Feature Article

Kinetic Study of the Devitrification of Mold

Powder Slags

Within the continuous cast-
ing machine, the mold is
the most crucial component.
The rate and uniformity of the
heat extracted from the strand
in the mold, especially near the
meniscus, is ultimately responsi-
ble for the surface quality of the
product and the productivity of
the machine. An excessive and/
or uneven rate of heat extraction
from the newly solidified shell
will result in thermally induced
stresses that may ultimately cause
longitudinal cracks.! On the
other hand, insufficient mold
heat removal may lead to a rela-
tively weak shell that may bulge
or tear upon exiting the mold.?
The phenomena occurring in
the interspace between the mold
and the solidifying shell, i.e., the
formation of the air gap and of
the solid and liquid slag layers,
control heat transfer and lubrica-
tion in the process and therefore
are the key to the prevention of
cracks and other defects.?

The crystallization tendency
of the solid slag layer has a large
influence on mold heat transfer.
A large tendency to form crystal-
line phases has been reported
to be beneficial in the casting of
peritectic grades, since a large
crystalline fraction reduces the
mold heat flux, thereby allevi-
ating longitudinal cracks.* The
opposite tendency to resist devit-
rification and remain glassy is
required for high-speed casting
of low-carbon steels to decrease
the possibility of sticking-type
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breakouts.* The influence of
crystalline phases on heat trans-
fer is attributed to: formation of
pores in the solid layer as a result
of the contraction experienced
during its formation from the
glass phase,” widening of the
air gap as another result of that
contraction®7 and scattering of
radiation by the crystals, which
reduces the radiative portion of
the heat flux.® Thus, the study
of the formation of crystalline
phases in the slag layer in the
mold-strand gap deserves great
attention.

Feldbauer, et al.? determined
that crystallization of mold slags
occurs according to a Time-
Temperature-Transformation
(TTT) diagram, which is a plot
of the isothermal temperature
as a function of time needed
to crystallize the melt at that
temperature. The diagram has
a nose shape where the tip cor-
responds to the temperature,
T,, where the melt, when held
isothermally, crystallizes in the
shortest possible time (¢,, nose
time). A schematic TTT diagram
is shown in Figure 1. The slope
of the straight line from the lig-
uidus temperature, 71}, to the tip
of the nose suggests the critical
cooling rate for glass formation,
|¢.|(=(T, — T,)/t,). This cooling
rate is a measure of the ability
of a melt to form glass and indi-
cates the slowest rate at which
the melt can be cooled from
its liquidus temperature without
detectable crystallization. The

Due to the rapid cooling of the
slag infiltrated into the mold-
strand gap, it is expected that
the rate of devitrification of the
glass formed plays a key role

in determining the proportion of
crystalline phases influencing
mold heat transfer. In this
investigation, a novel procedure
to calculate Time-Temperature-
Transformation curves of mold
slags is presented.
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Figure 1

Schematic of a typical nose-shaped TTT diagram showing
the melting range, the temperature and time correspond-
ing to the nose tip, the critical cooling rate, a cooling
trajectory for crystallization and a heating trajectory for
devitrification.

temperature of the hot face of a copper plate slab
mold is estimated to range between 200°C and 450°C
in compact strip process (CSP) thin-slab molds!? and
still lower in conventional molds,!! and the steel shell
surface is between the liquidus steel temperature
and around 1,000°C and 1,150°C in thin!2 and con-
ventional? molds, respectively. It might be expected
that the liquid slag infiltrating into the mold-strand
interspace should solidify as a glassy layer closer to the
mold face, where the cooling rates are >|¢ | and as a
crystalline layer toward the strand surface, where pos-
sibly the cooling rates are <|¢ |. However, as O’Malley
and Neal!® and several others have observed, the
actual layering found in flux films recovered from
commercial operations is the opposite: the crystalline
layer appears on the mold side. The glassy flux film
that forms during initial contact with the mold wall
remains there long enough to devitrify, even though
its temperature is low, so that diffusion is slow. The
glass persists near the strand, where temperature is
high, perhaps because the undercooling driving force
is low. Trajectories for classical crystallization and
devitrification are illustrated in Figure 1; the start-
ing points for the trajectories are temperatures equal
to or above the liquidus temperature of the slag and
temperatures below the glass transition temperature,
respectively.

Since the TTT diagrams for glass-forming materials
quantify how the phase transformations evolve with
temperature history, they are useful tools for design-
ing and selecting mold fluxes. Time-Temperature-
Transformation curves have been studied by sev-
eral researchers using different thechniques.'*-16 In
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general, these techniques consist of melting and hold-
ing a slag sample at an elevated temperature above its
melting point before interrupted quenching to the
test temperature, where it is held for a specified hold-
ing time. The sample is then quenched and inspected
for crystalline phases. Repeating this procedure for
different isothermal temperatures and holding times
generates temperature vs. time data to map forma-
tion of the first crystals as a TTT curve for the onset
of crystallization. Rocabois, et al.1* used a resistance
furnace to melt and homogenize oxide mixtures in
small, sealed crucibles before transferring them to
a cooler zone of the furnace for isothermal holding.
The cooling rate to reach the isothermal temperature
was about 20°C/second. After the holding period, the
sealed crucibles were water quenched; the operation
from the end of isothermal treatment to quenching
took approximately 5-10 seconds. The sample was
then cut and the presence of crystals was detected
by optical or electronic microscopy. To obtain higher
cooling rates, in excess of 150°C/second, and observe
the emerging crystals in-situ, single and double hot
thermocouple techniques have been developed.!>16
Even higher cooling rates, up to 1,000°C/second,
are possible using an impulse atomization process.!”
These techniques enable information on crystal-
lization under both isothermal and non-isothermal
conditions.

The construction of TTT curves from isothermal
cooling experiments is a very laborious task. A con-
venient alternative is differential thermal analysis
(DTA). However, this method is limited to slow cool-
ing rates, no more than ~1°C/second.!6 A more funda-
mental problem for using DTA to study the crystalliza-
tion behavior is that certain melts, particularly those
rich in silica, exhibit crystallization peaks that are
difficult to discern, due to slow crystallization kinetics
or small heats of crystallization.!® However, the crys-
tallization peaks under devitrification are normally
very clearly detectable and have been useful to study
the sequential formation of crystalline species from
solid glass slags,'®19 and to estimate the glass fraction
present in solid slag films.2? Property measurements
and characterization of mold powder slags as done by
Meng, et al.l” become very critical for their design and
selection in demanding processes, such as high-speed,
thin-slab casting.21-23

From the previous review, it can be seen that devit-
rification plays an essential role in the formation
of crystalline phases in the solid slag layer located
between the strand and the mold. This work presents
a novel procedure to calculate TTT curves, which is
based on the integration of a Kissinger-type rate equa-
tion under isothermal conditions and on the determi-
nation of the rate parameters using differential ther-
mal analysis (DTA). The estimated TTT curves agree
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Table 1

Basicity and Composition of Mold Powders A and B

Powder -- %Ca0 = %MgO  %AlLO; %(Na,0+K,0) %Fe,0; %MnO  %C;,, %F

2-3.5
2:5=815

very well with metallographically determined trans-
formations of glass samples treated isothermally. The
kinetic model plus the kinetic information obtained
by DTA constitute a powerful combination that simpli-
fies the generation of TTT diagrams.

Experimental Technique

Materials — Two commercial mold powders, denoted
as A and B, in bags of 25 kg were decarburized in
batches of 100 g in porcelain lab dishes. Six dishes
at a time were introduced in a muffle at 650°C for
16 hours, removing the dishes after 5 and 10 hours to
mix their charges to ensure complete decarburization.
The decarburized powder was ground in an alumina
balls mill to a mesh of =100 (-149 um). The entire
amounts of powders A and B were sealed in buckets
with desiccant material. The nominal composition of
these mold powders is given in Table 1.

A batch of 19 g of ground mold powder was melted
and superheated to 1,300°C in a graphite crucible
heated by induction. After maintaining for 5 min-
utes the molten slag was poured into a brass mold
at ~100°C; this temperature was chosen to ensure
that the material solidified fully glassy and without
experiencing thermal shock. Each rod was cut into
disks of ~3.1 mm thickness x ~13.8 mm diameter. Rods
exhibiting any crystallization on the surface were

Figure 2

(@)

5=6'5
2-3 1=

8.5-10 <15

<15

2-3.5 2-3.5 7=
< 0.1 3-4 6-7

discarded. Figure 2a shows the brass mold together
with a poured glass rod and examples of a fully glassy
and a crystallized disk.

Differential Thermal Analysis Method — A DTA/
TGA apparatus (Pyris Diamond, Perkin-Elmer Inc.,
Waltham, Mass., USA) was used to obtain the devit-
rification peaks of glass samples heated from room
temperature to ~1,090°C at different heating rates.
The molten samples were held for 20 minutes at
that temperature and then cooled at different rates
to obtain the crystallization peaks. The upper tem-
perature and holding time were selected to minimize
weight loss of the samples. The heating and cooling
rates employed in the consecutive devitrification and
crystallization tests are given in the plots showing the
DTA curves (Figure 4). When the programmed cool-
ing rate did not match the actual rate, a time average
around the crystallization peak(s) is reported. For all
the tests, the glass powder employed was obtained by
grinding glass disks to sizes between —230 and +270
meshes (i.e., between —63 and +53 um). The experi-
ments were conducted in Pt containers in a static air
atmosphere and using high-purity (99.999%) Al,Oq4
as a reference material supplied by Perkin-Elmer. The
apparatus was periodically calibrated using In, Zn, Au
and CuSO,-5H,0 standards. The weight of the glass
samples loaded to the containers was between 14.95
and 15.05 mg.

(b)

Brass mold for casting glass bars (a) and heating arrangement for isothermal treatment tests (b).
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Figure 3

(a)

(b)

Temperature history of hot plate (control temperature),
upper surface of disk (surface temperature) and model
predictions (a); and variation of temperature with thick-
ness position at the start of the isothermal plateau and 20
seconds later (b). An 800°C treatment plateau lasting 11
minutes is presented.

Isothermal Treatments — To heat treat the glass disks
under isothermal conditions, an Inconel 601 circu-
lar plate was inductively heated using a 5 kW high-
frequency (HF) generator (Luzars URF-5, ASEPSA
S.A. de CV,, QRO, Mexico) with a three-turn flat
induction coil. The heating arrangement is shown
in Figure 2b. The heating plate was placed in the
center of the coil and was instrumented with a K-type
thermocouple connected to a controller interfaced to
the HF generator. The controller was programmed
to make the plate follow prescribed thermal trajec-
tories, such as those presented in Figure 3a. The
plate was heated from room temperature to 300°C in
30 seconds and held for 60 seconds. This temperature
plateau was required to avoid thermal shock of the
sample, and it did not cause any crystallization of
the glass disk. The plate was then heated to the final
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isothermal treatment temperature in 13 seconds inde-
pendently of the isothermal temperature prescribed.
The temperatures and times of the treatment plateaus
are given in the section on Validation of the Predicted
TTT Curves.

Before starting each heat treatment experiment,
the Inconel plate was polished with emery papers
800 and 1200 and the transverse surfaces of the glass
disks were polished up to colloidal silica suspension of
0.05 um. To initiate an experiment, a glass disk fitted
with a thermally insulating ceramic ring was placed on
the hot plate. With the disk in place, a contact thermo-
couple was seated on its upper surface. Measurement
of this surface temperature allowed estimation of the
thermal evolution of the disk for calculating the thick-
ness of the region approaching isothermal conditions.
This region was predicted to be no more than 10°C
below the isothermal treatment temperature when
the hot plate reached it. Figure 3b shows predicted
temperature profiles through the thickness of the
disk at two times during the isothermal treatment
stage. These calculations are important to accurately
define where the metallographic analysis should be
done, in order to follow the progress of crystallization
under nearly isothermal conditions. The heat con-
duction model developed for doing the predictions
is described elsewhere.?* After the isothermal treat-
ment, the sample was removed rapidly (two to three
seconds) from the heating plate and put to cool on
top of a quartz plate at room temperature, without the
ceramic ring and while air was blown gently.

For metallographic observation, the treated disks
were mounted in an epoxy resin; afterward, they were
cut through the longitudinal middle plane to be able
to observe both the longitudinal and the transverse
(i.e., surface seated on the hot plate) surfaces. The
transverse surface was minimally roughed down to
avoid removing material that had been in contact with
the hot plate. On the other hand, the longitudinal
surface was polished to colloidal silica suspension of
0.05 wm and etched for three seconds with a Nital 2%
solution. The samples were observed in stereoscopic
and scanning electron microscopes (SEM). The zones
analyzed by SEM were within 50-120 um of the hot
face, ensuring that isothermal conditions were met.

Results and Discussion

DTA Results and Kinetic Parameters for Devitrification
and Crystallization Reactions — DTA curves for mold
powders A and B are shown in Figures 4a and 4b,
respectively, for various heating rates. Devitrification
trajectories from 400°C to ~1,090°C and crystalliza-
tion trajectories in the opposite direction are shown;
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to distinguish between both paths, lines of the same
type but different thicknesses are employed in the
figures. As seen in Figure 4a, powder A exhibited
only one exothermic peak in the temperature ranges
covered during devitrification and crystallization,
and powder B presented two peaks that are very well
defined along devitrification, but the second peak
appeared only subtly at a cooling rate of —30°C/min-
ute during crystallization, as observed in Figure 4b.
During devitrification, the second peak was already
small, and in the course of crystallization did not
always show up for the reasons!” indicated earlier. For
powder A, the peak corresponded to the formation of
cuspidine, and for mold powder B, the higher peak
corresponded also to this mineral and the shorter one
to combeite.?* In the case of powder A, a magnifica-
tion of the traces corresponding only to the tempera-
ture range of the crystallization peak is shown as an
inset. Since different crystallization conditions such as
heating rate, particle size2> and nucleation tempera-
tures will cause variations in the DTA curves, as men-
tioned earlier, the glass used for each of the powders

Figure 4

(a') (au)

(a)

was treated similarly and had the same granulometry
(between 53 and 63 wm). Therefore, the shift exhibit-
ed by the DTA curves was associated with the different
heating rates used in the experiments. In devitrifica-
tion, the exothermic peak shifted to higher tempera-
tures and became taller with increasing heating rate,
while in crystallization, the peak shifted to lower
temperatures but also became higher with increasing
cooling rate. As was indicated in the classical studies
of Kissinger,26:27 this variation of the peak with the
heating rate, if all other experimental conditions are
maintained constant, indicates that the reaction rate
varies with temperature, i.e., the reaction requires an
activation energy to proceed.

The Kissinger equation,?” which relates the kinetic
parameters for a transformation reaction, is given as:

ln@ = [ln(An(l—xm)"‘l)_ln@j_g(i)
T, R) R\T

m

(Eq. 1)

(b)

DTA heating and cooling curves at different heating and cooling rates for: mold powder A (with insets (a') and (")) (a);
and mold powder B (b). Some T, temperatures are indicated close to the peaks.
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where

T, and x, are the temperature and the fraction of
material reacted at the peak,

¢ is the heating or cooling rate,

n, A and E are the empirical order of reaction, fre-
quency factor and activation energy for crystals
formation, respectively, and

R is the gas constant.

The crystalline fraction formed when the maximum
of the transformation rate is reached was obtained by
graphical integration of the area below the DTA curve
up to 7). The T, values arising to different cooling
rates are displayed in Figures 4a and 4b. Since the
transformation peaks for both powders are basically
symmetric, as observed in the inset (a') of Figure 4a,
the fraction x_ was determined to be very close to
an average value of 0.5. The order of reaction n was
evaluated from the relation obtained by Kissinger,
indicating that:

n=1.2685"*
(Eq. 2)
where

S is the shape index defined as the absolute ratio
of the slopes of tangents to the transformation
curve at the inflexion points, as illustrated in
inset (a") of Figure 4a.

According to Kissinger Equation 1, a
plot of In (¢ / T,f) vs. T, should be a line
with a slope —-E/R and with an abscissa
from which A can be evaluated. The
Kissinger lines corresponding to the devit-
rification of glass samples of powders A
and B are displayed in Figure 5, and the
legend box includes the values of the
kinetic parameters. Thus, it is seen that
the formation of crystals during devitri-
fication follows the Kissinger model and
that, although the energies of activation
are quite similar, the positions of the lines
for the two powders are noticeably differ-
ent due to the values of A and n; addition-
ally, the reproducibility among experi-
ments is quite good. The lines in Figure 5
appear to demonstrate that, under well-
controlled DTA conditions and sample
preparation, the position of the lines for
the devitrification taking place during
the heating of mold powder glasses is con-
trolled by the transformation reaction or
reactions resulting from the mold powder

In(6/t ?)
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nature. The lines obtained for the crystallization
occurring during cooling of the mold powder slags
are presented elsewhere.?*

New Method for Determining the Rate of Isothermal
Transformation for Generating TTT Diagrams — As
seen in the previous section, the Kissinger method
allows obtaining kinetic parameters of phase transfor-
mations occurring during non-isothermal conditions.
However, to the best of the authors’ knowledge, this
information has not been used to predict the prog-
ress of isothermal transformations as a function of
time. Assuming that the equation used by Kissinger,
to describe the kinetics of decomposition reactions
of carbonates and hydroxides, is valid also for the
crystallization of amorphous materials, then the rate
of transformation of a glassy material can be given as:
E
% =A(l-x)"e " =k(1-x)"

Eq. (3)
where

kis a rate constant that depends on temperature and,
as seen experimentally in the previous section, n,
A and E are independent of it.

Integrating Equation 3 from t=0to t=¢and x=0 to
x = x, at constant 7, then the time ¢ required to obtain
a given transformation fraction x can be written as:

Figure 5
T T T T T T T
O Powder A @ Powder B
E, J/mol 275826 275551 i
A, min” 1.191 x 10" 6.914 x 10"

n 0.94 1.1

1.10 1.12 1.14
1T, x 103K

Kissinger lines for the devitrification of mold powders A and B. The
values of the kinetic parameters are shown in the legend.
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. 1-1-x)"" ( 1 j
B k 1-n

Thus, considering that the onset and conclusion of
crystallization are given by the times when x = 0.01
and 0.99, respectively, it is possible to calculate the
TTT curves for a transformation characterized by
particular kinetic parameters.

Based on the slower cooling rates required for
producing the fully glassy rods described in the sec-
tion entitled “Materials,” and on the results of a heat
conduction model?* regarding the cooling rates pre-
vailing during the solidification of glass bars, it was

(Eq. 4)

considered appropriate to introduce in Equation 4 an
incubation time T, such that,

t:H(l—(l—x)H)( 1 )
k 1-n

For the powders studied, T = 10 seconds was speci-
fied. The predicted TTT diagrams for powders A and
B are represented by the lines plotted in Figures 6
and 7, respectively. The lower parts of the TTT curves
were computed from the DTA heating curves, while
the upper parts were calculated from the DTA cooling
curves; i.e., they were computed from devitrification
and crystallization DTA tests, respectively.
The onset and conclusion of crystalliza-
tion are indicated by the TTT curves.

The predicted TTT diagrams for both
powders are quite similar at temperatures
below 600°C, but above 700°C they exhibit

(Eq. 5)

differences, particularly in regard to the

conclusion of crystallization. According to

the diagrams, powder B requires consider-
1 ably longer times to accomplish crystal-
- lization at temperatures between 800°C
_ and 900°C. The predicted similarities
and differences in the TTT diagrams are
validated by the metallographic analysis
of isothermally treated disks presented in
the following section.

Validation of the Predicted TTT Curves

Figure 6
11200 T T T T TTTTT T T T T TTTTT T T T T TTTTT
| start oI crystallization |
/ melting range
1,000  _—m e
end of crystalﬂz;_a_tig _________
) i Qo----mmTT 7T h
¢ 800 |- f
=]
g I
e |\ T T end of devitrification
£ 600 | c  TTTTee--o d____ .
e T~ T e
_ start of devitrification
400 -
200 1 1 111l 1 1 L1l 1 1 111l
0.1 1 10 100

Time, min

TTT diagram for powder A.

Figure 7

— The letters plotted in Figures 6 and 7
indicate the temperatures and times of
the isothermal plateaus at which a thin
region of the glass disks was subjected
while seated on the hot plate; lowercase
letters designate the treatments of mold
powder A, and uppercase letters those

1,200 T T T T TTT1T] T T T T TTT1T] T T

for mold powder B. Corresponding low-
_ magnification stereoscopic images of the

1,000 -

800 |-

600 |-

Temperature, °C

start of devitrification

400 |-

200 —

= entire longitudinal cross-section of treat-
ed disks, together with photomicrographs
taken within the isothermal region, are
displayed in Figures 8 and 9. Agreeing
1 with the TTT diagrams, the microstruc-
- tures a, b, ¢, and d are very similar to
' those observed in the photomicrographs
A, B, Cand D. As expected from the TTT
diagrams, the photomicrographsa, b, ¢, A,
B and C show almost completely uniform

0.1 1 10
Time, min

TTT diagram for powder B.
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glassy structures except for some bright
spots that appear commonly in samples
that are just starting to crystallize. These
spots are minute regions, rich in iron,
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Figure 8

(a) (b)

(c) (d)

() ®

(9 (h)

Low-magnification stereoscopic images and SEM photomicrographs of disks of mold powder A, devitrified under differ-
ent conditions: 500°C, 120 minutes (a); 600°C, 20 seconds (b); 600°C, 80 seconds (c); 600°C, 22 minutes (d); 800°C, 20
seconds (e); 800°C, 5 minutes (f); 900°C, 20 seconds (g); and 900°C, 5 minutes (h). The photomicrographs were obtained
in the backscattered electrons (BSE) imaging mode, except for (c), where the secondary electrons (SE) imaging mode
was employed.
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Figure 9

(A) (B)

(€) (D)
(E) (F)
(G) (H)

Low-magnification stereoscopic images and SEM photomicrographs of disks of mold powder B, devitrified under differ-
ent conditions: 500°C, 120 minutes (A); 600°C, 20 seconds (B); 600°C, 80 seconds (C); 600°C, 22 minutes (D); 800°C,
20 seconds (E); 800°C, 5 minutes (F); 900°C, 20 seconds (G); and 900°C, 5 minutes (H). The photomicrographs were
obtained in the backscattered electrons (BSE) imaging mode, except for (C), where the secondary electrons (SE) imaging

mode was employed.
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Figure 10

(a)

(c)

(b)

(d)

Energy dispersive x-ray microanalysis spectra for mold powder A treated at 600°C for 20 seconds (Figure 8(b)): in glass
matrix (a); and in small bright spots (b); for mold powder B treated at 800°C for 5 minutes (Figure 9F): in flower-shaped

crystals (c); and in glass matrix (d).

that form early in the process and that possibly act as
nucleation sites for cuspidine. Energy dispersive x-ray
(EDX) microanalysis spectra of the matrix and of a
spotin sample b are presented in Figures 10a and 10b,
respectively; spots in samples a, ¢, A, B, and C showed
similar spectra. As expected from the TTT diagrams
the photomicrographs d and D show very similar and
high transformation degrees.

The marked difference in the transformation of
powders A and B predicted by the TTT diagrams at
800°C for conditions e and E are confirmed by the
respective microstructures observed in Figures 8e
and 9E. Also, in agreement with the TTT diagrams,
the microstructures in Figures 8f and 9F show a large
degree of crystallization in both cases, but since this
process occurred much faster in mold powder A than
B, the crystals obtained are much smaller in the first
than in the second powder. A behavior similar to
this is observed under conditions g, h, G and H, but
as expected from the TTT diagrams, with a smaller
degree of crystallization in the case of powder B. For
this powder, EDX microanalysis spectra of the crystal-
line and glassy zones are shown in Figures 10c¢ and
10d; the glass zone is rich in Na and poor in Ca.

The TTT diagrams and the isothermal treatments
reveal that powders A and B differentiate themselves
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by their distinct tendency to crystallize at tempera-
tures higher that 800°C, but below that temperature
their behaviors for crystallization are similar. It should
be noted that all the isothermal treatment results were
obtained under devitrification conditions, and that
for temperatures above 7, they were compared with
TTT curves generated from DTA cooling curves for
crystallization. The agreement of both kinds of results
suggests that heating a solid sample to a sufficiently
high temperature leads to the same crystallization
outcome as cooling of a liquid sample to that tempera-
ture. The stereoscopic images included in Figures 8
and 9 show the different opacity of glass disks treated
isothermally at different 7"and ¢. However, low magni-
fications are not sufficient to judge the tendency of a
powder to crystallize.

Summary and Conclusions

A novel procedure to calculate TTT curves of mold
slags is demonstrated in this work. This is based
on the integration under isothermal conditions of
a Kissinger-type rate equation using rate param-
eters determined from differential thermal analysis
(DTA). The estimated TTT curves agree very well
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with transformations observed metallographically by
inspecting thin glass disks treated isothermally and
quenched.
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