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Characterization of Steel Welded Joints with Hybrid Projection and

Capacitor Discharge Welding (CDW) Processes

F. Palano, S. Chiozzi, F. W. Panella, and V. Dattoma

Department of Engineering for Innovation, University of Salento, Lecce, Italy

This work studies the improved hybrid Capacitor Discharge Welding process (CDW), based on projection welding principles applied to

stainless steel AISI 304.

The innovative idea is to modify the igniting points geometry on the section to be welded and optimize the weld characteristics in order to

guide the local fusion processes more uniformly on the whole area and enhance the weld properties. Eight different profile geometries for the

contact surfaces have been realized in order to evaluate the geometry influence on joints quality and according to process parameters influ-

ence. The mechanical behavior of the welds has been verified with static characterization at room temperature and fatigue tests for welded

samples with the better observed microstructure.

Keywords AISI 304; CDW; Fatigue behavior; Technology; Tensile test.

INTRODUCTION

The capacitor discharge welding (CDW) process with
multipoint welding profile awakened the interest of
mechanical industries; it represents an effective tool for
components repair, such as engine parts and aeronaut-
ical turbine blades [1, 2].
The present article deals with new developments of the

CDW process, referred particularly to AISI 304 butt
joints, on the bases of previous works [3, 4].
The CDW process is a welding technique which

requires the simultaneous application of elevate pressure
and temperatures; it is based on resistance welding
method and technologically realized through intense
current pulses as for projection welding [5].
The current values are particularly elevated and the

application times much smaller than those employed in
common resistance welding, as well as the final junction
is not achieved through consecutive welded spots, but
the whole section is jointed in a single weld. The energy
required for the intense CDW discharge is furnished by
large capacitors battery [3–5]; moreover, the weld shape
is defined by the geometry of the parts and not affected
by material singularities or surface discontinuities, typi-
cal of spot welds.
This research focuses the attention on the multipoint

CDW technique (MCDW) conceived by the authors
[2], which represents an hybrid version of simple capaci-
tor discharge welding and classic projection welding [5].
It is proposed with the aim to joint larger surfaces and
free from defects typical of CDW, such as porosity
and lack of fusion.

In this work, the butt-weld cylindrical specimens are
machined to adopt a trapezoidal contact profile on one
of the parts to be welded [1, 3]. Welding tests have been
realized investigating eight different contact geometries
and examining also the technological parameters (energy
and applied force) and the output measures (peak cur-
rent and joint mutual penetration). The geometrical
and technological factors are combined to improve the
welding efficiency, mainly in terms of mechanical
strength.
In order to assess the new joint geometries, inspection

of all the welded joints for external defects, optical
observation of the welded section, and room tempera-
ture tests for mechanical characterization were done.

CDW PROCESS ADVANCES AND WELDING TESTS

According to authors’ works [2, 3] and in relation to
scientific literature data [6, 7], small diameter welded
bars can be achieved up to 6mm with cylindrical single
igniter geometry. For wider surfaces, distributed
igniting points have to be used, to produce a round weld
and a more uniform process on the whole section,
experimenting the multipoint version of the CDW
process [1, 3].
Alternatively to contact geometries considered in pre-

vious experiences [1–4], a new multipoint type solution is
proposed; an innovative trapezoidal contact geometry
(Fig. 1) with suited welding parameters have been stud-
ied since they are suggested by previous works [8, 9] in
which CDW simulations are performed.
The trapezoidal profile [10] are shaped only on one of

the two welding edges and the characteristic dimensions
are showed in Fig. 1: the tooth width l and depth h; the
pitch p between consecutive teeth; tooth sides inclination
a. This new contact profile is proposed with the follow-
ing purposes: reducing manufacturing costs, increasing
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melted material, raising the weld bead thickness, and
improving the joint ductility to avoid defect presence.
It is possible to define the igniters total volume V to be

melted in the weld line and the first contact surface ratio
C between the two parts during the discharge.
To evaluate the influence of these two factors on

CDW outcome, eight different contours, characterized
by a combination of the parameters l, h, and p, but all
with the same a (60�) value, have been realized (Table 1).
The limit values of these parameters have been selec-

ted on the base of finite element method (FEM) simula-
tions [8, 9] and previous experiments [4] to ensure the
correct heat input in the material to be welded. A total
number of 64 specimens were welded.
A first welding session, which had the intent to verify

the initial FEM input welding values, was performed
and the visual inspection of the obtained joints is
immediately done.
A second welding session had the aim to optimize the

process factors, by performing tensile tests on all joints
with different applied energy so that to identify the opti-
mal process configuration. The experimental procedure
for the joints achievement was similar to the previously
implemented one [10], and special equipment was emp-
loyed for the parts assembly and electrical conductivity.
The process parameters have been modified from time

to time for each geometry between the limits of 15KJ
(lower values are ineffective) and 45KJ (maximum
machine power) in several discharges, generally in the
number of 5.

The fundamental discharges are only the second and
the third one from 15 to 40 kJ, since a single discharge
of maximum power is insufficient for the whole section
to be welded; other discharges (from 2 to 5 kJ) are of
lower intensity for post-heating purposes and were pre-
viously studied to reduce the cooling rate and redistrib-
ute precipitates [2–4]. All specimens have been welded by
applying a force in the range 25–40 kN.
In Table 2, the input parameters employed in each dis-

charge and the output welding outcome furnished by the
machine are summarised for the best specimens related
to each profile.
Adopting a single discharge and limited force values

to reduce misalignment, the specimen seemed to be par-
tially welded; so it was decided to apply a minimum of
two main discharges on other specimens. The joints
resulted in better welds and showed a slight bulge, prob-
ably due to the employment of excess energy.
All the welding sessions data were satisfactory, since

they allowed to identify the input parameters and weld
outcome which guarantee the best performance for every
profile. An important factor which characterizes the
weld quality is the radial swelling on the joints and the
related weld depthMd, which is a direct index of enough
melted metal in the weld layer, leading to better ductility
behavior. It has been demonstrated that a consistent
raise of Md due to higher force and discharged energies
is observed. It is to be established if a greater Md factor
has a positive effect on joint strength, considering also
that the CDW process requires to limit the induced
deformations as more as possible.

MECHANICAL CHARACTERIZATION

Tensile and Fatigue Tests

All samples present resistant section having 8mm
diameter and gauge length 10mm. A servo-hydraulic
machine MTS 810 with a 100 kN load cell has been
adopted. All the 40 tests have been executed at room
temperature, with crosshead rate 0.1mm=min. Base
metal has been preventively tested, deducing the stress-
strain curve (rR¼ 841.2mpA, rp0.2¼ 595MPa, E¼
10,170MPa, A¼ 76.34%) to establish the mechanical
decay of the welded material respect to it.

TABLE 1.—Geometric data of the different contact profiles.

Profile l (mm) h (mm) p (mm) V (mm3) C (%)

1 0.4 0.6 1.6 30.03 22.48

2 0.4 0.6 1.72 23.31 15.17

3 0.2 0.6 2 18.16 9.19

4 0.4 0.2 1.54 7.1 23.96

5 0.2 0.2 2 3.59 9.88

6 0.4 0.4 1.6 17.14 23.23

7 0.2 0.4 2 9.67 9.54

8 0.2 0.4 1.33 13.72 13.61

TABLE 2.—Input parameters and welding outcome for the best specimens

for each profile.

Profile
F

(kN)
E1

(kJ)
E2

(kJ)
E3

(kJ)
E4

(kJ)
E5

(kJ)
t

(ms)
I

(kA)
Ii

(kA � s)

1 30 3 45 25 2 2 8 215.1 1,350

2 30 3 45 5 2 2 10 189.9 1,281

3 30 3 40 5 2 2 9 191.2 1,172

4 25 3 45 5 2 2 10 206.3 1,304

5 25 3 45 15 2 2 8 195.6 1,208

6 30 3 45 5 2 2 8 217.8 1,361

7 30 3 40 30 2 2 9 193.4 1,123

8 30 3 40 20 2 2 8 218.3 1,431

The symbols are: F is the compressive force applied; Ei is the electrical energy of
the ith discharge; Md is the parts mutual distance; t is the welding time; Ip is the
maximum current peak; and Ii is the integrated current over time.FIGURE 1.—2D and 3D views of the new adopted contact profile, based on

simple trapezoidal shape (color figure available online).
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The following structural data have been computed for
each specimen: rupture stress rR; yielding stress rp0.2;
Young modulus E; and rupture elongation A. In Fig. 2
the stress-strain curves related to each profile are
reported for more representative tests.
The results vary in considerable manner, not only for

different profiles, but also for the same one, as function
of the adopted welding parameters. Particularly, a low
elongation value with poor plastic behavior can be
observed for most of the welded samples: it is mainly
due to the considerable thinness of the weld beads in
the order of 0.2–0.5mm.
To analyze all the tensile tests results, the rupture

stress values are statistically reported in Table 3 for each
profile. The marked superiority of profiles 1 and 8, in
terms of strength and ductility, can be immediately
observed. Particularly, the welding parameters combi-
nation corresponding to profile 8 allows to achieve
80% strength and nearly 40% rupture elongation respect
to base metal. This result establishes the pitch p of the
contact profile is to be as smaller as possible (below
1.6mm) and with enough profile height h, over 0.4mm.
The result is even more remarkable if it is noticed that

no specimen overcomes 15% of base material ductility,
by excluding the mentioned profiles.
From a comparison between this new data and those

previously published [2], similar outcomes are achieved
in terms of rRmean. A more significant goal is pursued,
since the welded surface is double and the multipoint
profile may arise more solidification defects. This fact
suggests the better adaptability of contour 8 to CDW
process. At the contrary, the inefficiency of profile 5 is

emerged: evidently, it is characterized by low igniters
height h and too high pitch p to guarantee sufficient weld
quantity to create a consistent weld bead. In fact, no
specimen gains 400MPa ultimate stress threshold.
Encouraging results are observed for tests on profiles

1, 4, 6, and 7, for which the calculated mean stress are
all greater than 450MPa, confirmed by data dispersion
to be sufficiently small. Contrasting conclusions seem
to arise on profiles 2 and 3 results, for which mean
strength values are lower than 350MPa, with data very
scattered around the mean values.
A sufficient number of specimens for fatigue tests has

been welded corresponding to profile 6 (profile 8 speci-
mens were not enough); the profile has been chosen also
on the base of good depth values measured on specimens
after welding. Profile 6 specimens were subjected to high
cycle fatigue tests with load ratio R¼ rmin=rmax¼ 0.1,
since the welds are expected to work under tensile con-
ditions. The results are described by the Wöhler curve
reported in Fig. 3.
The fatigue properties are characterized by high stress

level; the Wöhler curve is settled between 104 and 106

cycles with alternate stresses ra positioned between
208MPa and 123MPa. The fatigue curve has a flat
trend. The fatigue limit for 2� 106 cycles is greater than
100N=mm2: the exact values of the fatigue limits at
106 cycles could not be processed, but the minimum
stress value is expected to be around 114MPa.

Data Analysis

The joints strength depending on input geometry and
technological parameters can be analyzed to better
identify the optimal values; the efficiency of the CDW
technique in terms of repeatability and welded product
quality is to be to guaranteed for future applications.
The mutual distance for instance, Md factor, is associa-
ted with evident improvement of the joint mechanical
strength, indicating the Md value to be a good control
indicator for mass production processes.
Concerning the igniter geometry influence and adopt-

ing statistic elaboration on all welding data, useful indi-
cations can be raised: in Fig. 4a, the results are resumed,
showing the process efficiency for each profile as per-
centage of relative welds resistance with respect to two
reference thresholds (430 and 500MPa). Contact profile

TABLE 3.—Best welded joints mechanical properties.

Profile
rRmax

[MPa]
rRmean

[MPa]
Standard deviation

[MPa]
Number of static
tested specimens

1 642.5 512.4 96.1 4

2 536.8 412.6 133,4 6

3 454.7 304.2 129,4 5

4 558.5 446.1 99,1 6

5 397.1 375.1 19,4 3

6 541.4 493.9 31,9 4

7 585.5 470.3 61,3 7

8 670.3 569.2 68,2 4

FIGURE 2.—Stress-strain curves for the best specimen of each profile (color figure available online).
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8 is proved to be a good selection, together with profiles
no. 1 and 6 with lower efficiency values. Other signifi-
cant relations between the joints strength and the con-
tact profiles geometry are displayed with diagrams in
Fig. 4b, where rupture stresses versus the important pro-
file factors V and C is illustrated.
From Fig. 4b, it is clear the total igniter volume V is to

be larger than 10mm3, to assure sufficient melted metal
quantity for the achievement of high joint strength. At
the same time, the contact area percentage C holds a
more relevant role. In fact, for higher igniters heights
h, a mechanical collapse occurs before or during the first
discharge to take place. Consequently, a great igniter
volume is not always associated to good welding quality,

while the contact surface is more useful. The best perfor-
mance is gained with contours having C values higher
than 13%; this signifies that the igniters height h must
be greater than 0.4mm. The pitch p on the other way is
preferred up top 1.6mm, given that a tendency to cold
welding defects and loss of ductility is likely to be
observed in the region between two consecutive igniters.
Regarding the technological parameters influence, for
the total input energy Etot an optimal range emerged
between 60 and 70kJ, to be shared in the two main dis-
charges. This tendency is particularly visible for profiles
having heights h equal to 0.6mm: greater igniters depth
requires more energy to reach complete fusion of the
parts. In any case, the optimal force values to be applied
are found to be over 30 kN, as confirmed in other works
[9]. Generally, F value must be as higher as possible,
respecting the igniters compression strength limits; values
greater than 35kN are unadvisable, since the risk to pro-
voke the igniters collapse before the discharge occurs.

Micrographic Analysis

The microstructure has been studied through optical
microscope observation. Interesting results are reported
that describe metallurgical effects on few selected welds
in the longitudinal section, along the contact profile.
Figure 5a shows contact profile example of poor pro-

file 5 weld: lack of adhesion has been noticed in the
internal zone beside the base material on both the two
parts of the joint, each of 1.5mm of length, in the zone
between two consecutive igniters. This is the typical
CDW effect and gives an evident indication of profile
5 inefficiency, due to excessive gap between the igniters.
The micrographic inspection allows distinguishing the
welded joint, characterized by total lack of precipitates,
whose streaks are well visible on the base material.

FIGURE 3.—Wöhler curve for profile 6 and fatigue data for each specimen.

FIGURE 4.—a) Welding efficiency of joints statically resistant respect to ref-

erence values, for each profile. b) rR trend as function of C for different

ranges of V values.
FIGURE 5.—a) Micrograph specimen 26 (50x). b) Micrograph specimen 26

(1000x). c) Micrograph specimen 17 (200x) (color figure available online).
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Moreover, in correspondence of the joint edge it is poss-
ible to notice dendritic ramification in the thermal flux
direction (Fig. 5b).
Finally, an example of profile 6 is reported in Fig. 5c:

it is possible to notice good grains elongation that fol-
lows the thermal rate. Even though the melted metal dis-
tribution is not entirely uniform, welded layer appears
sufficiently coherent with the base material also at joint
extremities, with sufficient thickness exempt frommacro-
defects.

CONCLUSIONS

In this work, CDW process in multipoint configur-
ation and applied to axial-symmetrical geometries has
been completely characterized and improved with
optimization of the contact profile. Mechanical tests cor-
related with micrographic inspections have shown con-
tact profiles which guarantee the best mechanical
performances and technological parameters that give
an optimal efficiency of the process have been selected.
Mechanical strength and ductility resulted satisfactory.
Special attention has been spent to monitoring the

control parameter Md because it has been found to cor-
relate well the joints mechanical strength for high Md
values.
The process dependence, in terms of efficiency, on two

basic geometrical parameters has been verified: total
igniter volume V and first contact percentage area C
have been analyzed. The contact surface holds a relevant
role for the achievement of high joint strength.
Finally, it was possible to improve the input para-

meters, by applying two main discharges and total
energy Etot between 60 and 70 kJ; the optimum force F
can be placed around 30 kN. Results are encouraging,
because the CDW process’s potentialities are significant
and can ensure the technique efficiency in terms of
repeatability and quality of the weld product. Achieved
conclusions can be used as bases for extending with

success CDW technology on mechanical components
of the same material, but more complex than the axial-
symmetric discussed in this work.
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