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Abstract

The present work focuses on the relationships between solidification thermal parameters and the dendritic microstructure of an AlSI 304
stainless steel solidified both in a strip casting pilot equipment (twin-roll) and in a directional solidification simulator. Experimental studies
were conducted with a stainless steel strip casting obtained in a twin-roll continuous caster pilot equipment and in samples solidified in a
directional solidification simulator with two different melt superheats. In both cases, the surface of the substrates was similar, with mean
surface roughness of about . After solidification, the specimens were cut at different positions from the metal/mold interface and
etched for metallographic examination. An empirical equation from the literature relating secondary dendrite arm spacing and cooling rates
was used to demonstrate the similarity of the cooling efficiency. The results have shown that the simulator can be used in the determination
of transient metal/mold interface coefficientg)(and in the preprogramming of the strip casting operational conditions as a function of
roll materials and surface roughness.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction transfer coefficient that takes into account the influence of
mold wall thicknesskmn/en).

During the early stages of solidification in near net shape
processes, the total resistance to heat transfer from melt= — i ém L
to the mold is mainly governed by the thermal resistance hi  hw  km  hmm
of the metal/mold interface, as opposed the conventional
continuous casting, where the resistances of the solidifying
shell and of the lubricant film are also significdft2]. In
the twin-roll continuous casting operations, the molten metal
is solidified directly on a substrate (two water cooled rolls)
without a lubricant. The successful operation of the twin-roll

hi [ h in which ible h
machine depends strongly on the way in which sensible heat Modeling of casting solidification can provide a method

is extracted during the strip solidificati¢B—6]. for i . i ields. A i i lidifi
The overall heat flow between metal and cooling water or improving casting ylelds. An accurate casting soliditica-
tion model could be used to predict microstructure and to

is affected by a series of thermal resistances, as shown in ol th based on th | and tional
Fig. 1 Eq. (1)relates the overall metal/coolant heat transfer controf the process based on thermai and operational param-
eters, and for this, it is necessary the previous knowledge of

coefficient ), with the metal/mold heat transfer coefficient ) .
the transient metal/mold heat transfer coefficient.

(hm/m) (which incorporates the gap formatiohy,, which is M : tigati ing th | heat t ¢
water/mold heat transfer coefficient and an equivalent heat any investigations concerning the overall heat transter
coefficient between metal and mold have been carried out,

and pointed out the importance of the development of appro-

(1)

The interfacial thermal resistance between the mold and the
solid metal shellRy) is generally the largest. In the absence
of lubricant or coating, the surface roughness of the mold,
and melt superheat may exercise a strong influence on the
interfacial resistance, and consequently on the solidification
microstructure.

* Corresponding author. Tek:55-19-3788-3320: priate tools to evaluate the heat transfer coefficient as a func-
fax: +55-19-3289-3722. tion of most of the variables of the casting proceq4de9].
E-mail addressamaurig@fem.unicamp.br (A. Garcia). Experimental works on heat transfer coefficients can only
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s are described by Tavar¢s], and involves plunging a ther-
_ _ =" kR b mocouple into a tapered hole set within a copper block of
Liquid Metal 1=~ known temperature. Following the instant of contact, the
g’.ﬁ‘; Ro=em/ kn temperature response curve for the thermocouple to reach
oll etal i
," \| Je— _—— the copper block temperature was logged and characterized
m - d w . .
b | T : using a transfer function based on the Laplace transform of
Water e R ° process parameters. This procedure permits the correction
Too : metal surlace temperaturs of the temperature—time curves of the thermocouples for
hmm : metal/mold heat transfer coefficient their thermal inertia. The resulting data are then used as
em : mold thickness P ; :
g ke — input data for the. inverse heat conduction program. The
hw : water/mold heat transfer coefficient heat transfer coefficienh;, has generally been admitted to
To - water temperature be constant along the strip/roll interface. This average was
Fig. 1. Thermal resistances in a cooled metal/mold system. chosen through of the observed surface temperatures of

strip and temperatures measured inside the rolls.

The present work focuses on the relationships between so-
produce values that are valid for the particular experimental lidification thermal parameters and the dendritic microstruc-
conditions under which they are measured. In conventional ture of an AlSI 304 stainless steel solidified both in a strip
continuous casting operations for slabs, blooms and billets, casting pilot equipment and in a directional solidification
the as-cast microstructure is almost completely changed dur-simulator.
ing reheating operations, but in strip casting processes, the
as-cast structure is of major significance because, in mosti.1. Solidification mathematical modgl0,11]
cases, the reheating stage is eliminated.

In the works by Strezov and co-workefs-3], the ini- The development of model is based on the one-dimen-
tial stages of solidification of stainless steel samples onto asional heat conduction equation, given by
cold copper substrate were monitored to calculate the heat 9 9T
flux. The experimental apparatus was designed to approxi-pc— = — [k(]’)—} +q (2)
mate the initial contacting conditions of a twin-roll caster, £ o ox

by immersing a substrate into a furnace containing a 304 wherep is the density (kg/), ¢ the specific heat (J/kg K),
stainless steel melt. The substrates were instrumented Withk the thermal conductivity (W/m K)aT/at the cooling rate

0.25 mm diamgter typ‘?'K thermocouples enabling the cal- (K/s), x the direction (m) ang is the heat source associated
culation of the interfacial heat flux over an area of several with phase change given by

square millimeters with a millisecond resolution. The ini-

tial interfacial heat transfer was analyzed keeping constants:, _ dfs 3
) . . = qg=pL—- 3

melt temperature, paddle immersion velocity and initial sub- ot

strate temperature. The effects of the buildup and melting wherefs is the solid fraction during change phase (%) and
of oxide films such as manganese silicates at the interface,| s the latent heat of fusion (J/kg).

the substrate textures and the dynamic wetting phenomena, The solid fraction depends on a number of parameters in-

have also been analyzed. volved in the system. However, is quite reasonable to assume

Extensive results have been reported by Guthrie ands_4rying only with temperature. THg can be obtained for
co-workers[5,6] concerning the characterization of the in-  ¢i-injess steel from among other formulatiha)].

stantaneous heat fluxes ar)d hea_t transfer coefficiems during  gepeir's equation

the solidification of steel in a pilot scale 0.6 m diameter

twin-roll caster, whose copper contact surfaces had been . _, (Ti—T 1/(ko=1) .
treated with coatings. The researchers used implanted ther-fS - <Tf — TL) (4)
mocouples into the roll and the temperature data were

acquired at a frequency of 2 and 10Hz during the entire 0, T>T_
casting trials, which corresponded to approximately 250s. f; = { 0 < fs <1, Scheil's equation (5)
The measured temperatures in the roll were then used in the 1 T<Ts

solution of an inverse heat transfer problem to determine

the interfacial heat fluxes. They have suggested that whenwhereTs is the fusion temperature (KJ. the liquidus tem-
thermocouples are used in the evaluation of transient heatperature ands is the solidus temperature, and by utilizing
fluxes by means of inverse methodologies, it is important the concept of the pseudo-specific hed}, (we obtain

to characterize the responses of the thermocouples so as of.

to make any necessary adjustments in the temperature data’ = ¢ — L= (6)
for any estimate of the heat fluxes to be accurate. The ap- or

paratus and technique used in the temperature correctiorand then we can substitutsfrom ¢’ in Eq. (2)
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The model also permits the insertion of physical proper- known locations inside the heat conducting body. The tem-
ties as a function of temperature, considering the amountperature files containing the experimentally monitored tem-
of solid as liquid fractions. At the range of temperatures, peratures are used in a finite difference heat flow model to
where solidification occurs for metallic alloys, the physical determineh;, as described in previous articl§8,9]. The
properties will be evaluated taking into account the amount process at each time step included the following: a suitable
of liquid and solid that coexists in equilibrium at each tem- initial value ofh; is assumed and with this value, the tem-
perature given by perature of each reference location in casting at the end of
each time interval\t is simulated by using an explicit finite

k= (ks — ki) fs+ ki (7 difference technique. The correctiontinat each interaction

¢ = (cs— L) fs+eL — Ldfs 8) §tep is made by a valugh;, and new temperatures are es-
timatedTes(hi + Ahj) or Tes{hi — Ahj). With these values,

o= (ps—pL) fs+ pL 9) sensitivity coefficientsg) are calculated for each interaction
given by

where sub-indices S and L indicate, respectively, solid and Tl 4 AR — Tocthy

liquid states. The final equations used by the solidification ¢ = esthi + Ahi) — Testhi) (17)

mathematical model af@0]: Ahi

el At At AL\, The procedure determines the valuehpfvhich minimizes
I = r__HTiH + T,—lTi—l + (1 - —> T; (10) an objective function defined by
1 11— 1
n

where F(hi) = Z(Test— Texp)2 (18)

Tit1 = Cy, (Ry+1 + Ry) (11) i=1

P ‘ whereTestandTexp are the estimated and the experimentally

Gi-1= Ci (Ri-1+ Ri) (12) measured temperatures at various thermocouple locations

1 1 1 and times, andh is the iteration stage. More details of the

—=—+ — (13) inati . i i

T Tip1 | T method for determination dfi can be seen in a previous
article [9].

Ci = Ax Ay Az pc’ (14)

wheren + 1 is the index associated to the future tinme,
the index corresponding the actual tinagt,the increment in
time (s),i the position Ax Ay Az the nodal element volume
(m3) andCy; is the thermal capacitance which represents the
energy accumulated in a volume element

Eq. (10)becomes unstable faxr < t; ; (stability limits).
The thermal resistance at the heat flux line from poitl
ori — 1 to the point is given by

2. Experimental procedure

The casting assembly used in solidification experiments
is shown inFig. 2 This experimental setup was designed
to simulate the conditions of a twin-roll strip caster. Experi-
ments were performed with an AlSI 304 stainless steel, and
a cooled steel chill was used, with the heat-extracting sur-
face being polished. The thermophysical properties of the
Ax; Axit1 Axi_1 stainless steel are summarizedTiable 1 as well as the
= (15) casting conditions for the twin-roll pilot caster and the sim-

ulator. The water-cooling system used in the simulator was
For the mesh elements in contact W|th the I’0||S, the thel’mal designed by adopting the same princip|es used in the p||0t

— R, = —"~, =
ki At T k1A T kis1Ay

Ry

resistance is given by equipment. The internal geometry, pressure and flow charac-
teristics were kept the same. The water inlet and outlet were
Rio = i (16) monitored with 2.5 mm diameter type-K thermocouples, as

indicated inFig. 2
where h; is the metal/coolant heat transfer coefficient  The alloy was melted in an induction furnace until the

(W/m? K). More details of the overall mathematical model molten metal reached a predetermined temperature (sample

can be seen in previous articlgs,11,13] 1: 1620°C; sample 2: 1760C), and then poured into the
casting chamber (simulator and caster rolls). Temperatures
1.2. Metal/mold heat transfer coefficient)Xh in the simulator were monitored in the chill and in the casting

during solidification via the output of type-S thermocouples
The method used to determine the metal/mold heat trans-(platinum—platinum 10% rhodium), 0.5 mm bead, accurately
fer coefficient is based on the solution of the inverse heat located with respect to the metal/mold interface.
conduction problem (IHCP)14-18] This method makes Allthe thermocouples were connected by coaxial cables to
a complete mathematical description of the physics of the a data logger interfaced with a computer, and the temperature
process and is supported by temperatures measurements aata were acquired automatically. The chamber and the pilot
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Fig. 2. Schematic representation of the unidirectional solidification assembly (mm).

equipment tundish were pre-heated by a heat blower and gasllographic examinatiorf22]. Image processing systems

fire, respectively, and the molten metal surface after pouring Neophot 32 and Cambridge Leica-500 were used to mea-

was monitored using an optical pyrometer. sure secondary dendrite arm spacing (20 measurements for
The chill surface was polished with grinding paper, and each selected position from the metal/mold interface).

the surface roughness was determined by a digital system,

where the arithmetic mean of the amplitude profile from the

mean line Ry in wm) was adopted to characterize the surface 3. Results and discussion

microgeometry. In all cases, the chill surface roughness was

kept constant, with a mean value of about Qu30. A typical thermal response obtained from the experi-
After solidification, specimens were cut at different po- ments in the directional solidification simulator is shown

sitions from the metal/mold interface and selected sectionsin Fig. 3 for thermocouples located in metal at 5mm from

were polished and etched by an appropriate reagent (marblehe metal/mold interface and at 5mm from the interface

reagent: 20g CuS£{ 50ml HCI; 50ml HO) for met- in the chill. The temperatures inside the molten metal de-

Table 1
Composition and thermophysical properties of metal and casting conditions

Composition balance being Fe Thermophysical properties

AISI 304 stainless stedll9-21]

18.7wt.% Cr Thermal conductivity (solid) (W/mK) 31.0
9.1wt.% Ni Thermal conductivity (liquid) 30.3
0.08wt.% C Specific heat (solid) (J/kg K) 679
1.8wt.% Mn Specific heat (liquid) 670
1.3wt.% Si Density (solid) (kg/R) 7400
0.05wt.% P Density (liquid) 7600
0.02wt.% S Latent heat of fusion (J/kg) 260000

Liquidus temperature®C) 1460
Solidus temperature 1399
Partition coefficient 0.84
Parameters Pilot equipment Directional simulator

Casting conditions
Mold material

Carbon steel

Carbon steel

Sample thickness 1-10 mm 15-20 mm
Surface roughnesdi{) 0.30pm 0.30pm
Pre-heating 600C 400-500C
Roll diameter 500 mm -

Mold/chill thickness 50 mm 50 mm

Melt superheat 160C 160/300°C
Protection gas Argon Argon
Mold/chill topography Plane Plane

Roll velocity 1m/s -
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1800 50
1700 304 Stainless Steel Water Temperature Behavior
E 1020 Carbon Steel Mold 45
1600 —
1500 — 40
1400 .
i o 3 Metal pouring = 0.5s 29.1°C
1300 — = ’
b [}
—., 1200 — S 304
O 1 o 1
— 1100 — [}
o j g 25
% 1000 2 g
8_ 60 — 20
£ 50 ] © Outlet Thermocouple (4T,=300°C)
= i 15 + Inlet Thermocouple (AT,;=300°C)
40 frequency=10 hz
2 10+
30 0 5 10 15 20 25 30 35 40
E —=— 5mm Thermocouple Mold T, = 1620 °c Ti
20 H —e— 5 mm Thermocouple Metal T, = 1620 °C ime [s]
10 == 5mm Thermocouple Mold T, = 1760 C Fig. 4. Inlet and outlet water temperature respongef; = 300°C.
] —o— 5mm Thermocouple Metal T, = 1760 °C
0 —
0 5 10 15 20 25 30

includes the wettability of the mold surface by the melt, the
type of material and mold surface roughness, the mold and
Fig. 3. Measured temperature responses for AISI 304 stainless steel:metal thermophysical properties and initial temperatures.
Tp = 1620°C and 1760C (melt superheaTp = Tp — Ti). In this initial period, the solidifying shell contracts and the
chill surface may expand, forming an interfacial gap. This
extra thermal resistance introduced by gap accounts for
the decrease in interfacial heat transfer coefficient, until an
essentially constant behavior is attained where the casting
shrinkage and the chill expansion do not have significant
influences.

Figs. 5 and 6show the best fit between experimental
and simulated thermal responses and the corresponding
metal/coolant interfacial heat transfer coefficients expressed
as a power function of time.

The measured temperature in metal at 10mm from
the metal/mold interface was used as an initial boundary

Time [s]

crease with time, and the temperature at the chill increase
very slowly once contact is established with the liquid metal

until a constant value is attained, due the water cooling
efficiency.

In these experiments, two different melt superheAt&
were adopted: one close to that used for the molten metal
in the pilot equipment during casting (160) and other
higher than the usual (30C), with the objective of analyz-
ing the effect of this parameter on metal/mold heat transfer,
and consequently, on the casting microstructure. The pour-
ing time was about 3s, which corresponds to the same
value of the response time of the thermocouples (about
3-45s). Temperature data were acquired at a frequency

rate of 30 and 10Hz for 160 and 300 melt superheats, 1800
: 17003 pouring Temperature (optical pyrometer) ATD=1600C,Twaler=~29“C
respectively. 1600 3."

For both melt superheats a rapid solidification was ob-
served to occur at 5mm from metal/mold interface, about
5 and 30s, respectively, demonstrating the efficiency of the
cooling system. In this work, the correction of the response
data of the thermocouples in the early times was made by
using an immersion pyrometer to measure the molten metal
temperature before pouring and an optical pyrometer to mea-
sure the liquid surface temperature into the cavity immedi- 109 | o3 mm thermocouple metal

E —e— 10 mm thermocouple metal
ately after the complete pouring. These values were used as 100 ---- Simulated
initial temperature input data for the mathematical model
and the inverse method.

As observed in the caster pilot equipment, the inlet and ——
outlet water temperatures can be considered constants with 0 5 10 15 20 25 30
low variation for both cases:ig. 4 shows these temperature Time [s]
data for 300C of melt superheat. Fig. 5. Simulated and measured temperature responses in metal at 1 and

The dominant factor controlling overall heat transfer 10mm from the metal/mold interface as well as at 5mm in the mold:
coefficient in the early stages of the process (before 5s) 7, =1620C.

800:( h,=2300 . t ** [W/m*K]

—o— 5 mm thermocouple mold

Temperature [°C]
[
[es}
I
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About 2 s later, this behavior changes, i.e. Hrofile

AT=300C.T, ,, =-29°C corresponding to the higher melt superheat is lower than
.. that observed for the lowekT,. As heat is extracted from

V. = R tos SUP the metal, the solidified shell becomes thicker and strong

~ , Pouring Temperature (optical pyrometer)

1200 | K TR e enough to support the metallostatic pressure fpbécomes
e N approximately constant, as shown fiig. 7. This is typi-
& 900 cal of the vertical physical configuration of the simulator,
£ 800 h,=2100 .t [W/m’.K] as discussed in a recent arti¢®8]. However, considering
g 1m0 o 5 mm thermocouple mold the relatively low values of melt superheat normally used
§ 140 —=— 1 mm thermocouple metal in the twin-roll casting operations it is expected that=
120 —#— 10 mm thermocouple meta) 2300291 will best generate the experimentglprofile for
100 --++ Simulated . g . .
80 a 304 stainless steel solidified against steel rolls with a mean
P IR D OO0 00 —0—0—0——0—o- surface roughness of about 0430
20 The solidification microstructures of castings produced in

the simulator were predominantly columnar dendritic, with a
dendritic array sufficiently defined to make possible accurate
measurements, except at distances very near to the metal
Fig. 6. Simulated and measured temperature responses in metal at 1 angurface glOOMm)_ Fig, 8ashows the dendrite morphologies
10mm from the metal/mold interface as well as at 5mm in the mold: from casting surface up to a position located at g60
Tp = 1760°C. inside the casting. The light etched area iphase and the
dark area i ferrite phase, classified as skeletal, due to the
condition while the thermocouple reading at 5mm in the high cooling rates. A typical solidification microstructure
chill was used as an interior mold temperature, as well as produced in the twin-roll strip casting pilot equipment is
the measured inlet water temperature in the cooling system.shown inFig. 8h
As can be observed ifigs. 5 and 6in the early times
(<55s), the thermocouple responses were very slow, and
the measured temperatures were below that corresponding
to the pouring temperature that was measured utilizing an
optical pyrometer during pouring.

Fig. 7 shows a comparison between the metal/mold heat
transfer coefficients for both cases. It can be seen that for
300°C of melt superheat, the initidl; values are higher
than those corresponding 17, = 160°C. The heat trans-
fer coefficient increases with increasing values of superheat
due the fluidity of molten alloys which increases with in-
creasing temperature, favoring the wetting of the chill by the
melt[8,16,21] At the same time, the metallostatic pressure
over the thin solidified shell is high due to the liquid metal
weight.

0 5 10 15 20 25 30 35 40 45 50
Time [s]

3000

1 304 Stainless Steel
2750 1t 1020 Carbon Steel Mold G 2 i
1 7 equiated”
2500 1 e%g?rngj i 1
2250 4% o s AT
1 - s L
2000 4 h,=2300.t°% Wim?K] - % strplol
1750 >
< - w ¥
o Ty
£ 1500 & e
20 0 T N
= 1 T h,=2100.t %% W/m?K] ey
10004 T e e, :
750 e q
g o "‘f
500 — Tp=1620°C
<4 0
.- - Tp=1760°C
250 p !
0 T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 (b)
Time [s]

Fig. 8. (a) Experimental solidification microstructures of 304 stainless
Fig. 7. Behavior of the metal/coolant heat transfer coefficient for the two steel castings at different melt superheats: (sample 1y@g@sample 2)
experimental cases. 300°C; (b) longitudinal section: AISI 304 stainless steel strip casting.
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©
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1004 []
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Fig. 9. Cooling rates calculated for the experimental casting and strip
casting.

An experimental law from the literatuf@4] relating sec-
ondary dendritic spacingg.4 in wm) with cooling rates T
in K/s) during solidification of a 304 stainless steel is given
by

Ao = 687045 (19)

Eq. (19)can be used to derive the cooling rates along so-
lidification from the experimental measurementsigf as
shown inFig. 9.

The resulting cooling rates during solidification in the
simulator and those obtained for the strip casting pilot

equipment, are quite similar for the same melt superheat,

demonstrating that the simulator can be an useful tool in
the planning of operational conditions of the strip casting
equipment.

4. Conclusions

The similarity of thermal characteristics along solid-
ification between the simulator and the pilot equipment
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ratory facilities at IPT (Technology Research Institute, SP,
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