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Abstract

Boron oxide is frequently applied in modification of stainless steelmaking slag to mitigate the disintegration of slag. In this
work, the effect of B,O; on mineralogical phases and hexavalent chromium leaching behavior of synthetic CaO-SiO,-MgO-
Al,05—CrO, slag was investigated. Di-calcium silicate, merwinite, spinel, akermanite, and matrix phase were observed as
main minerals in slags by scanning electron microscope (SEM) equipped with energy-dispersive spectrometry (EDS) and
X-ray diffraction (XRD) techniques. It was found that 2% B,0; addition is sufficient to eliminate the disintegration of syn-
thetic slag by suppressing the phase transition to y-Ca,SiO,. The size of spinel phase increases with increasing B,05, which
could be well interpreted by enhanced Ostwald ripening. The amount of Ca,SiO, phase in slag was reduced by addition of
B,05; however, excess B,O; (>2%) addition would significantly increase chromium concentration and overall chromium
distribution in Ca,SiO, phase. Leaching results according to US-EPA-3060A method indicated that excess boron oxide
addition (>2%) leads to a significant increase of hexavalent chromium leaching concentrations and should be avoided for

stabilizing stainless steel slag.
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Introduction

Stainless steel slag is generated in the production of stainless
steel. Generally, stainless steel slag consists of CaO, SiO,,
MgO, and some amount of Cr,05 (< 10%) that originates
from the oxidation of chromium during alloying process.
The valence state of chromium in stainless steel slag is
mainly divalent (Cr**) or trivalent (Cr**) that has low tox-
icity. Unfortunately, low valent chromium could be oxidized
into highly toxic hexavalent chromium (Cr®") when exposed
to acidic and oxygen-rich environments [1]. Hexavalent
chromium is water-soluble and easy to be leached into under-
ground water to produce serious environmental pollution.
Moreover, disintegration behavior is commonly observed
in stainless steel slag during natural cooling [2], which is
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generally caused by the phase transition from $-Ca,SiO,
to y-Ca,Si0, accompanied by 12% volume expansion [3].
The leaching of hazardous hexavalent chromium could also
be aggravated by the disintegration behavior. Therefore, the
utilization of stainless steel slag is still limited.

To suppress the disintegration behavior and immobilize
the chromium in slag, many stabilization techniques for slag
have been proposed. The mitigation of disintegration of slag
could be achieved by some physical methods, such as rapid
cooling to suppress the phase transition [3]. The modifi-
cation of slag could be performed by additives to mitigate
the disintegration of slag and immobilize chromium in slag
[4-9]. It is well accepted that spinel phase is very stable
during oxidation and leaching due to the strong bonding of
chromium in spinel phase [2]. Modification with MgO could
mitigate the precipitation of Ca,SiO, [4] and be beneficial
to spinel formation during solidification of slag [5, 6]. The
additions of appropriate amounts of Al,O5 [5, 7], MnO [8],
and FeO [9] were found to promote the spinel formation.
Meanwhile, low basicity [6, 8, 10] and oxygen partial pres-
sure [11] have a positive influence on spinel precipitation.

Boron oxide has been found to be an excellent stabilizer
for stainless steel slag [12—16]. Ghose et al. concluded that
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0.13 wt% B,0; can already stabilize the f-polymorph of
Ca,Si0, [12]. Seki et al. developed a borate-based stabilizer
for stainless steel decarburisation slag [13]. Durinck et al.
considered that the crystallographic mechanism could be the
partial replacement of SiO,*~ units by BO;>~ units that sup-
presses the Ca>* migrations and SiO44_ rotations required for
the 3-Ca,SiO, to y-Ca,SiO, transformation [14]. Wu et al.
studied the influence of B,0; on crystallization behavior of
Cr-bearing phase in stainless steel slag [15]. They found that
the size of Cr-bearing phase in slag with B,O; enhanced as
an increase of holding time and the content of Cr,0; in the
spinel phase was higher than that in the slag without B,O;
[15]. Based on the fact that boron can stabilize stainless
steel slag effectively, boron-contained materials have been
applied for the stabilization of stainless steel slag in some
steel companies [13, 16]. The boron-contained materials
are usually added into molten stainless steel slag during the
slag discharge process. However, the effect of boron oxide
addition on leaching behavior of hexavalent chromium in
treated stainless steel slag received only a few investigations.
Recently, Li and Xue investigated the effect of boron oxide
addition on the chromium distribution in Cr-bearing phase
and emission of hexavalent chromium [17]. They reported
that the leachability of hexavalent chromium was enhanced
with increasing of boron oxide content in some cases [17].
Unfortunately, the detailed mechanism for that was not dis-
cussed in their work. Accordingly, the effects of B,O; on
mineralogical phases and chromium leaching of slags still
require further studies.

In the present work, the effect of B,O; addition on the
phase formations in synthetic CaO-Si0,-MgO-Al,0,—CrO,
slag was investigated under a low oxygen partial pressure
(Po, = 10710 atm). The chromium distributions in differ-
ent mineralogical phases were quantified. Furthermore, the
leaching concentrations of hexavalent chromium were also
evaluated according to US-EPA-3060A method [18].

Materials and methods

Reagent-grade compounds CaO, SiO,, Al,05;, MgO,
Cr,0;3, and H3;BO; were taken as raw materials. The
chemical compositions of the samples investigated are
listed in Table 1. Reagent-grade CaCO; was calcined at

1373 K overnight in muffle furnace to obtain CaO. To
avoid the occurrence of hydroxide and carbonate, MgO
was also calcined at 1273 K for 6 h in muffle furnace.
Si0,, Al,0;, and Cr,0; were dried at 393 K for 4 h in
an oven to remove moistures. H;BOj; as a substitute of
B,0; was added directly without drying in the present
work for the reason of its low melting point (449 K) [19].
The basicity of synthetic slag (defined as the mass ratio of
CaO to SiO,) was maintained as 1.5, considering that the
basicity of industrial stainless steel slag is generally in the
range of 1.0~2.5 [5-11]. The contents of MgO, Al,O3, and
Cr,0; in slags were fixed as 8.0, 6.0, and 6.0, respectively.
The reagent powders were mixed with appropriate ratios
and pressed into pellets. The pellets were loaded in molyb-
denum crucibles, and then located in the even temperature
zone of a tube furnace with molybdenum silicide as heat-
ing elements using molybdenum wire. Schematic diagram
of the furnace can be found in our previous publication
[20]. A W-Re5/26 thermocouple was installed underneath
the bottom of molybdenum crucible to measure and con-
trol the temperature within the furnace. Oxygen partial
pressure of 107!% atm was maintained by mixing gas of CO
and CO, (CO/CO,=41). The flow rate of gases was con-
trolled by two mass flow meters (Bronkhorst EL-FLOW
Base). Samples were heated to 1873 K slowly followed
by cooling to room temperature with a rate of 5 K-min~".

After cooling, the mineralogical phases in samples were
investigated using scanning electron microscopy equipped
with energy-dispersive spectra (SEM-EDS) and X-ray
diffraction (XRD). For SEM examination, samples were
embedded with epoxy resin and prepared by standard met-
allographic preparation methods. The SEM examination
was performed on FEI MLA 250. The working voltage
was 20 kV.

The XRD spectra were collected with an 18 kW X-ray
diffractometer (model: Rigaku TTR III, Japan) with
Cu—Ka radiation. The 20 scanning range was 15°-65° with
a scan speed of 2 s step~!. The mass percentages of various
crystalline phases were determined using an X-ray quan-
titative analysis method based on RIR (Relative Intensity
Ratio) values [21], which was described briefly as follows.

The ratio of mass percentage of a phase to f phase
could be calculated from intensities of the strongest peaks
for a phase to f§ phase according to the following equation:

Table 1 Chemical compositions

of samples investigated in the Sample No CaO SiO, MgO Al,O; Cr,05 B,0, Basicity
present work (wt%) 1 43.0 32.0 8.0 6.0 6.0 0 L5

2 46.8 31.2 8.0 6.0 6.0 2 1.5

3 45.6 30.4 8.0 6.0 6.0 4 1.5

4 44.4 29.6 8.0 6.0 6.0 6 1.5
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o(a) I(@)/RIR(a)
() I(p)/RIR(P)’

where w(a) and w(f) are mass percentages of a and S
phases, respectively. RIR(a) and RIR(f) are relative inten-
sity ratio values for a and f phases, respectively. I(a) and
I(p) are intensities of the strongest peaks for @ and f phases,
respectively. RIR values for various phase could be found
in Joint Committee on Powder Diffraction Standards-Inter-
national Centre for Diffraction Data (JCPDS-ICDD) cards.
Thus, mass percentages of various phases could be calcu-
lated using intensities of the strongest peaks and RIR values
for various phases.

US-EPA-3060A method, an alkaline digestion step, is
widely used to assess the leaching concentration of hexava-
lent chromium in solid waste [18]. According to the standard
procedure, the alkaline digestion was carried out on 2.5 g
samples in this work. The leaching agent was 50 mL alka-
line solution containing 0.28 M Na,CO; and 0.5 M NaOH.
400 mg anhydrous MgCl, and 0.5 mL buffer solution
(0.5 M K,HPO, and 0.5 M KH,PO,) were also added into
the beaker to avoid oxidation of trivalent chromium. After
digesting, the suspensions were filtered by vacuum filtration
process with a 0.45 pm standard filter paper. Subsequently,
the chromium concentration in filtrate was detected by
inductively coupled plasma-optical emission spectrometer
(ICP-OES, Optima-7000DV, Perkin Elmer).

The mineralogical phases of slags determined by
SEM-EDS and XRD techniques were also compared with
the simulation results calculated by a commercial thermody-
namic software, FactSage 7.0 (Thermfact and GTT-technol-
ogies) [22]. FToxide database and Scheil-Gulliver cooling
model [23] were employed during calculation.

e))

Results and discussion
Disintegration behavior of slags

Figure 1 shows the morphology of samples containing
different B,O5 contents after cooling. The sample free of
B,0; showed very serious disintegration behavior, while
other samples showed no disintegration. This indicates
that only slight addition of 2% B,0; would mitigate the
disintegration of slag. It is well known that di-calcium
silicate exists in five different polymorphic forms: o, o'y,
o’p, B, and y [24]. a-Ca,Si0, is stable at high temperature
and y-Ca,SiO, is stable at room temperature. a'-Ca,SiO,
has two different forms, a'y-Ca,SiO, and a'; -Ca,SiO,,
originating from the translocation of calcium atoms.
p-Ca,Si0, is a kind of metastable substance, which usu-
ally transforms to y-Ca,SiO, at 673-773 K during slow
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Fig. 1 Morphology of samples containing different B,O; contents
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Fig.2 XRD patterns for samples with different amount of B,0; addi-
tion

cooling. Due to the difference of density between them
(p(p-Ca,Si0,) =3.28 g-.cm™!, p(y-Ca,Si0,) =2.97 g-.cm™})
[13], the phase transition is accompanied by 12% volume
expansion, which is attributed to be the main reason for
slag disintegration [3]. The XRD patterns for various sam-
ples are presented in Fig. 2. y-Ca,SiO, which is the stable
form of Ca,Si0O, at room temperature can be found in the
slag free of B,0;, indicating that the sample underwent
phase transition during slow cooling. By comparison,
high-temperature form a'-Ca,SiO, dominantly existed in
the samples with addition of B,0;. Therefore, addition
of B,0; can effectively suppress the phase transition of
Ca,Si0, and mitigate the disintegration behavior of stain-
less steel slag.
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Mineralogical phases in slags

Mineralogical phases in all samples were determined by
combining XRD with SEM-EDS analysis, as presented
in Figs. 2 and 3, respectively. Four crystalline phases as
Ca,Si0, in light gray, merwinite in dark gray, akermanite
in light black, and spinel in white were identified in SEM
micrographs by EDS. Determined average chemical com-
positions of various phases are summarized in Table 2. The
concentration of matrix in sample free of boron oxide was
not determined due to its disintegration nature. The XRD
patterns of samples also showed the existence of four kinds
of crystalline phases. The mass percentages of crystalline
phases in samples were determined by X-ray quantitative
analysis and are presented in Table 3. It should be mentioned

that the mass percentage of matrix cannot be determined by
the method employed and it is excluded in the calculation
of mass percentage of crystalline phases. It could be found
from the micrographs of various samples that the matrix
phases actually are very few due to the strong crystallization
during cooling.

The phase precipitations of various slags during cooling
were simulated by FactSage using Scheil-Gulliver model.
The results are shown in Fig. 4. Spinel is the first crys-
talline phase during slag cooling, followed by Ca,SiO,,
merwinite, and akermanite for the slags with B,0;% =0, 2,
and 4%, which is in consistence with experimental results.
For the slag with B,0;% = 6%, FactSage calculation pre-
dicts that there is no precipitation of Ca,SiO, which is
contradict to the experimental results. This could be due

Fig.3 SEM images of the samples with different amount of B,0; addition: a 0%B,05, b 2%B,05, ¢ 4%B,0;, and d 6%B,0,

@ Springer
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Table2 Averaged chemical Sample B,0.% Phase Ca0 S0, MgO ALO, CrO; B,O; Cr0,
compositions (Wt%) of distribu-
various mineralogical phases tion
determined by EDS and
calculated Cr,0j distribution in 1 0 Spinel 428 220 1565 1329 6548 - 3.62
cach phase (%) Ca,Si0, 65.11 2689 526 201 073 - 0.25
Merwinite ~ 61.00 28.67 1033 0 0 - 0
Akermanite  52.19 2875 801 11.06 0 - 0
2 2 Spinel 230 077 2426 1705 5456 107 244
Ca,SiO, 5435 3512 533 016 079 425 019
Merwinite 5020 3731 1195 015 038 0 0.18
Akermanite  39.58 3352 563 1979  0.12 136 0.03
Matrix 3761 3309 609 195 009 397 -
3 4 Spinel 023 003 2245 1299 6414 016 201
Ca,Si0, 5250 28.04 257 050 440 1198  1.02
Merwinite ~ 47.65 3452 1085  0.13 1.09 577 049
Akermanite 3775 3163 617 1559 023 863  0.07
Matrix 4517 1536 368 150 037 3391 -
4 6 Spinel 1.08 008 2276 869 6740 0 2.15
Ca,Si0, 5324 2945 282 166 299 984 0.6l
Merwinite ~ 47.87 3324 1166 013 095 615 042
Akermanite 3639 2569 393 944 050 2405 0.16
Matrix 4279 1617 140 3.12 1.04 3547 -

Table3 Mass percentage of various crystalline phases in samples
determined by XRD (%)

Mineralogical Sample | Sample 2 Sample3 Sample 4
phases (0% B,03) (2% B,03) (4% B,03) (6% B,03)
Spinel 5.53 4.47 3.14 3.19
Ca,SiO, 33.72 24 .81 23.30 2042
Merwinite 26.07 46.58 45.17 44.73
Akermanite 34.68 24.14 28.39 31.65

to the kinetic factor involved in the crystallization of slags.
There are some existence of spinel and Ca,SiO, at 1873 K
in FactSage calculation results, indicating that the syn-
thetic slag should be solid-liquid coexisting slag at high
temperature. The proportion of liquid phase in B,O5-free
sample was about 55% at 1873 K, and increased continu-
ously up to 95% after adding B,0;, indicating that B,0; is
beneficial to melting of slag. Some slight increase of spi-
nel mass was found during cooling in calculation results,
indicating slight precipitation of spinel during cooling.
The total precipitation amount of spinel was maintained
unchanged at 10% with addition of B,O;. In contrast to the
experimental results, Ca;Si,0, and CaSiO; were found to
be precipitated at low temperature for samples with 4 and
6% B,0; addition in FactSage calculation. This inconsist-
ency could be also due to the kinetic factors for crystal-
lization. The calculated amount of precipitated Ca,SiO,

@ Springer

decreased with increasing B,0; content for the slags with
B,0;% =0, 2, and 4%.

As seen in Fig. 2, the intensity of characteristic diffrac-
tion peak of Ca,SiO, at 20 =32.6° was reduced obviously
with increasing B,0O; content in slag. The mass percentage
of Ca,Si0, determined by XRD quantitative analysis (see
Table 3) decreased from 33.72 to 20.42% as B,0; content
increases from 0 to 6%. The FactSage simulation results
shown in Fig. 4 also indicate that the precipitated amount
of Ca,SiO, decreases as B,0; increases from 0 to 4%. There-
fore, the addition of B,0; would suppress the crystalliza-
tion of Ca,Si0,. However, the concentrations of chromium
in Ca,Si0, phase were found to be significantly increased
with addition of B,O;. As listed in Table 2, in samples free
of B,O; and with 2% B,0;, there were only slight Cr,05
content (0.73%, 0.79%) in Ca,SiO, phase. While for sam-
ples with 4 and 6% B,0; addition, 4.40 and 2.99% Cr,0;
were found to be in Ca,SiO, phase, respectively. The overall
amount of Cr,O; distributed in each phase can be calculated
by multiplying the mass percentage of each phase by the
concentration of Cr,0j5 in each phase. The calculated Cr,0;
distributions in various phases are also listed in Table 2. It
could be seen that spinel phase has the largest Cr,0O; distri-
bution, followed by di-calcium silicate phase. As shown in
Fig. 5, although the mass percentage of di-calcium silicate
phase decreases all the time, the Cr,0; distribution in di-
calcium silicate phase is significantly enhanced by excess
addition (>2%) of B,0;. In samples with B,0;% =0 and 2%,
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Fig.5 Mass percentage of
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as function of content of B,O5
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the Cr,O; distributions (0.25%, 0.19%) in di-calcium silicate
phase are much lower than those in spinel phase (3.62%,
2.44%). With further B,0; addition, the Cr,0; distribution
in di-calcium silicate phase significantly increases. In sam-
ples with B,0;% =4 and 6%, the Cr,O; distributions (1.02%,
0.61%) in di-calcium silicate phase could be compared with
those (2.01%, 2.15%) in spinel phase. The overall amount
of Cr,0; distributed in di-calcium silicate phase is signifi-
cantly increased for samples with excess B,0; addition due
to the large increase of the concentrations of chromium in
Ca,Si0, phase.

Generally, chromium has several valence states such as
Cr?*, Cr**, and Cr®*. Many factors such as composition,
melting temperature, and oxygen partial pressure have
some influences on the valence of chromium in slags. Pre-
torious [25] and Wang [26] concluded that divalent chro-
mium predominates in the high-temperature system with
low oxygen partial pressure and basicity. Due to the fact
that all the samples were heated to 1873 K in low oxygen
partial pressure atmosphere (107'° atm), the predominant
valance state of chromium in the slag samples was Cr’".
Villiers et al. studied the liquidus—solidus phase relations in
the system of CaO-CrO-Cr,05;-Si0, [27]. They found that
there is considerable solid solution of chromium oxide in
lime and various crystalline calcium silicates (pseudowol-
lastonite, CaSiOs; rankinite, Ca;Si,05; di-calcium silicate,
Ca,Si0,; tricalcium silicate, Ca;Si0s), particularly in lime
and Ca,SiO,, the reason of which was that Cr** partially
substituted Ca2* sites. Moreover, Cuesta et al. investigated
the solid solution mechanisms of B in Ca,SiO, by testing
three nominal solid solution (Ca,_, [, ,(Si04),_,(BO3),;
Cay(Si0,),_,(BO3),0,5: Ca, B,(Si0,),_(BO,),) [28].
They proposed that boron stabilizes Ca,SiO, by substituting
jointly silicon unites as BO,”~ and calcium cations by B¥*.
Therefore, increasing the content of B,O5 in samples would
lead to more replacement of SiO,*~ by BO,’~ in Ca,SiO,
phase. The BO45_ is charge deficient compared with SiO44_;
the charge compensation is required to stabilize the structure
of di-calcium silicate [29]. As cations for charge compensa-
tion, more Cr>* ions would dissolve into Ca,SiO, phase to
maintain the electro-neutrality.

As shown in Fig. 3, the size of spinel phase in slag is
enlarged with B,O; addition. According to the XRD quanti-
fication results in Table 3 and FactSage simulation results in
Fig. 4, the mass of spinel phase in slag only slightly changes
during cooling. Accordingly, the spinel phase mainly under-
goes coarsening during cooling. As shown in Fig. 3, the size
increases for spinel phase with addition of B,03, and some
spinel particles with extra large size (larger than 100 pm)
could be found. This might be explained by Ostwald rip-
ening that is known as a process in which large crystals
grow with time at the expense of the small ones in a sys-
tem consisting of crystals and liquids [30, 31]. The classical

@ Springer

Lifshitz—Slyozov—Wagner (LSW) theory predicts the ripen-
ing kinetics very well; the equation is as follows [31]:

33 B EZ _ 64Dog; Ve, " )
O9RT

where d is the mean crystal size at time t; 30 is the initial
mean crystal size; D is effective diffusion coefficient; og;
is solid-liquid interfacial tension; Vg is the molar volume
of crystal; c, is the mass concentration of mobile species
in liquid equilibrated with a crystal with infinite large size.
The effective diffusion coefficient has a relationship with
viscosity according to the well-known Stokes—FEinstein equa-
tion [32]:

kT
D= ,
6xry

3

where D is diffusion coefficient of ions in slag; # is viscosity
of slag; T is temperature in Kelvin; & is Boltzmann constant;
r is radius of ions in slag. It could be seen from Egs. (2)
and (3) that the viscosity of slag plays a dominant role in
coarsening of crystals in slag. Li et al. reported that B,0O,
addition leads to the formation of low melting point eutec-
tics and weaker polymerization strength, which contribute to
the decrease in slag viscosity [33]. Therefore, according to
Egs. (2) and (3), the ripening rate would be promoted with
addition of B,0;, and larger size of spinel phase could be
found in samples with more B,0; addition.

Leaching concentration of hexavalent chromium
in slags

The leaching concentrations of hexavalent chromium in all
samples were determined using US-EPA-3060A method
and are shown in Fig. 6. Leaching concentration value of

— 2.442
2.5 ]

2'201/
| ]

0.5 mg-L": inert waste limiting value

Cr® leaching concentration (mg-L™")

0.0 —
0 1 2 3 4 5 6
The content of B,O, (wt.%)

Fig. 6 Chromium leaching concentrations of synthetic slag samples
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0.68 mg-L~! for hexavalent chromium was detected for
the sample free of B,0;, which exceeded the inert waste
limiting value (0.5 mg-L ™! [34]). The addition of 2% B,O;
reduced the leaching concentration value to 0.206 mg-L~".
However, the hexavalent chromium concentrations
increased rapidly with further addition of B,0;. Leaching
concentration values of 2.201 and 2.442 mg-L~! for hexa-
valent chromium were detected in the leaching solutions of
samples with B,0;=4% and 6%, respectively. Such high
concentrations of hexavalent chromium demonstrated that
the stainless steel slags with excess B,05 addition (>2%)
were unstable for leaching of hexavalent chromium.

The effect of B,0; addition on leaching behavior of
synthetic slag could be interpreted by considering the
variation of mineralogical phases in slag. Mineralogical
phases of Ca,SiO,, merwinite, akermanite, and spinel were
confirmed to be main minerals in slag samples. It is gener-
ally accepted that chromium in spinel phase is hardly to be
leached out due to its incorporation into spinel structure
[2]. Engstrom et al. investigated the dissolution of mer-
winite, akermanite, and y-Ca,SiO, using HNO; solution
at constant pH, and concluded that the dissolution rates
for merwinite and akermanite phase are pH-dependent
[35]. When the pH value is higher than 10, dissolution
of merwinite and akermanite is considered negligible.
The dissolution of y-Ca,SiO, is not affected in the same
way as merwinite and akermanite when the pH is changed
[35]. They also reported that boron-stabilized $-Ca,SiO,
was the only mineral fully dissolved at pH 4, 7 and 10
[36]. Moreover, Teratoko et al. investigated the dissolu-
tion behavior of di-calcium silicate in an aqueous solu-
tion, and found that the solubility of Ca,SiO, was much
greater than other phases of steelmaking slag [37]. Samada
et al. concluded that the existence of Ca,SiO, enhanced
the dissolution of chromium into seawater [38]. At the
present work, the leaching agent was 50 mL alkaline
solution containing 0.28 M Na,CO; and 0.5 M NaOH, the
pH value of which was 11.5 or greater [18]. Therefore,
it can be inferred that Ca,SiO, is a kind of easy dissolu-
tion mineral in slag and could be dissolved at pH=11.5,
while merwinite, akermanite, and spinel phase could not
be easily dissolved. The main contribution to the leaching
of hexavalent chromium should be Ca,Si0,. According to
Table 2, the chromium distributions in Ca,SiO, for sam-
ples with B,O;=4% and 6% were significantly higher than
those in samples with B,O;=0 and 2%. This could be the
main reason for the higher leaching concentration of the
hexavalent chromium for samples with B,O;=4% and 6%.
It can be noticed that the Cr,O; distribution in Ca,SiO, for
sample with B,O;=6% is lower than that of sample with
B,0;=4%, while the leaching of hexavalent chromium in
sample with B,0,=6% is still higher than that of sample
with B,O;=4%. This could be due to the dissolution of

Cr in matrix phase of sample with B,O;=6%. As seen in
Table 2, the Cr concentration in matrix phase for sample
with B,0;=6% is much higher than other samples.

In summary, the size of spinel phase increased with
increasing B,O; content in slags and majority of chromium
were found enriched in spinel phase. Whereas the chro-
mium concentration in Ca,SiO, phase was also enhanced,
leading to increasing the leaching concentration of hexa-
valent chromium. Therefore, the addition content of boron-
contained materials must be controlled in practical applica-
tion. We concluded that excess boron oxide content (>2%)
should be avoided for stabilizing stainless steel slag.

Conclusions

The effect of B,O; on mineralogical phases and leach-
ing behavior in synthetic CaO-SiO,-MgO-Al,0;—CrO,
slag was investigated under the condition of low oxygen
partial pressure (Pg,= 1071% atm). SEM—EDS and XRD
were employed to determine the phase composition. The
simulations on phase precipitation were also performed by
FactSage for comparison. The leaching concentrations of
hexavalent chromium were evaluated according to US-EPA-
3060A method. The following conclusions could be drawn:

1. The main crystalline phases in slags with different
amount of B,0; addition were observed to be Ca,SiO,,
merwinite, spinel, and akermanite.

2. 2% B,0; addition is sufficient to eliminate the disinte-
gration of synthetic slag by suppressing the phase transi-
tion to y-Ca,Si0,.

3. The precipitation of Ca,Si0O, phase was suppressed by
adding B,0;; however, excess B,0; addition (>2%)
would significantly increase chromium concentration
in Ca,SiO, phase and overall chromium distribution in
Ca,Si0, phase.

4. Chromium was found to be enriched in spinel phase.
The size of spinel phase increases with increasing B,0;
content in slag.

5. The hexavalent chromium leachability of slag was sig-
nificantly enhanced with addition of B,O5 higher than
2%, which could be attributed to the enhanced chromium
distribution in Ca,SiO, phase. Therefore, excess boron
oxide content (>2%) should be avoided for stabilizing
stainless steel slag.
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