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The cold metal transfer (CMT) process was explored as a weld overlay tech-
nique for synthesizing Al-Si-Mn alloy coating on a commercially pure Al plate.
The effect of welding speed on the bead geometry, deposition rate, and the
dilution were studied and the best parameter was used to synthesize the
coatings. The CMT process can be used to produce thick coatings (>2.5 mm)
without porosity and with low dilution levels. The Vickers hardness number of
the Al substrate increased from 28 in the bulk to 57 in the coating. It is
suggested that the CMT process can be an effective and energy-efficient
technique for depositing thick coatings and is useful in weld repair of alumi-
num alloy components.

INTRODUCTION

Aluminum and its alloys are widely used for
automotive components due to their low density,
adequate strength, and high specific strength. But
they suffer from poor wear resistance, which could
lead to shorter life of the components due to damage.
Surface coatings can be very useful in improving the
life of the components. Weld overlays can be used for
applying coatings as well as for repairing damaged
components. Thermal spray processes such as cold
spraying,1 plasma spraying, and high-velocity oxy-
fuel (HVOF) spraying2 have been used for depositing
coatings of aluminum and its alloys. Thermal spray
of aluminum composites also has been reported for
near-net shape deposition. Thermal spray offers the
advantage of fine grain size and even nanocrystalline
deposits have been reported.3 However, the limita-
tion of thermal spray coating is that it produces
usually a 50- to 100-lm coating in a single pass and,
hence, is not recommended for higher thicknesses.
Such a low deposition rate is not good for repair
applications in which a large crack or worn out sur-
face needs to be prepared. The adhesion strength of
the coating is also reduced if adequate surface prep-
aration is not used. These limitations are overcome in
weld cladding processes. Weld overlay (or weld
cladding) is a well-known technique of coating a
component using welding techniques. The coatings
can be applied for improving the corrosion resistance,
wear resistance, or both.4 Gas-metal arc welding

(GMAW),5 gas tungsten arc welding (GTAW),6 and
plasma-transferred arc (PTA)7 are few examples of
fusion welding processes that are used for weld
overlay deposition. One of the important features in
weld cladding is the dilution of the composition of the
coating due to melting of the substrate. When con-
ventional GMAW process is used for weld overlay of
aluminum, the heat input is very high, leading to
high dilution levels.5 As a result of high thermal and
electrical conductivity and a comparatively low
melting point, it is difficult to coat aluminum using
conventional fusion processes. A fusion welding
process with low heat input and high efficiency is
desired to solve this problem.

Cold metal transfer (CMT) is a modified GMAW
process invented by Fronius International (Petten-
bach, Austria). The CMT process basically operates
in the short-circuit (dip transfer) mode character-
ized by the low current and voltage, i.e., low heat
input. The important modification of CMT over
conventional GMAW is the full digital control of the
welding process. The wire feed in the CMT process
is controlled by a microcontroller through feed
motors and is no longer dependent on the electrical
characteristics. An initial high pulse of current is
supplied, forming an arc between the advancing
electrode wire and the substrate, which melts the
electrode tip. The current is reduced following the
pulse, and as soon as the short-circuit formation is
indicated by a sharp decrease in voltage, the current
is reduced to a further low background value and
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the wire is retracted, leading to the detachment of
the molten droplet. Thus, in this process, the metal
transfer takes place when the current is very low
and arc is almost not present. Hence, it has been
named CMT. The principles of the CMT process,
equipment, operation details, advantages, applica-
tions, and limits are well studied and reported.8

Some reports on the welding of aluminum alloys
using the CMT process have shown that this process
is good for thin sheets owing to the low heat input in
the process. Low heat input also results in reduced
deformation and residual stresses. The low spatter
and gap bridging ability while joining thin sections
of the process were also reported.8–10 This process
has the benefit of providing only the energy needed
for the process, which saves a lot of energy. The
CMT process has also been used in dissimilar metal
joining applications such as aluminum alloy to gal-
vanized steels, where joining occurs by brazing of
aluminum onto steel.8,11,12 CMT has also been
reported for joining of aluminum and magnesium
using copper-based (CuSi3),13 as well as 4047 alu-
minum alloy filler wires.14 Thus, the CMT process is
recommended for automotive joining applications
where weight reduction is a major concern. The
CMT process is also studied for the joining of tita-
nium alloys to aluminum alloys as well as copper
alloys, and the importance of process in aerospace
and medical applications was reported.15,16

Only a few reports are available in the literature
that have used the CMT process as a surface coating
technique as this technique is quite new. Lorenzin
and Rutili17 reported that the CMT process could be
suitably used for anticorrosive coating applications.
In this study, a feasibility study for the CMT process
as a coating method for depositing Inconel 625 alloy
on the surface of carbon-manganese steel sheet was
carried out. The CMT process was compared with
the conventional pulsed-arc mode and the CMT-
pulse hybrid mode with respect to dilution and
deposition rate. It was found that among the three
modes, pure CMT showed the lower dilution and
higher deposition rate. Pickin et al.18 studied the
CMT process for a low-dilution cladding application.
It was observed that the CMT short-circuit mode
was present only in the lower parameter range, and
there was a transition to a combination of short-
circuit plus spray mode of transfer in the middle to
upper parameter range. They explored the CMT
process for low-dilution cladding in a ternary alu-
minum alloy (Al-Cu-Mg) with a binary filler wire
Al-2319 (Al-Cu). The Al-Cu-Mg alloy is known to be
susceptible to a hot-cracking problem when welded
with binary aluminum alloy filler wires. The CMT
process was used for cladding the ternary alloy with
the binary alloy, which was then welded with con-
ventional techniques, thus reducing the chances of
hot cracking. Recently, Ola and Doern19 studied
CMT as cladding process for a nickel-based super
alloy. They reported the development of defect-free,
perfectly bonded clads and recommended the

process for repair of nickel-based super alloy parts
in gas turbines.

There is no report so far on aluminum coatings
using CMT. The objective of the current work is to
examine the CMT process as a weld overlay tech-
nique for coating Al with the Al-Si-Mn alloy. The
effects of welding process parameters on dilution
and bead angle, which are important for producing
a sound overlay coating, were investigated. The
hardness variation of the substrate after coating
was also studied.

EXPERIMENTAL PROCEDURE

Weld Cladding by CMT

The substrate was a pure-Al (99%) plate 3 mm
thick, and the coating was made from an Al-Si-Mn
filler wire of 1.2 mm diameter. The composition of
the filler wire is given in Table I. The surface of the
Al plate was cleaned with a stainless steel wire
brush to remove oxide layers and other contami-
nants, and it was subsequently cleaned with ace-
tone before coating. A CMT Trans plus Synergic
4000 from Fronius International was used for the
process which is semi-automatic. The voltage, cur-
rent and feed rate were varied over a range of val-
ues. Once a visibly defect-free weld bead was
obtained for a particular set of parameters, the
welding speed was varied. Argon was used as the
shielding gas with a constant flow rate of 15 L/min.
Table II shows the parameters for the three beads
that were prepared. Coating was prepared by laying
weld beads side by side with the best parameters.
Sufficient time was given between successive welds
to avoid a preheating effect.

Characterization of the Beads and Coating

The cross section of the bead was ground and
polished, and optical microscopy was carried out.
Optical microscopy of the beads was carried out
using a stereo microscope (Chennai Metco Pvt. Ltd.,
Chennai, India). Before observation in the micro-
scope, the beads were macroetched using Dix-Keller
reagent. Scanning electron microscopy (SEM) ima-
ges of the polished cross section of bead and coating
was carried out using a Quanta 200 SEM (FEI
Company, Hillsboro, OR) equipped with an energy
dispersive x-ray analysis (EDAX) facility (EDAX

Table I. Composition of the materials used

Al base plate Al-Si-Mn filler wire

Element wt.% Element wt.%

Al 99 Al 94.3
Si 0.64 Si 3.47
Fe 0.25 Mn 1.88
Cu 0.075 Fe 0.3
Ti 0.02 Ti 0.05
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Inc., Mahwah, NJ). The hardness of the coating was
measured using a Vickers microhardness tester
(Wolpert Wilson, Aachen, Germany).

RESULTS AND DISCUSSION

Optimization of Parameters

Figure 1a shows the trials carried out to obtain
beads of good quality. Once the parameters such
as current and feed rate were set, three beads
were prepared at different welding speeds of
6.4 mm/s, 8.5 mm/s, and 10.6 mm/s (corresponding

to 15 in./min, 20 in./min, and 25 in./min, respec-
tively). The three beads are shown in Fig. 1a on the
right side. Figure 2 shows the picture of the pol-
ished cross section of the beads. The first thing to
note is that the area of cross section of the bead and,
hence, the volume of the bead per unit length
reduces with increase in the welding speed. Another
quantity that is very important is the heat input per
unit length, and this quantity also reduces with
increasing welding speed. This quantity is calcu-
lated by dividing the electrical power input by the
welding speed, and a factor is introduced to take

Table II. Parameters used for welding

Parameters Bead A Bead B Bead C

Voltage (volts, V) 12.5 12.5 12.5
Current (ampere, A) 80 80 80
Wire feed rate (m/min, F) 4.8 4.8 4.8
Nozzle-to-plate distance (mm, N) 5 5 5
Welding speed (in./min, S) 15 20 25

Fig. 1. (a) Picture showing the bead trails and the beads for good parameters at different welding speeds. (b) Coating prepared by depositing
overlapping beads with parameters obtained from trials.

Fig. 2. Stereo microscope images of the cross section of (a) bead A, (b) bead B, and (c) bead C.
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care of the conversion efficiency. It is obvious that
the higher is heat input per unit length, the higher
the dilution will be.

The dilution can be calculated from the percent-
age of the total cross-sectional area of the bead,
which lies below the surface of the substrate as
shown in Fig. 3. In another way, dilution can be
obtained for each of the major elements in filler wire
and is obtained by the following formula:

Dilution %ð Þ ¼
CM

Coating � CM
Filler

CM
Filler

� 100 (1)

where CM is the composition of metal M (M = Al, Si,
and Mn).

Dilution may not be very important criteria in the
following study, but it is necessary to know how
much base metal melts gets added to the bead. Bead
angles were calculated as shown in Fig. 3, and an
average of the two angles was reported. Figure 4
shows the variation of the bead contact angle, the
dilution, and the deposition rate as a function of
welding speed, which is tabulated in Table III. It is
observed that as the welding speed increases, the
dilution reduces. A lower dilution is desired because
it will increase the hardness of the cladding. It is
seen that as the speed is increased from 15 in./min to
20 in./min, the dilution drastically reduces from 23%
to 8.3%. The deposition rate is reduced only mar-
ginally from 6 cm3/min to 5.7 cm3/min. The bead
angle, however, increases from 67� to 89�. But as the
speed is increased to 25 in./min, the dilution is de-
creases only marginally to 7.7%, but the bead contact
angle becomes 101�. Also, the deposition rate
reduces drastically to 4.3 cm3/min. Thus, it is ob-
served that the bead angle, dilution, and the depo-
sition rate vary nonlinearly with the welding speed.
A bead angle of less than 90� is desirable so that
there is no lack of fusion developed when the coating
is made by side-by-side overlapping of beads. Thus,
the welding speed of 20 in./min is found to be the
suitable for overlay coatings in this case.

Figure 5 shows the variation of the composition
along the depth from substrate to the bead. The
compositions were obtained by an energy dispersive
x-ray spectroscopy (EDS) analysis of small area at
different distances along the line shown in the fig-
ure. It is seen that the percentage of Al decreases
moving from the substrate to the coating. It is
observed that the variation of Si and Mn is more or
less similar in beads A and B, while in bead C there
is an abrupt change. This abrupt change is due to the
very low dilution in bead C. However, the parameter
C is not suitable for the deposition of coatings due to
the large bead angle. Dilution was calculated based
on the average composition of aluminum in the bead.
The value of dilution of aluminum in the coating is
less compared to that obtained from area calcula-
tions. This is due to the fact that both the substrate
and coating are rich in aluminum.

Figure 6 shows the hardness taken along the
depth of the beads at regular intervals. It is seen
that bead C shows the highest hardness. This is in
accordance with the lower dilution and increase in

Fig. 3. Schematic showing how dilution was calculated and the bead
angle definition.

Fig. 4. Plot of the variation of the percent dilution and bead angle
with welding speed.

Table III. Properties of the weld beads

Property Bead A Bead B Bead C

Bead contact angle (�) 101 89 67
Deposition rate (cm3/min) 6 5.7 4.3
Dilution based on area (%) 23 8.3 7.7
Dilution based on composition of Al (%) 2.8 2.6 1.1
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Mn and Si content as shown in Fig. 5. However,
bead C is not suitable for making coatings due to an
improper bead angle.

Characterization of Coatings

Based on the results of the beads, the welding
parameter for bead B was selected as the best
parameter for preparation of coatings. Coating was
prepared by overlaying several beads side by side.
Figure 1b shows pictures of the coating made by
weld overlaying of beads and consists of 10 beads. It
is seen that most of the surface looks defect free.
Figure 7 shows the microstructure of the coating. It

is seen that the coatings shows the distinct feature
of a weld overlay coating where individual beads
can be distinguished to some extent. The interface is
found to be very good without any cracks or oxides.
The lack of a sharp interface suggests that there is
metallurgical bond formation between the coating
and substrate, which is caused by the partial melt-
ing of the substrate. This is unlike the sharp dis-
cernible interface in thermal spray coatings where
usually a mechanically interlocked bond exists. We
can say that the bond strength would be good in this
case. There are a few pores, which may due to the
fact that the bead angle is 89�, which is close to 90�.
It is to be noted that the thickness of the coating in
single pass is more than 2.5 mm and such thick
coatings are very helpful in weld repair applica-
tions. Such a thick coating with thermal spray
technique would require between 25 and 50 passes.
Thus, CMT has a distinct advantage here in terms
of the energy input and the time required for car-
rying out any repair operations.

Figure 8 shows the variation of composition along
the depth of the coating. This was obtained by car-
rying out an EDS analysis on a small area at dif-
ferent depths on the polished cross section of the
coating. The average Al percentage in the coating
was found to be 95.1%, which gives a dilution of
0.9%. Similarly, the dilution of Si and Mn was also
calculated and found to be 27.3% and 28.6%,
respectively. The high value of Si and Mn is because
they are present in small quantities only. The
dilution based on Al is very small. This is a very low
level of dilution and is consistent with reports on
other systems. For example, Lorenzin and Rutili17

calculated the dilution by analyzing the composition

Fig. 5. SEM images of the polished beads along with the composition along the line for bead A (a, d), bead B (b, e), and bead C (c, f).

Fig. 6. Variation of hardness along the depth of the beads.
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of iron along the depth of Inconel coating deposited
on C-Mn steel and have observed very low dilution
with CMT compared to conventional the pulse mode
of GMAW. Also, Ola and Doern19 measured the
dilution of Inconel weld overlay by the area method
and reported a low value of dilution produced by the

Fig. 7. Microstructure of the weld clad showing good interface with some porosity.

Fig. 8. (a) SEM image of the polished cross section and (b) com-
position along the line.

Fig. 9. Plots showing variation of the hardness along (a) depth and
(b) width of the coating.
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CMT process. This is one advantage of the CMT
process as a weld overlay technique. In addition, the
low power input makes it a promising technique for
industrial application.

Hardness of the Coatings

Figure 9a shows the variation of the microhard-
ness of the coating with the depth from the sub-
strate to the coating, whereas Fig. 9b shows the
variation of the hardness along the width of the
coating. Both hardness tests were carried out on the
polished cross section of the sample. It is observed
from the plots that the Vickers hardness number
(VHN) increased from 28 in the bulk to 57 in the
coating, and there is a discontinuous jump as we
move from base plate to cladding. This finding is in
accordance to the increase in the Si and Mn as seen
in Fig. 8. We can see that CMT can be a very good
technique for large-scale deposition of coatings and
can be easily used for weld repair.

CONCLUSION

The following conclusions are drawn from the
current work:

1. The CMT process can be used to deposit alumi-
num alloy weld clads with low dilution levels.

2. The bead angle, deposition rate and dilution are
nonlinear functions of the welding speed.

3. Coating forms very good metallurgical bonding
with the substrate due to partial melting of the
substrate.

4. Coating with thickness greater than 2.5 mm can
be produced in a single pass, which is consider-
ably high compared to thermal spray processes.

5. The CMT process is found to be a low-energy
process for weld repair of Al-alloy components.
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