
WELDING RESEARCH

NOVEMBER 2021 / WELDING JOURNAL 349-s

SUPPLEMENT TO THE WELDING JOURNAL, NOVEMBER 2021
Sponsored by the American Welding Society

     Aluminum usage in automotive construction is projected
to increase for the foreseeable future (Ref. 2). One major
challenge for this increased utilization has been application
of conventional joining processes (Ref. 3). Traditionally, the
dominant technology for sheet metal assembly in the auto-
motive industry is resistance spot welding (Figs. 4, 5). A pri-
mary limitation to resistance spot welding aluminum sheet,

however, has been electrode life (Ref. 1). A key contributing
factor to electrode life challenges has been the implementa-
tion of medium-frequency direct current (MFDC) power
supplies (Refs. 3, 6, 7).
     MFDC power supplies provide unidirectional current to
the workpiece. This unidirectional current is known to react
with the Peltier voltages associated with the aluminum-
copper contact surfaces (Ref. 6). These voltages either resist
or promote current flow across the interface, and that either
supports or discourages heat generation. As a result, the
electrode with a Peltier voltage opposing the current flow
experiences accelerated wear. Alternately, the opposing elec-
trode shows relative stability (Refs. 6, 7).
     The challenge is unique to direct current welding sys-
tems. Alternating current (AC) systems demonstrate both
balanced wear across the electrodes as well as a relatively 
extended life (Ref. 3). Polarity switching is seen as a method
for improving electrode life performance on aluminum al-
loys. Recently, variants of MFDC power systems have been
developed that provide polarity switching (Ref. 7). While ini-
tial electrode life advantages have been demonstrated, pres-
ent systems do not have a sufficient current-delivery capa-
bility for widespread industrial application.
     Resistance spot welding of aluminum using capacitor dis-
charge (CD) power supplies has been well established for
many decades (Refs. 8, 9). CD welding is a stored energy
technology that allows delivery of very high currents of
short duration. Recently, a patented technology was devel-
oped that allowed delivery of a CD-based current with re-
versed polarity on successive welds (Ref. 10). That technolo-
gy has been built into a dedicated resistance spot welding
system (Ref. 11). Polarity-switching-based CD technology is
of interest for balancing wear across the electrodes and po-
tentially improving electrode life.
     The work described in this study has been conducted in
two parts. The initial work, Part 1, characterized basic re-
sistance spot weldability when polarity-switched CD power 
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supplies were employed (Ref. 1). The results were directly
compared to joints made using MFDC power. Those results
showed that CD welding provided enhanced current ranges
(even when normalized to the expulsion current). In addi-
tion, the resulting nuggets showed reduced penetrations (in-
ternal porosity) and electrode indentation compared to
MFDC welding. Furthermore, hardness variations within
the weld were reduced when using CD power. Tensile shear
strengths also increased by nearly 500 N for the selected
aluminum sheet. Lastly, CD-based resistance spot welding
was found to be compatible with a selected adhesive.
     This paper, Part 2, addresses actual electrode life testing
by alternately using MFDC and CD power supplies. Replicate
electrode life tests were done to monitor the variations in
button size, electrode diameter, face morphology, and weld
nugget characteristics. Tests using CD welding were also
replicated without cooling water applied to the electrodes.

Experimental Procedures

     Work was done using 1-mm-thick 5182 aluminum sheet.
The material has a composition of nominally 4–5% Mg and
0.2–0.5% Mn (Ref. 18). This is a work-hardened alloy with
good corrosion resistance and is generally intended for non-
exposed applications. Coupon dimensions for electrode life
testing were taken from appropriate American Welding Soci-
ety (AWS) standards (Ref. 12). The coupons measured 25 
× 300 mm. The rolling direction of the sheet was along the
long axis of the coupons.
     Welding was done on two pedestal-type resistance spot
welding systems. These included the MFDC and polarity-
switching CD systems described in Part 1 of this work (Ref.
1). The MFDC system included a 500-A Amada Miyachi 
inverter that was coupled with a 150-kVA transformer and a
pedestal frame. This pedestal frame can provide welding
loads up to roughly 12 kN. The CD system included a 1280-

F capacitor that can be charged to a peak voltage of 2100 V.
This yielded a peak-energy capability of roughly 3 kJ. The
power supply included a polarity-switching network and was
programmed to reverse the direction of current flow on suc-
cessive welds. This power supply was integrated with a small
welding frame and a 30-kVA transformer setup. The 30-kVA
transformer included series and parallel switching as well as
an autotransformer. For these studies, the 75:1 transformer
turns ratio was used. The frame offered welding forces up to
roughly 4.5 kN. A fast follow-up was also integrated into the
welding frame to ensure electrode-workpiece contact during
rapid current cycling. Both systems were subject to monitor-
ing of the welding current. This was done through an Amada
Miyachi 326-A weld checker coupled to a Yokogawa record-
ing oscilloscope.
     The electrode life testing conducted in this work largely
corresponds to that outlined for resistance spot welding
sheet metals in Ref. 12. All tests were done using truncated
cone electrodes with 5-mm-diameter faces. Testing consist-
ed of first validating welding practices from Part 1 of this
work, which yielded conditions just below expulsion. This
was done using the 25 × 100-mm coupons discussed in that
work. Then, sequential welding was done on the 25 × 300-
mm test strips at a spacing of roughly 25 mm. Each strip
contained a preweld on one end to provide consistent shunt-
ing. Electrode life tests were documented in a number of
ways, including validation through peel testing, metallo-
graphic sectioning, and electrode face imaging.
     Electrode face imaging was done through a fixture con-
taining two mirrors at a nominal 90-deg angle. The mirrors
were in the fixture in such a way that when placed between
the electrodes, both electrodes were visible. The fixture lo-
cated between the electrodes is shown in Fig. 1. The fixture
was removable during welding. The images were then col-
lected with a high-resolution single-reflex camera. The ori-
entation of the camera relative to the electrodes and fixture
is shown in Fig. 2. Both electrode faces were then captured
in one image from the camera.
     Through these life tests, peel test validation was done
every 50 welds and electrode face imaging was done every
50 welds up to a total count of 250. After that, images were
collected every 250 welds. Samples for metallographic exam-

Fig. 1 — Fixture retaining the mirrors for electrode face imaging.
Note the orientation of the mirrors relative to the electrodes.

Fig. 2 — Configuration of the camera and mirror fixture for
collecting electrode face images. Each image from the cam-
era contains both electrode faces.
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ination were selected after test completion. For tests, a met-
allographic sample was collected at the beginning and at 1⁄4
total life intervals (five samples total).
     Samples for metallographic examination were first placed
in an epoxy cold mount and polished using standard tech-
niques. Samples were then etched in a solution of 2% hydro-
fluoric acid 5% H2O2, bal. water solution. This etchant pro-
vided good resolution of both the heat-affected zone and
nugget sizes. Metallographic assessments were only done on
a macroscale, largely to assess variations in weld nugget size
during electrode life testing.

Results

     Electrode life testing was done with the aforementioned
procedures. Baseline results (button size vs. number of
welds) for duplicate tests using the MFDC power supply are
shown in Table 1. Welding conditions again included a 5-mm
initial face diameter, 8-L/min water cooling through the
electrodes, 4-kA/40-ms prepulse, 20-kA/80-ms main pulse,
and 2.2 kN of applied force. Table 1 provides the measured
button size (from peel testing) as a function of the number
of welds. The button size presented was again an average of
the major and minor diameters. Tests were conducted until
the weld size dropped below the minimum condition, as de-
fined in AWS standards (Ref. 12).
     The periodic electrode face images taken from the afore-
mentioned replicate 2 test are presented in Fig. 3. As per the
test protocol previously mentioned, images of the electrode
faces were provided every 50 welds up to 250 spots. After-
ward, data was collected every 250 welds until the end of the
test. In these images, the bottom electrode is the cathode
(–), and the top electrode is the anode (+). The results show
that the lower electrode (cathode) essentially picked up a
coating of aluminum throughout the duration of the test.
However, by 50 welds, the top electrode (anode) showed the
effects of alloying and cavitation. Damage to the top elec-
trode face and subsequent increases in diameter were evi-
dent throughout the test. By the end of the test, the top
electrode showed a significant increase in diameter com-

pared to that of the bottom.
     Measurements of the electrode face diameters were then
measured from these images and tabulated as a function of
the number of welds. Those results are presented in Table 2.
The replicate electrode life and face-growth data are graphi-
cally presented in Figs. 4 and 5, respectively. The electrode
life plot (Fig. 4) shows the button size as a function of the
number of welds throughout the test for both replicates.
Also included on this plot is a line representing the mini-
mum button size for the test. Both tests started with a weld
size of roughly 5 mm. The test results themselves for the

Fig. 3 — Sequential electrode wear during a test using MFDC
power. Images were collected every 50 welds up to a total of
250 welds, and then images were collected at 250-weld 
increments.

Table 1 — Button Size as a Function of the Number of Welds during Duplicate Electrode Life Testing Using an MFDC Power Supply 

                                First Replicate Test                                                                                       Second Replicate Test

    Weld                Average                     Weld                  Average                   Weld                   Average                 Weld                   Average
  Number       Button Size (mm)            Number         Button Size (mm)          Number          Button Size (mm)        Number        Button Size (mm)

       1                        —                           751                         5                            1                           5.1                       801                        5.2
      51                       5.1                           801                       4.8                         51                         4.8                      851                        4.5
     101                       5                           851                        5.1                          101                          —                       901                        4.8
     151                       5                           901                        5                          151                         4.8                      951                        4.5
    200                     5.7                          951                       5.2                        201                          5                       1001                        5.2
     201                     5.3                          1001                       4.9                        251                        4.4                      1051                        4.8
     251                     5.2                          1051                       4.9                        301                        4.5                      1101                          5
     301                     4.9                          1101                       4.7                         351                         4.7                       1151                          5
     351                       5                           1151                       4.6                        401                        5.2                      1201                        4.5
     401                       5                           1201                       5.5                        451                        4.5                      1251                        4.1
     451                     4.7                          1251                       4.5                        501                        4.9                      1301                         3
     501                     4.8                         1301                       5.1                         551                        4.5                      1351                         5
    550                     4.7                          1351                       5.3                        601                          5                       1401                        4.5
     601                     4.9                          1401                       3.6                        651                        4.8                      1451                        2.3
     651                      5.1                          1402                       0                          701                          5                       1501                         0
     701                     5.3                         1403                      3.8                         751                         5.1                        —                          —
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two replicates were quite similar. For up to 1000 welds, the
button size was relatively stable, varying roughly by about ±
0.5 mm. After 1000 welds, both tests showed much larger
fluctuations in the nugget size, with total failure by 1500

welds. The weld-face-diameter plot (Fig. 5) showed that
both top and bottom electrodes began the test at roughly 5
mm. However, the top electrode quickly expanded to greater
than 6 mm and finished the test with a nominal 8 mm diam-

Fig. 5 — Variations in top and bottom electrode face diame-
ters observed during the second MFDC life test.

Fig. 4 — Duplicate electrode life tests using the MFDC power
supply.

Table 2 — Estimated Top and Bottom Electrode Sizes from the Second Replicate Electrode Life Test Using MFDC Current 

    Weld                               Upper                                 Lower                                Weld                              Upper                                 Lower 
  Number                       Electrode (+)                       Electrode (–)                        Number                       Electrode (+)                      Electrode (–)
                                    Diameter (mm)                   Diameter (mm)                                                        Diameter (mm)                   Diameter (mm)
                                                                                                                                                                                                                    

        1                                    5.2                                     5.3                                   251                                 6.5                                      6.1
       51                                   6.2                                     5.5                                   501                                 6.5                                     6.4
      101                                   6.1                                      5.9                                   751                                  7.3                                      6.7
      151                                  6.2                                     5.5                                  1001                                 7.6                                      7.2
      201                                 6.2                                     5.7                                  1251                                 8.2                                       7.1

Table 3 — Button Size as a Function of the Number of Welds during Duplicate Electrode Life Testing Using a CD Power Supply

                                First Replicate Test                                                                                       Second Replicate Test

    Weld               Average                     Weld                  Average                   Weld                   Average                 Weld                 Average
  Number      Button Size (mm)            Number         Button Size (mm)          Number          Button Size (mm)        Number        Button Size (mm)

       1                       5.4                          1100                       5.1                           1                          5.2                     1000                       5
      50                     4.9                         1150                       4.7                         50                          4                       1050                      4.4
     100                      5                          1200                      4.6                        100                          3                       1100                      4.7
     150                     3.8                         1250                      4.8                         99                         5.3                      1150                      4.9
     200                    4.4                         1300                      4.7                         150                        2.7                      1200                      4.6
     250                    4.5                        1350                      4.8                        149                        3.9                     1250                      4.4
     300                     5.1                          1400                      4.7                        200                        4.5                     1300                      5.1
     350                    4.4                         1450                      4.7                        250                        3.7                      1350                       4
     400                    4.7                         1500                       5.1                         300                        4.3                     1400                     4.8
     450                    4.8                         1550                      4.7                        350                        4.4                     1450                       4
     500                      5                          1600                      4.8                        400                        5.4                     1500                      4.5
     550                    4.9                         1650                      4.4                        450                        3.9                     1550                      4.4
     600                    4.5                         1700                      4.4                        500                        4.6                     1600                      4.9
     650                    4.6                         1750                      4.5                        550                        4.7                      1650                      4.7
     700                     4.7                         1800                      4.5                        600                        4.8                      1700                      4.7
     750                     4.3                         1850                       5.1                         650                        4.8                      1750                      3.8
     800                     5.1                          1900                      4.5                        700                        4.8                     1800                      4.7
     850                    4.8                         1950                      4.8                        750                        4.7                      1850                      4.3
     900                    4.7                         2000                     4.5                        800                        4.7                      1900                      3.9
     950                    4.8                           —                         —                         850                        4.1                      1950                      3.5
    1000                    4.5                           —                         —                         900                        4.7                      1999                       5
    1050                    4.6                           —                         —                         950                        4.4                     2000                     3.9
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eter. The lower electrode also showed growth during the
test. However, the rate of growth was slower and finished
the test with a nominal diameter of about 7 mm. In all cases,
the upper electrode was larger than the lower one.
     Representative metallographic samples taken during the
second electrode life test are presented in Fig. 6. These sam-
ples were collected at the beginning and nominally at ¼-life
intervals during the test. At the beginning of the test (Fig.
6A), severe indentation was noted. This was probably an arti-
fact of expulsion occurring at that stage. After about 350
welds (Fig. 6B), that indentation was mitigated, and a rela-
tively complete-penetration nugget was the result. Consider-
able gas porosity was noted in all remaining welds from this
test. At 700 welds (Fig. 6C), damage to the electrode-sheet in-
terface on the anode could be seen. This appeared to corre-
spond with reduced levels of electrode indentation on that
side. The cross section at 950 welds (Fig. 6D) appeared simi-
lar, although the level of internal porosity appeared greater.
Finally, at the point of failure (1450 welds, Fig. 6E), excessive
porosity and electrode indentation on the cathode side was
observed. This appeared to be the result of expulsion, leading
to loss of integrity in the weld with subsequent interfacial
failure. There was also a bias of the heat-affected zone and
nugget toward the anode (upper electrode). This was ob-
served in every cross section from test initiation to failure.
     Results from the replicate electrode life tests conducted

using the CD power supply are provided in Table 3. All tests
were conducted using 5-mm-diameter electrodes, a pulse
with a 2.5-ms rise time and a 70-kA peak current, a 4.4-kN
contact force, and a 8-L/min water flow through the elec-
trodes. Testing procedures paralleled those for the MFDC
electrode life tests. With the exception of a few slightly sub-
sized buttons early in the test (less than 150 welds, button
sizes < 3.5 mm), both replicate tests ran to completion with-
out failure.
     Electrode face images were collected from both the first and
second replicate tests. Images from the second test are provid-
ed in Fig. 7. As described earlier, images were taken every 50
welds up to 250 welds, then every 250 welds until the end of

Fig. 6 — Variations in weld nugget morphology occurring dur-
ing the second replicate electrode life test conducted with
MFDC power: A — 3 welds; B — 353 welds; C — 703 welds; 
D — 950 welds; E — 1454 welds.

A B

C D

E
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the test. The results suggested that with the first 250 welds,
the only change to the electrode face was a buildup of alu-
minum on the surface. From 500 welds on, that aluminum lay-
er appeared to thicken. With extended wear, the only topo-
graphical features appeared to be local variations in the layer
thickness. Of note, changes on the top and bottom electrodes
appeared to be identical. There was no differential wear char-
acteristic to be observed in this sequence.
     Measurements of the electrode face diameters from both
the first and second replicate tests are provided in Table 4.
For both replicates, the electrode diameters appeared to in-
crease about 1 mm throughout the duration of the test.
There were virtually no differences in the top and bottom
electrode diameters for either test replicate. For comparative
purposes, an average of the top and bottom electrode diam-
eters is also provided in Table 4.
     The replicate electrode life and face-diameter-growth
data are graphically provided in Figs. 8 and 9, respectively.

The electrode life results (Fig. 8) showed that the measured
button size was both stable and reproducible. For both tests,
there was some initial loss in button size, but this stabilized

Fig. 8 — Duplicate electrode life tests using the CD power
supply.

Fig. 9 — Variations in top and bottom electrode face diame-
ters observed during both CD life tests.

Fig. 7 — Sequential electrode wear during a test using CD
power.  Images were collected every 50 welds up to a total
of 250 welds, and then images were collected at 250-weld
increments.

Table 4 — Estimated Top and Bottom Electrode Sizes from both Replicate Electrode Life Tests Using CD Power

                                First Replicate Test                                                                                       Second Replicate Test

    Weld                 Upper                      Lower                    Average                  Weld                  Upper                    Lower                 Average
  Number            Electrode                Electrode                Electrode               Number            Electrode                Electrode              Electrode 
                      Diameter (mm)        Diameter (mm)       Diameter (mm)                               Diameter (mm)       Diameter (mm)     Diameter (mm)

         0                      5.7                          5.8                         5.8                         0                      5.8                         5.8                        5.8
      50                     6.1                           5.8                         5.9                        50                     5.9                         5.9                        5.9
      100                      6                           6.2                          6.1                        100                     6.2                         5.9                        6.1
      150                    5.9                           6                            6                         150                     6.4                         6.2                       6.3
     200                     6                             6                            6                        200                    6.5                         6.4                        6.4
     250                    6.1                           6.2                         6.2                       250                    6.5                         6.3                        6.4
     500                    6.3                          6.2                         6.3                       500                    6.2                         6.2                        6.2
     750                     6.1                           6.1                           6.1                        750                     6.4                          6.1                        6.3
     1000                   6.4                          6.3                         6.4                       1000                    6.4                         6.4                        6.4
     1250                   6.3                          6.4                         6.3                       1250                    6.4                         6.2                        6.3
     1500                   6.6                          6.4                         6.5                       1500                     —                           —                         —
     1750                    6.7                           6.7                          6.7                       1750                     —                           —                         —
    2000                   6.7                          6.5                         6.6                      2000                    —                           —                         —
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by about 200 welds. Following this initial period, the weld
size remained consistent within about ± 0.25 mm. The elec-
trode face measurements are provided in Fig. 9, which
shows the electrode face diameter slightly increased for the
first 200 welds then largely stabilized for the remainder of
both tests. Of note, the top and bottom electrode-face-
diameter data for both tests completely overlapped.
     Variations in weld nugget morphology throughout the
first electrode life test using CD power are provided in Fig.
10. Initial weld nuggets (Fig. 10A) showed very shallow pen-
etration and minimal electrode indentation. Furthermore,
any observed nugget porosity was of a very fine scale. After
the first 400 welds (Fig. 10B), there was clearly more heat
generation, showing greater nugget penetration and inden-
tation. Notably, the widest area of the nugget was at the fay-
ing surface, suggesting the dominance of sheet-to-sheet 
interfacial heating. Nugget penetration increased to roughly
30%, and there was gas-related porosity along the bond line.
By 1000 welds (Fig. 10C), there was clearly some topography
to the electrode faces based on the observed nonuniform in-
dentation. The nugget itself, however, was nearly identical to
the one seen at 500 welds. Interestingly, the nuggets at 1500
and 2000 welds (Fig. 10D, E) were nearly identical to those
seen at 500 and 1000 welds. There was clearly some variation
in the electrode surfaces (as evidenced by the topography of
the indented surface), but these seemed to have little influ-
ence on the resulting nugget. These observations were consis-

tent with the button pull results described earlier.
      Based on the results presented thus far, one additional
electrode life test was conducted using CD power. This test
was done without cooling water supplied to the electrodes.
Water cooling of the electrodes is not often recommended for
CD welding (Ref. 13). However, for conventional spot welding,
a lack of cooling water allows the electrodes to heat, signifi-
cantly reducing life (Ref. 14). To investigate this, a single 
limited-duration electrode life test without cooling water was
conducted using the CD power supply. The test itself was lim-
ited to 500 welds, which was largely intended to provide some
initial insights on the influence of cooling water for CD-based
resistance spot welding of aluminum sheet. The electrode life
test itself paralleled those previously described. The test was
done under conditions of a 5-mm electrode diameter, 2.5-ms
rise time, 70-kA peak current pulse, and welding force of 4.4
kN. The results of this abbreviated test are provided in Table 5.
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Fig. 10 — Variations in weld nugget morphology occurring
during the first replicate electrode life test conducted with
CD power: A — 4 welds; B — 498 welds; C — 997 welds; D —
1498 welds; E — 1998 welds.

A B

C D

E

Gould 202095 Supplement.qxp_Layout 1  10/7/21  5:37 PM  Page 355



As can be seen, the button size was relatively invariant over
the 500 welds of electrode wear. The corresponding images of
the electrode faces are provided in Fig. 11. Only six images are
presented with 50-weld increments up to 250 along with a
final image at the end of the test (500 welds). The appearance
of these faces closely parallelled those seen for the CD welding
life test with water. The electrode faces quickly became coated
with aluminum. At 150 welds, there were some indications of
local variations in coating thickness, but there were no other
changes up to the end of the test. Face-diameter measure-
ments from each of these images are also provided in Table 4.
     The data provided in Table 4 for the average button and
electrode face diameter are superimposed over the two repli-
cates of test data for welding with water cooling in Figs. 12 and
13 (respectively). Both figures show that the data from the CD

power test without water completely overlapped those where
active cooling was applied. Button-size measurements showed
that the no-water-cooling data was within the scatter band of
the two replicate tests. Of interest, there was no apparent drop
in the button size early in the test, as seen with the water-
cooled trials. Not surprisingly, the variations in the electrode
face size (Fig. 13) showed similar trends. While the change in
the electrode face size during the no-water-cooling test was
small (5.6 to 5.8 mm), it appeared to follow within the scatter
band of the previous data. These tests suggested that there is
no apparent detriment to electrode life behavior from elimi-
nating water cooling when employing CD welding.

Discussion

     As described in Part 1 of this work (Ref. 1), CD-based power
offers significant advantages for spot welding aluminum
sheet. For current range behavior and joint mechanical proper-
ties, the implicit short weld times were found to be advanta-
geous. In that companion effort, process waveforms for repre-
sentative CD and MFDC welds were compared. The CD cur-
rent pulses used were roughly 10% of that for conventional
MFDC welding. This implied both improved interaction with
available contact resistances as well as a reduction of heat pen-
etration (into both the aluminum sheet and copper electrode)
of about 75%.
     The second feature associated with the MFDC vs. CD
waveforms used was polarity switching. It is well established
that the inherent differences in electrode life between AC
and MFDC systems are associated with polarity and the
Peltier effect (Refs. 3, 6). The Peltier effect is associated with
preferential heating of one electrode and cooling of the oth-
er based on contact thermoelectric voltages either opposing
or assisting the applied current (Ref. 15). During AC weld-
ing, polarity switches every 16 to 20 ms, balancing these
heating effects between the electrodes. For MFDC welding,
the preferential heating is maintained at one electrode,
which causes accelerated wear. Polarity-switched CD welding
(with a nominal 10-ms pulse width) presumably offers a
similar balance to the electrodes.
     Electrode life tests using MFDC power had results similar
to those seen with other authors (Refs. 8, 12, 13), showing dis-
similar electrode wear with accelerated damage to the anode.
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Fig. 11 — Sequential electrode wear during a test using CD
power without water cooling. Images were collected every 50
welds up to a total of 250 welds, and then images were col-
lected at 250-weld increments. The test was limited to 500
welds.

Table 5 — Button Size as well as Estimated Top, Bottom, and Average Electrode Sizes from the Limited Test Using CD Power without Water Cooling

     Weld                                Average                                       Upper                                           Lower                                         Average
   Number                               Button                                     Electrode                                      Electrode                                      Electrode
                                            Size (mm)                              Diameter (mm)                              Diameter (mm)                              Diameter (mm)

           1                                       5.3                                              —                                                 —                                                  —
       50                                      4.8                                             5.6                                                5.6                                                5.6
      100                                       5                                              5.7                                                5.6                                                5.6
      150                                     4.8                                             5.8                                                5.8                                                5.8
      200                                     4.8                                             5.8                                                5.8                                                5.8
      250                                      5                                              5.9                                                5.8                                                5.8
      300                                     4.7                                              —                                                 —                                                  —
      350                                     4.6                                              —                                                 —                                                  —
      400                                     4.9                                              —                                                 —                                                  —
      450                                      5                                               —                                                 —                                                  —
      455                                      —                                              5.8                                                5.7                                                5.8
      500                                     4.7                                             5.9                                                5.7                                                5.8
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In these trials, life was limited to about 1400 welds. As men-
tioned previously, this behavior is widely attributed to the
Peltier effect. Of interest, even though the anode wears prefer-
entially, the cathode also showed an increase in diameter of
roughly 60% (5–7 mm). The CD electrode life tests did not
show any differential wear between the two electrodes.
Switching polarity from weld to weld had the effect of balanc-
ing the wear between the two electrodes. The resulting life
tests ran to targeted completion (2000 welds). The electrodes
over this testing period showed only a roughly 15% increase in
diameter (5.5–6.5 mm). This showed a marked reduction in
wear compared even to the cathode (subject to Peltier cooling)
in the MFDC tests. This response was associated with the lack
of heat soak from the weld into the copper electrode resulting
from the narrow CD pulse. As previously noted, heat-soak
depths into the copper electrode during CD welding were less
than 1⁄3 of that for the MFDC welding process examined. The
influence of the thermal profile in the electrode and its influ-
ence on electrode life for galvanized steels has been described
elsewhere (Refs. 16, 17). While the temperature ranges experi-
enced by the electrodes are decidedly different (much lower
when welding aluminum sheet), local heat content still plays a
role. Here, it appears that the thermal cycles at the electrode-
sheet interface were insufficient to markedly contribute to
electrode wear.
     It was noted on both electrode life tests done with the po-
larity-switching CD power supply that a slight reduction in the
measured button size was observed over the first 200 welds.
This corresponds to the number of welds required for stabi-
lization of the electrode face size in these tests. This phenome-
non is related to a break-in period for the electrodes during
these tests. Break-in periods (numbers of welds on the elec-
trodes) are commonly used to provide stable results during
this type of testing (Ref. 12). During break-in, the electrode-
sheet contact resistances drop (as changes in the face geome-
try occur) then rise as substrate materials begin to adhere. For
this study, tests were begun with newly machined electrodes,
leading to the observed phenomenon.
     This lack of significant electrode wear on conventional elec-
trode life tests using CD power led to one additional trial with-

out cooling water. It is well understood that the role of cooling
water is to remove heat from the electrode in between welds
(Refs. 6, 18). Reducing the total heat content by minimizing
the heating time then reduces the thermal load on the system.
However, for CD welding, water cooling of the electrode is of-
ten avoided (Ref. 13). The additional electrode life test con-
ducted here also suggests that water cooling is not required. In
this test, button- and electrode-face-diameter variations exact-
ly paralleled what was seen when water cooling was employed.
One noticeable difference was the lack of a drop in the meas-
ured button size at the beginning of the test. Additionally,
electrode size was relatively consistent throughout the test.
These two observations suggest a change in the electrode
break-in behavior for tests without cooling water, but such
conclusions require further research.

Conclusions

     The work described here is the second part in an effort to
investigate the use of polarity-switching capacitor power sup-
plies for the resistance spot welding of aluminum. These pow-
er supplies are of interest for both their narrow current-pulse
widths and inherent polarity switching. The first part of this
work was published separately (Ref. 1) and describes differ-
ences in process robustness between aluminum spot welds
made with MFDC and CD power. This second part of the work
addresses electrode life testing. In Part 2, duplicate electrode
life tests were run using both types of power. Those conducted
with polarity-switching CD power showed longer total lives,
reduced electrode-face growth rates, and balanced wear. Lives
consistently exceeded the 2000 weld limit of the test. Addi-
tional testing suggested that similar results could be obtained
without the use of the cooling water common for convention-
al-type resistance spot welding systems. Individual conclu-
sions from this second part of the work are described below:
     1. Electrode lives for the MFDC tests were characterized
by differential electrode wear and premature failure. Consis-
tent with other authors, MFDC welding resulted in acceler-
ated wear on the anode electrode.
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Fig. 12 — Electrode life results for the CD power no-water test
superimposed on the data where active cooling is used.

Fig. 13 — Variations in average electrode face diameters with
and without water cooling during life testing.
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     2. The cathode on the electrode life test using MFDC pow-
er also showed an increase in the face diameter. The cathode
during the MFDC life tests increased in diameter by roughly
60%. This was related to the longer thermal cycles used for
MFDC welding, which increased the time at temperature for
interaction between the aluminum and the copper.
     3. Both anode and cathode electrodes demonstrated wear
during testing. Electrode wear was simply exaggerated by
the difference in Peltier voltage polarity.
     4. Electrodes during the polarity-switching CD electrode
life tests wore uniformly. Polarity switching balanced elec-
trode wear and minimized interactions between the alu-
minum and copper. 
     5. Improvements in electrode life when using polarity-
switching CD power are associated with both Peltier effects
and short heat-soak times. Polarity switching was seen to bal-
ance preferential heating associated with Peltier effects be-
tween the electrodes. Narrow pulse widths were seen to mini-
mize heat penetration into the electrodes. Both contributed to
the improved electrode life performance observed.
     6. Similar electrode life results appear achievable without
the use of cooling water. It appears the heat conducted into
the electrodes during CD welding was minimal enough to be
dissipated without cooling water.
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