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ABSTRACT

Controlled solidification has considered a great attention in
the last decade with the engineering aim of developing structu-
res with improved properties and performance characteristics.
Fundamental and applied research work in this field has led to
the finding out of new processes which produce 1mproved or nov-
el structures. Steady state directional solidification (DS) and
stir or rheo-casting (RC) are two examples of these processes,
which have been applied in this work on several types of steel.
The improvements gained in structure, segregation and mechanical
properties, due to the application of these processes compared
to the conventional casting (CC) are briefly presented in this

paper refering to author’s work.

In DS, plain carbon, low alloyed Mn-Ni, higly alloyed Mn, Mn-Ni
and Cr and low carbon steels have been considered. Geherally,
the structure of these steels has dendrites aligned in the heat
flow direction. A rod-like dendrite shape is obtained at high
G/R values ( G is the temperature gradient and R is the growth
rate ) while secondary and tertiary dendrite arms appear as

G/R values decreases. Measurements of dendrite arm spacings show
that they are functions of R "G ™. Such relationship is useful
in controlling the structure and hence the properties. Mechanic-
al testing of some castings indicates high tensile properties
for the rod-like DS structure which is even higher than that of

the forged structure for the same material.

In RC, a novel structure with nearly spherical primary particles

da AlhtEainaed £fAry +ha rarheon and eFainlece cteele 11ced. Homoagene-—
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INTRODUCTION

Increasing attention is being directed towards the control of
solidification structure resulted from the casting process.
Control of the as cast structure means the control of different
segregation aspects which are generally formed upon solidifica-
tion as micro and macro-segregations and inclusions ,precipitat-

es and hence the control of all as-cast properties!"Z)

During the last decade, a lot of research work has made emphas-
is towards the improvement of casting properties by applying
some novel controlled solidification processes which result in

well controlled and defined structure!1'3'4)

Steel castings have in most cases dendritic structure. Their
properties are directly and strongly affected by the dendrite
arm spacingsf1’2) The dendrite arm spacings can be controlled

by the solidification parameters which are growth rate and tem-
perature gradient as well as steel composition!5_7) such param-
eters can be separately controlled in the unidirectional solid-

ification process (DS)S1—1O) In this controlled solidification

process, the structure consists of a composite-like aligned one
which results inimproved mechanical properties in the heat flow
direction!6’8_10) In the case of steel castings, application of

the process produces arrays of dendrites with well defined arm

spacings!1’2’5_7)

Another process in which the structure produced is a homogeneous
nondendritic one, is the stir or rheo-casting (Rc)(3’4'11_20)

In this process, the turbulant flow due to stirring of the sol-

idifying alloy, leads to the formation of the primary particles
with nearly rounded shape instead of the dendritic one!11"20,

The process have shown many promising properties as the struct-

ure, composition and mechanical properties are homogeneous thr=

oughout the casting!11’16—20) The process show a possibility

for easier steel die casting process due to pouring from a tem-

perature below the liquidus!13_15) However, its practical appl-

o e b P " -« o ~ & % __ 9% a & _ __



’ 3 SECOND A.M.E. CONFERENCE
FP "1°| 113 3'1“‘2 i 6 - 8 May 1986 , Cairo

e o -

-
2

ous structure in all casting parts as well as lack of macroseg-
regation and flat microconcentration profile are obtained. The
tensile and compression properties are also homogeneous in the
RC castings. It is found that the RC structure exhibits compre-

ssive strength and ductility several times those in tension.
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UNIDIRECTIONAL SOLIDIFICATION

Materials and Experimental Procedures

The type, composition and solidification range and characteris-
tics of steels investigated are given in table:1. (A) is a plain
carbon, (B) is a low alloyed Mn-Ni, (C) and (D) are highly all-
yed austenitic Mn and Mn-Ni respectively, (E) is a highly allo-
yed ferritic-Cr and (W) and (X) are low carbon steels with too
low S content. The liquidus and solidus temperatures T and Tge

were determined by differential thermal analysis!5_7)

Steady state unidirectional solidification apparatus used is
shown schematically in Fig.1. Cylindrical casting 14 mm in dia-
meter and about 170 to 200 mm long were solidified by withdraw-
ing an alumina crucible containing steel downwards from a high
temperature tamman furnace through a water cooled copper head.
The growth rate (R) and temperature gradient (G) varied betwé&é&en
30 to 510 mm.h~ | and 9 to 250 K.cm | respectively. R is taken as
the specimen withdrawal speed. G is calculated from the temper-
ature - distance plots recorded during the experiment as T, - TS
divided by d, where d is the length of mushy zone. More detai ls

are found elsewhere!5_7,

"Microstructure Observations

Microstructure was observed in the heat flow direction and nor-
mal to it. In some casesfs) the structure was revealed after a
suitable heat treatment process. The microstructure of the uni-
directionally solidified steels investigated consists of arrayed
dendrites in the direction of heat flow ( longitudinal direction
of the cylindrical casting ). Typical photomicrographs of this
microstructure , in the longitudinal and transverse directions,
for the different steels are shown in Fig.2. These photomicrog-
raphs represent different solidification conditions, i.e. diff-
erent combinations of G and R. Generally, the dendritic morpho-
logy shows a great dependence on R, G and steel composition. At
increasing R and decreasing G, the dendrites become more branc-

hed. gtgs2{31 shows how the structure of steel (B) is changed
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greatly with varying R, keeping G constant. At low R, the dend-
rites in the transverse section are nearly round in shape. Lon-
gitudinal section shows in this case no secondary arms, i.e. the

dendrites are rod-like in shape. Secondary arms are observed at

G/R lower than 23 x 102 K.s.mm_1, while tertiary arms appeared

at G/R lower than 9 x 102 K.5.mm.

The dendritic morphology of the austenitic steel (C) is shown in
Eiy4:2i{v) for two different conditions: i) low R combined with
high G and ii) high R combined with very low G. Although that
the calculated local solidification time is almost the same for
both conditions, the structure changed gréétly due to the vari-
ation of R and G. In the first case, the dendrites are rod-like,
while in the second case, secondary and tertiary arms are devel-
oped. The micrographs of the other austenitic steel (D), shown
in Fig.2(c), gives another example of two different conditions.
where R is constant ( 510 mm.h-1 ) and G is variable: i) 23
K.cm-—1 and ii) 137 K.cm-:1 Again, at low G secondary and tertia-
ary arms are observed while at high G their is a trend for the
disappearance of such arms. However, the secondary arms in Fig.
2(c-1i1), show a caplike shape as a transition between branched

and rod-like dendrites!s)

The ferritic steel (E), ¥ig.2(d), shows different behavior where
the dendrites are branched at all solidification conditions used.

The structure of low carbon steels are shown in Fig.2'(e) and
2(f) for steel (W) and steel (X) respectively. The dependence of
the morphology on R and G is also clear in this case. At low R
and high G, the dendrites exhibited perfect shape with cross-
like primary arms. In steel (X) with lower C%, rod-like shape
was obtained under these conditions. With increasing R and dec-
reasing G, the dendrites become more branched with elongated
shape in the transverse section at extremely high R and low G.

From the above observations, it seems that the influence of R
and G on the dendritic morphology is similar for all types and

compositions of steels investigated.
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In all cases, except foér the ferritic Cr-steel (E), the primary
~arms are aligned on parallel lines, yielding a wave-like segre-
gation pattern. In these cases, measurements of the average pr-

imary arm spacing,A;, was made on transverse sections using the

model of hexagonal arrangements!s) In the case of steel (E),
measurement was done by taking the average distance between nea-
rest neighbors. Tertiary arm spacing, A3, was also measured on
transverse sections, while secondary spacing, X,,was measured on
longitudinal sections, both using the line-intersect method.

A1, 1is controlled by the phenomenon occuring at the dendrite

tip. Therefore, it is controlled by the temperature gradient at
the liquidus, GL' Ay vs. GL data are represented on ldg-log pl-
ots as shown in Fig.3. On the other hand, 1, and A; are contro-
lled by th& local smlidification time, which can be representé&d
by the average temperature gradient, _f5’7) Therefore, they are
correlated with G as represented in Fig.4 and Fig.5 respective-
ly. In the case of steel (B), the temperature gradient was kept
constant and R was varied. A, is plotted vs. R as shown in Fig.6.

In all these pldts, straight lines are obtained which indicate
the following relationships:

Ay = c,.n'“l.cr:““ NED)
A2 = C2.RT2.GM2 . ..(2)
As = C3.R B3I .gMs . ...(3)

The values of the exponents are given in table:2. The exponent
n;is constant and does not depend on R, for all types of steel,
except for the austenitic ones (C) and (D). However, it seems
that this exponent is not necessaryindependent of R, as it is
found to increase with increasing R for these types of austeni-
tic steels. In this case, an average value for the exponent is

calculated and is given in table:2.

The exponents n; and nj are found to be independent of R. The

exponents m;, m; and mj; are independent of GL and G.



SECOND A.M.E. CONFERENCE

6 - 8 May 1986 , Cairo

PP-IO 121

Wo- o
(;x N) 19 oL

1144

f

094

0159 (¢ “3o) v 13315 dy -0
oziL
(44 -uwam) ¥ ‘X 13318
o
N Yxprip)= Y
oL o
. 100 ©
. Nwwols
kd
" o
{ I 3
.. —..CEOM .
] (5= 943y 3 R3S - ”d

Y .2! E!Eu pue ‘T ‘snpinbyj sy 1@ Eo_u.zm @injesadwal
Jo :ozusd e se ‘'y ‘Guroeds wie ajupusp Arewild g ainbld

5
C=bh .:xu.FE =g

(@

00t L
oo 2 00
2f
o
L 3
(133)S=IN-UI J1PUYSND) 0 133)S b
4]
My Yxpip): o ()
000k oo o
100
QoL
I'IVOM k Wl
/ n
3
ll e »
_.::_.7
[P31S-Up AWASND]D BA}S A

esw

meshs ¢ e 58 ®es



lz Lom

hlp-lo 122
002 \ P ,
Steel C {austenilic Mn-steel)
' 120mmh’ T~ |
] [-]
510mmh’ o S0
10 _ 100 300
G =(T_-Tg) Ix,-x¢) Kem™
0'0“) A . P DU A
Steel D [qustenitic Mn-Ni-steel)
. 120mmb’
00" \\ . l
€ i §|3|~§ 1) 1
(7] o “'-~‘ la)
Ey . e
510mmh’ o [
0002 o i

10 S " 00 300
G =‘TL"'T5”‘xL- xsl " K cm“‘
00 - . g
Steel E [ferritic Cr-steel }
30mmh’
120mmh’
-.E: 001 \ \ .
:.. a )
~< e TR
L]
c\.‘b °
510mmh’ °\.*
0002 .
10 0 300

100
G s |TL "Ts"'xt' us' ’ Kcm"

Figure 4. Secondary arm spacing, A, as a function of average
temperature gradient, G, and growth rate, R:

{a) austenitic steel (C),
(b) austenitic steel (D) and
(c) [ferritic steel (E).
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Figure 5. Tertiary arm spacing, \; as a function of average
temperature gradient, G, and growth rate, R, in ferritic steel (E).
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Frbm the above results, the dependence of the dendritic morpho-
logy on the solidification parameters, R and G, is quite clear.
The influence of composition on the dendrite arm spacings is
clear for the influence of carbon content. Comparison between
results obtained for low carbon steels (W) and (X) and other
steels with higher carbon, shows that A, did not change with
C% keeping R and GL constant. The phenomenon occuring at the
dendrite tip which controls primary arms seems to be only affe-
cted by R and Gy, and not by the composition!5'7' On the other
hand, A, seems to be greatly dependent on the composition. From

the present results, ), shows a decrease as C% increases.

Macrosegregation

The distribution of main elements were determined along the
directionally solidified castings, as shown in Fig.7 for the low
alloyed Mn-Ni steel (B). Generally,while either positively or
negatively segregated zones were observed at the lower end of the
casting adjacent to the initial interface, terminal enrichment
zone was always observed. The central part of the sample exhib-
ited constant concentration distribution. This behavior is obse-
rved for all types of steel investigated. Carbon is the most
segregating element. Mn and Cr show only relatively slight term-
inal enrichment. However, Ni shows almost constant concentration

along the casting indicating no segregation.

An accurate explanation of the initial enrichment zone is diffi-

cult from the present results. However, this behavior has been(S)
attributed to the time interval during which the sample is liquid

before it starts to solidify. Some solute diffuses out of the
heterogeneous zone during this time. The terminal positive segr-

egation is well’known!l’z)

It is to be mentioned that the specimens cut from the casting for
microstructure examination were taken from the central part where

constant distribution of the elements exists.

Mechanical Properties

Some preliminary results on tensile properties of directionally
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Table:2 : Values of the exponents in equations (1), (2) and (3)
relating dendrite arm spacings in steels investigated
with solidificatin parameters ( Ref: 5-7 ).
Steel n, n, n, my m, my
(A) 0.27 - - 0.47 0.36 -
(B) 0.29 - - i _— _—
{c) 0.19 0.57 - 0.39 0.36 -
(D) 0.17 0.41 - 0.36 0.37 --
(E) 0.25 0.41 0.34 0.31 0.37 0.43
(W) 0:27 s e 0.38 0.46 -
(X) 0., 27 R -= 0.47 0.46 -
Table:3 : Preliminary tensile test results obtained for low -

alloyed Mn-Ni- steel (B)

- unidirectionally solidified

compared with those obtained for similar material in

forged condition.

Unidirectionally Sglidified

Tensile Property G = 130 K.cm -1 Forged

R = 30 mm.h R = 200 mm.h

A1= 0.450 mm Agy= 0.25 mm
0.2 Proof Strength 1120 563 536
Ultimate Strength 1226 1214 1066
Fracture Strength 1531 1264 1212
Fracture Elongationg 6 6 5.8
Fracture Reduction
in Areatg 25 12 12

2

Strength

Values in N.mm
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solidified low alloyed Mn-Ni steel (B) in the heat flow directi-

-1

on are given in table:3, together with results obtained for the
same material but in forged condition. The tensile specimen.of
DS-casting was taken from the central part where a constant con-
centration exists. The forged specimen was subjected to a heat
treatment process prior to tensile testing in order to get similar

volume fraction of the phases as in the DS-specimen.

Generally, the DS-specimens show better strength and ductility
than the forged ones. This is remarkable for specimens solidifi-
ed at slow growth rates where rod-like aligned dendrites are for-
med. In this case, their tensile properties in comparison with
the forged ones are: 2 times in proof strength, 1.15 times in
ultimate tensile strength, 1.26 in fracture strength and 2 times
in fracture reduction in area. At high growth rates and inspite
of the finer dendrite arm spacing obtained, strength and ductil-
ity values were almost similar to those of forged specimens. The
formation of secondary and tertiary arms at high growth rates,
caused reduction in the properties in comparison with those of

the aligned structure. More discussion is given elsewhere %!

STIR OR RHEO-CASTIVWG

Materials and Experimental Procedures

Two different steels were used: carbon and stainless steels whose
composition, liquidus and solidus temperatures, determined by

differential thermal analysis, are given in table:d.

A batch type rheocaster, shown in Fig. 8, was designed to produce

steel castings with 140 mm in diameter and 200 mm long. It consis

ists of‘vacuum induction furnace to which a stirring device is
attached. The stirrer was made of two crossed rods of Mo-Zr -oxide
cermet attached to the maine spindle of a portable drill. Prec-
autions were taken so that heat loss, during rheocasting, are
greatly minimized.(zo) Rheocasting was achieved by starting the
agitation at a temperature above the liquidus | 100°¢ ), using

a speed of 600 rpm, then continuing it while the alloy is cooli-
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Table:4 : Composition and liquidus and solidus temperatures of
rheocast steels.
Steel C% Mn% Si% Cr% Nis Mos TL,OC TS,°c
Carbon Steel 1.0 1.0 -——= —-—= == -- 1448 1358
Stainless Steel 440A 0.7 1.0 1.0 17 1510 1370

2 0.75

Table:5 : Composition determined in three positions of some rhe-
ocast stainless steel castings ( Ref: 20 ).

™ K Position®™cs Mnt Si® Crs Ni% Mo
15 1 .67 94 42 L7. 2.03 0.96
0.64 0.91 0.70 17.1 2.02 0.95
3 65 0.91 0.72 17. 2.03 0.9%4
65 0.71 0.75 77 6. 2.07 0.90
0.74 0.77 0.77 16.5 2.09 0.94
0.72 0,75 75 16. 2.09 0.90

% Temperature difference below the liquidus.
++ 1) near casting periphery, 2) in the middle between periph-
ery and centerline, and 3) casting centerline.
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ng at the natural furnace cooling rate. When the selected tempe-
rature between liquidus and solidus is reached, isothermal stir-
ring is kept for 12 minutes, then the slurry is poured immedia-

tely before being viscous.

Soundness

Generally, better surface quality was observed for the RC casti-
ng. RC castings exhibited good soundness and no cold shuts. Pi-
ping and centerline shrinkage, generally found in cc, are compl-
etely abscent in RC. THis is attributed to. the better mass feed
ing(}z’ flow of liquid and solid to feed selidification shrink-
age, and to the agitation before pouring. Agitation postpones
the formation of a continuous network and leaves the remaining

liquid free to move and to counteract hot cracking tendencySZI)

Microstructure and Interparticle Spacing

In general, the microstructure of the RC steels is found to be

homogeneous throughout the casting, which is not the case in CC.

Typical RC structure(zo) is presented in Fig. 9, where it is noti-

ced that the conventional dendritic morphology has disappeared.
The structure is composed of rounded primary particles formed
during stirring, embedded in a matrix with fine structure ( que-

nched remaining liquid ). Similar structure has been also obser-

ved for different alloyssll—lg)

A model for the formation of primary particles in RC alloys has

been developed!17) The model is based on microstructural observ-

ations obtained by quenching specimens at different stages of the
process. According to this model, the primary particle is first
in the form of rosette which is then subjected to a fragmentation

mechanism and therefore is breaking into several small rounded

particles.

The interparticle spacing,X , in RC, and the primary dendrite arm

spacing,k1ﬁlcc, are plotted(zo)vs. distance from casting center-
line in Fig. 10.A of the RC is constant throughout the casting

and falls between the maximum and minimum A1 values of CC.
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Figure §. Typical microstructures at different positions of

rheocast (a) and conventionally cast (b) stainless steel:
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Figure 10. Particle spacing, », (RC) and primary arm spacing,
\,, (CC) of stainless steel castings as a function of distance
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Fig. 10 also shows that, with lowering the RC temperature, A
decreases. On the otherhand, the volume fraction of the primary

particles increases, i.e. a larger number of primary particles
is formed. The particle shape is also affected by the RC tempe-
rature, since more rounded particles are formed at higher tempe-

ratures. This behavior is discussed elsewhere!zo)

Segregation

Macrosegregation was determined for both RC and CC castings at
different positions ( periphery, centerline and in between ) as
shown in table:5. A large degree of chemical homogeneity is ach-

ieved in RC castings.

Microsegregation examined by microprobe analysis across primary

particles is shown in Fig.ll. A flat concentration profile for

different elements is obtained, similar to other work on diffe-

rent alloys.(13 ,15,16,18,22)

Mechanical Properties

Tensile tests were made on RC and CC stainless steel castings
taken from different positions from periphery to centerline. In
the CC material, the tensile strength, ductility and hardness,
Fig.12, are found to decrease across the casting from periphery
to centerline due to the increase in the dendrite arm spacing
caused by the decrease of cooling rate from periphery to center-
line. The RC steel shows uniform properties across the casting.
The present results do not show any variation of the mechanical
properties with RC temperature or interparticle spacing and vol-
ume fraction of:primary solid within the range considered as
shown in Fig.12. It is also found that.tensile and hardness values
of RC material fall between the maximum and minimum values meas-
ured for the CC material. In a word, the homogeneity in the str-
ucture and composition 1is reflected on the mechanical properties

of the RC steel.

Compressive properties measured for the RC structure are also

homogeneous across the casting. Interesting behavior is observed

in this type of casting. Its compressive strength and ductility
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are found to be several times its tensile ones. The ultimate com-

pressive strength measured was 7 times the tensile and the mall-
eability ( ductility in compression ) was about 20 times the ten-
sile ductility. The CC castings gave compressive properties not
more than 3 times their tensile ones. More details about these

results are found in another paper(zo) Similar behavior is also

found for RC- Al-Cu alloys(18 +E3)

Conclusions

Unidirectional solidification and rheocasting of steel produce

novel types of structure which can be con§£olled by the process

solidification parameters. In the first process, aligned dendri-

tes with rod-like shape can be formed as the temperature gradie-

nt / growth rate ratio increases. Such type of composite-like

structure gave tensile properties in the axial direction even
higher than that of the forged ones of the same material. In Ele
case of rheocasting, rounded primary particles - homogeneous acr-

oss the casting are obtained with lack of porqsity, micro and

macro-segregation. Therefore, homogeneous mechanical properties

were obtained across the casting. The compressive properties in
rheocastings were found to be several times their tensile ones.
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