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Abstract
Three heats of X65 pipeline steels are produced in a factory, two of which were treated with 
magnesium. The characteristics of inclusions in those steels were analyzed by SEM-EDS and 
ASPEX. And the influence of magnesium treatment on inclusions of X65 pipeline steel are stud-
ied in this paper. The results show that: (1) The oxide inclusions in non-magnesium treated 
steel are mainly Al2O3 inclusions, while the oxide inclusions are mainly MgO·Al2O3 in the steel 
with magnesium-treated. (2) The proportion of the small size (1-5 μm) inclusions in magne-
sium-treated steel is relatively high, and that of the large size (> 15-μm) inclusions is obviously 
reduced. (3) The larger size inclusions are mainly Al2O3 and the inclusions near the low melting 
zone. The inclusions close to MgO·Al2O3 spinel composition have smaller size, indicating that 
the magnesium treatment could make the size of inclusions less and disperse the inclusions. (4) 
Magnesium-treated steel contained a large number of fine MgO·Al2O3 inclusions, which could 
provide nucleation core for the precipitation of sulfide, thus reducing the precipitation of sul-
fide at a grain boundary. And the number of pure MnS decrease after magnesium treatment.
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matrix, aggregates around inclusions to produce 
hydrogen pressure, and eventually forms a hydro-
gen-induced crack at the edges of the inclusions. 
Therefore, inclusions in steel are one of the main 
reasons for the production of HIC, especially the 
strip of oxide inclusions and long strip MnS inclu-
sions, have the biggest influence on anti-HIC prop-
erty of the steel [3-6]. Therefore, in order to im-
prove the pipeline steel’s anti-HIC performance, 
it is necessary to strictly control the amount and 
shape of inclusions in the steel.

At present, a commonly used method for mod-

Introduction
Hydrogen induced cracking (HIC) is one of the 

main failure modes of pipeline steel. In recent 
years, oil and gas pipeline have developed to the 
large diameter and high pressure direction, which 
require pipeline steel to keep higher strength and 
toughness [1]. However, the higher the strength 
of steel, the greater the sensitivity of hydrogen-in-
duced cracks [2]. Inclusions in steel are usually 
regarded as hydrogen traps. When the pipeline 
steel undergoes a rotting reaction in an acidic en-
vironment, the resulting hydrogen enters the steel 
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ification of inclusions in pipeline steel was calcium 
treatment [7,8], so that, the MnS inclusions in the 
steel are modified into spherical CaS inclusions and 
CaO-Al2O3-CaS complex inclusions, and the B type 
inclusions are modified into low melting point of 
calcium aluminate inclusions, which are easy to 
grow up and float. However, to some extent, cal-
cium treatment could improve the adverse effect 
of MnS, but the low-melting calcium aluminate in-
clusions would be formed after calcium treatment. 
And if the low-melting calcium aluminate inclusions 
don’t eliminate completely in time, they will form a 
cluster CaO-Al2O3 inclusions in rolled metal, which 
seriously affect the anti-HIC performance of the 
product [3,9-11]. It is obvious that calcium treat-
ment has some deficiencies in modification of in-
clusions in pipeline steel.

Magnesium treatment could make the inclu-
sions small and dispersed [12-14], and MnS inclu-
sions also would be modified to complex sulfide by 
magnesium treatment [15-17]. In view of the ad-
vantages of magnesium treatment, this paper car-
ries out the magnesium treatment on X65 pipeline 
steel, and the effect of Mg on inclusions are ana-
lyzed in pipeline steel. The results could provide a 
reference for the application of magnesium treat-
ment of pipeline steel.

Experimental
Three heats of industrial trials are performed in 

a 200t ladle and recorded as No.1, No.2 and No.3 
respectively. The production route is “BOF(basic 
oxygen furnace) → LF(ladle furnace) → RH → mag-
nesium treatment → soft blowing by Ar gas → CC 
(continuous casting)”. In particular, magnesium 
treatment was not applied to heat No. 1 but the 
other process is identical. The details of the process 
practices could be described as follows.

During tapping of BOF, synthetic slag and fer-
roalloys with aluminum are added into the stream 
of liquid steel. After that, the melt is stirred by 
argon to made the composition and temperature 
homogenized. And then the melt is transported 

to LF refining station, in which high basicity slag 
is used and aluminum is added to decrease the 
oxygen and sulfur of the steel. After 40 min, the 
melt is delivered to RH refining station, at this 
station the liquid steel is treated at the pressure 
of 67 Pa for 20 min, and then 120 m and 220 m 
magnesium wire are inserted into the ladle by a 
wire-feeding mechanism for Heat 2 and 3 respec-
tively. After magnesium treatment, the molten 
steel is gently stirred for 10 min to promote the 
inclusions floating upward. And then the ladle is 
transferred to the continuous caster.

The steel samples are taken from casting billet. 
The contents of C and S of the samples are an-
alyzed with infrared analysis. The concentrations 
of Si, Mn, P, Mg, Nb, V, Ti, Als (dissolved alumi-
num) and O (dissolved oxygen) are determined 
using ICP-OES (inductively coupled plasma-atomic 
emission spectroscopy). The N content is analyzed 
using thermal conductance. The results are shown 
in Table 1. All the samples are cross-sectioned and 
polished, and then morphology and composition 
of inclusions are analyzed by SEM(Scanning Elec-
tron Microscopy), EDS (Energy Dispersive Spec-
trometer) and ASPEX (Aspex scanning electron 
microscopes).

Experiment Results
Morphology and composition of the inclusion

The compositions and morphologies of inclu-
sions in samples are analyzed by SED-EDS. Fig-
ure 1 is an SEM photograph of inclusions in the 
sample of heat No.1. These inclusions are mainly 
Al2O3 inclusions (Figure 1a) and MnS inclusions 
with oxide as nucleus (Figure 1b). Figure 2 and 
Figure 3 are SEM photographs of inclusions of 
steel with different Mg contents, respectively. 
As can be seen from the figure, the inclusions in 
magnesium-treated steel are mainly MgO·Al2O3 
inclusions and MnS inclusions precipitated with 
MgO·Al2O3 spinel, and MnS inclusions contain a 
small amount of Mg.

Table 1: Chemical composition of experimental steels.

Heat
Chemical composition, wt %
C Si Mn P S Nb V Ti Als Mg T.O N

No.1 0.060 0.187 1.41 0.010 0.009 0.037 0.046 0.0207 0.0256 - 0.0051 0.0029
No.2 0.071 0.190 1.39 0.008 0.007 0.050 0.045 0.0250 0.0470 0.0013 0.0056 0.0041
No.3 0.077 0.190 1.45 0.006 0.008 0.053 0.044 0.0210 0.0380 0.0024 0.0053 0.0015
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Figure 1: Inclusion morphologies of heat No.1.

Figure 2: Inclusion morphology of heat No.2. Figure 3: Inclusion morphology of heat No.3.

Figure 4: Composition distribution of inclusions in the heat No.1.
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MA spinel composition, and most of the sulfides 
are MgO-Al2O3 inclusions Core nucleation. It can 
be seen from Figure 6 that most of the inclusions 
in the heat No.3 are also MgO-CaO-Al2O3 inclusions 
and MgO-Al2O3-sulfide compound inclusion, fur-
thermore, those inclusion composition are closer 
to the MA spinel composition than that of the oth-
er heat.

Figure 7, Figure 8 and Figure 9 are types of 
inclusion in the heat No.1, No.2 and No.3, re-
spectively. In the figure, A means Al2O3, M means 
MgO, and C means CaO. It can be seen from those 
figures, the inclusions of the heat No.1 are mainly 
MnS-A (42.52%), MnS (23.36%) and A (14.20%), 

Quantitative analysis of the types of inclusions 
in the steel is made by ASPEX. Figure 4, Figure 5 
and Figure 6 are the results of quantitative anal-
ysis, where S indicates the sulfur content of the 
inclusions, and MA represents the MgO·Al2O3 spi-
nel (M means MgO, A means Al2O3). It can be seen 
from Figure 4 that the inclusions of the heat NO.1 
are mainly calcium aluminates and compound in-
clusion of Al2O3 and sulfide. And there are a small 
amount of MgO-CaO-Al2O3 inclusions in this sam-
ple. The Figure 5 shows that the type of inclusions 
are mainly MgO-Al2O3-sulfide compound inclusion 
and MgO-CaO-Al2O3 inclusions in the heat No.2. 
And these inclusion composition are close to the 

Figure 5: Composition distribution of inclusions in the heat No.2.

Figure 6: Composition distribution of inclusions in the heat No.3.
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after magnesium treatment, the inclusions are 
mainly MnS-MA (26.50%), MnS-A (12.36%), MnS 
(9.38%), MA (8.52%) and A (8.16%) in the heat 
No.2, and mainly MnS-MA (42.01%), MA (12.91%) 

MnS-A (7.60%), MnS 5.47%), and A (5.00%) in the 
heat No.3. And proportion of the pure MnS inclu-
sion decrease with magnesium content increase.

Figure 7: Inclusion types of the heat No.1.

Figure 8: Inclusion types of the heat No.2.

Table 2: Size distribution of inclusions in the steels.

Heat Scanning 
area, μm2

The percentage of inclusions with different particle sizes accounted for the total 
number of inclusions
1-3 μm 3-5 μm 5-10 μm 10-15 μm > 15 μm

No.1 16000000 81.66% 12.78% 4.94% 0.42% 0.21%
No.2 12000000 84.54% 13.07% 2.10% 0.19% 0.10%
No.3 16000000 85.70% 11.82% 2.44% 0.05% 0.00%
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seen from this figure, after the magnesium treat-
ment, the proportion of inclusions of the particle 
size of 1-2 μm increases.

Analysis and Discussion
Effect of magnesium treatment on oxide inclu-
sions of steel

When Mg is added to the steel, the following 
reactions occur [18]:

Size of inclusions
The size of the inclusions in the samples was 

quantitatively analyzed by ASPEX, and the results 
are shown in Table 2. It can be seen from the table, 
in the steel with magnesium treatment, the num-
ber of inclusions with small particle size (1-3 μm) 
increases. Since more than 90% of the inclusions in 
the steel have a particle size of less than 5 μm. Sta-
tistical classification of the inclusions is carried out, 
and the results are shown in Figure 10. As can be 

Figure 9: Inclusion types of the heat No.3.
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Figure 10: Inclusion size distribution.
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of other substances are calculated using equations 
(4) and (5), where the interaction coefficients of 
the elements are shown in Table 3 [5,19,20].

αi = fi·w[i]            (4)

[ ]
n

j
i i

j=2
lgf  = e %j∑            (5)

The equilibrium phase diagram of MgO-MgO·A-
l2O3-Al2O3 at 1873 K can be calculated by the Mat-
lab software, as shown in Figure 11. As can be seen 
from the figure, after magnesium treatment, the 
content of [Mg] and [Al] in the steel is in the range 
of MgO·Al2O3, so inclusions of the steel added mag-
nesium are mainly MgO·Al2O3, which is consistent 
with the experimental results. Classify the oxide in-
clusions in the steel, which is shown in Table 4, and 
every oxide type include pure oxide and MnS-ox-
ide. In the heat No.1 without Mg, the inclusions in 
the steel are mainly Al2O3 inclusions, the propor-
tion is 93.85%, and that of MgO-Al2O3 inclusion are 
only 2.05%. After magnesium treatment, the pro-
portion of MgO-Al2O3 inclusions in the steel are in-
creased to 57.53% and 74.30% respectively, in the 
heat No.2 and No. 3, and that of Al2O3 inclusion in 
these heat are reduced to 33.71% and 17.04%, re-
spectively.

Calculate the average composition of the oxide 

Al2O3(s) = 2[Al] + 3[O]       G0 = 867366 - 223T        (1)

MgO(s) = [Mg] + [O]          G0 = 90000 + 82T        (2)

MgO·Al2O3(s) = MgO(s) + Al2O3(s)     G0 = 20740 + 
11.57T (3)

Al2O3, MgO and MgO·Al2O3 are regarded as pure 
substances, then their activities are 1. The activities 

Table 3: Interaction coefficients ( j
ie ) of elements in 

molten steel at 1873 K.

       i

j
Al Mg S

C 0.0910 -0.240 0.110
Si 0.0056 -0.088 0.063
Mn 0.0035 0.024 -0.026
P 0.0330 - 0.029
S 0.0300 -1.380 -0.028
Nb - - -0.013
V - - -0.016
Ti 0.0040 -0.510 -0.072
Al 0.0450 -0.120 0.035
Mg -1.9800 -0.047 -0.026
O -6.6000 -289 -0.270
N -0.053 - 0.010

0.00 0.01 0.02 0.03 0.04 0.05
10-6
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Figure 11: The equilibrium phase diagram of MgO-MgO·Al2O3-Al2O3 at 1873 K.
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Table 4: The proportion of oxide inclusions in different types of steel.

Heat
The type of oxide inclusion
Al2O3 MgO-Al2O3 CaO-MgO-Al2O3 CaO-Al2O3

No.1 93.85% 2.05% 0.47% 3.63%
No.2 33.71% 57.53% 1.03% 7.73%
No.3 17.04% 74.30% 8.38% 0.28%
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Figure 12: The average composition of oxide inclusions in the range of different particle sizes of the heat No.1.
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the area of low melting point (Figure 13 and Figure 
14). The inclusions in these two regions tend to ag-
gregate and grow, and if they do not float to the 
surface in time, they will stay in the steel. As can be 
seen from Figure 13, the size of inclusions closed to 
MgO·Al2O3 spinel is smaller since it is not polymer-
ize in the molten steel and easy to disperse in the 
steel [12-14]. The average composition of the ox-

inclusions in the different particle size ranges and 
label them in the phase diagram, as shown in Fig-
ure 12, Figure 13 and Figure 14. The area surround-
ed by the broken line in the figure is the region of 
the melting point below 1873 K which is calculat-
ed by the Factsage 7.2 software. From the figure, 
the larger particle size of the inclusions are mainly 
Al2O3 inclusions (Figure 12) and the inclusions near 

0 20 40 60 80 100
0

20

40

60

80

100
0

20

40

60

80

100

  

MgO

Al2O3

 1-2μm
 2-3μm
 3-4μm
 4-5μm
 5-10μm
 ＞10μm
 MgO·Al2O3

CaO  
Figure 14: The average composition of oxide inclusions in the range of different particle sizes of the heat 
No.3.
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Figure 16: The equilibrium phase diagram of MgO-MgO·Al2O3-MgS, at 1873 K.

ic data, listed in Table 1 and Table 3, respectively. 
And the calculation results are shown in Figure 
16. From the figure, the composition points of the 
steel treated by magnesium are below the MgO-
MgO·Al2O3-MgS equilibrium line. Therefore, there 
are no single MgO inclusions in the steel, which is 
consistent with the previous analysis results. There 
will be MgS or (Mn·Mg) S inclusions in the steel. 
The high temperature anti-deforming capability of 
this kind of sulfide is higher than that of pure MnS, 
which can reduce the deformation degree during 
the rolling process, so as to avoid the form of long 
strips in the final product, and improve the anti-HIC 
performance of the pipeline steel.

The liquidus temperature (TL) and solidus tem-
perature (TSol) of the steel is calculated by the fol-
lowing formulas (Eq.(10) and Eq.(11)) [21], and the 
critical precipitation temperature of MnS can be 
calculated using the Matlab software. Figure 17 
is changes in critical precipitation temperature of 
MnS and solidus temperature (TSol) of the steel with 
Mn content and S content. The composition of the 
steel also are plotted in the figure. As can be seen 
from the figure, the critical precipitation tempera-
ture of MnS in every heat are lower than the solidus 
temperature, thus, MnS could not be formed in the 
experimental steel over the solidus temperature, 
and the MnS must be precipitated during solidifica-
tion process because of the segregation.

TLiq(°C) = 1536-83[%C]-7.8[%Si]-5[%Mn+%Cu]-

ide inclusions in the three heat steel are labeled in 
the ternary phase diagram, as shown in Figure 15. 
From the figure, with the increase of Mg content in 
the steel, the composition of the oxide inclusions 
is constantly approaching to the spinel. Therefore, 
the proportion of the small size inclusions in the 
heat No.3 is the largest (Figure 10 and Table 2).

Effect of magnesium treatment on sulfide in-
clusions in steel

The formation of sulfides in steel can be ex-
pressed by the following formula [5]:

[Mg] + [S] = MgS(s)   G0 = -522080 + 201.02T         (6)

[Mn] + [S] = MnS(s)   G0 = -167612 + 88.7T        (7)

Eq. (8) is determined by linear combination 
based on the thermodynamic data and Eq. (1) to 
Eq. (3) and Eq. (6).

MgO·Al2O3(s) + 3MgS(s) = 4MgO(s) + 3[S] + 2[Al] 
 G0 = 2184422 - 1060T          (8)

4 3 2
MgO S Al

3
MgO Al2O3 MgS

. .
K = 

. .
a a a

a a
           (9)

MgO·Al2O3, MgS and MgO are regarded as pure 
substances, then their activities are 1. The equilibri-
um phase diagram of MgO-MgO·Al2O3-MgS at 1873 
K can be calculated using the Matlab software. 
The value of αAl and αS can be calculated using 
Wagner’s equation (Eq. (4)) and Eq. (5) according 
to the chemical compositions and thermodynam-
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Figure 17: Changes in critical precipitation temperature of MnS and solidus temperature (TSol) of the steel with 
Mn content and S content: A) Heat NO.1; B) Heat NO.2 and C) Heat NO.3.
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KMn = 0.76 [23], KS = 0.05 [23], CS is the solid concen-
tration of a given solute element at the solid-liquid 
interface.

The variations of manganese and sulfur con-
centration with solid fraction in the steels are 
calculated and showed in Figure 18. The results 
show that there is MnS precipitation when the 
solid fraction is approximately 0.95. And the MnS 
would be precipitated on the oxide during solid-
ification process, which is agree well with the 
SEM/EDS results (Figure 1, Figure 2 and Figure 
3). In the heat No.1, the oxide is mainly Al2O3, 
so the MnS mainly precipitated on it. (Figure 1). 
In the other heat, the oxide is mainly MgO·Al2O3, 
therefore, the cores of MnS are principally spinel 
(Figure 2 and Figure 3).

In conclusion, because of the large amount of 
smaller MgO·Al2O3 inclusions in the steel with mag-
nesium, which is possible to provide nucleation 
cores (Figure 2 and Figure 3) for the precipitation 
of sulfides, the precipitation of sulfides at grain 
boundaries will be reduced and they will be dis-
persed. And the number of pure MnS decrease in 
the steel with magnesium (Figure 7, Figure 8 and 
Figure 9). At the same time, the sulfide with core 

32[%P]-31.5[%S]-3.6[%Al]-1.5[%Cr]

-2[%Mo]-4[%Ni]-18[%Ti]-2[%V]       (10)

TSol(°C) = 1536-334[%C]-12.3[%Si]-6.8[%Mn]-
124.5[%P]-183.5[%S]-4.1[%Al]

-1.4[%Cr]-4.3[%Ni]         (11)

The concentration of [S] and [Mn] are calculated 
by Eq. (12) - (15) based on the Scheil model [22].

0
0

0

T = T  - 
1

L

L SOL
s

SOL

T T
T Tf
T T

−
−

−
−

                                (12)

 = L
s

L SOL

T Tf
T T

−
−

          (13)

( -1)
0

K
L sC  = C (1- f )           (14)

( -1)
0

K
S sC  = KC (1- f )          (15)

Where T0, TSOL, TL, T are pure iron melting point 
(1809 K), solidus temperature, liquidus tempera-
ture and solid-liquid interface temperature, in K. 
CL is the liquid concentration of a given solute el-
ement at the solid-liquid interface, C0 is the initial 
liquid concentration, fS is the solid fraction, K is the 
equilibrium partition coefficient for that element, 
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Figure 18: Changes in manganese and sulfur concentration with solid fraction.
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sium treatment can form (Mn·Mg)S composite 
sulfide in the steel, further reduce the deforma-
tion degree of sulfide during the rolling process, 
so as to avoid the form of long strips MnS in the 
final product and influence on the performance 
of pipeline steel.
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