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Abstract

The basic characteristics of mold powder crystallization behavior were evaluated using
differential thermal analysis (DTA). The crystallization properties of 75 different mold powders
were measured by the process of heating solid glass and in the process of cooling the molten slag
along with the melting points. Room temperature solid glass phase slag samples were used for
the heating process, and liquid phase samples at 1300C were used for the cooling process. The
lower viscosity mold powder showed lower recrystallization temperatures in the heating condition.
The high basicity (CaO/SiO: ratio) samples showed more crystallization behavior in both heating
and cooling conditions as compared with lower basicity. The crystallization under the cooling
condition has a large variation depending on the measurement condition. A correlation between
the supercooling and the amount of exothermicity measured during crystallization was found. As
the supercooling increased, the crystal growth increased.
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1. Introduction

Shinagawa Technical Report

E—NV R Y —DFEO—>2 L LTHH RN
EINOHHIDND 5o FRIZHEF RMENDSFEE LR
TWHRFEHMTIZ, E— IV FXY ¥ —D#EFEIC
Lo T MBEPRESELGIND D, TD%
HNIRD CTEETH 5, RN LT 5
72O DE—= )R8 F—1x, — Ay 12Ca0/Si0;
HELEHOT, HftiELE T2 L TRAT

One of the mold powder roles in the cast-
ing process is the prevention of strand surface
cracking. The mold powder selection is particu-
larly important on crack sensitive steel grades
including peritectic and medium carbon grades.
High crystallization temperature/high basicity
mold powder is a common effective method to
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prevent the surface cracking due to its softer
cooling.

There were many research studies previously
on the mold powder crystallization characteris-
tics using the cooling process from molten? 2.

However, there were few studies on the crys-
tallization (called recrystallization) of solid glass
during heating?®. In observation of the slag film,
which was collected from actual casting, a micro
crystal layer was formed on the mold side. It is
thought that the micro crystal was generated
from the solid glass phase in the mold after
being reheated by the strand steel. This layer
contributes to a reduction of the heat transfer?.
We expect that studying the recrystallization
property of mold powder slag while heating
should help to develop a mold powder for crack
prevention.

Also, a large variation in the crystallization
temperature during cooling of the molten slag
was detected. The large variation was ampli-
fied when a higher cooling rate was used (hard
conditions for crystallization). The investigation
of crystallization under the difficult conditions
could be useful for development of mold powder
for peritectic and medium carbon and grades.

This report will present the differential ther-
mal analysis (DTA) results of recrystallization
and melting temperatures from the solid glass
sample on heating condition, along with the
crystallization temperature of the molten slag

on cooling.
2. Experiment Method

2. 1 Sample preparation

Table 1 shows chemistry range of the 75
different mold powders. To make a solid glass
sample, each powder was melted at 1300C and
kept for 7 minutes, and then it was quenched
in water. After drying the sample at 150C, the
slag samples were crushed for the evaluations.
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Table 1 Chemical composition of measured mold
powder / mass%
Range Average
SiO. 27.6~45.8 36.3
AlOs 2.6~7.8 5.0
CaO 29.8~52.1 39.2
MgO 0.56~7.6 2.2
Na.O 1.1~14.8 7.0
Li.O 0.0~5.3 2.0
F 2.6~11.2 6.9
Ca0/SiO; 0.77~1.63 1.08
1280C T 3 s fR+%, 900C £ T
10C /47 CREim.
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Table 2 Chemical composition of mold powder

A / mass%
Si0; |AlLOs|CaO |MgO|NaOf Li.O| F |CaO/SiO,
Mold powder A|32.8| 3.3 |43.0/ 1.5 (9.2 ] 0.0 | 9.1 1.31

2. 2 TG-DTA measurement condition

- Measurement Device:
TAS-200 from Rigaku Co., Itd.

- Atmosphere : Argon (80cc/min)

Temperature condition :
Sample temperature was increased from
room temperature to 1280C using a heat-
ing rate of 15C/minute. The sample was
kept at 1280C for 3 minutes. After that,
the sample was cooled to 900C using a
cooling rate of 10C/minute.

-Sample Amount: 200mg

*Reference Material : AL,O,

- Crucible : 90%Pt-10%Rh, ¢5mmx>xHI10mm

3. Experimental Result

3.1 TG-DTA measurement

Figure 1 shows the TG-DTA result of mold
powder A, which chemistry is in Table 2.
Figure 2 shows the sample appearance and
XRD chart after heating at each temperature
for mold powder A.

Figure 1 shows an endothermic peak was
observed at around from 490 to 600C during
heating. The endothermic peak appeared at the
glass transition point, which is the temperature
at which glass becomes a supercooled liquid
when it is heated”. Because the test sample
was in the glass phase from quenching in the
water, the endothermic reaction was made from
the glass transition.

Then, an exothermic peak appeared from 600
to 650C in the chart. The exothermic reaction
was considered to be caused by crystallization,
because the XRD peak intensity increased
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Fig.1 TG-DTA data of mold powder A.

" Temperature

remarkably from the 600C to the 650C sample
in Fig.2. Here, the exothermic peak was defined
as recrystallization temperature.

Astemperature wasincreased further, another

endothermic peak caused by the melting of the
crystals was shown. In Fig.2, the shrinkage due
to sintering began at 700C and continued. A
large amount of the liquid phase was found at

Intensity

1000C in the sample. The endothermic reac-

tion continued as the temperature increased,

and a maximum endothermic peak appeared at
1226C. This behavior indicated that all of the
previously formed crystals during the heating
process were melted, and we defined this point
as the melting temperature.

An exothermic peak at 1167C was over-

26 (degree) served during the cooling process. We defined

this temperature as the crystallization tem-
Fig.2 Sample appearance and XRD after heating

mold powder A. perature. In this study, the crystallization types

were classified as “recrystallization”, which is

crystallization from the glass phase at room

& B TR 2 \CHEAT L, 1226C TR Z % temperature, and “crystallization”, which is
L7tk ERICER U720 AU AREEE THTH crystallization from the liquid glass phase.
L7 eTifR L -2t 2R LTHBY, 20 The weight loss began at around 1150, and
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temperature and heat flow.
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it was escalated with temperature increase.
This weight loss is due to the vaporization of
low melting point elements including Na, Li and
F. Weight loss began between 1150 and 1200C
in all samples, and there is no correlation with
the melting temperature.

3. 2 Recrystallization temperature and

melting temperature

Figure 3 shows relationship between the
recrystallization temperature and the heat flow
at recrystallization on 75 different mold pow-
ders. Each data was plotted and separated to
two symbols depending on whether its basicity
is over 1.10 or under 1.10. High basicity mold
powder tends to have lower recrystallization
temperature and higher exothermic amount at
recrystallization as compared with low basicity.
High basicity samples with high crystallization
during cooling also showed a tendency to have
large crystal growth at recrystallization.

Figure 4 shows relationship between the
melted slag viscosity at 1300C and the
recrystallization temperature. There is a high
correlation between the slag viscosity and the
recrystallization temperature. Higher basicity
mold powder samples have a stronger correla-
tion. A solid glass becomes supercooled liquid
when the temperature reaches its glass-transi-
tion temperature. Elements in the mold powder
slag can move in the supercooled liquid and it
can be regarded as liquid which has infinite
viscosity®. The correlation between the slag
viscosity and the recrystallization temperature
is because the elements in low slag viscosity
at 1300C can easily move and align to form
crystals.

Figure 5 shows the relationship between the
melted slag viscosity at 1300C and the melting
temperature. Both higher basicity and higher
viscosity mold powders tend to have high melt-
ing temperature. These results suggested that



Shinagawa Technical Report

800
O Ca0/Si0221.1 o A
A Ca0/Si02<1.1
£ an
S 700 F o “’§
:%j o AA
©
: '
Q
5 600 o #
5 9 5°
S § A
: &
2 5600 ©
3
o'
400 1 1 Lol 1 1 R B A
0.1 1.0 10.0

Viscosity at 1300°C / Pa-s

Fig.4 Relation of recrystallization temperature
to viscosity.

1300C TO A T 7K & Fid i Lin g O RtR %
Fig4lZ/R 9o KM 1T & RS S LI HY
<, Eﬁ&ﬁ%@%TLto% 127 Ca0/Si0,E —
VRS F— OB E V. EARHT T ANRH T
ABER &) ERIZ 7R B }:1_ SHEITAR L Vv, JE
FORET 5 Z LA RE TR ERR R o ik &
MM TE DY ZD729H1300C TOREEE DT
BWE— )V K37 7 — (3 EEAE S LIRENETD
JRF2BE LT <, FACYI 5 2 & HRE
&R AR A D 5 EE 2 b b,
B%C@HF&(ﬂmFG%M%Mﬁ NZNC I
ECa0/SiOE— )V K3y & — S AR E AN
w@ﬁm@b,%@@&@%—wPﬂﬁﬁ~@
ZV—THN, KC/SETE—IV KNI T —D T IV—F
TR BEAYE W T & RIREE A5 < 70 2 EHFIC
Hbo T, KIEXEKTIELT7T v 7 AS

MEVITEVERRENME T 52 L2 ERLTW
%o
3. 3 I:lEEI{tlJII:I.}:E:

Table 3IZRTE— I K82 ¥ —BlIZoWT,
BIEDOMERR D 72930 E 2 4T o 720 € DFER,
AIREBEODTAMB I IIFHEIRO S, #'T
AHEH R, PR LI, VERIREEIL 6 C OFiH

Vol. 60 2017
1,300
© Ca0/Si0r=1.1 o o
A Ca0/Si0:< 1.1 ° o
o0 °
S '\0 A
> 1,200 ®% 0
Y i A
2 .o‘ AA
o 09 ° %A
3 Q@ ﬁ
§ : A A% X
pa A
£ 1100 2 4§A a
g el 0 ® AB™A A
A
m b =
A
° A
A
1,000 AT
0.1 10 10.0

Viscosity at 1300°C / Pa-s

Fig.b Relation of melting temperature to viscosity.

more flux contents in mold powder slag for lower
viscosity decreased its melting temperature.
3. 3 Crystallization temperature

Mold powder B shown in Table 3 was mea-
sured 30 times to evaluate reproducibility of
the results. The results from the DTA curve
during the heating process were reproducible.
The temperature difference measured of the
glass-transition temperature, recrystallization
temperature, and melting temperature were
within the range of 6C. However, less repro-
ducibility was found in the DTA curve of the
temperature in the cooling process. There
were large differences in the crystallization
temperature, up to 250C. There was a large
variation in the amount of exothermicity during
cooling. As shown in the typical DTA chart in
Fig.6, typically the exothermic content was low
when the crystallization temperature was high,
and exothermic amount was high when the
crystallization temperature was low.
shows both the
between the crystallization temperature and

Figure 7 relationship
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Table 3 Chemical composition of mold powder

B / mass%
Si0; |Al:Os| CaO|MgO[Na:0O| Li:O| F [Ca0/SiO.
Mold powder B|29.6 | 3.2 {44.1]1 0.5 | 7.9 | 3.5 [10.9 1.49

Temperature (°C)
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Fig.6 Measurement examples of mold powder B.
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the exothermic quantity (heat flow), and the
relationship between the melting temperature
and the endothermic quantity (heat flow). When
the crystallization temperature was greater
than 950C, the exothermic amount reduced
with
with good correlation. Because the sample had

increasing crystallization temperature

a lower crystallization temperature and higher
exothermic amount, the sample showed high
crystal growth after the test.

Crystallization during cooling from the molten
slag occurred in the supercooled state which was
below the liquidus temperature. Crystallization
from a supercooled liquid is a phenomenon in
which a decrease in free energy accompanying
crystallization acts as a driving force. It occurs
as the process of crystal nucleation followed by
crystal growth from the nucleus?®. Therefore,
crystallization does not occur unless there is
nucleation in the process of cooling the molten
slag. The reason for the large variation in the
crystallization test during cooling is that both
the cooling rate (10C/minute) was too fast and
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Table 4 Chemical composition of mold powders
C,D, Eand F / mass%

Si02 |Al:0s| CaO|MgO|Na:O[ Li:O| F [Ca0/Si0O:
Mold powder C|32.6| 3.9 [43.6| 1.1 | 74| 15| 9.1 1.34
Mold powder D|34.7| 6.2 [42.2| 1.0 | 89] 0.0 | 6.1 1.22
Mold powder E {30.1]| 4.9 [40.4| 3.1 | 7.8| 1.8 [10.9]| 1.34
Mold powder F [28.1] 6.8 [38.3| 2.6 |10.9] 3.1 [10.7| 1.36
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the sample size (200mg) was too small for nucle-
ation to occur. It is considered that slowing the
cooling rate, increasing the sample amount, and
adding agitation to molten slag could increase
nucleation. The supercooling becomes smaller
and the crystallization temperature approaches
the liquidus temperature.

The reason why the calorific value increases
as the crystallization temperature decreases
is that the larger the supercooling, the larger
the difference between the free energy of the
supercooled liquid and the free energy of the
crystal®.

The liquidus temperature is a temperature
at which the free energy of the supercooled
liquid is equal to the free energy of the crystal.
This temperature is where the calorific value
becomes zero by a linear function of the crys-
tallization temperature and the calorific value
as seen in Fig.7. In case of mold powder B, 20
plots of crystallization temperature over 1090C
showed a high correlation between the crystal-
lization temperature and the heat flow. The
crystallization temperature of B where the liner
equation at heat flow goes to zero was 1158C.
The average melting temperature of powder
B was 1173C, which was found using the end
point of the endothermic during heating. There
was 15C difference between the crystallization
temperature and the melting temperature. In
this study, a heating rate of 15C/min was used,
and the cooling rate was 10C/min. It is assumed
that the difference between the crystallization
temperature and the melting temperature will
be closer when these rates are decreased.

The slope of the relationship between the
crystallization temperature and the heat flow of
additional 4 medium carbon steel mold powders
other than mold powder B were investigated.
Their chemistries are listed in Table 4. Fig.8
shows the results.
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Crystallization temperatures of the mold
powders C, D, E, and F were measured several
times, and there was variation observed in
each sample just as with mold powder B. There
was a difference in the slope of regression line
between the different mold powder samples.
The steeper the slope of regression line, the
larger the heat flow is by small supercooling.
In other words, a mold powder which has a
steeper slope will tend to crystallize more. The
mold powder sample F has a high probability of
having a crystallization temperature less than
1000C. This suggests that mold powder F has
characteristics that lead to supercooling instead
of crystallizing.

Crystallization in the slag film is needed to
gain softer heat removal in the mold for pre-
vention of cracking on peritectic and medium
carbon steel grades casting. A suitable mold
powder for peritectic and medium carbon steel
grades has a short time range of supercool-
ing, fast crystallization rate, and has a larger
exothermic content at crystallization when it is
below the liquidus temperature. Conversely, a
mold powder like sample F, which tends to be
easily supercooled easily, is not suitable for the
grades due to lower nucleation/crystallization.

The
powders can be evaluated by measuring the

crystallization properties of mold
crystallization temperature in conditions where
supercooling is likely using the methods in this
study. This will help determine if a mold pow-
der is suitable for peritectic and medium carbon
steel grades

4. Conclusion

We performed an evaluation of crystallization
properties of 75 mold powders by measuring
recrystallization temperature, melting tempera-
ture, and crystallization temperature. This was
performed by heating from solid glass to molten
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flux, and cooling from melted flux to solid using
DTA.

A good correlation between the recrystalliza-
tion temperature and the viscosity when heat-
ing from solid glass was found. Lower viscosity
mold powders had lower recrystallization points.
Mold powders with higher CaO/SiO, were more
likely to show both higher recrystallization (on
heating) and higher crystallization (on cooling).

When using a fast cooling rate on several
samples, the crystallization when cooling from
glass melt was quite variable. Crystals were
not grown enough at temperature near the lig-
uidus, which means low supercooling. Crystals
were also more easily grown at temperatures
with more supercooling. There was correlation
between a degree of supercooling and exother-
mic amount. A mold powder with a low degree
of supercool and a high exothermic amount
during crystallization is desired for prevention
of cracks on the steel during casting.
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