Evolution of Microstructure and Texture during Casting of
AlSI 304 Stainless Steel Strip

A. HUNTER and M. FERRY

The solidification behavior of AlSI 304 stainless steel strip was studied using a melt/substrate contact
apparatus, whereby a copper substrate embedded in a moving paddle is rapidly immersed into a steel
melt to produce thin (~1-mm gage) as-cast coupons. For cases where other casting conditions were
kept constant, the effect of substrate topography and melt superheat on the devel opment of microstruc-
ture and texture during solidification was studied using electron backscatter diffraction (EBSD) and
optical microscopy. It was found that nucleation and growth of grains during solidification were
influenced both by substrate topography and melt superheat. A ridged substrate produced a high
density of randomly oriented grains at the chill surface with the preferred growth of (001)-oriented
grains perpendicular to the substrate wall producing a coarse columnar grain structure exhibiting a
strong (001) fiber texture at the strip center. In contrast, a smooth substrate resulted in a lower
nucleation density to produce a very coarse-grained columnar microstructure with moderate and
essentially constant (001) fiber texture throughout the strip thickness. By the manipulation of casting
parameters, it is possible to produce strip-cast austenitic stainless steel with aparticular microstructure

and texture.

[. INTRODUCTION

DIRECT strip casting (DSC) to produce as-cast steel
sheet has attracted much attention because this technology
has the capability of producing lower cost products com-
pared with conventional continuous casting (CCC) and ther-
momechanical processing (TMP) routes.!!! Twin roll casting
(TRC) is becoming the favored method of casting steel
strip.? In this process, molten metal is introduced into a
tundish, which flows through a nozzle into the gap between
two water-cooled copper rolls that rotate at a given speed
to produce strip of thickness of 1 to 2 mm. The high rate
of heat extraction from the melt through the rolls results in
rapid solidification and produces as-cast steel microstruc-
turesradically different to those produced by CCC/TMP2-51
In light of these differences, it is necessary to develop a
better understanding of the influence of casting and other
metallurgical variables associated with TRC on microstruc-
tural development of commercially significant steel grades.

An understanding of the nucleation and growth of phases
during TRC of metals such as austenitic stainless steel (y-
SS) is important because it is anticipated that these steels
will be produced in large tonnages by this route.lZ A notable
example is AlSI 304, which contains the principal aloying
elements (mass pct) ~18Cr and ~8Ni, which infers, from
the ternary phase diagram, [ that the preferred nucleation
phase is delta-ferrite (8). However, splat quenching experi-
ments have shown that austenite () is the dominant nucle-
ation and solidifying phase due to the high initial heat-
transfer rate, which favors its formation.[2° The solidifica-
tion behavior of this alloy during DSC is also expected to
be complex,!? so it is important to understand the effect of
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various casting conditions on microstructural development.
In the present work, AlSI 304 coupons were produced using
adip casting apparatus devel oped by Strezov,% which stim-
ulates closely the conditions of TRC.**! The aim is to
investigate the nucleation and growth behavior of grains
during solidification as an understanding of variables affect-
ing the as-cast microstructure, and the texture of this steel
grade is highly significant, because its commercia produc-
tion by TRC is now being developed.?

[I. EXPERIMENTAL PROCEDURE
A. Production of As-Cast Coupons

An AlSI 304 stainless steel with melt composition (mass
pct) 17.65Cr, 8.35Ni, 0.039C, 1.0Mn, 0.36Si, 0.16Cu,
0.009Nb, 0.01S, and 0.003Ti was used in this work. The
mechanisms of nucleation and growth of solidifying grains
were studied using Strezov’s melt/substrate contacting appa-
ratus.'% The technique produces as-cast steel coupons with
a microstructure similar to that produced by TRC,[4510.11
but hasthe advantage of systematically controllingimportant
variables such as alloy composition, melt superheat, furnace
atmosphere, casting speed, substrate type, and substrate
topography.[*4

The melt/substrate contacting apparatus is shown sche-
matically in Figure 1, indicating the immersion or “casting”
direction (CD), transverse direction (TD), and normal direc-
tion (ND). Experiments were carried out using copper sub-
strates embedded in a moveable paddle, which alows
simultaneous immersion of substrates with different surface
topographies. The substrate blocks were made from electro-
lytic tough pitch copper, and the surface was either prepared
with 1200 grade SiC paper and surface treated to form an
amorphous chromium layer, which produced a smooth sur-
face finish of ~0.5 um R, or machined and Cr-coated to
produce a ridged surface. In this technique, the paddle is
accelerated through the melt surface to the required “ casting
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Fig. 1—Schematic diagrams of experimental apparatus for producing cast
stainless steel coupons and substrate surface showing machined ridges
parallel to the immersion (casting) direction. The casting and transverse
directions are given as CD and TD, respectively, and the direction normal
to the substrate surface is ND (figures reproduced from Ref. 11).

velocity” and travels at constant speed during the time that
the substrate is in contact with the melt. The paddle is
then retracted from the melt, to its home position above the
furnace, where a solidified sheet sample is produced. This
sampl e represents the solidification of one of the two shells
that form during TRC.

To study the effect of substrate topography on nucleation
and growth of grains during solidification, the depth and
pitch of these ridges were varied (Table | and inset in Figure
1). In al cases, the casting direction was paralel to the
ridges (Figure 1). Casting experiments were then carried out
in an argon atmosphere using an immersion velocity of 0.5
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Tablel. Casting Parameters and Average Thickness of As-

Cast Coupons
Melt Substrate Type Sample
Superheat (Depth X Pitch) Thickness

(0 (pem) (mm)
10 smooth 1.0
20 X 180 0.8
50 X 100 0.8
50 smooth 14
20 X 180 1.0
50 X 100 1.0
90 smooth 1.4
20 X 180 1.0
50 X 100 1.0
100 smooth 14
20 X 180 1.0
50 X 100 1.0

m/s at a constant melt superheat of 10 °C, 50 °C, 90 °C, and
100 °C.

B. Temperature and Heat-Transfer Measurements

The measurement of both temperature and heat transfer
during dip casting of y-SS has been documented in detail by
Strezov and Herbertson.[*Y) To monitor temperature during
immersion, two 0.25-mm-diameter, type K, thermocouples
were placed at adepth of 500 to 600 wm below the surface of
each substrate block. The high response rates and acquisition
times of the thermocouples alowed an acquisition rate of
2 kHz, which was sufficient to determine the temperature
changes during the first 50 ms of melt/substrate contact,
which corresponded to the initial stages of solidification.
The transient interface heat flux pattern over this period of
melt/substrate contact was calculated by Strezov'¥ using a
modified version of Beck’s inverse heat conduction
algorithm.*?

C. Characterization of Microstructure and Texture

The development of microstructure and texture during
solidification was investigated using optical microscopy and
scanning electron microscopy (SEM). The ND-TD sections
of as-cast coupons (Figure 1) were examined at a distance
of 25 mm below the top edge of each as-cast coupon, which
represents, for a paddle speed of 0.5 m/s, a residence time
in the melt of 380 ms. Samples were mechanically ground,
electrolytically polished, and etched in 10 pct oxalic acid to
reveal nucleation sites, microsegregation, and grain struc-
ture. Thestrip or “chill” surface was prepared for microstruc-
tural examination by cleaning in a 10 pct HCl aqueous
solution ultrasonically vibrated for 300 seconds to remove
any surface oxide.

The solidification microstructure and texture were deter-
mined using aHKL electron backscatter diffraction (EBSD)
facility interfaced to a scanning electron microscope. A
guantitative description of texture development was gained,
for agiven casting condition, by EBSD analysisof individual
grain orientations at various distances below the strip sur-
face. The angular deviation («) of a given crystallographic
direction (i.e., (001)) per grain can be determined as a func-
tion of some significant direction within the sample (i.e.,
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Fig. 2—Heat flux histories for samples solidified onto both a smooth and
30 X 180 um ridged substrate at 50 °C melt superheat.[*Y

ND). For cubic materias, the smallest angle ¢ (0 = a =
7/4) that any given (001) direction makes with ND is given
as (P? + ¢3)Y2 where @ and ¢, are Euler angles. For any
number of grains (n), the mean angular deviation of primary
{001) dendrite arm away from ND is given by

>

(@ + o3

= [1]

Full details of the calculation method to generate « for
any given set of Euler angles is given elsewhere.*¥ It will
be shown in Section Il that ridge dimensions (Table 1)
have only a small influence on microstructure and texture
development. Therefore, more detailed studies of micro-
structural development of the as-cast strips were carried out
on the smooth and 20 X 180 wm ridged substrates.

1. RESULTS

A. Heat Transfer during the Initial Sages of
Solidification

Figure 2 givestypical heat-transfer results,*!! showing cal-
culated heat flux historiesfor theinitial 50 ms of contact with
a smooth substrate and a typica ridged substrate (30-um
depth and 150-um pitch). It is pertinent to note that Strezov!*
demonstrated that the variability in calculating the maximum
heat flux and the overall shape of the heat flux curves after the
peak to be +0.25 and =2 MW/m?, respectively. Regardless of
substrate topography, the maximum heat flux values were
reached in about the first 10 ms of contact, and this was
attributed to nucleation at the melt/substrate interface.™ For
constant casting speed, furnace atmosphere, and melt super-
heat, the maximum heat flux during solidification from a
ridged substrate was 5 to 10 MW/m? greater than from a
smooth substrate. Although these maximum heat fluxes were
higher for the ridged substrate, the total heat transferred over
the full immersion time (~380 ms) was higher for the smooth
substrate. This resulted in a slightly thicker sample (Table 1),
which indicates that a smooth substrate generates a dightly
higher average rate of solidification.
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Fig. 3—Representative EBSD orientation micrographs of samples solidi-
fied in contact with a smooth substrate showing (a) and the as-solidified
strip surface and (b) the ND-TD section. A given gray level represents a
single austenite grain; thick lines indicate high-angle grain boundaries,
while thin lines indicate low-angle boundaries (<2 deg).

B. Microstructural Development

Figure 3 shows EBSD orientation micrographs (derived
from EBSD area scans) of both solidified surface and the
through-thickness (ND-TD) section of the as-cast strip,
solidified in contact with a smooth substrate. The nucleation
density at the strip surface is low (Figure 3(a)), and coarse
columnar grainsgrow inward in adirection essentially paral -
lel to ND (Figure 3(b)). Figure 4 givesasimilar set of EBSD
micrographs for the 20 X 180 wm ridged substrate. Lines
indicating the position of the ridges are shown in Figure
4(a) and show that the peaks of the substrate ridges may
act as preferential sites for nucleation. Nevertheless, some
nucleation was also possible away from the peaks of the
ridges, as indicated by the isolated grains labeled in Figure
4(a). Following nucleation, selective growth and broadening
of grains occurs with increasing distance from the chill sur-
face (Figure 4(b)). The average grain width along ND-TD
asafunction of perpendicular distance from the chill surface
is given in Figure 5(a), which shows an example of the
notable effect of a ridged substrate on the development of
the columnar microstructure. Figure 5(b) shows that, for a
given substrate, an increase in the melt superheat also
increases the grain width (i.e., decreases nucleation density)
at the chill surface.

Despite the influence of the aforementioned casting vari-
ables on nucleation density in the as-cast strip, they had no
significant influence on the general microstructure with all
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(b)
Fig. 4—Representative EBSD orientation micrographs of samples solidi-
fied in contact with atypical ridged substrate showing (a) the as-solidified
strip surface where white lines indicate the position of the peaks of ridges
during casting and (b) the ND-TD section. A given gray level represents
a single austenite grain; thick lines indicate high-angle grain boundaries,
while thin lines indicate low-angle boundaries (<2 deg).

samples exhibiting a dispersion of second phase, which was
confirmed, using EBSD, to be ferrite (Figure 6). Two types
of ferrite were observed in the microstructure: cellular ferrite
() throughout the thickness of the strip with skeletal ferrite
(9 a 200 to 500 um below the chill surface. The optical

micrograph givenin Figure 6(a) showsaregion of microstruc-
ture containing both vy, and s (hardness indentations mark

the boundary between these phases). Figure 6(b) is an EBSD
orientation map of the areashown in Figure 6(a), which shows
that both types of ferrite exist within a single austenite grain:
an observation consistent for all samples.*¥ During dip cast-

ing, cooling ratesin excess of 10° °C/s are experienced at the
chill surface, which are favorable conditions for nucleation

and subsequent growth of austenite.l”#% Subsequent rejection
of Cr into interdendritic regions during solidification leads to
the formation of .. As the rate of solidification decreases,
the primary solidifying phase changes to deta-ferrite (5),

which then partialy transforms to austenite, leaving ys. This
proposed solidification sequence generates both types of fer-

rite and is consistent with the observations of Mizukami and
co-workers on a similar stedl [

C. Solidification Textures

Figure 7 gives{ 200} polefiguresshowing thedistribution
in orientation of grains at the chill surface and at a distance
of 0.8 mm below the surface following solidification from
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Fig. 5—(a) Average grain width (w) along ND-TD as afunction of perpen-
dicular distance from the chill surface (50 °C melt superheat). (b) Average
grain width at the chill surface (w,) as a function of melt superheat.

a smooth and a typical ridged (20 X 180 wum) substrate.
Regardless of substrate topography, grains appear almost
randomly oriented at the chill surface (Figures 7(a) and
(b)). During solidification, aridged substrate generates more
preferential growth of grains with their (001) direction
amost parallel to the ND, which resultsin amore significant
sharpening of the (001)//ND fiber texture (Figure 7(d)) com-
pared with the smooth substrate (Figure 7(c)).

The misorientation distribution of grains at both the chill
surface and at 0.8 mm below the surface are given in Figure
8 for both a smooth and ridged (20 X 180 um) substrate.
For the ridged substrate, a near random distribution of mis-
orientation is produced at the chill surface (Figure 8(a)), as
indicated by the superimposed theoretical distribution for
randomly oriented grains*® but this distribution changes
considerably through the strip thickness (Figure 8(c)). In
contrast, the smooth substrate does not generate a random
distribution of misorientations at the chill surface (Figure
8(b)) and this changes only dlightly through the strip thick-
ness (Figure 8(d)).

To quantify the through-thickness gradient in texture, the
mean angular deviation (a) of (001)-oriented grains about
ND was determined from EBSD data at various distances
below the strip surface (Eq. [1]). The change in @ as a
function of perpendicular distance from the chill surface is
shown in Figure 9 for samples produced from both a smooth
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Fig. 6—ND-TD section of a sample cast onto a smooth substrate: (a) optical micrograph showing the distinct transition in ferrite morphology; (b) EBSD
orientation micrograph of the same area as (a), whereby a given gray level represents a single austenite grain in which the spread in Euler angles is less
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Fig. 7—{200} pole figures of discrete EBSD measurements showing the
orientation spread of grains at (a) and (b) the chill surface and (c) and (d)
0.8 mm below the surface for samples produced from both a smooth and
20 X 180 um ridged substrate (50 °C melt superheat).

and 20 X 180 um ridged substrate. The smooth substrate
results in solidification to produce @ of 27 deg at the strip
surface, which decreases to 17 deg at a distance of 1.2 mm
below the surface. Conversely, the ridged substrates produce
@ ranging from 32 deg at the chill surface to 17 deg at a
distance of 0.8 mm.

Figure 10 gives «, both at the chill surface and at three-
quarter thickness of the strip (distance below the chill sur-
face), as afunction of average chill-surface grain width (W)
for all samples. Despite some scatter in the data, @, does
not appear to be dependent on the nucleation density at the
chill surface, whereas az, decreases with decreasing grain
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width (increasing nucleation density). For the smooth sub-
strate, however, the data are more scattered.

IV. DISCUSSION
A. General Solidification Behavior

During the early stages of solidification of AlS| 304 strip,
both substrate topography and melt superheat were found
to affect heat transfer,!*® which is similar to arecent study
on solidification of a copper aloy by Bouchard et al.l'fl
Strezov!*® showed that substrate topography strongly affects
both the degree and direction of heat flux in the melt. For
a smooth substrate, heat flow was essentially perpendicular
to the substrate surface (that is, opposite in direction to the
solidification front). For a ridged substrate, however, the
direction of heat flow wasless uniform and affected by ridge
dimensions, with the maximum heat flux also concentrated
through the ridge peaks with a magnitude of ~5 to 10
MW/m? greater than that for a smooth substrate.l*! Such a
differencein heat-transfer conditions appearsto be sufficient
to ater both the morphology of the columnar microstructure
(Figures 3 through 5) and through-thickness gradient in tex-
ture (Figure 9) of the as-cast strip. Strezov and Herbertson*!
showed that an increase in melt superheat (for other casting
conditions held constant) resulted in alinear decreasein the
maximum heat flux and a concomitant linear decrease in
nucleation density at the chill surface.

The results given in Figure 5(b) show that melt superheat
isan important variable affecting the chill surface grain size,
whereas depth and pitch of the ridged substrates have a
smaller influence. For a given melt/substrate contact condi-
tion, an increase in melt superheat resulted in a decrease in
nucleation density (Figure 5(b)). Thisis a common feature
during casting of various metal§* and is generally associ-
ated with an increased propensity for remelting of chill crys-
tals formed at the mold wall, because melt superheat is
increased with fewer new crystals forming on reaching the
nucleation temperature as aresult of aslower rate of cooling
due to substrate heating. For a given melt superheat, the
nucleation density was greater for aridged substrate (Figure
5(b)), which is probably due to additional nucleation sites
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smooth and 20 X 180 um ridged substrate (50 °C melt superhesat).
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at the tips of the ridges together with an increase in heat
flux at the initial stages of solidification (Figure 2), which
equates to a higher initial rate of cooling.

B. Control of Texture during Casting

During conventional casting of metals, solidification usu-
ally commences by heterogeneous nucleation at the interface
between the mold wall and liquid metal and results in the
formation of grains with a wide range of crystallographic
orientations; that is, a random texture develops.*® Further
solidification occurs by dendritic growth, whereby grains
with a certain crystallographic direction aligned in the direc-
tion of heat flow (usualy perpendicular to the mold wall)
grow preferentially to produce the characteristic columnar
zone in castings. For metals of cubic crystal symmetry, the
preferred growth direction is (001),11 which results in the
gradual strengthening of the (001)//ND fiber texture. The
physical interpretation of this phenomenon is given in detail
by other workers.[*=2% |n summary, directional solidifica-
tion (DS) occurs by the movement of the liquidus isotherm
at agiven velocity, y , perpendicular to the heat flow direc-
tion. To maintain stationary growth conditions, grains ori-
ented at an angle ¢ to the heat flow direction must grow at
a higher rate than more perfectly aligned dendrites, i.e., v,
= y/cos ¢.¥ Since the undercooling at a dendrite tip is a
function of its growth rate,[*4 for a given temperature gradi-
ent in the melt, a dendrite belonging to a misaligned grain
will grow at a larger undercooling toward (or away from
Ref. 19) the more favorably oriented neighboring grain.
Thus, misaligned grains will have a higher local undercool-
ing and their dendrite tips will lie dlightly behind those
that are better aligned with the heat-flow direction. These
misaligned grainswill eventually be eliminated as solidifica-
tion proceeds,!*"~29 with a concomitant strengthening of the
{001) fiber texture.

The development of the (001) fiber texture in the as-cast
strip was similar to that observed in other DS processes.
The present work has shown that both substrate topography
and melt superheat affect the size and shape of the columnar
grainsaswell as the strength and through-thickness gradient
in texture. Recent work by Rappaz and co-workers,[1%20)
using acombination of EBSD and three-dimensional cellular
automatalfinite element (CAFE) modeling, have also shown
that various DS processes are indeed governed by the nucle-
ation of an essentially random distribution of grains at the
substrate/melt interface, with the gradual development of
the (001) fiber texture by growth selection.

As noted previously, nuclei with (001) aligned in the heat
flow direction will grow most favorably, thereby impeding
the growth of less favorably oriented grains. For widely
spaced nuclel, al grains are expected to grow for a longer
distance before impingement with neighboring grains. In
addition, grains with (001) aligned close to the heat flow
direction will aso survive over a greater distance. Using a
simple geometrical argument (Figure 11) and neglecting the
impinging effects of secondary dendrite arms, the distance
(X) that a primary dendrite arm reaches before impingement
with an adjacent (001)//ND growing dendrite is related to
the distance between nucle at the chill surface (w;) and the
angle between the growing dendrite and ND (a):

X = W, tan (90 — «) [2]
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Fig. 11—Schematic diagram of two grains nucleating on a copper substrate
at a given distance apart (w,) and the distance (x) that the grain aigned at
a. to the ND can grow until impingement.
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Fig. 12—da/dx as a function of casting parameters (W, - tan (90 — ay))
for arange of samples produced at various superheats (Table I) from ridged
substrates (filled symbols) and a smooth substrate (open symbals).

If it is assumed that grains nucleate with an average spacing,
W, and a mean distribution of orientations, «a., Eg. [2] can
be modified to estimate the change in ‘@ with perpendicular
distance x from the chill surface (da/dx ~ (@, — @.)/AX)
as a function of both nucleation density and chill surface
grain orientations:

daldx = W, - tan (90 — ) [3]
A plot of da/dx as a function of W, - tan (90 — a.) isgiven
in Figure 12 for all substrate types given in Table |, which
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shows a reasonable relationship between through-thickness
texture gradient and nuclei spacing and orientation. It can
be seen that da/dx tapers off at large values of W, - tan
(90 — @) (smooth substrate), which is probably a result of
a combination of a very low nucleation density, less-than-
random distribution of orientations at the chill surface, and
the finite thickness of the solidified strip. With either an
increase in W, or a decrease in a., competition for growth
will diminish, which is expected to decrease the rate of
texture sharpening. It is relevant to note that values of da/
dx in Figure 12 were calculated using an essentially constant
o, value (27 to 35 deg) which indicates, for the present
work, that da/dx is a simple function W,. Nevertheless, a;
is not always constant and should therefore be taken into
account. An extreme example was observed in a Ti-inocu-
lated AlSI 403 stainless stedl ! where it was found that,
while W, was 46 um, a, was less than 5 deg, which gives
W, - tan (90 — @) > 550 and da/dx ~ O. In this special
case, a uniform-width, columnar microstructure exhibiting
an exceedingly sharp and constant (001)//ND through-thick-
ness fiber texture was produced.

Theresults of this study have shown that both microstruc-
ture and texture in as-cast y-SS strip can be controlled by
the manipulation of the distribution and orientation of nuclei
through the choice of casting parameters: superheat and
substrate topography. These parameters are known to influ-
encethelocal heat-transfer conditionsat the meniscusduring
casting.['*?4 Other factors such as immersion (casting)
velocity and melt atmosphere may also control the micro-
structure and texture because these variables also modify
the heat flux conditions at the meniscus. For example,
Strezov and Herbertson™* argued that an increasein immer-
sion velocity enhances surface nucleation as a result of
improved melt/substrate wettability. This variable can have
an additional effect on the growth behavior of dendrites
becauseit has been found that dendrites growing in aflowing
melt tend to bend toward the upstream direction, with the
degree of deviation affected by factors such as melt composi-
tion and flow rate.[>®! Examination of the EBSD micrographs
in Figures 3 and 4 indicates that, for the present steel, den-
drite bending was not pronounced at a casting speed of 0.5
m/s. However, dendrite bending is expected to be more
significant at higher casting speeds.?4

V. CONCLUSIONS

A strip casting simulator was used to produce as-cast
Al SI 304 austenitic stainless steel strip with amicrostructure
similar to that produced by DSC. It was found that during
casting, grains nucleate at the strip (chill) surface and nuclei
with (001) oriented close to the heat flow direction (ND)
grow favorably to produce a columnar microstructure with
asdlight sharpening of the (001)//ND fiber texture. Both melt
superheat and substrate topography were found to control
both the nucleation density at the strip surface, which
affected the coarseness of the columnar microstructure, and
the through-thickness gradient in strength of the (001)/ND
fiber texture. The gradient in texture strength was related to
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the mean separation of nuclel and the average angle between
(001) and the solidification direction. By controlling these
casting parameters, it is possibleto produce strip-cast austen-
itic stainless steel exhibiting a given microstructure and tex-
ture and, hence, control the mechanical and physical
properties of the as-cast strip.
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