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Precipitation Behaviors of AIN Inclusion in High-Al

Steel

YUHANG GUO, LEI CAO, GUOCHENG WANG, and CHUNWEI LIU

High-Al steel was prepared under laboratory conditions. The single-particle AIN and
multi-particle aggregated AIN, AION, AIN-MnS, and Al,O3;-AIN-MnS inclusions were
observed by FESEM-EDS. The single-particle AIN inclusions are mainly in the form of blocks
and strips, with their size mainly concentrated in the range of 1 to 5 um. The aggregated AIN
inclusions are polygonal, toroidal, and irregular in shape and their size mainly concentrated in
the range of 1 to 13 um. The size of AIN-MnS and Al,O;-AIN-MnS inclusions is less than
15 ym. Thermodynamic calculation shows that AIN inclusion precipitates in the two-phase
region. Growth kinetics showed that the size of AIN inclusions at the end of solidification
ranged from 1 to 7 um, which is consistent with the observed size of single-particle AIN
inclusions. Lattice mismatch indicates that AIN can be as an effective site for MnS nucleation.
The equilibrium constant log Kajon = —137841.3/T + 45.49 of AION inclusions is constructed.
Furthermore, the mass percentage changes of inclusions during solidification were predicted
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based on the microsegregation model combined with the FactSage software.
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I. INTRODUCTION

IN recent years, with the advancement of science and
technology and modern industry, the demand for
high-quality steel for automobile production has been
increasing. Due to the needs of environmental protec-
tion and energy saving, the lightweight of automobiles
has become the key direction of the world’s automobile
development. In automotive applications, the combina-
tion of light weight and ultra-high strength makes these
steels more attractive than traditional steels, and there-
fore, the%/ have received extensive attention from many
scholars.!" # However, in high-Al steels, high aluminum
content can cause many problems in the steelmaking
and casting process. With the increase of Al content in
steel, the chemical, type, size, composition, and mor-
phology of non-metallic inclusions are different from
regular Al-killed steel.
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Some researchers®!'” have found that the main

inclusion in high-Al steel is AIN, and the precipitation
of AIN in high-Al steel is much easier than that in
regular Al-killed steel. Alba er al.!'" studied the effect of
Mn content on inclusion characteristics in Fe—-xMn—3Al
steel (x = 2, 5, 20) and found that with the increase of
manganese content (2 to 20 pct), the total amount of
inclusions increased 4 to 8 times, mainly due to the
increase of AIN and MnS. In addition, changes in Mn
content lead to changes in the solubility of N in the steel.
Peak et al'" found that Mn significantly increased the
solubility of N in liquid Fe-Mn and Fe-Mn—Al alloys.
Therefore, the formation of AIN inclusions will be
promoted in steels with higher Mn content.

Kang et al'¥ and Funnell ez a/'¥ show that during
the rolling process, AIN inclusions will lead to deteri-
oration of the thermoplasticity of the steel. Croft
et al" found that AIN inclusions precipitated at the
end of solidification in Al-killed steel (Al content of 0.17
pet). Shi er al'® found that AIN inclusions in high-Al
steel (with Al content of 1 pct) also precipitated at the
solidification front during electroslag remelting. Based
on thermodynamic calculations, Zhuang et al P’ showed
that the precipitation of AIN inclusions in Fe-25Mn-3-
Si-3Al steel is different from most high-Al steels or
Al-killed steels, and AIN inclusions are precipitated in
the liquid phase. Liu et al.l'” found that AIN of TWIP
steel (Al content 3 pct) was precipitated in the liquid
phase in AOD (N content 24 ppm), while AIN was
precipitated in the solidification process in ESR (N
content 6 ppm). And through calculation, it was found
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that only 10 ppm of N content can form AIN. Wang
et al"™ found that the size of AIN can be controlled
under the condition of high cooling rate during solid-
ification. Nabeel er al'” found that the precipitation
rate of MnS on AIN, AION (Al,O; + AIN), and Al,O;
inclusions is related to the mismatch rate, and the order
of the precipitation rate is AIN > AION (Al,O; +
AIN) > Al,O5. At present, the precipitation regular of
AIN and its complex inclusions is still unclear. There-
fore, it is necessary to analyze the formation mechanism
of AIN inclusions in high-Al steel to provide a theoret-
ical basis for the control of inclusions in the smelting
process of high-Al steel.

In this paper, the morphology and composition of
AIN and its complex inclusions in high-Al steel were
observed. According to the experimental steel compo-
nent, the thermodynamics and kinetics of single-particle
AIN precipitation during the solidification process were
calculated. In addition, the formation mechanism of
AIN-MnS and AION inclusions was discussed.

II. EXPERIMENTAL

A. Materials and Processes

The raw material of steel includes pure iron powder
700 g, Fe—-Mn alloy 60 g, Fe-Si alloy 10 g, ferrous oxalate
1.575 g, (99 mass pct), and high-purity aluminum wire
8.75 g (99.99 mass pct Al). The compositions of raw
materials containing pure iron, Fe—Mn alloy, Fe-Si alloy,
and Al wires are shown in Table I.

A tubular resistance furnace was used to smelt and
deoxidize for molten steel. Figure 1 shows a high-temper-
ature tubular resistance furnace. The furnace temperature
is controlled by an automatic temperature controller, and
the furnace temperature is monitored in real time with a
double platinum and rhodium thermocouple. First, the
pure iron powder and ferrous oxalate were put into an
alumina crucible (oxygen content was almost 200 ppm
added to the melt), and then the alumina crucible was put
into a tubular resistance furnace. The temperature was
raised to 1873 K (1600 °C) and held for 60 min to ensure
complete melting of the pure iron in the crucible. Then,
Fe-Mn alloy, Fe-Si alloy, and aluminum wire wrapped
with high-purity iron sheet were added to the melt in
sequence, and then the temperature was cooled by cooling
in the furnace. The high-purity argon gas was used for
protection in the whole process, and the gas flow rate of 1
L/min. When the furnace body was cooled to room
temperature, take out the sample, and cut the metallo-
graphic sample with an electric spark cutting machine.

B. Sample Analysis Method

The chemical compositions of the steel samples were
analyzed by the chemical methods. The total oxygen
(T.O) content and total nitrogen (T.N) content in the
steel were measured using a nitrogen—oxygen analyzer
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Table I. Chemical Composition of Raw Materials (Mass

Percent)

Type C Si Mn P S Al
Pure Iron < 0.005 0.01 0.046 0.0032 0.013
Fe-Mn Al- 5.7 2.3 65.03 0.21 0.03

loy
Fe-Si Al- 0.2 72.02 0.02 1

loy
Al Wire 99.99
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Fig. 1—Schematic diagram of MoSi, high-temperature tubular
resistance furnace.

(model: TC600). The content of the carbon and sulfur
was measured by the carbon-—sulfur analyzer. The
content of manganese, aluminum, and other elements
was analyzed by inductively coupled plasma atomic
emission spectrometry (ICP-AES). Table II shows the
chemical composition of the experimental steel samples.

An electric spark cutting machine is used to cut the
solidified sample into two cylinders as shown in Fig-
ure 2(a). The upper half is taken and a cuboid is cut out at
the center as shown in Figure 2(b), and the cuboid is cut
according to Figure 2(c) and cut into two
10 x 10 x 12 mm rectangular parallelepipeds, and then
metallographic sandpaper (60 mesh—2000 mesh) and
diamond polishing paste is used to polish one of the
samples into a mirror surface as a scanning electron
microscope observation sample, as shown in Figure 2(d).

A field emission scanning electron microscope
(FESEM, model: ZEISS ) IGMA HD) combined with
an energy-dispersive spectrometer (EDS, model:
Oxford-X-Max 50 mm?) was used to analyze the
composition and morphological distribution of inclu-
sions in the sample.
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Table II. Sample Component Test Results (Mass Percent)

Elements C Si Mn S T.O T.N Al
Content 0.32 0.94 4.55 0.011 0.0005 0.00214 0.86
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Fig. 2—Sample preparation process. (a) through (¢) Metallographic sample-cutting process; (d) metallographic sample-polishing process.

1. RESULTS
A. Observation of AIN Inclusions

Figure 3 shows the morphology and element mapping
results of single and multi-particle AIN inclusions
observed by FESEM-EDS. Figures 3(a) and (b) shows
single-particle AIN inclusions. These inclusions are
mainly lump shaped and strip shaped in steel with sizes
less than 5 pum. Figures 3(c) through (h) shows AIN with
multi-particle aggregation state. Through the observa-
tion of the picture, it can be found that the multi-particle
aggregation state AIN is composed of multiple sin-
gle-particle AIN with small size, mainly in multilateral
shape, ring shape, and irregular shape, and its size is
between 1 and 12 yum. As shown in Figure 3(c), it is
composed of three polygons AIN which are connected
by angular opposite side and side to side. In Figure 3(d),
there are annular AIN inclusions in the middle and
multiple irregular small-size AIN inclusions around. In
Figure 3(e), it is composed of multiple polygonal AIN
inclusions which are closely connected with edges. In
Figure 3(f), the AIN inclusions of two polygons are
adjacent to a strip AIN inclusion in the upper right and
are connected with the corner of a pentagonal AIN
inclusion in the upper left. In Figure 3(g), there are two
irregular AIN inclusions on both sides, and two spher-
ical and irregular AIN inclusions above. In Figure 3(h),
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there are four polygonal AIN inclusions, and they are
combined in the same way as in Figure 3(e), all of which
are closely combined with each other.

B. Observation of AIN Complex Inclusions

Figure 4 shows the morphology and composition of
the AION inclusions observed in the experimental steel.
In Figures 4(a) through (c), the AION inclusions are
irregular and trapezoidal, with sizes less than 3 um.
Figure 5 shows the AIN-MnS complex inclusions in
steel. In Figure 5(a), MnS precipitates on the surface of
AIN in a point-like shape with a small size, while AIN
inclusions are formed by the aggregation of two
single-particle AIN inclusions with a total length of
about 8 um. In Figure 5(b), the long strips of MnS are
precipitated around AIN, and the size of MnS is large,
13 um. The AIN on the right is sickle shaped, and the
upper and lower parts are both smaller than 4 um.

Figure 6 shows the Al,O;—AIN-MnS complex inclu-
sions in the steel, and the elements mapping results are
those of Figures 6(b) and (d). In Figure 6(a), there are
three elliptic and irregular Al,Os. The outermost strip
AIN is wrapped on the surface of Al,Os, followed by
MnS located in the center, which wraps on the surface of
Al,O3 and AIN and acts as a connection, with a larger
size of 14 um. In Figure 6(b) through (d), the core parts
are all spherical or elliptical Al,O3 inclusions, followed
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Fig. 3—The morphology and elements mapping of single-particle and multi-particle AIN inclusions. (a) and (b) are single-particle AIN
inclusions; (¢) through (%) are multi-particle-aggregated AIN inclusions.
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Fig. 4—The morphology and composition of AION inclusions. (a) and (c) are irregular AION inclusions; (b) is trapezoidal AION inclusions.

Fig. 5—The morphology and elements mapping of AIN-MnS inclusions. (a) is dumbbell-shaped AIN-MnS inclusions; (b) is long strip of
AIN-MnS inclusions.
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Fig. 6—The morphology and elements mapping of Al,O;-AIN-MnS inclusions. (@) is an AlL,O;—AIN-MnS inclusions formed by the link of
MnS; (b) through (d) are with Al,O3 inclusions as the core, followed by AIN inclusions and MnS inclusions in the outermost layer.

by AIN inclusions, and the outermost layer is MnS
inclusions, and the size of the inclusions is 5 to 10 um. In
Figures 6(b) and (d), AIN inclusions are wrapped
around Al,O; inclusions, MnS inclusions are wrapped
around AIN inclusions, and in Figure 6(c), AIN inclu-
sions are wrapped around Al,O; inclusions. The left side
of the inclusions, followed by the MnS inclusions, are
also wrapped around the left side of the AIN inclusions.

C. Inclusions Particles Size Distribution

Using the automatic statistical analysis system for
inclusions, the particle size distribution of non-metallic
inclusions in the experimental steel was counted, and the
results are shown in Figure 7. As can be seen from the
figures, the sizes of single-particle AIN inclusions are
mainly 1 to 5 um, the sizes of multi-particle aggregated
AIN inclusions are mainly 1 to 13 um, the sizes of

AIN-MnS inclusions are mainly 5 to 10 um, and the sizes
of Al,O3—AIN-MnS inclusions are mainly 5 to 15 um.

IV. DISCUSSION
A. Thermodynamics Precipitation of AIN Inclusions

At 1873 K, the chemical reaction formula formed by
AIN ist?"!

[Al] + [N] = AIN(s) AG’ = —303500 + 134.6T. [1]
The equilibrium constant of the reaction can be
expressed as follows:
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Fig. 7—Size distribution of inclusions in experimental steels.
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where AG? presents the standard Gibbs free energy for
the formation of AIN inclusions in molten steel, K5
is the equilibrium constant of the reaction, aaN, dal,
and an respectively represent the activity of AIN, Al
and N in steel, fo; and fy respectively represent the

E o _
KAlN -
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Table III. The First-Order Interaction Coefficient Used in This Work (1873 K)I'>21-251

e C Si Mn P S N o) Al
Al 0.091 0.009 0 0.05 0.03 0.033 —1.979 0.045
N 0.13 0.048 —0.023 0.059 0.007 0 0.05 0.017
Mn 0.045 — 0.0327 0 — 0.06 — 0.048 — 0.091 — 0.083 —
0.111 0.075 — 0.026 0.035 — 0.046 - 0.072 0.01 0.041
O — 045 — 0.131 — 0.021 0.07 —0.133 0.057 - 0.2 -39
activity coefficients of Al and N in steel, [pct Al] and
[pct N] respectively represent the mass percentage of
Al and N in the steel. 0.020
In Eq. [2], when asn = 1, both sides take the :i%iﬁ)
logarithm of 10 at the same time, and Eq. [2] can be _1693(T'_)
simplified to Eq. [3]: 0.015 F @ Actual component points
log Kain = — log fa1 — log[pct Al] — log fn — log[pct NJ. _
B3] z
& 0.010
The fa; and fy can be expressed by Eq. [4]: —
logfi = Z e [petj] i=ALN; 4] 0.005 -
j=C, Mn, P, S, N, O, Al,
where ¢/ is the first-order interaction coefficient, and
[pct j] is the content of each element in the steel. 0.000 : 5 3 . 5
Table IIT shows the first-order interaction coefficients Al
of each element at 1873 K.'>2"251 From this, the [pet Al]

first-order interaction coeflicients are used to calculate
the activity coeflicients of Al and N, and the results are
logfa; = 0.077 and logfy = — 0.002. Based on the
above results, Eq. [5] can be obtained:

15850.93

log Ky = log([pet Al] - [pet N]) = — T

+6.96
[5]

Using FactSage 7.2 software calculations, the solidus
and liquidus temperatures of steel are 1784 K and
1693 K (1511 °C and 1420 °C). According to Egs. [1]
and [2], the stability diagram of AIN formed under
different temperature conditions can be obtained, as
shown in Figure 8. Figure 8 shows that in this study, the
composition of the steel is below the solidus tempera-
ture, indicating that AIN cannot be precipitated in the
liquid phase or between the solid liquidus according to
the equilibrium calculation. However, during the solid-
ification process, Al and N elements in the molten steel
undergo microscopic segregation at the solidification
front, which makes the concentration of Al and N
increase continuously and exceed the equilibrium value,
thus increasing the driving force for the formation of
AIN and leading to the precipitation of AIN in the
solidification process. Therefore, the precipitation
behavior of AIN during solidification is further
discussed.

According to the Clyne-Kurz model,*® the actual
mass percentage of Al and N during the solidification of
molten steel are calculated:

Cr = Coll — (1 — 20k)x,J75. (6]
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Fig. 8—Stability diagram of AIN formed under different temperature
equilibrium conditions.

In Eq. [6], C| represents the actual mass percentage of
the solute element during the solidification process; Cy
represents the initial mass percentage of solute elements
in molten steel; k is the distribution coefficient; x, is the
solidification fraction; Q is the inverse diffusion coeffi-
cient, which can be expressed by Eq. [7]:

Q:a[l—exp(—é)]—%exp(—%). [7]

In Eq. [7], « is the Fourier number of the solute
element, which can be expressed by Eq. [8]:
Dyt
o= 8]
(0.54)

In Eq. [28], Dy is the diffusion coefficient in the solid
phase (cm~/s); ¢ is the local solidification time (s); A is
the distance between the secondary dendrite arms (cm).
Among them, 7 and s can be expressed by Egs. [9] and
[10] respectively:

_Ti-T,

1
f CR )

]

)vs — 143.9Ci0.3616 [pctc](O.SSOI714996[pCtC])’ [pCtC] >0.15.
[10]
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In Eq. [9], T} and T are the liquidus temperature and
solidus temperature of steel, respectively, and Cg is the
cooling rate (K/s); In Eq. [10], [pct C] is the mass
percentage of carbon in the steel; A is the distance
between the secondary dendrite arms (cm).

Table IV shows the equilibrium distribution coeffi-
cient and diffusion coefficient of solute elements.*”-*
According to Eq. [6], the segregation ratio of solute
elements in the solidification process of steel can be
obtained, as shown in Figure 9. It can be found that the
changes of S and O elements are significant with the
increase of solidification fraction, while the changes of
Mn, Al, and N are not obvious. Figure 10 shows the
changes of actual concentrations of aluminum and
nitrogen at different cooling rates during the solidifica-
tion process. It is found that with the increase of cooling
rate, the actual concentration of Al in the residual liquid
phase increases when the solidification fraction is greater
than 0.5, while the actual concentration of N is basically
unchanged.

At the solidification front, the actual solubility pro-
duct of Al and N can be expressed by QaiN:

OaiNn = CLal - CLN- (11]

Table IV. The Equilibrium Distribution Coefficient and
Diffusion Coefficient of Solute Elements (R = 8.314) 12728

Equilibrium Partition Diffusion Coefficient

Element Coefficient(k) (cm?/s) (D)
Al 0.6 5.9exp(— 241,417/RT)
N 0.25 0.008exp(— 79,078/RT)
Mn 0.77 0.76exp(— 224,430/RT)
S 0.05 4.56exp(— 214,639/RT)
o 0.03 0.0371exp(— 9644/RT)
35 =
I
30 L —=*—Mn . I :
—e—5 30 I |
—A—0 25 I
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Fig. 9—Variations of concentrations of the different solute elements
during solidification.
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The relationship between the solidification fraction of

molten steel and the temperature can be expressed by
Eq. [12]:2*

To—T
1 —x(T1 = Ty)/(Ty — Ty)

T="T, [12]

In Eq. [12], T is the temperature of liquid steel during
solidification (K); Ty, 7i, and T, are the melting
temperatures of pure iron (1809 K), liquidus tempera-
ture (1784 K), and solid-phase line temperature
(1693 K), respectively.

According to Egs. [5] and [l1], the relationship
between log Ky, logQain and T and x, can be
obtained. As shown in Figure 11, AIN precipitates
when the solidification fraction is about 0.79, and the
corresponding precipitation temperature is about
1744 K, which 1is between liquidus temperature
(1784 K) and solid-phase temperature (1693 K), indi-
cating that AIN precipitates in the solidification process.
It can be found from Figure 11 that as the cooling rate
increases, the intersection point of logK) ., and
logQ ain moves toward the direction of decreasing solid
fraction, that is, AIN inclusions are more likely to form
at lower solid fraction.

For multi—particle-aggregated AIN inclusions, Cao
et al®% and Sasai et al.°" have demonstrated that cavity
bridging forces in MgAl,O4- and Al,Os-aggregated
inclusions are much larger than vander Waals and
capillary forces. Wang er alP? and Liu er all
observed aggregated AIN inclusions by scanning elec-
tron microscopy and high-temperature confocal micro-
scopy, and Wang er alP? also demonstrated the
dominant role of cavity-bridging forces in aggregated
inclusions by calculating the forces between AIN inclu-
sions. Therefore, in this study, it is believed that AIN
inclusions begin to precipitate during the solidification
process, and the single-particle AIN inclusions aggregate
due to the effect of cavity bridge force.

24

—a— Al(1K/s)
20 —eo— AI(5K/s)
—a— AI(10K/s)
—v— N(1K/s)
—<—N(5K/s)
—>—N(10K/s)

0.8 F

The actual concentration of Al and N/%
.

0.0

0.0 0.2 0.4 0.6 0.8 1.0

xS

Fig. 10—Variations of actual concentrations of aluminum and
nitrogen during the solidification.
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Fig. 11—Precipitation of AIN inclusions during solidification at
different cooling rates.

B. Growth Kinetic of AIN Inclusions

During the solidification process, the degree of
supersaturation can be expressed by the Eq. [13]. From
the above, the degree of supersaturation is S* > 1.
According to the critical nucleation Eq. [14], the
nucleation of AIN inclusions depends on the degree of
subcooling, and the degree of subcoolm% depends on the
local cooling rate, as shown in Eq. [15]*

St = QAIN/KAlN» [13]
. 16na® TH(0)
dAT 1 AT

dR. | A0S arsar R [15]
AHic  AT*(Ti—AT)

In Eq. [13], S* is the degree of supersaturation, Qan
and K/, \, are the actual solubility product and theoret-
ical solubility product of AIN, respectively. In Eq. [14],
AG* is the critical nucleation work (J/mol), AT is the
degree of subcooling (K), o is the 1nterf<101al energy
between inclusions and molten steel (J/cm?), T} is the
liquidus temperature, f(0) is the catalytic index, 6 is the
critical contact angle (deg), and L, is the latent heat of
solidification. In Eq. [15], R. is the local cooling rate,
AHy is the melting enthalpy (J/kg), « is the Boltzmann
constant, and A is the nucleation morphology index (the
spherical nucleus is 3/167). Therefore, in order to discuss
the influence of the cooling rate on the size of AIN
during the solidification of steel, we have calculated and
discussed the growth of AIN at three cooling rates of 1,
5, and 10 K/s.

Since aluminum and nitrogen segregated during the
solidification process, when the reaction of aluminum
and nitrogen reached equilibrium at the solidification
front, AIN inclusions began to precipitate and grow.
However, the actual concentration of Al in the residual
liquid phase during the solidification process is far
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greater than the actual concentration of N (as shown in
Figure 10). Therefore, the N element is the limiting link
for the growth of AIN. In order to describe the growth
of AIN, it is assumed that the AIN inclusions are
spherical and reach a fixed diffusion state. Each inclu-
sion grows independently without interacting with other
inclusions. The diffusion flux of nitrogen is expressed by
Eq. [16]:

_ ﬁ PFe
r 100My

In Eq. [16], J is the diffusion flux of nitrogen (mol/
m? s), r is the radius of AIN (m) Dy is the diffusion
coefficient of nitrogen (as shown in Table IIT), pg, is the
density of liquid steel (7.07 g/cm?®), My is the relative
atomic mass of nitrogen, and [pct N]p and [pct N], are
the actual concentration of element N in the solidifica-
tion process and the concentration at equilibrium state,
respectively.

The relationship between the diffusion flux of nitrogen
and the radius of AIN can be expressed by Eq. [17]:

([pet], — [pet NJ,). [16]

4
4nrt MaNJAL = gnPAlN[(V‘F Ar)’ =Y. (17]

In Eq. [17], MAlN is the molar mass of AlN
(41 g/mol), and p,y is the density of AIN (3.26 g/cm?).
According to Egs. [16] and [17], the theoretical
precipitation radius of AIN inclusions in the solidifica-
tion front of molten steel can be expressed by Eq. [18]:

dV MAINPFe

=— D t N|;, —
"0 T T00Mrepap DN P N

[pet N). 18]

The integral of the above formula can be obtained:

MAINPE.
Dn(|pct N, —
\/SOMFepA]N (Ipet NI,

[pet NJ,)z, [19]

TI_TS
Cr

In Eq. [19], Mg, is the molar mass of the melt
(56 g/mol), and A in Eq [20]. is the local growth time.

The calculated relationship between the precipitation
radius of AIN inclusions and solidification fraction
during solidification is shown in Figure 12. By setting
different cooling rates and initial nitrogen content, it is
found that when the initial nitrogen content is 0.001,
0.0015, and 0.00214 pct, AIN inclusions will be precip-
itated when the solidification fraction is about 0.93,
0.86, and 0.79, respectively. When [pct N], = 0.00214
and the cooling rate was 1, 5, and 10 K/s, the calculated
sizes of AIN inclusions at the end of solidification were
7.38, 3.35, and 2.37 um, respectively; When [pct
NJ]o = 0.0015 and the cooling rate was 1, 5, and 10 K/
s, the calculated sizes of AIN inclusions at the end of
solidification were 5.71, 2.62, and 1.87 um, respectively;
When [pct N], = 0.001 and the cooling rates were 1, 5,
and 10 K/s, the calculated sizes of AIN inclusions at the
end of solidification were 3.96, 1.84, and 1.34 um,

tr =

20]
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Fig. 12—The relationship between different initial nitrogen content,
different cooling rate and solidification fraction and the size of AIN
inclusions.

respectively. The calculation results show that the
change of cooling rate will lead to the difference of
local growth time, which leads to the change of AIN
inclusion size with the change of cooling rate. At the
same time, under the same cooling rate, the increase in
the nitrogen content of the steel will cause the size to
increase. Therefore, in industrial production, the size of
AIN inclusions can be controlled by reducing the
nitrogen content in steel and increasing the cooling rate.

C. Mechanism on the Formation of AIN-MnS Inclusions

AIN-MnS inclusions are common inclusions in
high-Al steel, as shown in Figure 5. At 1873 K, the

clgemical reaction formula formed by MnS inclusions
- [22]
is

[Mn] + [S] = MnS(s) AG’ = —168822 + 98.87T, [21]

8817.9

+5.15.
[22]

log Kyy,s = log([pet Mn] - [pet S]) = —

According to Egs. [6] through [10], the actual mass
percentages of Mn and S elements in the solidification
process are calculated, where kv, = 0.77, ks = 0.05 (as
shown in Table IV), the actual solubility product of
MnS can be expressed as follows:

Omns = Crvin - CLs- [23]

In Eq. [23] CLmn and Cpgs are the actual mass
percentage of element Mn and element S, respectively.

According to Egs. [22] and [23], the relationship
between log K};,q, 10g0mns and T and x; can be
obtained, as shown in Figure 13. From the intersection
of log Ky;,s, and logOwns, it can be seen that MnS
precipitates at the solidification end, and the corre-
sponding solidification fraction is about 0.954. Thus, the

METALLURGICAL AND MATERIALS TRANSACTIONS B

0.4 1800
—o—1logQ,,,s(IK/s) —@—1logQ,, (5K/s) —A—logQ,, ((10K/s)

1780

1720

;gf 1760

2 0.

o’aw _ 1740 ;
s

o))

S

2

1700

1680

X

Fig. 13—Precipitation of MnS inclusions during solidification at
different cooling rates.

precipitation temperatures of MnS were about
1709.6 K, while the precipitation temperatures of AIN
were about 1744 K, which precipitated before MnS.
Therefore, it can be considered that AIN inclusions can
be used as nucleation sites for MnS heterogencous
nucleation to induce precipitation of MnS and form
AIN-MnS inclusions.

Both AIN and MnS are cubic structures and belong to
NacCl type crystals. Due to the different atomic distances
between AIN and MnS, lattice mismatch will occur
when MnS precipitates on the surface of AIN. There-
fore, in order to prove that MnS can nucleate the AIN
surface, it can be calculated by the two-dimensional
mismatch degree proposed by Bramfit.**! The two-di-
mensional mismatch formula is:

i i
Sk, 1 23: ‘d[uvw]s cos 0 —
(hkD), — 3 d

i=1 [uvw],,

uvwl,

x 100 pct.  [24]

In Eq. [24], (hkl)s represents a low exponential crystal
face on the substrate; (uvw), represents a low exponen-
tial direction on the crystal plane (hkl),; (hkl), represents
a low exponential plane on the nucleating phase; (uvw),
represents a low exponential direction on the (hkl),
plane; dluvw]s is the distance between atoms in the (uvw);
direction; d[uvw], is the distance between atoms in the
(uvw), direction; 0 is the angle between (uvw), and
(uvw),.

Table V shows the crystallographic parameters of
various phases.*®! The two-dimensional mismatch with
AIN as the substrate and MnS as the nucleation phase
was calculated by Eq. [24]. Table VI shows the calcu-
lation results of the lattice mismatch of AIN and MnS at
the (100)MnS // (100)AIN, (110)MnS // (110)AIN, and
(111)MnS // (111)AIN interfaces, respectively. It can be
seen that the mismatch degree of (100)MnS // (100)AIN
interface is 8.94 pct, and that of (110)MnS//(110)AIN
and (llls)MnS // (111)AIN interface are 28.78 pct.
Bramfit™! believes that when the mismatch rate is less
than 12 pct, basal inclusions can be used as effective
heterogeneous nucleation sites. Therefore, it can be
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shown that AIN and MnS have a higher lattice matching
degree at the (100) interface; that is, MnS is easier to
nucleate on the (100) plane of AIN inclusions.

D. Thermodynamics of AION Inclusions Precipitation

Park er al®7' observed single-particle AION inclu-
sions in high-Al steel, and Alba et al. ¥ observed AION
as Al,O; + AIN multi-phase inclusions. The precipita-
tion behavior of AION inclusions was analyzed by the
precipitation rate of AIN in Al,O3. However, there is no
report on the precipitation behavior of AION sin-
gle-phase inclusions. AION single-phase inclusions were
observed in this stud;/, as shown in Figure 4. Add
Egs. [1], [25], and [26]°" to get Eq. [27]:

2[Al] + 3[0] = AL,Os(s) AG’ = —1202000 + 386.37T,

[25]
2A1,05(s) + AIN(s) = AlsOgN(s) 26
AG’ = 68233 — 36.16T,
S[AI] + 6[O] + [N] = AlsO4N(s) o7
AG” = —2639267 4 871.04T,
log Kao,n = log(ay, - @l - ay) = —&;1'3 +45.49.
(28]

Under the equilibrium conditions of a given temper-
ature, the three-dimensional diagrams of the
a(N)-a(O)—a(Al) system under the equilibrium condi-
tions of 1873 K, 1784 K, and 1693 K are drawn
according to Eq. [28], as shown in Figures 14(a) through
(c). Obviously, AION inclusions can exist stably at this
temperature when the activities of Al, N, and O are
located above the curved surface but cannot exist stably

Table V. Lattice Parameter Data for AIN and MnS

at this temperature when they are located below the
curved surface. In this study, AION inclusions do not
precipitate in the liquid and two-phase regions without
considering elemental segregation. Therefore, the pre-
cipitation behavior of AION inclusions during solidifi-
cation is further discussed with full consideration of
element segregation.

According to Egs. [6] through [10], the actual mass
percentage of Al, O, and N elements in the solidification
process are calculated, where ka; = 0.6, ko = 0.03,
kn = 0.25 (as shown in Table VI), the actual solubility
product of AlsO¢N can be expressed as follows:

log Kaj,0,N" = log([pet Al}5 - [pct O]6 - [pct NJ)

—&;1'3+ 67.41, [29]

OAL,ON = Ci,Al ’ Cg,O - CLN- (30]

According to Eq [29]. and [30], the relationship
between log Ky on» 10g80ai0on and T and x; is obtained.
As shown in Figure 15, the solidification fraction
corresponding to the precipitation of AION inclusions
is about 0.96, and the precipitation temperature is about
1707 K. During the solidification process, due to the
segregation of Al, O, and N elements, the concentration
of each element in the local residual liquid phase
increases continuously, exceeding the equilibrium value,
the driving force for the formation of AION inclusions
increases, and finally AION inclusions are precipitated
during the solidification process.

E. Mass Percentage Changes of Inclusions During
Solidification

The FToxid, FSstel, and FTmisc databases were used
for calculation in FactSage 7.2 software calculation
[27:40-431 Fioyre 16 shows the relationship between the
mass percentage of inclusions and temperature during
solidification (cooling rate of 1 K/s). It is obvious that
the inclusions precipitated during solidification are
mainly AlLO;, AIN, and MnS, which is in good
agreement with the inclusion species observed by
FESEM-EDS. When the temperature drops from

Inclusion Crystal System Lattice Parameter (nm) 1873 K to 1784 K (7)), the inclusions are mainly

AIN cubic 0.3705 Al,O3 and no MnO and SiO, are formed. The reason

MnS cubic 0.52486! may be that Fe-Mn and Fe-Si alloys are added first in
the alloying process to generate MnO and SiO, inclu-
sions. After aluminum is added, MnO and SiO, will

Table VI. Calculation Results of Lattice Mismatch of AIN and MnS
Interface (100)MnS//(100)AIN (110)MnS//(110)AIN (111)MnS//(111)AIN

ki), [001] [011] [010] [001] [— 111] [— 110] [— 101] [— 211] [~ 110]

hkl], [011] [020] [01—1] [001] - 111] [— 110] [ 101] [ 211] [— 110]

dlhkl) 4.069 5.754 4.069 4.069 7.048 5.754 2.877 4.984 2.877

dlhkl), 3.705 5.240 3.705 5.240 9.076 7.410 3.705 6.418 3.705

0 (deg) 0 0 0

Mismatch () 8.94 pct 28.78 pct 28.78 pct
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Fig. 14—The stability graph of AION inclusions is formed under
different temperature conditions. (a) 1693 K; (b) 1784 K; (¢) 1873 K.
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Fig. 15—Precipitation of AION inclusions during solidification at
different cooling rates.

react with Al to form Al,O3 inclusions and exist in the
molten steel. When the temperature is lowered from
1784 K (7)) to 1693 K (T5), AIN and MnS precipitate at
1735 K and 1712 K, respectively, and the corresponding
solidification fractions during precipitation are 0.847
and 0.947. After 1693 K (T5), the precipitation amount
of Al,O;, AIN, and MnS inclusions tends to be
saturated with the decrease of temperature.

V. CONCLUSIONS

Through the experimental and theoretical calculations
studies on the precipitation of AIN inclusions in high-Al
steel, the following conclusions can be drawn:

1. FESEM-EDS observation shows that there are sin-
gle-particle AIN, multi-particle aggregated AIN,
AION, AIN-MnS, and ALLO3z—AIN-MnS inclusions
in experimental steel. The single-particle AIN inclu-
sions are mainly block and strip, with a size of 1 to
5 um. The aggregated AIN inclusions are polygonal,
annular, and irregular, with sizes ranging from 1 to
13 pm. The size of AIN-MnS and Al,O;—AIN-MnS
inclusions is less than 15 um.

2. The AIN inclusions are precipitated in the two-phase

region in the current high-aluminum steel. Growth
kinetics shows that increasing the cooling rate and
controlling the nitrogen content are beneficial to
control the growth of AIN. When the cooling rate is 1
to 10 K/s and the nitrogen content is 0.001, 0.0015,
and 0.00214 pct, and the size range of AIN inclusions
at the end of solidification is 1.34 to 3.96, 1.87 to
5.71 pum, and 2.37 to 7.38 um, respectively. In addi-
tion, when AIN begins to precipitate, the actual
concentration of aluminum is much greater than that
of nitrogen. The growth of AIN is considered to be
controlled by the diffusion of nitrogen.

3. Thermodynamic calculation shows that the precipi-

tation temperature of MnS inclusions (1709 K) is
lower than that of AIN inclusions (1744 K). The
mismatch degree of AIN-MnS interface indicates
that AIN can provide heterogeneous nucleation sites
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Fig. 16—The relationship between the mass percentage of inclusions
and the temperature during the solidification of steel.

for MnS, while MnS can nucleate on (100) plane of
AIN, AIN-MnS inclusions can be formed.

. The established log Kajon = —137841.3/T 4 45.49 is
used to describe the precipitation of single-phase AION
inclusions. Thermodynamic calculations show that
AION inclusions are precipitated in a two-phase region.

. The types and percentage of inclusions are calculated
based on the microsegregation model combined with
the FactSage software. The result shows that the
inclusions precipitated during solidification are
mainly Al,Osz;, AIN, and MnS, which is in good
agreement with the observed inclusions.
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