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Abstract: In order to know the behavior of non-metallic inclusions in centrifugal induction electroslag castings (CIESC), non-metallic
inclusions in 5CrMnMo and 4Cr5MoSiV 1 were qualitatively and quantitalively analyzed. The largest size of inclusions in the casting
and the thermodynamic possibility of TiN precipitation in steel were also calculated. The results show that sulfide inclusions are evenly
distributed and the content is low. The amount of oxide inclusions in C1ESC 4Cr3MoSiV | steel is close to the ESR sleel and lower than
that in the EAF steel, and there are some differences along radial direction, Nitride inclusions are fine and the diamelter of the largest one
is 3—4 ym. With the increase of the centrifugal machine's rotational speed, the ratio of round inclusions increases and the ratio of sharp
inclusions decreases. According to the experiment and the calculation results, it is painted out that the largest diameter of non-metallic
inclusions in the CIESC 4Cr5MoSiV 1 casting is only 6.6 um, and [N%][Ti%] in 4Cr5MoSiV | steel should be controlied less than 4.4
10 * in order to further reduce the amount and size of TiN inclusions.
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Centrifugal induction electroslag casting (CIESC) is
a new electroslag metallurgy technology to cast shaped
and hollow castings developed by the University of
Science and Technology Beijing in the early of 1990's,
which combined the virtues of electroslag induction
melting and centrifugal casting [1}. The mechanical
and service properties of the CIESC products can meet
the requirements specified to the corresponding forg-
ings, and it is proved by practice that its products such
as GCrl5V cold extruding wheel, 4Cr5MoSiV1 assel
roller and slanting roller, SCrMnMo hot compaction
roller had 150%—-300% as long working life as the same
type of forgings. The cost of the CIESC products is
lower than that of the CESC ones as no need of the con-
sumable electrodes [2, 3].

The material properties depend on its structure, and
the non-metallic inclusions in the castings have very
important influence on its mechanical and service pro-
perties. Therefore, the behavior of the non-metallic in-
clusions in CIESC castings was studied in this article.

1 Experimental

9 pieces of samples were obtained from three differ-
ent altitudinal levels(top-1#, middle-2#, and bottom-
3#) and for each level, three were taken from radial di-
rection (outer-1, middle-2, inner-3) of the 5CrMnMo
hot compaction roller and 4Cr5MoSiV] (AISI H13) as-
sel roller blanks produced by CIESC, as shown in fig-
ure 1, and their chemical compositions are listed in
table 1.

(2) Comparison study.

The inclusion content comparative studies for CIES-
C, ESR and EAF melting steels (H13) were carried out,

(3) Analytical method.
Metallographic microscope and image analysis sys-

(1) Sampling method. Figure 1 Sampling position.
Tahile I Chemical Composition of the specimens produced by CIESC (mass fraction) %
(]
Grade C Si Mn P S Cr Mo \' H (8] N Ti Al
) 5CrMnMo 0.53 022 1.42 0.16 0.008 075 021 — —_ — — — —
4CrSMoSiVvi 044 093 033 0015 0.005 493 1.20 1.08 0.00047 0.035 0.015 0.0057 0.030
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tem were used to determine the type, size, quantity and
distribution of non-metallic inclusions, and scanning
electron microscope (SEM) was used to determine the
composition of non-metallic inclusions.

2 Results

The non-metallic inclusions in specimens (5CrMn-
Mo) are oxide, sulphide and nitride inclusions mainly,
which are shown in figure 2 respectively.

The qualitatively and quantitatively analysed results
(see table 2) show that sulphide inclusions are evenly
distributed and their content is low, while the content of
oxide inclusions is high. There are some differences al-
ong radial direction caused by centrifugal force. From
the outer section to the inner section, the content and
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size of inclusions increase.

The comparison study results show that the amount
of oxide inclusions in CIESC samples (4CrSMoSiV1)
is close to that of 4Cr5MaSiV1 produced by ESR and
lower than that of 4CrSMoSiV1 produced by EAF mel-
ting process. Moreover, the all oxide inclusions in CI-
ESC steel are finer than 8 um and a majority of which
are finer than 2pum. The composition of oxide in-
clusions is mainly Al,O; and Si0s, which exist almost
spherically in castings. The amount of sulphide in-
clusions in sample is low due to its low [S] content. At
the same time, the single or compound nitride in-
clusions are fine and most of them are smaller than |
pm. When all the nine samples were observed with
SEM, the largest nitride inclusions is only 3—4 pm in
more than 270 field ranges.

Figure 2 Ozxide, sulphide and nitride inclusions in specimens (5CrMnMo), (2) exide inclusion; (b) sulphide inclusion; (c) nitride

inclusion.
Table 2 Size and distribution of oxide inclusions and sulphide inclusions in specimens (5CrMaMo)
No Area Numbers of non-metallic inclusions per mm?
Tpe " fraction/% <10pm 1.0-20 pm 2.0-30pm 3.040pm 40-50um 50-60um =6.0pm
] 1 0.07 124 62 43 5 2 0 0
- Onuﬁe 2 0.13 75 45 36 24 9 2 0
inclusion
3 0.18 34 25 34 23 16 7 3
) 1 0.01 1 1 1 0 0 0 0
-Su.lpllfde 2 0.01 2 1 1 0 0 0 0
inclusion
3 0.01 2 1 1 0 0 0 0
3 Discussion in figure 3. R decreased with the increase of the rota-
3.1 Rotational speed tional speed (w), which is possibly caused by different

The rotational speed of mold is a very important fac-
tor, which causes the segregation of non-metallic in-
clusions in radial direction. At a certain rotational
speed, the centrifugal force leads the inclusions "inner
floating”. The larger inclusions were inner floated by
bigger force. Therefore, the large inclusions were ga-
thering in the inner part of castings., With the increasing
of the rotational speed, more and more inclusions are
removed out of the casings.

At different rotational speeds, the ratio of sharp ox-
ide inclusions to spherical ones (R) changed, as shown
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Figure 3 Effect of rotational speed on the ratio of sharp oxide
inclusions to spherical omes (R).
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flow velocity between inclusions and liquid steel due to
the different rotational speed.

3.2 The largest size of non-metallic inclusions

The Reynolds number of non-metallic inclusions in-
ner floating action caused by centrifugal force is:

_du
1%

Re (1)

Where d is the diameter of non-metallic inclusions,
supposed as 10um; u is the separate speed of in-
clusions, measured by model experiment as 0.306 cm/
s; v is the kinematic viscosity, v=0.008 cm?s. Then,

_10x107*x0.306 _ =
Re_—_O.OOS =3.8x10 2)

When Re < 1, the inner floating speed caused by cen-
trifugal force is [4]:

_2 Lo P s

U= k - r (3)

Under the centrifugal force affection, k=w*:R’, w is
the rotational velocity of mould; R’ is the rotational
radius. It is obvious that non-metallic inclusions will be
removed out of the castings if its radius is larger than a
critical value. The critical value can be calculated out
from the following equation:

= 9umax' m 2
"=t @
Where R'=20cm, #=0.306 cr/s, 4,=0.0576 g/(cm-
s), @ =900 r/min=94.2 rad/s, p.=7.2 g/cm’, p,=2.86
g/cm’. At last, it can be obtained that

r.=3.3 um.

So, the largest diameter of the non-metallic in-
clusions is 6.6 um in the experimental condition, and it
is consistent with the experimental results.
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3.3 Thermodynamic calculation of TiN precipita-
tion
The precipitation condition of TiN inclusions in

4Cr5MoSiV1 can be calculated with thermodynamic
method:

Ti(5)=Ti(1), AGle = 15 500 - 8.0 T (5)
Tiy=[Ti], AGf=-69500—27.28T (6)
1/2Nyy=[N], AGS=10500+20.37T (N

Tig+ 1/2N;9=TiN,, AGF=334500+93.0T  (8)
[Ti]+ [N] = TiNg,

AG = NAG] — NG — AGS — AG? Q)
AG®=-29100+107.91T (10)

The equilibrium constant X is decided by the follow-
ing equation:

_ OGN, _ 1

ooy fri [%Ti]fx [%N] (11
1 =—%=—15—72,2—0—5.64 (12)
_15 %20 +5.64=1g[%Ti] + 1g[%N] + lgfs, +1gf  (13)
Where
Igfr =221~ 0.36)lghuemn.
3280

lgh = (—T— - 0-75)1ng(1s73 w [5].

At 1873 K, the activity coefficient in liquid steel can
be calculated:

1gﬁ(1s7zx) = Z(ej: [%]]) (j=cs SI, Mn, - i=Ti, N) (14)

The interaction coefficients in liquid steel at 1 873K
are listed in table 3.

Table 3 The interaction coefficients ¢’ in liquid steel at 1873K (j=C, Si, Mn, ---)

i C Si Mn P S H (0] N Al Cr Ti Mo Vv
Ti —0.165 0.05 0.0043 -0.064 -0.11 -—1.1 -1.8 -1.8 0.12 0.055 0.013 -0.011 -0.093
N 0.13 -0.047 -0.21 0.045 0.007 0.002 0.005 0.0 0.028 -0.047 -0.537 — —

lgfm 873K — e% [C] + e'srln [Sl] +en [Mn] + egx [P] + e% [S] +
en: [H] + €% [O] + &% [N] + ent [Al] + €5 [Cr] + er [ Ti] +
T [Mo] +ex[V],

lghassio =ex [C] +exX [Si] + X" [Mn] + e [P]+ex [S] +
ek [H] +ex [O] + ) [N] + el [Al] + eV [Cr] +ef [Ti] +
ex’[Mo] +ex[V].

At last, the thermodynamic condition of TiN in-
clusion precipitation during solidification can be ex-
pressed as:

14734
T

1g[%N][%Ti] = — +5.51 (15)

From the above equation, it can be calculated that
TiN will precipitate in liquid steel at 1 768 K (liquidus
temperature) when [N%][Ti%] is equal to 1.5%x107* in
the experimental 4Cr5MoSiV1 steel. With the tempera-
ture falling down, TiN will precipitate from austenite in
the solid-liquid zone according to references [6] and
[7]. It is formulated as the following equation:

13850
T

1g[%N][%Ti] = +4.01 (16)

Figure 4 is drawn based on equations (15) (around
liquidus temperature 1 768 K) and (16) (around solidus
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Figure 4 Stability diagram of TiN precipitation in 4CrSMoS-
iV1 steel.

temperature 1655K) to desribe the possibility of TiN
precipitation. From figure 4 it can be seen that in the ex-
perimental condition ([Ti%]=0.0057, [N%]=0.015),
TiN will precipitate above the solidus temperature
(1665K), and the precipitated TiN will be gathering
and growing with rather sufficient time and tempera-
ture condition. Therefore, [N%] [Ti%] in 4Cr5MoSiV1
steel should be controlled less than 4.4x107° in order to
insure no TiN precipitation over solidus temperature.

4 Conclusions

(1) The results show that sulphide inclusions are
evenly distributed and the content is low, while the con-
tent of oxide inclusions is high and there are some dif-
ferences along axial direction in the samples (5CrMn-
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Mo); and in the sapmles (4Cr5SMoSiV1), the amount of
oxide inclusions is close to that of 4Ct5MoSiV1 pro-
duced by ESR and lowers than that of 4Cr5SMoSiV1
produced by EAF melting process.

(2) With the increase of the centrifugal machine's
rotational speed, the ratio of round inclusions increases
and the ratio of sharp inclusions decreases.

(3) The largest diameter of non-metallic inclusions
in samples is only 6.6 um.

(4) Nitride inclusions are fine and the diameter of the
largest one is 3—4 pm, and [N%][Ti%] in 4Cr5MoSiV1
steel should be controlled less than 4.4x107° in order to
further reduce the amount and size of TiN inclusions.
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