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ABSTRACT
Rapid Solidification of Stainless Steels and FeAl Ordered
Alloy by Capacitor Discharge Welding

Shankar Venkataraman
Oregon Graduate Center, 1986

Supervising Professor: Jack H. Devletian

Capacitor discharge welding (CDW) is unique among joining processes
as it is the only one capable of producing joints up to 12 mm diameter
at cooling rates exceeding 106 K/s under a unidirectional temperature
gradient. The potential for microstructural modification by CIW was
therefore applied to joining of stainless steels and FeAl ordered alloy
to study solidification phenomena and to optimize CDW in producing high
cooling rates.

The materials used in this investigation included AISI grade 316,
304 and 308 having Cr Eq./Ni Eq. ratios of 1.49, 1.59, and 1.76 respect-
ively, and the high temperature ordered alloy Fe- 40at% Al. The alloys
were welded at different solidification rates by COW and by conventional
gas tungsten arc welding for reference. <Crystal and dendrite growth
morphologies were studied by optical and transmission electron micro-
scopy.

Under rapid cooling conditions, 316 and 304 alloys solidified in a
cellular/cellular dendritic mode as fcc austenite from the melt, while
308 solidified in a similar mode but as partly austenite and bcc
ferrite. Subsequent transformation of the 308 alloy took place comp-

letely to austenite by a massive transformation. The bcc alloy FeAl

also solidified in a single phase cellular structure.
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Cooling rates during CDW varied between 106 and 5 X 107 K/s in
stainless steel. Estimated growth rates were between 9.3 and 33.4 cm/s
in stainless steel and between 4.8 and 11 cm/s in FeAl. Solute Peclet
numbers were between 16 and 46 for stainless steels and between 1 and 2
for FeAl.

Primary and secondary dendritic spacings (3 and Az respectively)
showed a power relation in stainless steels:

Az « A10'39

A and Az converged upon extrapolation at a dendrite arm spacing of
0.27um. The variation of solute Peclet number with growth rate also
indicated solidification close to absolute stabi%}ty and convergence of
primary and secondary dendritic spacings was attributed to proximity of
the dendritic to cellular transition in stainless steels. .

Dendrite morphology depended upon crystallographic orientation
relative to the unidirectional gradient vector. Dendrite arm spacing
and tendency for side arm growth increased with angle between primary
dendrite/cell orientation and gradient vector. Equiaxed dendrites with
an unusual morphology observed in FeAl welds, were nucleated by oxide
inclusions present from prior powder consolidation processing.

Key variables in producing rapid cooling rates were identified as

capacitance, voltage, stud diameter and ignition tip length. As an

arc process, CDW was found to be a unique way to study rapid solidifica-

tion phenomena.




I. INTRODUCTION

Control of segregation in metallic materials has been the goal
of process metallurgists throughout the evolution of casting and welding
processes. Suppression of segregation avoids problems like hot and
cold cracking during processing, and susceptibility to corrosion and
stress corrosion cracking, poor fatigue and impact properties while
in service. Rapid solidification at rates of the order of 106 K/s
was discovered by Duwez [1] to produce segregation-free and metastable
alloys not possible by conventional techniques. These metastable cryst-
alline structures and metallic glasses have much higher strength, wear
and corrosion resistance than materials processed by traditional methods
while still retaining high ductility. Since these materials have to
be produced in small dimensions 1like foil, splats, powder or wire,
consolidation is necessary in order to use them in the bulk form for
engineering applications. Hence, production, consolidation, and joining
of rapidly solidified crystalline materials without losing the meta-
stable crystalline structures, grain refinement, etc., for structural
applications is a much desired goal.

while the techniques of processing have advanced considerably,
the fundamental problem of segregation and growth during conventional
as well as rapid solidification has only recently gained attention
[2]. From this angle, it is desired to predict the scale of segrega-
tion, and the formation and stability of metastable structures.

Advances toward such a theory have been made for rapid solidification

(3] and it is of interest to study its general applicability to process-

ing of engineering alloys.
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Stainless steels are among the most useful structural materials
under severe environments requiring high reliability. Application
of rapid solidification to austenitic stainless steels has been found
to suppress hot cracking and improve strength [4]. A large amount
of work has been done to characterise structures produced by varying
compositions and cooling rates under conventional welding conditions
[6-12). By contrast, many interesting phenomena occurring during
Rapid Solidification Processing (RSP) of these materials have not been
fully explainable. Joining of powder processed and consolidated stain-
less steels is also an application where study is required.

Intermetallic ordered alloys like Ni3A1 have been known for high
strength at elevated temperatures for many years [13]. Recently, atten-
tion has focused on equiatomic ordered aluminides of Fe, Co and Ni
of the B2 crystal structure in order to utilise their low cost and
excellent high temperature properties [14]}. Their use is prevented
by an extreme lack of room temperature ductility at present. Rapid
solidification has been found as a promising means towards improving
ductility in these alloys. Their weldability has not been studied
so far. It is of great interest then, to study rapid solidification
and joining of FeAl.

Capacitor discharge welding (CDW) has quite recently been found
capable of very high cooling rates during solidification [15]. It
is unique among joining processes in that it is the only one capable
of producing joints upto 12 mm in diameter at cooling rates greater

than 106 K/s. Here, it is necessary to study the CDW process with a

view to obtain controlled cooling rates.
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Thus, it is abundantly clear that a study of rapid solidification
of stainless steels and FeAl intermetallic alloy by the CDW process
is important due to the potential for microstructural modification
and its application to joining of RSP materials, dissimilar metals,
and composites, which are materials difficult to weld by conventional
methods.

The objectives of the following study are therefore:

(a) To describe solidification phenomena and microstructures
produced by rapid solidification during CDW of austenitic stainless
steels and FeAl intermetallic ordered alloy at cooling rates
greater than 10° K/S.

(b) To resolve the effect of composition and cooling rate on
the solidification mode in austenitic stainless steels.

(c) To evaluate and optimize the CIW process as a means of attain-

ing rapid solidification.




II. REVIEW

A. Rapid Solidification:

Evolution of solidification theory

Solidification structure and morphology have a profound effect
on properties of metallic materials. Hence a lot of effort has been
spent on the theoretical development to quantitatively and qualitatively
define solidification [16-20] and these have been reviewed extensively
[21-23]. In the capacitor discharge welding process, a substrate on
which growth can occur is already available. It has also been estab-
lished as a rapid solidification process (RSP) capable of cooling rates
greater than 107 K/s [15,24]. Hence, in reviewing the developments
in solidification theory, emphasis will be placed on free dendritic
growth under unidirectional solidification. This is as opposed to
nucleation 1limited processes like atomization and heat flow limited
processes like splat and gun quenching. 1In that respect solidification
during the CDW process is in many respects similar to that during laser
and electron beam processing.

In the two-phase solidification process, we consider a single solid
phase forming from a liquid. The known quantity in the system is usually
the undercooling of the liquid ahead of the solid-liquid interface and
it is required to predict the growth velocity and morphology of the
solid. The mathematical definition of conditions at the interface are
given [2,25) by:

(i) a model providing compositional relationships between the

growing solid and the liquid at the interface




(ii) definition of the response of the interface to local
conditions of temperature, pressure, and composition

(iii)relations describing heat flow

(iv) relations describing solute diffusion across the interface.
Thermodynamically, growth of the dendrite can be related to the under-
cooling. The three factors causing undercocling are:

a) the thermal gradient at the interface

b) constitutional supercooling

c) capillary forces at the dendrite tip.
and are expressed in terms of the characteristic lengths [26]:
l] = ZDL/R, is the solute diffusion length,

s

1, =k ATO/G, is length due to thermal diffusion,

t
and lc - I‘ATok, the capillary length,

where D, is the diffusion coefficient of solute in the 1liquid. The
Gibbs-Thompson parameter I, is the ratio of solid/liquid interfacial
energy to the melting entropy, and AT0 is the solidification range.
k and R are the equilibrium partition coefficient and growth rate respec-
tively. Two dimensionless quantities can be obtained from the above
lengths. To completely define dendrite growth, it was found that the
tip radius p has to be considered in a third dimensionless parameter
called the Peclet number:

P= p/1, = RP/2D,
where P is the Peclet number. The undercooling can be expressed as
a function of these dimensionless quantities.

One of the first attempts to analyze dendrite growth mathematically

was by Ivantsov [27,28], who assumed a parabolic shape for the dendrite
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and neglected capillary forces at the dendrite tip. Rutter and Chalmers
[16]) developed the constitutional supercooling theory and a corresponding
criterion for stability of the growing dendrite, considering the heat
and mass flow across the interface. The other assumptions used in their
analysis were:

* no convection in the liquid

* diffusional mixing present in the liquid, diffusion in the solid

being neglected

* steady state conditions

* equilibrium at the liquid-solid interface.
The solute buildup at the interface in the 1liquid at steady state is
Co/k, from the phase diagram. The concentration gradient is then given
by:

(dC,/dx), o = R.Co(l-k)/kDL (1)

CL and Co are the compositions of the 1liquid at distance x from the
interface and that of the bulk 1liquid respectively. The equilibrium
liquidus temperature T is related to the liquid composition C, by the
slope of the liquidus line m:

(d’I'/‘dx)x_:0 =m. (dCL/'dx)x=0 (2)
Constitutional supercooling occurs when the actual temperature gradient
GL is less than or equal to (dT/dx). Combining (1) and (2), a planar
interface is stable when

G /R > - m C (1-k}/kD (3)

This is the simple constitutional supercooling criterion for stability

derived by Rutter and cChalmers. The analysis of variation in solid

composition during directional solidification was done by Chalmers
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et al. [17], including the effects of convection and changes in R.
A sound mathematical basis was laid to stability analysis by Mullins
and Sekerka [18], who considered undercooling due to all three effects
mentioned previously. While the simple constitutional supercooling
criterion predicts instability for all velocities exceeding the crite-
rion for a particular wvalue of gradient, the Mullins-Sekerka analysis
also predicts stabilisation of a planar interface at high velocities,
when surface tension predominates. They termed this phenomenon absolute
stability because stability in this regime is independent of the gradi-
ent as well as velocity.

In this analysis, a sinusoidal perturbation was imposed upon a
planar interface. Considering the wundercooling at the interface, a
stability function f(w) was derived. Since the thermal gradient in
the solid Gg and that in the liquid G, close to the interface can be
different, the stability criterion is given by:

- (GS+GL)/2 + mLGc >h unstable

<h stable (4)

where h is the maximum of the stability function |max £(w)|, and G,
is the composition gradient in the 1liquid. This theory predicts that
the capillary component of the stability function predominates at high
perturbation frequencies (at high w) and absolute stability occurrs
when

R > (k-1)m C_p /KT (5)
I' is the ratio of the 1liquid-solid interface energy to the melting

entropy. The Mullins-Sekerka theory does not predict steady state

dendrite growth and is valid only for small amplitude perturbations.
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Several theories were developed to optimise dendrite growth using assum-
ptions of maximum growth wvelocity or minimum undercooling and minimum
rate of entropy production [29,30], but were not found to hold for
experimental verification [26,31]. Langer and Muller-Krumbhaar [20]
proposed a Mullins-Sekerka stability condition applicable at the dend-
rite tip to replace the maximum velocity assumption. Thus, the dendrite
assumes a tip radius that allows it to be marginally stable as deter-
mined by the Mullins-Sekerka criterion. This theory has been found
to represent true dendrite growth by several studies [31-33]. The
above stability analyses can be summarised [23] in an overall stability

criterion :

*
G (w - RD.) K.G. +
mr;c R T i Thil e FA ()
[w - (1-k)R/D | 2K
w* - R/ZDL + [(R/ZDL)2 + w2)1/2' where w'2 = wkz + wyz and Wy and wy
are spatial perturbation frequencies. Kg and K, are the thermal conduc-

tivities of the solid and liquid and K is their mean. The interface

is stable when the sum of the three terms in (6) < 0.

Stability during Rapid Solidification:

The morphological stability theory is thus seen to integrate
thermal, solutal, and capillary effects to predict stability. At high
growth rates, stability is predominantly a function of solutal and
capillary effects, when thermal gradient effects are negligible. Stabi-
lity diagrams can be drawn [23,34] showing stability-instability regimes

as functions of composition, thermal gradient and growth rate as shown

in Figs. 1 and 2. The limit of planar interface stability is given
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by the constitutional supercooling criterion at low velocities eq.
(3) and in the limit of high velocities by the absolute stability crite-
rion eq. (5). In Fig. 2, the corresponding lines are approximations
of eq. (6) which is applicable at the 1limit of stability. It can be
seen that the approximations are good at low and at high velocities.
At high velocities, eq. (5) is valid only when the following conditions
are met [35]:

(a) The thermal gradient at the interface
G* - (KLGL + KSGS)/(KL + KS) > 0, or, when the heat flow is towards p
the solid. (

(b) The equilibrium partition coefficient k is applicable. This
condition will be considered in detail under non-equilibrium effects.

(c) The velocity must be sufficiently far from the limit of consti-
tutional supercooling for the approximation of (5) to be valid, as can
be seen from Fig.Z2.

In surface melting and welding, condition (a) is wvalid. Condi-
tion (c) is wvalid for most engineering alloys and becomes important
for very dilute compositions. The major factors to be considered while

applying equation (5) are then, metastable phase formation and departure

from equilibrium, which affect condition (b).

Use of Metastable Phase Diagrams

At high solidification rates, the nucleation and/or growth of

a thermodynamically stable phase may be competitively suppressed.

In such cases, the possible metastable phases can be predicted by
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metastable extensions of the equilibrium curves [36]. In growth of
eutectics from the melt, it was observed that at high velocities the
second phase does not nucleate. This was observed in binary Ag-Cu
alloys [3,37] and was also reported in stainless steels [4], which
is a ternary system with a two phase eutectic. Metastable extensions
of liquidus and solidus curves showed that at high undercoolings, the
equilibrium partition coefficient k and liquidus slope m, ~may no longer

be valid and must be estimated by considering such an extension.

Non-Equilibrium Effects:

Traditional solidification treatments assumed a condition called
local equilibrium by which the interface compositions of solid and
liquid correspond to an appropriate equilibrium diagram (25]. At high
interface velocities approaching the order of the diffusion velocity,
it was found that solute concentrations much higher than the solubility
limit were observed. Under such conditions, calculations showed that
the chemical potential of the excess or ’trapped’ solute increased
instead of being the same as that of the solvent [38]. This is a depar-
ture from equilibrium. Many models have been proposed to predict solute
trapping [25,39,40], and the analyses lead to a nonequilibrium partition
coefficient given by:

k(R) = (k + agR/D, )/(1 + agR/Dp) (7)
a, is a length scale related to the interatomic distance and is estim-
ated to be between 0.5 and 5 nm [3]. The interface velocity can be
related to the interface temperature TI:
(8)

R = —Vo( AG/RgT

I)
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V, is the speed of sound in the liquid metal, AG is the molar free

0
energy of solidification Rg is the gas constant and equations (7) and

(8) are response functions. Equation (7) can be used to obtain the
velocity dependent partition coefficient in equation (5) if the rate
of change of k with velocity is relatively small, and/or the absolute

value of the rate of change of interface temperature with velocity

is relatively large [35]. When the rate of change of interface tempera-
ture with velocity is relatively small, large variations in velocity
are possible for a given undercooling at a capillary stabilised growth
;ﬁ front. Coriell and Sekerka [41] predict that in such cases, significant
! } 4 variations in interface velocity which cause lateral segregation with
I ﬁ‘;f large wavelengths that cannot be stabilised by capillary forces, can
! | occur. The analysis also indicates the instabilities to be oscillatory
in time. In such a case, the absolute stability condition will not be
valid. Further, the non-equilibrium partition coefficient in equation
(7) is derived only for dilute solutions and no composition dependence
is taken into account. Hence its wvalidity in predicting departure

from equilibrium for concentrated alloys may be limited.

Another important consideration in rapid solidification is the
temperature dependence of diffusion coefficient. It has been shown
that order of magnitude changes in D; can be caused by changes iﬁ inter-

| face temperature [35]. In that case, the usual Arrhenius type equation
3 : can be used:
N D, = Doexp[—Q/RgT] (9)

where Q is the activation energy for solute diffusion, Dy is a propor-

tionality constant. Agreement has been found to within a factor of
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2-3 for predictions of stability wusing equation (5) in Ag-Cu alloys

by considering non-equilibrium effects and metastable thermodynamics

[3].

Dendrite Growth and Spacing:

Dendrite growth is recognized as a combination of steady state
tip growth and time dependent growth of side branches superimposed
upon each other [42]. Complex mathematical analysis is required to
derive relations between G, R, and observable features of dendrite
growth, namely dendrite arm spacings. Hence, to obtain a useful form
of the solution, approximations have been made for special cases of
the problem. The case of rapid solidification in a positive thermal
gradient was treated by Kurz et al. [3].

The marginal stability condition is assumed to hold at the
dendrite tip and the tip radius is approximated to be the same as the
wavelength Ag of a planar solid-liquid interface at the limit of stabil-
ity. By the Mullins-Sekerka analysis, the wavelength of a marginally
stable perturbation at a plane interface is given by:

WoT = mG_E, - G (11)
where w = 21/ As' and Ec is a dimensionless parameter which is a measure
of instability due to solutal effects. ‘

2k
(12)

E.=1-
¢ 1+ 2212 -1 4 2k

From (11) we have, r1/2

p =2 (13)

172
[mGCEC-G]
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The temperature gradient in eq. (13) is determined by heat flow.
The concentration gradient G, depends upon the actual composition of
the liquid at the interface, CL*:

G, = RC,"(1-k)/kD, (14)
From the definition of supersaturation Q and that of the Peclet number
P, we have

¢’ = Cy/l1-(1k) Q]

- Co/{l—(l—k)Iv(P)] (15)

= Iv(P) is the 1Ivantsov solution to the transport problem at the
dendrite tip and Iv(P) = Pexp(P)El(P), values of which are available
as functional tables [43]. Combining (13) and (14), we have a quadratic
inR :

RA +RB +C =0 (16)
where A = 12I/p°D 2, B = mCy(1-k)E /D [1-(1-K)Iv(P)], and C = G.
Equation (16) can be solved by numerical techniques for a particular
system to obtain a series of Peclet number-growth rate curves at differ-
ent G values as shown in Fig.3.

The Peclet number—growth rate curve consists of a gradient depen-~
dent part at low velocities and becomes independent of gradient at
velocities close to absolute stability. The cellular to dendritic
transition was predicted [32] and shown [44] to be at R = GDL/kOATOJ )
which is the transition point in the above mentioned curve between
the gradient dependent and gradient independent portions. At high

velocities, a transition form dendritic to cellular mode has been obser—

ved [37], and is correlated with a sharp increase in p and P at veloci-~

ties close to absolute stability [3]. Vvariation of tip radius p with
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velocity was shown to be of the form Rp? = constant for low and inter-
mediate velocities. Dendrite tip radius increases at the dendritic-
cellular transition, and at absolute stability tends to infinity,

as capillary stabilization results in a planar interface.

Relating Solidification Parameters to Structure:

Interdendritic spacing has long been used to relate freezing condi-
tions to structure. Linear relationships were found for steels and
Al alloys with local solidification times spanning several orders of
magnitude, versus primary and secondary dendrite spacings [21]. Rela-
tionships are alsoc available for Al alloys and Pb~-Sn and 2n alloys
[45-51]. Coarsening kinetics and convection during the experiments
were found to change the results appreciably {42,52]), which was also
evidenced by inconsistency between results from independent studies.
The nature of the growth relationships was not quali£ative1y known
in terms of system independent parameters, and it was found necessary
to study tip temperature and undercooling with respect to growth velo-
city. Burden and Hunt [29] found the tip temperature to go through
a maximum as growth rate is increased. As a result of further wﬁrk,
Hunt [53] and Kurz and Fisher [32] derived expressions relating solidifi-
cation parameters to dendrite and cell spacings: .

A « R /AgT2 (17)

Fair agreement with the above relation was reported for direé—

tionally solidified superalloys [51]. Data on succinonitrile also

indicate that the slope of the variation in dendrite arm spacing agreed

with Equation 17, eventhough the actual points did not correspond to
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derived expressions by Hunt [53] and Kurz and Fisher [32]. The expres-
sion by Trivedi [54] does not correspond with experimental spacings
at high growth rates, in spite of its considerable mathematical complex-
ity. Trivedi and Somboonsuk [33] showed that primary arm spacing was
much less subject to coarsening with time than secondary dendrite arm
spacing. Secondary arm spacing was found to be sensitive to coarsening
kinetics as well as variations in local G and R conditions beyond eight
spacings from the tip. The initial secondary arm spacing AZ was found
to be equal to 2p for a wide range of compositions and to be a function
of alloy composition and solidification velocity only. Analysis due
to Langer and Muller-Krumbhaar gave a relationship of the form
sz = constant. A more complete expression was derived by Kurz et
al., [3] without the approximations used by the former.

41r2DL T [1-(1-k)Iv(P) ]

Rp? = (18)
Comp (k-1)€¢

This function is nearly constant upto velocities close to absolute

stability, whereupon it sharply rises to infinity as p rises to infi-
nity. Thus, Az can be directly related to R by the abovi relation
in the high velocity regime where p and ), are independent of G.

While considerable progress has been made for binary soliéifica—
tion and also for binary eutectics, multiphase solidification is still
difficult to define, particularly when several co&ponents are involved.
Approximation to binary solidification may be possible in the case

of many single phase commercial alloys but limitations will be imposed

by the accuracy of material constants k, m, and DL. Empirical curves
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must be used till the analytical solutions discussed are found capable of

universal application.

B. Microstructure and Solidification:

Austenitic Stainless Steels:

Austenitic stainless steels are an important class of alloys in
the Fe-Cr-Ni ternary system. .Detailed phase diagram data is available
for this system [55]. Most compositions of engineering interest occur
approximately at the 70% Fe section of the ternary diagram (Fig. 34),
which is of the two phase eutectic type [4,5,56]. Katayama et al. [5])
have given extensive treatment of solidification modes and compositions
in these stainless steels. Solidification paths for most commercial
alloys fall around the eutectic trough, giving rise to fully austenitic,
primary austenitic eutectic, eutectic, primary ferritic-eutectic and
fully ferritic solidification modes. The solidification mode is very
important in casting and welding of these alloys since it has been
found to affect hot cracking and corrosion resistance.

A characteristic feature of eutectic and/or ferritic stéels ié
the solid state transformation that the primary ferrite undergoes as
it crosses the curved austenite solvus boundary. Depending on the
composition and the time allowed in the austenite-ferrite two phase
region, the ferrite present transforms to a fully austenitic equilibrium
structure. This transformation has been studied and has been postulated
as being diffusional as against a massive type reaction [6-8]. Its

diffusional nature at cooling rates typical of conventional welding

conditions has been established [9,56]. The interpretation of solidifi-
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cation structures is complicated by the occurrence of the solid state
reaction. Further, the presence of several alloying elements including
the interstitial elements C and N has a profound effect on the phase
diagram. The Schaeffler and DeLong calculations [10] of Cr/Ni equi-
valents are commonly used to account for the above, though alternatives
have been suggested [12]. These empirical diagrams relate ferrite
content to composition under typical welding conditions. It was found
that ferrite content during solidification goes through a maximum as
cooling rate is increased in slow cooling GTA welds and decreases again
for higher cooling rates. Welds in 304 grade stainless steel showing
5% ferrite in GTA welds showed no ferrite under laser and capacitor

4 /s 115].

discharge welding conditions with cooling rates exceeding 10

Rapid solidification in stainless steels revealed several interest-
ing effects. Vitek et al. [4] found that splat quenched and laser
melted 308 steel showed completely austenitic solidification at cooling

> and 106 K/s. It was explained in terms of a partition-

rates between 10
less transformation to austenite by extension of the Tb curve. Studies
were done on powder processing of 303 stainless steel [57] by Kelly
et al. Their thermodynamic phase stability calculations for 303 steel
showed that the free energy curves versus temperature for austenite
and ferrite phases were close together in the temperature range of
solidification. It was found that depending on the undercooling reached
in the droplet, it solidified as either fcc or a metastable bcc struc-
ture.

Defect structures during splat quenching which could affect mecha-

nical properties and nucleation of second phases, have also been
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observed. Wood and Honeycombe [58] found cell boundaries in splat
quenched austenitic steel decorated by vacancy dislocation loops.
Nishi et al. [59] studied the effect of cooling rate on dislocation
density in splat quenched 18-8 type stainless steel and found a linear
increase in dislocation density with reciprocal cooling rate.

Empirical relationships exist between dendrite arm spacing and
cooling rate for austenitic steels. The relationships by Grant [50]
for secondary arm spacings and by Okamoto [60] for primary arm spacings

1 to 105 K/s. It is therefore

are for cooling rates in the range 10
seen that the relationship between solidification structure, solid
state transformation and composition is not fully understood in stain-

less steels of engineering interest at high cooling rates.

Rapid Solidification in FeAl:

Equiatomic ordered aluminides are considered potentially useful
materials for aerospace applications due to their excellent properties
at high temperatures [61]. Extreme lack of room temperature ductility
has been a problem which resists solution and the use of Fe, Co and
Ni aluminides. Eventhough favorable slip systems exist in the B2 struc-
ture, intergranular brittleness is responsible for near zero ductil-
ity at room temperature. Attempts to rectify this problem have used
microalloying and/or rapid solidification to effect improvements
[62-64]. 1In NiAl a sharp increase in ductility was found when grain
size was reduced below a critical value of 20 microns [65]. Though

the grain size reduction in that study was obtained by thermomechanical

treatment, rapid solidification was also found to produce the same
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result. Addition of boron resulted in a slight improvement in ductility
of FeAl, though not to the extent achieved in N13Al [66]. Splat quench-
ing of PeAl and NiAl revealed that FeAl showed greater bend ductility
than NiAl in the 40-50 % Al range. The ductility was also found to
improve dramatically with heat treatment [67]. David et al. [68]
studied weldability of N13Al type nickel-iron aluminides and found
limited weldability by electron beam welding. Very little is known
on weldability of FeAl and it is of interest to examine the effect

of rapid solidification by the CD process on structure,

C. Process Considerations:

Capacitor discharge stud welding is a high production rate
process for welding fasteners on to sheet, of particular importance
to the transportation industry. Besides high speed, the advantages
of CDW include welding to thinner plate than possible by other conven-
tional processes, welding of dissimilar metals and different sized
components [69-71]. The extremely intense arc and low heat input account
for very small fusion and heat affected zones, producing a high efficie-
ncy joint.

A review of the literature on CDW has been done by Chvertko [72] and
includes a good description of the sequence of events occurring during
the process. The rapid melting and resolidification occurring is similar
to that during laser melting. Heat flow analysis has been done for
laser melting by a stationary pulse [23,73,74], based on a unidirectional

heat flow model. Mehrabian [23] found that a laser melted spot of

radius a subject to power density q in aluminum will solidify under
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unidirectional heat flow if qa > 1.9 X 106 W/m. The cooling rate was
found to vary directly and the melt depth inversely as the absorbed
power, on a logarithmic scale [73,74]. The heat flow calculations
revealed a relationship between time t after application of power density
q versus melt depth [73]:

L, < qt/? (19)
A similar parabolic dependence of interface position upon solidifica-
tion time has been found in splat quenching for the case of ideal cool-
ing [75,76]. 1In splat quenching, the inverse relationship between
thickness and cooling rate is also well known [59,75,76]. ‘Though a
few scientific studies of microstructures produced by COW exist [77,78],
the potential advantages offered by rapid solidification joining were

only recognized recently [15]). Thus, the CDW process offers an open

field for investigation.




III. PROCEDURE

A. Material Preparation:

Materials used in this study included 304, 308 and 316 stainless
steels and FeAl ordered alloy. The compositions of the stainless steels
used are given in Table 1. The 316 alloy was available as 16 mm thick
sheet and was turned down to required diameter so that the rolling
direction was along the axis of the rods to be welded. Alloy 304 was
obtained as 6.4 mm diameter rod and 308 alloy, which is a designated
weld filler wire, was gas tungsten arc deposited on to 6.4 mm diameter
stainless steel rod and machined to dimension. The GTA weld deposited
308 alloy was treated at 1100°C for 8 hrs to transform retained ferrite
to austenite.

The FeAl intermetallic ordered alloy was obtained in the hot extru-
ded form from atomised and consolidated powder. The nominal composi-
tion of the alloy was Fe-40at¥ Al. Wafers cut from hot extruded bar
were welded on to 6.4 mm diameter steel rod and turned down to the
required diameter. Again, the extrusion direction was along the axis

of the rod to be welded.

B. Capacitor Discharge Welding:

The initial gap capacitor discharge process was used to produce

the welds. Figure 4 shows the H. A. Jones PSW stud welder, the controls

for which were:

.o

Capacitance 8-320 mF

45-175 Vv

Voltage
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Stud Drop Height : 0-100 mm

Drop weight : 22-284 N

A schematic diagram of the arrangement of the components before
welding is shown in Fiqure 5. Welds can be made to join rod to rod,
or to sheet. In the initial gap capacitor discharge process, the stud
on which the ignition tip is machined, is dropped on to the component
to be joined to, either by gravity or by pneumatic/spring force. A
capacitor bank charged to a preset voltage is allowed to discharge
through the ignition tip and strike an arc to cause melting between
the components to be joined. When they come into contact, the arc
is extinguished. Solidification occurs as excess 1liquid is spattered
out upon impact of the mating components, to produce a joint. The
weld typically occurs in a time of 1-2 ms.

All welds in the present study were made rod to rod. Conical
ignition tips of the required length were machined on to the negative
electrode. Table 2 gives the conditions used to produce different
welds and their designations. Current and voltage profiles were
recorded during welding by Sony-Tektronix Digital Storage Oscilloscope
#336 and plotted out by an X-Y recorder. Current was measured by measur-
ing the voltage across a shunt connected in series with the welding

5g before and after

cable. The components were weighed correct to 10
joining. Alloys 316, 304 and 308, and FeAl were designated as A, B,
C, and D respectively.

Gas tungsten arc welds were made in the three stainless steels

and FeAl ordered alloy and examined by optical metallography. Ferrite

contents in stainless steel GTAW were measured by Ferrite Scope.
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C. Analysis:

Optical Metallography:

All welds were sectioned longitudinally across the diameter of
the rod for optical microscopy. After fine grinding, jet electropolish-
ing and etching of stainless steel were done using an electrolyte of
33% water, 55% phosphoric acid, and 12% sulfuric acid. Polishing occur-
red at 20 to 25V for 10 to 20 seconds and etching was done at 1.5
to2 V for 60 seconds. Both dendrite and grain structures of stain-
less steel were observable by this method.

After conventional polishing, FeAl was etched with the solution
used by David et al [68): 20% water, 20% phosphoric acid, 20% nitric
acid, and 10% hydrofluoric acid. Again, the dendrite and grain struc-
tures were revealed for examination.

Optical metallography was done using Nomarsky interference contrast
and standard equipment. Dendrite arm spacings were measured using
a calibrated scale eyepiece graduated to 0.29um at 1810X.

TEM Specimen Preparation:

Cross sectional wafers were cut from 304 stainless steel weld
B2 and mechanically thinned to 100 uym thickness. Discs 3 mm in diameter
were punched out and twin jet electropolished to electron transparency

with 30% nitric acid in methanol, at 15 Vv and 0°C. The section was

observed in a Hitachi HU-200 electron microscope.
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IV. RESULTS

The effects of process parameters on solidification structure
during CDW were identified in a preliminary study. Welds were made on
stainless steel and FeAl ordered alloy using conditions derived from the
preliminary study. The following sections show microstructures produced
in stainless steel and FeAl ordered alloy. Subsequently, heat flow in
relation to dendrite growth, and effects of crystallographic orientation
on dendrite growth and spacing are presented. Lastly, arc characteris-

tics observed during welding of stainless steel and FeAl are shown.

A. Parametric Study of the Capacitor Discharge Process:

Weld thickness was identified as a significant factor
in producing rapid solidification . during welding, since reduced dimen-
sions along heat flow directions are known to be critical in rapid
solidification processing [50]. Accordingly, an experiment was conduc-
ted to find the effect of weld parameters on thickness in order to
minimize weld thickness and maximize cooling rate. Discharge volt-
age, ignition tip length, drop height and drop weight were varied in
a factorial experiment at two levels. In all cases welds were made
on 6.3 mm diameter stainless steel rod using straight polarity and

80 mF capacitance. The baseline settings for the initial study were

as given below:

Ignition Drop Drop
Capacitance Voltage Tip Length Height Weight
(mF) (v) (mm) (mm) (N)

80 90 1.02 51 60
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All experimental settings other than control variables were baseline
values. A complete table of experimental settings and data obtained
is included in the Appendix. An increase in drop height and reduction
in ignition tip length resulted in a decrease in weld thickness, as
shown in Fig. 6. As shown in Fig. 7, it was seen that weld thickness
increased with discharge voltage. Drop weight had the least influ-
ence on weld thickness, as seen in Fig. 8. Voltage and drop height
interacted positively in reducing weld thickness. Ignition tip length
and drop height did not show appreciable interaction as observed in
Figure 6, but had strong independent effects on weld thickness. Signif-
icant higher order interactions were not found.

In order to investigate the effects of different rapid solidifica-
tion cooling rates on weld metal behavior, different sets of parameters
were chosen to produce (1) "slow", (2) "intermediate” and (3) "fast"
weld cooling rates. For convenience, this terminology will be used
in referring to particular welds hereafter. The corresponding arc
times were 1 ms, 0.5 ms and 0.3 ms, respectively. A potential of 90V
produced the highest strength for mild steel CD welds in a study by
Danks [79]. Hence 90V was used in all three cases. Heat inputs were
the same for welds in 6.4 mm diameter and were half that value in 3.2
mm diameter. Designations were chosen combining the material (A, B,
C, and D) and welding condition (1, 2, and 3) as described above and
are shown in Table 2(a).

In order to explore solidification behavior and process characteris-

tics beyond the above range, additional welds were made with arc times

<0.3msand >1 ms in 304 and 316. Heat input, stud diameter and
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arc time were varied to produce different cooling rates. The weld

conditions used and their designations are shown in Table 2(b).

B. Microstructure Development in Stainless Steels:

In this section, optical and transmission electron micrographs
used to reveal microstructures produced by capacitor discharge welding
of 316, 304 and 308 stainless steels are shown.

Optical Metallography:

Optical microscopy of all three stainless steel welds showed a
cellular/dendritic structure meeting in a characteristic line at the
weld center from the base metal on either side. Growth was found to
be fully epitaxial. All the welds produced were observed carefully
under different etching conditions and found to be fully austenitic
in the fusion 2zone. Gas tungsten arc welds were made in all three
stainless steels (for comparison with CDW) and observed for solidifica-
tion mode and ferrite contents measured are shown in Table 3. Figure 9
shows microstructures of CD welds Al to A3 in 316 stainless steel produ-
ced under a) slow, b) intermediate and c¢) fast cooling conditions.
The solidification structure of gas tungsten arc deposited 316 weld metal
showed about 2-3% ferrite, as in Fig. 10. Close to the base metal,
primary austenitic or AF solidification mode was observed, followed by
primary ferritic or FA mode growing into the weld. The interdendritic
nature of ferrite in AF regions as compared with FA regions was noted,

as in Fig. 10. CD welds Bl to B3 in 304 stainless steel showed struc-

tures similar to those in 316, as in Figure 11.
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The base metal in the 308 alloy contained some residual ferrite
as a result of incomplete transformation to austenite after gas tungsten
arc deposition and subsequent annealing before CD welding. However,
the weld fusion zones in welds Cl to C3 were fully austenitic as seen
in Fig. 12(a) to 12(c). In alloy 308, two types of dendrite morphology
were observed, namely, primary austenite similar to that in 304 and
316 welds, and a diffuse dendrite structure. In most cases, the diffuse
dendritic structure was weaker in etching response than primary austen-
ite and was found to diverge from the ferrite islands touching the
fusion 2zone, as in Fig. 12(b) and (c). These diffuse regions were
2 ;; therefore identified as primary ferrite grown epitaxially from the

L base metal ferrite regions, subsequently transformed to austenite in
3 1 the solid state.

Epitaxial growth of primary austenitic regions into primary ferrite
in the solid state was obseved in 308 alloy. Slip lines were observed
to cross the weld center line from primary austenitic to primary ferritic
L* ‘E regions, as seen in Fig. 12(b) and (c). Since slip lines are specific
to certain crystallographic directions, it followed that such extended
slip lines were only possible by epitaxial growth of primary austenitic
grains into the primary ferrite on the other side of the weld center
line. No such extensions of slip lines were found in 304 and 316 welds,
while slip lines were observed.

Apart from the grain boundary movement as illustrated above, exten-~
sive recrystallization was also found in the primary ferrite regions

of 308 alloy welds, but not in 316 or 304, which only showed primary

austenitic solidification. The grain structure in the fusion zone




28

in alloy 316 was the same as the as-solidified epitaxial grains, as
shown in Fig. 13(a). In 13(b), recrystallization across dendrites
and the weld center line is apparent. Thus, it was concluded that
the occurrence of recrystallization and atomic rearrangement in alloy
308 was due to a solid state transformation from primary ferrite to
f ] austenite.

Transmission Electron Microscopy:

p f' Transmission electron microscopy was done on CD welds in 304 stain-
4f less steel and Fig. 14 shows electron micrographs of cells in the weld
H metal. Figure 14(b) shows that the cells in 14(a) followed a [001]

growth direction. Dislocation loops are seen in 14(a), and are seen

r to be partially aligned along dendrite boundaries in 14(c).

f C. Microstructures of FeAl Ordered Alloy:

Welds in FeAl ordered alloy were produced using slow, inter-
mediate and fast cooling conditions D1 to D3. As shown in Fig. 15,
CD welds in FeAl also solidified as cells or cellular dendrites. Howe-
ver, the dendrite structure was ill defined and more difficult to reveal
{E by etching than in stainless steel. The GTA weld microstructure in
“ FeAl showed a single phase grain structure but no solidification struc-
ture could be revealed eventhough the same metallographic technique
as for the CD welds was used. The FeAl base metal was obtained in the
powder processed and hot extruded condition, and contained a high inclu-

sion content, which was also observed in the CD weld fusion zone, prim-

arily as intercellular inclusions as shown in Figure 15. FeAl also
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exhibited intergranular brittleness and intergranular cracks perpendi-
cular to the weld were found to cross the fusion zone.

Unusual forms of equiaxed dendrite morphology were observed at
the weld center in all three welds, as illustrated in Fig. 16(a).
To ascertain the nature of these structures, this weld was heat treated
at 780°C for 1 hour. The dendrite structure, as seen in 16(b), was
unchanged apart from a weaker etching response due to homogenization.
A greater number of equiaxed dendrites were found under slower cooling
conditions as compared with faster cooling welds. Equiaxed dendrites
were also observed in CD welds of centrifugally atomized and hot
extruded 304 stainless steel from a previous study and in Figure 17,
the equiaxed dendrites are marked by arrows. A high base metal inclu-
sion content was evident in this case also, as revealed by the action

of the electrolyte during electropolishing.

D. Heat Flow and Dendrite Growth:

Typical current and voltage profiles obtained during welding
are shown in Figure 18, for (a) slow, (b) intermediate, and (c) fast
cooling welds. From an examination of these profiles, the sequence
of events during welding could be interpreted and this was wused in
calculating energy distribution during arcing. Arc initiation was
marked by a very sharp rise in current flow to reach a peak current
of several thousand amperes. The voltage across the capacitors dropped
steeply, simultaneously with the current spike at arc initiation.

End of arcing was again seen to be marked by a second current peak

and voltage drop. Also, in all three sets of curves, the drop in curr-
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ent and voltage to 2zero could be distinquished as different from the
end of arcing. Energy discharged after arc extinction was dissipated
through a resistor connected into the circuit, after the short circuit
due to arc extinction was detected by the welding controls.

The cooling rate during welding increased with shorter arc times
and higher heat inputs per unit area. Multiplication of current-voltage
curves gave a triangular energy profile from which arc energy was taken
as the fraction of the area under the energy curve during arcing.
Energy discharged during welding was taken to be equally distributed
between the joining surfaces and averaged over the arc time to calculate
the arc power density q:

q = fovt/aat . (20)
where C is the capacitance, V the voltage, a the cross sectional area
of the weld, t the arc time and f is the fraction of energy discharged
through the arc out of the total energy discharged by the capacitor.
Primary dendrite arm or cell spacings decreased with increasing power
density for stainless steels and FeAl, as shown in Fig. 19. As Figure
20 shows, weld thickness increased parabolically with arc time.

Increase in thickness with time for FeAl was lower than for stainless
steels, indicating a lower growth rate under the same welding condi-
tions.

Dendrite arm spacings were measured to estimate cooling rates
and also to study dendrite growth during CD welding. Orientation of
dendrites with respect to the heat flow direction significantly affected

dendrite arm spacings and dendrite or cell morphology. The heat flow

direction was taken to be perpendicular to the weld fusion line. Hence,
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dendrite arm spacing measurements were made on primary dendrites or
cells most nearly parallel to the heat flow direction, and at the weld
center line, for estimating cooling rates. Dendrite arm spacings did
not show significant variation across the weld section and standard
deviations were within 10% of the mean. Dendrite spacings showed a
small increase with distance fraction from the weld fusion line towards
the weld center line as in Fig. 21, which shows the relationship for
316 stainless steel. The increase in spacing was observed to be greater
in the slowest cooling welds. This indicated that average centerline
primary dendrite arm or cell spacings were representative of cooling
conditions over the entire weld.

Cooling rates calculated from the relationship by N. J. Grant
[50], for measured average secondary dendrite arm spacings in all stain-

6 and 5 x 107K/s, as shown in Fig.

less steel CD welds were between 10
22. It was also observed that dendrite arm spacings were greater and
cooling rates lower in 304 stainless steel than the other two alloys.
Secondary dendrite arm spacings were related to primary arm spacings
in austenitic stainless steels by a power relation as in Fig. 23.
Primary dendrite arm spacings in FeAl were very similar to those in
stainless steel, and average values are shown for different arc times in
Fig. 24. Average equiaxed dendrite radius increased with arc time and
is also shown in Fig. 24.

Dendrite spacings increased with inclination angle to heat flow

direction as in Fig. 25. Normalized primary dendrite spacing A7

was plotted against 6, the orientation angle, where Ao is the average

primary arm spacing for 8 = 0. Side arms could be observed optically




32
in all but the fastest cooling welds, and tendency for side arm growth
increased with angle of inclination to heat flow direction. 1In some
dendrites oriented at © = 45°, secondary arms grew into primary dend-
rites as in Fig. 26(a) and (b). No dendrites were found to be incli-
ned at more than 45° to the heat flow direction. Growth parallel to
heat flow tended to be cellular while growth at angles close to 45°

tended to be fully dendritic.

E. Arc Behavior During CDW:

In this section, data generated during welding of stainless
steel and FeAl were combined to examine arc characteristics during
the CD process. By weighing the components before and after joining,
the amount of material lost as ‘spattered’ melt and to vaporization
was calculated. The amount of metal present in the weld was found
from the average weld thickness. The total amount of metal melted
was 4 to 5 times that in the weld, as shown in Fig. 27. Additional
data for arc times beyond the range in Fig. 27 were included in Figure
28, and a sharp decrease in the amount of metal melted was seen with
decreasing arc time. FeAl showed melting characteristics similar to
stainless steel. Assuming that most of the transferred energy from
the arc was used for melting, and neglecting wvaporization, arc efficie-
ncy was calculated :

Energy used for melting

Arc Efficiency = (21)
Available arc energy

To calculate energy used for melting, the melt was assumed to be super-

heated linearly to the vaporization temperature from the melting point.
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Arc efficiency decreased with increasing power density, as in Fig. 29.
The welding arc was initiated at the center of the stud by the ignition
tip and propagated to occupy the entire stud area. High speed video-
graphs of CDW were available from a study by Danks [79], from which
lateral arc expansion could be studied. Radial arc propagation occurred

{f faster with increased voltage as shown in Fig. 30. Average arc velocity

il

was calculated from Fig. 30 and was seen to increase with voltage in
;f i Fig. 31. Drop head velocity shown for comparison, was several times
less than lateral arc velocity.

Although energy output during arcing should decrease exponentially,
at least 90% of the energy in the capacitors is found to be discharged
when the current first reaches zero, due to inductance and resistance in
the circuit. The time from the start of arcing to this point was taken
l” T as the discharge time. Discharge time increased with capacitance and
decreased with voltage as in Fig. 32. Measured arc times were plotted
;@ gt against calculated values assuming the velocity of the drop head to be
affected by gravity alone:

Ignition Tip Length

Arc time = (22)

( 2 x g x Drop Height)l/2

Good agreement as in Fig. 33 showed arc time to be a simple kinematic

function of stud drop height and ignition tip length and can be accura-

tely controlled during CDW.




V. DISCUSSION

A. Solidification in Austenitic Stainless Steels:

In order to determine solidification modes occurring in stain-
less steels, it is necessary to correct for the presence of elements
other than Cr and Ni in Fe, so that the positions of specific alloys
are fixed in the Fe-Cr-Ni phase diagram. Good correlation in recent
studies between predicted and observed microstructures has been found
[11,80] for stainless steels using the Cr and Ni equivalents first
proposed by Hammar and Svensson [12]. Using the above equivalents,
we find that in Fig.34, 316, 304 and 308 alloys lie on the AF, FA and
FA-F regimes of the phase diagram respectively. Table 3 gives the
Cr and Ni equivalents by the DeLong and Hammar-Svensson methods, and
predicted ferrite contents in GTAW. The DeLong diagram predicted
retained ferrite content closely, while the Hammar-Svensson method
showed better agreement with solidification mode. It can be seen that
alloy 316 is very close to the eutectic point, estimated to be at a
Cr Eq./Ni Eq. ratio of 1.5 by the latter method.

Figures 9 and 11 show that 316 and 304 alloy CD welds solidif-
ied as fully austenite at cooling rates in excess of 106 K/s. The
following table gives the stable equilibrium and observed solidification

sequences seen in the three alloys:

Alloy Equilibrium Sequence Observed During CD
316 L>L+Y+86->Y+8->Y L->L+Y=>Y
304 L->L+6->L+8+4Y>84Y->Y L->L+Y=>Y

308 L->L+8>L+8+Y>8+Y->Y L->L+8+Y-530+Y->Y
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For the GTAW in alloy 316, primary austenite solidified close
to the base metal, whereas primary ferrite formed subsequently. Ferrite
content close to the base metal was significantly lower than that in
the primary ferritic portion of the microstructure. It was also
observed that some austenite had transformed to ferrite at the heat
affected zone grain boundaries in the GTAW during heating and was
retained as ferrite after cooling. Hence it appears that the formation
of primary austenite at the expense of ferrite in both CD and GTA welds
was due to difficulty in nucleating ferrite, resulting in a metastable
extension of the austenite field. This would also be favored by epitax-
ial growth on the austenitic base metal. Suppression of primary ferr-
ite nucleation has also been reported earlier in laser and CD weld-
ing of 304 stainless steel [4,15]. The diffusional transformation
between austenite and ferrite during heating and cooling is slow under
high heating and cooling rates. Consequently, increasing solidification
velocity would decrease primary ferrite, and residual ferrite at room
temperature.

Thermal phase stability curves are available for the formation
of either bcc or fcc phase from the liquid, for an austenitic stainless
steel with alloy content of 30% and Creq/N'ieq ratio of 1.68 [57].
Since this composition range was very close to those used in this study,
these curves were applied to alloys 316 and 304 to estimate the condi-
tions of formation of fcc austenite from the 1liquid. Formation of
austenite from the melt is possible at or below 1365°C, as shown in

Fig. 35. The melting points of the 316 and 304 alloys were calculated

to be 1410 and 1425°C from relationships available in literature [81].
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Although ternary eutectic or peritectic solidification involves three
phase interaction, the high values of partition coefficient for Cr

(0.83) and Ni (0.95) allowed a reasonable estimate of undercooling

required to form austenite as > 50°C. This value is 8 to 10 times
y greater than that for stable equilibrium solidification for which
" T is 4-6°C [60].
In the éése of 308 alloy, primary ferrite was nucleated by ferrite
in the base metal in contact with the fusion zone, as in Fig. 12(b).
It is interesting to note that under CD welding conditions, primary
2 ,; ferrite and austenite have grown together seemingly independent of
each other. Spreading out of the primary ferritic regions and selec-
p ;z tive growth of austenite grains with growth directions most nearly
b 45 parallel to heat flow suggest that primary ferrite grows at a faster
QM ;} rate than austenite. In Fig. 13(b), triangular regions of primary
austenite can be seen to be pinched off by faster growing primary ferr-
ite. Faster growth of ferrite is consistent with the lower packing
fraction and density of the bcc lattice as compared with £cc, if inter-

face kinetic effects are considered to be the same.

B. Solid State Transformations:

Diffusion in the solid state will be considered in discussing
solid state transformations in stainless steel. Rates of diffusion
of Cr and Ni in the bcc lattice are found to be two orders of magnitude
greater than in fcc. Table 4 gives diffusion coefficients along the

significant temperature interval during cooling of welds in austenitic

stainless steels under study. Average diffusion distances have also
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been shown for times characteristic of CD welding. Figure 36 gives
cooling curves from a unidirectional finite element heat f£flow model
for CD welding of stainless steel calculated by Einerson et al. [82].
The weld in this case was made under similar conditions to those used
in the present study. From Fig.36, available diffusion times for trans-
formations during the weld cycle can be determined.

Primary ferritic regions as in Figs.12 and 13(b) appeared to have
a diffuse dendritic structure when compared with primary austenite.
The weaker etching response is likely to result from greater diffusional
homogenization in the solid state for primary ferrite, due to higher
diffusion rates (Table 4).

The most striking feature of the welds in 308 alloy is the recryst-
allization across as solidified grain boundaries in primary ferrite,
as in PFig.12(b). Since such recrystallization was not observed in
316 and 304 alloys, it must be concluded that it is the result of trans-
formation of the primary ferrite to austenite in 308. Also, epitaxial
grain growth of primary austenite into primary ferritic regions is
seen in Fig.12(b). Such movement of the transformation interface across
the parent phase grain boundaries is believed to be unique to the
'massive’ type transformation [83]. The occurrence of this transfor-
mation has been a much debated aspect of stainless steel metallurgy
since Lippold and Savage [84] first proposed the massive type reaction
to account for primary ferrite transformation to austenite. We shall

now examine the conditions favorable for the massive reaction to occur

during CD welding.

2 o
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The expanding austenite solvus region in Figure 34 extends below
the primary ferrite side of the eutectic trough in the phase diagram,
requiring that such ferrite can transform to austenite upon cooling
by either:

(i) a full diffusional transformation in the austenite-

ferrite region, or,
(ii) a composition invariant transformation in the austenite
region if the reaction is not allowed to proceed as in (i).

It is recognized that most reaction products during continuous
cooling result from competing reaction mechanisms and that kinetics
determine the preponderance of any of them [83,85]. Well known examples
of such situations occur in various steels, Fe-Ni, and Cu-Zn systems.
These situations are also regarded as solid state analogs of transforma-
tions occurring during solidification. The massive transformation
is analogous to partitionless solidification which has even been
referred to as ’'massive’ [83]. Nucleation of the product phase is
the rate controlling step in the massive transformation, and growth
rates can be as high as several cm/s [83]. In the present case, massive
growth could take place epitaxially at a high rate.

A full diffusional transformation from primary ferrite to austenite
would occur at high cooling rates by growth of acicular or Widmanstatten
type austenite platelets into the ferrite and may not go to completion.
Such growth has been found in 308 alloy solidified at 103 K/s by Lippold
and Savage [Figure 10 in ref. 84]. Cooling rates during CD welding
exceeded 106 K/s and no retained ferrite was found in any of the CD

welds in the present study. Hence it is clear that the transformation

.
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of primary ferrite to austenite in 308 stainless steel during capacitor
discharge welding is due to a massive transformation.

On the basis of the discussions in sections (i) and (ii), and
considering the work of Devletian and Wood [15], it can be seen that
the presence of retained primary ferrite in stainless steel welds is
a composite of reactions controlled by kinetics during solidification
as well as solid state transformation. The following statements can
be made with respect to compositions in the austenite field at room
temperature and solidifying with ferrite as one of the primary phases:

(1) At very slow cooling rates, primary ferrite transforms

completely to austenite upon cooling.

(2) At cooling rates typical of gas tungsten arc welding (10

to 102 K/s), the amount of retained ferrite increases with
cooling rate due to incomplete diffusional transformation
from primary ferrite to austenite.

2 to 107 K/s), retained ferrite

(3) At higher cooling rates (10
decreases rapidly due to suppression of primary ferrite nuclea-
tion and increasing driving force for massive transformation
of the ferrite.

(4) above 106

K/s, primary ferrite formed during welding trans-
forms to austenite predominantly by a massive reaction.
The fully austenitic structure produced by CD welding in place
of the duplex austenitic-ferritic structure after conventional welding

can result in superior corrosion resistance and reliability of welds

in service. At high cooling rates, the fine scale of segregation avoids

hot cracking even under fully austenitic solidification conditions.
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The occurrence of microstructural modification in austenitic steel
is therefore of engineering interest in view of applications in joining

rapidly solidified stainless steel and other RSP materials.

C. Transmission Electron Microscopy:

Transmission electron microscopy reveals several interesting
features in capacitor discharge welds in stainless steel. Figures
l4(a) and (b) show that dendrites in austenitic steel followed a [001]
growth direction. Defect structures produced by rapid solidification
are shown in Figures 14(a) and (c). Vacancy dislocation loops were seen
decorating the dendrite boundaries which also contained a high density
of free dislocations. No second phase was visible in the TEM, confi-
ming optical microscopy. Dislocation loops were previously observed by
Wood and Honeycombe [58] in splat quenched asutenitic steel, and were
attributed to rapid growth rates of several cm/s observed during splat
quenching. The density of dislocations and wvacancy dislocation loops
have been shown to be proportional to reciprocal cooling rate in liquid
quenched stainless steel [59]; Excess vacancy concentrations are formed
by trapping of vacancies at fast crystal growth rates and high tempera-
tures. These excess vacancies are believed to nucleate and condense
to form vacancy dislocation loops and raise the bulk dislocation dens-
ity. The annihilation of excess vacancies depends on the relaxation

time allowed during cooling and is therefore responsible for the recip-

rocal relationship between dislocation density and cooling rate [59].
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D. Solidification in FeAl Ordered Alloy:

The composition of the Fe - 40 at% Al ordered alloy used in
the present study falls on the single phase solidification region in
the iron rich side of the Fe-Al phase diagram in Fig.37. The compos-
ition is seen to be within the B2 field in the solid state. It was
observed that FeAl solidified during CDW as a single phase material as
in Fig. 15. No recrystallization in the weld was found in the fusion
zone. From Fig.37, it can be seen that the solidification range of
about 33°C is relatively small and the measured value of k is 0.88,
which results in reduced segregation. The weak etching response obser-
ved in FeAl (Fig.15) CDW is consistent with these effects. The absence
of a dendritic structure in the GTA weld metal is possible either by
planar solidification or by diffusional homoggpization in the solid
state. The solidification range of 33°C for FeAl is significant enough
to cause dendritic growth under GTAW conditions and solid state diffusion
may be more likely to eliminate segregation.

The CD welds in FeAl contained equiaxed dendrites at the weld
center (Fig.16(a)). These dendrites exhibited an wunusual shape in
that the maltese cross of the conventional equiaxed dendrite was rarely
observed. Instead, irregular branching from the center of the dend-
rites seeemed to occur. The heat treatment of 1 hour at 780°C was
done in order to distinguish the equiaxed dendrite growth from solid

state transformations structures or metastable phases. No qualitative

change in the microstructure was seen as in Fiqure 16(b), except that

segregation was reduced. Equiaxed dendrites were not observed in any
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of the welds in stainless steel in the present study. The base metal
in FeAl contained a large concentration of inclusions decorating prior
particle boundaries as a result of hot extrusion. Such high inclusion
concentrations were not present in the stainless steels. While studying
the origin of the equiaxed dendrites as shown in 16(a), it was observed
that similar dendrites were also present in CD welds made in centrifu-
gally atomized and hot extruded 304 stainless steel under similar condi-
tions as those used in the present study. Figure 17 shows that a high
concentration of inclusions exists in the base metal in this case also.
Hence the high inclusion concentration can be correlated with formation
of equiaxed dendrites both in FeAl and powder processed stainless steel.
Since the materials were centrifugally atomised to form powder, oxida-
tion of the surfaces during cooling is likely to have resulted in oxide
inclusions in the wrought material. Wwhile the probable role of inclu-
sions is that of nucleating sites for equiaxed dendrites, the exact
nature of the nucleating agents must be revealed by future work, using,
for example analytical electron microscopy. The heat flow and solidif-
ication conditions favoring equiaxed dendrite growth will be discussed

in a subsequent section.

E. Melting and Solidification Behavior:

Comparison With Laser Melting:

Several similarities were observed between laser and capacitor
discharge processes in terms of melting and solidification phenomena.

An examination of Figure 18 shows that for arc times 0.5 ms and 0.29

ms, arc current was still high at the end of arcing, whereas for 1
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ms, current is nearly zero. Multiplication of the current and voltage
curves gave a trapezoidal energy pulse. The current and voltage pro-
files were compared with those obtained by Von Botisk et al. [88] for
capacitor discharge welding of 5 mm diameter stainless steel, using
75 mF at 75 V. The curves obtained in the present study were very
similar in shape and magnitude to those in ref. 88 and were therefore
used in further analysis. In laser melting by a rectangular pulse,
melting continues for a short time after the energy input has stopped
{73,74). A similar sequence of melting and resolidification was expec-
ted for CD welding, though the approximation becomes 1less accurate
for triangular pulses when arc times are comparable to or greater than
the discharge time.

Interdendritic spacing, as a measure of cooling rate, decreased
with power density (Figure 19), indicating that increasing arc power
density increased cooling rate in stainless steels and FeAl. A similar
relation has been shown for absorbed power density by numerical model-
ling of laser melting [73,74]). However, cooling rates in the CD process
asymptotically approached a constant value for arc power densities
greater than IOGW/cmz. This indicated that average arc power density
differed appreciably from the actual absorbed value. Its significance
will be discussed in a later section.

In the CD process, resolidification was stopped midway when the
components touched each other and the remaining liquid was expelled.
Figure 21 shows that primary dendrite spacing, and therefore cooling

rate, remained fairly constant with fractional distance from the fusion

line to the weld center. Growth rates and cooling rates calculated
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by Hsu, Chakravorty, and Meharabian [73] for unidirectional heat flow
conditions in laser surface melting showed a similar trend for resolid-
ified distances upto half the melt depth in pure Fe and Ni. However,
in order to use their calculations, it was essential that absorbed
power density and fractional distances solidified be accurately known.
Since dendrite arm spacings were accurately measurable, they were consi-
dered more reliable for cooling rate measurements.

Secondary dendritic spacing values in the present study gave cool-
ing rates between 106 and 5 X 107 K/s (Fig.22) by extrapolation of
N. J. Grant’s relationship [50]. Secondary dendritic spacings in 304
were larger than those of 308 and 316. From the table of alloy composi-
tions it 1is seen that alloys 308 and 316 contained about 5% more alloy-
ing additions than 304. This variation could result in greater thermal
diffusivity in 304 and hence lower cooling rates than the other two
alloys under the same welding conditions.

Primary dendritic spacings have also been related to cooling rates
in stainless steels. The relationship between primary arm spacings
and cooling rate by Okamoto [60] is of the form:

A = (a1 C(em)TL2 (23)
where )‘1 is in /m and ATO is the solidification range. This relation
has been found to fit primary dendrite arm spacing data at cooling
rates close to 1 K/s in ingots and castings. Extrapolating this rela-
tion, we find that cooling rates predicted for CDW are two orders of
magnitﬁde lower than that by Grant. However, as shown in Fig.38, the
exponent of -1/2 on GR was seen to fit actual dendrite spacings when

calculated cooling rates from Fig.22 were used. This relation has a
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more negative dependence on R than those of Hunt [53] and Kurz and
Fisher [32], which is of the fomm X, = G /%24, this is consist-
ent with the relative insensitivity of primary dendritic spacings to
growth rate changes than secondary dendritic spacings [54]. Thus,
it is concluded that the cooling rate dependencies of primary and second-
ary dendrite arm spacings are consistent with each other using empirical
relationships from the literature for stainless steel. No such relation-
ships are yet reported for FeAl.

Primary versus Secondary Dendritic Spacing:

Since primary as well as secondary dendrite arm spacings were
related to cooling rate, it was expected that they be related to each
other. Figure 23 shows that the relationship in austenitic stainless

2,%-%% under rapid solidification condi-

steel was of the form XZ <
tions. Eventhough secondary dendrite arm spacings have previously
been shown to be affected by coarsening, measurements in CD welds indi-
cated that there was no appreciable change in spacing at different
distances along primary dendrite arms. However, the scatter in the
spacing data could be partly attributed to coarsening of secondary
dendrite arms.

Primary and secondary arm spacings approached each other in value
close to 0.27m upon extrapolation of the line in Fig. 23. The relative
magnitudes of primary and secondary dendritic spacings indicate that
the solidification regime would be close to the dendritic-cellular

transition, where a sharp increase in dendrite tip radius would occur,

along with the disappearance of side arms. This situation is analogus

to the cellular to dendritic transition at low velocities.
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Growth Rate and Stability:

Average weld thickness data related linearly to square root of
Arc time in stainless steels and FeAl (Fig. 20). 1In observing the
weight of molten metal versus arc time in Fig. 27, and power density
versus spacing data in Fig. 19, melting conditions in FeAl were very
similar to that in stainless steel. The 1lower thickness of FeAl for
similar arc times as stainless steel could therefore be ascribed to
a lower growth rate though actual melting and solidification times
were not known.

The ordering temperature of the B2 lattice in FeAl is reported
to be above the melting point [61]. However, the composition in the
present case was Fe-40 at% Al, and the phase diagram has not been deter-
mined with certainty in that region. If the ordering reaction occured
during solidification, ordering kinetics at the 1liquid-solid interface
could account for the lower growth rate as compared to stainless steel.

Estimates of average growth rates for stainless steel were done
using laser melting data for pure Fe and Ni, and values obtained for
welds in 316 stainless steel corresponding to conditions Al, A3 and
A5 are shown in Table 5. Since secondary dendrite arm spacings were
known, dendrite tip radii were also known by Trivedi’s relationship
P = 12/2 [33]. The Peclet number, which is the ratio of tip radius
to solute diffusion distance was then calculated, and is also shown
in Table 5. Average growth rates were between 9.3 and 33.4 cny/s for
welds in 316 and were expected to be close to those values in the other
stainless steels also. Peclet numbers were between 16.4 and 46, and

these high values indicate that solidification was close to absolute
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stability. The relative increase in secondary dendrite spacing and
hence tip radius with respect to primary spacing should also occur
close to the dendritic-cellular transition prior to absolute stability,
as discussed in the previous section.

Direct calculation of the Peclet number versus growth rate curve
in the case of stainless steel was difficult due to uncertainty in
determining the undercooling during solidification, and to account
for the partitioning of Cr and Ni during growth. 1In the case of FeAl,
no metastable phase relationship was expected and the solidification
range was calculated from the equilibrium phase diagram. The Peclet
number versus growth rate curve could then be calculated, and is shown
in Fig.39. The values of materials constants used for stainless steels
and FeAl are shown in Table 6. The liquid-solid interfacial energy
for FeAl was assumed to be that of iron [89] and density was measured
to be 6.13 g/cm3. An approximate diffusion coefficient was assumed
for diffusion of Al in liquid iron as 3 x 10> cm?/s. The Gibbs-
Thompson parameter was calculated from these values. Absolute stability
occurs at a growth rate of 64.4 cm/s. Average growth rates for FeAl
were estimated from those of stainless steel, applying a growth rate
ratio estimated from thickness and arc time data, and were between
4.8 and 11 cm/s in welds D1 to D3. From growth rates the Peclet numbers
were estimated to be between 1 and 2, as seen in Fig.39.

Crystallographic Orientation and Growth:

At high growth rates, dendrites in cubic materials have been shown

to grow preferentially along <100> directions due to the low packing

density along that direction compared with other crystallographic direc-
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tions [85,86]. In the present work, transmission electron microscopy
(Fig.14) showed that dendrites in stainless steel followed a <100>
direction. Increasing the welding speed in GTAW has been shown to
increase the <100> texture in similar alloys, at the expense of other
orientations like <110>. Under rapid solidification conditions as
in COW, it can be expected that dendrite orientations other than <100>
are competively eliminated. This is supported by the observation that
dendrites were not found inclined at more than 45° to the weld axis, and
also that development of side arms took place at 90° to the primary
dendrites. As in Fig. 25 it was seen that primary dendrite spacing
increased with dendrite inclination angle to the weld fusion line.
Considering the directionality of the heat flow vector in unidirectional
solidification, dendrites growing at an angle to heat flow solidified
under different thermal gradient and cooling rate conditions compared
with those parallel to heat flow. Since primary dendrite spacings have
been shown to be highly gradient dependent [33,54], it was expected that
inclination angle bears a power relation with dendrite arm spacing.
Inclination angle versus spacing data are shown against cos@ on a loga-
rithmic scale in Fig. 40 and the linearity of the relation is evident.
However the slope of -1.66 showed that the dependence is not explainable
by the effect of inclination angle on thermal gradient alone, and it is
concluded that both gradient and growth rate were affected by changes in
orientation angle.

An interesting example of side arm growth into dendrites occurred

in Fig. 26 in which three to four branchings at 90° to each other have

grown from a single dendrite at 45° to the heat flow. Similar 90°
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changes in growth direction have been previously reported in stainless
steel GTAW [86].

Variation of G/R During CD Welding:

During CD welding, growth rate increased from zero at the weld
fusion line to very high values. The low R region close to the fusion
line was therefore planar due to high G/R and was seen in all the weld
microstructures. As solidification proceeds towards the surface of
the melt, G should decrease while R remains high. Since G/R then
decreases, a more dendritic structure should result. For melt depth
fractions found in CD welding, G/R conditions remained fairly constant
[73]. However, the Slow cooling condition 1 produced more dendritic
structures than the faster cooling conditions 2 and 3, indicating prog-
ressively higher G/R for the latter.

As discussed in the previous section, greater tendency for side
arm development was shown by dendrites inclined at an angle to heat
flow direction, as seen in Fig.26. A lower component of G along the
direction of inclination would lower G/R under similar growth condi-
tions with respect to dendrites parallel to heat flow, causing a more
" dendritic structure. However, it was also observed that side arm growth
on dendrites parallel to heat flow would be affected by:

(a) absence of thermal supercooling along the secondary arm growth

direction, i.e., perpendicular to heat flow, and

(b) the kinetic limitation imposed by closely spaced primary

dendrite arms.

Secondary dendrite arms on dendrites parallel to heat flow are

initiated due to instability at the dendrite tip. Subsequent growth
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perpendicular to heat flow would be due undercooling provided by solute
rejection, under negligible thermal undercooling. Close spacing of
rapidly growing primary dendrites would also tend to suppress side
arm growth. On the other hand, a substantial component of thermal
undercooling along with free liquid ahead of the growth front may be
present for growth of side arms from inclined dendrites as shown in
Fig. 26.

As the 1liquid pools contact during CD welding, rapid heat extrac-
tion should take place to both sides of the weld after arc extinction.
At this point, the thermal gradient could have very low values at the
center plane of the liquid pool, and the high heat extraction rates
can lower G/R appreciably. 1In conventional casting processes, equiaxed
dendrites form under such conditions when nuclei are present [21].
Equiaxed dendrites are known to occur by heterogeneous nucleation,
dendrite arm remelting due to convection, due to constitutional super-
cooling and due to thermal supercooling, as some possible mechanisms
[90,91]. None of the conventionally processed materials showed equiaxed
dendrites in CD welds. ©During growth of tight packets of cellular
dendrites, dendrite arm remelting mechanisms are unlikely. Hence it
is concluded that equiaxed dendrites in FeAl and powder processed stain-
less steel were heterogeneously nucleated by oxide inclusions present
in the base metal.

The coarseness of the dendrite spacing inside the equiaxed dendri-
tic structures in Figqure 16(a) showed that cooling rates were much

lower than in the cellular dendritic zone. Nucleation of equiaxed

dendrites could occur early at the start of weld pool solidification
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allowing them to grow 3 to 6 um in size (Fig. 24) eventhough the equi-

axed growth rates may be lower than the average.

F. Arc Efficiency and Behavior:

Arc Efficiency:

It was evident from Figqures 27 and 28 that 4 to 5 times as much
melting took place during capacitor discharge welding as was retained
in the weld. Also, the amount of melt decreased with time for the
same heat input. Amount of molten metal was calculated from the weld
volume and spatter was measured as weight loss of the components during
welding. From this mass balance, the energy absorbed by the melt was
calculated using the following three assumptions:

(i) Melting efficiency was assumed to be close to 100%, since
it is known that efficiencies during laser melting for comparable power
densities are very high [71].

(ii) Under similar power densities, the surface of the melt
» reaches the vaporization temperature in pure Pe, Ni and Al in 10—5
to 10-7 seconds. Also, numerical calculations show a nearly linear
temperature profile between melting and vaporization fronts. Therefore,
an average superheat of one half the value between the melting and
vaporization temperatures was assumed.

(iii) The amount of energy absorbed by latent heat of vaporization
was neglected.

The calculated value of absorbed energy was expressed as a percentage

of the arc energy calculated from current-voltage profiles. Figure
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29 shows arc efficiency to asymptotically approach a constant value
for power densities above 107 W/cmz.
| Arc efficiencies have been found to decrease linearly with power
input during GTAW [92]. For comparison, values obtained for CD welding
are shown together with data from ref. 92 in Fig. 41. The GTAW efficien-
cies were calculated as the percentage of the total power absorbed
in heating the work, or the anode. In Fiqure 41, the downward trends
are consistent between the two sets of data for increasing power.
However, extrapolations of either set of points do not match. Arc
efficiencies for 6.4 mm diameter welds were not consistent with each
other with power input. On the other hand, the dependency of efficiency
on power density in Fig. 29 is clear. Hence, it is postulated that
power density has a more fundamental effect on arc efficiency than
power alone and is therefore a more appropriate factor in relating
to efficiency of a high power arc.

Radiated energy from GTAW arcs has been shown to increase with
arc current [92]. Since arc temperature increases with current, the
fourth power dependency of radiation losses with temperature should
account for decreased efficiency with increasing current, and therefore,
power density.

Arc Propagation and Discharge Time:

Lateral arc propagation occurred rapidly with higher voltages during
CDW as seen in Figures 30 and 31. Faster arc spread could occur at
higher voltages because of greater radial arc force due to increased

arc current density. Lateral arc expansion time became comparable with

arc time for large diameter welds and relatively lower voltages and




53
would therefore be a consideration in extending the capabilities of
CIW in applicability to diameters larger than 13 mm.

Arc times measured from current-voltage profiles showed that it
is easily controlled during CDW. Arc time was varied by changing the
stud drop height and ignition tip length, as discussed in the parametric
study. Discharge current from a capacitor decreases exponentially by
the relation:

i= ioe_t/RC (24)
where i is the current at time t, i0 the initial current, R the resist-
ance of the circuit and C is the capacitance. Discharge time is there-
fore increased when either the circuit resistance and inductance are
increased, or if the capacitance is increased. From Fig.33, it is
also evident that increasing voltage decreases discharge time. There-
fore, if shorter discharge and arc times are required, lower capacit-
ances are to be used. Decrease in discharge time will result in higher

power density for the same heat input and becomes important for attain-

ing higher cooling rates.

G. Future Work:

From a study of arc characteristics, two potential areas for
future work are identified, namely, joining larger diameters and achie-
vement of higher cooling rates in CDW.

1. Higher cooling rates during CDW could be achieved by decreasing

arc times using smaller ignition tips and capacitances, along with

smaller stud diameters.
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2. In joining large diameters while still maintaining rapid
solidification conditions, lateral arc propagation is 1likely to be
a limiting factor. To solve this problem, it might be necessary to
use multiple ignition tips, and different ignition tip geometries.

In increasing power density to attain high cooling rates, heat
transfer efficiency from the arc to the work might be a limitation,
as revealed from the present study. It is known from surface melting
work that the price of higher cooling rates during laser processing
is increasingly smaller melt depths and other dimensions [23].

Despite the few limitations foreseen, the capacitor discharge
process remains the only welding process capable of rapid solidification
joining. It is also the only arc process that has so far been used
for RSP applications. Therefore, it claims the distinction of being
the potentially most useful process for joining RSP materials, compo-
sites, and other materials traditionally difficult to join. Since

a relatively large joint can be produced under unidirectional cooling,

it is ideally suited for the study of rapid solidification phenomena.




Vi. CONCLUSIONS

Rapid solidification by capacitor discharge welding of stainless
steels and FeAl ordered alloy was investigated and the following can
concluded:

1. Under capacitor discharge welding conditions, for cooling
rates exceeding 106K/s, 316 and 304 grade stainless steels solidified
completely as austenite by rapid epitaxial growth of the austenitic
substrate and suppression of ferrite nucleation.

2. At cooling rates exceeding 106K/s, 308 stainless steel solidi-
fied partly as austenite and as ferrite. The primary ferrite trans-
formed completely to austenite in the solid state during cooling by
a massive transformation.

3. Solidification during capcitor discharge welding exhibited
unidirectional heat flow under rapid solidification conditions.

4. Dendrite arm spacings increased with angle of inclination
to heat flow direction and the tendency to form more dendritic struc-
tures increased as the angle of inclination approached 45°. No dend-
rites were ever observed to grow at more than 45° to the heat flow
direction.

5. Capacitor discharge welds in stainless steel exhibited cellu-
lar dendritic growth. Growth rates at cooling rates between 106K/s
and 5 x 107 K/s were between 9.3 and 33.4 cn/s.

6. Primary and secondary dendrite arm spacings approached each
other in value at a cooling rate close to 6 x 10’ K/s and growth rate

above 33.4 ocm/s. This point was found to be close to the dendritic

to cellular transition.
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7. PFeAl ordered alloy showed single phase solidification. No

metastable phases were observed at estimated cooling rates of 105 to

105 K/s.

8. Equiaxed dendrites were found in FeAl capacitor discharge
welds apart from cellular dendritic solidification. They were found
to be nucleated by oxide inclusions present in the material due to
prior powder processing.

9. Heat transfer efficiency from the welding arc decreased as
arc power density was increased during capacitor discharge welding.
For a high power arc, arc efficiency was better related to power density

) ] than total power input.
: 10. Decreasing capacitance, arc time and weld diameter and increas-

ing the arc voltage were found to promote high cooling rates by increas-

b ing the arc power density.
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TABLE 1. Chemical Compositions of Stainless Steels

% ASTM GRADE

iz ELEMENT 316 (a) 304 (B) 308 (C)

! c 0.03 0.04 0.014

i mn 1.61 1.15 1.75
si 0.52 0.38 0.75
cr 17.86 17.48 19.67
Ni 12.55 9.36 10.21
Mo 2.85 0.19 0.17
Cu 0.10 0.24 0.067
s 0.010 0.022 0.006
P 0.023 0.030 0.022
N 0.094 0.04 0.052
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TABLE 2(a) Designations and Welding Conditions used for Microstructural

Study of CD Welds in Stainless Steels and FeAl Ordered

Alloy.
WELD DIAMETER CAPACITANCE VOLTAGE DROP DROP IGNITION
DESIGNATION HEIGHT WEIGHT TIP
AND NO. (rm) (mF) (V) (rm) (N) LENGTH( mm)
1 "sLow" 6.4 80 90 51 60 1.01
Al to D1
2 "INTERMEDIATE" 6.4 80 90 76 78 0.64
A2 to D2
3 "FAST" 3.2 40 90 76 41 0.32
A3 to D3
A: 316 Stainless Steel B: 304 Stainless Steel
C: 308 " D: FeAl Ordered Alloy
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TABLE 2(b) Designations and Welding Conditions used for CD Welds in

Solidification Study of CD Welding.

.| WELD DIAMETER CAPACITANCE VOLTAGE DROP  DROP  IGNITION
i DESIGNATION HEIGHT WEIGHT  TIP
| AND NO. (rmm) (mF) (V) (rom) (N) LENGTH(mm)
! 4 ad 3.2 40 90 76 22 0.09

! 5 A5 2 8 150 76 22 0.075
1 6 B6 6.4 80 90 51 60 2.03

7 B7 6.4 80 90 51 60 1.52
'g A : 316 Stainless Steel B : 304 sStainless Steel
| C: 308 " D : FeAl Ordered Alloy




Modes for Stainless Steels.

Stainless Steel Grade 316 304 308
DeLong Equivalents:
Cr Eq. 21.49 18.24 21.00
Ni Eq. 17.08 12.48 13.22
Cr Eq./Ni Eq. 1.26 1.46 1.59
; Predicted FN 2 2 10
Actual FN 2-3 2-4 9-10
; Hammar-Svensson Equivalents:
; Cr Eq. 22,54 18.31 21.06
Ni Eq. 15.14 11.48 11.94
Cr Eq./Ni Eq. 1.49 1.59 1.76
Predicted Solidification Mode: AF FA FA-F
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Table 3. Chromium and Nickel Equivalents and Predicted Solidification
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TABLE 4 . Diffusion Behaviour of Cr and Ni in bcc and fcc Iron at

High Temperature (data from ref. 56)

Temp fchCr bC‘:Dcl_ *2(Dt)1/2 in wm for
(o) cm;/s cmg/s Diffusion times in becc(ms)
1 10 100
1350 2.34EE(-10) 5.17EE(-8) 0.144 0.454 1.44
1250 6.56EE(-11) 1.62EE({-8) 0.08 0.25 0.8

* Average diffusion distances in bcc iron for various diffusion
times.
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TABLE 5. Material Constants Used and Estimated Absolute Stability

Velocities for Stainless Steels and FeAl.

Alloy Co m k D T, r
wts  K/wts al/s K K cm
Stainless 18-20 Cr 0.83 5 EE(-6) 1683- 1.579 EE(-5)
Steels 9-12.5 Ni 0.95 1698
Feal 24 11.47 0.88 3 EE(-5) 1643 1.986 EE(-5)

Stainless Steel data from ref. 60, Al diffusion data from ref. 93.

Rabs =
k2T
Estimated Rabs :
Stainless Steels - 50-60 cn/s

FeAl - 64.4 cm/s
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TABLE 6. Growth Rates and Solute Peclet Numbers Calculated for
Solidification During CD Welding of 316 Stainless Steel
and FeAl Ordered Alloy.

g ] WELD GR R P
i K/s cmy/’s
316 Stainless Al 6.517 EE(6) 9.3 16.4
Steel A3 2.045 EE(7) 21.4 31.2
1 A5 5.540 EE(7) 33.4 46.3
Feal D1 4.8
D2 10°-108 5.4 1-2
D3 11.0
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Figure 2. Interface stability as a funcgion of composition
and growth rate at G = 2 X 100 K/cm for Al-Cu alloys

[from ref. 34].
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Figure 4. The H. A. Jones PSW 100 Capacitor Discharge Welder.
Recording instruments for current and voltage profiles
are also shown.
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Figure 5. Setup of components to be welded by the Capacitor Discharge
process showing process variables.
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Figure 6. Average weld thickness as a function of drop height and
ignition tip length during CD welding.
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Figure 8. Average weld thickness as a function of drop weight during
CD welding for different ignition tip lengths.
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Figure 9. Dendritic structures of CD welds in 316 stainless steel
under cooling conditions: ({a) "Slow", (b) "Intermediate"
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Figure 9. (contd.) Dendritic structure of CD weld in 316
stainless steel under cooling condition: (c¢) "Fast"
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Figure 10. Dendritic structure of gas tungsten arc weld in 316
showing solidification in the primary austenitic mode
close to the base metal changing to primary ferritic
mode further into the weld.
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Figure 11. Dendritic structures of CD welds in 304 stainless steel
under (a) "Slow" and (b) "Fast" cooling conditions.
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Figqure 12. Dendritic structures of CD welds in 308 stainless
steel under cooling conditions:

(b) "Fast". Arrow points to ferrite in contact with the
fusion zone,

(a) "sSlow" and
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"rast" cooling CD weld
(c) slip lines across
primary austenitic to

Figure 12, (contd.) Dendritic structure of
in 308 stainless steel showing:
the weld center line going from
primary ferritic regions.
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Figure 13.

Microstructures of "Slow" cooling CD welds:
(a) Weld in 316 stainless steel showing fully
epitaxial grains growing to the weld center.

(b) weld in 308 stainless steel showing recrystallisa-

tion across dendrites. Arrows point to primary
austenitic regions.
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Figure 14. Transmission electron micrograph of CD weld in 304

stainless steel: (a) bright field image, and
{b) SAD pattern.
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Figure 14. (contd.) Transmission electron micrograph of CD weld
in 304 stainless steel: (c) bright field image.
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Figure 15. Dendritic structures of CD welds in FeAl ordered alloy
under cooling conditions: (a) "Slow" and
(b) "Intermediate"
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(c) "Fast"

(contd.) Dendritic structures of ¢D welds in Feadl Ordered

Alloy under cooling condition:

Figure 15,




Figure 16. Dendritic structure of CD weld in FeAl QOrdered Alloy
showing (a) eguiaxed dendrites in "Slow" cooling weld,
and (b) after lhr at 780°C (1400°F).
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Figure 17. Equiaxed dendritic structures in €D weld in
centrifugally atomised and hot extruded 304 stainless
steel.
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Figure 21. Variation of primary dendritic spacing in 316 Stainless
Steel CD welds as a function of fractional distance from
the fusion line to the weld center line.
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Figure 26. Dendritic structure of CD weld metal in 316 stainless steel
showing: (a) side arm growth for dendrites oriented at
45 to the heat flow direction. (b) detail at higher
magnification.
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Figure 27. Weight of molten metal in weld only and including spatter

as a function of arc time during CD welding of stainless
steel.
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Figure 28. Weight of molten metal as a function of arc duration in
CD welding of stainless steels and FeAl ordered alloy.

201




Arc Efficiency (%)

60

50

40

30

20

10

O 316 stainless steel

/\ 304 o
5 [J 308 “

@ FeAl ordered alloy

0

] | I

6 7
10° 10 10

Average Arc Power Density (W/cm?)

Figure 29. Variation of arc efficiency as a function of arc power
density during CD welding of stainless steels and Feal
ordered alloy.
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Figure 30. Radial spread of the (D welding arc as a function cof time
for different voltages.
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Figure 31. Average lateral arc velocity for different voltages during

CD welding. Drop head velocity is also shown for comparison.
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Figure 33. Arc times measured during CD welding compared with calculated
times using ignition tip length and velocity of drop head
under gravity.
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study on the Fe-Cr-Ni phase diagram.
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Figure 38. Primary dendritic spacing as a function of estimated cooling
rate during CD welding of austenitic stainless steels. Line
is relation by Okamoto [60]).
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APPENDIX

For the parametric study of the CD process, welds were made on
6.4 mm diameter stainless steel, using 80 mF capacitance. Drop height,
drop weight, voltage and ignition tip dimensions were varied at two

levels. Average weld thicknesses obtained are shown for each set of

parameters.

DROP DROP IGNITION AVERAGE
WELD WEIGHT HEIGHT VOLTAGE TIP LENGTH WELD THICKNESS

(N) (mm) (V) (mm) (4m)
BASELINE 60 51 90 1.02 90.8
2 60 51 90 0.635 65.0
3 60 51 60 1.02 79.8
4 60 51 60 0.635 72.8
5 60 76 90 1.02 82.8
6 60 76 90 0.635 51.2
7 60 76 60 1.02 61.1
8 60 76 60 0.635 58.1
9 130 51 90 1.02 95.0
10 130 51 90 0.635 71.0
11 130 51 60 1.02 61.5
12 130 51 60 0.635 50.4
13 130 76 90 1.02 78.8
14 130 76 90 0.635 65.0
15 130 76 60 1.02 47.0
16 130 76 60 0.635 41.4

!
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