
Capacitor Discharge Welding: Analysis through 
Ultrahigh-Speed Photography 

High-speed examination of the weld reveals metal expulsion 
caused by plasma jet of the cathode 

BY R. D. W I L S O N , J. R. W O O D Y A R D , SR., A N D J. H. DEVLETIAN 

ABSTRACT. Ultrahigh-speed photogra
phy of 44,000 frames/s was used to in
vestigate the capacitor discharge weld
ing (CDW) process. The objective of the 
study was to use high-speed photogra
phy and a finite element computer pro
gram to help describe the heat flow char
acteristics of the CDW cycle. The pho
tos revealed that the plasma jet from the 
cathode was responsible for expell ing 
metal from the anode rather than being 
squeezed out on contact. Photographic 
evidence suggested that the unequal 
anode/cathode heating ratio is primarily 
due to heat transfer from the anode to 
the expelled metal particles. 

Introduction 

Ultrahigh-speed photography was 
used to observe several transient phe
nomena taking place during the process 
of capacitor discharge welding (CDW). 
Contrary to accepted theory, these pho
tographs reveal for the first time that ma
terial is dynamically expelled from the 
weld by a plasma jet phenomenon rather 
than being squeezed out upon contact. 
An explanation is presented to explain 
the difference in energy partitioning be
tween the two electrodes observed dur
ing the CDW process and the apparent 
lack of correlation between dissipation 
energy, arc duration, and weld spatter. 

Capacitor discharge (CD) welding has 
become a valuable technique for study
ing methods of joining parts made from 
rapidly solidified materials. Rapid soli
dification processing (RSP) alloys have 
shown great promise for creating ad
vanced materials applicable to various 
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engineering problems. These materials 
are quenched at rates so high (>103 K/s) 
that metastable phases, ultrafine grain 
structures, and particularly interesting 
solidification structures may be retained 
by the material at ambient temperatures. 
In order for RSP to be effective, at least 
one dimension of the material being pro
cessed must be extremely small (on the 
order of 104 m or less). As a result, RSP 
materials are made in the form of rib
bons, fibers, or powders. To retain the 
desirable RSP properties, such materials 
must be consolidated using techniques 
that do not alter the material's previous 
thermal history. Usually, such materials 
are consolidated using hot extrusion, hot 
isostatic pressing or explosive forming. 
Once structural components are thus 
formed, the assembly must be performed 
using techniques that w i l l preserve the 
desired properties. To do so, the assem
bly techniques must take on the charac
teristics of RSP. The CDW process rep
resents a commercial RSP joining tech
nology that is easily studied and repro
duced in the laboratory (Ref. 1). Through 
its essentially one-dimensional action 
(thermal gradient and heat flow) and very 
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high solidif ication speed, welds attain 
quenching rates far in excess of 103 K/s. 

Solidif ication processing is wel l 
known and many studies are docu
mented in standard texts (Refs. 2, 3), as 
well as the international technical liter
ature. While RSP is an extension of clas
sical solidification processing, it has be
come a very active field of research. In 
the application of welding technology 
to rapidly solidified materials, consider
ation must be given not only to the 
molten or weld zone, but also to the 
heat-affected zone (HAZ). Review arti
cles by H. Jones (Ref. 4) and Liebermann, 
ef al. (Ref. 5), not only described several 
RSP techniques and their capabilit ies, 
but also summarized several attempts at 
model ing these processes. In 1982, Boet-
tinger (Ref. 6) delineated the importance 
of growth kinetics in the development of 
the microstructure of RSP alloys. He also 
linked the theory of RSP of materials to 
the older theory of classical solidif ica
tion processing and defined its bound
aries. 

Weldabi l i ty of consolidated RSP 
powders was studied in 1 988 by Clark 
and Korth (Ref. 7). They compared sev
eral welding processes, including CD 
welding, wi th gas tungsten arc (GTA) 
welding of consolidated vacuum gas at
omized (VGA) and centrifugally atom
ized (CA) Type 304 stainless steel pow
ders. They found that CDW and other 
fusion welding techniques developed 
microporosity in CA powders due to dis
solved He. They also modeled the ther
mal history of the fusion welded sam
ples using finite element computer codes 
developed by Kraus (Ref. 8). With this 
modeling they concluded that CDW and 
electron beam welding (EBW) produced 
cooling rates far in excess of those found 
in the original consolidated powders. 
They noted a cellular solidification struc
ture of the CD weld and some welds with 
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Fig. 1 — Capacitor discharge welding process used to join 6.35-mm 
Fe3AI solid cylinders with 100 V, 0.08 F, 50-mm drop and 0.9-mm 
tip length. 

Fig. 2 — Electrical current and acceleration of the capacitor as a func
tion of discharge time. The current increase at 2.5 ms is due to a re
duction in circuit resistance on electrode contact 

incomplete fusion with visible gaps and 
tunnels at the weld interface. They used 
values of the solidif ication rate, R, the 
temperature gradient at the solid-liquid 
interface, GL , the cool ing rate (GL»R), 
and the solidif ication parameter GL/R 
calculated from the numerical model to 
determine stability of the interface and 
predict the solidification mode: planar, 
cellular, or dendritic. They were able to 
compare the cooling rates during soli
dification thus obtained with the primary 
dendrite arm or cell spacing to confirm 
the model validity. 

In 1987, first Clark, ef al. (Ref. 9), and 
then Einerson, etal. (Ref. 10), reported 
detailed studies of CD welding using 
electrodes prepared from RSP Type 304 
stainless steel prepared wi th CA and 
VGA. Once again the process was mod
eled using a one-dimensional, finite el
ement code. They reported the fol low
ing: 

1) Metal spatter from the weld was 
caused by extrusion as the two elec
trodes made contact. There was a un
equal anode/cathode heating ratio with 
about twice as much material expelled 
from the positive electrode as from the 
negative indicating a %-% heat distribu
tion. 

2) Arc spread upon ignition was suf
f iciently fast that the whole process 
could be treated as effectively one d i 
mensional. 

3) No relationship was found be
tween spatter vs. arc duration, energy, 

or weld thickness. 
4) Calculations from their one-di

mensional model agree wel l wi th fast 
cooling rate data (6 X 107 K/s) weld 
thickness, but not for slow cooling rate 
data (106 K/s), and very poorly for pre
dicted spatter. The model predicts a dif
ferent spatter in the two high cool ing 
rate cases, but the data do not confirm 
this. 

5) Average temperature gradients are 
on the order of 104 K/mm. 

6) Cooling rates predicted by the 
model show different values for high and 
low cooling rate cases, but dendritic arm 
spacing data show no difference in cool
ing rate for the two cases. 

7) Cooling rates are on the order of 
105 to 106 K/s. CD welds can produce 
fusion zone solidification structures as 
fine or finer than the original RSP prod
uct. 

Venkataraman and Devletian (Ref. 
11) did a study in 1 988 of 304, 316, and 
308 stainless steels under CD welding. 
They optimized the welding parameters 
to produce both the best fusion and the 
most rapid quenching rates. They re
ported the following: 

1) Weld thickness decreased with in
creasing drop height and decreasing ig
nition tip length [I.e., weld duration). 

2) Decreasing voltage on the capaci
tor also decreased weld thickness, but 
the opt imum voltage for good jo in ing 
was 90 V. 

3) Drop weight did not have a signif

icant effect. 
4) Average weld thickness increased 

proportionally to the square root of the 
arc time. 

5) The total amount of molten metal 
was much greater than that present in 
the weld, due to expulsion as spatter. 

6) Raising the power density in
creased the cooling rate during solidifi
cation and reduced the dendrite arm 
spacing of the weld metal. 

7) Ignition tip length and drop height 
were the most effective controllers of 
weld arc time. 

8) The strong dependence of the weld 
thickness on the arc time despite differ
ent heat inputs could be related to the 
fact that the most superheated liquid was 
the most likely to be expelled from the 
weld pool during impact of the contact 
surfaces. 

Metallurgical characterization of the 
alloys solidified by the CD technique 
have been adequately described in the 
literature (Refs. 12, 14), but more infor
mation is needed about the CDW pro
cess itself. This paper reports a detailed 
study of the CDW process using ultra-
high-speed photography. Although the 
welding was performed with electrodes 
made from iron-aluminides, the portion 
reported here is of general validity and 
can be expected to hold for other mate
rials as wel l . The materials and experi
mental procedures used are first de
scribed below. Results of the tests, in
cluding the high-speed photography of 
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CD welds, are described. A summary 
and conclusions drawn from this work 
are presented. 

Materials and Experimental 
Procedure 

The electrodes used for the CDW ex
periments were prepared from Fe76AI24 

intermetallic alloy. Vacuum induction 
melting was used to cast 150 X 76 X 13-
mm (6 X 3 X 0.5-in.) flat plates. Cyl in
drical electrodes 6.35 mm (0.25 in.) in 
diameter and 51 mm (2 in.) long were 
machined from the plates. The elec
trodes were wrapped in stainless steel 
foi l and homogenized at 1000°C 
(1 832°F) for 1 h, heat treated at 540°C 
(1004°F) for 100 h, and slowly cooled 
at2°C/min (3.6°F/min) to ambient tem
perature. This heat treatment was used 
to produce maximum D 0 3 long-range 
order. One electrode from each pair was 
machined with an electric arc initiation 
(ignition) t ip at the center of the elec
trode. The ignition tips were 0.635 mm 
in diameter and cylindrical in shape. The 
specimens were weighed before and 
after welding to determine the amount 
of expelled weld metal for each CD 
weld. 

Since a number of excellent descrip
tions of the CDW process appear in the 
literature (Refs. 12-14), only a brief de
scription is given here. Figure 1 depicts 
the apparatus used in CDW. One anode 

is fixed in the bottom mount whi le the 
cathode is mounted in the gravity drop 
fixture with a preset weight added. The 
electrodes are connected to a large, fully 
charged capacitor bank. For this study, 
the capacitance was 0.08 F with an open 
circuit potential of 100 V. The drop 
weight was 3.88 kg (8.5 Ib), and the drop 
height was 5.08 cm (2 in.). Ignition tip 
lengths were: P4 — 1.40 mm; P7 — 1.65 
mm. For some of the welds, current and 
time tracings were made (Fig. 2) to help 
determine the power curve for purposes 
of modeling the process. In all cases, ul
trahigh-speed photographs were made 
using a high-speed camera operating up 
to 44,000 frames per second. Both the 
CDW machine and high-speed camera 
were operated manually wi th care to 
have exposure as close to the maximum 
frame rate as possible. Table 1 lists the 
photographic parameters associated 
with each run. Metallography was per
formed on each CD weld to assess weld 
metal thickness and solidification struc
tures. The etchant used for Fe3Al was a 
mixed acid etch consisting of 50% acetic 
acid, 33% H N 0 3 and 17% HCI. 

Results and Discussion 

In assessing the experimental char
acteristics of the CDW process, full pen
etration welds were produced using dif
ferent welding variables. Examination 
of the fractured surface of the broken 

Table 1 — CDW Conditions for the 
High-Speed Film Experiments Using 100 V, 
0.08 F, and a 50-mm Drop Height 

CDW 
Conditions 

Tip length, 
mm 

Drop height, 

Frame speed, 
frames/s 

Voltage 
Capacitance, 

F 
Peak current, 

I, A 
Ho, permitivity 

of free 
space 

Arc forces, 
N 

Area, w 2 

Arc, pressure 

Exposure — 
P4 

1.40 

0.050 

44,000 

100 V 
0.08 

320,000 

4TT X10~7 

Kg/C2 

5,120 

3 .16X10 - 5 

1.62 X 108 N 

Exposure — 
P7 

1.65 

0.050 

44,000 

100 V 
0.08 

800,000 

4TT X 10"7 

32,000 

3.16 X10~5 

1.01 X109 , m2 

weld shown in Fig. 3 illustrates the fu
sion surfaces similar to those reported 
in Ref. 5. Figure 3 depicts the fractured 
surface along the weld centerline of a 
CD weld in iron aluminide. In this case 
some of the weld areas solidified prior 
to electrode contact. The fluid flow pat
terns illustrate the direction of metal flow 
as a result of plasma jet impingement on 
the anode. Figure 4, consisting of a se
ries of frames up to and including elec-

Fracture surface of a CD weld after tensile testing. 

Fig. 4 — High-speed photography of the CDW process. In this series 
of photographs, the liquid droplet velocity was measured to be 35 
m/s. A tip length of 1.65 mm, 100 V, and 0.08 F were used. 
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Fig. 5 — CD weld de
posited on Fe3AI. Tip 

length of 1.4 mm, 100 
V and 0.08 F. The 

weld thickness is 0.04 
mm and the cell spac

ing is approximately 
1.3 (im corresponding 
to a cooling rate of 5 

X l05°C/s. 500X. 

trode contact, shows that the molten 
metal is not "squeezed out on contact" 
as described in Refs. 9 - 1 1 , but rather is 
dynamically expelled from the anode by 
the plasma jet. The photomicrograph of 
Fig. 5 shows a cross-section of the CD 
weld in Fig. 4. It is significant that two 
planar solidif ication fronts are formed 
on either side of the weld centerl ine. The 
high-speed movies suggest a difference 
in heating ratio between the cathode and 
the anode as reported in Refs. 9 and 10. 
High heat inputs and long tip lengths re

sult in a formulation of a double planar 
solidification. 

One of the fundamental precepts in 
the model used in Refs. 8 and 9 was the 
one dimensionality of the CDW process. 
From Fig. 6, which consists of several 
frames showing arc ignit ion and the 
spread across the faces of the electrodes, 
it can be seen that ignition does not take 
place until contact between electrodes 
is actually made by the electronic igni
tion tip. This is confirmed by timing the 
electrode drop and by calculations of 

the arc jump length in air at 100 V. The 
arc spreads across the face of the elec
trodes in 3 frames or 68 p.s, for a total 
observed welding duration of 94 frames 
or 1.88 ms. The arc spread represents 
only 3.6% of the total weld time, indi
cating the CDW process is essentially 
one dimensional. 

The fine solidif ication substructure 
associated wi th RSP is revealed in the 
optical micrograph of the weld in Fig. 
7. Primary cell spacings are compatible 
with the 105 to 106 K/s cool ing rates 
mentioned in Refs. 10 and 11. The spat
ter mechanism remains the only signifi
cant phenomenon affecting solidif ica
tion structure that needs to be explained 
more rigorously than has been done in 
the literature. The mechanism of the melt 
spatter has been shown to be due, not 
to extrusion of the metal upon contact 
of the electrodes, but rather by ejection 
of melt during the arc in progress. This 
phenomenon is important because more 
than 50% of the weld pool may be lost, 
resulting in increased cooling rates dur
ing solidification and reduced dendrite 
arm or cell spacing. 

In gas metal arc welding (GMAW), 
DC straight polarity produces welds with 
deep and narrow penetration (Refs. 3, 
4). Approximately 70% of the heat is 
concentrated at the work end and 30% 
at the electrode end. Burleigh and Eagar 
(Ref. 1 5) measured the force exerted by 
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P-4-1 — P-4-5 P-4-38 — P-4-42 

Fig. 6 — Frames P-4-1 through P-4-5 show the plasma being expelled from a CD weld during the ignition cycle with a 1.4-mm-long ignition tip, 
100 V, and 0.08 F. Frames P-4-38 through P-4-42 illustrate the expulsion of metal vapor and liquid material. 
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a welding arc and found that the mea
surements were compatible with theory 
and the arc force is directly proportional 
to the square of the current (I). For the 
case of two flat-faced cylindrical elec
trodes of the same diameter with a l in
ear, one dimensional arc, the propor
tionality constant is simply (p) the per
meability of free space divided by 8 n. 

F, = ^ 

Calculations show that for the con
ditions exhibited in the CDW process 
the pressure exerted by the arc is of the 
order of 1 09 N/m2 . At such high pres
sure, all but the most viscous liquids wi l l 
be expelled from the face of the elec
trode. Therefore, expulsion of excess 
melt from the CD welding process wi l l 
come not primarily from extrusion at the 
instant of closure, but from continuous 
ejection by the plasma jet throughout 
the welding process. This ejection wi l l 
emanate predominantly from the face 
of the anode, because the electron cur
rent is responsible for the plasma jet. In 
a time sequence analysis of the CDW 
process it was found that current flow is 
initiated upon contact of the ignition tip 
with the other electrode. The current is 
sufficient to vaporize the ignition tip and 
create a di lute plasma. However, the 
possibility exists that expelled metal is 
a result of vaporization. In other high
speed photographs, the tip was observed 
to be buckling and melting while metal 
vapor and particles were expelled from 
the anode. The tip remained visible for 
over 40 frames. The vaporization of the 
t ip seemed to play a minor role in the 
expulsion of metal during the CDW 
cycle. The plasma is sufficient to main
tain current f low throughout the arcing 
period. 

Electrons and ions fall through the 
potential drop across the arc (usually on 
the order of 1 00 V) and impact on the 
anode and cathode, respectively. The 
ions are large, heavy and slow and thus 
easily stopped by their interaction with 
the cathode. Their energy is therefore 
delivered only to the outermost layer of 
the cathode. The ion current is relatively 
weak, so material loss from the cathode 
is primarily from vaporization of the sur
face layers. The electron current is 
greater and causes melting of the anode 
through a much deeper zone than in the 
case with the cathode. The plasma jet 
pressure is of the order of 1 09 N/m2 so 
any metal reaching the liquidus temper
ature w i l l be swept away almost in
stantly. Only surface tension forces act 
to retain liquid attached to the electrode. 
This metal leaves the anode at tempera
tures slightly above the liquidus temper
ature thereby cooling the anode. Such 
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Base metal 

Weld 

Weld center 

Weld 

Fig. 7 — Fe3AI weld deposited by CDV 
cell spacing is 7.0 urn corresponding to a cooling rate of 5 X 105 °C/s. 500X. 
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ig the short (0.63-mm) ignition tip. The 
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Fig. 8 — Predicted temperature profiles across a CD weld joint at dif
ferent times during the welding cycle. Heat input was 36 j and the 
total welding time was 1.31 ms. 

cooling may be sufficient to reduce the 
temperature of the face of the electrode 
to below the liquidus temperature. 

A model based on modifications of 
the computer program SINGLE devel
oped by Kraus (Ref. 7) has been devel
oped to quantify this observed phenom
ena. Results are in extremely good agree
ment with current observations, and the 
results depicted in Figs. 8 and 9 show 
the solidif ication predictions for the 
anode and the cathode. 

As the capacitor discharges, the total 
energy input into the system decreases 
almost linearly. This has the effect of al

lowing relative cooling of each electrode 
as the arcing time reaches the end of the 
discharge cycle as signified by closure 
of the electrode gap. Conductive heat 
transfer w i l l serve to bring each elec
trode to distribution with the highest 
temperature at the electrode face — Fig. 
8. The anode temperature is significantly 
lower than the cathode temperature due 
to the significant loss of heat and mate
rial from the anode during the CDW 
cycle. The rate at which the power input 
drops is critical to the final temperature 
distributions. 

Upon electrode contact, the cathode 
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9 — Predicted solidification rates for (A) the cathode and (B) the anode as a function of time for CD welds using 36 j heat input to join 6.4-
-diameter cylinders of Fe3AI. Total welding time was 1.31 ms. 

is at a significantly higher temperature 
than the anode — Figs. 8, 9. In fact, pre
l iminary calculations indicate that the 
anode may remain below the liquidus 
temperature, so the arc wi l l heat the 
anode somewhat, but really wi l l serve 
to polish it through the action of the 
plasma jet. The severe discontinuity in 
the weld temperature distribution w i l l 
be reduced very rapidly as thermal con
ductivi ty w i l l smooth the distr ibution. 
However, the centroid of the distr ibu
tion wil l be moved well toward the cath
ode side. A small amount of melted 
metal may be expected to be extruded 
from the cathode upon contact, but close 
review of the predicted temperature dis
tr ibution at contact indicates that this 
w i l l be a very small amount. With the 
anode at temperature less than the l iq
uidus, poor fusion could be expected, 
with the expelled metal adhering in the 
form of small beads at the end of run
nels as observed in Fig. 3. Since the tem
perature gradients are very sharp, the 
cooling rates and the growth velocity of 
the solidif ication front are also very 
large. As a result weld thickness is small. 

Conclusions 

An explanation of CD welding has 
been presented in which the plasma jet 
from the cathode is seen to dynamically 
expel melted metal from the anode dur
ing the arcing t ime. This metal expul
sion causes cool ing of the anode. The 
fol lowing can be concluded about the 

mechanisms by which CD welding takes 
place: 

1) Metal spatter from the weld is not 
caused by extrusion upon contact of the 
electrodes, but rather is caused by ex
pulsion by the plasma jet during the arc
ing time. 

2) The unequal anode/cathode heat
ing ratio is primari ly due to the heat 
transfer from the anode to the metal par
ticles sprayed by the plasma jet. 

3) Arc spread upon ignit ion is fast 
enough to define the CDW process as 
essentially one dimensional. 
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