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ABSTRACT

The increased use of zinc coatings on steels has led to a
decrease in their weldability. Weld current and time
need to be increased in order to achieve sound welds on
these materials compared to uncoated steels, and
electrode tip life suffers greatly due to rapid alloying and
degradation. In this work, typical uncoated Class Il
electrodes were tested along with a TiC metal matrix
composite (MMC) coated electrode. Tests were
conducted to study the weldability and process of nugget
formation for both electrodes on HDG (hot dipped
galvanized) HSLA (high strength low alloys) steels.
Current and time ranges were constructed for both types
of electrodes by varying either the weld current or weld
time while holding all other parameters constant.
Analysis of weld microstructures was conducted on
cross-sectioned welds using SEM (scanning electron
microscopy). Using the coated electrodes reduced weld
current and times needed to form MWS (minimum weld
size) on the coated steels. Current and time ranges
forming satisfactory nuggets were also increased,
improving the weldability of the steels. A notable cooling
effect was found at the EW (electrode workpiece)
interface of the steel sheet and was confirmed by
software modeling to be due to rapid cooling through the
electrode. The coated electrode weld did not exhibit the
cooling artifact, which was believed to be due to the
thermal effects of the TiC MMC coating.

The lower weld current and time needed to form welds
of MWS when using the coated electrodes as well as the
increase in the usable current and time range indicate an
increase in the weldability of the coated electrodes when
welding HDG material. This notable improvement was
caused by the presence of the TiC MMC electrode
coating increasing the interfacial resistance as well as
acting as a thermal barrier preventing the rapid

extraction of heat from the faying interface through the
electrodes leading to larger weld sizes at identical weld
parameters than the uncoated electrodes.

INTRODUCTION

Resistance spot welding (RSW) remains to be a heavily
used method for joining sheet steel components in the
automotive industry. The use of zinc coated steels has
increased significantly over the past decade, owing to
their good corrosion resistance and relatively low cost.
The zinc coating present on the steel surface has
increased the difficulty of welding due to its lower
electrical resistance and melting temperature [1]. This
has led to the use of higher welding currents and times in
order to weld the coated steels, resulting in higher costs
and reduced tip life. The poor weldability requires the
use of more frequent current stepping and/or tip dressing
to maintain weld quality and incurs higher costs. These
issues are of great concern for automotive
manufacturers.

Electrode degradation during resistance welding of
coated steels has been the subject of many studies [2-
13]. Developments in electrode materials and design
have been explored by other researchers in an effort to
increase the weldability of coated steels and electrode
life with mixed results.

Previous unpublished work has shown that TiC MMC
coated electrodes were able to yield approximately
double the tip life of traditional uncoated Class Il CCZ
electrodes. This study concluded that the main function
of the TiC MMC electrode coating was to protect the
copper base material of the electrode from interaction
and alloying with the zinc from the steel coating. The
weld current and time windows of the coated electrode
were also noted to be shifted lower and wider than those



of the uncoated electrode. The increased weldability of
coated steels when using these coated electrodes was
thought to be due to the thermal interaction effects that
the electrode coating had with the steels during the weld.

In the present work, the effects of the TiC MMC
electrode coating on the formation and final shape of the
weld nugget when welding hot-dip galvanized steels
were studied. Weld simulations were conducted with the
modelling software SORPAS® to assist in understanding
of the development of the nugget and heat flow.
Weldability windows for weld current and time were also
constructed for uncoated electrodes as well as the
coated electrodes. This study is aimed at understanding
the thermal effects of the coated electrode on the
formation and development of the weld nugget by weld
testing and simulation.

TECHNICAL BACKGROUND

The weld nugget in RSW is formed by the passing of
current through the electrodes and the worksheets. Heat
is generated due to the passing of current by the contact
resistances at the interfaces and bulk resistances in the
workpieces governed by the equation H=FRt, where H is
the total heat, / the weld current, R the total circuit
resistance, and t the weld time. H represents the total
amount of heat input to the system, however the quality
of the weld formed is directly dependant on the localized
heat generation, or H/A, where A is the area of the
contact face of the electrode. This is in turn influenced
by I/A known as current density.

The presence of the low resistance zinc coating at the
faying interface requires a higher welding current to be
used to form satisfactory weld nuggets. The sheet
coating changes the process of nugget formation
compared to uncoated steels and can have adverse
effects on the electrode wear character as well
[12,16,17]. The resistances at all the interfaces are very
similar and so heat generation is also similar at each
interface. This causes much more heat to be generated
at the electrode-sheet interfaces than with uncoated
steels [18,19]. The good thermal conductivity of the
copper alloy electrodes assisted by active water cooling
provide enough heat sinking to restrict the weld nugget to
the faying interface. This leads to narrow weldability
lobes and poor system reliability. Observing the heat
generation and dissipation as the weld progresses is
very difficult as the weld is formed internally between the
worksheets and is not accessible by traditional sensing
equipment. The ability to model the spot weld as it is
being formed has been achieved by resistance spot
welding simulation software. The software is able to
predict weld nugget growth by combining factors involved
in the thermal, mechanical, electrical and metallurgical
models of welding.

Weld current range (WCR) is defined as the range of
weld current varied while holding all other weld
parameters constant which yield satisfactory welds.

Weld current is taken as the root mean squared (RMS)
value of welding current required to form welds that meet
the upper and lower bounds of allowable weld quality.
The upper and lower bounds of the weld current range
that define satisfactory nuggets are commonly set to the
physical expulsion limit and minimum weld size criteria of
3.5\t or 4\t respectively, where t is the governing
material thickness of the sheets being welded. The
larger the WCR for the system of electrodes and
worksheets, the greater the reliability of the system
becomes.

The following investigations were performed to observe
how the coated electrode nugget formation sequence
differed from that of the uncoated electrode. Simulations
were conducted using resistance welding modelling
software to generate current and time ranges for the
coated and uncoated electrodes. Heat generation and
propagation was observed and then compared to actual
weld samples at selected weld parameters.

2 EXPERIMENTAL SETUP
2.1 SIMULATION OF WELDS

Simulations were conducted using SORPAS® Version
6.0 Enterprise Edition (Copyright © 2005 SWANTEC
Software and Engineering ApS)[20] resistance weld
simulation software. Welding parameters were input
identical to those used in laboratory trials. The software
is able to incorporate the mechanical and electrical
model of resistance welding with the thermal heat flow
model and metallurgical properties of the materials
involved in the entire welding system. This results in a
finite element model that very closely mimics the actual
welding process. Output data from the simulations
include maximum nugget diameter, molten nugget
volume by time, stress and strain mappings, cooling rate,
and temperature profiles. The simulation is able to be
stopped at any time in the weld schedule to view the
weld in process. Simulation parameters for material
properties and interfacial properties were taken from the
SORPAS® material databases provided with the
software.

2.2 LABORATORY TESTING

Welds were made on hot-dip galvanized low carbon
HSLA steel (HDG-70) 1.0mm and (0.0394in) thick with a
UTS of 375 MPa (54ksi). Material preparation and
welding were carried out as per AWS D8.9-97 [21]. Test
pieces were cut to 38.5cm x 6¢cm (15.16 x 2.36 in) for life
test coupons and 10cm x 3cm (3.6 x 1.18 in) for peel
coupons. Welding was performed on a 250kVA, air
operated, pedestal type, single-phase AC spot welding
machine using RWMA Class 2 (Cu-Cr-Zr) domed-flat
type (B-nose) female electrodes. Figure 1 shows a
schematic sectional drawing of the electrode shape [15].
The TiC coated electrodes used in this study were
identical in geometry and composition to the uncoated



electrode except for the addition of the TiC metal matrix
composite approximately 20-40um in thickness on the
electrode face surface. The coating covers the flat area
as well as the surrounding domed area of the electrode
face. The TiC coating composition is shown in Table 1.

The coated matrix is composed mainly of Ni with some
Mo, W and Cu introduced from the electrode base
material mixing [14]. The Ti shown in Table 1 is in the
form of TiC ceramic particles held in the metal matrix.
The coating material in the form of a sintered rod was
applied to the surface of the electrode using electro-
spark deposition. Measured hardness (HVy) of the
coating rod, coated layer, and base electrode were found
to be 2250, 980, and 174 respectively [14].
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Figure 1: FB-25 Electrode Schematic Diagram. All dimensions in
mm. (Imm = 0.039in)

Ti Ni Mo W Cu

TiC Coated | 59.3 22.4 13.13 | 1.02 | 4.14

Layer
Table 1: Coated Electrode Coating Composition as measured by
EDS

The welding schedules for both electrodes are given in
Table 2. Weld parameters were taken from the
suggested practice of tip life tests given by the AWS
D8.9-97 [21]. Weld currents for each electrode were
determined as the expulsion current minus 200A
specified in the AWS. Welding currents used yielded an
initial button size of 5mm (6\t). No cleaning of the
electrode face was performed prior to welding. The HDG

steel sheets were hand wiped with paper towel prior to
welding to remove excess mill oils and loose debris.
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Table 2: Welding Schedules determined by AWS Standards [21] for
Testing Electrodes

Weld peel button size was used as an indication of weld
nugget size and was determined by peel testing (Figure
2) of weld samples and measurement of the pulled-out
button. Cross sections of the welds were observed by
optical microscopy.
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Figure 2: Peel Test Schematic



3 RESULTS
3.1 WELD CURRENT STUDY

Weld current ranges were determined for both coated
and uncoated electrodes. Weld time was held at 13
cycles (217ms) for both electrode types and weld current
was increased at 200A intervals until interfacial fusion,
MWS, and expulsion conditions were reached.
Simulations of the welds were also performed at the
same weld current intervals which yielded predicted weld
nugget sizes. Table 3 show the actual and predicted
current tests results for both electrode types. For both
actual and predicted weld sizes, the coated electrode
was able to cause fusion of the sheets, and reach the
minimum weld size at a lower current than the uncoated
electrode. The ability of the coated electrode to form
acceptable welds at lower currents indicated its improved
weldability over the uncoated electrode. The increased
range of weld current over which the coated electrode
was able to form welds was also indicative of its superior
weldability. The usable weld current range was 1400A
for the coated electrode in weld trials, compared to the
800A for the uncoated electrode. As the simulation was
not able to predict expulsion, expulsion was assumed to
have occurred when the nugget size reached 6.5mm.
Predicted current ranges were then 2600A and 1600A
for the coated and uncoated electrodes respectively.
Although the predicted values are slightly larger than the
actual values found by welding trials, the trend of the
coated electrode having a larger current range as well as
forming MWS at lower current remains common.

6.45
(Expulsio
11400 n) 6.25 6.1
11600 6.4 6.2
11800 6.43 6.5
12000 6.5 6.7

Weld
Current Welding Trial Simulation Results
at 13 Button Size / Joint Button Size / Joint
Cycles Condition Condition
Coated | Uncoated | Coated | Uncoated
(A) Electrode | Electrode | Electrode | Electrode
8800 0 0 0 0
9000 0 0 2.6 0
9200 0 0 3.6 0
Interfacial 4.1
9400 Failure 0 (MWS) 0
9600 3.1 0 4.5 0
4.2
9800 (MWS) 0 4.7 0
10000 4.84 0 4.9 2.9
Interfacial 4.1
10200 5.6 Failure 5.1 (MWS)
10400 5.8 3.6 5.49 4.4
4.5
10600 6.16 (MWS) 5.55 4.9
10800 6.2 5.57 5.8 5.3
11000 6.4 5.8 5.9 5.6
6.5
(Expulsio
11200 n) 6.3 6.1 5.8

Table 3: Weld Current Test Results at 13 cycle Weld Time on 1.0mm
Steel

3.2 WELD TIME STUDY

It was seen in previous trials that the coated electrodes
would require less weld current to produce satisfactory
nuggets. In an effort to determine if the processes for
nugget formation were different for coated and uncoated
electrodes, weld time was set to terminate the weld
current before the completion of the weld sequence to
freeze the weld at each cycle of the sequence. Table 4
shows the weld time required to achieve fusion of the
steel, form a weld that meets minimum weld size, and
cause expulsion while holding weld current at 10500A.
Simulation of the weld at 10500A was also conducted
and produced graphs of the melted volume of steel for
both uncoated and coated electrode situations shown in
Figures 3 and 4. Both electrodes under the same weld
schedule were also observed to have melted the zinc
coating at the faying interface after 2 cycles (33ms) of
weld current. The large difference in character was the
number of cycles required to achieve fusion of the
worksheets. Almost double the weld time was required
for the uncoated electrode at 13 cycles (217ms)
compared to the 7 cycles (117ms) for the coated
electrode. Predicted melting time for the base metals
was estimated for a melted volume above 4mm°® to
account for the molten zinc volume. Predicted time was
approximately 200 and 140ms for uncoated and coated
electrodes. Both predicted and welding results show that
the uncoated electrode required longer welding times to
achieve the same nugget size as the coated electrode
under identical welding parameters.

Minimum weld sizes were achieved at 10 and 14 cycles
(167 and 233ms) for the coated and uncoated electrodes
respectively. Expulsion occurred at 15 and 17 cycles
(250 and 283ms) for the coated and uncoated electrodes
respectively.  The number of weld current cycles
between the fusion point and the expulsion point can
give an indication of the weldability of the electrode. The
coated electrode was able to form welds between 7 and
15 cycles (117 and 250ms) yielding an 8 cycle (133ms)
range. The uncoated electrode time range was only
from 13 to 17 cycles (217 to 283ms), half that of the
coated electrode.

Weld Time Button Size / Joint Condition
Coated Uncoated
(ms) (cycles) | Electrode Electrode




33 2 0.00 0.00
50 3 0.00 0.00
67 4 0.00 0.00
83 5 0.00 0.00
100 6 0.00 0.00
117 7 2.41 1.00
133 8 3.80 3.08
150 9 4.11 4.02
167 10 4.55 4.50
183 11 5.25 5.20
200 12 5.28 5.14
217 13 5.52 5.48
233 14 Expulsion 5.61
250 15 Expulsion 5.56
267 16 Expulsion Expulsion

Table 5: Weld Time Test Results for 0.7mm steel

17 1 0 0

33 2 0 0

50 3 0 0

67 4 0 0

83 5 0 0

100 6 0 0

Interfacial

117 7 Failure 0

133 8 3.46 0

150 9 3.74 0

167 10 4.7 (MWS) 0

183 11 5.09 0

200 12 5.2 0

Interfacial
217 13 5.6 Failure
233 14 6.15 4 (MWS)
6.53

250 15 (Expulsion) 5.2

267 16 6.46
6.6

283 17 (Expulsion)

Table 4: Weld Time Test Results at 10500A Weld Current

A similar study conducted previously on 0.7mm HDG
steel also shows the trend of the coated electrode being
able to form nuggets sooner than a traditional uncoated
electrode [24]. Table 5 shows the development of a weld
nugget as weld time is increased in increments of one
cycle while other weld parameters are held constant.
The nominal weld size of 4.5mm was reached at 10
cycles for both coated and uncoated electrodes; however
the weld currents for both electrodes were not the same.
The weld current was set at 9200A for the uncoated
electrodes while the coated electrode weld current was
set at 8500A. These weld currents were established by
finding the current windows at 10 cycles of weld time. It
is clear that the coated electrode requires less heat input
to form the same size weld. The expulsion limit shown in
Table 5 also shows the coated electrode to be able to
form welds up to 15 cycles of weld time at the 8500A,
whereas the uncoated electrode is limited to 13 cycles
before the onset of expulsion.

Peel Button Size ( nominal
Weld Time diameter, mm)
Uncoated Coated
(ms) cycles Electrode Electrode
17 1 0.00 0.00
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Figure 3: Predicted melted volume of metal for uncoated electrode

weld at 10500A
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Figure 4: Predicted melted volume of metal for coated electrode weld
at 10500A

4 METALLURGICAL STUDY

Cross sectioning of a weld stopped at 7 cycles (117ms)
of current using uncoated electrodes is shown in Figure
5. At this point, the weld area showed a slight heat
affected zone at the faying interface outlined in a) of the
figure. The higher magnification view in b) shows the
change in microstructure with no evidence of melting or
fusion between the steel sheets. Grain size has
increased due to the heating however no solidification
structure is evident.

Figure 6 shows the simulated uncoated electrode weld at
150ms (2 cycles of squeeze plus 7cycles of weld). The
heating pattern of the figure very closely matches what
was seen in the cross section. The solid line at the
faying interface represents the molten zinc layer, while
the heating profile is clearly present without any melting
indicated by the dark solid colour.

b)

Figure 5: Uncoated electrode weld sheet after 7 cycles (117ms) of
weld current at 10500A. Region A shown in high magnification in b).
The top surface is the faying interface.
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Figure 6: Simulation of uncoated electrdde weld at 150ms and 10500A

As shown in Table 4, the uncoated electrode required
almost double the weld time to melt the steel at the
faying interface. Under the same conditions, the steel
sheet welded with the coated electrode is shown in
Figure 7. A clear heat affected zone has progressed
through the thickness of the sheet and evidence of
melting was present at the faying interface. Peel testing
had shown that a weld nugget had formed and the
sheets had fused and then fractured along the faying
interface. Simulation of the weld shown in Figure 8 also
suggests that a nugget was formed yet was not large
enough to cause a pullout button upon peeling. The
higher magnification view in b) clearly shows the
solidification microstructure as well as the fracture
region. Under similar weld conditions and weld



parameters, the coated electrode was able to produce
fusic n where the uncoated electrode was not.

Figure 7: Coated electrode weld at 7cycles (117ms) of weld
current at 10500A. Region A shown in high magnification in b). The
top surface is the faying interface.
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Figure 8: Simulation of coétéd electrode weld at 150ms and 10500A

Figure 9 shows the welds at 14 cycles (233ms) of
current. At this point, both coated and uncoated
electrodes were able to form welds. The uncoated weld
in a) shows the button measured as 4.0mm. The fusion
nugget penetration was approximately 30% as shown on
the figure. The coated weld shown in b) displayed a
much larger nugget with a measured button of 6.15mm.

The penetration of this nugget was approximately 60%,
double that of the uncoated electrode. Again, the coated
electrode displayed the ability to produce larger welds
under the same welding parameters.

Simulation results for the welds at 14 cycles of weld
current are displayed in Figures 10 and 11. Approximate
weld sizes for the predicted welds are 4.9mm and
5.55mm for uncoated and coated electrode welds
respectively.

;wn un —

b)
Figure 9: Weld cross sections at 14 cycles (233ms) of weld current
after peel testing. a) uncoated, b) coated.
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- resistance at the electrode-work (EW) interface for both
uncoated and coated electrodes as shown in Figures 13

and 14.

The EW interface resistance is initially 14pohms and
6.5uohms for coated and uncoated electrodes
respectively. As the weld current is applied, both curves
show an increase in the interface resistance as
expected. The coated electrode resistance reaches a

much higher peak at 34.8uohms than the 15.1uohms of
the uncoated electrode. The doubling of the resistance
with the addition of the electrode coating clearly affects
the heat generated at the interface. The resultant
increase in the size of the nugget however may not have
been due to the increased heat generation alone. The
rate of heat extraction from the faying interface is also
important in determining the size and shape of the final
weld.
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Figure 11: Simulation of coated Weld at 260ms and 10500A

Welding and simulation results consistently indicate that
the coated electrode is able to form larger nuggets than

the uncoated electrodes under the same welding R .
parameters. The reason for this phenomenon can be IRt
due to either an increase in the heat generation or a
decrease in the heat lost to the system or a combination
of both.
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5.1 ELECTRODE COOLING RATE

Full development of the weld nugget may be restricted by
the extraction of heat through the electrodes. Although
the resistance at the interfaces has shifted due to the
presence of zinc, the thermal gradient across the weld
parallel to the electrode axis to the electrode may still be
rather small. To approximate the speed of propagation
of a transient thermal wave into a body from the surface
from which that heat was generated, the basic solution
for the standard one-dimensional transient thermal
diffusion equation may be of use. Although heat is
generated throughout the material and is able to travel in
three-dimensions, the simple one-dimensional model
can provide insight into the relative speed of a heat wave
travelling through the thickness of the sheet. Consider
the case of a semi-infinite body initially at temperature T,
which has one of its surfaces suddenly heated/cooled to
a new temperature T, at time t = 0. The solution
(transient temperature inside the body as a function of
time and the distance x from the surface that was
heated) is given by [22]:

T-T. X

7-'1 _Tz 2‘\] ot

where erf is the integral of the Gauss curve, and o is
thermal diffusivity (m?/s). Since erf(1.0) = 0.84, the

position in space-time where (x/2\/a)=1.0can

approximate the front edge of a thermal wave moving
through the body. This would mean that the time taken
for a thermal wave to propagate through a thickness x of

a material is of the order of ¢ = (x’ /4a). Using thermal

diffusivities for Fe and Cu (22.1 and 118 x10°m?s
respectively [23]), to approximate that of the RSW
system, a transient thermal wave will travel through
0.297 and 0.687mm respectively in 1ms. With weld
cycle times on the order of 182ms (11 cycles), it is clear
that the thermal gradient across the sheet thickness is
very small. This simple model has demonstrated that
the heat generated at the faying interface will travel
through the entire thickness of the sheets before the
weld sequence is over. The effect of heat extraction
through the electrodes may become crucial to the
formation of the weld nugget.

The propagation of a heat wave generated at the faying
interface was able to move very quickly through the
material effectively making the thermal gradient in the
direction parallel to the electrode axis very small. This
makes the rate of heat extraction due to the heat sinking
of the electrodes very critical. The presence of molten
zinc at the electrode-work interface may also play a role
in the thermal circuit of the system. As contact was
improved with the liquid zinc layer, the rate of heat
transfer to the electrodes would increase. To maximize
the efficiency of the RSW process, it is desirable to
generate heat at the faying interface as quickly as
possible and retain it there, localizing the melting and
reducing the negative thermal affects on the workpiece

as well as the weld electrodes. As the thermal diffusivity
of copper is more than triple that of iron at room
temperature [23], it follows that the electrode will sink a
great deal of heat generated reducing the efficiency of
the weld sequence. Figures 15 and 16 show the
simulated effects of electrode cooling for uncoated and
coated electrodes at 250ms into a weld at 10500A. The
EW interface in Fig. 15 clearly shows a region of rapid
cooling where the electrode is in contact with the
worksheets. The interface of the coated weld does not
experience this rapid cooling and is thought to result in
larger nuggets due to more efficient use of the heat
generated.

Close inspection of the heat affected zones of the welds
in Figure 9 revealed a thin layer of unaffected base metal
very close to the electrode-work interface in the uncoated
weld sample. This band of unaffected steel resembled
the footprint of the electrode and was evidently due to
the heat sinking properties of the uncoated electrode.
This distinct band was not present in the coated
electrode weld at the same parameters, suggesting that
the rate of heat extraction was much lower. Water
cooling of the electrodes is necessary to minimize
damage to the electrodes caused by excessive heat, but
may decrease the efficiency of the weld process by
extracting heat needed at the faying interface. The
copper electrodes are very good heat sinks and are able
to pull heat away from the weld zone quickly. With the
lower thermal conductivity coating present at the
electrode workpiece interface, another layer was added
to the thermodynamic system as well as another
interface.  Additionally, the small amount of heat
generated at this interface due to the increased electrical
resistance may also contribute to weld formation. From
the discussion above, it has been shown that the coated
electrode was able to preserve heat generated in the
weld and protects the electrode base material from the
same heat.
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Figure 15: Lower electrode and EW interface cooling rate for
uncoated electrode weld at 250ms at 10500A. Rapid cooling is seen
at the EW interface.




SORPAS (R) Version 6.0 Enserprise Ediion
opyright (C) 1895 2005 by SWANTE!

Figure 16:

C Software and Engineering ApS. All rights reserved

°C/ms

= . 1.208E402

[ 8.846E+01
[ 5614E+01
L 2.382E+01
[--8.502E+00
[--4.082E+01
[--7.315E+01

[--1.055E+02

-1.378E402
-1.701E402
2.024E402

Lower electrode and EW interface cooling rate for

coated electrode weld at 250ms at 10500A. Rapid cooling due to the
electrode contact is not seen as in the uncoated electrode case.

6 CONCLUSIONS

1.

The coated electrode was able to form welds
meeting the minimum weld size requirement at lower
current and time than the uncoated electrodes.
Weldability was increased as seen by a widening
and shifting of the current window.

Simulation of the resistance spot welding of HDG
HSLA steel using both uncoated and coated B-nose
electrodes was shown to agree with the laboratory
tests. Weld size predictions were shifted somewhat
and expulsion was not able to be predicted by the
software but could be assumed when a known
nugget size is reached.

The EW interface resistance of the coated electrode
was shown by simulation to be at least twice that of
the uncoated electrode. This characteristic is very
useful when welding zinc coated steels where the
resistances are very low.

The cooling rate of the uncoated electrodes was
sufficient to cause a cooling artefact in the finished
weld. Simulation revealed a very rapid cooling rate
at the EW interface of the uncoated electrode. With
the electrode coating in place, the rapid cooling was
no longer present and the cooling artefact in the weld
metal was no longer present.
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