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Effect of magnesium addition on inclusions in H13 die steel
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Abstract: The effect of magnesium addition on the number, morphology, composition, size, and density of inclusions in H13 die steel was
studied. The results show that the total oxygen content in the steel can be significantly decreased to 0.0008wt%. Al,O; and MnS inclusions
are changed into nearly spherical MgO-Al,O; spinel and spherical MgO-MgS inclusions, respectively. The number of inclusions larger than 1
pum decreases and the number of inclusions smaller than 1 pum increases with increasing magnesium content. V(N,C) precipitates around
MgO-Al,0O5 and MgO-MgS inclusions during solidification of liquid steel. The densities of MgO-Al,O; spinel inclusions are lower than that
of alumina inclusions. With increasing magnesium content in the Mg-containing inclusions, the density of inclusions decreases, leading to

the improvement of inclusion removal efficiency.
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1. Introduction

As one of the widely used hot die steels, H13 die steel is
mainly used in forging dies, hot extrusion dies, and nonfer-
rous-metal die-casting molds [1-3]. Because H13 die steel
is generally used at high temperature and high pressure and
under greater impact working conditions, a higher thermal
fatigue performance is required. One of the most important
factors affecting the life of H13 die steel is the presence of
inclusions [4], especially brittle inclusions, which likely
cause intense stress concentration in the steel matrix [5—-6].
Therefore, the number, morphology, and size of inclusions
in H13 steel should be controlled.

Seo et al. [7] studied deoxidation equilibria in liquid iron
equilibrated with MgO-Al,O; spinel by adding Fe—Al and
Ni-Mg alloys and examined conditions for the formation of
MgO-AlLO; spinel during deoxidation. However, they did
not provide a detailed description of the effect of deoxida-
tion by Fe—Al and Ni-Mg alloys on the characteristics of in-
clusions. Takata et al. [8] and Luo et al. [9] reported that
magnesium treatment can not only decrease the dissolved
oxygen content in liquid steel but can also change elongated
or tufted Al,O; inclusions into fine and dispersed MgO-AlL,O;
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spinel inclusions. The size of the MgO-Al,O; spinel inclu-
sions can be controlled to be 5 um or less [10]; inclusions of
this size have no effect on the mechanical properties of steel.
In this paper, the effect of magnesium treatment on the
number, morphology, size, and composition of inclusions
was studied to extend the application of magnesium in the
production of high-performance H13 die steel.

2. Experimental
2.1. Experimental materials

The experimental material was H13 scrap steel; its
chemical composition is listed in Table 1. High-basicity slag
was used for refining in the experiments. The composition
of the slag is given in Table 2. The chemical composition of
the Mg—Al-Fe alloy is shown in Table 3.

Table 1. Chemical composition of H13 die steel wt%

C A\ Cr Al Si Mn S Mo
0.37 099 505 0.01 1.02 027 0015 1.17

Table 2. Chemical composition of the refining slag ~ wt%

CaO SiO, MgO AlLO; CaF,
50 10 8 25 7
@ Springer

© University of Science and Technology Beijing and Springer-Verlag Berlin Heidelberg 2014



Z. Wu et al., Effect of magnesium addition on inclusions in H13 die steel 1063

Table 3. Chemical composition of the Mg—Al-Fe alloy wt%

Mg Al Fe
10.02 35.13 54.67

2.2. Experimental procedure

Experiments were performed using a 10-kg ZG-0.01-type
vacuum induction furnace with an inner diameter of 9.5 cm
and a magnesia crucible with a depth of 18 cm. Pure alumi-
num powders were added to the magnesia crucible to ensure
an identical amount of aluminum addition into liquid steel.
The feeding amounts of the slag, steel material, and
Mg—Al-Fe alloy in different experiments are shown in Ta-
ble 4.

Table 4. Feeding amounts of materials in different experi-
ments g

Exp.No. Hl3steel Slag Mg-Al-Fealloy Purealuminum

H1 5940 475 0 8.25
H2 4256 340 8 3.10
H3 6540 523 16 3.50
H4 5038 403 20 0

The refining slag, steel material, and pure aluminum
powders were fed into the crucible. Argon gas was blown
into the induction furnace to exclude air, and the pressure in
the furnace chamber was subsequently decreased to 0.01 Pa
using a vacuum pump. Steel samples were collected under
vacuum conditions when the steel material was molten. The
Mg—Al-Fe alloy was added to liquid steel, and the other
four steel samples were sampled at S5-min intervals.
Thereafter, the liquid steel was cast into ingots. Steel sam-
ples cut from ingots produced in experiments H1, H2, H3,
and H4 were designated as E1, E2, E3, and E4, respectively.

The morphology and size of inclusions in the steel sam-
ples were observed by scanning electron microscopy (SEM)
using a Zeiss SUPRA-55 scanning electron microscope. In
addition, the chemical composition of inclusions was deter-
mined by energy-dispersive X-ray spectroscopy (EDS). The
INCA Feature software was used to analyze the number of
inclusions; the examined area of steel samples was 70 mm>.
The total oxygen and total nitrogen content in steel samples
were analyzed using an O-N900-type gas analyzer.

3. Results and discussion

3.1. Effect of magnesium on the size and type of inclu-
sions

The inclusion size distribution in steel with aluminum

deoxidation and aluminum—magnesium deoxidation is
shown in Fig. 1. The inclusion size in steel samples E2, E3
and E4 differ significantly. As evident in Fig. 1, steel sample
E1l contains more 4—5-pum inclusions. Samples E2, E3, and
E4 contain fewer large inclusions (4-5 um) and more small
inclusions (0—1 pm). With increasing magnesium content in
liquid steel, the number of inclusions (1-2 pm, 2-3 pum, 34
um, and 4-5 pm) decreases and the number of harmless in-
clusions (less than 1 pum) increases.
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Fig. 1. Inclusion size distribution of steel samples.

The aluminum content in samples E1, E2, E3, and E4
ranges from 0.035wt% to 0.050wt%. The final magnesium
content is 0, 0.0007wt%, 0.0010wt%, and 0.0015wt% in
samples El, E2, E3, and E4, respectively. The types of in-
clusions in the steel samples were determined by SEM-EDS.
Typical inclusions in sample E1 are shown in Fig. 2, and
typical inclusions in sample E4 are shown in Fig. 3.

Fig. 2 presents SEM images and EDS analysis results of
typical inclusions observed in the steel with aluminum de-
oxidation. Only three types of inclusions were observed.
First, the observed inclusions are primarily Al,O; inclusions;
their morphologies include triangular, rectangular, and ir-
regular shapes. Second, some complex inclusions were ob-
served in the form of MnS wrapping or adjoining Al,O; in-
clusions, as shown in Figs. 2(c) and 2(d). The morphology
of the MnS inclusion is elongated, as shown in Figs. 2(c)
and 2(d). Third, inclusions in the form of an Al,0; core sur-
rounded by an outer V(N,C) layer were observed, as shown
in Figs. 2(e) and 2(f). The morphology of the observed
V(N,C) inclusions is quadrilateral with clear angularities, as
shown in Fig. 2(e). Most of the Al,O5 inclusions or complex
inclusions observed by SEM-EDS are less than 4 pm in size.

Typical inclusions observed in the steel with alumi-
num-magnesium deoxidation are shown in Fig. 3. Most of
the inclusions are MgO-Al,O; spinels or, less commonly,
MgO-AlO; spinels surrounded by an outer V(N,C) layer, as
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Fig. 2. SEM images and EDS analysis results of typical inclusions observed in sample E1.

e

Fig. 3. SEM images and EDS analysis results of typical inclusions observed in sample E4.

shown in Figs. 3(a)-3(d), in addition to a few MgO-MgS in-
clusions and MgO-MgS inclusions wrapped by V(N,C), as
shown in Figs. 3(e) and 3(f). The morphologies of the ob-
served MgO-Al,O; spinel and MgO-MgS inclusions are
near-spherical. The sizes of the observed MgO-Al,O; spinel,
MgO-MgS, and complex inclusions are less than 1 pm.

The main reason for this finding is that the added magne-
sium provided uniform nucleation sites. V(N,C) and MnS
precipitate around Al,Os inclusions during solidification of
liquid steel with aluminum deoxidation. In contrast, V(N,C)
precipitation positions in the steel with aluminum—magne-

sium deoxidation are the surrounding MgO-Al,O5 spinel or
MgO-MgS inclusions. Compared with the overall dimen-
sions of Al,Oj; inclusions, those of MgO-Al,O; spinel inclu-
sions are smaller, which results in their complex inclusions
being smaller.

Thermodynamic analysis was made to evaluate the evo-
lution and modification of oxide and sulfide inclusions. The
chemical reaction for the formation of MgS and MnS in lig-
uid steel can be expressed as follows [11-12]:

[Mg]+[S] = (MgS),
AG® =-521470+183.07T, J/mol @)
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AG, =AG® +RTIn @
Jue[YoMg]- fs[%S]
[Mn]+[S]=(MnS),
AG® =-168822+98.87T, J/mol 3)
AG, =AG® +RTIn Drans &)
Sun[YoMn]- £([%6S]
lg f; =2 e/ [%)] (5)

where f,., fu., and fg are the activity coefficients of
dissolved magnesium, manganese, and sulfur, respectively,
in liquid steel and ¢/ is the first-order interaction coeffi-
cient. The first-order interaction parameters used in the pre-
sent study are listed in Table 5.
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The standard state of sulfide is taken as pure solid in
Egs. (2) and (4). By combining Egs. (1)—(5) with the inter-
action coefficients, the chemical composition, and the activ-
ity of each sulfide in equilibrium, Egs. (6) and (7) were ob-
tained:

AG, =-5729 J/mol (©6)
AG, =102008 J/mol )

It can be obtained from the changes in the Gibbs free en-
ergy term in Eqs. (6) and (7) that the affinity between mag-
nesium and sulfur is greater than that between manganese
and sulfur. Magnesium is more likely to participate in the
desulfurization reaction at 1873 K because the change in the
Gibbs free energy in Eq. (6) was less than 0 J/mol.

Table 5. Interaction coefficients [13—15]

j C \Y Cr Al Si Mn S Mo
el 24 — 0.047 — ~0.088 — ~1.38 —
el 0.091 — 0.0096 0.045 0.0056 0.035 0.030 —
e —0.450 -0.3 —0.044 -39 —0.1310 —0.021 —0.133 0.0035
el 0.111 —0.019 —0.01 0.041 0.0750 —0.026 —0.046 0.0027
i —0.053 0.0057 0.0039 — —0.0327 0 —0.048 0.0046

In the H2, H3, and H4 experiments, the relationship of
magnesium, aluminum, and oxygen contents in liquid steel
was determined by the following equation [16]:
[Mg]+2[Al]+4[0] = (MgO- AL O,),

AG® =-194430+610.25T

a

®)
&)

MgO-Al, 04
Tus[ Mgl [ %ALY - f5[%0]
18 frae = D (€1, [% 1410, [%O0T + nyit®[%Mg][%0] +
R [%Cr][%0] + rye ° [%Ni][%0])

AG=AG® +RTIn

(10)

is the first-order interaction coefficient and rﬁg ,
me” s rel, and rb;g‘o
coefficients of Mg. The available second-order interaction
parameters are summarized as follows [17]: rh(,fg =3700,
e ” = 48000, £;° =0, and rlf/f;‘o =1.34.

The standard state of the oxide is taken as a pure solid
phase in Eq. (9). By combining Egs. (8), (9), and (10) with the
interaction coefficients, the chemical compositions, and the ac-
tivity of MgO-ALO; in equilibrium, Eq. (11) was obtained:
[Mg]-[AI]* -[0]* =5x107** (11)

According to the literature, when the aluminum content
in liquid steel is 0.035wt%—0.050wt% at 1873 K, the dis-
solved oxygen content is less than 0.0005wt% [10,17]. As
shown in Eq. (11), when the aluminum content is
0.035wt%—0.050wt% and the oxygen content is 0.0005wt%,

the magnesium content is in the range from 0.00006wt% to

j
where ¢;,,
are the second-order interaction

0.00026wt%. The phase-stability diagram of the deoxidation
products is shown in Fig. 4. When the aluminum content is
0.035wt%—0.050wt% and the magnesium content is
0.00006wt%—0.00026wt%, the gray area forms, as shown in
Fig. 4. Therefore, ALO; can be transformed into
MgO-ALO; under the given conditions. For example, an
acid-soluble aluminum content in liquid steel of 0.05wt%
and a magnesium content in liquid steel of approximately
0.00013wt% would result in MgO-ALO; generation.
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0MgO+MgO-ALO,
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Fig. 4. Phase stability diagram of deoxidation products and
experiment results at 1873 K.

3.2. Effect of magnesium on the number of inclusions

The change in the number of inclusions larger than 1 pm
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is shown in Fig. 5. As evident in this figure, with increasing
experiment time, the number of inclusions in sample E1 de-
creased. The number of inclusions in samples E2, E3, and
E4 were significantly decreased and was less than the num-
ber of inclusions in sample E1. With increasing magnesium
content in liquid steel, the number of inclusions decreased.
For example, in sample E4, the magnesium content in liquid
steel was 0.0015wt% and the number of inclusions was 13
mm 2, whereas in sample E2, the magnesium content was
0.0007wt% and the number of inclusions was 32 mm >, It
can be concluded that the number of inclusions decreased
with increasing magnesium content in liquid steel.
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Fig. 5. Change in the number of inclusions larger than 1 pm
in different samples.

The total oxygen content in the steel changed signifi-
cantly, as shown in Fig. 6. As evident in this figure, the total
oxygen content in the steel was 0.0060wt%. With increasing
experiment time, the total oxygen content in liquid steel de-
creased continuously. The final total oxygen contents in lig-
uid steel in samples E1, E2, E3, and E4 were 0.0025wt%,
0.0021wt%, 0.0017wt%, and 0.0008wt%, respectively. With
increasing magnesium content in liquid steel, the total oxy-
gen content decreased.

The factors that influence inclusion removal by magnesium
can be broadly grouped into the following two categories:

(1) In the case of aluminum deoxidation, inclusions in the
steel were Al,O; particles, whereas the inclusions were
mMgO-nAl,O; particles in the steel in the case of alumi-
num-magnesium deoxidation. According to experimental
data, the m/n molar ratios were set to 0.5, 1.0, 1.5, and 2.0,
respectively. Domanski et al. [18] prepared spinels with
different magnesia-to-alumina molar ratios and measured
the densities of the resulting spinels. The measured densities
of the MgO-ALO; spinels are shown in Table 6. As indi-
cated in this table, the densities of spinel inclusions with
different MgO-to-Al,O; molar ratios are in the range
3.92-3.66 g/em’; these values are lower than the density of
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Al O; (3.97 g/cm3). Under the same conditions of volume, a
lower density of inclusions results in a higher floating rate.
It can be concluded that MgO-Al,O; spinels are more easily
removed than Al,O; inclusions.
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Fig. 6. Change in total oxygen content in different samples.

Table 6. Densities of spinels gem™
392 3.79 3.72 3.66

(2) Because the boiling point of magnesium is low, the
addition of magnesium to liquid steel results in the forma-
tion of numerous tiny magnesium bubbles. The nitrogen
partial pressure in the magnesium bubble is 0 Pa; therefore,
nitrogen is transferred from liquid steel into the magnesium
bubble until the nitrogen partial pressure in the magnesium
bubble reaches the saturation pressure. This phenomenon
can be confirmed by the effect of escaping magnesium bub-
bles on the nitrogen content. As shown in Fig. 7, the nitro-
gen content in sample E1 decreased with increasing experi-
ment time. This observation can be explained by experi-
ments having been performed under vacuum conditions.
The nitrogen contents in samples E2, E3, and E4 also de-
creased. Thus, increasing magnesium content in liquid steel
results in decreased nitrogen content. It indicates that the
magnesium bubbles promote nitrogen removal under vac-
uum conditions.

In addition, magnesium bubbles can stir liquid steel to
promote inclusion floating. At the same time, an ongoing
deoxidation reaction occurs at the surface of magnesium
bubbles. The deoxidation products were finally brought out
of liquid steel as magnesium bubbles floated to the lig-
uid-steel surface, which resulted in a decrease in the total
oxygen content, as shown in Fig. 6. With increasing magne-
sium content in liquid steel, additional magnesium bubbles
were produced; thus, the number of inclusions along with
the number of magnesium bubbles floated was increased.
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Fig. 7. Change in nitrogen content in steel samples with time.

4. Conclusions

(1) After H13 die steel was deoxidized with the alumi-
num—magnesium alloy, oxide inclusions in the steel were
changed from Al,O; to MgO-Al,O; and sulfide inclusions
were transformed from MnS to MgO-MgS. V(N,C) precipi-
tated around MgO-Al,0; and MgO-MgS inclusions.

(2) The total oxygen content in H13 steel significantly
decreased after aluminum-—magnesium deoxidation. The
lowest total oxygen content was 0.0008wt%. As the magne-
sium content in liquid steel was increased, the oxygen con-
tent decreased. The density of MgO-Al,O; inclusions was
smaller than that of Al,O; inclusions. As the magnesium
content in Mg-containing inclusions increased, the density
of inclusions decreased.

(3) The size of inclusions was less than 5 um in steel de-
oxidized using aluminum-magnesium. As the magnesium
content in liquid steel increased, the number of inclusions
larger than 1 pm decreased, whereas the number of inclu-
sions less than 1 pm increased.
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