia 1266.46
Glass phase 2p;,, 577.8 809.19
S2 . 75.04
Cr-spinel 2p 586.5 1350.38
. 3807.56
Cr-spinel 2p;, 576.1 2457.18
Gl hase 2 588.8 407.66
A58 PAASE “Pin2 1093.39
Glass phase 2p;,, 577.8 685.73
S3 . 80.25
Cr-spinel 2p;, 586.5 1442.42
. 4443.9
Cr-spinel 2p;), 576.1 3001.47
Glass phase 2 588.8 333.76
PHAse Zpuz 895.79
Glass phase 2p; 577.8 562.03
S4 . 84.38
Cr-spinel 2p;, 586.5 1595.76
. 4838.24
Cr-spinel 2ps), 576.1 3242.48
Glass phase 2 588.8 390.79
Gl ph 2pl/2 577.8 682 1072.79
S5 55 PRASE <Psn ' 80.89
Cr-spinel 2p; 586.5 1436.11
. 4540.47
Cr-spinel 2ps), 576.1 3104.36
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Effect of MgO on the migration behavior and
occurrence distribution of Cr in the crystallization
stage

We considered the S4 sample as an example. Four S4
nucleation glasses were kept at 860 °C for 10, 20, 30,
and 60 min. The heated glass samples were investigated
using XRD (Fig. 11). The phase transformation pattern
of the nanospinel in the glass at different crystallization
times was investigated, and the migration behavior of
the Cr element in the crystallization stage was
analyzed.

Fig. 11 shows that when the glass was crystallized
for 10 min, a small diffraction peak of MgCr,O,
appeared in the diffraction pattern, which indicated that
the nanograins formed in the nucleation stage were
mainly MgCr,O,. After the 20-min crystallization, a
diopside crystal phase was formed, and MgCr,0, still
existed. After the 30-min crystallization, MgCr,O,4
disappeared in the XRD pattern, and only the diopside
crystalline phase remained. After the 60-min
crystallization, the type of crystal phase in the glass
was consistent with that of the 30-min crystallization,
and the XRD intensity of the crystal increased, which
indicated that the crystallization degree of the crystal at
60 min was higher than that at 30 min. The XRD
results showed that because of the similar lattice
constants of MgCr,O, and diopside, the diopside
nucleated and grew with MgCr,O, as a heterogeneous
core during the crystallization process.
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Fig. 11. XRD patterns of the S4 glass—ceramics crystallized for 10,
20, 30, and 60 min.

To explore the transformation relationship between
the Cr spinel and diopside, the glass—ceramics
crystallized for 2.5 h was investigated using TEM, and
the result is shown in Fig. 12.

Fig. 12(a) shows the TEM image of the S4 glass—
ceramics. Two different lattice fringes were observed in
zone A with high resolution [Fig. 12(b)]. We calibrated
the lattice fringes of the crystals in zones 1-3, as
shown in Fig. 12(b), and found that all crystal-plane-
spacing values of the crystals in zones 1 and 3 were
0.2993 nm. The crystal plane spacing corresponded to
the (2 2 1) crystal plane of CaMgSi,O4 (PDF#: 78-

Fig. 12. (a) TEM image of the S4 glass—ceramics. (b) HRTEM image in zone A. (c) TEM-mapping diagram of Cr in zone A.
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Fig. 13. XPS fitting peak-splitting spectrum of Cr in the S1-S5 glass—ceramics.

1390), which indicated that the crystals in zones 1 and
3 were diopside. The crystal plane spacing in zone 2
was 0.2506 nm, which corresponded to the (3 1 1)
crystal plane of MgCr,O4 (PDF#: 77-0007), indicating
that the crystal in zone 2 was MgCr,0O,. Fig. 11 shows
that after 30 min of crystallization, the spinel dis-
appeared, and only the diopside crystal phase existed.
Meanwhile, the crystal in zone 2 shown in Fig. 12(b)
was MgCr,O,4, which indicated that when the diopside
grew with MgCr,Oy as the core, some Cr-spinel crystal
structures were not damaged and were wrapped by the
diopside.

A TEM-mapping test was performed on the Cr

element in zone A, and the result is shown in Fig.
12(c). Fig. 12(c) shows that the Cr distribution in zone
2 was relatively concentrated, which was a Mg—Cr
spinel wrapped by diopside. The distribution of Cr
around zone 2 was relatively dispersed, which could be
considered as Cr diffused into a diopside lattice. The
TEM analysis showed that in the crystallization stage
of the glass—ceramics, when diopside was formed with
the Cr spinel as the core during the extension of the
crystallization time, part of the crystal structure of the
Cr spinel was destroyed, and the components were
integrated into the diopside crystal. Some Cr spinel
remained preserved and wrapped in diopside.

Table 4. Proportion of the Cr distribution in the diopside/glass phase to the total Cr content in the S1-S5 glass—ceramics.

Samples Peak/eV Area/a.u. Sum/a.u. Proportion of Cr in diopside/%
Gl hase 2 588.8 184.27
GlaSS phase me 577.8 286.67 47114
s1 .ass‘p ase 2pzp . . 92.19
Diopside 2p;, 586.5 2058.14
L 5564.4
Diopside 2p;,, 576.1 3506.26
Glass phase 2p;,, 588.8 118.79 38101
Glass phase 2ps, 577.8 262.22 ’
S2 L 93.68
Diopside 2p;,, 586.5 2008.16
.. 5650.72
Diopside 2p;,, 576.1 3642.56
Gl hase 2 588.8 105.99
A58 PAASE “Pin2 314.86
Glass phase 2p;, 577.8 208.87
S3 o 95.05
Diopside 2p;, 586.5 2098.04
. 6039.7
Diopside 2p;,, 576.1 3941.66
Gl hase 2 588.8 66.36
GlaSS phase 2p1/2 577.8 111.53 177.89
4 'ass p ase 2psp . . 9733
Diopside 2p;, 586.5 2263.74
. 6492.57
Diopside 2p;,, 576.1 4228.83
Gl hase 2 588.8 954
GlaSS phase 2p”2 577.8 159.76 23316
<5 .ass p ase 2psp . . 96.09
Diopside 2py,, 586.5 2154.03
. 6271.37
Diopside 2p;,, 576.1 4117.34
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The chemical state of Cr in the S1-S5 glass—
ceramics was detected using XPS, and the occurrence
and distribution of Cr in the crystalline and glass
phases with different MgO contents were analyzed.
The results are shown in Fig. 13 and Table 4. Fig. 13
and Table 4 show that with increasing MgO content, Cr
in the diopside crystal phase initially increased and
then decreased. When MgO was added at 12.3 wt.%,
the Cr content in the diopside was the largest, which
accounted for 97.33 wt.% of the total Cr. This result
also indicated that in the crystallization process of the
nucleation glass, the glass phase gradually decreased
and Cr in the glass phase gradually diffused and
migrated to the diopside phase with the growth of the
diopside crystal phase. From the nucleation to the
crystallization stage, the amount of Cr in spinel
nanocrystals in the diopside phase increased from
84.38 wt.% to 97.33 wt.%.

Mechanical properties and Cr curing effect of
glass—ceramics

The compressive strength and Vickers hardness of
the S1-S5 glass—ceramics were tested to investigate
their mechanical properties. The results are shown in
Fig. 14, which shows that when the MgO content was
12.3 wt.%, the compressive strength was 261.7 MPa,
the Vickers hardness was 1007.7 HYV, and the
mechanical properties of the glass—ceramics were the
best.

Toxicity-leaching experiments of the S1-S5 glass—

261.7
aoor 255.2 {1000
& 1007.7 =
= 250} 993.7 =
o {980 =
T 210} 2
2 J960 5
2 230f E
E 0.3:6.5 0493 doao g
B n0r 2
g 209.6 . | P
S 210F = 213.7 —"— Compressive strength 77~
o —s— Vickers hardness
200F 903.7 4900
'l L 'l L L
S1 S2 S3 S4 S5

Samples
Fig. 14. Test of compressive strength and Vickers hardness of the
S1-S5 glass—ceramics.

Table 5. Leaching concentration of Cr in the S1-S5 glass—
ceramics at different times (mg/L).

Samples 1h 3h 5h 7h 24 h
S1 0.016 0.018 0.017 0.022 0.023
S2 0.017 0.015 0.017 0.019 0.019
S3 0.008 0.010 0.009 0.010 0.009
S4 0.003 0.006 0.004 0.006 0.006
S5 0.006 0.007 0.006 0.007 0.007

ceramics were carried out for 1, 3, 5, 7, and 24 h to
investigate the Cr-fixation effect of the glass—ceramics.
The Cr-ion concentration in the leaching solution was
detected using ICP, and the results are listed in Table 5.

The list in Table 5 shows that when the leaching time
was extended, the Cr leaching concentration increased
and tended to stabilized at 24 h. When the MgO
content was 123 wt.%, the lowest Cr leaching
concentration of the glass—ceramics was only 0.006
mg/L, which indicated that the glass—ceramics prepared
in this study has achieved a good Cr-fixation effect.

Conclusion

In this study, glass—ceramics were prepared from
stainless-steel slag. The MgO content on the occurrence,
distribution, and migration of Cr in the nucleation and
crystallization stages of the glass—ceramics were
systematically studied, and the mechanical properties
and Cr-fixation effect of the glass—ceramics were
verified. The conclusions are enumerated as follows.

(1) Stainless-steel slag (60 wt.%) was used as the
main raw material to prepare glass—ceramics. In the
nucleation stage of the glass—ceramics, Cr mainly
existed in the forms of MgCr,O, and FeCr,O4 nano-
crystals and the glass phase. When the MgO content
was increased, the number of Cr-spinel grains that were
precipitated in the glass gradually increased, and Cr in
the glass phase gradually migrated to the spinel. When
the MgO content was 12.3 wt.%, the amount of Cr
spinel was the largest and the Cr content in the Cr
spinel accounted for 84.38 wt.% of the total Cr.

(2) From the nucleation to the crystallization stage,
Cr spinel as nuclei gradually generated the diopside
with increasing crystallization time. The TEM analysis
demonstrated that during the transformation from the
Cr spinel to diopside, some of the crystal structures of
the Cr spinel were destroyed and the components were
integrated into the diopside crystal. Some Cr spinels
remained preserved and wrapped in the diopside.

(3) In the crystallization stage, the amount of
generated diopside increased with the increase in the
MgO content. Cr that existed in the glass phase
gradually diffused and migrated to the diopside phase,
and the occurrence and distribution of the Cr content in
the diopside phase accordingly increased. When the
MgO content was 12.3 wt.%, the diopside grains
generated in the glass—ceramics became fine, the
number was the largest, and the occurrence of Cr was
mostly distributed in the diopside phase, which
accounted for 97.33 wt.% of the total Cr.

(4) By adjusting the MgO content, glass—ceramics
realized good mechanical properties and Cr-fixation
effect. When the MgO content was 12.3 wt.%, its
compressive strength was 261.7 MPa, the Vickers hard-
ness was 1007.7 HV, and the Cr leaching concentration
was 0.006 mg/L.
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