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ACBIEVZMKM*®S

This study established that under certain cooling
conditions steel AISI310S solidifies as 8-ferrite and
goes through a p,,ritectic reaction before transforming to
austenite.

It also established mathematical relationships between
percentage equiaxed zone and superheat, grain width and
superheat, primary arm spacing and superheat, grain width
and prir vy dendrite arm spacing as well as mechanical
properties aad grain size. An original explanation 1is
proposed for the relationship between macrostructure and
raicrostructure. The concept of a '‘grain width ratio” was
developed to 1investigate the nucleation and growth
kinetics under different conditions and thus study the
effects of the addition of nucleants.



ABSTRACT

A close relationship exists between the macrostructiare of
as-cast alloys and their mechanical properties and exten-
sive research has gone iInto the modification of as-cast
structures in attempts to improve mechanical properties.

Chemical grain refining methods have been widely used to
modify the cast structures of Al- and Mg-base alloys as
well as cast j.ron and so improve their mechanical
properties and formabilities. For these materials very
substantial improvements have been obtained through very
small additions of what may be called inoculants. More
recently the modification of cast scae.lf including
ferritic and austenitic grades, has been receiving
considerable attention.

Several effective grain refining agents, notably TiN,
have been used successfully with Fferritic stainless
steels. Although rare earths and FeSiZr have been
reported to modify the steels which solidify as
austenite, the mechanisms whereby these agents influence
the nucleation of austenite are not well understood.

The major emphasis of this work has been to develop a
description of the effects of casting temperature and
additions of Misch Metal and FeSi?r on the mac™gstructure
and microstructure of as-cast AISI310S stainless steel.

For this purpose, columnar grain widths as well as
primary and secondary arm spacings were mes™red in
ingots cast from different temperatures with or without
additions. The term 'grain width ratio” has been
introduced to describe the relationship between the shape
and the nucleation and growth kinetics of the columnar
grains.
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A quasi empirical solidification model was developed to
describe the evolution of macrostructure and
microstructur# 1iIn AISI310S on solidification. The
experimental /results of this work showed that the
macrostructure and the microstructure of the cast
material responded differently to variations in casting
temperature and additions. The proposed model, based on
these  findiiigs, suggested that i1f the structure
modification mechanism relied cn constitutional
supercooling then a coarser primary dendrite arm spacing
would inevitably be obtained as the columnar grain width
decreased. The relatively coarser microstrucl-ure of
ingots containing additions of Misch Metal suggested that
these aJddiuions modified the structure through their
influence on constitutional supercooling. The
macrostructures of ingots containing Misch Metad were
refined by up to 50%. It was also possible to treat the
development of the "3quiaxed zane in the base (reference)
ingots by using a similar modul which was based on the
constitutional supercooling hypothesis,

The tensile properties of the ingots were correlated with
the shape and size of the grains iIn the material. Thus
the 1improved tensile properties obtained with coarser
columnar grains and differences in properties depending
on specimen orientation were explained by taking into
account the three-dimensional anisotropy of the cast
structure.

Selected ingots v:ere tested after hot and cold rolling to
investigate the influence of cast structure modification
on the mechanical properties of rolled material.
Improved tensile pr "serties were obtained iIn the as-hot
roiled condition due to the grain refining effect of the
Misch Metal and FeSiZr additions on the steel.



Cold rolled AISI1310S steel with smaller grain sizes
showed very smooth edge surface characteristics whereas
the pi?lces with larger grains had rough surface features.
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1. INTRODOCT 10y ij

Most ferrous and non-ferrous alloys are cast into ingots
or slabs which undergo subsequent shaping and heat
treatment. The remainder are directly cast into their
final shapes and may regxiire further heat treatment to
relieve residual stresses, bring about microstructural
changes and improve their mechanical properties.

The properties of cstii.c,- f:id wrought alloys are
influenced by the structure that forms upon
solidification. An inferior structure iIn the as cast
condition is difficult to process by rolling or
forging™'™, In the case of shaped castings an inferior
mﬁﬁirostructure gives iInferior properties after heat
treatment due to the 1inability of the treatment to
homogenize the material completely*"*.

The ma;jor macrostructural features contjributing to these
properties are the grain size and grain shape of the as
cast metal’**, A fine grain size is normally required and
there nave been many attempts to reduce the grain size of
cast metals. Various methods of cast structure
modification have been investigated and applied on the
laboratory and industrial scales, Tspecially 1iIn the
production of aluminium alloys and cast irons. Recently
increasing attention has been focused on grain 1i,ize
on".".rol In steels and other alloys.

One of the primary objectives of research into the grain
si;;e control of steels has been to suppress the coarse
columnar zone that forms upon solidification. This can
be achieved by 1inducing conditions that promote the
formation and widening of the equiaxed 2zone at tht,
expense of the columnar zone.



There are two basic preconditions which h ve to be
realized in order to enhance the formation of this 7.one:

O) there has to be a fine and homogeneous
dispersioij; of nucJaation sites in r.he melt
:or the solidifying phase to nucleate on,
and

() sufficient undercooling iIn the vicinity of
the nucleation sites is necessary to provide
the thermal driving force for nucleation.

The nucleation sites may be found in the molten metal
endogenously as an iImpurity®, or as a product of high
temperature reactions, or as initially solidified
crystals which drift into the liquid by convection™®" .
They may also be found as exogenously added inoculants
which poRj??.~ the chelni.cal and physical properties that
enhance their nucleation effectiveness/7%,

Three different types of grain refining techniques may be
recognized as fTollows.

(1) Dynamic methods which may include magnetic@™' ,
sonic and ultrasonic stirring="**, vibration and
shaking™"®" of the melt iIn the mould during
solidification,

(ii) Thermal methods such as microchilling” ™®, low
superheat pouring, heating up the mould and
similar techniques.

(1i1) Chemical methods including inoculating and
microalloying.



All the above techniques are believed to provide the two
preconditions for grain refining, 1.e. ready sites for
nucleating and undercooling? is the thermal driving force.
Each method however has i1t >own practical limitations and
its effectiveness varies with differenr processes. For
example dynamic methods are difficult to apply with
castings made iIn nonir“etallic moulds and add another step
to the casting process. In microchilling a homogeneous
distribution of the solid particles must be obtained 1in
the melt and a low superheat Js repaired which is not
practical for complicated and large castings.

Of these three techniques, chemical grain refining
appears to be the most promising owing to ryts practical
nature and its potential applicability. It is basically
the addition of a certain element or mixture of elements
to the melt before pouring.

The possibilities Of chemical grain refinement have been
extensively investigated in aluminium alloys**"@" and cast
iron”'™*. In these two types of alloys very substantial
improvements in properties have been brought about by
simple inoculation techniques. Various master alloys for
use as additives to molten metal just before pouring have
been developed and have proved to be successful in
modifying the structure. For example, AI-Ti-B master
alloys for pure aluminium*™** Sr-coiitaining alloys for
Al-Si alloys*"'~* and Si-containing aluminium or alkaline
earth metals for grey cast irowVe~“”" are now established
and widely used inoculants in fToundry applications of
these alloys. A summary cf grain refiners and the
related mechanisms for these alloys as well as others
like Mg, Cu, Au and Pb is given in Table 1.1.



TABLE 1.1 Som« Grain B«Ffinlng Nuclttants and Possible Machanisas

Metai or alloy Grain Refiner Mechanisms References
Aluminium and its Nb;Zr;Sc;B;Ta ALJNb;  AljZr;
alloys Al]Sc; AIB; act as

nucleation sites 53,48,64,

for Al. 42,63
Aluminium and its Ti+B;Ti+S;Ti+Si AlIJTi acts as
alloys nucleation sites

for Al 87-97
Al-Si Eutectic Na; Sr; REM Na and Sr poison 80,98-

the growth steps 102,104-

of Si rich phase 109
Al-Si Hyper- P + Na Al phosphide and
eutectic Na phoaphide act

as nuclei 79
Al-Si-Mg Sb Sb modifies

fiutectic

structure 78
Bronzes Pb, transition

nitrides
borides or FeB 246

Cu"9« Al Ti; Zr Bi 247
Cu-7% Al Mo; Nb; W; V 247
Cu-AljCu Eutectic Ti Ti nucleates

primary Al 249
Cu Te;Bi;Ti;B;Ce They promote con-

stitutional 250,248,

supercooling 252
C.jJj-Zn-Al and Ti; B Ti-rich particle
Cu-AIl-Ni or Al-rich

borides act as

nuclei 253
Brass <70/30) Fe 255-254
Gold Ba;Zr;Nb Ta 256
Dental Gold Ir;Ru;lih;Co They promote con-

stitutional

supercooling and

form stable

precipitates 257-258



TABLI 1.1
(Cont~cin)

H
Metal or alloy Grain Refiner
Mg and Mg-;Sr t
alloys

1 Mg-Al c

1 Mg-Al Superheating
Mg-Al-Mn reClj
Mg-Zn FeCl, or Zn-Fe
Tin Alloys Ge; In

Lead Alloys

Grey Cast Iron

Nodular Cast Iron

Low Alloy Steels

1 High Alloy W-Cr-Mo
1 steel

S;Se;S+Te;Te

C; Si alloys
containing
aluittinium,
alkaline earths
and/or r«re
earths

Mg+Ca;Mg+Ca+S

Al+Ti+B; Fe-Si-
Ca; Fe-Zr; Ca;
Mg;Co borates;
Rare Earth
Metals

Disulphides of
Mo, W, V

etechanisnui

Zr or Zr enriched
Mg peritectic
nuclei

or AlINa)*J,C
nui. ai

In presence of C,
Al,Cj and/or Al- *
nuclei

Fe-Al-Mn or AlL.Cj
nuclei

Fe con?>ound
nuclei

PbS; PbSe; PbTe
act as nuclei

Refines eutoctic,
may nucleate
through
precipitation of
carbides or
graphite

(Mg, Ca) and (Mg,
Ca, Sr) S act as
nuclei for
graphite

Sonto form stable
nuclei to nuc-
leate 5-ferrite
and cchers
promote constitu-
tional cooling,

They act as
nuclei

Som« Grain Refining Nucltt«nts and Poaaibla Machanisme

Keferencea

245

259-260

261

245

245

262

263

84

83

244

1"°T



An analysis of this table will reveal “hat other thari a
few except )ns like the role of Na and Sr iIn Al-Si
e«t»ctic alloy modification, most of the grain refiners
form stable compounds in the melt and act as nuclei for

the solidiifyina alloy. elements which have low
solid solubili.ties in the parent alloy promote
constitutional supercooling It seems that the additions

which provide he nucleation centres and thermal driving
force prevail over the ones wnich trigger other
mechanisms to refine the structure.

Unlike aluminium a ys and casr irons the modification
of the cast structure of steels had not received any
considerable attention until recently. This appears to
be due to the fact that ;;”ebls are generally s .pplied in
the wrought form in which the microstructure is mainly
determined by the hot work and the cold work/anneal
cycles received by the alloy. There 1is, however, a
growing realization that a finvMir isotropic as-cast
macrostructure can result in better properties in as-cast
and heat treated components, improved fo/:mability during
hot working"*-~” and 1improved/ f-hysical and mechanical
properties iIn later useN“'"™_ An improved ar-cast
macrostructure is particularly important in alloys that
do not undergo allotropic transformations and therefore
cannot be grain refined by thermal cycles alone. The
problems associated with the detection of internal flaws
by ultrasonic means in coarse grained austenitic steels
are well known””_. In addition, recent developments“* in
strip casting enhance the significance of a fine
homogeneous as cast structure since the amount of
deformation possible is reduced greatly. Properties such
as corrosion resistance”**, weldability”°™**" and
others™*™"** are also sensitive to grain size.



Durin-f the last decade, various steel grades including
ferritic and austenitic stainless steels have received a
lot of attention™”'™*. This is due to their widening
fields of application and growing demands for better
mechanical propsrtien”

For cast steels, modification of the structure involves
the widening of the equiaxed zone and 1its grain
refinement as well as "he reduction of the dendrite arm
spacing.

The next section highlights the basic theories of
chemical grain refinement and summari; s the theoretical
and experiiiiental insight gained to date, with particular
reference to stainless steels.



P

2.1 NucJd.aation.

Like most metals and alloys# the liquid-solid
transformation iIn steels takes place by heterogeneous
nucleation. The new solid phase may start by nucleation
on the surface of a mould or it may appear on solid
surfaces which are already present in the melt.

These solid surfaces in tht melt may originate from
different sources™***” | Some minor solid phases may form
at higher temperatures and then act as nucleants for the
major solidifying phase. Fragments of dendrites or their
branches may drift into the liquid phase by convection
and grow as equiaxed grains at the centre of the
solidifying ingot. This convection may be enhanced by
dynamic methods like stirring, vibrating, and shaking of
the mould. [In chemical grain refinement formation of the
nucleating phase is believed to occur by reactions in the
melt.

The atoms of the major solidifying phase should be able
to form a nucleus on tne surface of the nucleant. In
order to achieve this they should have the required
driving force to create t</0 new surfaces: one between
the nucleus and nucleant and the other between the
nucleus and the liquid phase. The critical free energy
barrier to be surmounted before forming a solid spherical
cap on a planar substrate (Figure 2.1) 1in the melt is

given by=>*7¥ :

- - AN -
|4a1=£ %I_s (2-3cose™cos=0(- -0 .. 2.1



liquid-crystal

where Yj¢ is the surface energy of the
in K, AH 1is the

interface, is the melting temperature

enthalpy change due to the liquid-solid transformation,

AT 1is the undercooling and © is the contact angle between

the crystal and the substrate.

liquid
crystal

substrate

Thtt spharical cap siodsl of b.«t«rog«zi«ou8

Figure 2.1.
nuclft&tion.



Equation 2.1 shows that AG* = 0 when O » O. This means
that there will be no nucleation barrier for the
formation of the new phase on the substrate, i1f the valae
of 6 is v?qual to zero. And the value of 0 tends to zero
as the Value of Yes/ which 1is the interfacial energy
between the nucleating crystal and the substrate,
approaches zero***. If O 1is equal to 180%, AG*
heterogeneous wxll be equal to AG* homogeneous, i.e.
the substrate will be ineffective as a nucleant. Thus,
heterogeneous nucleation is fTavourable for values of O
between 0 an 180*. This relationship between the
critical nucleatxon energy and the interfacial energy
between the nucleating crystal and the substrate is one
of the most important aspects of solidification*” Y&
However, a simple description of the interfacial energy
is not possible, since 1t 1is composed of several
contributing Tfactors. Some of these factors are the
chemical nature of the substrate*™, the topographic
features of the substrate surface*™, the electrostatic
potential between the substrate and the nucleated
olid~""*", and the lattice strain or disregistry between
the two components of the interface”™.

The relevance of the degree of lattice misfit between the
nucleant and the substrate to the degree of effectiveness
of a certain nucleant has been tested for many
con*inations of materials*'"*>>>*%_ Although there are
exceptions*™™>*  Jattice misfit seems to be the parameter
that determines the effectiveness of a substrate. The
f1*r factors are difficult to quantify or calculate.

The lattice misfit between respective planes of the
nucleant and the crystal can be described iIn terms of
angular difference between the crystallographic

directions of the nucleated solid and the substrata? as
Tol lows*®*:

10



(d[uww] *cos0) = d[uvw\"

- drowwgt

(M2) . ~ ili . 3 X100, .2,2
where,
(hkDg is a low-index plane of the sx:ibstance
[uw], 1s a low-index direction in (hkl),
d[uvw]” 1is the interatomic spacing along [uww]g
(hkD)j, 1i1s a low-index plane in the nucleated solid
[uw],, IS a low-index direction in {hkl),,
d[uvw],, is the iInteratomic spacing along [uw],,

n

0 the angle between [uww],, and [uwwl.
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2.1.1. Nuclsating Machanisms in Stainlasd Staals.

Cast steels may be classified under two main categories
if their solidification history is taken into

consideration:

(1) the ones in which 5-ferrite is the initial
solidifying phase,

(i1) the ones in which austenite is che initial
solidifying phase.

This classifTication is of utrficst importance iIn view of
the fact that their crystal structures and lattice
parameters are different. Hence they need different
nucleating agents which have at least one atomic plane
symmetrical with that of the respective solidifying
phase.

The size, distribution and shape of the initial
nucleating phase will determine the final cast structure
via transformations like

1. 5-Fe + Liq -> 7-Fe

2. b5-Fe T Liq -> 5-Fe

3. Lig + 7-Fe -> 7~Fe

In the First case, the austenite phase starts to form at
the grain boundaries of 6-Fe which is rich in carbon and
other austenite forming elements due to the inability &t
the solution to even out the solute pile up under normal
diffusion controlled conditions. Thus, as the number of
6-Fe grains per unit volume increases, the number of
nucleation sites for the austenite phase and in turn the

12



number of austenite grains increases resulting in a finer
as cast structure. The other two are cases in which the
initially solic’ifying phases, 5-Fe or y-Fe are raiained
as the final phases and there is a one " one
correspondence between che initial number of nuclei and
the final number of grains.

The initial nucleating phases and the subsequent
transformation that takes place during solidification
depend on whether the ferrite forming elements or the
austenite forming elements dominate the constitution of
the melt.

It Is possible to predict the initial nucleating phase by
making use of tne appropriate ternary of pseudo binary
phase diagrams and to choose a suitable nucleating agent
accordingly. This 1is i1llustrated iIn Figure 2.2 which
shows a pseudo binary diagram of the Fe-Ni-Cr system.
Depending on the composition of the alloy chosen, the
initial nucleating phase may be 5-Fe or y-Fe.

These nucleating agents should have a habit plane similar
or symmetrical to one of the atomic planes of the
solidifying phase although the lattice structures may not
be the same. A hexagonal Jse packed nucleant may
nucleate a bcc phase if certain coherency exists
between their two respective atomic planes which are
mostly close packed 1low 1index planes of the two
structures. Figure 2.3 shows how this m.atching takes
place between the respective atomic planes of several
known effective nucleating agent? and 6-ferrite. The
lattice disregistries between some carbides and nitrides
and 5-ferrite are given in Table 2.1. Additions, effective
concentration ranges and probable mechanisms of the grain
refinement process are classified according to initial
solidifying phases in steels and given in Table 2.2.

13



rigur* 2.2 Pseudo-binary phase diagram for iron-chromim-
nickal alloys.

Tabla 2.1 Crystallographic data of tha affactiva nuclaating
agants for 8-iron

A\
Compound Cry»t«l Syiit«m WtinNice ParaiR«t«r Latticc ParaiMtcr Disrcgiatry %
at 25C at 1500*C

TiN Cubic N*C1 4.24% 4.308 3.9

Tic Cubic NacCl 4i)27 4.390 5.9

SiC Cubic Zn3 4.359 4.3954 6.0

ZrN Cubic N&CI 4.560 4.6X0 1.2

ZrC Cubic NaCl 3.6"6 4.744 14 .4
5*—e Cubic Body-Cent - 2.93151 -
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rigur* 2.2 P8«iido-binary phas« diagzauo for iron-chroaluai-
nick«l mlloys.

Tablo 2.1 Crystallograiphic data of the ttffacti®ra ntsclttating
agants for S-iroa

Compou d Crystal Syst«» Lattice Parameter ! lattice ParaMuer Diaragistry %
at 25*C at 1500°C

TIN Cubic KaCl 4.246 4,308 3.9

Tie Cubic NaCl 4.3:;:7 4.390 5.9

SiC Cubic ZnS 4.3119 4.3954 6.0

2rN Cubic Had 4.5i;c 4.610 11,2

ZrC Cubic NaCl 4.6<6 4.744 14.4
6-Fe Cubic Body-C«snt - 2.93131 -

14



N m 5~F«rrit®r P * TiN
@
(0001 )™v//7@10)n

Figura 2.3. Schematic rapresantation of atomic plalft
matching betwaen (@) iron and TiN, (o)
iron and fiC.
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inltlsS
Nucleating
Phase

S-ierrite”

or
a-ferrite

y-austenite

Table 2.2

The Most Effective
Additions

Ti

Fe-Ti

Ti + AlIjO,
Aljo, + N, gas
Ti + ALLOJ + B
REM

Ta

Ca (CN)
Fe-Cr

IREM

FeSiZr

Ti and/or B

Sunur”T of ef£fectiv« Inoculating and alcroalloylng agtnt®v f£oc
8t««l« clasalfl«d according to initial nnelaating phas*.

Concentration Range
in which Refining
icay be expected

‘“Ffrairi— o X W “

Al 0,005 0,
N 0,0001 0,1%
3 0,003 0,051
REM 0,01 1.0%

No concentration
ranges are specified
in litereture

Probable Mechanisms

AijOoi mx\" act as substrav-ev “or fill nucleatlon proEably
due to its high surface oi.ergy In the melt. In turn,
TiN »Ffill nucleate 6-fc rite or o-ferrite due to low
lattice disregistry between TiN and nucleating phase.
B, REM, K, Ti are known to proip.ote constitutional
supercooling. REM oxides or sulfides also act as
substrates.

The mechanisms are not clear but RG are icnown to have
low solid solubilities in iron and are potential
constitutional supercooling promoters. High mei< j
oxides or nitrides may also act as substrates si<

they have a high surface energy in the melt. Fe-Cr
and Ca(CN) additions should b« made just before or
during pouring of the melt and at a low superheat due
tr fading effect.

B, N, Ti iwy have a beneficial effect since they are
known to be constitutional supercooling pyomoters.



As can be seen from these tables several effective
nucleating agents, the best being TIN, ha mbeen used for
the nucleation of 6-ferrite. However for the austenite
phase, there is no reporteo nucleating agent which has
low lattice disregistries on close packed planes and
directions with respect to thise of austenite The use
of a few modifiers such as rare earths** and FeSiZr*** for
steels which solidify initially as austenite,- has bee”
reported. However, the [luecharisms whereby these
materials influence ttie nucleatio: of austenite are not
well understood.

It appears that rare earths promote consti (rational
supercooling due to theii low solubilities In auw,:.ealte
and the steep liquidus lines of the respective

systems**_. The nucleating agents used for 6-ferri” -3 hd/e
disregistries of more than 10% with respect to austenite
and are therefore unsuitable as nucleants of this phase.

Nucleating agents when added to the melt may remain solid
throughout the proce.":”3 or they may dissolve in the molten
metal. Soluble additions can only be eff< live If they
form an intermetallic stable compound before the liquid
reaches 1its liquidus temperature. Particles of the
intermetallic compound may then act as ready surfaces for
the nucleation of the major solidifyinc phase. -eover,
these endogenous particles which form in the _-i.t also
need ready nucleation sites themselves. For example it
is believed that Al,0J particles in molten steel act as
substrates for TIN which In turn nucleates 6-feirite”™” ,

The fonnation of inert ana stable compounds, in the melt,
havin<™ high liquid - solid interface energies may promote
the nucleation rf the y phase by decreasing the overall
free energy of .+e system.

17



As can be seen from these tables several effective
nucleating agents, the est being TIN, have been used for
the nucleation of 8-territe. However for the austenite
phase, there 1is no reported nucleating agi;nt which has
low lattice disregistries on close packed planes and
dire 1ions with respect to those of austenite. The use
g; a tew modifiers such as rare earth.s’®* and FeSiZr*** for
steels which solidi;:y initially as austenite, has been
reported. However, the mechanisms whereby these
luaterials influence the nucleation cf austenite are not
well understood.

Tt ny%™"ars that rare earths pronote constitutioiial
fiipei ".ooling due to their low solubilities xn austenite
ar the steep liquicius lines of the respective binary
systeins¥™. The nucleating agents used for 5-ferrite have
disrevjxstries of more than 10% with respect to austenite
and are therefore unsuitable as nucleantsi of this phase.

Nucleating agents when added to the melt may remain solid
thioughout the process cr they may dissolve in the molten
riK;tal. Soluble additions can only be effective 1If they
form an intermetallic stable compound berore the liquid
reaches its liquidus temperature. Particles of the
intermetallic compound may then act as ready surfaces for
the nucleation of the major solidifying phase. Moreover,
these endogenous particles which form in the melt a.lso
neei ready nucleation sites themselves. For example it
is beJdieved that AIl1703 particles in molten steel act as
substrates for TiIN which In turn ;iucleates 6-ferrite™*”.

The formation of inert snd stable compounds, in the melt,
having high liquid - solid interface energies may promote
the nucleation of the v phase by decreasing the overall
free energy of the system.
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2.2 Growth

The growth mechanisms of alloys and impure metals are
quite complex due to the redistribution of solute during
solidificat: on,

This can cau?;e the growth iiiorpholDyy to change from one
type to another and solute segregatior. to occur on both
a microscale and a macroscale. Before reviewing the
solute redistribution effects, if; would be helpful to
become familiar with the terminology used frequently in
this field.

<@) The growth rate, R, js a measure of tne rate of
advance of the interface between the liquid and the
solid,

(b; The temperature gradien;, G, is usually taken to
refer to the gradient ;i the liquid away from the
interface in the direction of growth.

(© T.he diffusivity, D, determines the rate at which
atoms can move in the liquid. For all metallic
liquids D is of the order of 5 x IC*tm™sec”\ In
solids it is 10’®cm“sec™ for common metals just
below their melting points.

(@ The equilibrium distribuuion coefficient, k» Iis
defined by the phase diagram, assuming the liquidus
and solidus lines "o be straight:

[/t soluta conconczatlon in tha solid! at taat?eratax» T -ia'i
“ solute concentration in tha liquid at the samo cosjpflratur#”

(e The slope of the liquid’« line 1is given the
symbol m.

18



2.2.1 Solut* Rftdistributioa by Diffusion.

Considering an alloy with an initial composition of Co
and ko< 1, on cooling dow, to temperature T, the f"rst
solid to form will have a composition of CY%o (Fiyuie
2.4) . Due to the rejection of solute into the Immediate
vicinity of the solid-liquid boundary, a local solute
enrichment of tit liquid will occur. Solute diffusion
will take place down the concentration gradient into =he
liquid whose solute concentratior away from the interface
is Co (Figure 2.5). Since this solute pile up cannot be
evened out by .’mal diffusion rates which fall behind
the rates, of g*ci"\h under _.normal conditions, " e next
element of solid deposited will have a composition (€ +
8c,,)kg, where I)X» represents the local enrichment, and so
on. When the temperature at the interface aecreased to
Tj, the concentration of the liquid just ahead of the
solid-liquid interface will be Co/kg. At this moment”™ the
lig lid is able; to freeze solid of composition Cg. When
this occurs, the steady state has been attained and the
solid, which K? formed from the liquid layer enriched in
solute B atoms, 1is the same as the liquid drawn into this
layer.

The solute distribution in the liquid ahead of the solid-
liquid interface at steady state 1is given by the
equation***:

where x 13 ths distance ahead of the solid-liquid
interface and the boundary conditions are;

@ x =o, C C,./k,,

©® x=0mo C C,

19
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A short, steep pile-up is produced at high growth rates
and for low solute diffusivities. nsiderable amounts
of solute may accumulate at the iInterface for systems in
which ko is very small.

E'or solute concentrations higher than about 0,5%, the
solute pile up effects are very marked and the morphology
of the interface changes to non-planar™**. Under these
conditions equation 2,4 is no longer valid, although it
can be used to give an approximate indication of the
solute distribution near the interface.

If the slope of t'ne liquidus line, K, iIn the A rich
portion of the phase diagram chown in Figure 2.6 (&), is
assumed to be conrtant, th equilibrium [liquidus
temperature, Tj,, is given by

T =T, - MC o e 2.5

where T, is the melting temperature of the pure hetal and
C is the composition of the liquid. Under steady-state
conditions, the interface temperature, T, of an alloy of
initial composition, Co, Iis.

For a solute distribution given by equation 2.4, the
equijibrium -liquidus temperature corresponding to
different points ahead of the interface will be

20



Figure 2.4 Thermal equilibrium di«g,7am for two metals
forming a continuous range of solid solutions

Oomgo 00

Distance

Figure 2.£ The solute profilo ahead of the interface
during steady-state solidification with
solute distribution by diffusion only
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Figur« 2.6 Ccnstitutional sup«rcooling
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The temperature in the liquid at a distance x from the
interface is given by

T =T + GX e e e e e e e ecaaaan 2.8
where G iIs the temperature gradient in the liquid ahead
of the interface.

During solidification, within a certain region ahead of
the interface, the liquid may be at a temperature lower
than i1ts liquidas temperature as the thermal gradient, G,
varies together with the position of the solidification
front; this phenomenon is known as constitutional
supercooling (Figure 2.6 (¢) and (d)).

To promote corstitutional supercooling ahead of the
interface, the criterion 1is:

2.9
Tx

Using equation 1J.7 this criterion can be made much more
explicit:

G/R < me,, @ - i) ,2.10

Here, the terms are grouped with growth parameters on the
left hand side and material and system param.eters on the
right hand side. Using this equation, the conditions
which will promote constitutional supercooling can
stated as:

() shallower temperature gradients in the liquid
(ii) high growth races

(iin) “teep liquidus lines

(iv) high alloy contents

) low diffusivity in the liquid

(vi) very for k, < 1.
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2.2,2 Constitutional Undercooling

In the prfisence of constitutional supercooling, the

undercooling is:
AT = TH = T e e e e e eaaeaaaa .2.11

Using the equations for Tj, and T (equations 2.7 and
2 .11), undsrcooling can te expressed as;

Ar- — [T ~exp (- M) 1 - G X.orrrrrreerreeeeene 2.12

and the maximum undercooling can be found by
differentiating the above equation with respect to x and
substituting the value of x which satisfies the

condition:
2.13
in equation 2.12 which gives:
Ar . BX 14

R GDk~

This maximum undercooling occurs at a point given by

X =M m1 - 1o 2.15

This treatment is valid when solute mixing in the liquid
is the result of diffusion only. However/ it can be
modified to allow for partial or complete mixing in the
liquid™*. %
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2.2.3 Grofth Morphologiaa

Growth morphologies in a cast structure depend on the
composition of the alloy and on the thermal conditions.
They can be classified aa:

O) Planar interface

(ii) Cellular interface
(i11) Dendritic interface
(av) "ndependent nucleation.

Thesf® forms of iInterfaces are shown diagrammatically 1in
Figure 2.7, which also shows the influence of
undercooling on the transition from one mode of growth to
another.

a) Planar interface

IT the temperature of the solid liquid intierface is just
below the solidification temperature - that is slightly
undercooled ~ as 1is the case 1iIn pure m.etals, an
irregularity on the surface of the selid front will find
itself in a melt of temperature higher than its melting
point and melt away to preserve the isothermal interface.
Thus the growth pattern t~kes the form of a smooth planar
interface. Freezing can occur in this manner when the
latent heat of solidification is insufficient to reverse
the direction of heat flow iIn the liquid adjacent to the
interface. This condition is promoted by steep thermal
gradients and slow growth rates.

an Cellular Interface

The cellular structure is a transition IiInterface
morphology which is typical of a less marked ™" "~crcooling
than that promoting a dendritic growth pattern. It
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always precedes the dendritic form and is produced a
cluster of hexagonal rods which grow into the liquid

(Figure 2.8).

Growth direction

@ (b) O @

increasing undercooling
decreasing vaiue of ®/pratio

Figur« 2.7 Influence of undercooling on interface
eiorphology and mode of growth (@) Planar
interfice, () cellular interface, (©)
dendritic growth, (d) i1ndependent nucleation

Growth
di-ection

Figure 2.8 Cellular substructure formed by \indercooling.
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When a certain level of undercot"jling is reached, the
dendritic mode of growth starts to appear on this
cellular substructure by the preferential development of
a limited number of cells.

(i11) Dendritic Interface

In most cases, the growth rate of the interface is so
high as to cause heat flow into the melt. This results
in a reverse thermal gradient ahead of the interface.
Thus the mininum temperature in the liquid is no lo-"\ger
adjacent to the interface. This phenomenon allows any
protuberance on the solid front to become stable and act
as a centre for preferential growth. These local growth
centres can probe further into the undercooled liquid and
grow dendritically (Figure 2.9) . This 1is the type of
growth most commonly encountered in the freezing of
commercial castings of solid solution alloys. The
primary axis of the dendrite is the result of preferred
growth at an edge or corner of an existing crystallite.
This projection develops/into a needle and subsequently
a plate in a particul”~crystallographic direction which
is for example the <100> direction TfTor cubic metals.
Growth of this primary axis 1iIs then inhioited by the
latent heat of solidification as in the case of the plane
front growth pattern. But secondary and tertiary
branches can develop by a similar mechanism to that which
led to the growth of the primary stem.
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(v) Independent Nuclcatign

T;f solidification takes :>lace under a shallow temperature
gradient or at a very high rate, the undercooling may be
sufficient to promote fresh nucleation at points distant
from the main interface. Under these conditions, further
solidification produces equiaxed grains such as are
frequently present in the central zone of castings and
ingots. The degree cf undercooling tt which this will
occur will depend upon the potency of the nuclei present
and Kill be affected by other conditions which wa.11 be
discussed in detail at a later stage.

fhis purely thermal explanation of the equiaxed structure
has so far assumed that ail such grains originate from
heterogeneous nucleation 1iIn situM’. Other mechanisms
contributing to the formation of this are edi™MiImined in
detail i1n the following sections. ; C
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with a direction of growth parallel to the direction
of heat flow (normal to the mould walls) As
discussed earlier, the growth morphology of columnar
grains can vary froi )lahar to free dendritic.

Figur« 3.1

Mold Mold
wall wall

A 8«"»_tion through a Xurgm ingot, auma th«
three basic zones of freezing th*,t may bxi
found In a casting.
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3. THE STRDCTORE OF CASTINGS

Three distinct zones form in almost every casting*""”*.
The presence and extent of these zones depend on \he
thermal conditioi s and alloy variables : indicated
earlier and the inherent nucleation and growth conditions
in the liquid.

The threp zones, shown schematically in Figure 3.1 can be
described as:

The chi]] zone rthich forms in a narrow band next to
the mould wall, and consists of small equiaxed
grains. These usually have a random orientation and
are nucleated by either impurities or irregularities
(like cavities) on the mould wall**. After
nucleation their further growth is retarded by the
considerable degree of supercooling due to the
chilling effect of the mould walls which are usually
at room temperature.

Alsc, since the nucleation rate is relatively rapid
due to this undercooling, many grainr will nucleate
within a small period of time limiting each other®s
growth. Thus the average grain size 1#r; this zone
will be very small.

The chill zone is only a few grain diameters thick
and has little effect on ingot behaviour during
deformation. How,-ver it may be a desirable feature
of iIngots &. it pto\“ides an improved surface finish
after rolling.

Th columnar consists of large and elongated
crystals extending inwards from the chill zone.
Ther;e gi dins have a very strong preferied orientation
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Columnar grains may show segregation*.
Intertiendritic segregation will lead to low-melting
material or second ph“ises between dendrite arms
which can lead to hot shortness or poor ductility
during rolling. Because the columnar crystals are
extremely large, the overall grain boundary area 1is
small and even small amounts of interdendritic
segregation will have a significant influence on hot
ductility. During hot working, cracks are lik3ly to
initiate in the columnar zone due to its iInferior
deformation characteristics.

Since the columnar crystals will persist provided
that the conditions are not favourable for the
formation of equiaxed crystals, control over the
columnar growth is normally exerted by inducing the
formation of equiaxed crystals. It 1s this control
which s foremost in the control of the overall cast
structure.

The equiaxed zone lies at the centre of the ingot and
represents the last metal to freeze. |In this region,
the crystals u.-:ually have a grain size larger than

that of the chill zone and have a random orieijtation.

Various theories have b”en proposed to explain the
origin of the equiaxed zone in castings.

Essentially, tiere have been four theories on the
mechanisms of formation of the equiaxed zone which

can be summari7,ed as follows:

)] It was initially proposed by Winegard and
Chalmers*** that it is the constitutional
supercooling ahead of the columnar growth front
which provides the thermal driving force for
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independent nucleation to occuir at the later
stages of solidification. As the solid-liquid
interfaces that start from opposite sides of a
mould approach each other at the centre of a
large iIngot, theilr respective zones of
constitutional supercooling eventually overlap.
This s shown schematically in Figure 3.2. The
figure on the left hand side represents an
early stage in the freezing process, while the
figure on the right hand side represents a
later stage when the zones .-ome together.

At this point, a very large amount of
supercooling can occur in the liquid near the
centre of the ingot for two reasons. First,
the concentration of solute in the liquid
just ahead of the interface tends to increase
with increasing growth of the columnar zone,
tnus requiring lower and lower temperatures at
the interface for continued solidification.
Second, the temperature at the centre of the
ingot tends to approach that of -he
interfaces siS the latter get closer together.
This suppresses the slope of the thermal
gradient in the liquid considerably, and
promotes constitutional supei;;cooling which 1in
turn enhances the independent nucleation in the
liquid at the centre of the casting.

However, tlie existence of constitutional
undercooling, alone, cannot explain fully the
formation . the qulaxed zone. The origin of
the nijat."! fi = n"hicl: “ eaviaxed grr Ins grow
needs &> oe explained. Various thnor“es have
been proposed iIn tkis rogard .
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iv) to act as promoters of constitutional supercooling
in the liquid ahead of the solid liquid iInterface,
so providing the required thermal driving force for
the solidifying phase to nucleate on substrates
present within the supercooled region,

V) the additive or its stable compounds may nucleate
the nucleating agents which in turn will be
nucleating the major solidifying phase.

These major mechanisms still need further clarification.
In rhe case of steels the problem is much more obscure,
since modification of these alloys was achieved recently,
and only to a limited extent and for certain grades. A
sunmiary of selected works on the chemical grain
refinement of steel alloys is given in Table 4.1. Thus
further experimental work 1is required to develop
practical methods for foundry applications and to collect
sufficient and reliable data for the theoretical
explanation of the phenomenon.

It will be helpful to describe the properties of
potential agents which could take part in one or more of
the above mechanisms. The surface characteristics of
such agents as well as their physicochemical properties
are of fundamental importance.

4.1 The Effects of Solute Redistribution on Cast
Structures

Solidification usually takes place under non-equilibrium
conditions and therefore the rate and form of solute
redistribution vary throughout the solidification
process. The solute concentration gradient at the solid-
liquid interface is believed to cause the different modes
of growth patterns all of which may be observed in a
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The 'Big bang” theory” proposes that the
nuclei for both the columnar and the

equiaxed zones form during nucleation

of the chill zone. These nuclei then either
grow as columnar crystals or drift ihto the
central zone to become equiaxed crystals. The
formation of equiaxed crystals blocks the
further growth of the columnar fronts, and thus

-
-
o/

gives out the typical ingot centreline

structure.

Solid

Regions of constitutional.

/ supercooling
X
/ \ Freezing temperature \
A (liquiduE)
Temperature
of liquid
Distance Distance
QY ®

Figure 3.2 The developaent of th® conscitutionajily
supercooled region at the centra of an alloy
ingot that produces the central equiaxed zone
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iii) The nuclei of the equiaxed grains may also
originate from the remelting of dendrite
branches™. During dendritic growth a solute
rich layer builds up iIn the vicinity of the
dendrite tip. Any side brailches must grow
through this layer and this leads to the
formation of a neck of lower melting point
material which in turn has a great tendency to
remelt in the presence of thermal
fluctuations. These thermal fluctuations are
attributed to natural convection of melt filling
up the voids which are formed due to shrinkage
during solidification. The downward flow of
liquid is also a contributing factor”. The
presence of large temperature fluctuations
during growth, and the close correlation between
convection and the development of the equiaxed
zone has been, shown by direct observations”.

iv) Another distinctive theory*“ ™ 1is that
independent nucleation takes pJace at the free
surface of the ingot. The solid particles
shower down into the liquid ahead of the
columnar zone, growing as they descend. The
nuclei may simply be considered as free surface
dendrites which sink due to gravitational
effects, or alternatively, dendrite remelting
may contribute to the phenomenon.

There is no clear evidence yet as to which one of these
major theories or of other minor oaes™”"* generates the
equiaxed zone, but it is highly probable that two or more
mechanisms may be contributing, together with the
constitutional supercooling which is the prime
requirement to providd the thermal driving force for
nucleation.



As the grains 1iIn this zone are smaller and randomly
oriented, unlike columnar grains, the equiaxed zone is a

desirable feature 1In In"Tots. The benefits, such as
improvement iIn impact -pesties, hot workability,
greater resistance to . 1ification cracking and grain

boundary corrosion that Ly arise from a larger equiaxed
zone and r turally a smaller columnar zone, justify the
concerted efforts that have been made to enlarge the
former at the expense of the Ilatter iIn castings of
different alloys.
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4. MgCHANISMS of CHBMICAI, SR™M WEFII

The addition of some agents to molten metal just before
pouring or during pouring to enhance grain refinement
through 'quasi”-liquid state reactions can be considered
to be a orocess chemical 1In nature.

Even though great iImprovements have been attained in Al
and Mg alloys as well as cast 1iron, the mechanisms or
reactions taking place in chemical grain refinement are

not clearly understood. The functions of additions in
different alloys may differ due to the unique
solidification process of each alloy. [In addition there

may be more than one mechanism involved 1In a
solidification process.

The probable functions of additions in a specific alloy
may be one or more of the following:

i) to form stable compounds in the melt to act as ready
sites for the nucleation of the solidifying phase,

ii) to wet the surface of the substrates already present
in the melt thus lowering the interfacial energy
between the substrate and the nucleating phase or
they may increase the interfacial energy between the
melt and the substrate making nucleation easier,

ill) to poison the nucleation of growth steps of the
solidifying phase thus suppressing the occurrence of
both phenomena down to lower temperatures. This
results in the multiplication of nucleation centres
and slower growth rates which in turn yield a
refined cast stivwpture,
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T«dbl« 4.1

Cradu of Bma
Motal

Purn lIron**

17% Chromium
Stainlas*
Stet 1*""'»”

4

18/10/3
(AIS1316)
Stalnlut*

Th« Mo»t
Effecclva
Addition*

TIN, Tic,
SIC, ZtC

TI, A".,0, B

F«Cr,TI, V,N

Wt» of Addition
In Cast natal

[ ]
T 1,0
B 0,005
Tl 0,10
\ 0,70

- -
4 wvi 1S

m<m),.——ir.

rrobabl* Mechanitms of Grain Reflnament Reported MechMnieal Propertie*

Addition* act a* cubttrate* which hav« low planar
dilsrcglatrle* with the t-farrlt« a* given below:
N 9

TIC 5,9
2rN 11,2
Zrc 14,4

Ti react* with N end forma TIN particle* which »e«» to
nuuleflts on oxide particle* pi;«iiaMlbly A1,0] or Ti.O, or
SIC,. The TIN particle* act a« »ub*tiates for 8-f»rrite

gn? have a planar dl*regl»try with *-ferrite a* given
elow:

(113),//(001),, - 3,4%

The nucleation of TIN on Al1,0, nay be due to one uf the
following:

1. The higher curface energy of Al]0, In liquid atw«l

due to It* high melting point.

2. The de*truction of bond* between aluminium and
oxygon followed by formation of a nanolayer of TIl-«tom*
re*ulcing in low wettIn? angle, and a decrea«o in the

work of nucleation of TIN.

Klcrogen, Ti, V are «uitabla element* tor pronoting Inoculation ~lth different aaterial* had no
constitutional lupercoollng. FeCr when added at 30*C narked effect upon the mechanical propettie* but
euperheat and with 0,2% Nitrogen content gives an inoculation with mixture* of oxide* had a
equiaxed structure probably due to Dicrochllling <feleterioo* effect on impact properties and
behaviour. ductility. A significant improvement in the

tensile strength and proof *tre*« value*
accompanied by a alight iMprovament in in «ct
p~opertie* 1* expect”.

-
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Table 4.1

a Giads of 3aiie
Metal

18/8 St*inl»»*
Stael”*""

"34 Mn St«el”*””

Low Inter-
itltial 13% Cr,
2% Ko™

25% cr - <% K1 -
4% N3*

26% Cr - 6,5% N1
- Stainless
Steal Weld™

The most
Effective
Additions

Iricrecox« N1
content or Ti,
Nb. V, Zr

Ca(CN) and
nltrlded re-Cr

Ti, m
Ti > @

Ti, Al

Filler Material
used was of
similar
composition to
base metal

Wt % of Addition
in Cast Mstal

Ni 12
Ti 0,1
Nb 0,5
\Y 0,e
Zr 0,5
N 0,03-0,04
TI C,45
Ti 0,27
+
Nb 0,12
Nb 0,40
N 0,006-0,009
Ti 0,60
Al 0,076
N 0,012
Ti 0,26
Al 0,17
N 0,265

Al (Held) 0.01-
0,2

N (Held) 0,002-
0,06

Vi

Probable Mechanisms of Grain Refinement

Higher nickel content and low superheat make it
po.siblB to obtain a refined structuie, probably
through the occurrence of constitutional super-coollnqg
die to these additions.

TIN acts as the nucleating agent, and is itself
nucleated probably by AI0j and surrounded .%y titanium
yulphlde. TiN starts to precipitrte at 1520*C.
Sf'""cture is coar&gr with a slower cooling rave.

Above »echf.iism for 18% Cr, 2% Mo uteel also valid
for this " .oy.

Fine carbides at the “rain boundii -and titaniun
caibonltrlde* act as growth Inhi>__ "jrs. Centre of the
grains is aluminiun-rich. Aluminium nitrides or other
nitrides and carbides of appropriate site can oxist as
stable nuclei in liquid metal; these oay at;t as sites
for the formation of small, individual dendrites
during cooling of weld metal. Very narrow
solidification range aiould pronote rapid freexing and
limit grain growth in the weld deposit. A pericectic
reaction nay involved and provide an additional
source of graitt refinement.

KEZSCBA

Ri»”rted Mechanical Properties —

Aluminium containing weld showed an elongation
of 173% as compared to the SI% exhibited by a
coarse grained alloy. The maximum superplastic
elongation was obtained at an (Aluminium to
nitriigen ratio of about 1,8 to i. "he finest
grain size was found to correspond to the
highest elongation value.



Tabls 4.1
Gr'de of
wWxai

High Strength

St i*™>*

0,1% g
1,7% H~

18% Cr, 10% N1
amtenltic
mtalnlas* steal
@B-f«rrit«
nuclaating)*"

T1% Cr Karri tic
»talnl«»s ateal™*

18% Cr, J0% SI
(y-nucJeatlng)™

T,)* Molt
Effautlvo
Additions

T1 and B

Fo-TI, T1

T1 tAlCj
(rc-TlI had ~,4
w/o0 Al aa
ImpLrity)
F«-T1

r«-Ti ¢ a

Fe-rl

Fa-TI

Sunaouiry ct <£fae%lv« Inoculating

Hi % of Addition

In Cast Matal

T1 0,014-0,060
S 0,003-0,04
N 90ppm

Ti 0,51-0,95
Al 0,080-0, 1«
N 63pf>m-
1SIppm

T1 0,51-0,85

TL 0,45
a C, I8
n 0,40
T1 0,713

"3 #FNAS

-V

and adcroalloylng «g«nt« for Iron and Its

rrobabla MFIChanltma of Gral.i Kaflasmont

A moderat* rvductlor In the prior auat ~raXn slza
wi;x noted with th» aiidlt®on of tltanluia ma boron.

Tha flnaat grain «lz* wa* obs«rv»d In the wald with
the Fe-Tl addition# only. Baron acta a* i pr"not"I® of
constitutional undarcooilrj on o.illdIflcatlon «Inc«
Ite P fector (P>m(1-Sco)/ko ji> consldarably higher.

since the l.lvlal phaae != #-f*rrite the above
mechanisms are also vajid for these grades of rteel.
The high nucleation rate of 8-f».riite results in a
refined, equlé&xei austenltu nlcrostructure in C-Mn
stools because of the ptjxltectic r«actlon. Only «
fraction of the TIH particles are effective as
nucleation sites because of the artciitlonal requirement
for sufficient undercooling at the partlcle/aieit
Interlace. Compiaf.o roflnement of th« solidification
structure Is achieved only whan both a critlr™l number
of TIN nuclei in th™ melt is exceeded (contio od by
Al ard to a smaller extent TI< and wh«.t a mil »jm
level of undwrcoo®lIng Is present In their vicjnlty
(controlled by ri), Addition of F»-T1 t ”~ boror
produced evun finer grains at lowei; T1 entratlon.

Crain reflneirfinl does not occur oittwvn thore is no
epitaxial relationship between TIN and f-phase

/[f

alloys (ContiniMid)

Reported Mechanical Properties

Transverse pold tensile toats Jive rescltB froe
*47 tv 923 MPa. Another test piece gav« 10J0
i4Pa and 14% elonyation. The addition c.f boron
and tltanlun has also Indicated an increase in
the weld metal hardneas, most likely by solid
solution hardening and also resulted in a drop
of the uvarage orittle-ductlle transition
temperature.
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Trnbl* 4.1

Gr»da of nat«
Matal

0,10-0,15 C,
i,0 NI, Mo Tool
Ste«l ™

AIS1 4330 Stoel”*

MS1 304 and
31S»*

AISI C1018
Steal***

Th« Mo»t
Effectlv»
Addltlo.i*

Sr, 7Zr, Y
Nb

fe-Tl+ Fo-B
Alt Calslbar
M* RRIL

FoCb, FeTi,
F«v,r«B, TIC TI
< TIC

Ti + ZiC

Wt % of Addition
In Catt Matal

sr 0,02

Zr 0,0012

Y 0,47

Nb 0,01

Al 0,13
CaUlbar 0,10
REM 0o, U
Tl 0,£0
a 0,10

All Fs alloys ar*
added at about O, b

wit%

Tl 0,3-0,5
TIC 0,3-0,1
ZrC 0,3

1

Probabls Mechanisms of Grain Roflnpment

v a®uum melting of steel givea a grain reflnect
stru™-"turr> due to low gas pre»-sure vhlch redi“cos the
soluulllty of carbon In iron and enhances cor.stltu-
tlcnal supercool Inc;.

Boron promotes concticutlonal super-cooling, Tl forms
carbonltrldes which ate believed to serve as potent
s"jbslrates. RCM have a very low solubility in steel
and may provide sufficient constitutional super-
cooling.

Cb, TI act as grain growth restrilctors anhanclng
constitutional supercooling. TIC, V, 3 _.rovide a
source of foreign nuclei

Reported Mechanical

Modified steel shows a high ievei of mechanicai

Properties

properties with extreme toughness at both
normal and subiero temperature..; probably

because of y.

Grain refinement

increase* the tensile strength

and hardness but a®"so Impacts an >mbrittling
effect on the metal. Thl*
the result of an intergranular precipitate
causcd by theia additions.

2SS X

is believed to bs

>
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Xabl* 4.1 Sunutzy of effactd-vin inoculating and microalloyiag; agents tor iron, and its alloy* (Coatiauad)

Gik<to of Bas* Th* Moat Effactiva
Mtal Additiona

Plain Carbon Cm

Sta. ™

Low Alloy Steel* M

_IO AISI 430 Ti, Co-borat»»
othar borataa
High Sp««d Mo, V, S
Steal"™*
(0,75% C, 4% Cr,
ic% N)
0 40Cr4 Staal™” Fa.MTi,
F«>].T1B
Fa-3,3 Si TIC + IrB,
Fb-0, 55 SI*” SI,N,

3

«ft * of Addition in
caat Matsl

0,025

0,5 kg par ton of
ataal la added

Addad at a rata of 1,5
kg par ton of ataal.

TIC 0,5
ZrB, 0,5

Prub«bla MachanJasia of Grjin Xa.finanan;

Ca incraaaaff tha rate and atabil,f.ty of
cryvtiil Illation

Ti forma TiK, thia acta aa nuclei Cor ferrit*.
Co-borataa and othera promote conatltutlonal
aupercooling.

Sisulphides of Mo, N and V act aa aubatratea.

Tie i( effective aa a grain refiner, and ZrB| la
conaidared to be an activc nuoleant. Si,H,
react* with carbon foraing SIC which la ahom to
be an effuctive nucieant for ferrite.

Reported Mechanlsal Propertiec

Ce Increcjea tha microatructutal denaity,
A.nhlblta aegreg«tlau phenan««a and aodlfiaa
the Borphology af the aulphld* phaae, Hhieh
retulta in high phy~eoawchanloal propertlea
of tha Ino-ulacad abitarial.

tncreaaea dleperaioti harHening effect.

Inproved vear realat.ance

reAlITIB addition gives good hardenablllty.




"V v

Grad* cf Baaa
mtaX

High Strsngth
Lev Alloy

St la**

The Mo»i Effectlv*
Additions

TI, Ax,0,
B

Kt% of Addition
Caat Hetal

TI 0,005-0,230
B 7ppn -41ppn
Al 0,005-0,012
0  303-S62ppB

in

Probable Mechanlaat of Grain Reflnemnt

Since no epitaxial relate™nahlpa were obaerved It
appears tnat Inelualon* nucleate ferrite by acc”itg on
Inert aubatrate*. An Inelualon Mill be a favourable
nuclvatlon alta If a high encr™ Interface exlata.
The Inelualon and the prior suatanlte thus lower the
energy barrier for nucleation. TIO,, Al,0,.MnO, S10,,
HnS and A1,0, would be expected to have high surface
energies.

Compound MP*C
Al,O, 2050
3a),0,.«10, 1850
TIO, -laoo
Sl0, 1723
Al,0, _MnO 1«50
HnS 1«10

1560

Ks”~rtcd Mechanical Propc.rtiei

Nm'T
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sii%le cast structure. Tfie slope and the shape of the
solute concentration profi 2 itself are thought to be
determined by the solidification parameters which are
believed to affect the extent of the constitutionally
supercooled region***= ",

The solidification parameters which determine the nature
of the cast structure may !e classified under two
categories as indicated in equation 2 .10.

These are:

(@ the ratio of temperature gradient (G) to growth rate
(® which has been shown to be a significant
parameter with respect both to the mode of growch and
the Tfinal grain structure produced iIn solid solution
alloys” *™ @@ "'™"*" _

2) the alloy variables grouped on the right hand side of
equation 2.10 include the liquidus slope m, solute
distribution coefficient k,, and initial solute
concentration () . To facilitate comparisons of the
effect of different alloying elements, it is
convenient to equate the right hand side of equation
2.10 to a parameter P as follows:

The progressive change in the G/R ratio will result in
changes i1n the growth pattern on solidification. As the
value of the ratio decreases, the effect of undercooling
becon-:?s more pronounced. The changes in growth
morphology and the associated thermal conditions are
illustrated in Figure 4.1.
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Figura 4.1

InfFlu«v>c« of tomperaturA gradiant G and
fCMnLng rate R on solidificat-ion morphology
of a givan alloy
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Figure 4.1 Influanctt of tttinpArature gradient S and
fr«ezing rate R on solidification morphology
of a 1™iven alloy
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Kith a very high G/R ratio, cellular or cellular-
dendritic growth is observed. At relatively low values
of G/R, columnar growth takes place with a dendritic
morpiiology. The dendrites find themselves 1In a
constitutionally supercooled zone just ahead of the
interface and thus are thermally activated to grow and tc
branch. At much lower G/R values, supercooling Iis
considerable and nucleation takes place ahead of the
interface. The grains that form may grow either iIn a
dendritic pattern or with a spherical morphology as
evidenced by some researchers*.

For exari“Me, 1in continuous casting the temperature
-gradients are quite high throughout the solidification
process. So, t™e cast structure usually shows a fully
columnar moiphology. In ingot casting, temperature
gradients become shallower as the solidification front
approaches the centre of the ingot, and this promotes the
formation of equiaxed grains in this zone.

4.2 Tha Effect of All&y Variabl«s on Cast Structures

As seer; in the preceding section, thermal conditions
influence the morphology and extent of the different
zones iIn the as-cast structure. However fTor constant
thermal conditions the structure will be determined by
the nature cf the alloy*™*. The variables which make the
right hand side of the constitutional sup "looling
criterion can be grouped and named as shown :1n equation
4.1.

A marked change in the cast structure is observed as
a function of the parameter P. Low values of P result in
predominantly orien ted, columnar structures. Large
values of P result iIn fine equiaxed structures.
Intermediate values give a mixture of columnar and
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ecjuiaxed grains.

The dependence of microstructure on parameter P has been
demonstrated wich Ni and AI**, to which various alloying
additions were made. Figures 4.2 and 4.3 illustrate the
dependence of microstructure on the value of P. It can
be seen that Ularge values of P give a fine-grained
(equiaxed) structure whereas small values of P correspond
to relatively I~rge (columnar) grains. exception to
this general ;2suxt is the Ni - 1 at.pet W alloy which
falls below the general trend. Thia discrepancy may be
due to the " ct that tungsten 1is the only element
studied, other (""an cobalt, which increases the melting
temperature of nickel ), > 1) . Also changing the
concentration of the alloying additions to 5 at.pet
(which makes the value of P five times as great as in the
case of 1 at.pet addition) reduced tne average grain size
as predicted by the value of the parameter P.

It was concluded*** that for systems witbh P valuer less
than approximately 10, the cast structure i essentially
columnar,,; and.'7 , grain size decreases; markedly with
slight incr,< : ;un P. For alloys with P>10 the grains
are predokKti » equiaxed ar*A the grain size decreases
with 1Increasing ~ but: the Variation is much less
dependent on P.

It has been shown*” that additions of Ti, Nb, Zr, B and
Y to a 17% Cr stainless steel tend to produce finer grain
sizes in the as-cast alloy. This effect is believed to
be due to the high P values of these elements in the
alloy.
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4.3 The Rol* of Soluta Astivitles iIn Chttmical Grain
Refining of Stainless Steals.

The "limination or addition of certain elements is known
to influence the activity of other elements present in a
solution. This iIn turn changes the solubility lindts of
these solute elements. The relationship betvreen the
activity of a certain element and the coi entrat™on of
solute elements present in the solution can be expressed
as foi OWE, assuming that the solutes

obey Henry®s law of solutions

..................... 4.2
loga® - logf\ + + lcgfj + J—ogf* + log ....4.3
ioga, - Iogf1-+ 4 + log K*™™%1. ... ... ._.._. 4.4

where a 1is the activity of solute 1 in the solution,

7ma -1,...,4) is the contribution of other solute
elemen*:s to the activity coefficient of solute 1, is
the interaction coeffici™nt of solute 1 on solute 1.

Therefore, as the elements which have positive
interaction coefficients on solute 1 are added to the
solution, the activity of solute 1 will be increased,
lowering its solubility in the solvent as demonstrated i

Figure 4.4. The same effect would be fc«xected If the
elements which have negative interaction coefficients on
Eolut i are removed from the solution. The hypothetical
binary system in Figure 4.5 shows how the increased
activity of the solute in liquid and solid will produce
a decrease iIn solubility assuming ideal solution
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4.4. Rolation b«twtt«n activity of «n «lttwnt B
and i1ts solubility in tha systam AB. Casa
I activity of B at tamparatura T in a
binary systam AB. Casa Zl: activity of 6 at
tamparatura T in a system AB containing a

third alamant C, whara «/ has a positive
valua™**
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Figure 4.5

K —
K'o< kd

Reduced solubility of S in the liquid and
Atolid due to an increase in activity of B
<a,} and resultant decrease of the
distribution coefficient
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behaviour. This phenomenon been observed™* iIn vacuum
melting of AIS14330 steel where a refined structure was
obtained when oxygen was partially removed and thus the
activities of several elements such as aluminium, carbon,
chromium, sulphur, silicon, titanium, and vanadium were
increased. Oxygen has a negative interaction coefficient
on all these elements. Also In 17% Cr ferritic stainless
steels, the addition of elements like Ti, Zr and alkali
metads which have positive interaction coefficients on
chromium were dosenved*™**"Mto refine the structure.

4.4 The Rola of Nucl«fition Entropy in Chax&ical Grain
Refinemant. of Staiiix«ss St«al

As the free energy barrier to be surmounted before
nucleation starts is reduced, the number of independent
crystal nuclei in a specific volume increases. This is
deriiunstrated by the statistical relationship:

I - KexXp(--™) i e e o - 4.5
where 1 is the nucleation rate, K iIs a system paramete{r

whose value is determined by nucleus geometry, contact
angle, etc., k is Boxtzroann®s constant, and

Y 4.6

Where y denotes the solid/liquid interfacial energy.

Equation 4.5 can be written as

I - Kexp(~—— = i 47
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where ILSv is the volume entropy of nucleation and AT 1is
the iI17upercooling, to show that the nucleation rate
increases exponentially with the square of the volume
entropy change on s6lidification. Therefore alloy
systems having high nucleation entropies should
correspondingly exhibit fine solidification structures
assuming all other factors are constant*” .

It has been shown”” chat the nucleation entropy for a
phase increases with the composition di~T"erence between
the solid phase and the liquid phase from which the solid
phase precipitates. Also it increases with the number of
components which are 1in Jdilute concencrations 1in the
liquid phase but found in remarkably higher
concentrations iIn the precipitating solid phase. The
role ©f nucleation entropy in the solidification kinetics
several alloy systems was studied”**” and grain
> Ninement was found to be in good agreement with the
-r.,—-Ye=d nucleation entropv »nd corresponding nucleation
of the precipitating phases or compounds on
CColiiTig,

For stainless steels 1t is possible to study the
behaviour of precipitating components which have high
nucleation entropies. These might give;homogeneously and
finely dispersed second phase particles which might
provide suitable nucleation sites for the major
solidifying phase.



4.5 The Problems that may be encomiti”“red during the
Grain Refinement Pro(5es8.

In alloys containing titanium, eutectic type inclusions
hava been found, consisting mainly of titanium and
sulphur” @*>*_ This type of inclusion is undesirable,
because it affects the mechanical properties and reduces
corrosion resistance.

Increased nitrogen content in the alloy would counteract
precipitation of eutectic through nucleation of titanium
nitrides, thus keeping sulphur in solid solution,

Jso decomposition of nucleants (carbides and borides)
may introduce a larger amount of carbon in the melt with
subsequent iiegregation along grain boundaries and
reduction o~ toughness and ductility”*. Furthermore, the
existence 6F high carbon concentrations will reduce the
corrosion resistance of stainless steels. Excess
titanium and boron additions®™may increase the probability
of embrittlement and thus cracking of the finished

material” .
Another major problem, is the fading phenomenon which is
the loss of effectiveness of an inocular.t above a certain
degree of superheat and over a certain holding time.
This is especially true for Ca(CN) and Fe-Cr additions
for austenitic stainless steels” ™ *  To overcome this
problem, further research is required to find suitable
microalloying additions to act as nucleating agents or
grain growth inhibitors or constitutional supercooling
promoters. These additions should have a reproducible
effect in repeated melting and casting processes.
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4.6 Susnmary of tha Mechanisms of Chemical Grain
Refinement in Stainless Stwels.

It can be stated that for tha Tformation of a fine
equiaxed cast structure in stainless steels, one should
develop methods to provide:

(1) constitutional supercooling ahead of the solid-
liquid interface

(ii) nucleation sites to take advantage of this
supercooling and allow nucleation to occur ahead of
™" solid-liquid interface breaking down the
columnar growth front.

In order to provide the above conditions, a modifying
element should have one or more of the following

properties:

(@ 1t should have steeo liquidus lines and very low
distribution coefficients. It should also have a low
solid solubility in iron or decrease the solid
sblubyility of onf <f the components of the alloys in
ferrite or austenite. These properties promote |,
solute enriched liquid-solid interface for

constitutionald. supercooling.

(®) 1itself or its comptunds should be stable at the
melting temperature of steel, i.e. it should have a
high melting temperature and low diffusion rates
during pouring to prevent coalescence of particles.

(© it should have a similar lattice parameter or an
epitaxial relationship in which there is at least one
plane with symmetry and similar to one of the planes
of the nucleating phase.
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it should retard the further growth of the nucleating
phase by poisoning its grovfth steps or by suppressing
the liquidus temperature/ preventing its nucleation
at higher temperatures, that is by lowering the
surface tension of its melt.

it should have a solid-liquid interfacial energy much
higher than that of the nucleating phase. Complex

structured and high melting point compounds have high
solid-licjuid interface energies.:

its density should be comparable with that of liquid
steel for homogeneous distribution throughout the
casting.

there should be a strong electronegativity attraction

between the atoms iIn the inoculant and the atoms 1iIn
the nucleating phase.
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5. y -XPERIMEHTAL PROCEDTOES

5.1 Introduction

The principal expfjrimental procedure c med to study the
modification of type Al31 310 stainless steel by making
small additions of a grain refining agent ox a mixture of
agents to the alloy. These agents were in the form of
alloys or compounds and were selected for their potential
as grain refining additions.

The procedure aimed to achieve the following:

(@ to gain understanding of the solidification process
of AISI310 stainless steel,

G to find a suitable grain refiner for the
modification of the cast structure of AISI310,

(© to find the optimum amount and combination of grain
refining agents necessary to modify the alloy,

(@ to contribute to the understanding of the chemical
grain refining mechanisms of stainless steels,

(© to compare the mechanical properties of modified
and conventional ingots of AIS1310 stainless steel.

A Flowsheet showing the various steps of the experimental
procedure and the various stages of the analysis and
modelling of the results is given in Figure 5.1.

5.2 [IMaterials and Melting Practice

Strips of stainless steel AISI1310S, whose chemical
composition 1is given in Table 5.1, were provided by
Middelburg Steel and Alloys <Pty) Ltd. These strips were
cut into smaller sizes to fit in the melting crucible and
cleaned by sand blasting to remove the oxide layer, dirt
and other contaminants from the surface.
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The chemical compositions of the misch metal and FeSiZr
additions which were supplied by Metallurg S A Ltd., are
listed in Table 5.2,

Table 5.1 Chemical composition of the AISI310S
stainless steel

Heat No. : 126999
C% S% P% Mn% Si% Cu% Co% Ti% Mo%
10.047 0.005 0.026 1.67 0.46 0.070 0.040 0.008 0.010
Vo6 Nb% A% B% Cro Ni% N°ppm  Ozppm
0.12 0.001 0.013 0.002 24.48 19.24 177 64

Table 5.2 Chemical analyses of the misch metal and FeSiZr
used for grain refining

Misch Metal

Elements Ce La Nd Pr y Fe Sm Eu Ba Ca+C
Concent.Wt% 48.87 23.73 17.23 S.88 1.66 1.95 0.48 0.006 0.009 <0.2

IRSiIZr
Elements r Si Fe
Concent. Wt% 35-40 47-52 Balance



Aluminium foil was used to fTacilitate the process of
adding the ocher materiil to the molten steel.

A vacuum induction melting furnace fitted with a
generator capable of delivering 100 kw at 3000 Hz, and a
built-in sintered magnesia crucible with a magnesite
pouring spout, was used to melt the material. The molten
metal was poured into flake graphite cast iron moulds of
6kg capacity placed on a water cooled mould table (Figure
5.2).

The melting and casting were done under an argon
atmosphere which was held at 500 nibars for,, all castings.
The temperature of the molten metal was measured with a
Pt-6% Rhodium / Pt-30% Rhodium thermocouple which was
inserted into the furnace through a buil® -in vZir tight
pipe. /

The sti-ps were charged into the crucible and preheated
under vacuum Tfor 30 minutes at a power input of 20 kWw.
Argon was then allov®ed into the chamber via the gas inlet
to 500 nthar pressure. This was followed by an increase
in the power input to 40 kW. Once the metal had melted,
in the case of castings without additions, the
thermocouple was dipped into the melt to record the
temperature of the metal. Heating was continued tc a
predetermined degree of superheat at which the power was
switched off and the melt allowed to cool down to the
casting temperature for that specific ingot. The alloy
was then poured, into ingots of 65mm x 65mm x 250mm size
and allowed to cool in the furnace.

Initially additions were made just after the metal had
melted and Dbefore dipping the thermocouple into the
meli . But the analyses of these castings indicated that
some of the additions made to the melt were lost,
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Figusa 5.2 Vaicutm induction fuxmaca ussd for tha
malting snd casting of AISX310S staal
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probably to the furnace atrrosphere due to volatilization.
It was therefore decided to change the melt"ng and
castix.g procedures so as to minimise melting losses.

The new procedure involved the melting of the aJloy and
holding of the melt temperature at a predetermint vel .
The thermocouple which was dipped into the ~.lloy a& soon
as the latter was in the liquid state was then I rithdrawm
from the melt and the additions made . The alloy was
poured immediately after the addition was made.

Tht procedures described above are summarized below for

NOAicarison
Initi. Now,. EE2£gayfe-, Ffir. 1noots
with additions
1. Melt the base metal 1 Melt the base metal
2. Make addition 2. Measure and stabilize
3. Preheat ilumina thermocouple the temperature of the
sheath to avoid thermal shock. melt w015 degrees above
4. Measure the temperature the casting temperature
5. Continue heating to the 3. Make addition
predetermined temperature. 4 . Switch off the furnace
6. Switch off the furnace at that 5. Pour immediatej.y.
temperature (Total time taken from
7. Pour the metal 1mmediately stages 3 to 5 was about
(Total time taken from stages 2 to 7 2 min)

was about 15 to 20 min)
Procedure for ingots without additions

1.
2.
3.

6.

Helt the base metal

Measure the temperature

Continue heating to the predetermined
temperature

Switch off the furnace at that temperature
Allow the alloy to cool down to the
casting temperature for that ingot

Pour immediately
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(The predetermined temperata. at stage 2 was 1650°C for
ingots cast from 1610 to 1583"C, 1600°C for ingots cast
from 1564 to 15526°C, 1550°C for ingots cast from 1512 to
1476°C and 1500‘C for lower temperature castii.,

In order to determine the degree of cooling of the molten
metal in the crucible during the time lapsed from
switching off the furnace to pouting the metal, a few
trial cooling experiments were conducted. Cooling curves
were produced Tor castings superheated to different
temperatures before the furnace was 5 tched off (Figure®
5.3) . These were used to determine ,he true pouring
temperature of castings by keeping a record of the time
taken between switching off the furnace and start and
end of pouring. Holding time, which is the duration
between making the addition and end of pourjng was also
recorded.

Sixteen ingots were cast without addition to detiferrune
the influence of temperature on macro- and micro-
structure, and on the solidification mode of AISI310S.
This information, besides serving as a basis for
compa™i3on betv-een ngots with and without additions,
V5?ld contribjte the understanding of the
scllidification 3rocess”j\of the steel. Although this steel
is normally asfiumed R\ solidify by the nucleation and
growth of austenite t"is 1Is not always the case as
discussed In section 7.1 AvCastings without additions will
be referred to as base metJi castings or base metal.

5.3 Macrostruc:;urai Examination of the As-Cast
Stracturas

Three transverse slices whose positioi are shown in
Figure 5.4, were cut from ,ch ingot and were used for
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chemical analysis a.i for microstructural and
macrostructural examinations as indicated. Hot mixed
acid solution @@8ml HCI/ 12ml H2504, and 50mlI HY) was
used to reveal the macrostructure. After etching the
surfaces were examined visually to det ’ne the effect
of additions on the macrostructure. The width of the
columnar gra ns was determined by .;he linear Iintercept
method #n which the number of grains intersected by the
perimeters of "‘concentric™ squares was determined (Figure
5.5) . The outer square of 53mm side was chosen so as to
exclude the chill zone from measurements. The inner
square was of b51mm side. Thus the grain width
measurements were taken at 6 and 14mm from the edges of
the transverse slices.

temperature of the metai

20 40 60 80 100 120 140 160 180 200

notding time in the cr /cibie (secs)

-®- power off at leso'b -s - power off at ISSO'b

Figure 5.3 Plots of tftmp«raturtt agaiust tima for natal
b?:%d in tha malting furnaca with tha powar
o]
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Dimensions art! h mlirneters BOTTOM

Po*itionfi of thm slicas cut from a«-cast
ingoto for maasuroniants
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FigurA 5.5 "Conc«ntric” squares us«d to mmsurtt thm
grain rldths
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The grains were counted at least Tfive times for each
ingot and a statistical analysis was performed to ensure
tha™>~ at the 95% confidence limit, the variance of the
counts did not exceed 10%. To minimize errors, the grain
widths measured at 6 and 14mm from the edges are given
separately.

Regression analysis was carried out for the change which
took place iIn grain widths of the base metal castings
with respect to casting temperature. The grain widths
obtained iIn ingots with additions were compared to the
estimated grain widths of the base metal castings
CDrrespondihg to that casting temperature. The % change
J7oapEMin widths were calculated and reported to show the
degree of grain refinement which took place with the
additions.

5.4 Microstructural Examination of th« As-Cast
Structures

One slice from each 1ingot was ground on uccessively
finer grades of carbide paper up to 1200 grit. Final
polishing was done by use of 3nm and ipjn diamond lapping
compounds.

An electrolytic etch in oxalic acid was used to reveal
the microstructure. The samples were etched for 15
seconds at » Vvl-1: ige o;: 8V.

These slices were examined with the optical microscope
and the scanning electron microscope. The matrix and
inclusions were analyzed by use of an EDS system coupled
ti a scanning electron microscope.
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Primary and secondary dendrite arm spacings were measured
as a function of distance from opposite edges of all the
base metal 1Ingots and of selected modified ingots.
Selection of such ingots was based on the apparent degree
of grain refinement. Measurements were taken at two
magnifications namely 40 and 100x with the aid of a filar
eyepiece. For each sample, spacings were measured at
varying distances from two opposite edges of the slice,
For each distance selected, 10 to 18 counts of dendrite
arm spacings were obtained and averaged to calculate the
mean arm spacing at that distance. For each sample 12 to
18 average arm spacings were obtained for a corresponding
number of distances from the edges. Thus the total
individual counts could be as high as 500 for each
sample.

A statistical analysis was performed to calculate the
error and the significance of the measurements. The
average primary anci secondary arm spacings with their

95% confidence limits at varying distances from the edges
for two samples are given in Tables 5.3 and 5.4, For the
primary arm spacings, the 95% confidence Ilimits are
within 15% of the avr-rage values. The confidence limits
for primary arm spa ngs increase with increasing
distance from the edge indicating a greater degree of
scatter in the measurements. This was due to the fact
that dendritic growth is competitive and the dendrites
coarsened with increasing distance from the edge. Thus
measurements were taken from fewer dendrites. The control
mea,=?urements in Tables 5.3 and 5.4 were made a few months
later to examine whether the new mean values obtained
would fall within the confidence limits. Examination of
Table 5.3 will show that the control values of primary
arm spacing are indeed within the confidence limits. This
indicates that the original measurements were reliable.
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Tabl» 5.3 Avaraga primar”azm spaclngs raaasur«id at
various dii8tanc«l with tkair 95% confidanco
limita and control maasuramants takan at tha
saaa distancos at a latar staga.

,ZR 1D
Distance Mean Primary Arm Spacings (fim) and Control
from the edge Confidence Limits Measu.ements
(mm) ..
Side A Side B Side A SideB
2 934 +15.0 69.5 + 10.7
111.6 +13.2 81.9 111.4 113.3 94.1
6 1257 +15.0 111.0 + 7.4 133.0 102.6
8 158.3 +21.6 136.2 +20.6 147.2 166.0
10 223.8 +33.7 178.6 x27.7 202.6 179.6
12 200.8 + 233 182.0
16 184.5 +27.7 185.7
10 210.6 +41.3 225.0
SBgffM<?™ .;,gR 1Q
Distance Mean Primary Arm Spacirnjs (“m) and Control
from the edge Confidence Limits Measurements
(mm) (urn)
Side A Side B Side A Side B
2 39.9 + 6.9 63.7 + 10.1
4 59.8 + 9.7 88.7 + 14.2 525 845
6 107.7 + 14.7 118.6 + 15.1
8 126.3 +12.1 109.6
10 1485 + 234 1675 +26.6 1379
12 140.6 +182 1675 +23.3 1416
14 149.8 +19.9 1627  +20.4
16 166.7 +19 2 220.6 +27.7 2075
18 189.2 +42.0 250.0 +413 2085
20 2097 +37.7 231.0
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Table 5.4 Avaraga secondary am spaclngs maasurad at
various distances witli thair 95% confidence
limits amd control measuraaants taken at the
same distances at a later stage.

Specimen : ZR 20

Distance Mean Secondary Ami Spacings (jim) Control

from the edge and Confidence Limits Measurennents

(mm) (wm)

Side A Side B Side A Side B

2 22.4 + 08 214 18.9
8 301 x 2.0 270 + 15 28.0
10 30.8 2.5 306 + 3.4 335
11 318 + 29 324
12 336 + 35

I+
+

1 293 + 3.7 26.1
3 31.0 4.2

Specimen: ZR 10

Distance Mean Secondary Ami Spacing (<im) and C
from flie edge Confidence Limns Mea,jrements
(mm) M. ... ... ...
Side A Side B Side A Side B
1 N 143 + 08 188 + 13
1 199 + 09 24.6 + 17 205
1 A .2 + 55 2.0 + 21 2.2
8 63 19
10 37.8 + 43 2 +19 HB1
1 376 + 28 31 + 38
1 40 + 41 3.0 + 22
EI: "66 + ™6 A7 + 21
18 47.2 + 57 .2 + 16 24
1 A8 + 25 32
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The scatter about the mean secondary arm spacir’™gs was
about 7%. The higher precision iIn the measurement of
secondary arm spacings s most probably due to a larger
number of counts at any given distance from the edge,
sometimes up to 20 times more. Control measurements wrere
carried out in a way similar to that described for
primary arm spacings and for the same reasonse The
results obtained mostly fell within the confidence limits
of the original measurements confirming the significance
of the 95% confidence limits.

These procedures showed that the errors were we]l within
acceptable limits. Some other factors which may have
limited the precision of the measurements are as follows

1. There is an element of judgement, and consequently
a source of experimental error, in the selection of
the point where the primary arms are more or less
parallel to each other, which makes it easier to
measure the spacings.

It is often observed that besides fTully developed
secondary arms which wusually occur at fairly
regular intervals, there are also, depending on the
size of the primary arm, 2 to 10 underdeveloped
arms between these arms. It was again a matter of
judgement whether to include or exclude rertain
partially developed arms.

The different magnifications used might be another
source of error. Ac 40x magnification, the field of
view Is wider and measurements may be taken over a
wider range of distances from the predetermined
distance. It was calculated that with a
magnification of 40x measurements might be off the
predetermined line by wup to Imm. With a
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magnification of [100x mea/surements were within
0.4nun of the predetermined line.

4. Due to variations in etching intensity it became
difficult to differentiate between individual arms
or to decide if an arm was missing due to
dissolution by the etchant. In these cases, counts
were made by considering the rhythm of the spacing.

5. In the equiaxed zone, since the plane of the
section is considerably more random with respect to
the growth direction of the individual dendrites,
wh-ch would make the measurements less accurate,
counts of the arms were not included in the
results.

5.5 Chemical Analysos

All the 1ingots produced were analys«™d chemically to
determine their composition and the % recovery of added
modifying agents.

Twenty three slices taken from ingots containing misch
mecal and sixteen slices from iIngots containing Zr were
analyzed for their residual concentrations of Ce, La and
Zr.

Middelburg Steel and Alloys (Pty) Ltd analysed samples on
an A_R.L, 72000S XRF spectrometer. Al and B were
determined with an A.B.L. emission analyser 3460. Carbon
analyses were carried out with a LECO carbon and sulphur
determinator (CS044) .
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5.6 Hot Rolling

Five of the ingots with no addition and 13 of the ingots
with misch metal or FeSiZr additions were annealed at

1200°C for two hours.

They were then hot rolled to slabs of 15mm thickness {76%
reduction) in a two-high reversing mill with a capacity
of 50 tonnes. All rolling was done using flat oils of
200mm diameter and a roll speed of 25 rpm (equivalent to
a linear speed of 0.26ms™M).

Details of the rolling procedure are given below;

Rolling temperature 1200°C
Soaking time - 2 h
Rolling temperatlire range 1200-800°C
Number of intermediate reheats 3
Reheating time between reductions 15 minutes

After rolling, the ingots were solution treatf™d for two
hours at 1200°C and water quenched. Theilr surfaces were
examined visually for cracks and other defects.

5.7 Cold Rolling

One of the hot rolled slabs with no addition and five of
the hot rolled slabs with misch metal or FeSiZr additions
were cold rolled by means of the same rolling mill by use
of appropriate rolls of 160mm diameter. The roll speed
was 50rpm and the slabs were re iced by about 0.20mm in
thickness per pass to reductions of 25, 50 and 75%.
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5.8 Heat HT"raatiMnt of Cold Rollodl M&tsriml

Small pieces were cut from the cold rolled material and
heat treated at 975x5°C iIn a horizontal tube furnace for

periods of 10, 15. 20 and 60 minutes. After heat
treatment the bars were quenched in water. These
treatments were applied to material cold reduced by 25,
50 and 75% in order to determine the influence of
additions on the recrystallization characteristics of the
alloy. After heat treatment the bars were quenched in
water.

5.9 Microscopic Examination of Aa Rollddl Structures

Specimens were prepared metallographice.lly and examined
by light and scanning electron microscopy. The specimens
were mounted separately in plastic and prepared by
grinding to 1200 grit finish on silicon carbide paper and
polishing to a IHm finish with diamond. Specimens were
etched electrolytically in saturated oxalic acid. The
etching time varied from 40s to 2 minutes and the vcltage
from 2 to 10 V. The grain sizes of the as hot-rolled
material were determined according to ASTM specification
E112-84.

5.10 Mechanical Tests

Specimens for Charpy and tensile tests were prepared from
the selected as-cast, as-hot-rolled and as-cold-rolled
materials. Hardness tests were done on the samples that
were taken for metallocjraphic examination. The
positions 1In the ingots and slabs, from where othese
samples were taken are shown iIn Figure 5.6.
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Figure 5.6 Position and orientation of th* samplos cut
frost thtt ingots for oiachanical t«st.s.
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5.10.1 H»rdii®ss vasts

The harcii._jsses of the as-cast and as-rolled ingots were
mec\sured using Vickeis hardness tests with loads of 300g
and 5 kg according to standard ASTM E 92-82, The
specimen surfaces were prepared by grinding and polishing
to a finish of one micron. Five tests were carried out
on each specimen and the average value for the sample
determirted.

5.10.2 Tensile Tests

Tensile specimens were prepared from longitudinal and
transverse sections taken from selected ingocs before hot
rolling. From the ingots that were tested in the cast
condition 16 were selected and re-tested after hot
roxling, reheating and water quenching. The design of the
tensile test specimens is shown in Figure 5.7.

Tests were also carried out on samples prepared from
longitudinal sections takeii from material cold rolled as
described in section 5.7. The tes were carried out at
a.ubient temperature according to the ASTM standard A370-
77.

The vyield strength, tensile strengtii, percentage
reduction in area arid percentage elongation of the as-
cast and as-hot rolled specimens were measured whereas
for co]ld rolled scmpies only tensile strength was
recorded. The results quoted are tne means T at least
2 tesls.

The fiaoture surfaces were examined by scanning electr-"n
MICroscopy.
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Figure 1.7

Shap« and dimensions of the tensile test
pieces
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5.10.3 Charpy Impact Tests

Longitudinal and transverse sections were taken Tfrom
selected as-cast; and from all hot-rolled ingots for the
preparation of Charpy V-notci impact specimens.

The specimens were machined and tested in accordance with
the requirements of standards ASTM h 370-77 and ASTM E
23-82. The dimensior.s of Charpy impact specimens are
shown in Figure 5.8.

The tests were performed at ambient temperatiare on a
Tinius Olsen machine capable of registering absorbed
impact energies of up to 356J. The energy values were
recorded to the nearest 0.5 Joule and each value quoted
is the average of two tests.

With some of the ingots, this maximum recording capacity
of the machine ."as attainec, without fracture of the
specimens which had a cross-section of 100mm™. It was
therefore decided, for these ingots, to prepare subsize
specimens of 50mm™ cross section iIn order to be able to

m.easure the energy absorbed. Fracture surfaces of
specimens were examined by scanning electron microscopy.
55}
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Figure 5.8 Dimensions of the Charpy impact test pieces
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f.1 Cbemical Composition of th« Castings

The chemical compositions of the castings with and
without additions are given iIn Tables 6.1, 6,2 and 6.3,
together with the chemical analysis of the material in
the as-received condition. TL nominal composition
AIS1310S 1is g, given in ther;e ables. It can be seen
that the matei lal used 1iIn this study contained an
appreciable amount of vanadium (about 0 .12%) although the
ASTM composition does not specify vanadium in this st -
A comparison was made of C, S, Cr, Ni and O.
concentrations iIn base metal ingots and ingots containing
additions to examine the influence of remelting and of
additions on the concentrations of these elements iIn the
alloy (Table 6.4).

The base metal castings (denoted by BI, etc.) did not
show any gni."icant deviation i:"ran the composition of
the as-received material cthsr than a marginal reduction
in the amount of Ni and a small 1increase in 0. most
probably due to leaks into the furnace atmosphere from
the environment. These changes iIn composition increased
when the molten metal was kept for a longer time in the
crucible to effect a temperci“ure drop to the specific
pouring temperature as in the case of castings B3 to BIO.
Castings pioured with a minimal holding time showed lower
0 levels irrespective of casting temperature.

The castings with misch-metax additions appeared to show
a marginal 1increase iIn %C of about 0.003% to 0.004% on
average. The Ni loss was lower; than that experienced with
the base metal.
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Table 6.1

Sampl* no

Bt

82

B3

B4

B5

817

89

812

814

Chem.ical analysis of as-received and as-cast

Cb«mlcal Ai alyse*

0.047

0.04'l

0.041

0.049

0.049

0.M3

0.04B

0.039

0.057

0.043

0.0S81

S

0.005

0.006

0.009

0.007

0.00e

0.007

0.007

0.007

0.004

0.004

0.00«

wt%

0.026

0.020

9.027

0.028

0.028

0.028

0.023

0.028

0.030

0.030

0.029

1.53

1.87

1.87

1.87

1.87

1.87

Sl

0.43

0.40

0.44

0.4S

0.47

0.4S

0.44

0.44

0.41

0.41

0.44

Cu

0.0vVe 1
0.0A8
0.100
0.150
0.100
0.100
0.100
0.100
0.100
0.100

0.100

et

0.028

0.050

0.030

0.030

0.030

0.030

0.040

0 040

0.040

0.040

0.008

0.001

nN

0.001

0.001

0.001

0.001

0.co1

nH

nH

nN

Mo

c.01

0.15

0.04

0.04

0.04

0.03

0.93

0.03

003

0.03

0.03

1_.IS1."MCS stainless steal

0.18

0.1?

0.13

0.13

0.12

u.12

0.t3

0.13

0.13

Nb

0.001

0.0»»

0.QC4

0.001

0.001

0.001

0.001

0.003

0.003

0.004

Al

0.3

tw

3.003

0.007

0.008

0.008

a.009

3.009

0.008

0.013

0.0020

0.0028

0.00Y7

0.00a

0.0028

0.00M

0.0928

0.0028

0.0027

Cr

24.48

25.00

24)(8

24.38

UM

25.14

24.47

14.77

24.44

2442

£4.43

1U.24

18.14

19.03

1818

19.04

190)1

18.87

i8.»S

18.94

18.98

18.97

177

187

124

170

176

170

170

330

200

200

190

84

204

245

290

440

310

380

120

240

230

120

-

mh\/

25X



Table> 6.2 Chemical analysis of ingots containing misch metal

Chwmlcal AnalyMt wt%

SampNi C S P Mil Si Cu Co T Mo v Nb
No

M-r«c«iv*d o.M7 0.00S u.026 1.67 0.46 0.070 0.040 0,008 0.010 na 0.001

MM1 0.048 0.007 0.027 1.C3 0.50 0.0Ss 0.031 0.001 0.027 0.2 0.co1
MM2 0.053 0009 0.026 1.68 0.99 0.080 0.C31 0.001 0024 9.12 0.001
MM3 0.0s2  0.002 0.027 1.66 042 0.100  0.040 nn 0040 0.11 0.004
MM4 0.053  0.002 0.033 1.M 0.41 0.100 a040 nH 0.040  ft™1 0.004
MMS 0.047 0.002 0.03t 157 0.42 0.100 0.040 nn 0.040 0.11 0.004
MIM 0.047 0.002 0.031 1.62 0.45 0.100 0.040 0.29 owo 0.14 0.004
MM7 0.066 »*003 0.928 1.68 0.37 0.100 0.030 nil 0.040 013 0.00S
MMS 0.047 0.002 0.t?7 1.58 0.41 0.100 0.030 nil 0.030 0.13 0.004
MM9 0.04S 0.007 0.031 1.66 0.41 0.100 0.030 ni! 0.040 0.14 0.004
MM10 0.047 0.0Q2 0.030 1.70 0.40 0.100 0.030 nN 0.040 013 0.005
MM1S 0.0S". 0.909 0.032 1.67 0.44 0.100 0.030 nH 0040 013 0.004
MM12 0.046 0.003 0.028 172 0.44 0.100 0.030 nt 0.040 0.14 0.004
A mRL

At

0.013

na

na

na

na

0.4iw

0.008

0.011

0.021

0.010

0.013

0.028

0.002

na

na

na

na

na

0.0028

0.0039

0.0030

0.0030

0.0028

0.0029

0.0030

Ct

24.48

24.44

2431

2424

S4.00

» . 711

24.43

H.36

24.18

24)8

24.38

t4 M

Nt

19Jt4
lijol
18111
H8.7S
1811
1813
1513
1847
18.09
19457
18.07
18.18

18137

177

186

181

100

282

192

170

100

160

140

160

1M

150

o

64

316

100

34

132

182

120

165

165

140

1SO

170

210

25 X
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Table 6.2

ChsmlcBl AnalyaM wt%

Sampl*
No

M>iwca(MKI

MM13

MM14

MM15

MMt6

MM 17

MM18

MM19

MM20

MM21

MM22

MM23

C

o.M7

0.M9

0.051

0.049

0.<»<

0.041

0.0S1

0.060

0.001

0.043

0.04S

0.054

S

0.008

3.005

0.004

0.003

0.003

0limM3

0.002

0.00«

0.004

0.010

0.004

0.003

Continued
P Mn
0.026 1.87
0.034 1.67
0.027 1.34
0.627 1.59
0.021 1.64
0.027 1.98
8.029 1.64
0.027 1.60
0.029 1.65
0.036 1.65
0.029 1.65
0.030 1.71

Sl

0.46

0.43

0.38

0.36

C.35

0.38

0.40

0.42

0.51

0.4S

0.49

0.49

0.070

0.100

0.08U

0.090

0.100

0.090

0.090

0.093

0.060

0.120

0.090

9.090

Co

0.040

0.040

0.030

0.040

0.0S0

0.030

0.040

0.028

0.020

0.030

0.020 1

T1

0.00S

nH

0.008

0.010

0.0C7

0.JH»i"

0.00S

0.004

0.002

0.00S

o.M1

0.010

0.040

0.040

0.040

0.0S0

0.030

0.040

&048

0.040

0.010

0.040

0.050

0.13

0.13

0.12

0.12

0.12

0.11

0.12

0.13

0.13

0.13

i,

Nb
o"n1
0.005
0.002
0.003
0.004
0.002
0.003
0.001
0.00S
ti.003
0.002

oV

9? /’\6. 't»5_ﬁ , N
Al B
0.013  0.0020
0.354 0.00i«
0.«M m
0.006  0.C029
0.005 0.0029
0.904  0.0029
0.006  0.0029
0.011 0.0032
0.011 M
0.070 ns
0.008 1K
0.090 M

>Ir?

Cr

24.48

2413

24.66

2450

24.37

142

24.49

24.82

t«.83

34.16

S4J2

24317

n

"Cim.—" St
M N,
(*m
19.24 177
19.98 1M
19M im
i9.se 194
18.98 127
19.23 164
19.13 148
19.17 M
18137 180
1».73 230
18.90 I1SO
18179 m

64

220

42
41
«7
Si

240

25,<
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Table 6.3

Ch*m”~ca) Analy««t «rt%

Sample
No

ecerce«iMtd

ZR1

I"R2

ZR3

R4

ZRS

ZR6

IR?

RS

ZR9

ZR10

ZR11

ZR12

ZR13

Chemicsl analyses of ingots

C

0.947

0.052

0.049

0.050

0.047

0.051

0.050

0.070

0.046

0.061

0.051

0.054

0.052

0.059

S

0.005

0.004

0.006

0.003

0.004

0.004

0.00S

0.002

0.006

0.006

0.006

0.006

0.006

0.004

0.026

0.028

0.025

0.026

0.026

0.026

0.029

0.031

0.026

0.026

0.026

0.026

0.025

0.028

Mn

1.65

1.66

155

1.65

Sl

0.46

0.46

0.53

0.78

0.94

0.66

0.98

0.45

1.04

1.09

1.04

1.06

1.05

1.08

Cu

0.070

0.078

0.062

0.100

0.100

0.100

0.100

0.100

0.100

0.100

0.11

0.100

0.100

0.100

>3

containing FeSiZr

Co

0.040

0.030

0.031

0.050

0.040

0.040

0.040

0.040

0.030

0.030

0.030

0.030

0.030

0.040

Tl

0.008

0.001

0.001

nil

nn

0.066

0.310

0.290

0.0P7

0.005

0.006

0.005

0.004

0.003

0.01

0.023

0.031

0.040

0.050

0.050

0.040

0(»0

0.040

0.G40

0.030

0.040

0.040

0.030

0.12

0.12

0.11

0.11

0.13

0.14

0.14

0.12

0.13

0.12

0.12

0.12

0.13

Nb

0.001

0.001

0.002

0.004

0.004

0.004

0.00S

0.004

0.002

0.001

0.002

0.001

0.001

0.003

At

0.013

na

na

na

na

0.140

0.430

0.120

0.208

0.310

0.286

0.180

0.130

0.049

0.0020

na

na

na

na

0.0039

0.0029

U.0029

0.0028

0.0030

0.0029

0.0029

0.0028

0.0028

2448

24.29

24.39

24.38

SM.35

34.48

2441

24.26

£4.83

93.98

2463

2451

2444

24.29

19:14

19.02

19.07

18.81

18.83

18.9*

18.85

18.83

19.04

181J3

18.80

18.78

18.76

18JM

177

204

177

1417

1ISO

840

119

270

180

120

180

1SO

170

220

64

M6

262

220

137

136

100

128

120

180

120

70

280

170

mk

25x |d
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Table 6.3 Continued
Ch«mlcfil AnalyM* wt%
Scmp(« C S P Mn
No
mm-fwalvwl 0.047 0.00S 0.028 1.87
ZR14 0.03% 0.004 0.028 1.71
ZR15 0.053 0.008 0.028 1.70
ZR16 0.053 0.003 0.028 157
ZR17 0.05T 0.004 0.027 1.6S
ZRia 0.04K  0.004 0.029 1.82
ZR1B 0.048 0.005 0.029 172
ZR2Q 0.081 0.005 0.027 1.88
ZR21 0.019 0.010 0.032 1.83
ZR22 0.047 0.008 0.035 173
ZR30 (1.057 0.005 0.U30 1.M
ZR31 0.050 0.008 0.027 1.80
=i 4

Si

0.46

0.98

0.99

0.95

0.98

0.97

0.44

Q.28

0.40

0.95

0.99

'S

v

-

> e

Cu Co

0.070 0.040
Q.10 Q.040
0.090] 0.040
0.100 0.030
0.100 0.030
0.100 0.030
0.109 0.030
0.080 0.030
0.123 0.027
0.110 0.020
0.100 0.040
0.100 0.040

3 3
Ly

mn

0.0U8

0.002

0.002

nH

ni

nl!

0.010

0.004

0.004

nR

0002

Mo

0.01

0.040

0.040

0.050

0.040

o.tso

e.040

0.040

0.094

0.100

0.080

0.050

na

0.13

0.13

0.13

0.13

0.13

0.14

0.13

0.11

0.13

0.13

0.13

Nb

0.001

0.U04

0.003

0.005

aoos

0.005

0.004

0.002

0.001

0.004

0.00S

0.005

“.r o

At

0.013

0.045

0.041

0.020

0.020

0.025

0.028

0.012

0.075

0.080

0.317

0.278

0.0020

0.0028

0.0028

0.0030

0.0030

0.0n28

0.002S

M

%Q033

na

0.0099

0.0030

Cr

24.48

24.20

2418

24.35

24.37

2444

2447

24]S

2442

24.49

24.17

2444

-mA

k <

18.74

1841

1842

18.08

f845

18.11

1847

1848

18.98

18.87

18.8>;

18.83

»l

177

170

210

180

1SO

22C

4 L«

2411

1ISO

170

140

84

» 0

120

1SO

120

130

280

na

530

na

340

1SO

A%

25 X
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Table 6.4 Concentrations of C, S, Cr, Ni ard in

tbree different groups of ingots

(@ Ingots without additions
Elen?!..ts Average Concentration Concentration range
wit% within which liv 95%
of the results
h - T 7 0.0459 0.0421 *“ 0O 0497
s 0 ,0063 0.0052 - 0.0074
Cr 24 6u 24.40 - 24.80
. 18.85 18.64 - 1..05
1 Oz 28> _.9ppm 215.4 =+ 360.4 ppm
(3} Ingots with misch metal additions
1 0.0504 0.0475 - 0.0533
1 S 0.003 0.002: - 0.0C44
1 24 .36 2424 - 24,48
Ni ID.O4 18.97 - 19,11
02 140.4ppm 100.5 - 180.3 ppm
Ingots with FeSiZr additions
C 0.0514 0.C481 - 0.0548
S 0.0046 0.0038 - 0.0053
Cr 24.32 24.25 - 24.39
Ni 18.87 18.79 - 18.95
02 181,8ppm 141.0 - 222.6 ppm
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Tabltt 6.5 Concentrations and % racovariss of rar«-aarth
alttiaants in AXS1310S ingcta cast fcon differant
taffiparaturas and af£tar diffarant holding timas.

biget CiM Ifig HoMno AMHton Raeacacy
Tmin.'C ThM pm ppm %
("rt")

uu1 w7 IS ca m2 71 9.4

m m 0.9
MMi! ica7 1S Ca 4007 S48 1S.0
La IMS 142 7.3
MM3 1S Cc +iw im 19.2
U 2SW 17« S.1
HIM laos 1S Ca MM S2M 75.3
U 1391 ICM 45.S
WHS 1U< 10 Ca 7871 $91S 90.4
La 1727 ¥127? $7.1
MMS IwW? 1S Ca 44M 1717 359
La 2141 394 15.0
MN7 ms u Ca S41 327 14
U 12Mm S.S 07
HM8 1U0 7 C« 1SIS 17.2S 11
u> 1M 2.2S 0J
um9 154+ is Ca 4M7 340« 70.0
La 2371 «T« 29.8
MU«0 1131 M O 20s3 1349 9s.7
U e*7 241 24)(
MM11 1¢0 rerecs Ca 2«S0 1900 73.8
u ‘MO 703 €SS
HM12 1Us u Ca 2MO0 <99 20.3
La 1404 144 o4
MMIS 14> Mmc« C« 40«7 1100 ™™
U 1M1 121S 91.0
WM14 1U0 16mo « Ca 114 223 71.2
U 1s4 101 MvS
HMM 1U0 iiM M Ca 819 2M S19
U M4 92 14.8
MM I* 1U1 Ca m 47% S9.1
U 403 143 18.8
HH17 1541 I0Moa Ca loss 524 $9.0
U sis 175 33.9
MMtt 1541 Umm Ca 12M ™ 90.5
La oM 391 443
UH«* U44s s Cc 49 4s 91.9
La 14 9] 297
MM lig;l S Ca 147 S 3.«
U 7 » 91
Ww2\ 1U> Mmcs Ca M2 S 14
Ij im s U
MMa 1509 Mm m Ca .3 Sy ( $3J
U 1£4 137 423
mefi [ Ism 1 Ca Ms 24s 925
1 u o Itt S0 391
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Tabl« 6.6 statistical ralationship b«tirtt«n th
luaocoimts of C« and La added to th* ct««l as
Kiscii metal and tha ailaounts racovarad in tha

alloy
Casting Tem- Element Regression Correlation
perature Range Equation Coefficient
1600-1637°C Ce y = 3382.1+1.151x 0.86
La y = 11U6, ,5+0.733x 0.83
1539-1551°C Ce y = -150"+0.794x 0.99
La y - - 91.3+0.648X 0.99
X = amount adcied
y = amount recovered in the alloy
100 ‘O-w
-
m
T0
60-
5 50- a
hoao * na
a
an o]
a
20-
10

.. . 21— 31T
10 100
holding time, min

0.1

= Celoss, 70 « Laloss. %

Figure 6.3, Change in the percantaga los* of Kgu. with
fciclding time
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Table 6.7 Recovery of Zr in the cast AISI310S ingots
for different casting temperatures, holding
times and additions of VeSiZr

Ingot Casting Holding Addition Analyaaa 't
no Temp.°C Tima wt% wt%
' (min)
ZR1 1625 10 Zr 0.1« 0.94 545
ZR3 10 15 r 26 0.04 155
I 1611 30 Zr 0.3S 0.17 44.3
1 ZR« 1613 15 Zr 0.37 0.07 15,8
ZRO 1560 15 Zr 0.36 0,11 30,2
ZR10 1545 15 Zr 038 0.09 2X7
ZR13 1S04 12 Zr 0.36 0.18 474
ZR15 1460 10 Zr 0.38 0.09 23.7
ZR18 1545 70awa Zr 0.39 01K 319
ZR19 1546 SOawa Zr 048 0.13 33.9
ZR20 1542 5 Zr 051 015 292
I 1544 37aaca Zr 0.25 0,13 51.8
1 ZR22 1510 40««ca Zr 0.39 0.17 43.6
ZR30 154;i( SOsMa Zr 0.39 0,13 333
ZR31 1530 1 5 Zr 040 0.14 350
100
t450 1470 1490 1510 1530 1550 1570 1£9C teio 1830 1050
casting temperature, ‘C
Figure 6.4 Effect of casting temperature on the

f

f of Zr in the cast steel
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1545C 1537-C

1526°C 1520@C

Figure 6.5. continu«d
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K76°C

Figure 6.5. coatin"j«d

1436°C
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The most significant effect of misch metal addition was
seer, In the S and 02 levels iIn the as-cast ingots. The
sulphur corcentration in the metaj. was, iIn most cases,
less than half of that iIn the case wetal. On average the
sulphur concentration was down froit. 0.0063% to 0.0021%,
Also, Cj levels, on average, decreased by about 50%
relative ic the concentration in the base metal castings.
There seeifs to be a relatio/"ship between the amount of O;
picked xip from the furnace atmosphere and the “wisunt of
n~.i>ch metal added to the alloy. As can be seen from
Figure 6.1, the effect of misch metal addition 1is
especially significant at concentrativ.ns in the range
0.01 to u.l wt%. /" Iowe and below this range 0” levels
are higher but still low compared to those ”~ound iIn base
metal castings.

Castings with FeSiZr additions aisc showed an average
increa;e of 0.006% in C. Ni and Cr concentrations were
found to be the sane as those In "rie base metal castings.
Howevi&r there was a drop iIn S and O levels compared to
the ba.se metal. The concentration of sulphvTt decreased
from 0.0065% to 0.00"M0% v,.lereas the oxygen concent-ration
decreased from 288ppm to 182ppm,

Figure 6.1  Chiinge in 0, concentration in A1S1310S
stainless steel with changes in th« amotmt
of misch m«it«l addad
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The most significant effect of nisch metal addition was
seen in the S and 0 levels iIn the as-cast ingots. The
sulphur concentration in the metal wvras, In most cases,
less than half of that in the base metal. On average the
sulphur concentration was down from 0.0063? to 0.0021%.
Also, 02 levels# on average, decreased by about 50%
relative to the concentration in the base metal castings.
Thw"re seems to be a relationship betwean the amount of O;
picked up from the furnace atmospland the amount of
misch met=il added to the alloy. As can be seen from
Figure 6.1, the effect of misch metal addition 1Iis
especially significant at concentrations in the range
C.ol CO 0.1 wt%. Above and below this range O levels
are higher but still low compared to those found in base
metal castings.

Castings with FeSiZr additions also showed an average
increase of 0.005% in C. Ni and Cr concentrations were
found to be the same as those in the base metal castings.
However there was a drop in S and O; levels compared to
the base metal. The concentration ~fF sulphur decreased
from 0.0065% to 0.0040% whereas the oxygen concentration
decreased from 288ppm to 182ppm.

Figure 6.1 Chang« In th« 0, coiicantration in A1S1310S
stainless steel with changes in the amount
of misch atetal added
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6.1.1 Racovary of Rara Eai™hs in the Caav. Matal

I'able 6.5 shows the casting temperatures, holcjino

the amounts of Ce and La added to caidtings as -nisch
metal, the amounts recovered 1iIn castings and i
calculated recovery of these two elements.

The results were grouped into three groups depending on
holding time and casting temperature in order to minimize
the effect of these two variables within groups. The
concentrations of Ce & i1 La recovered in the alloy were
plotted against the amount added to the steel. The a™"ant
added was calculated from the composition of the u.”sch
metal used (Table 5.2) and the amount of misch metal
adaed to the alloy. Plot (@ in Figure 6.2 shows the
change in recovered Ce and La with changes in the amounts
of these elements added to the alloy for casting
temperatures in the range of 1608 to 1637°C and a holding
time of 15 nins. Plot () shows the same relationship for
castings poured between 1539 and 1557*T after being held
at temperature for 20 to 36s. Plot (©) is similar to (@
and () for castings poured between 1523 and 1549°C and
holding times betv."een and 15 mi.ns.

From Figure 6.2 it appears chat the recovery of La is
lower than that, of Ce. The casting temperature
differences of 30 to 40°C, within any one of the three
groups mentioned above. do not appear to make a
significant difference to the recovery of these elements.

Within each group there Vs a strong correlation (Table

6.6) between the amounts of added and recovered La and Ce.

The effect of holding time on the loss of rare earths is
shown 1i@n Figure 6.3. It 1is evident that there 1iIs a
scatter in the data but it appears that the loss of Ce
and La increased with increasing holding time.

88



160cH6?rC
15min

i»
I‘h\k
1\
2
iz
B
sair
D>
b Yo ve =
mﬂgd_:dd ppmLaftdded
ot Caief”
BRI 1523-1tk49°C
30 SHin S-1SmIn
MOD ®
T
i%
ko> o
2
W S|
2 B
>§sl)>|ii£M6?dedsn SIT M m ijNIS » isa
Figure 6.2 Changes in the recovery of C® and La with
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6.1.2 lUacovary of Zr in As-Cast Metal

The amount of Zr recovered 1iIn castings poured from
different temperatures after different holding times and
for different iritial additions of FeSiZr 1is shown in
Table 6.7. An analysis of this data indicated that there
is no clearcut relationship.® between holding time and
recovery of Zr in the metal. The amount of FeSiZr added
to the metal also had no effect on the recovery of Zr.
However as <can be seen from Figure 6.4 casting
temperature bad a strong effect on the recovery of Zr in
the cast metal. The vrecovery of Zr decreased with
increasing casting temperature. The relationship between
recovery and casting temperature was linear with the line
of best fit giving a correlation coefficient of 0.92.
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6.2 Ingot Macrostructure

6.2.1 BasA Castings with no Additions

The transverse sections of conventional ingots cast from
temperatures between 1436 to 161 are shown in Figure
6.5. Changes iIn macrostructure with casting temperature
for those ingots are given in Table 6.8 and in Figures
6.6 and 6.7.

The columnar grain widths shown iIn these figures were
measured at distances of 6mm and 14mm from the edges of
the 1ingots and plotted against casting temperature
separately. Regression analyses were carried out on each

set of data and the following relationships were obtained.

Grain width (at €ax) - 50.46 - Fi9.71*10"*T + 24_28*10v _ 6.1
correlation coefficient = 0.94
C~rtin width (¢fc - B3.S7 - 73.20%10"™ + 25.27*10 T> --- 6.2
correlation coefficient 0,91
/4
T is the casting temperature in °C, and grain width in
V4

The data points are plotted with their upper and lower
D*s confidence limits to show the degree OFf scatter in
different measurements in the same samp™e.

The re ationship between the columnar grain widths and
the degree of superheat was analyzed and could be

expressed by the equations:
\S

In {grain width at 6am) m®m 5.66 + 6.3G*I0""AT . . 6.3

correlation coefficient =0.91 and,

94
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f I m <%

1610°C 1600‘C

1585C 1564‘C

Fignure 6.5  Macrostructures of ingots Vith no addition
cast froK diffaront tomperaturas
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1510@C 1502°C

1496'"C 14»3"C

Figure 6.5. continued
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Tabla 6.8 Change in macrostructurc Vith casting
temp«ratur« for ingots with no addition.

ingot Columnar e>*hi widlh (mm) Crain wrtdkh Eo'ilaxad
no Netlng wHh 95% oonHtfanca Umhs ratio zona
Tamp. ‘C moaaurad at 6 end "4mm %
from tiMadlga gw at 14mm/
gw at 6mnr,
6mm [4mm
B1 1610 1140+0.119 1J.%0+P.05 117 n
B3 1600 1.055+0.14S 113410178 1.07 3
B3 1585 1.047+D.092 1.204if.069 122 0
B4 1S«4 0™+0.062 .O'MUA.OSO 115 4
B5 154S 0.6«6+0.082 0.92010.080 138 3
M 1537 0.71110.107 0.07510.129 137 4
B7 1526 0.55110.059 0.70410.064 1J18 7
B« 1520 0.51710.082 n.710+0.098 137 10
B9 1S1C 0.49«ifl.059 0.67210.072 135 13
BIO 1502 045610.046 0.64710.0"3 142 8
B11 1496 C51110.049 0.66910.092 131 7
B12 1493 0.7«ti:3.091 0.92010.012 123 13
B13 1476 '43410.342 0.66618.066 1S3 23
B14 14SS 0.45210.049 . - 50
BIS 1456 0.3651S.051 ] - 77
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Fiqura 6.7 Change in grain width measured at 14mm fron
the edge for ingots without additions
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In (ridnwidth *t Itan) » W+ 5.25%10"*AT. .. ... ... 6.4

—-"Drrelatjon ccefficienc = 0,68.

;ain width is in |m, end AT is superheat in °C.
i -
The change ™M grain width at 6nim and 14mm with changing
degree of sii“perheat and the regression curves are shown
in Figure 6.8. This figure demonstrates that the slope
of the plot of grain width against superheat 1is a
function of the distance from the edge of the ingot. As
can be sewn, the two lines approach each other as the

superheat increases.

It was evident that as the casting temperature decreased
the grain size of the columnar zone decreased and the
volume of the equiaxed zone increased consideirably. At
casting temperatures below about 1450°C cori.<4sponding to

a superheat of about 50°C the equiaxed zone started to
dominate the macrostructure as can be seen from Figure 6,5,

The development of the equiaxed zone with changing
casting temperature of AISI310S base metal 1ingots is
shown in Figure 6.9. This graph clearly shows that at
pouring temperatures below 1500°C (<100°C superheat), the
proportion of equiaxed zone increased rapidly with
decreasing casting temperature dominating the structure
at pouring temperatures of about 1450"C. The proportion
of the equiaxed zone reached 77% at a casting temperature
of 1436°C. Regression analysis gave a fourth degree
polynomial expressing the change iIn the proportion of the
% equiaxed zone with changing casting temperature. The
polynomial was as follows.

tgguigXBdZjna _ 320.4-4622 .7 (i51)»*g572 .0 *-5574 .6 ...6.5

correlation coefficient = 0,991
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The left hand side of the equation gives the proportion
of the columnar zone™ T is the casting temperature in 'C.

Second and third degree polynomials were also found to
fit this data but had correlation coefficients of 0.964
and 0.966 respectively which are lower than that of the
fourth degree polynomial given above. They also failed to
describe the results obtained at high temperatures
adequately, both showing a positive slope 1iIn the
temperatvre range 1550 - 1610°C. Within the temperature
range of 1<136°C to 1610™0 the above equation described the
development of the equiaxed zone with casting temperature
better than the second and third degree polynomials.

A relationship was also established between the
proportion of equiaxed zone and the degree of superheat
as follows.

%B<JuidxadZcllO - 170.7-328.2 * *212.4 « (BN)* -45.2 -

correlation coefficient =0.99. T is the temperature in
°C.

This regression equation and the experimental data are

plotted in Figure 6.10. It can be seen from this graph
that tn& proportion of equiaxed zone decreased rapidly as
the degree of supe™“heat 1increased from to about

100°C. A small equiaxed zone, however, persisted with
further increase in superheat. The proportion of the
equiaxed zone was about 5% for superheat values of about
160 to 170°C.

From equation 6.6 it was possible to calculate the degree
of superheat required to obtain 100% equiaxed structure.
This was 25°C above the liquidus temperature.
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Equations 6.5 and 6.6 made it possible to calculate the
degree of grain refinement in ingots with REM, and Zr
additions cast from any temperature.

The degree of grain refinement or percentage change in
columnar grain width was calculated on the basis of what
the grain size would have been had the ingots been cast
from the same temperature without additions. The
"lalculation wis performed by using the Tfollowing
relationship.

\Clumgo in grain width - ¢ (tev-rithghith no aa. Ny 100. 6.7
where g.w. 1is grain width, ad. is addition, and Tj, is the

temperature at which pouring was carried out for that
specific ingot with addition.

Figure 6.10 Influanca of dttgra* of superhttat en th,«
propoirtion of «quiax«d Kone
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The grain size of an iIngot without addition poured at
temperature Ti is calcul-ced using Equations 6.1 and 6.2
and subtracted from the measured grain size with
addition. The value obtained 1Is divided by the
calculated grain size with no addition and multiplied by
100 to find the percent change In grain si»;e.

The grain width measured at a distance of 14°ut from the
edge was divided by the grain width measured at 6mm from
the edge for each ingot and these data are given in Table
6.6. When the grain width ratios for base castings are
plotted against their corresponding casting temperatures
as given iIn Figure 6.11, i1t iIs se&n that as the pouring
temperature increased, the grain width ratio decreased.
This means that, in ingots cast with low superheat the
width of columnar grains increased as they grew towards
the centre of the ingot. The width of grains in ingots
cast with high superheat did not change significantly as
these grew toward,-, the centre of the ingot. Expressed
simply, these observations mean that the nucleation and
growth behaviour of columnar grains depended on the
degree of superheat.The significance of this will be
discussed iIn the next chapter.

When the grain width ratio was plotted against the grain
widths measured at 14mm, it could be seen that as the
grain widths decreased, the grain width ratio increased
(Figure 6.12).

The grain width ratio obtained with additions and their

c-"mparison with those of base metal castings will be
given In sections 6.2.2 and 6.2,3.
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14v 14R1 1D 190 inc 1800 181C 1830 18M

co»«ting temptntura, 'C

regrrfMiion u  maasurod

Figura 6.11 Chang« in grain width ratio (gwi«/gw,) with
casting temparature

grain width at 14mm fh>mthe edge, mm

Figurtt 6.12  Chang* in grain width ratio with grain
width at 14um
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6.2.2 Cas;:ings with Misch Matal Additions

Transverse sections of selected iIngots containing misch
metal are shown 1in Figure 6.13. The results of the
macrostructural evaluation of these ingots are shown in
Table 6.9 from which it can be seen that grain widths
were reduced by up to 56% with small additions of misch
metal.

The data in Table 6.9 were classified into three groups
with respect to casting temperature 1in order to
facilitate analysis of the influence of misch metal on
the macrostructure of ingots. A high casting temperature
ra .ge of 1608 to 1537°C, a medium temperature range of
1523 to ISSIC and a low temperature range of 1490 to
1510°C were identified. Changes in grain widths measured
at 6 and 14mm from the edge are plotted in Figures 6.14
to 6.19 against the amount of added misch metal and the
amounts of residual Ce axf Ta in the alloy.

The trend xn Figure 6.14(a) suggests that a continuous
increase iIn grain refinement would occur with iIncreasing
amount of added misch metal TfTor casting temperatures
between 1608 >"ad 1637°C. Figure 6.14(b) and (¢) shows
that giain refinement increased with Increasing residual
concentrations of Ce and La up to certain limits. Beyond
0.2% of vresidual Ce and 0.05% of residual La no
significant refining of the grain size was obtained.

For casting temperatures between 1523 and 1551°"C very
small additions of misch metal and very low
concentrations of residual Ce and La had a strong grain
refining effect on the alloy(Figure 6.15(a) and (b)),
Further increases in the amount of misch metal added and
in the residual concentrations of Ce and La appeared, in
general, not to have a significant effect on grain width.
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MM7  (O0.52wt%) MM8 (0.31wt%) 1539°C

MM9O (1.0wt%) 1549™>C VMIO (0.42wth) 1523‘C

Figure 6.13

Macrostructur«s of ingots cast from
diffarant temperatures with additions of
misch metal

109



MM12 (0.61%rt¥) 1525*C MM13 (0.83wt¥h) 1545<T

MM14 (0.064wt%) 1550''C MM15 (O.11lwt%) 1SSONC

Figure 6.13 contlnu«d
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MMIS (0.168wth> 1551'"C

(0.265ift¥) 1545C

Figure 6,13 continued

Javl7  (0,216wt%) 1547@C

MM19 (0.010wt%) 1544«C



MM20 (0.030wth) 1543°C

MM21 {0.075ift%) 1539‘C

Figure 6.13 continuad
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Table 6.9 Macrostructure maasurements on ingots with misch laetal additions

7 %

1 In{iot Addition Catling R««Idual Cotumnar grain width (mm) Chang* In Grain Equiaxed

no v.1% concwitration* with 95% confld«nc« Hmlla oolumn<iir grain width zone

oi rar« «ar>ht me«asura(* at 6 and 14mm 1r«n width ratio %

in Ingota (ppm) Ih« adg* % gw 14mm/

gw 6mm

C« u 6mm 14ffln* 8mm 14mm
MML MM 042 1617 71 0.6 0.962 t0.148 1168 +0.151 211 149 121 3
MM2 MM 0.«2 1627 645 142 0.941 +0067 1.088 +0.110 282 258 118 6
MM3 MM 125 1830 1172 176 0.835 +0.094 0.943 +0.086 376 38.8 113 15
MIM MM 143 1608 5260 18S6 0.606 +0.050 0.721 +0.096 46.9 445 119 0
MMS MM 187 1624 8935 2127 0.568 +0.053 0.701 +0109 5.7 511 123 9
MM6 MM 092 1637 1737 394 0.816 +0.086 0.787 +0.118 56.2 493 1.28 S
MM7 MM 052 1535 327 8.8 0.377 +0.016 0.617 +0.08# 430 270 164 10
MIM MM 031 1539 17.25 2.25 0.530 x0.063 0.695 +0.061 221 194 131 10
MIM MM 1.00 1548 3406 679 0.350 +0.026 0478 +0072 52.3 478 1.3« 8
MM10 MM 042 1523 1349 241 0.345 +0.043 0.518 10.078 431 349 150 12
MMV, MM 050 155T 1800 703 0.336 +0051 0493 +0074 545 462 147 4
Mw12 MM 0S1 1525 60S 144 0.364 +0.049 0568 +0043 40.i» 293 156 4
MM13 MM 0.83 1545 3100 1215 0.311 +0.049 0456 i0.064 56.3 488 147 0
MM14 MM 0.064 1550 223 101 0391 +0048 0.685 +0.088 471 252 175 0

1 MMIS MM 011 1550 280 92 0.345 +0.019 0.48; '~069 533 474 1.39 4

MMie MM O™M 1551 AT 143 0.370 +0.033 0.33t 3«C32 50.3 425 143
MM17 MM 0.218 1547 624 175 ).3£3 +0.055 0505 H04> 511 446 143 10
MM18 MM  0.2QS 1545 790 281 ).323 +0.027 n~1 +0063 546 9i).5 1.36 8
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Table 6,9 continued

Ingol Atfciliion Casting lIMIduat Columnar grain wWth (mm) Changa In Grain Ecpiiaxcd
no WI1% ikmp.°C conconlratiodt rlih 05% eonfi<{ano« Nmlis columnar grain wridih MR*

of ran aarlha maaauratf al 6 a'Ml 14mm from wMih ratio %

in Ingots (ppm) Hm adg* % gw 14mm/,

gw 8mm |

Ca La 6mm 14mm 8mm imm 1
MMia MM 901Q 1544 41 o» 0.M1 +0042 0.493 0042 50.3 444 141 12
MM20 KM 0.090 5 X 0.SSS t0.041 0.485 0080 494 450 137 10
MM21 MM 0.07t 1S39 S S <404 t0.04»  0.C53 0054 318 35] 119 e
MM22 MM 0.13S 1509 554 H7 0440 io g™ 0572 +0043 203 238 1.30 8
MM23 MM 0.080 1504 245 50 0429 t0.0£? 0549 +0024 19.8 38.3 128 10
MM24 MM 0.032 0.380 10.044 ' 0525 10.070 234 152 138 10
MM2S MM  0.045 1494 0417 +0018 0.587 +0.082 128 132 143 13
MM2« MM 0.090 14M 0407 +0017 0.800 +0.082 158 132 147 8
MM27 MM OOM 1400 0481 #0031  aS71 #0047 25 184 119 3
MM2» MM 0.0S2 14W 0.400 iti.053 0531 0048 189 u.9 133 10

=% -/



re

Figurd 6.14
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ChanQ94 in grain uidth measured at 14 sn
with (@ miscb metal addition, (@) p|»i

recovered Ce and <c) ppm recovered La for
ingots cast betwetm 1608 and 1637R@C
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Figura 6.15

©

Change in ijrain width moasured at 6 mm with
@ metal addition, () ppm of
rttcovarti Ce and (©) ppm of r«cov«r«d i<«
for ingots cast between 1523 and 1551‘C
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In the casting temperature range of 1490 to 1510‘C the
addition of misch metal had little effect on grain
width(Figure 6.16). A maximum grain refinement of 25% was
obtained with an addition of 0.03% misch metal.

Whe-i the grain width ratios calculated for ingots
containing misch metal were plotted against casting
temperature (Figure 6.17) it could be seen that the data
points for these ingots deviated significantly from the
regression line calculated for the base metal castings,
especially fTor ingots cast between 1525 and 1550°C.

These data wets analyzed against various other parameters
obtained from ingots cast in the three temperature ranges
mentioned earlier. It was fTound that the positive
deviation was strongest in the concentration ranges of 30
to 300 ppm for cerium and 10 to 200 ppm for lanthanum 1in
tl.e casting temperature range of 1535 to 1551°C. (Figures
6.18(a) and (b))- When these points were plotted against
columnar grain widths measured at 6 and 14mm (Figure
6.19), i1t could be seen that as the grain width
increased, the grain width ratios tended to increase as
well. This trend is th; opposite of that found with
base metal castings.
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Figurtt 6.16 Changa iIn grain width m«asur«d at 6od& frost
the adge for ingots with miech matal
addition cast fros 1490>1510T

cMting tempcnitiirc, ‘C
noMMMoa 0O  wKimmaddllioii

Figura 6.17 Measurad grain width ratios for ingots
containing misch matal and calculatad
ragrassion points for basa natal castings
pourad batwaan 1480 and 1636‘C
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Figure 6.18

Cha&ga in gr»in width ratio with <a)
r«cov«r«d Ce and () recov«r«d La for
ingots cast bstwaan 1535 and ISSINTC
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Figure £.19

Changtt in grain width ratio as a function
of grain widtb at 14mmi from th« ctdga for
ingots containing misch matal and cast
batwaan 1535 and 1551@C
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6.2.3 Castings with Additions of FaSiZr

Transverse sections selected 1ingots cast with
additions of "7eSiZr are shown iIn Figure 6.20. The
results of a macrostructural evaluation of these ingots
are given 1iIn Table 6.10. As can be seen, aluminium

and/or misch metal were added to some of the selected
ingots to examine their combined effect on the
macrostructure. For this purpose special emphasis was
given to aluminium "-;hich was added in varying amounts at

different casting temperatures.

Figure 6.21 shows the change in grain width with casting
temperature. It can be seen that Zr 1is especially
effective 1In the casting temperature range of 1540 -
1560°C. It seems unlikely that grain refinement can be
obtained for casting temperatures below 1510°C. It should
be noted that in Figure 6.21 no distinction is made
between ingots with aluminium additions and ingots which
contained only zirconium. Only the amount of Zr addition
was kept constant. At casting temperatures above 1600°C,
there appears to be some Tfurther potential for grain
refining with zirconium but 1t is not as high as that
obtained for casting temperatures of 1540 to 1560™C. It
can be seen from Table 6.10 that aluminium and misch
metal did not restoie the grain refining effect of
zirconium at lower casting temperatures, (see castings
ZR22, ZR27, ZR28 and ZR29) . Aluminium does not appear to
contribute to the grain refining potential of zirconium
(see ZRIO, 2R11, ZR18, ZR19, 7R20, ZR21).

Wzien the grain refinement values for these ingots were
plotted against Zr addition in the temperature ranges
1481-1513°C and 1532 - 1625°C (Figures 6.22(a) and (b)),

it became apparent that grain refinement was a function of
the amount of Zr added as well as of the cas- ing temperature.
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ZR8 <Zr: 0.372wt%) 1613‘C  ZR9 (Zr: 0.365wt¥%) 1560°C

ZR10 (Zr: 0.380wt%) 1545C ZRIl (Zr: 0.391wt%) 1532°C

Figure 6.20 Macrostructures of ingots cast from
different temperatures with FeSiZr additions
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Figyra 6.20 continued
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Figuren6.21
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iS5 )M i5J i
castting temperature, C

Changa i1n grain width maasurad at 14 nm with
casting tamparatura for ingots with FaSiZr
additions
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Figure 6.i2

®

Changa i1n grain width with Zr additions
for ingot* cast from (@ 1481-1513"C and (b)
1532-1625T
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The data points which deviate significantly from the main
trend represent castings poured outside the optimum range
of temperatures. From these graphs, it appears that the
higher the amount of zirconium the greater the grain
refinement, which may go up as high as 60% at about 0.4% Zr.

6.2.3.1 Grain Width Ratio Analysas for Ingots with
Zirconium Additions

The graph in Figure 6.23, shows the effect of casting
temperature on grain width ratios for ingots containing
Zr as well as the regression curve for base metal ingots
cast from similar temperatures. It can be seen that the
grain width ratios showed a positive deviation at high
casting temperatures, whereas at low temperatures (1460
to 1500°C), there appeared to be a negative deviation
from the base metal regression curve. However 1in the
temperature range 1530 to 15€0‘C where the highest degree
of grain refinement was obtained, except for two ingots,
the data showed the same trend as those obtained with
base metal ingots. The same data were plotted against
grain widths for different casting temperatures as shown
in Figure 6,24. 1t can be seen that the grain width
ratios in the high temperature range ha’™ downward
slope, whereas j.n the low temperature ranv, the slope
is positive.
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Figure

o with zr addttkm with no addition |

6.23 Chango in grain width ratio with casting
tQmp«r«ture for ingots containing FaSiZr
additions
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~y—3T- Ti— S _nr
gratn wMUl at 14mmfrom lhccd(t,M n
o Figur* 6.24  de&gfli of grain width ratio with grain width
maasured at 14 mm for ingots with FaSiZr
i additions cast from (@ 1604-1625°C,
K] (®) 1510*1560*C and (c) 1460-1489*0
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6.3 Eftsults of Hicrostructural Sva.luat.ion of the
As-Cast Ingots
6.3.1. Microstructural Svaluation of Bas« M«tal Ingots

In order to assess the solidification pattern of AISI310,
one transverse slice from each of 15 base metal ingots,
cast from varying temperatures, was examined by optical
microscopy and scanning electron microscopy (SEM). When the
microstructures obtained from these ingots wex analyzed and
compared, two important observations were made:

1, The solidification mode of AISI310S changed from
L-~yto L-"8+L->8fL+Y-»Y+L-~Y below a certain casting
temperature, and again to L- a lower range of
casting temperatures under the conditions specific
to these sets of experiments.

2. Primary dendrite arm spacings decreased with
increasing casting temperature contrary to
expectation.

6.3.1.1 Solidification Pattern of Sasa Ingots

As can be seen from the micrographs taken from areas very
close to the edge of ingots (Figure 6.25), the ingots
which were cast in the temp"~r-ture range 1476 to 1564°C
showed '‘ghost 6-grain boundaries which are not in one-
to-one correspondence with austenite dendrites. EpS
analyses showed that these grain boundaries are Cr rich
(Figure 6.26).

The existence of these grain boundaries strongly sugcasts

a peritectic transformation of the type L-»L+S->y the
details of which will be discussed in the next chapter.
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B7
1526°C

B9
1510°C

B13
1476°C

Figure 6.25

»«V Il 11

Microstructure showing S-grain boundaries
preserved in ingots cast in the temperature
range 1476 to 1564°T
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6.3.1.2 J-rimary amd Sacondary Dendrit® Arm Spacings

The results of neasurements of dendrite arm spacings
(primary and secondary) fTor the base metai castings are
given in Table 6.11. The measureioents were carried cut
at different distances from two opposite ecges of the
ingot section. The results obtained from the two sets of
measurements are tabulated separately.

As can "e seen from the data in Table 6.11, dend; 1ie arm
spacing- iy differ considerably between the two halves
of ngot, :“ven if the spacingr are n asured along
par., lei lines at v.he same distance from the two edges
of the ingot sectic%. The difference may be as high as
30% which is well above the 95% confidence limit of 17%
calculated for the primary arm spacing measurements.
This discrepancy cannot be attributed to measurement
eirors, but rather to unequal cooling rates from opposite
sides of the ingot. Suzuki and Nakaoka™®* derived the
following empirical relat”™.onship for secord™...%y arm
spacing for AIS1310 grade steel:

44R-0-3¢ 6.8

where 72 is secondary dendrite arm spacing in fimand R is
the cuolirg rate in Ks”. Using this relationship the
cooling rates were calculated for the base metal
ingots.The result;:;"P’igure .27) show that there is a
difference in cooling rates between the high temperature
castings and low temperature castings up to diotances of
4 to 5mm from the edge. This difference decreases
drastically as the s Lidi.-fication fron™ proceeds further
towards the cente™.
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Table 6.11

for base metnl castings
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distance from the edge, mm

Figur« 6.27 Chang«s in cooling rata of bas« ingots with
distanctt fxoa th« chill zona

The cooling rates from opposite edges of the same casting
also showed significant differences for some of the
ingots. However, at distances of 4mm or more Tfrom the
edges the differences in cooling rate were insignificant.
Cooling rates at 2mm from the edge varied from 23Ks™
(1380Kmin*~) for ingots cast from 1610°C to 5Ks*»
OOOKmin®") for ingots cast from 1493“C. At 15mm from the
edge, the vtiriation in cooling rate was within the error
limits calculated for secondary dendrite arm spacing
measurements.
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The tabulated dendrite arm spacing measurements indicate
that there 1is a strong relationship between casting
temperature and primary arm spacings (Figure 6.28),
whereas it seems that the secondary arm spacing Iis
insensitive to casting temperature variations at
distances of 10mm and 15mm from the edge of the ingots
(Figure 6.29). These figures show th?*t as the casting *
temperature 1is iIncreased, the primary dendrite arm
spacing gets smaller in other words, the microstructure
is finer when pouring takec place at higher temperatures.
This 1is also evidenfi“ed by the micrographs taken at
various distanc™(S from the edges of these ingots (Figure
6.30) . As can be seen from these micrographs, the number
of primary arms comprising one macrograin, in castings
poured from high temperatures, is a few times larger than
that of castings poured from lower temperatures, Compare
for instance the microstructures of ingot B4 cast from
1564°C and ingot BIl cast from 1496°C; they had primary
dendrite arm spacings of 130nm and ZIOjim respectively at
10mm from the chill zone. However columnar grain width
measurements for the same ingots gave 0.844mm and 0.511mm
respectively at 6mm from the chill zone. In castings®,/
poured from Ilow temperatures the number of columnar *
grains was higher but the nuntber of primary dendrite arms
in these grains was lower. The result was a coarser
primary arm spacing iIn ingots cast from lower
temperatures.

These opposing trends of primary arm spacings and
columnar grain widths with casting temperature became
obvious when the spacings were plotted against each
other. In Figure 6.31, the primary arm spacing has a
negative slope especially iIn the smaller grain width
region from about 0.4mm to 0.8mm widths. Above 0.8mm the
dendrite arm spacing seems to remain constant at about
190-200 pPin
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14M 14%0 =« ine 1«10 Mo
casting t»mperatur«, 'C

<»)

1530 1870 10 lato
casting temperature, *C

(b)

Figurs 6.28 Varimtion in prliBJiry dondrite arm spacing
with casting taaratura m<Qasurad at (@) 10
m» and () 15 mm from the chill zona
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©

Figure 6.29 Variation ia sftcondary dandrite arm apacinga
with casting taap»ratur« aaasurod at (@ 10
mm and () 15 mm from tha chill zona
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B2
1600‘C
14Cpjn

\3
140)ua

B4
1564‘C
130}m

Figure 6.30

I~crostructurtt of basa matal iIngots cast
frcm diffarant tamparaturas. Primazry
da™idrita arm spacings givan w«ra maasurad
at 10mm from the chill zona.
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Figure 6.30

continuod
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B3
1585"C
210\m

B8
1520-C
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BII
1496°‘C
280™m

Figure 6.30 continued; primary dendrite araa spacings

given were measured at 15mm from the chill
Zone.
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Figure 6.30

continued
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Chang« iIn primary dsndrita arm spacing of
ingo;:s m«ftsured at (@ 010am and () 1Smm
from the chill zone with changes in grain
width measured at 6mm frcm the chill zone
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These trends correspond to casting temperature ranges of
1470 to 145"C and 1545 to 1610°C respectively.

mYe.i the secondary dendrite arm spacings were plotted
against grain widths (Figure 6.32) no significant trend
was observed. Since I2viations from the average were
within t6: range of measurement error,- no conclusio.”
could be drawn from these plots.

The changes 1In secondary aim spacing with changing
primary arm spacing were 1ii—tially analyzed serarately
for castings in which a temperature effect on this
relationship suggested itself. In order to simplify
matters, the data were grouped iIinto two temperature
ranges in which the cut off temperature betv*een the two
was decided after a careful analysis of the slopes
obtained by regression analyses cf each ingot sample
Eigure., 6.33 and 6.34) . These two power curves (F.lgure
6.34) were plotted together with the curves for other
alloys found in the literature (Figure 6.35). As can be
seen, the higher the casting temperature, the larger the
secondary dendrite arm spacing per unit primary nrm
spacing. This confirms the above results which show
refinement 1iIn the primary arm spacing as the casting
temperature 1is iIncreased. It can also be said that the
secondary arm .spacing was not very sensitive to thermal
gradient effects during solidification. The change in
the slope of the plot cf secondary arm spacing against
primary arm spacing was plotted against the corresponding
columnar grain w:dths measured at 6@mwc and 14mm and
against grain width ratios obtained for the same samples
and given in Figures 6.36 and 6.37. As could be expected
from the relationships observed in these figures, the
slope of secondary arm spacing against primary arm
spacing 1i.icreased as the grain width 1increased, but
decreased as the gr?.in width ratio increased.
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4
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Figure 6.32 Changa iIn sacondary dendrite arm spj.cing of
ingoti> measured at (@ 0I0soa and () ISun
from the chill zone Yiitfe ch™.nges in grain
width measf ed at 6mm from the chill zone
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Figur» 6.33
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Cbanget of saconduU dendcitr am spacing
with changing priioary azm spacing for
ingots pourad in tha tamparatura rangas
(@ 1476~1526C and (b) 1537-1610*C
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Figure €.34

rigur« 6.35

im-1kKv

h 1 (I ((D Im

primary arm spadng, um

Logarithmic regression lines for the change
In secondtry arm spacing with changing
primary arm spacing for two different
casting temperature ranges

Comparison between regression lines of
secondary and primary arm spacing obtained
in this study with sti™lar regression lines
found in the literature*™
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Figur« 6.36

Q 1

columnar grain width, mm

Q)

©

Changtt in th« <lopa of 1™lota of ascondary
arm spacing against prixaary arm spacing for
columnar grain widths measured at (@ 6mm
and (b) 14mm from the chill cone.
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14 idi
grain width ratio

Figura 6.37 Changtt in th« «lop« of plots of tfiicondary
arm spacing against primary arm spa™ing with
grain width ratio for AXSI310S ingots cast
from a tamparatura ranga of 3.47€-1MN0*C

However it shoi.ld be noted that these trends are not
similar to the relationship between primary arm si ."incr
and casting tamperature (Figure 6 28) . This nR§> tuogest
that secondary dendrite arm s¥:,:CINGS £i;> not Vern
sensitive to changes 1In primary arm spacirigs.
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6.3.2 Microstructurai Svsilumtion of ingots with
Additions of Misch M«t&l

In order to investigate tne microstructural chaiiges in
AISI310S with additions of misch metal micrographs were
takeri at various distances from the edge of the samples.
As can be seen from the micrographs in Figure 6.38, in
which micrographs from selected base metal ingots are
also given for comparison purposes, dejidrite arm spacings
were not refined. Cn the conti“ry, the columnar
dendritic structure see.ns to be coarser compared to that
in base metal castings poured from the same temperature
range. The primary arm spacing in ingots cast with misch
metal varied but it was generally coarser than that in
base metal ingots cast,” under otherwise equivalent
conditions. Increase in the randomness of the dendritic
structure was observed to correspond to shorter and
thinner columnar grains and a larger equiaxed grain zone
in the macrostructure.

6.3.2.1 lUksults of )?rimary And Sttcondary D«ndrit« JLm
Spacing Mftasuramants of Castings Containing Misch
Metal

The results of the dendrite arm spacing measurements
(primary and secondary) for the castings with misch metal
additions are given iIn Table 6.12. These results when
compared with the results obtained for “sise metal
castings poured from the same temperature range, show
tical the mic:ostructvrre coarsened by up to 35 to 40%
" lally towards the center of the ingots. This becomes
eviden: Vv";?n ur.e ciat? for ingots B4 to B7 are compared
wii.h those for ingots MM7 and MM14 tS MM17. Th”se effects
can also be followed from Figures 6.39 and 6.40 which
sh-piolr; ci the data In T.-bles 6.11 and 6.12,"
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1545%C
X1«130™m
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0 43%

Figura 6.38

t) K

Micrographs of thu as-cast structuras of
AISI310S ingots cast with misch matal
additu:ons
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Figure 6.38 continued
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Figura 6.39

Figtira 6.40
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distance from the edge, mm
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against distanca from tha chill zona for a
basft matal ingot cast from 1545*T and fo:
an ingot containing misch natal (MH14) cast
from 1550*C
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Ragrassion curves of primary dan<lrita arm
spacing against distance from thtt chill
scone for a base metal ingot cast from
1564@C and for ar ingot conta,lning misch
metal IHI6} cast from 1551**C
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Figure 6.39 shows regression lines obtained from the
measured primary arm spacings in ingot B5, (base metal
ingot cast from 1545°C) and for 1ingot MM14 whose
macrostructure was about 40% finer than that of 5ngot B5.
It can be seen that the microstructure of ingot MM14 is
about 40% coarser than that of the base metal ingot B5.
The same effect can be seen iIn Figure 6.40, which
compares ingots ™MM16 and B4 . The macrostructure of ingot
MMIS was about 50% finer than that of B4. However its
microstructure 1is coarser by oa average val* more
than 50%. The ragix,. is closer to the edges were more than
100% coarser. *

The change in secondary arm spacing with primary arm
spacing was alLily; ed, separately foiv each sample. All the
data were then combined to get an overall view and
compare the results with di .se obtained from base metal
ingots (Figure 6.41) . Thij logarithmic regression line
obtained with 1ingots containing misch metal almost
coincided with that of base metal ingots cast from a low
temperature Eigure 6.32(a)) - However it Jhould be r*oted
here that the average casting temperature range for
ingots containing misch metal was about 40°C higher than
the temperature range 1In Figure 6.32(&).- The
macrostructure of iIngots containing misch metal
corresponded to that of base metal ingots cast from 1476
to 1526°C.

Thus for the same range of grain width the relationships
between primary and secondary arm spacings for ingots

with and without misch metal were simil This could
be evidenced further by plotting the change in secondary
arm spacings per 100 Jim change in primary spacing

against colum.nar grain width and grain width ratio
(Figures 6.42 and 6.43) .
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As can be seen from Figure 6.42, the change in secondary
arm spacing per 100 gpprimary arm spacing decreased llpin
with about aiO”™m iIncrease in macro “rain width.

A _"Similar trend was observed when the same data was
plotted against grain width ratios obtained for these
samples (Figure €.43). As the grain width ratio increased
from about 1.3 to 1.7, the change iIn secondary arm
spacing per 100 |im primary arrA spacing decreased 11™'m.
When percent increase in grain width ratio and percent
decrease iIn secondary arm spacing change was calculated
from Figure 6.43 they W6ie both found to be 30%. This
means that as the grain width ratio increased, the ratio
of secondary to primary arm spacing decreased iIn the
ratio of 1 to 1.

logMeMiiw 0.M *Q.4Mogpi

10 b T ]gO ‘h'T—rHM

primat/ arm ipadni: mn

Figura 6.1 Chang* of eecondary arm spacing with
changing primary am spacing for tha
AIST310S ingots with mlsoh mataX additions
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yigur« 6.42

Figure 6.43

06 075 09 105
columar grainwidth, mm

Cltang# of A eecondary arm «pacing/Al00Ouad
priBwiry arm epacing with coluainar grain
widthi for >.MISI310S «t««i with miach matal
additions

columar grainwidth, nan
Changa of A aacondary arm apacing/AXO0jxm

primary arm spacing with grain width ratio
for AZSZ310S steal with nisch metal additions
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6.3.3 Microstructurai Evaluation of Ingots with F«SiZr
Additions

This section deals witi the analyses of ingots cast with
additions of FeSizr together with Aj anaZor misch metal.

As can be seen fiar. the micrographs in Figure 6.44, 1in
which the micro™taph of a base metal ingot in also given
for comparison, although there was a strong orientation
effect in the microstructure with FeSiZr additions, the
primary and secondary am. spacings appeared to be finer
than those observed with base castings.

6.3.3.1 Primary and Secondary Dandrite Arm Spacings Iin
Castings Containing FeSiZr

The results of measurements of dendrite arm spacings
(primary and secondary) for the selected castings with
FeSiZr additions are given in Table 6.13. These result?
when compared with the results obtained for base metal
B4, B5, and B6 cast from the same temperature range, show
that the refinement of the primary arm spacings could be
as high as 50-60%. The secondary arm spacings seem to be
smaller by about 20%, These results are evident from
Figures 6.45 and 6.46. In the low casting temperature
region the refinement of the dendritic arm spacing was
more significant. Secondary arm spacing also showed
considerable refinement. However when primary and
secondary arm spacings wers plotted against added Zr
(Figure 6.47) they displayed opposite trends; i.e. as
the amount of Zr addition increased, the secondary
dendrite arm spacing tended to get smaller, whereas the
primary arm spacing increased. When the same data was
plotted against colu.mnar grain width (Figure 6.48), the
primary dendrite a=m spacing decreased as the grain width
Iincreased.
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Figure 6.44

Micrographs of as-cast JIISI310S ingots with
FeSif£r additions
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Figure 6.45

Figure 6.46
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FFtSiZr containing ingot (ZR9) cast from
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distanca from tha chill zona: @)
ragrassion curva for basa natal ingot B6
cast from 1537%C and <b) similar curva for
FaSiZr containing ingot ZRIO cast from
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Figure 6.48

MS *
columnargrain width, mm

{9

_-r‘

% 6" MS.
cohimnar gjnaiii width, «nm

®
Changtt of (@ primary and (b) 1iACondary
arm spacin”™s maasurad at 15 nm faoia tha
adge of ingots with FeSiZr additions as a
function of Tolumnar grain widths aaasurad
at 6 sm front tha adga

171



This 1is similar to the trend observed with 1ingots
containing misch metal although the secondary dendrite
arm spacing showed a slight increase initially followed
by a drop. It should be noted here that these points for
the secondary arm spacings should be treated cautiously
due to an error range of 2 Jim in measurements. This
staT”enent will be discussed further in the next chapter.

Changes 1In secondary arm spacings with primary arm
spacings were also analyzed separately for each sample.
The results were plotted against various parameters to
establish possible correlations. The change iIn secondary
arm spacing per 100p.m change iIn primary arm spacing is
plotted against the aaount of added Zr in Figure 6.49.
This suggests a relationship which confirms the earlier
observation that as the amount of Zr increased the
secondary deridrite arm spacing tended to get smaller
whereas the primary arm spacing increased. This in effect
means that iIf the secondary arm spacing is kept constant
the primary arm spacing increases.

04 05 0j6
Zr added, wt%

Figure 6.49 in A sacondary arm spacing/Al00"tm
primary arm spacing of ingots as a function
of Zr addition
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6.4 Mechanical Prop«rti«s of tL« Ajit-Cast AISI310S with
or without Additions

6.4.1 Tensile and Impact Test Properties 4

The results of the tensile and ¥.“yect tests carried out
on specimens from selected base metal ingots and iiigots
cast with misch metal, and FeSiZr additions are summarized
in Table 6.14. The v lues In parentheses are those
obtained from material iIn the as-cast condition. The rest
of the results were obtained from material that had been
homogenized at 1150°C for 2hr and water quenched.

Tensile test results are plotted as a function of
columnar grain width to determine whether the additions
had any effect on the strength of AXS1310S other than
that which might have resulted from a finer grain
structure.

As car be seenj ;rom Figure 6.50(a) the tensile strength
of the homogenized base metal castings showed an initial
drop iIn strength with increasing columnar grain width.
However as the macrostructure changed to 70% equiaxed
from a columnar one, the tensile strength showed an
increase of about 12% from 452 MPa to 510 MPa.

The difference between the transversal and longitudinal
tensile strengths also decreased as the grain width
decreased. For a grain width of 0.666mm the difference
was a mere 0.4 MPa and ircreaitd to about 23.4 MPa as the
grain width increased to 0.975mm at 14mm from the edge.
It should also be noted that the longitudinal samnln i
had higher tensile strengths.
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Mechanical properties of the as-cast AISI310S ingots with or without additions
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Figure 6.50(b) gives the tensile strengths obtained for
the castings with misch metal and FeSiZr additions. All
these samples are taken from the columnar zone of the
ingots which did not have a comparable equiaxed zone. As
can be seen from chese plots, the ingots with misch metal
and FeSiZr additions, on average, followed the same trend
as chat of the base ingots.

All these values are well below the values obtained fr™m
equiaxed grained ingot. However, it should be borne in
mind that these ingots (with MM and FeSSZr) were cast in
the temperature range 1545 to 15b0°C, whereas the base
met™™ iIngots were cast from temperatures between 1436 anl
1537°c. The difference between transversal and
longitudinal strengths is minimal especially in the lower
grain width range for all the additions.

Figure 6.51 gives he yield strengths obtained with the
base iretal ingots t.nd the iIngots with additions. The
yield strength of base metai ingots decreased from 293.3
MPa at 0.995mm grain width to 249.3 MPa at 0.666mm grain
width. Transverse yield strengths for the same ingots
decreased from 269.1 MPa to 250.5 MPa within the same
range of grain width. Thus the yield strength of
longitudinal samples decreased by about 15%, whereas that
of transverse samples decreased by 10% for the same range
of grain width. This suggest.m that in the longitudinal
direction the material 1iIs more sensitive to changes Iin
grain width.

che decrease in tensile strengths for the same grain

™™h range 1i1s considered (8.3 and 3.0% in the
1 jngitudinal and transverse directions respectively), it
can be said that the yield strength is more sensitive tq

changes iIn columnar grain width than the ultimate tensile
strength.
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The difference between longitudinal and transverse yield
strengths decreased from about 8.3% to about 3.5% as the
grain width decreased from 0.995 to 0.666mm (Figure 6.51) .
In the equiaxed grained ingot (the first set of two
points in Figure 6.51) the yield stxength was significantly
higher than that obtained with columnar ingots except for
the ingot with the largest grain width. The mean value of
yield stress for the equiaxed ingot and the ingot with
the greatest grain width (Figure 6.51) is pra™“tically the
same. However the equiaxed ingot shows a g »ter degree
of isotropy.

Figure 6.51(b) shows a plot of yield strength against
columnar grain widt for ingots rfith additions. As can
be seen, the ingots with misch metal additions showed a
marginally higher yield strength at smaller grain widths.
However the yield strength was still lower than that of
base metal equiaxed ingots or ingots with large columnar
structures. These iIngots also showed a reduced variation
in yield strength from one direction to the other. When
FeSi1JdJr was added to castings, there appeared to be a drop
in yield strength u less the FeSiZr was added together
with A{ as was the case with ingot ZR22 (Table 6.14) . The
difference in yield strength iIn the two directions is
comparable to that observed with base metal castings.

Figure 6.52 gives the elongations obtained from ingots
with or without additions as a function of columnar grain
widths. Elongations for the base metal ingots showed a
marginal deviation from the average value of about 50%.
These deviations are of the order of 3 to 4%, and
therefore no firm conclusions can be drawn from them.

The plo;; of elongation against grain width for ingots
with additions was very similar to that for base metal
ingots except for ingot ZR18(Table 6.14) whose elongation
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was 60%, It should be noted here that the majority of the
samples from ingots with additions had elongations which
did not vary much in the two directions. Elongation
results do not show whether one of the directions was
consistently superior to the other in ductility.

Figure 6.53 gives the change in reduction in area @RA)
with columnar grain width for ingots with or without
additions. Figure 6.53(a) shows a slight decrease in RA
as the grain width gets sniailer. Ingot B15 which was 70%
equiaxed had a RA. of 64%, whereas B6 with a completely
columnar structure and a grain width of 0.975mm had an RA
of 71% ~average of cwo directions). The RA"s obtained
from ingots with additions (Figure 6.53 (b)) showed that
with misch metal and FeSiZr, the reduction in area on
average was as high as the highest obtained with the base
castings {B6, 71%).

It an be seen that transverse RA"s are higher than th“V'se
obtained with longitudinal sam.ples for almost all the
ingots with or without additions.

The fracture surfaces of samples with columilar structures
were elliptical in section due to anisotropic behaviour.
In order to examine the influence of additions, graxn
width an;i grain structure on the wuniformity of
deformation, the long axis and short axis of the fracture
surf:\ce of the tensile samples was measured and is given
in Table 6.14.

The differences in length between the long and short axes
are plotted as bar graphs iIn Figure 6.54. In bar graph
(a), which gives the differences for base ingots, It can
be seen that the difference in length between the two

axes of the fracture surface decreased as the grain width
decreased.
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and FaSiZr additions

181



RD1,% - RD2,%

40
30
20

@

10

60
40

30

@ 0

60
40
30
20

10

Figure 6.54

0.365 0.434 0.517 0,596 o7
0.355 0,429 0.440 0.464
S

m
0.354 0.373 0.507

columnar grain width at 6mm, mm

rm transversal BH longitadlnal

Histogr»una displaying th« differ«nc«s in

p«rc«ntago reduction in diam«t«r along two
pttrpendicular axas of the fractur# surtacas
for tha longitudinal aud transvarsa tanaila
taat piacas of ingots with (@ no addition,

® misch matal addition and (c) FaSiZr
addition

182



The difference between the two axes of the ingot with 70%
equiaxed zone was 2 .2% whereas that in the ingot with a
columnar structure ®f 0.975nun grain width was about 20%.
Misch metal and FeSiZr containing 1ingots showed
differences in the range of 6 to 15% in the lengths of
their two axes. This indicates a more or less uniform
deformation prior to failure of the test pieces. The bar
graphs also indicate that, 1in most of the cases,
longitudinal samples showed smaller differences between
their iong and short axes than did transverse samples.
The differences in the shape of the fracture surfaces of
some of these samples are shown iIn Figure 6.55.

6.4.1.1 Prop«rti«8 in th« As-Cast Condition

Selected samples were tested in tension in the as-cast
condition (prior to homogenization) to stedy the effect
of additions on tensile properties. The results are
given in parentheses below the corresponding values
obtained with homogenized specimens in Table 6.14. From
this limited number of results, the major effect of
homogenization appear™ to be an 1increase 1iIn Yyield
strength of up to 35% for a 2h treatment at 1150‘C
followed by a water quench(Figure 6.56).

The improvement iIn tensile strength for the same ingots
I;a8 not as impressive that in yield strength, being
only a few percentage points (Figure 6.57) . The bar
graphs in Figures 6.50 and 6.59 give the changes ’n
elongation and RA due to the homogenizing treatment. As
can be seen for some of the ingots, homogenization does
not have a significant effect on ductility. On average,
the ductilities of the as-cast samples were similar to
those of their homogenized counterparts.
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Figure 6.55 Frftctura surfac«s of sttl«ct«d tensilA test
pieces
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Figur« 6.56 diang* in yiold strength dua to hast
troatnuint of ingots with no addition and
with FaSiZr addition
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Figure 6.57 Changa in tansila strength dua to haat
traatment of ingots with no addition and
with FaSiZr addition
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Figu#ft 6.58 Changa in % ttlongation by h«at tr«atm«nt of
ingots witb no addition and with FaSiZr
addition
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Figure 6.59 Chang* in % RA by haat traatmant of ingots
with no addition and with FaSiZr addition

186



6.4.2 Impact Test Rasults

Impact test results given in Table 6.14, and Figure
6.60, From these results 1t can be said that the
additions did not have a detrimental effect on the impact
properties of AISI310. In fact in a few cases Iimpact
properties improved slightly with additions. It should
again be noted here that longitudinal samples showed
superior toughness values over transverse ones. The
scatter iIn the results however made it difficult to
relate results to any one parameter. The fracture
surfaces produced were Tfully ductile and the values
obtained were high compared to other austenitic stainless
steels.

6.4.3 Hardness Test Results

Micro and macro-hardness values for selected ingots in
the as-cast condition are presented in Tables 6.15 and
6.16. They are given together with the corresponding
grain widths measured at 6mm and 14mm from the edges.
The hardness values were analyzed with respect to these
grain widths. No correlation was found between the two.
The hardness values were plotted (Figure 6,61) against
the corresponding primary arm spacings measured at 6mm
from the edge of the relevant ingots (the values given in
parentheses in Table 6.15) . It can be seen from Figure
6.61 that there appears to be a correlation between
hardness and primary dendrite arm spacing. Smaller
primary dendrite arm spacings appear to result 1iIn
increased hardness for metal ingots as well as for ingots
containing misch metal. The Zr-containing ingots did not
show a very clear trend.
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Tabl« 6.15 Vickcrs hardnttss “vmluas for as-cast base awtaX
ir.gots with th«ir raspactiva colminar grain
widths and 3iri«ary ar» spacings (givan in

paranthaaas)
Sample Columnar Grain Width Macro
no arm Hardness
- HV5
6min 14mm
B2 1.055 1.134 138
(€S))
B3 " 0.844 1.030 132
@)
B4 1.047 1.204 140
(105)
1 0.666 0.920 146
@6)
1 0.711 0.975 139
(118)
137 0.551 0.704 157
(C3))
1 .517 0.710 112
(€0S))
B9 0.498 0.672 140
az)
BIO 0.456 0.647 140
(109)
BIl 0.511 0.669 119
asn
312 0.749 0.920 137
B13 / 0.434 0.666 123
(139
B14 0.482 - 142
B15 0.365 - 121
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Tablo €.16 Vickttrs h*rdn®*« valu«« for *al«ct*d «8-c»8t
) ingots with addition* and thair r«»p«ctiv«
colisamar grain width* and prima)ry arm apacings
(given in par»nth«t«!*)

Sample Columnar Grein Width Macro-
No Hardness
F*5
6filn mm
MM7 0.377 0.617 126
MM8 0.530 C .695 140
MM9 0.350 0.476 124
MM15 0.345 0.482 139
€2
MM16 0.370 0.530 133
{120
MM17 0.353 0.505 164
©D
MMI 8 0.323 0.4U 142
26)
MM19 0.351 0.493 121
MU20 0.355 0.435 126
MM21 0 ,464 0.553 133
MM22 0.429 0.549 123
Q30
1MM23 0.440 0.572 132
(106)
ZR9 0.413 0.507 119
(GS)
2R10 0.445 0 .640 126
08)
ZR1 0 .450 0.592
ZK13 04 3 0.557 133
ZR14 0.479 0.658 126
ZR15 0.412 0.514 135
ZR16 0.409 0.547 146
ZR20 0.373 0.479 156
ZR21 0.448 0.578 123
(102)
ZR22 0.507 0.674 137
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6.4.4 SBima.cy of Mschanical Test Rttsults for
in the As-Cast Condition

The results of the mechanical tests {tensile, impact and
hardness) carried out selected base metal ingots with
no additions and on iIng™ s with misch metal and FeSiZr
can be suiriimarized as follows:

®

@an

av)

)

The tensile and yield strength in base metal
ingots decreased as the columnar grain width
decreased.

The base metal ingot with "k equia.”ed zone
showed superior tensile ar yield strengths
over ingots which consisted mainly of a
columnar zone. Only the iIngot with the
largest columnar grain width had a yield
strength comparable to that of this ingot.

The elongation of specimens from the ingot
with a 70% equiaxed structure was the same as
that obtained from ingots with columnar
structures. Two iIngots with smaller
columnar grain showed a slight positive
deviation from the average.

The values of RA decreased as the grain width
decreased and as the structure became mainly
equiaxed.

The ingots with misch metal and Zr additions
had tensile and yield strengths which did not
deviate significantly from the average
strengths obtained with base metal ingots,
IT some of them did, then the deviation was
positive.
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Values of elongation obtained for ingots with
misch metal additions were similar to those
obtained with base metal castings, whereas
the ingots with zirconium additions hsd
larger than average elongation values in
the smaller grain width range. This suggests
an increase in elongation with these ingots
as the grain width decreased.

Values of RA obtained with material
containing misch metal and zirconiun were
similar to tho.”SiI obtained from base metal
castings.

With only one or two exceptions, tensile and
yield strengths obtained with longitudinal
samples were superior to those obtained with
transverse samples. On the other hand values
of RA obtained with longitudinal samples were
lower than those obtained with trai* sverse
samples. These observations hold for ingots
both with and without additions.

The difference between the transverse and
longitudinal values of yield and tensile
strengths and elongation decreased as the
columnar grain width decreased, becoming
minimal for ingot B15 which comprised 70%
equiaxed structure. This means that
deformation becomes more uniform and
isotropic as the grain width gets smaller
and/or as the structure becomes equiaxed.

For almost all the ingots cast with
additions, the differer®.e between the
transverse and longitudinal values of yield
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and tensile strengths was minimal. In

most cases the difference was smaller than
that observed with base metal cag™tings,
suggesting more uniform mechanical properties
in all directions, most probably due to grain
refinement of the cast structure.

The shape of the fracture surfaces of the
tensile samples revealed that as the grain
size decreased, the deformation became more
uniform, and was almost completely isotropic
for the iIngot with equiaxed structure.
Addition? of misch metal and Zr resulted in
more UMiform deformation.

Testiixg of selected as-cast samples (un~
homogenized) revealed that homogenization had
its major impact on the yi~ld strength,
increasing it by up to 35% in some samples.

No relationship was found between the tensile
properties of the ingots wich or without
additions and the primary and/or secondary
dendrite arm spacings measured at = "marios
distances from the edge for the same ingots.

Impact test results suggested that misch
metal additions could iImproVVe the toughness
of the as-cast ingots. Longitudinal samples
showed superior toughness over transverse
ones.

Hardness tests suggested that there may be a
correlation between liljardess and prima. y
dendrite arm spacing,” with hardness
increasing as the primary arm spacing

"



decreases. Grain width does not seem to
influence the hardness of as-cast AISI1310S
steel.

As an overall evaluation of the mechanical test results
summarised above, it can be said that small and/or
equiaxed grained as-cast structures had more uniform and
isotropic mochanical properties and deformation patterns.
This was so especially when the structures were obtained
by pouring with Hlower superheat during casting or by
adding MM and Zr to castings topured with higher
superheat. -
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6.5 Properties of Stainless Steel AISI310S in the
As-Rolled Condition

Five 1ingots with no additions and 13 ingots with
additions were hot rolled down to 15mm in thickness which
corresponds to 80% reduction. Hot rolling was carried
out at 1100°C. The finishing temperature was about 800°C.
After hot rolling, these ingots were solution treated at
1200°C for two hours and quenched in water. Specimens
were cut for macro- and micro-analyses and hardness
tests. Two tensile and two Charpy impact test specimens
were prepared from each slab. Tensile and impact test
results together with results of their as-cast columnar
grain width, primary and secondary dendrite arm spacing
and hot rolled grain size measurements are given in Table
6.17.

6.5.1 The Relationship Between As-Cast and As-Rolled
Grain Sizes

A plot of grain sizes in the as-rolled and as-cast irigots
(Figure 6.62) shows no apparent correlation between the
two. However when the secondary dendrite arm spacing iIn
as St ingots is plotted against the as-rolled grain
size ,L/igure 6.63), it can be seen that as the secondary
dendrite arm spacing increased,the grain size in the as-
rolled condition tended to increase as well.

6.5.2 Tensile Properties

6.5/2.1 Yield Strength

Specimens taken from ingots with and without additions
and deformed by 80% were tested unde?: comparable
conditions. It can be seen from Figure 6.64, that
smaller grain sizes resulted iIn higher yield strength.
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Table 6.17 _ -
test results for the hot rolled AISI310S ingotfi with or
"n?nlL grain si«. and dendrit. arm
y Ingot Columnar grain DandriSe vrm apacing ((tm) Grain YS T& Bongalion Raductloii Notch Notch
i width (mm) siza MPa in Araa impact topact
_ (mm) % Bjargy
Primaty Secondary Trana. Trana.
Trana. Trana. Long. Long. Standard 8& »I»
aa-rolhK) Long. Long.
6mm 14mm 6mm 15mm 6mm 15mm Trana.
Lonfl.
1 BS 0.866 0.920 555 2069 26.2 526 19380 2411 489.3
I 722 26.8 426 2396 509.2 (3.7 715 338
J 0551 0.704 752 222 | 237 38.3 0412 2190 4940 63.9 TO8 195
1376 2979 227 338 2190 509.0 60.3 331 87
0498 0672 1129 284.0 226 395 0.460 2210 5145 297
97 1405 3358 26.6 4238 2287 5144 54.0 /alii 330 100
B12 0.749 0920 206.3 2728 313 346 0319 232
260.2 3335 333 417 2230 X140 70.0 344 118
B14 0482 . : . : : 0113 276
300.0 S55.0 60.0 71.7 352 102
B16A - . ' . asotr ! : : « m
267.2 519.8 50.0 68.0 110
BtSB . 0.840 2330 /it 4 410 55.0 t
2265 4737 740 78.0 110
B16C ' ' : : : : 1.330 2175 4023 3838 «6.4
1P45 4431 3838 76.0 119
MM14 0.391 0.685 1287 1937 238 412 0.092 287.7 604.1 584 76.7 318
1895 3227 26.7 435 2871 589.1 59.0 749 214 63
MMIS 0.345 0482 659 267.0 26 453 0.354 2220 4840 : 300
55.7 25?5 232 5C.0 2322 . 5042 588 737 356 106
MM16 0.370 0.53U 1133 2593 2838 50.3 0.400 2346 509.2 204
196.6 280.0 329 428 2410 5130 59.0 «8.0 274 90
MM17 0.353 0505 80.2 186,7 274 404 0.676 259.6 5142 494 65.6 159
128.7 2531 339 350 229.7 489.3 540 725 330 85
MMta 0.323 0441 95.7 108.6 327 312 0.186 2177 4943 533 65.9 153
1170 153.2 337 395 2261 514.2 60.6 710 316 90
MM19 0.351 0493 76.9 930 309 426 0541 ' 223
1425 . 424 526 2190 S09.0 839 73« 358 114
ZM CA413 0507 80.9 1989 270 351 0.084 2546 5442 ’
S7.0 2259 236 344 2730 5570 02.0 735 358 129
ZR10 0.445 0.640 920 2173 231 520 0223 2410 S5S.3 : : 272
108.0 2017 234 359 2490 555.0 69.0 75.0 357 114
ZR20 0.373 0479 2040 1839 312 259 0222 253.6 5542 544 735
- 199.2 . 350 2572 564.2 54.0 755 358 123
ZR21 0.448 0578 1336 269 459 0.6/0 2190 483.8 65.1 73.0 313

16(.1 354 S28 2190 504.1 63.5 750 342



J©

Figura 6.62

*/\1

k

Figure 6.63
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Figure 6.62
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Figure 6.63
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A regression analysis gave the following Hall-Petch type
relationship between the yield strength and the grain
size of the base ingots:

oy.s. * 170 + 42.2 e 6,9
where ay.s. 1is the yield strength in MPa, d is the grain
size iIn mm.

The correlation coefficient of the equation is T“elatively
low at 0.82, IT"GBt probably due to the high yield strength
obtained for the sample with a grain size of 0.5mm

igure 6.64). It should be noted here that the sample
with the smallest grain size and highest yield strength
{B14) had an appreciably large equiaxed zone of 50% iIn
the as-cast condition. Figure 6.64, indicates that the
yield strength of ingots with misch metal or FeSiZr
additions showed the same trend, but was slightly lower
than that obtained with base metal of a similar grain
size.

6.5.2.2 Tensila Strength

The plot of tensile strength against grain size (Figure
6.65) shows a trend similar to that of the plot of yield
strength against grain size. Regression analysis done
for the data of the ingots witno:t additions, showed that
the best fitting curve is a fourth degree polynomial
(Table 6.18) with a correlation coefficient of 0.90 as
opposed to the values of 0.874 and 0,943 respectively,
obtained with a Hall-Petch type equation and second
degree polynomial. However tL. regression line iIn Figure
6.65 was plotted using the second degree polynomial
equation, which shows almost a Ulinear relationship
between tensile strength and grain size in this range of

grain sizes.
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Figure 6.64 Changa in yiald strength with jts-rolled
grain size of AISI310S steel with or
without additions

tensile strength, MPa

600 h
560 - o0
dl
520 - o 0o
$0

480 -
440t
400

) 0.2 04 0.6 0.8 12

ss-rollad grain size, mm
O no addition D FeSiZr cridition
A MM addition — regression (no add.)

Figure 6.65 Change in tensile strength with as-rolled
grain size of AISI310S with or without
additions
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Table 6.18 Regression Equations for Tensile Strength as
a Function of Grain Size in Hot Rolled and
Annealed Conditions for AXSI310S steel

Hall-Petch Type : * 431.2 + 46 ™™ ___. 6.10
corr. coeff. : 0.874

where Os is in MPa and d iIs in nm.

2nd Degree Polynomial : =56.2 - 13.2d + 20* ..6.11
corr. coeff. : 0.9"

4th Degree Polynomial
0, - 66.5 - 135.3d + 392.8d* - 445.6d"+ 162.3d*. .. .. 6.12
corr. coeff. : 0.98

where N as in kPaMON and d 1s in nn.

The slight positive deviation iIn the slope of the curve
in the grain size range of 0.400 to 0.500mm is neglected.
A fourth degree polynomial would most probably produ*™e a
curve which would also show this change iIn slope.
However considering the abnormal yield strength obtained
with the sample of grain size 0,500mm, the slightly
higher than average tensile strength obtained with the
same sample can be ignored. This makes the use of the
second dt"\gree polynomial to express the general trend in
tensile ~ jngth iIn this grain size range, more
Justifiable.

As can be seen from Figure 6.65 the results obtained with
hot-roJdled ingots with and FeSiZr additions did not
shew a positive or M tytive deviation from those obtained
with oase metal ingots of the same grain size range.
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However it should be noted that these base metal ingots
were cast from a t—mt,cirat.re range of 1481 to 1454°T. OF
the 1ir.yuua witii additions, 90% wexe cast within the
teFI>erature range 1540 to 1545‘C. It can, therefore, be
1Seen t™at with additions of MM and FeSiZr, the same
tensile properties Te obtained iIn material cast from a
high9r temperature range, owing to the grain refining
effect of tlie additions on che steel iIn the as-cast
condition and after rolling.

6.5.2.3 Elongation

Values of pei itagt™ elongation are plotted against as-
rolled grain si?.e in Figure 6 .66. A regression analysis
for the InflOts >st without additions gave a fTourth
degiee polynomial as the best fitting curve. This was:
% Elongation *

6.35 + 706.35d —2352.75d" + 2738.90d* — 1015.2d*. .. 6.13
The correlation coefficient is 0.997.

riongation, %
100

0.6 0.8
as-rntled grain siza, mtn
O no addition a FeSiZr adcition
B MM addition ---- regression {no add)

ligurc 6.66 Change®™ In % «ilongation vrita as-rollad grain
sis« of AISI3I0S staal with or without
additions
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It can ba seen from Figure 6,66, where this regression
line is plotted, for a wide range of grain sizes, that
elongation did not change substantially as the grain size
decreased from about 1.<mm to about 0.5mm. As the grain
size decreased from 0.5 to about 0.3mm the elongation
increased from about 50% to about '70k. Thus for a 40%
decrease in grain size there was a 20% increase in
elongation. The elongation decreased to 6C% as the grain
size decreased from 0.3mm to O.1lmm. This drop in
elongation should be considered with the simultaneous
increase in the yield and tensile strength-s (E"igures 6,64
and 6.65) of 36 and 8% respectively.

Figure 6.66 also shows that the hot rolled ingots
containing m.isch metal and FeSiZr had elongation
comparable to that of the base metal. It may therefore
be said that the grain refining additions had no
detrimental effect on the ductility of the hot rolled
material. The minimum elongation obtained with additions
of grain refining agents was 50% which is highly
satisfact™™ W7.

At this point, attention should be drawn to the tensile
properties of certain ingots with misch metal and FeSiZr
additions, namely MM14, 7.R9, ZRIO and ZR20. Even though
the casting temperature of these iIngots was on average
1550°C, ws;hich is almost 100°C higher than that of Bl4,
they had tensile properties comparable to those of this
base metal ingot which comprised 50% equiaxed material
in “he as cast condition and showed the best tensile
properties among the base 1iIngots iIn the as-rolled
condition. MM14 had an average yield strength of 285MPa,
tensile strength of SOOMPa, elongation 59% coupled with
a reduction iIn area of 76%. The corresponding values
obtained with B14 were 300MPa yield Bt:.—Zigth, 555MPa
tensile strength, 60% elongation and 77.7% reduction in
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area. MM14 had a yield strength about 5% lower, a
tensile strength 8.1% higher and practically the same
ductility as Bl14. If the results obtained with MM14 are
compared with those obtained with B5 which was cast from
1545°C, a dramatic difference is witnessed : MN14 had 19%
better yield strength, 20% better tensile strength, 8%
less elongation, and 5% better reduction in area. This
means t t betcer strength was "Stained with M"J4 without
signific )t loss in ductility.

When the results of ZR9, ZRI . nd ZR20 which are similar
Vere averaged and compered W:.n “hose obtained for Bl4,
the yield strength was found to be 15% lower, the tensile
strength almost the same, the elongation the same or
slightly higher, and the reduction in area slightly
lower.

When compared tc B5, the yield strength was about 5%
higher, the tensile strength 11% higher, the elongation
almost the same, and the reduction in area slightly (@%)
higher. The impact toughness of the ingots containing
FeSiZr was consistently higher than that obtained with
base metal ingots, whereas I-.ish metal containing ingots
showed significant scatter iIn results. This was
particularly true of transversal samples. Longitudinal
samples gave results similar to those obtained with base
metal ingots.

For the majority of the samples, the yield strength,
tensile strength, reduction in area and Charpy impact
values obtained with longitud-inal samples were
consistently higher than those obtained with transversal
samples.
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6.5.2.4 Raduction iIn Area

Reduction in area ((RA) for the hot rolled slabs is
plotted against the as-rolied grain size in Figure 6.67.
Regression analysis gave a second degree polynomial as
the best fitting curve in this grain size range. The
relationship obtained was as follows.

% RA « 81.9 - 33.0d + 18.5d* 6.14
d is iIn nn)

with a correlation coefficient of 0.9C.

As can be seen from Figure 6.67, ir che grain size range
of 0.113 to 0.840mm, RA decreased as the grain size
increased. For grain sizes above 0.840mm, it appears that
RA remains tairJy constant or increases slightly with
increasing grain size. It i1s also a* ar™.nt from the
graph that additions of MM and Fe iZr did not have a
detrimental effect on the ductility of the alloy measured
as RA.

6.5.2.5 Charpy liapéct Titsts

Impact energy results obtained from longitudinal samples
of AISI1310S hct rolled ingots with or without additions
are plotted against as-rolled grain size iIn Figure 6 .68.
A regression analysis carried out for the base metal
ingots gave the following expression for the change in
impact energy with grain size:

rmpact Energy (3 351.3 + 26.6d - 165.75d* ...6.15
d i1s In mm)

with a correlation coefficient of 0.96.
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This expression holds true only for the grain size range
of 0.113imn to 0.460nun and for longitudinal samples of
AIS1310S only. The numbsr of transversal samples that
survived the 1impact teSt was not sufficient for a
reliable regression analysis. Also the number of subsize
charpy samples was not sufficient to deduce any trend.
There appears to be a slight reduction in iImpact energy
with raisch metal additions, whereas an increase Iis
observed with FeSiZr additions. As can be seen from
Figure 6.68, as the grain size of base material
incresjsed, a sliM)it decrease iIn toughness was obtained.
Results of samples from ingots with additions showed
considerable scatter around the regression line. However,
It can be said that misch metal and FeSiZr additions do
not seem to impair the toughness of longitudinal samples
of AIST.310S, whereas in the transversal direction,
results suggest that certain amounts of misch metal may
lead to a deterioration of the impact toughness of this
material. It should be noted that the energy absorbed
remained very high under all conditions (in excess of
200J3).

6.5.2.6 Hardnass Testa

Results of micro- and macro-hardness tests done on the
hot-rolled ingots of Aisisins with or vrithout additions
are given iIn Table 6.19. Macro-hardness results are
plotted against as-rolled grain size in Figure 6.69. It
can be seen that specimens from all 1ingots exhibited
decreasing hardness with increasing grain size. The
addition of misch metal or FeSiZr had no definite-
influence on the hardness of hot roiled material.
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Table 6.19

Ingot
No.

B5

w
N

MM14
MM15
MM16
MM17
MM18
MM 19
ZR9
ZR10
ZR20
ZR?1

Micro-

Grain Size

(m)
as-rolled

o

O O OO0 OO0 0000 n oo o

.380
-412
-460
-319
-113
-092
.354
-400
.676
-186
.541
.084
.223
.222
-670

and aiacro-luiirdnsss values for the
hot-rolled AISI1310S ingots with or without
additions
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Macro Hardness

VHs

149
129
136
141
138
150
138
150
144
141
136
142
160
153
130

Micro Hardness
VHo.s

174
139
143
162
149
170
164
167
164
157
134
178
168
150



%

Vickers hardness, HV5

200
100
) 0.2 04 0.6 0.8 12
as*roli«d eratn size, mm
O no addition FaSIZr addition
» MM addition — raareaalon (no add)
Figuro 6.69 Clumge of hax"dnass with as-rollad grain

size of AI1SZ310S steel witb or without
additions
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6.6 Propartios of Stalnlass stael AISI310S in th«
As-Cold Rollttd Condition

One ingot with no addition (B5), three ingots with FeSiZr
additions (ZR9, ZRIO, ZR20) and two ingots with misch
metal additions (W14, MvM15) were cold rolled to
reductions of 25%, 50% and 75% without lubricant on a
two-high mill. The photographs given in Figure "S.70 show
the effects of cold rolling on the surface characteristics
of billets rolled from different ingots. As can be seen
from this figure, 1ngots with additions exhibited
surfaces with a fine-texture in the cold tolled condition
whereas B5 exhibited an extremely rough surface.

Table 6.20 gives the hardness results obtained on the
cold rolled and the cold rolled/annealed materials after
various annealing times. It can be seen from Figure
6.71, that vfith all three types of material annealing
caused an initial softening to a minimum hardness followed
by a gradual increase in hardness with further increases
in annealing time. This effect was not very pronounced,
causing iIncreases in hardness of about 10% or less from
the minimum hardness values. The effect however appeared
to be more pronounced in the materials cast with
additions. It could be said, therefore, that misch metal
and FeSiZr additions do not have a significant effect on
the hardness of cold rolled and annealed material.

However, as can be seen from micrographs of selected
billets with or without additions reduced 75% and
annealed at 975°C for 20 minutes(Figure 6.72), 1ingots
with additions have a finer microstructure compared to
ingots without additions. This is most probably due to
a Tfiner microstructure in the hot rolled condition.
There seem to be no solid sof™.ion and/or precipitation
hardening effects which take place solely because of the
additions.
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Figure 6.70
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75% reduction

Figure 6.70 contin. () ZRIO

214



7.1 Effect of Superbaat on tha Solidification Mod* of
A1S1310S

Sta”* ¢ steels can solidify by different modes. The
vis, or so]idification sequences, are known to be
= fluenced by the relative concentrations of y- and a-
stabilizing solute elements in the steel. For instance
small changes in C 0- Nj content can cause a shift from
one sequence to another, since they both favour the
formation of vy. The section from the Fe-Cr-Ni
equi .:brium phase diagram shown in/Figure 7,1 gives the
ferrite/austenite ratio during solidification and the
solidification interval as a function of the ratio
Ni"/Cr® for austenitic stainless steels. As can be seen
from this figure, AISI310S is the most stable of the four

grades of austenitic stainless steels considered due to

its high Ni""/Cr*" ratio. This ratio for the AIS1310S
grade used for the present work was calculated to be
0.345, which Tfalls into the L —» L + vy —> 7

transformation sequence under equilibrium conditions.

Although there are well established pseudo-binary
diagrams for other austenitic stainless steels”™ like 304
and SI*™?, non could be found for the 310 grade. So,
within the framework of this research, it was also
attempted to draw a pseudo-binary phase diagram for
AISI1310S using the ternary iron-chromium-nickel diagrams
provided by kivlin****_. The pseudo-binary diagram produced
for this alloy at 25% Cr 1is given in Figure 1.*.. This
pseudo--“,~inary diagram together with the diagram shown in
Figure 7.1 ahows that wunder equlibrium conditions,
A1S1310S solidifies directly into y on cooling from the
liquid phase.
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Table 6.20

Hardness ineasurenient results obtained on the cold rolled and
the oold rolled/anneaied materials

In



40»

34t-

1T n D
ann<*4'g mias

Figure 6.71 Chang* of Juirdtmss urith unnaaling ti»«s of

th<» cold rollfld billttts

216

TA, *-



(SS9

@ B5

® MM14

Figure 6.72 Micrographs of cold rollod blllats irlth or
without additions r«ducod 75% and annealad
at 97568C for 20 minutas
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7. DISCUSSION AND THE PRQPQS8P QUASI-BMPIRICAZ.
SOLIDIFICATION MDDBL FOR AIS1310S STAINLESS STIKL

The aim of this work was to refine the as-cast structure

of the austenitic stainless A1S13103 which contains
about 25% Cr, 15% Ni, 1.6% ~n, 0.45% Si, and 0.05% Cv
by using additions of misch metal and FeSiZr. hi was

also used in selected castings togethe./”"-th mrsch metal

and FeSiZr additions.

The influence of the changes that tod"k pJace in the cast
structure, on the mechanical properties of as-cast, hot
rolled and cold rolled material was investigated to
establish whether structural modification had benef-"ial
or detrimental effect. Al1S1310S was chosen as the
subject material for this work because it is known to
solidify as y. It might be expected therefore that its
structural modification would not be easy unlike other
types of steel which either solidify to form 8-ferrite or
form delta ferrite initially which later transforms to
au"-tenite. ;The di;fficulty of refining the y phase when
it _appens to be the primary phase lies in the fact that
no known nucleant exists that is potept enough and can
survive the high casting temperatures used in iIndustry.
Limited work done on steels which solidif;/ directly to y

at low cooling rates™" or at low thermal gradients*®* gave

promising results.

However, the effect of these additions was not studied "t
cooling rates and therma."! gradients utilized in th?
continuous casting of these steels. The mechanisms
contributing to the refineinent of the as-cast structure
due to these additions are nof"Knowh.
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In this workf the Tfollowing areas of the structural
modification of asT”ast AISI1310S were 1investigated to
gain a fuller understanding of the processes involved in
the solidification of austenitic stainless steels and the
influence these processes have on the as-cast structure,
and eventually on the mechanical properties at different

stages of the processing of such materials.

1. Effect of superheat on the solidification
mode of AISI1310S.

2. Effect of superheat on the as-cast
macrostructure (columnar grain size and

shape, % equiaxe.fi zone) .

3. Effect of superheat on the as-cast
microstructure (primary and secondary arm

spacings) .

4. Effect of additions on the as-cast
macrostructure of AISI31CS, and the
influence of superheat on the
effectiveness of these additions.

Effect of structural modification on the
properties of as-cast (unhomogenised and
homogenised), hot rolled and cold rolled
naterial and on the recrystallization
proness during annealing of cold rolled
material.

These aspects of the structural modification and
properties of the steel are analysed in the same order in

the following Tfive sections.



However as mentioned in section 6.3.1.1 and observed in
Figure 6.30, primary 5-ferrite grain boundaries were
present in some of the ingots and these grain boundaries
were not in one to one correspondence with the austenite
columnar grains. This phenomenon was considered to be
evidence of a peritectic transformation that took place
on cooling from the liquid phase. This has been observed
in stainless steels such as 316 and 304 which go through

a peritectic transformation on cooling.
3« X» 310
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As can be seen from Figure 7.1 the Ni*"/Cr® vratio in
Al1S1310S differs significantly from those ratios irhich
cause peritectic transformation during solidification.
However, even 31uS may go through a peritectic reacti®n
due to high cooling rates which cause a shifc 1in the

transformation as shown beJow.

Low cooling rates =« L L +VY Y-,
High cooling rates :

either L L+S +y-~L +Y-" Y-_7-2

or L L+8-4L +Y-"~Y ..., 7.3

or L L 5-—>Y ... 7.4

The cooling rate effect was also observed by other
researchers, but was TFTirst discussed by Fredriksson®°* in
his work on 18-8 stainless steel. He observed that some
of his 18“8 steel, which s supposed to solidify to 5-
ferrite on cooling, actually solidified to form a primary
structure of austenite.

He performed a series of cortrolled-solidification
"Experiments with various rates of solidification and
varicus®, amounts of nitrogen. The results of these
experiments are presented in Figure 7.3. This Ffigure
clearl;i™ demonstrates that the primary phase depend? on
soliciifﬂfcation rate and nitrogen cont™int. For a given
nitrogen co* the primary phase changes from austenite
to ferrite wh the solidification rate exceeds a certain
value.

A similar shift in AISI310S is quite possible at high
cooling rates, which 1is usually the case 1iIn continuous
casting processes, where the cooling could be as high as
1440Ks* at 0.5 mm from the surface of the slab,. It drops
sharply to about 360Ks"“ at 1 mm and to about at 3

mm Ffrom the surface. These cooling rates for continuous
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casting were derived during a atudy of the
microstructural development of AIS1304 ai solidification
by Wolf*“*  However in another work by Nfiiri et al*" with
a low alloy steel, the <cooling rales found were
appreciably lower for the continuous Flasting process.
This 1is entirely possible, since th ~boling rate is
determined by the process parameters sfjach as section
thickness, casting speed and so on, p™jher than the
constitution of the steel, which does no(i change the heat
transfer coe" iicxent drastically. In _he present work
cooling rates were calculated using he relationship
between secondary arm spacing and cooling rate, which was
empirically found by Suzuki, et a for AISI310S
stainless steel (c.f. section 6.3.1.21) . The cooling
rates ;ound for these ingots showed thatj even though they
were not as high as those found by Wolf*“®, they were well
within the range found in variou™ tyjies of continuous

casting processes (see "fable 7.1) . i

High cooling rates were said to be responsible for the
shift in ihe solidification sequence, 1i.e. they favoured
peritectic transforfriation rather than rolidification to
Y, but this assumption on its own c.Unnot explain the

follov™ing two contradictory and inter<;|sting phenomena.

(@ The primary S grain bounda ries were not
present in caslings made w .th very high and
very low superh®*”at /iz. abote 150°C and below
50‘C respectiviely.

<) The y dendrites were not il a one to one
correspondence with the pr;|mary 5--grain
bounaaries. The austenite deil idrites traversed
tinrse boundaries (as shown i1 Figure 6.30) as
~f they were non--ex:Lstent. iEDS analyses
showed that these boundarieis were chromium
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rich (Figure 6.31), "which is contrary to
expectations in the ~ase of a 5-grain boundary,

The phenomenon in (@ does not Appear to have been
reported in the literature by ”>ther researchers and
although () was observed init- illy by Hultgren“*, who
recommended special etching teUi.iliques to reveal these
primary 5 grain boundaries in h "> very early work 1in
1929, and later by other recent researchers™@™®, no
explanation was put forward as to why i1t was actually
possible to observe them once the transformation was

complete.
X y/
y
Yy
y
y Yy
\Y, o]
0.20-
o]
o]
-2 -1 0
X austenite
_ log V. cm/mh
o ferrite

Figure 7.3 Th« transition of priauiry 5-f£«rrittt to
au8t®nit« as a f-notion of nitrogan contant
and cooling rata”*
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Table 7.1 Secondary aicm spacing values measured for various types of continuous cast
steels”*

Material ) féééiihQHMéiﬁba ----- Section Distance From Dendrite Arm Spacing
Thickness (mm) Surface (M) (Micrometers)
Hi Si Twin Roll 0.2 0 1
Hi Si Twin Roll 0.2 0.1 7
304 Twin Roll 1.7 0.2 4
304 Twin Roll 1.7 0.8 8
304 Double Roil 2.4 0 9
Low Carbon Twin Roll 2.5 1.3 40
Low Carbon Horizontal 30 2 30
KCC Belt
Low Carbon Hor izontal 30 15 70
Low Carbon HazeletL Belt 40 1 50
Low Carbon Hazelett Belt 40 10 100
Low Carbon Hazelett Belt ~0 20 150
304 Slab Caster 150 <10 40
Carbon Slab Caster 250 <10 70
Carbon Slab Caster 250 100 450
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Possible explanations proposed for these phenomena in the

order

@

in which they are mentioned above are as follows.

At very high casting temperatures, i.e. 1550°C
and above, the chill grains of 8-ferrite that form
on the surface of the mould renelt due to the high
superheat of the liquid metal. Once these grains
melt into the liquxd, the temperature of the mould
increases to such a degree that it reduces the
thermal gradient and cooling rate, which suppress
the formation of 6-ferri//e a second time and allow
for the direct transformation from liquid to y.
This is best illustrated by Figure 7.4. This
explanation 1is consistent with the relationship
between the cooling rate and the transformation

sequence proposed by other researchers.

With low superheat casting, the disappearance of
5-ferrite dendrites may be due to th"™ =7Mict that
low thermal gradients reduce cooling r?ices to such
a degree that liquid to y transformation is

favoured, rather than peritectic transformation.

As illustrated in Figure 7.4(b), 1in the
temperature range 1450 to 1550°C, immediately
after pouring, a high degree of undercooling
caused by the cold mould walls provides the
driving force (high cooling rate) for the liquid
to nucleate and grow 6-ferrite grains on the mould
wall. At the early stages, a mushy mixture of 5-
ferrite and liquid forms. However, as the thermal
gradient decreases, Yy grains start to nucleate on
the mould wall, and grow into this mixture as a
result of peritectic reaction taking pl&ce between

5“ferrite and the liquid phase.
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() Here, there seems to be a corjtré&diction in the
phenomena observed; i.e. the presence of the
residual primary 5-ferrite grain boundaries in a
matrix of y grains. Grain boundaries of 8-ferrite
are expected to be rich in y-forming elements,
rather than being rich in 5-ferrite forming
elements, due to the rejection of y-forming
elements at the solid/liquid interface during
growth of these 5-ferrite grains. The growing
y-grains may be expected to dissolve these solutes
wherever they meet the 'grain boundaries”, and
actually cause them to disappear coirpletely. The
observations were that:

() the initial 5-ferrite grain boundaries did
not disappear,

(i1) the EDS analyses showed that these
boundaries were chromium rich as expected
with y~{ kin boundaries.

The explanation put forward for these contradictory
observations was possible by making use of
Fredriksson®"s“*results for the distribution coefficients
of solutes in y and 5-ferrite phases, and of Lippola, et
al"s™ electron probe microanalyses results in austenitic
stainless steel weldments. It should be noted here that
although these two 1investigations involved austenitic
stainless steels, which either solidify directly to y or
transform via peritectic reaction, /their analysis was
concentrated on the residual 5-ferrite preserved along
the austenite grain and/or subgrain boundaries or the
ferrite solidified as the la:t portion of the liquid
which was rich in ferrite forming elements.
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Here, the observed structure also contained the prior 8-
ferrite grain boundaries, which were preserved in the
austenite grains (Figure 7.5 <a)), not only the 5-ferrite
precipitation caused by the rejection of ferrite forming
solutes into the dendrite arm boundaries. These were also
observed in the same ingots, but they are not the subject
of discussion at this time.

As can be seen from Figure 7.5 (b), the 5-ferrite grain
formed initially rejected y-forming elements like Ni, Mn,
C, N, and Cu into the [liquid just ahead of the
solid/liquid interface. This created a thin layer of
liquid rich in these solutes but relatively depleted in
chromium. The thickness of this layer is estimated to be
a few micirometers. Fredriksson estimated the distribution
coefficients of Ni and Cr to be as folloTfrs:

fC~-0.79 and K~ - 1.0 jl
] !

This 1indicates that it is the enrichnyint 42 Ni in this
region vrhich causes the depletion in Cr in relative

ihi; Y grains grow by advancing into the 5- ferrite grains
wi"ich form inicially at the mould surface. When a y
grain meets the bounda™y of a primary 5-feriirite ~“rain Ni
atoms which were rejected by the 5 phase now begin to
diffuse back into the y (or transformed 5) owing to the
high equilibrium distribution coefficiv \ of Ni in vy

30t
wi - 0-94

This increases the relative concentration of chromium at
the grain boundary leading to a higher liquidus temperature

of the material iIn a narrow band around the grain.
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This in turn causes i):he material in this band to solidify
instantly preservinlj( a thin chromium-rich film inside the

grain.

The resultant structure is composed of y columnar grains
with residual prior S-ferrite dgrain boundaries 1in the
grains. Prior 6-ferrite grain boundaries and freshly
formed y-grain boundaries do not have a one-to-one
correspondence. There seems to be a critical cooling
rate, where the transformation sequence shifts from
direct solidification to y, to peritectic transformation
of L -—»L + 8 y. This cooling -ate was estimated at
between 1400 and [ISOOKs*~ from an analysis of the

secondary dendnce arm spacings.

Obviously the <cooling rate drops exponentially as a
function of the distance into the liquid from the mould
surface. This drop is as much as 10-fcld in the first mm
distance as estimated by comparison between the measured
dendrite arm spacings and those of Wo.Lf"s*“*. This fact
indicates that the cooling rate on the inner surface of
the mould is the factor that determines whether
solidification is directly to the y-phase or by
peritectic reaction.

The important feature here 1is that y-grains do not stop
growing and start a new grain at these boundaries. This
is most probably due to w."y high growth rates, which do
not allow for the redistribution of solute atoms.
Besides, an 1increase in the melting point of this
boundary would not allow the "pushing™ of this zone by
the advancing y/liquid interface. Moreover, it 1is
already known that 5-ferrite is not a potent nucleant for
y. The lattice mismatch between the two is 7.9%. Thus,
the driving force for grain growth exceeds that for y-

nucleation and -growth becomes more TfTavourable resulting
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in the structure observed. This 1is valid only 1iIn the

temperature range in which this phenomenon was observed.

This prior 5-ferrite grain boundary, preserved at room
temperature, may be the cause for the low hot workability
of AISI1310S steel. As is already known for AISI310 type
steel, ingot cracking may occur during the 1initial
rolling operation which cannot be ascribed to hot
shortness, and often slabs must be rolled to an
intermediate size and conditioned to remove severe cracks
prior to finishing. Also, hot band (~ 3-b mm thick) may
edge crack badly at normal finishing temperatures.

These problems indicate that there might be planes of
weakness close to the edge of ingots or slabs. So, there
is a possibility that apart from other factors such the
type of steel, resistance to plastic Fflow and the
columnar grain structure, these retained prior 5-ferrite
grain boundaries may be one of the causes ol inferior hot

workability.

High cooling rates obtained during continuous casting
processes make AISI1310S vulnerable to peritectic
transformation, and to the formation of this subgrain
structure. So, it is of utmost importance to suppress
this transformation sequence in favour of di?:ect
transformation tc Y from the Iliquid phase, if it is
wished to minimize the factors involved in reducing the
workability of the steel. This could probably be
achieved through constitutional adjustments such as the
addition of austenite stabilizing elements such as C, N
and so an. However, elimination of the long columnar
crystals is also expected to improve the workability and
the 1internal quality of the steel, as well as its
mechanical properties. A refined macro and/or
microstructure may well be a cure for the workability

problems of AIS1310S discussed above.
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7.2 EfE«ct Of Supttrhaat on th« As-Cast Macrostructura
of A1SX310S Stainless Staal Without JUlditions

As expected, the results iIn Section 6.2.1 ihcwed that a
decrease in the superheat of the alloy brought about a
decrease in columnar grain width and in the proportion
of the columnar zone, with a concomitant increase in the
proportion of the equiaxed zone.

Even though second or fourth degree polynomials were
found to give slightly higher correlation coefficients
for the relationship between grain widch and superheat,
logarithmic expressions were chosen because they fitted
the data well and in order to facilitate the discussion
and modelling processes. The 1interesting phenomenon
observed here was that the grain widths measured at 6 and
14 mm from the edge changed at different rates as the
degree of superheat was varied. This jiobservation
suggested the introduction of the parameter /grain width
ratio” which is the ratio of grain width at 14 rm to
grain width at 6 min from the edge of the ilngot. This
ratio proved to be quite useful 1in de;ﬁcribing the
nucleation and growth characteristics of columnar
structures, as will be seen from the pres4,>W discussion.

As can be seen from Figure 6.12 in section 6.2.1, the
grain width ratio increased as the casting temperature
was decreased. This phenomenon can best be explained by
considering the changes that take place in the nucleation
and growth rates of y grains in this temperature range,
as illustrated in Figure 7.6.
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6mm 14mm

0) Nudection Rato™ N is low
Growth Rate G is high
Grain width ralb is low

6mm 14mm
6mm Umm

b) Nudeution Rots™ N is high
Growth Rt G is jTigh
Grdh width ratb is high

€) Nudeafcn Rae™ N Is low
Growth Rate G is low
Groin width ratio is low

Figure 7.6 Il1lustrations showing the relationship

between grain width ratio and various
ccMBbinations of nucleation and growth rate

conditions and corresponding grain sixe and
shapes
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In the high temperature casting range (1565 to 1610°C),
ingots showed coarse columnar grains. In this range,
the superheat was so hv~h that the crystals that were
nucleated initially Wer«i remeslLted by the heat remaining
in the liquid after ita surface had been chilled. The
part of the mould near the region of contact with the
liquid was heated to a temperature above the liquidus.
As cooling continued, nucleation occurred when the liquid
near the mould wall again cooled down to its nucleation
temperature. Because cooling was slow, compared with the
drastic chilling effect which produced primary nucleation,
few nuclei Tformed. It should be born in mind that the
initial chili 2zone grains were of 5-ferrite while the
subsequent ones were y-grains (Section 7.1). Since the
nucleation rate was quite low, a few y grains nucleated
on the mould wall, grew towards the center of the mould,
while thickening at the same time. In thiij temperature
range, the growth rate was much higher than the nucleation
rate. These conditions Tfavoured growth rather than
nucleation, resulting iIn the structure shown in Figure
7.6 (a@)- Since these grains compete with the same number
of grains from the start of nucleation till they reach
the center, their widths do not change much as they grow,
thus the grain width ratio usually remains close to unity.

In the temperature range 1376 to 1545°C, the structure of
the ingots had elongated columnar grains, again extending
towards the center. The nucleation rate on the surface
of the mould was higher than iIn castings poured in the
high temperature region. The growth rate was lower, but
still high enough to keep the grains, which nucleated on
t'..e surface of the mould, growing till they reached the
center of the ingot. These grains outgrew the grains
which had unfavourable growth directions forming a more
or less strongly anisotropic macrostructure. That 1is
why, although quite a few grains nucleated >n the surface
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of the mould, only a few of them grew inwards to any
important extent. It is ve.l known that, under these
conditions, the grains tl-at survive have a strongly
preferred orientation; in face-centered cubic and body-
centred cubic structures, for example, all the crystals
have a <100> axis perpendicular to the mould wall. It is
believed chat the crystals with other orientations are
suppressed cecv-iuse they do not grow away from the rftould
as fast as those that are more favourably oriented. This
results in the structure where these favourably oriented
grains get thicker as they grow into the liquid, since
there are now fewer grains to compete with, thus

increasing the grain width ratio.

As can be se<,a from Table 6.8, with the two ingots cast
from temperatures 1455 and 1436°C, the extent of the
equiaxed zone did not allow for grain width measurement
at 14mm from the edge of the ingot. Thus there were no
grain width ratio data points for these two 1ingots 1in
Figure 6.12. However it <can be seen fronm the
macrostructures (Figure 6.5) that the columnar zone of
these ingots can be schematically illustrated as in 7.6
(©) . Since the nucleation rate was high and the growth
rate low due to low superheat, the growth of grains
stopped a brief period after their nucleation. Repeated
nucleation of new grains occurred ahead of the
solid/liquid interface continuously. However tha grains
still showed a slight orientation effect due to the
relatively high thermal gradients present close to the
mould wall. This type of co?«mnar zone 1is actually a
transition from the coarse, strongly oriented colvimnar
structure to an isotropic equiaxed structure and has been
referred to as a columnar-equiaxed structure. Due to
highly competitive riticleation and growth conditions,
grains do not show much thickening laterally and the

resultant grain width ratio is close to unity again, as

242



it was illustrated in Figure 7,6 (a)-

The significance of grain width ratio is that it serves
as a useful tool 1in depicting the shape of the grains,
and thus the nucleation and growth conditions prevailing
during the formation of a specific zone in the as-cast
structure. However it is useful only when the structure
is columnar or columnar-equiaxed, considering the fact
that equiaxed structures are almost always 1isotropic
i.e. their grain width ratio 1is supposed to be unity
under ideal conditions. But, bearing in mind that in
continuous casting processes the as-cast structures are
almost always columnar or columnar equiaxed due to the
very high thermal gradients prasent during
solidification, the concept of grain width ratio could b2
applied to compare the as-cast structures obtained wn;2r
different conditions. These could include changes 1in
steel composition, slab thickness, casting speed and so
on. In sections 6.2.2 and 6.2.3 where bhe influence of
additions on the as-cast structure of AISI310S was
analyzed, grain width ratio was one of the parameters
which indicated some correlation with the refinement of
the structxire. This effect will be discussed in the
s2Ction that follows.

7.2.1 Effect of Superheat on the I“ormation of Equiaxed
Zone

As can bo seen from Figure 6.10, the extent the
equiaxed zone increased gradually to about 10% with a
decrease of 100°C in superheat. It then increased to 77%
for a further 60°C decrease in superheat. This change in
the slope below 1490°C can be explained by considering
the constitutional supercooling effect as illustrated in
Figure 7.7,
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Figura 7.7

Chaugds in tha amount of constitutional
8up«rcooling and th.« width of th«
suparcooled region with change in the slope
of the thermal gradient ahead of the
solid/liquid interface™"
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As can be seen, the width of th- supercooled region &)
changes much faster than the thci. lal gradient ahead of

the solidMiquid interface.

Although the slope of the thermal gi-adients changv , by
equal amounts (trqual to tan9), the width of the

supercooled zone increases exponentially.

This 1 in accordance with the relationship between X,
the distance "here maximum undercooling occurs, and the
growth and system parameters given as™*:

there D is the diffusivity of solute in the liquid, and
can be taken as 5 x 10“an™s*“r which is more or less valid
for all metallic liquids. The constitutional term ; ;

mCo(l1-K,,)/Ko was calculated by using data from "hr>
literature for Cr in Fe. The value of for Or iIn fe

has been given as
ALFE-CF) =0 .95 ot e e 7.52”

The slope of the liquidus in the Fe-Cr system has been

given as
™ - e T 7.677N
A wt.TX
Thus replacing 0.95 and 1.3 for and m" respectively,

it can be calculated that
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and for AISI131CS which has m Cr concentration of 25%,

K.,

ere F represents the alloy variables oonent of

equation 4.1.

Assuming that all the process parameters and growth rate

(R) are constant, equation 2.15 can be written as :

A
where

A - R T TTTTTotroeroeresesessesceios seeiiioas-s 7.10
and

2 T 7.11

When the proportion of equiaxed zone was replotted
against the 1inverse of superheat on a semi-log scale
(In(1/T7)) as shown 1in Figure 7.8, a strong correlation
was Ffound between the two (correlation coefficient *
0.95) 1in the temperature range 1436 to 1564°C, which can

bo expressed by the equation:

% equiaxsd zone w®w 244.5 + 49.4 - ... .. ... 7.12

where AT = superheat in °C.

This equation has the same form as equation 2.15 and
provides strong evidence to support the premise that the

formation of the equiaxed zone is related to



Figure 7.8 The change of the proportion of eqv.iaxed zone with superheat



constitutional supercooling. However, although both
equations have the same form, the units are different.
A relationship between equations 2.15 and 7.12 was

established by the following analysis.

Equation 2.15 may be expressed iIn the same form as

equation 7.12 as follows.

% equiaxed zone - ~in [ 1 ... .7.13

where a is a coefficient.
Equation 7.13 may be written as :

% equiaxed zone < G:-hlgln[f!Eﬁgz_iA]'+lr|ﬁB]---- 7,14
or
or
or

Term G in equation 2.15 is analogous to AT in equation

7.12. Replacing G in equation 2.15 by AT in equation
7.12 we obtain

% equiaxed zone =
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The first term on the right hand side of equation 7.13
corresponds to the value of 244.5 in equation 7.12,

We may therefore wi/ite
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Furthermore, from equation 7,12:

-mCJI-K,)
Equation 7.19 was solved for ~ ~ by

substituting 49.4 for R This gave a value of 6970
which is 4100 times bigger than the value of P (*1.7)
found 1iIn equation 7.8. Thus the coefficient a was

calculated as:

or

The theoretical growth rate R may then be calculated as:
R = 0.249 CM MX. 7 oo a e et 7.23

This value is well within the range found by A. Suzuki et
aln** for the dendritic growth with tertiary arms in
AIS1310S. Dendritic structure with terti\ry arms was the
siriicture in the equiaxed zone observed in the sections
of the ingots examined in the present mvork.
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Substituting by P X 4100

and a by 2.44 10~ equation 7.1S can be written
as:
?44.5 - 7.24

by eliminating the coefficient a in the logarithmic term,

Equation 7.13 can be rewritten as:

i Equiaxed Zone - 1 [ 7.25
where
D = 3 X 10" cm™.min’»
a ~ 2.4uUf 10"~ (in the temperature range 1436-1564""C for
| AISI1310S, from equation 7.21)
k = 0.249 cm.min~" <und.er the present conditions,

fro:n equation 7.23)
For 25% Cr 1in Fe

AT = Superheat in K.

Equation 7.25 ej".presses mathematicaly what was observed
in the castings poured f~om the temperature range 1436-
1564°C and the strong 1link between the Kkinetics of
formation of the equiaxed zone and constitutional

supercooling.
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It should be borne 1in mind that coefficient a was
calculated to show the strong relationship between the
formation of the equiaxed zone and constitutional
supercooling ahead of the interface. Otherwise Equation
2.15 contains qualitatively different terms to those
found in Equation 7.25. The proportion of equiaxed zone
and AT in Equation 7.12 are not the same parameters as
distance and thermal gradient ahead of the solid/liquid
interface as in Equation 2.15. The calculated value of
R appears to be realistic. It nevertheless introduces an
error since the growth rate ac = specific spot iIn the
ingot changes as the degree of superheat is iIncreased or
decreased. But this term can still be taken as constant,
as this variation is not considerable, especially within
the boundaries of the equiaxed zone. However the form of
Equation 7.25 and the calculation of growth rate by use
of the coefficient a showed that it may be possible to
relate qualitatively as well as quantitative® iy the
parameters % equiaxed .".oe and superheat (AT) to X and

the thermal gradient respectively.
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7.3 Effact of Sup«rheat on tha Jls-Cast Microstructura

While the grain size iIn as-cast ingots is an important
structural parameter influencing properties, the
structure within the grain (dendritic structure) is
generally of as great, or greater, engineering
importance. This is because regions within the grain and

between “dendrite arms® often (@ are rich in solute
from microsegregation, () contain non-equilibrium
second phases, (¢ contain equilibrium second phases

such as impurity compounds and non-ffietallic inclusions,
@ contain micrcporosity from gas, shrinkage, or both.
These i1nhomogeneities are believed to influence the
mechanical properties of cast or wrought material. There
is sufficient evidence that (€)) the degree of
homogeneity which can be obtained in a cast alloy with
commercially practical homogenization treatments depends
on dendrite arm spacing, and (b) the mechanical
properties JFf the heat-treated casting depend on the
homogeneity obtained. In wrought alloys, microsegregation
from the original 1ingot 1is carried to some e.xtent iInto
the final wrought ©product, and affects mechanical
properties in a similar fashion. There has, therefore,
been considerable interest in determining the effects of
solidification variables on dendrite arm spac* and
establishing the mechanism of formation of dendri.t.e arm

spacing.

Experimental evidence available for a variety of cast
alloys indicates that primary dendrite arm spacing
d> ,-ends on the product of thermal gradient and growth
rate, GR, and results have been reported that correlate

well with this parameter®’™.

Although a considerable effort has been made to

understand the dendritic type growth in a«i-cast
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micfostructures, there are still several aspects of
dendrite growth which are not well understood. Most of
the understanding of these structures comes from the
study of the dendrite tip region, which includes the
first few branches. However most theoretical models so
far have only considered single dendrite tips. For most
metallic alloys, it has been shown that the tip growth is
indeed primarily controlled by solute diffusion™’,
whereas the thermal undercooling plays a minor role on
this microscopic scale. However, when considering the
columnar and equiaxed growth morphologies frequently
encountered in castings, diffusion and solute transport
control the rate at which the whole dendritic grain
solidifies. Empirical models have been developed, based
on the experimental findings of T"lTarious types ;jof metal
alloys. But an appropriate model for primary’dendrite
arm spacing in columnar growth 1is still missing. For
example, Okamoto and Kishitake®* formulated the following
equdl.ion, by assuming that the liquid steel, surrounded
by the secondary arms growing from the primary ones,
solidifies as the secondary arms grow larger, and that

the distance is determined by the moving distance of the

solute:

X = 2e [mj, C, (I-KI/V] " o e eaaa o 7.26
where

X : primary arm spacing

m - slope of liquidus line

D1 ; diffusion coefficient of alloying element in the
molten steel

: solute content

C
K - equilibrium distribution coefficient
V : cooling rate

e

: constant related to the growth pattern of the
thickening secondary arm
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Furthermore, Okamoto and Kishitake®* proposed the
following modified equation, derived from the measurement
of the columnar dendrite primary arm spacings resulting
from the unidirectional solidification of Fe-Ni, Fe-Si,

Fe-P and Fe-C alloys:

X @ [IMCK-D) I MVVIN e e ee e 7.27

These two equations are similar to tne previously
proposed empirical relationships of the type:

D S 1€ ¢ o 7.28

but vith tne constitutional tern included, R in equation
7.28 is the growth rate, and a and P are statistically

calculated constants.

Although Flemings noted that the product GR has the units
of cooling rate, and expressed his experimental results
against cooling rate*” , there is experimental evidence
that the effect of these parameters could be analyzed
separately. Suzuki et al*"s“* work with AISI1310S steel
showed that primary dendrite arm spacing is proportional
to 1/G°"*R°*~ while both secondary and tertiary arm

spacings depend on the cooling rate.

Moreover, their results indicated that for the same
growth rate (R), the primary dendrite arm spacing 1is
controlled by the thermal gradient and vice versa,
However, the calculated exponent for growth rate 0.2)
suggests that this parameter has a significant effect
only at very high and very low rates. Moderate levels of
growth do not influence the structure significantly,

since R°™ tends to converge to unity.
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At this stage it must be noted that, although various
models have been developed to explain the dendritic
growth 1In as-cast structures, like the dendrite tip
mode 1™ and the solvability approach™®, these
theoretical models have had limitea success in explaining
experimental results, whereas the empirical models could
find difficulties in their application to different alloy
systems. However, in summary, the components of the

empirical equations are:

1 ,Constitutional parameter ; mCnd-K#")
-.sion coefficient of the solute : D

3.Growth rate : R

4 . Thermal gradient : AG

The contribution of each of the above components differs
from one alloy to another or from one researcher to
another.

Thus a correlation between primary spacing and cooling
rate is not completely adequate, since the temperature
gradient at the dendrite tip should be taken into
consideration in calculating the local cooling rate. The
thermal gradients into the mould material, in the solid
metal or in the liquid arc net the factors determining
growth rate. However a correlation may ealUst between the
thermal gradient at the dendrite tID" and gradients

elsewhere iIn the ingot.

Figure 6.36 shows that as the columnar grain width was
refined, the primary arm spacings got larger, i.e. the
microstructuiJ®e was coarsened. T s suggests that the
nucleation and growth mechanisms for macro-graixis and
primary arms may be different. However, since one
comprises the other, or in other words, one is made up of

the other one, they should somehow be related. The
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micro<“raij>hs in Figure 6.30 show that a coarse grain
contained more primary arms than a finer one. As the
grains goi sraaller, primary arms did not respond to this
refining by getting smaller, instead their number per
grain dropped. This can be e.xplained by again
considering the role of competition between the
nucleation and growth parameters, especially during the
early stages of solidification. As i1t was discussed
before, at high superheat the nucleation rate on the
mould 1is very Ilow, due to an insufficient degree of
thermal driving force, however growth rate is relatively
high (since once the surface is created, it is thermally
more feasible to grow rather than creating a new surface
which requires a bigger undercooling). Thus, once a
grain 1is nucleated at one point on the surtc-“ce of the
mould, it initially grows Jlaterally to reduce the
undercooling within a very narrow region ahead of the
mould surface to a very low value. Growth continues until
it meets the next grain growing 1in the opposite
direction. As the therrral gradient at the solid/ liquid
interface decreases, dendritic growth towards the center
of the mould, starts. This growth in two perpendicular
directions most probably ~akes place concurrently. This
is illustrated in Figure 7.9. Since the nucleation
rate is higher with Jlower superheats (low thermal
gradients), the number of grains 1is (greater, but the
number of primary arms is lower than that obtained with
higher,; superheats within a unit area of mould surface.
Low thermal gradients influence the nucleation rate, and
disturb the strong anisotropy which 1is present under
steep thermal gradients, thus causing a fuijther increase
in the average spacing between thie arms. thermal
gradients also lead to the coarsening of dendrite arms
that are favourably oriented with respect to the
direction of he~t flow. This takes place at the expense

of arms which aMe mis-oriented iIn this regard.
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a) High sup8ftont

b

I

b) Low supemeai

Figure 7.9

I1lustrations showing th« Influ«oo« of
superheat on primary arm spacing
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It, therefore, r.ppears quite possible that thermal
gradients are the factor terinining the primary arm
spacing or the number of arrts per unit volume of the
solid. This conclusion Is consistent with the effect of
superheat on grain width ratios.

In his work on the effects of rue" on and
constitutional supercooling on the p“"opc ;t es of cast
steel Church** showe'* that higher casting temperatures
resulted in smaller r*"imary and secondary arm spacings.
He found that the difference in cooling rate between two
ingots jast wii about 100°C difference in superheat was
small which is in good agreement wi tth the results of thi®i
work. However, he also foun that the ~_ocal
solidification time for higher temperatures was
shorter than for Qlower temperatures .esv-Iting in a
shorter mushy zone due to steeper thermal gradients in
the mushy region. The relationship between thermal
cradient, growth rate and local solidification time is

given™*" by the equation:

ATs .7.29

where ATs 1is the non-equilibrium temperature range of
solidification, and t, is the local so’ idification time.
The relationship between dendri*’ arm spacing and the
local solidification time could , expressed as*™;

X » At e aaaaaaan 7.30

This relationship, being exponential, explains the higher
rate of j-ixrease of primary arm spacing with Ffurther
decrease in superheat.
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7.3.1 Proposed Primary Arm SpmciEg Modal

Itispi“ed by the analyses of the dendritic arm spacings
observed at different superheats during the course of
this work, which suggested a logarithmic relationship
between the two, an empirical model which takes its form
from the constitutional supercooling theory is proposed,
to relate the primary arm spacings to the growth and
constitutional parameters on a more universal basis-
This mod™,1  also has the potential to link the
microstructural development to that of macrostructure, as

will be discussed in the subsequent sections.

The proposed model 1is based on the fact that the
coarsening behaviour of the dendrites is closely related
to the extent of the supercooled region ahead of the
solid/liquid interface. The larger the supercooled
region, the coarser the dendrites become. When X (the
distance ahead of the solid/liquid interface where
supercooling is at maximum) 1is Hlarge enough to allow
independent nucleation ahead of the solid/liquid
interface, the equiaxed zone starts to form and dominates
the as-cast structure. Tiller, et al’™® have shown that

a mCJI-KJR

R A-——3S257T- 2-15

where X 1is the distance ahead of the solid/liquid
interface at which maximum undercooling occurs, D is the
diffusivity of solute, R is the growth rate, m is the
slope of the Irqu~dus, Co is the concentration of the
solute in the inrelt, is the distribution coefficient
of the s6lute, and AG is the thermal gradient.

Since the growth rate and thermal iriudient were not

259



measured during the course of this work, ~uzuki et al"s*e*
experimental results for AISI310S and Cr~Mo steel were

used as a basis to fit the model.

A statistical calculation based on the above proposed
model and Su7.uki et al®s results, gave the form of the

relationship as:

A, (cm) RZD In[ . 7.31

where the exponent a was found to be 1.95 for AISI13103
and 2.5 for Cr-Mo steel. This variation 1is believed to
be due to the difference in the liquidus temperatures of
these two steels, -1400°C for AIS1310S and ~1500°C for
Cr-Mo steel, since their solidification ranges and local
solidification times are more or less the same.

This model 1is based on the following assumptions:

1. solute redistribution takes place by diffusion

only

2. the diffusion coefficient iIs constant

Bx10*™ ecm™min®™?)

3. statistical calculat.icn was carried out taking
only Cr in AISI310S ar.d C in Cr-Mo steel as the
solutes contributing to the constitutional

parameter.
The ;;it of this proposed equation (equation 7.31) to

Suzuki et al®s experimental data is given in Figure 7.10
for AIS1310S and Cr-Mo steel.
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that these have a random pattern and could be considered
to be errors due to measurement and experimental
procedure. It should be noted that the model Ffits the
experimental data much better for runs involving more
than two experimental data points. Suzuki et al also had
a few points obtained from one off experiments. It can
be seen that the model fitted these points as well as it
did the runs involving numerous experiments. T” e average
value of the residual was 5% while the highest value
obtained was 9%. Considering the thermal gradient ranges
given by Suzuki et al (values in parentheses), the
residuals are 95% within the upper and lower boundaries
calculated 1in each range. There were also reading
difficulties, which arose from the fact that they used a
log-log scale, which may add another possible source of
error. It is generally held that the reproducibility of
measurements of primary dendrite arm spacing is of the
order of 15%.

However, the second assumption, which takes the solute
diffusion coefficient as constant for all the alloys and
solute elements, is believed to contribute to the
variation of the thermal gradient exponent. Equation
7,31 needs to be modified, by including a term which
could compensate for the changes in liquidus temperatures
and solidification times, in order to enable the use of
a constant value for the exponent of the thermal gradient
AG.
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Table 7.2 Coa™parison of thw valuas calculate!” using
thm cruasi-ompiriMl iiquction \VW.th Suxitil at
al"s”* ttxperimantal data £or AISI310Si

L2 e
I R K K X. - X. x100
1 °C/cm °C/niin Hm k
%
J 3-13 0.067 660 621 -5.9
0 .075 620 608 -1.9
0.480 450 424 -5.8
0.650 390 403 +3.3
17 0.325 390 392 +0.5
20-25 0.024 520 564 +8.5
0.0-S0 460 494 +7.4
0.110 400 427 +6.8
0.150 400 404 +1.0
0.500 300 324 +8.0
31 0.210 310 329 +6.1, 1
40-50 0.050 375 346 7.7
0.080 350 319 -8.9
0.120 305 297 -2.6

?.s experimental results of Suzuki et al
calculated dendrite arm spacing values
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Table 7.3 Comparison of th« valufts calcralat«d using
th« ouasi-es”™irical aquation witb Suzulci at
al“a** ajcparimantal data for Cr-2lo staal.

»XN l—————————— ____ .
dec’e] R77" J
IT(5(
AG R K K X 100 j
“C/cm °C/min Jim 1
%
8-13 0.09C 930 914 -1.7
0.400 750 687 -8.4
0,450 ~00 671 -4.1
0.700 650 617 -5.1
20-28 0.036 825 848 +2.8
0.085 740 721 -2.6
0.120 730 g75 -7.5
0.160 600 640 +6.7
0.330 560 558 -0.4
44 0.075 600 585 -2.5
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The third assumption may also introduce an error, because
in multicomponent alloy systems, solute interactions
become too complicated to be expressed analytically.
They involve tedious c”ilculations of the changes which
might take place iIn the activity coefficients of each
solute element due to the addition of another solute
element. Addition of a certain solute element may
i_.ncrease the activity coefficient of one solute and
decrease that of another. Also the thermodynamic data
avail “ble on the interaction coefficients between
ele nts in iron alloys are not sufficient to estimate
every single effect. It is a good approximation to
choose one major solute element which may be the main
contributor to the constitutional supercooling parameter,
and try to estimate the effect of other solutes on its
magnitude, considering the interaction coefficients which
are available frosn the literature. But there will still
be an element of error introduced into the calculations
by these approximations. FEor example, although the value
of Pc given as P. m eIk was calculated to be
124 for carbon in Cr-Mo steel of 0.41% C, a value of 50
was used in the model because it was found to fit the
model more closely. The use of this value is believed to

be justified in view of the fact that the alloy involved

has a very complex composition. Thus tne effects of Cr
and Mo on the values of m, Co and are not precisely
known .

The equation 7.31 proposed for the primary arm spacing
appears to fit the hypothesis of constitutional
supercooling well. It is directly propoztional to the
distance, X, ahead of the solid/liquid., interface where
maximum supercooling occurs constitutionally (equation
2.15). It can easily be seen that as X Y=ts larger

(which 1is the case at Ilower thermal gradients and/or
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steep liquldus lines), dendrites tend to advance further
into the liquid in order to minimize the supercooling
ahead of the interface. There 1is a borderline beyond
which the degree of supercooling becomes big enough to
allow independent nucleaticn ahead of the solid/liquid
interface, i.e. the equi 7.one starts to appear. As
it was proposed in the previous section, 7.2, the extent
of the equiaxed zonk could also be shown to be directly
proportional to X.

Basically, the equaticii for primary arm spacing suggests
tnat solute elements with steeper liqtuidus curves and
higher concentration levels in liquid steel may cause
coarsening of the microatructure, whereas the same solute
elements may refine the macrostructure by increasing the
nucleation rate ahead of the solid/liquid interface.
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