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ABSTRACT 
The specified new method for measuring heat input by using average instantaneous power or 
energy was amended into the 2010 ASME Boiler and Pressure Vessel (B&PV) Code Section IX, 
QW-409.1 to accommodate the use of waveform controlled processes. This project evaluates the 
implementation of ASME QW-409.1(c) for advance waveform gas metal arc welding (GMAW) 
deposits, through determining the accuracy of various power meters and power supply output 
(digital displays) as well as determining the consistency of weld deposits between manufacturers 
using identical welding parameters. Three power sources were selected: Designs A, B, and C. 
The power supplies were compared with bead-on-plate (BOP) welds on both 304L stainless steel 
with ER308L wire and on A36 carbon steel with ER70S-6 wire. Wire diameters of 0.035 in. 
(0.889 mm) and 0.045 in. (1.1430 mm) solid wire were used on each base material to produce 
four different material/filler combinations for comparison.  

Initial results with two of the three power supplies tested has shown that the power source 
display (digital readout) and the external monitoring (Fluke meter and data acquisition to a lower 
limit of 7 kHz) were similar for each weld condition. In addition, the welds made with each 
power source and identical weld parameters (travel speed and wire feed speed) had similar cross-
sectional weld geometry. Current test results led to the consensus that the ASME code should 
include a minimum sampling rate in order to obtain accurate average instantaneous power or 
energy measurements for advance waveform power supplies. 

Keywords 
Advance waveform  
Gas metal arc welding (GMAW)  
Heat input 
Instantaneous power 
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1  
INTRODUCTION/BACKGROUND 
The advancement of welding power supply technology has enabled higher precision, accuracy, 
and overall customization of welding processes. Power sources are now capable of responding 
very rapidly to the arc conditions, using proper programming of the power source computer and 
a recent innovation called “waveform shape control technology.” This is especially useful in Gas 
Metal Arc Welding (GMAW) as it makes the process easier to learn while generating a higher 
productivity than power supplies from previous generations. However, these recent 
advancements also require new methods of measuring the heat input, due to the fact that the 
standard voltmeters and ammeters are not capable of accurately measuring the arc energy. Thus, 
a new method of calculating the average instantaneous power with external power meters or 
power supply display panels has been established and updated into the ASME QW409.1 codes. 
This investigation involves determining the consistency of power meters and power supply 
displays to assure accurate measurements when using these new advance waveform power 
supplies for GMAW. Further investigation includes verification that weld deposits made with 
different power supplies can be duplicated according to the established program settings used by 
various power supply manufacturers for specific base materials, shielding gas, wire diameters, 
and filler materials. 

The instantaneous power for this process is the determination of power by using the product of 
current and voltage measurements made at rapid intervals which capture brief changes in the 
welding waveform. The only way to measure arc energy with waveform control of the power 
source is to integrate instantaneous voltage and amperage measurements over time. The 
computer controlled power supplies measure and record the voltage and amperage at the same 
frequency of the computer controlling the voltage and amperage. The instantaneous arc energy 
can then be calculated. 

The heat input for waveform controlled power sources while operating in non-waveform 
controlled mode can be calculated using Equation 1. 
 

 

Equation 1-1 
Heat Input per length (Non-Waveform Controlled) 

The following two equations are the new heat input equations effective for waveform and non-
waveform controlled welding. Equation 2 is the heat input per length formula for instantaneous 
energy measurements in joules (J). 
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Equation 1-2 
Heat Input per Length using Instantaneous Energy 

 

The equation for heat input per length using instantaneous power measurements in joules per 
second (J/s) or Watts (W) is: 

 
Equation 1-3 
Heat Input per length using Instantaneous Power 

As the heat input increases, the impact strength increases and the yield strength decreases. It is 
important to understand this relationship in order to produce welds of the desired strength 
characteristics through proper heat input application. The heat input increase can also be 
determined by the volume of weld metal measured by either an increase in bead size (width x 
thickness) or a decrease in length of the weld bead per unit length of electrode. Variation of heat 
input can greatly affect the weld bead area and properties. Proper heat input is crucial in order to 
promote a weld metal cooling rate that will successfully develop a weld bead of the desired size 
and acceptable mechanical properties. Once the voltage range is specified, the heat input can 
then be adjusted by increasing or decreasing the travel speed. 

The weld bead area and weld metal cooling rate have an important role in determining the metal 
mechanical properties and final microstructure. The weld bead area is inversely related to the 
yield strength in high strength multi-pass welds. A linear relationship is found between yield 
strength and the inverse of the cooling rate. The weld bead area and weld metal cooling rate are 
dependent on the current and travel speed while remaining independent of the arc voltage. 

The variation of heat input amongst the different GMAW power supply manufacturers has been 
evident in the past. New methods of calculating the heat input more accurately on an 
instantaneous level through advanced waveform controlled power supplies provide a higher 
consistency of heat input measurements amongst different manufacturers. This investigation will 
to determine exactly how consistent these power meters and power supply displays are between 
various manufacturers. 
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2  
PROJECT OBJECTIVES 
New possibilities have arisen for power source designers because the voltages and amperages 
can be sensed by waveform shape controlled power supplies at much greater sampling 
frequencies.  Waveform controlled welding is a welding process modification of the voltage and 
current wave shape to control characteristics such as droplet shape, penetration, wetting, bead 
shape, arc energy and transfer mode. There is not a general pulse waveform that can be 
considered optimal for all GMAW pulse applications, but it can be customized to best fit the 
desired characteristics of the application. These characteristics can be controlled with high 
precision because of the ability to rapidly control voltage and amperage. The elevated precision 
allows for greater control of metal transfer across the arc in pulse spray welding, which will be 
observed on a high speed camera for a comparative analysis. Compare welds made by three 
different advance waveform power sources, with the same heat inputs, by analyzing the weld 
dilution, weld bead geometry and heat affected zone.  

The accuracy of various power supply displays and power meters will be evaluated as they 
record energy output from various power supplies. This is done using ER308L and E70S-6 solid 
wires with 0.035-inch and 0.045-inch wire diameter, on 304L stainless steel and mild carbon 
steel base materials in the flat welding position. Optimal GMAW welding parameters will be 
applied and recorded for use in the study. As the energy output is recorded, additional weld 
samples will be manufactured at the identical energy level in terms of joules per inch. A direct 
comparison will be made, while holding all conditions constant, to determine if consistent weld 
deposits are being made between the different power supplies. The bead geometry, dilution, 
voltage, amperage, travel speed, wire feed speed and arc characteristics will all be documented 
for further analysis. 

The scope will include:  

• Utilize high speed photography to assure welding power sources have optimized welding 
parameters for desired material, wire diameters, and deposition rates.   

• Measure heat inputs using several different data acquisition rates to determine the 
instantaneous power measurement and compare their effectiveness related to the power 
supply digital output. 

• Show the importance of sampling frequency through manipulation of the data.  
Determine the minimum frequency of data acquisition. 

• Measure bead profile of weld cross section, to metallographically verify heat input and 
weld dilution consistency between power supplies.    
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3  
EXPERIMENTAL PROCEDURE 
3.1 Welding Process and Setup 
Three power sources were used, and are referred to as Design A, B and C.  Power measurements 
during welding were taken from a Fluke 345 meter, a 7.5 kHz data acquisition system (DAQ) 
and the power source digital display.  There were four different material/filler combinations that 
were used. For each material filler combination, bead on plate welds were performed by each 
power source. The plates used were 0.5-inch thick and circular in shape, so that they could be fit 
into the chucks of the positioned. The welds were executed using a rotating positioner and a 
stationary torch as shown in Figure 3-1. An example of sample plate with completed welds is 
shown in Figure 3-2. A wire feed speed of 250 in/min and travel speed of 15 in/min was used for 
all welds. Welding deposition was captured using a high-speed camera. A summary of the 
welding parameters used is provided in Table 3-1.  Design C tests have not been completed, and 
will be included in the next report out.  

 
Figure 3-1 
Welding Set-up 

 
Figure 3-2 
Finished Welds 
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Table 3-1 
Welding Parameters 

Test No. Machine Wire Diameter 
(in.)/Type 

Machine Settings Volts Amps 

Arc Adj/Util. 
Arc 

Arc Length/ 
Mode 

1.1 Design A 0.035/ER308L N/R 0.3 28 120 

1.2 28 117 

2.1 Design A 0.045/ER308L N/R N/R 30 193 

2.2 30 201 

3.1 Design A 0.045/ER70S-6 4 0.7 23.9 203 

3.2 23.9 203 

4.1 Design A 0.035/ER70S-6 4 0.8 21.7 128 

4.2 21.7 128 

5.1 Design B 0.035/ER70S-6 0.5 12 22.1 124 

5.2 22.1 124 

6.1 Design B 0.045/ER70S-6 1 22 24.6 209 

6.2 24.6 214 

7.1 Design B 0.045/ER308L 1 44 28.8 180 

7.2 28.8 180 

8.1 Design B 0.035/ ER308L 2.5 34 27.2 116 

8.2 27.2 114 

 

3.2 Weld Bead Profile 
All weld samples were cross sectioned and etched to show the weld bead profile. Measurements 
of the bead profiles were obtained using PAX it software. Bead profile measurements were used 
to calculate the dilution.  
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4  
RESULTS AND DISCUSSION 
4.1 Power Measurements 
Table 4-1 contains the average instantaneous power for all of the weld samples as measured by 
the DAQ, Fluke 385 meter, and power source display. The average instantaneous power from the 
DAQ was calculated using equation 4. In the third data column of Table 4-1 are the average 
instantaneous power values for the DAQ with a calibration correction of 0.1541 kJ obtained 
using linear regression. Percent difference was calculated for each power value versus the 
corresponding Fluke value using Equation 5. The last column of Table 4-1 contains absolute 
percent difference for the average Fluke average instantaneous power values between the 
corresponding welds made by the two designs. 

 

Equation 4-1 
Average Instantaneous Power 

 

Equation 4-2 
Percent Difference 
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Table 4-1 
Average Instant Power Measurements 

 DAQ 
(7.0k
Hz) 

Fluke 
(15kHz) 

Design 
A 

Design 
B 

Percent Difference from Fluke Absolute 
Percent 
Differen
ce (By 
Design 
Type) 

Sample ID (kj/s) (kj/s) (kj/s) (kj/s) DAQ Design 
A 

Design 
B 

Fluke 

Design A SS .035 1-1 3.6 3.6 3.6  0.00% 0.00%  2.82% 

Design A SS .035 1-2 3.5 3.6 3.6  2.82% 0.00%  

Design B SS .035 8-1 3.6 3.5  3.5 -2.82%  0.00% 

Design B SS .035 8-2 3.6 3.5  3.5 -2.82%  0.00% 

Design A SS .045 2-1 6.3 6.4 6.2  1.57% 3.17%  8.13% 

Design A SS .045 2-2 6.4 6.4 6.2  0.00% 3.17%  

Design B SS .045 7-1 6.0 5.9  5.8 -1.68%  1.71% 

Design B SS .045 7-2 5.9 5.9  5.8 0.00%  1.71% 

Design A CS .045 3-1 5.8 5.9 5.7  1.71% 3.45%  0.00% 

Design A CS .045 3-2 5.8 5.9 5.7  1.71% 3.45%  

Design B CS .045 6-1 6.0 5.9  5.8 -1.68%  1.71% 

Design B CS .045 6-2 6.1 5.9  6.0 -3.33%  -1.68% 

Design A CS .035 4-1 3.1 3.2 3.1  3.17% 3.17%  1.55% 

Design A CS .035 4-2 3.1 3.2 3.1  3.17% 3.17%  

Design B CS .035 5-1 3.3 3.3  3.3 0.00%   

Design B SS .035 5-2 3.2 3.2  3.2 0.00%   

 

The Fluke 345 meter had the highest published sampling rate and was recently calibrated to 
Fluke manufacturing standards; therefore it was chosen to be the standard by which all other 
values were compared. The Fluke 345 displayed values to the tenth of a kJ. This rounding could 
have resulted to exaggerated differences of .1 kJ. The highest percent difference for the 
manufacturers’ power displays were 3.45% for design A and 1.71% for design B. Both values 
are under an arbitrary 5% that could reflect a significant difference. The highest percent 
difference between the manufacturers’ power sources for corresponding weld parameters is 
8.13%. This difference could be considered an outlier based upon the resulting metallographic  
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comparison of the welds. The actual parameters (amps and volts) based on the specific power 
supply optimal settings for this setup (0.045-in., SS, gas mixture) may not be identical to the 
other power supplies. All other differences between manufactures are under 2.82%. 

The voltage, current and power waveforms for mild carbon steel (A36) Design A and B 0.045-in. 
welding have been plotted and are contained in Figures 4-1 through 4-6. Comparison of these 
plots shows that waveforms can vary significantly from one power source design to the other. 
Data points plotted on the graphs were obtained from the DAQ output.  This can possibly affect 
weld bead shape and is discussed in more detail later. A strong illustration of this can be 
visualized by comparing the voltage plot of Design A with that of Design B.  Design B has a 
much smoother voltage curve while design A has a much choppier voltage curve. It contains a 
large number of mini voltage peaks. 

Differences in the amperage curves between Design B and Design A can be seen quantitatively. 
Design B has a lower peak amperage than Design A. Conversely, Design B has a higher 
background amperage that Design A. This shows that two different waveforms can have 
significantly different shapes but still have the same power output. As discussed later, this has 
the potential to change the shape of the weld bead. Although most of the weld deposits were 
similar between the power source designs.  in the instance sited here they were not. In future 
studies it would be advantageous to study this further. 

 
Figure 4-1 
DAQ Power Measurement for Design B 
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Figure 4-2 
DAQ Voltage Measurement for Design B 

 
Figure 4-3 
DAQ Current Measurement for Design B 
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Figure 4-4 
DAQ Power Measurement for Design A 

 
Figure 4-5 
DAQ Voltage Measurement for Design A 
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Figure 4-6 
DAQ Current Measurement for Design A 

Figure 4-7 is a Power Spectrum Density plot of design B’s run of .045-in. electrode on mild 
carfon steel (A 36). The importance of this plot is to show what frequency most of the power is 
coming from in the complex waveform. The graph is produced by doing a Fourier transform of 
the power wave. The Fourier transform was done with a Matlab program. For this particular run 
most of the power is coming from the constant background voltage and current, pulses at 169.4 
Hz, and a small faction at 337.9 Hz. Nyquist theorm states that the sampling frequency should be 
2x the upper bound frequency components to recreate the waveform. In practice it should be 10x 
to achieve adequate reconstruction of the waveform. Given that there is no significant power 
coming from above 337.9 Hz a sampling rate of 3500Hz should be adequate to reproduce this 
waveform. Matlab data was used to down sample the data obtained from the DAQ at 7 kHz, 
Figure 10. The resulting data is graphed and presented in Figures 4-9, 4-10, and 4-11 for 3500 
Hz, 1750 Hz, and 437 Hz respectively. The 3500 Hz and 1750 Hz show a good reconstruction of 
the wave form as compared to the 7000 Hz waveform plot. The 437 Hz plot shows a great 
amount of aliasing and it is not 2x the 337.9 Hz frequency needed to satisfy the Nyquist theorem. 
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Figure 4-7 
Power Spectrum 

 
Figure 4-8 
Sampling at 7000 Hz. 
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Figure 4-9 
Down Sampling 3500 Hz. 

 
Figure 4-10 
Down sampling to 1750 Hz. 
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Figure 4-11 
Down Sampling to 437.5 Hz. 

4.2 Power and Weld bead Profiles 
The weld bead dilutions, calculated using the method shown in Figure 4-12, are plotted in Figure 
4-13. This plot shows that there was not an appreciable difference between the dilutions from 
different power source designs when similar heat inputs were used. This is despite significant 
variations in the waveform shapes, seen above, from one power source design to the other. 
However, in some instances, the bead shapes varied, despite similar bead areas and dilutions. 

 
 

 
Figure 4-12 
Standard calculation method for dilution. 
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Figure 4-13 
Dilution comparison between wire diameters and material type for each power supply design. 

Figure 4-17 through 4-20 show a comparison between two bead profiles produced by different 
power supplies.  Some minor discrepancies between the geometry of the weld beads was 
observed, as seen in Figure 4-17 which was welded using the Design B power source has a wider 
bead profile with less penetration than the same weld performed using the Design A power 
source. This was not the case for the other weld samples, which had a similar weld profiles with 
the different power supply Designs (A,B), Figure 4-18, 4-19 and 4-20. Given the possibility of 
slight variations in weld bead shape and penetration and thermal profile, it would be prudent for 
the fabricator to still be cautious, despite similar dilutions, when different welding machines are 
utilized.  Additional metallography is planned to verify consistency in the resulting weld profile.  
The differences in the pulsed wave forms of the weld machines may lead to changes in bead 
shape or penetration based on specific attributes utilized to optimize programs for material type, 
shielding gas, and wire diameter.   
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Table 4-2 
Bead Height, Bead Width and Penetration Measurements 

Sample ID Bead Height 
Bead 

Width Penetration 
  mm mm mm 

Design A SS .035 
1-1 1.99 9.37 2.33 

Design A SS .035 
1-2 1.78 9.31 2.39 

Design B SS .035 
8-1 1.76 8.73 2.28 

Design B SS .035 
8-2 1.84 9.05 2.38 

Design A SS .045 
2-1 2.67 12.08 3.95 

Design A SS .045 
2-2 2.5 12.05 3.8 

Design B SS .045 
7-1 2.55 11.35 4.21 

Design B SS .045 
7-2 2.41 11.59 4.27 

Design A CS .045 
3-1 2.93 10.65 3.44 

Design A CS .045 
3-2 2.69 10.67 3.48 

Design B CS .045 
6-1 2.77 11.15 3.72 

Design B CS .045 
6-2 2.45 10.86 3.51 

Design A CS .035 
4-1 2.31 7.52 1.88 

Design A CS .035 
4-2 2.25 7.62 1.92 

Design B CS .035 
5-1 2.17 7.63 1.83 

Design B SS .035 
5-2 2.19 7.85 1.97 
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Figure 4-14 
Bead height comparison between wire diameters and material type for each power supply design. 

 

 
Figure 4-15 
Bead width comparison between wire diameters and material type for each power supply design. 
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Figure 4-16 
Penetration comparison between wire diameters and material type for each power supply design. 

 

 
 (a) (b) 

Figure 4-17 
(a) Design A and (b) Design B with 0.045-in. stainless steel wire. 
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 (a) (b) 

Figure 4-18 
 (a) Design A and (b) Design B with 0.045-in. carbon steel wire. 

 
 (a) (b) 

Figure 4-19 
(a) Design A and (b) Design B with 0.035-in. stainless steel wire. 

 

 
 (a) (b) 

Figure 4-20 
(a) Design A and (b) Design B with 0.035-in. carbon steel wire. 
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5  
CONCLUSIONS 

1. All methods used to measure power produced similar reading and are viable options for 
the measurement of power; the maximum power difference between measurement 
methods was 3.45% for the same welding parameters. 

2. Weld sizes were similar between welds made with different power sources and identical 
weld parameters. 

3. Sampling rate is an important variable in power measurement and it must be sufficiently 
high to produce accurate readings. 
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