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EXECUTIVE SUMMARY

This is the sixth in the series of nine topical reports that detail the research leading to the
development of the optimized welding solutions for X100 line pipe steel. Collectively, these
reports have highlighted the essential welding variables and the methodology for monitoring and
controlling them.

In this report, the essential welding variables are examined in greater detail. Initial identification
of the primary variables was accomplished using a thermal-microstructural model. The outputs
from this model were used in developing a statistical test matrix for welding experiments in
flattened X100 pipe to validate and corroborate the identification of the primary welding
variables. Significant linear models were obtained between the welding variables such as weld
composition, preheat/interpass temperature, True Heat Input, torch configuration and weld
mechanical properties such as yield strength, tensile strength, hardness and charpy toughness and
the 800°C to 500°C cooling times (tgs) in the heat affected zone (HAZ). Results indicated that
the weld composition was the most influential in increasing the weld strength and hardness,
followed by torch configuration, preheat/interpass temperature and True Heat Input, whereby
going from dual to single torch, decreasing preheat/interpass temperatures and decreasing true
heat input increased weld metal strength and hardness. Groove bevel offset was not identified as
a significant factor. Charpy toughness increased with increasing preheat/interpass temperatures
and leaner weld composition. The heat affected zone tgs cooling times increased significantly in
going from single to dual torch configuration, and increasing preheat/interpass temperatures and
true heat input.

Development of the statistically significant models enabled the development of transfer functions
correlating the welding variables to mechanical properties, which enabled the development of
control methodology for the essential welding variables. This methodology utilized the transfer
functions to limit the maximum variation in hardness, yield and tensile strengths to +2% due to
variation in the welding input variables. This enabled definition of the envelope of welding input
variables such as preheat and interpass temperatures, True Heat Input, wire feed speed/travel
speed ratio and contact tip to work distance (CTWD). This control methodology was applied to
actual 5G welding in fabrication shops to simulate field welding of X100 pipe.

Shop welding experience indicated that this control methodology could be implemented in X100
welding, provided True Heat Input is carefully monitored and controlled around the pipe, and the
other variables are controlled within well defined limits. Two different contractors A and B and
two different X-100 pipe grades A and B were utilized in 5G welding experiments in the
fabrication shops. Apart from occasional variation in True Heat Input as a function of clock
position with contractor A, the control methodology was followed quite effectively by both
contractors. In general, the properties obtained with both contractors were quite consistent.
Minor variation of properties was seen with clock position which was a result of the differences
in penetration patterns in the welds as a function of clock position. In summary, successful
application of the control methodology for the essential welding variables was found to reduce
variation in weld mechanical properties around the pipe

Vil
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ABSTRACT

This is the sixth in the series of nine topical reports that detail
the research leading to the development of the optimized
welding solutions for X100 line pipe steel. Collectively, these
reports have highlighted the essential welding variables and
the methodology for monitoring and controlling them.

In this report, the essential welding variables are examined in
greater detail. Initial identification of the primary variables
was accomplished using a thermal-microstructural model.
The outputs from this model were used in developing a
statistical test matrix for welding experiments in flattened
X100 pipe to validate and corroborate the identification of the
primary welding variables. Results indicated that the weld
composition, preheat/interpass temperature, True Heat Input
and torch configuration were primary variables, whereas the
groove bevel offset was not a significant factor. Transfer
functions correlating these variables to mechanical properties
enabled the development of control methodology for the
essential welding variables. This control methodology was
applied to actual 5G welding in fabrication shops to simulate
field welding of X100 pipe.

Field welding experience indicated that this control
methodology could be implemented in X100 welding,
provided True Heat Input is carefully monitored and controlled
around the pipe, and the other variables are controlled within
well defined limits. Successful application of the control
methodology for the essential welding variables was found to
reduce variation in weld mechanical properties around the

pipe.
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1 INTRODUCTION

Earlier work on X100 pipe welding concluded that the weld metal properties with the desired
level of strength and toughness could be achieved with pulsed gas metal arc welding (GMAW-P)
in narrow precision machined grooves [1-6]. However, these properties have been found to be
very dependent on the variation in welding parameters and the interaction of these parameters
with consumable chemical compositions [3, 4]. Welding parameters such as preheat and
interpass temperature, bevel design, torch type (single vs. dual), torch spacing, heat input, power
source type and model, consumable and pipe composition have all been mentioned as essential
variables that need to be closely controlled to obtain the desired weld properties [1-4, 6]. For
example, it had been reported that changing the bevel geometry even with the same welding
consumable could produce significantly different weld properties [7]. In addition, the location of
the test sample in the weld was found to contribute to variation in the measured mechanical
properties [7, 8]. These observations highlight the complexity in understanding the effect of the
welding variables on the properties of X100 girth welds. An approach to simplify the
identification of essential welding variables is needed to increase the feasibility of reliable X100
pipeline deployment for stress based and especially strain based applications. This report covers
the selection and establishment of the essential welding variables and their effect on the weld
mechanical properties.

1.1 Background

The work in this project [9, 10] and earlier studies had established that, in addition to
consumable (or weld) composition and pipe compositions, the cooling rate from 800°C to 500°C
or even 800°C to 400°C has a profound effect on the evolution of microstructure and properties
in the weld metal and the heat affected zone (HAZ). This cooling rate is determined by a host of
different variables such as:

a) Preheat & interpass temperature

b) Heat input (including volts, current, wire feed speed, travel speed, contact tip to work
distance, and type of waveform)

c) Power source type & model

d) Joint design (including groove offset)

e) Torch configuration (single vs. dual)

f) Torch spacing

g) Pass sequence

Of these parameters, heat input is monitored typically as an essential variable because of the
effect it has on the thermal cycle and ultimately the mechanical properties of the weld and the
heat affected zone. Traditional methods of calculating heat input involve the measuring of either
average or root mean square (RMS) voltage and average or RMS current. While not necessarily
accurate, this method produces relatively self-consistent results when the welding process used is
traditional spray GMAW. The results become less consistent and less accurate with pulse modes
due to the rapidly changing output of the machine. True Heat Input has the benefit of rapid
enough measurement to accommodate the speed at which the machine operates. To measure the
True Heat Input for the weld, it is necessary to determine the True Energy™ input into the weld.
True Energy is The Lincoln Electric Company’s technology that involves recording the
instantaneous values of the welding output, sampled at a rate of at least 10kHz (10,000 times per



second), to calculate the total amount of power produced during the entire weld. This value is
then multiplied by the duration of the weld, to calculate the True Energy (J or kJ) for the weld.
Thus, the True Heat Input can be calculated using either of these equations.

True Energy (J)

True Heat Input (J/mm) =
Length of Weld (mm)

or,
True Power (W or J/s) * Time (S)

Length of Weld (mm)
For example, in the first round of 1G welding on X100 pipe, typical differences of 15% - 23%

between True Heat Input and Average Heat Input have been observed as reported previously
[11, 12].

True Heat Input (J/mm) =

In this report, the goal has been to identify the primary from the secondary welding variables that
have an influence on mechanical properties of the weld and HAZ in mechanized GMAW-P
X100 welding.

1.2 Integrated Thermal-Microstructure Model

The first efforts to identify the essential welding variables involved employing an integrated
thermal-microstructural model. Details about the development of this model can be found in
other topical reports [13, 14] and other publications emanating from this work [15, 16]. Inputs
into the model include the groove geometry details, pipe thickness and diameter, shielding gas
composition, consumable diameter, welding process parameters for each pass, such as voltage,
wire feed speed, current, contact tip to work distance, travel speed, number of passes, torch
configuration, and chemical composition of pipe and weld. To simulate the welding process, the
thermal model first took the aforementioned inputs and determined the thermal cycles of all
welding passes in sequence. These thermal cycles were then fed into the microstructure model to
calculate the resulting phase transformations. Subsequently, the final volumetric fractions of
different phases, such as ferrite, pearlite, bainite, and martensite, and local hardness throughout
the weld metal and its HAZ were determined at the end of the simulation. The integrated
thermal-microstructure model can also provide the predicted thermal history at any location in
the weld or HAZ.

This model allows virtual experiments to be conducted by varying the aforementioned welding
variables to identify the primary and secondary drivers that control thermal behavior,
microstructural evolution and ultimately weld and HAZ mechanical behavior.

2 TECHNICAL APPROACH

Significant research has been conducted on development of X100 line pipe and associated
welding technology. Previous work [4-8] suggested that control of welding parameters required
greater precision than for lower strength pipe grades. This work was undertaken to gain a better
understanding of the effect of the essential welding variables on weld quality and properties.
Numerous X100 girth pipe welds including 1G rolled single and dual torch welds, 5G single and
dual torch welds were completed to understand the effect of various welding variables on the
weld and HAZ properties.



One of the major goals of the project was the refinement of numerical models for predicting weld
thermal cycles and properties. Ideally, such models would have the capability to accurately
calculate the thermal cycles and final hardness in both weld metal and HAZ. The data which
would be generated from the full characterization of welding processes, such as welding
parameters, temperature and thermal strain histories and post-welding micro-structural study
from the experimental welds, was crucial for the verification of these models. In order to
generate the necessary data for the model verification and the determination of essential
variables, two rounds of girth welding on X100 pipe were undertaken at CRC-EVANS (CRC),
while the flat-plate welding was completed at Lincoln Electric. The secondary goal for the
project was validation of the final recommendations for essential welding variables and their
verification for field conditions. This work was undertaken at CRC and Serimax under Round 3
X100 Pipe welding.

2.1 Design of Experiment (DOE) - Virtual Simulations

A set of virtual experiment simulations were run using the aforementioned model to provide
identification of essential welding variables and correlations between essential welding variables
and a weld mechanical property such as hardness. Hardness is a fair indicator of the tensile
properties of the weld as was observed in results from the first round of 1G welding (Figure 1),
where it is evident that higher hardness is associated with higher yield stress (YS) and flow stress
(FS) in going from the round tensile bar near the outer diameter of the pipe (OD) to the inner
diameter of the pipe (ID) with the strip tensile bar showing properties in between.

Inputs to the model included the following welding variables:

e Preheat and interpass temperature which was varied from 27°C to 180°C;

e Consumable composition was represented by the carbon equivalent P, which was varied
from 0.25 to 0.33;

e Bevel groove offset distance which was varied from 2.3 mm (0.090 in.) and 2.8 mm
(0.110in.);

e True Heat Input which was varied between 0.35 kJ/mm (9 kJ/in) and 0.71 kJ/mm (18
kJ/in); and

e Torch configuration of single and dual {with 102 mm (4 in.)} spacing torches.
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Figure 1. Correlation between the microhardness across the tensile specimen cross section and its average
value compared to the 0.2% offset yield (YS), flow stress (FS) and tensile strength (TS) observed in 807F 1G
weld from the first round of welding

Groove geometry is illustrated in an earlier report [11]. The number of passes was increased as
the groove offset was increased from 2.3 mm (0.090 in.) to 2.8 mm (0.110 in.) and as the True
Heat Input was decreased from 0.71 kJ/mm (18 kJ/in.) to 0.35 kJ/mm (9 kJ/in). The True Heat
Input estimate was chosen to be 17% higher than the Average Heat Input. The pipe thickness
was fixed at 19.1 mm (0.75 in.) and the pipe composition was also not varied. The gas mixture
was selected to be 85%Ar/15%CO,.

Outputs from the model were:

e Hardness traverse through the centerline of the weld
e 800°C to 500°C cooling times (tss) and 800°C to 400°C cooling times (tgs) the HAZ
adjacent to the 2nd fill pass.

To understand the effects of the different variables, results obtained from the virtual experiments
were analyzed statistically using Design-Expert® Software. To simplify the analysis, the mean
value of the centerline hardness traverse was utilized as the response indicative of mechanical
behavior, because as shown in Figure 1, this value is an indicator of tensile properties. Using
analysis of variance, the significance of the input variables in determining mean centerline
hardness was ascertained. Details of the virtual experiments are listed in the Appendix.

2.2 Design of Experiment - Plate Welding (DOE)

The results of the virtual experiments provide a basis for conducting welding experiments to
experimentally identify the essential variables and validate the predictive capabilities of the
model. The primary and secondary variables identified in the virtual simulations were featured
in instrumented welding experiments on plate. Simulated pipe joints with flattened X100 pipe
material in the flat position were welded using a Fanuc robot coupled with a Power Wave®
455M in a restraining fixture, and voltage, current and HAZ thermal profile were monitored



using high speed data acquisition systems. Twenty-nine simulated pipe joints were welded in the
lab using flattened X100 pipe sections, 19.1 mm (0.75 in.) thick, which was left over from the
first two rounds of pipe welding. Experimental details are reported by Panday and Daniel [11].
The welding variables were chosen based on the predictions of the virtual model. The True Heat
Input range was chosen to encompass the widest range that could be plausibly used in
mechanized mainline field GMAW welding of pipe in the 5G position. The consumable
composition was expanded to include weld metal Pcm values down to 0.21, which is lower than
that employed in the virtual simulations. This is because the weld metal Gleeble simulation
work [9] showed that the hardness response varies considerably among different weld metal
compositions ranging from Pcm of 0.21 to 0.28 for 800°C to 500°C cooling times in the range of
2 to 50 seconds as shown in Figure 2.
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Figure 2. Average Hardness vs. 800°C to 500°C cooling time from the weld metal Gleeble simulation
experiments

The experimental DOE matrix was determined using a d-optimal design methodology using
Design-Expert® software. In d-optimal design, the DOE points are designed to minimize the
variance associated with estimates of the model coefficients of the specified model. In this
instance, the DOE matrix was designed to capture all linear effects and two factor interaction
effects of the following input variables and responses.

The welding input variables were as follows:

e Preheat/Interpass Temperatures selected were 27°C, 100°C, 180°C

e Consumable composition was varied in the range of P, from 0.22 to 0.33 which resulted
in variation in weld metal composition in the range of P¢, from 0.21 to 0.32

e Groove Offset varied in the range of 2.3 - 2.8 mm (0.090 - 0.110 in.)

e True Heat Input was varied in the range of 0.46kJ/mm (11.7 kJ/in.) to 0.92 kJ/mm (23.4
kJ/in.) by varying the WFS/TS ratio and using two different pulse waveforms such as
traditional pulse and a RapidArc® waveform. These provide nominally different values



of True Heat Input, for the same wire feed speed/travel speed ratio, examples of which
are shown in Figure 3. For the entire experimental matrix, the accompanying variation in
True Energy/WFS/TS ratio, which is a measure of heat input per unit weld nugget
volume, was 0.62-0.89.

e Torch configuration investigated were single torch, dual torch with a 102 mm (4 in.)
spacing, and dual torch with a 178 mm (7 in.) spacing

e Gas mixture was fixed at 85%Ar/15%CO,
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Figure 3. Schematic representations of Traditional GMAW-P and RapidArc® waveforms

The responses were:

e Hardness traverse through the centerline of the weld,

e tg5(800-500°C), tgs (800-400°C), tss (800-300°C) HAZ cooling times (measured at 13.4
mm from bottom of the plate in HAZ location of fill pass 2),

e Tensile properties measured with a strip tensile specimen, and

«  Charpy impact toughness over a range of temperatures from 21°C, 0°c, -20°C, -40°C,
-60°C, -80°C & -100°C

The experimental test matrix is illustrated in Appendix 1.

Statistical methods using analysis of variance was used to determine the significance of the
effects of the aforementioned welding input variables on the aforementioned responses.
Analysis of variance was used to determine the significance of both linear and interaction effects
between the input variables on the aforementioned responses. Transfer functions relating the
input variables to the responses were determined and are presented in the results section. These

were used to develop recommendations for control of essential variables, the methodology for
which is presented in the following section.



2.3 Methodology for the Recommendation of Essential Variables

The methodology for the recommendations utilized the transfer functions to limit the maximum
variation in hardness, yield and tensile strengths to +2% due to variation in the welding input
variables. This enabled definition of the envelope of welding input variables such as preheat and
interpass temperatures, True Heat Input, and True Heat Input/WFS/TS ratio, which are defined in
the results section. WFS/TS ratio is a measure of the volume of weld metal per unit length and
needs to be consistent around a nominal value from pass to pass. Otherwise uncontrolled
variation would lead to large changes in the weld nugget size which would lead to differences in
weld penetration and cooling rate resulting in undesirable variation in mechanical properties.
Variation in contact tip to work distance (CTWD) leads to variation in current, which would
cause variation in the heat input for the same WFS. Its control within +3.2 mm (1/8 in.) provides
a feasible approach to reducing the heat input variation. The location of high and low root fitup
or misalignment regions of the pipe was recommended to be at the 12 or 6 clock positions
because it would be easier to deposit additional weld metal in these positions to compensate for
these conditions than at the other clock positions. These recommendations are presented in the
section on control of essential variables.

3 RESULTS AND DISCUSSION
3.1 Virtual Experiments
3.1.1 Weld Metal Hardness Predictions

Virtual experiment simulation results were analyzed in the from of box plots of the weld
centerline microhardness distribution as well as using statistical methods to predict the
dependence of the average weld centerline hardness on the welding variables. Figure 4:
Hardness Distributions from Virtual Simulations depicts the one example of the predicted
distribution of weld centerline hardness from the simulation.

The number associated with the @ symbol represents the average and the number associated with
the ® symbol represents the median. The box represents the interquartile range (from 25% to
75% of the median) of the distribution. As is evident, the mean hardness increases and the
hardness distribution shifts to higher values as the consumable Pcm composition is increased
from 0.25 to 0.33 at both 27°C and 180°C preheat and interpass temperatures at 2.3 mm (0.090
in.) groove offsets. Additionally, at the same Pcm value, increasing the preheat and interpass
temperature and the True Heat Input seemed to lower the mean hardness and the hardness
distribution.
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Results of statistical analysis using Design-Expert are presented in Figure 5 and Figure 6. The
preheat and interpass temperatures and consumable composition are predicted to be the primary
variables that affect weld metal hardness. As the preheat and interpass temperature increased
from 27°C to 180°C and the consumable carbon equivalent Pcm is decreased from 0.33 to 0.25,
the weld hardness decreases quite significantly. The groove offset and the torch configurations
are identified as the secondary variables in their effect on weld hardness. As the groove offset is
increased from 2.3 mm (0.090 in.) to 2.8 mm (0.110 in.) and the torch configuration is increased
from single to dual, the hardness decreases, but the effect is smaller than with the primary
variables. Results of the analysis of variance are presented in the appendix. These effects are
consistent with observations in earlier studies. True Heat Input was not predicted as a significant
factor affecting hardness. This prediction is counter intuitive and not consistent with what has
been observed in earlier studies. There could be a couple of reasons why True Heat Input was
not predicted as a significant variable that affects hardness. One reason could be that even as
the True Heat Input was varied, the True Heat Input/WFS/TS ratio which is a measure of heat
input per unit weld nugget volume is estimated to have not changed significantly in the virtual
experiment as shown in Appendix 1. The other reason could be that the integrated thermal
microstructural model requires refinement of its hardness prediction. This model, however, does
recognize True Heat Input as a significant factor that provides cooling rate predictions that are
closer to experimental results (compared to that based on average heat input) as shown in Figure
7. This is because the true heat input is 15%-23% higher than heat input based on average values
of voltage and current in the pulse programs used in this study [11,12]. In any case, it seems that
the link between the cooling rate and hardness presumably requires more refinement to capture
the effect of True Heat Input on hardness.
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3.1.2 HAZ Cooling Time Predictions

Results of the cooling time predictions are presented in Figure 8 and Figure 9. Preheat and
interpass temperatures and True Heat Input are predicted to be the primary variables that affect
the HAZ tgs cooling times. As these variables are increased, the HAZ tgs cooling times increase
dramatically. The groove offset was identified as a secondary variable in that increasing the
offset caused a smaller increase in the HAZ tgs cooling times. These trends are once again
consistent with what has been observed with earlier experiments.
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Figure 9: Effect of preheat / interpass temperatures and groove offset on HAZ t85 cooling times

3.2 Plate Experiment Results

Statistical analysis of the results indicate that a linear model can be fit between the welding
variables and the responses such as average weld centerline hardness, yield strength, tensile
strength, Charpy impact toughness at -20°C and the HAZ tgs. tss ts3 cooling times.

The welding variables that affect hardness, tensile strength and yield strength are preheat and
interpass temperatures, weld composition, True Heat Input and torch configuration. Groove
offset was not seen to be a controlling variable. The R? of the linear model is 96%, 96% and
86% with hardness, tensile strength and yield strength respectively, indicating a very good fit. In
the statistical analysis, the True Heat Input (Hltg) and the True Heat Input (HI+g)/WFS/TS ratio
are interrelated variables and only one of them can be analyzed at any given time. Since their
effects on the responses were similar, True Heat Input was used in all the statistical analysis in
place of the (Hltg)/WFS/TS ratio for clarity. However, knowing the Hlrg and WFS/TS, this
ratio can be derived at any time for control purposes.

The variables that affect the tgs. tg4, tg3 cooling times in the HAZ are preheat and interpass
temperature, True Heat Input, and torch configuration, whereas groove offset and weld
composition do not have any influence. The predicted R? of the linear model featuring these
responses is about 98% which indicates excellent fit between these variables and the HAZ
cooling times.

The variables that affect the Charpy impact toughness are preheat and interpass temperature,
weld composition and torch configuration, whereas True Heat Input and groove offset are not
seen as significant variables. The predicted R? of the linear model featuring this response is
49%, indicating that a higher degree of scatter is associated with the Charpy toughness
measurement. Transfer functions that correlate the effects of the aforementioned input variables
on the aforementioned responses have been obtained from the statistical analysis, and these are
listed in Table 1. The magnitude of these transfer functions and the resulting trends of the
responses as a functions of the welding input variables are in accordance with fundamental
principles regarding their effects. This has allowed quantification of their effects on narrow gap
X100 welds. The following discussion provides graphical illustration of these effects.
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Figures 10 through 12 illustrate the influence of the welding variables on average weld centerline
hardness. As is evident, the weld composition has the largest influence, followed by preheat and
interpass temperature followed by True Heat Input with the weld hardness increasing with
increasing weld alloy composition represented by Pcm, decreasing preheat and interpass
temperatures and True Heat Input. Also, the hardness drops noticeably when the torch
configuration is changed from a single to a dual torch with 178 mm (7 in.) torch spacing and
decreases further when the spacing between the torches is decreased to 102 mm (4 in.)

Table 1. Transfer Functions from DOE Plate Welds

Torch Configuration- Single Torch

Average Center Line Hardness (VHN) = 166 - 0.23*Preheat/IPT  + 882*Weld Composition (Pcm) - 51*True Heat Input
Yield Strength (MPa) = 444 - 0.65*Preheat/IPT  + 2526*Weld Composition (Pcm) - 217*True Heat Input
Tensile Strength (MPa) = 332 - 0.63*Preheat/IPT  + 3300*Weld Composition (Pcm) - 148*True Heat Input
CVN Toughness @-20°C (J) = 234 + 0.33*Preheat/IPT - 544*Weld Composition (Pcm)
HAZ FP2* Cooling Time Ln(tgs) (S) = -0.96 + 0.005*Preheat/IPT + 2.3*True Heat Input
HAZ FP2* Cooling Time Ln(tgy) (8) = -0.39 + 6.95*Preheat/IPT  + 2.3*True Heat Input
HAZ FP2* Cooling Time Ln(tgz) (S) = 0.34 + 9.66*Preheat/IPT  + 2.2*True Heat Input

Torch Configuration- Dual Torch 178 mm (7") Gap

Average Center Line Hardness (VHN) = 142 - 0.23*Preheat/IPT  + 882*Weld Composition (Pcm) - 51*True Heat Input
Yield Strength (MPa) = 365 - 0.65*Preheat/IPT  + 2526*Weld Composition (Pcm) - 217*True Heat Input
Tensile Strength (MPa) = 244 - 0.63*Preheat/IPT  + 3300*Weld Composition (Pcm) - 148*True Heat Input
CVN Toughness @-20°C (J) = 266 + 0.33*Preheat/IPT - 544*Weld Composition (Pcm)
HAZ FP2* Cooling Time Ln(tgs) (8) = -0.41 + 0.005*Preheat/IPT + 2.3*True Heat Input
HAZ FP2* Cooling Time Ln(tgy) (S) = 0.28 + 6.95*Preheat/IPT  + 2.3*True Heat Input
HAZ FP2* Cooling Time Ln(tgz) (S) = 1.02 + 9.66*Preheat/IPT + 2.2*True Heat Input

Torch Configuration- Dual Torch 100 mm (4") Gap

Average Center Line Hardness (VHN) = 135 - 0.23*Preheat/IPT  + 882*Weld Composition (Pcm) - 51*True Heat Input
Yield Strength (MPa) = 341 - 0.65*Preheat/IPT  + 2526*Weld Composition (Pcm) - 217*True Heat Input
Tensile Strength (MPa) = 211 - 0.63*Preheat/IPT  + 3300*Weld Composition (Pcm) - 148*True Heat Input
CVN Toughness @-20°C (J) = 274 + 0.33*Preheat/IPT - 544*Weld Composition (Pcm)
HAZ FP2* Cooling Time Ln(tgs) (S) = -0.15 + 0.005*Preheat/IPT + 2.3*True Heat Input
HAZ FP2* Cooling Time Ln(tgy) (S) = 0.51 + 6.95*Preheat/IPT + 2.3*True Heat Input
HAZ FP2* Cooling Time Ln(tgs) (s) = 1.14 + 9.66*Preheat/IPT  + 2.2*True Heat Input

*FP2 = Fill Pass 2
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The influence of the welding variables on weld tensile and yield strength is similar in nature to
that observed with the hardness as shown in Figures 13 through 15, and 16 through 18. Weld
composition has the most influence on tensile and yield strengths and followed by preheat and
interpass temperature and True Heat Input. The impact of torch configuration is similar to that
observed with hardness whereby the single torch provides the highest tensile and yield strengths
followed by the dual torch with a 178 mm (7 in.) spacing and the dual torch with a 102 mm (4
in.) spacing.
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Figure 18. Effect of Torch configuration and Weld Composition on Weld Yield Strength

The tgs (800-500°C), tg4 (800-400°C), tgs (800-300°C) HAZ cooling times increase significantly
with increasing preheat and interpass temperature and increasing True Heat Input. The trend of
tss HAZ cooling times with preheat and interpass temperature and true heat input is shown in
Figure 19. The tgs HAZ cooling time increases from 1.5 to 3.5 seconds with an increase in true

17



heat input from 0.46 kJ/mm (11.7 kd/in.) to 0.92 kJ/mm (23..4 kJ/in) at 27°C interpass
temperature, and increases from 1.5 to 2.5 seconds with an increase in interpass temperature
from 27°C to 180°C at 0.46 kJ/mm, but the increase is more dramatic to about 8 seconds with the
cumulative effect of higher heat input (0.92 kJ/mm) and interpass temperature (180°C). This
trend agrees very well with the trend from the thermal model predictions shown earlier in Figure
8. The trends observed with the tg4 and tg3 HAZ cooling times were very similar except the
magnitudes of cooling times were much higher.

The change from a single to a dual torch has a dramatic effect in increasing the tss HAZ cooling
times. The change in torch spacing from a single to dual torch with 102 mm (4 in.) spacing
causes the tgs HAZ cooling time to increase from about 2 seconds at 0.46 kJ/mm to about 12
seconds at 0.92 kJ/mm at 104°C Preheat/Interpass temperature as shown in Figure 20. At higher
preheat and interpass temperatures of 180°C, the tgs HAZ cooling times increased to about 18
seconds at the highest inputs (0.92 kJ/mm). The strong dependence of the HAZ cooling times
with the welding process parameters highlights their potential impact on the transformation
characteristics and subsequent development of mechanical properties in the HAZ.
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Figure 19. Effect of Preheat/Interpass Temperature and True Heat Input on t85 cooling times in the HAZ
near fill pass 2.
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Leaner weld metal compositions and higher preheat and interpass temperatures lead to higher
Charpy toughness as shown in Figure 21. Also, dual torch with 102 mm (4 in.) spacing provides
the highest toughness whereas the single torch provides the least toughness with the dual torch
with the 178 mm (7 in.) spacing providing intermediate values of toughness as shown in Figure
22. The effect of these variables on toughness is understandably exactly opposite of their effect
on strength.
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at -20°C
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Figure 22. Effect of Torch configuration and Weld Composition on Charpy Impact Toughness at -20°C

3.3 Control of Essential Variables

As mentioned in the preceding section on results, development of the statistical models relating
the welding variables to weld properties has enabled the development of transfer functions
shown earlier in Table 1. These transfer functions can now be utilized to determine the control
necessary in the welding process variables to reduce variation in weld mechanical properties.
Also, these transfer functions can be used to generate optimization graphs for desired yield and
tensile strength limits in preheat and interpass temperature vs. True Heat Input space for a given
torch configuration and weld composition. This methodology for procedure control is illustrated
via the example shown in Figure 23, where for a single torch weld with a composition of 0.22
Pcm, the envelope of welding variables is defined for a yield strength range of 795-830 MPa
(115-120 ksi), tensile strength range of 895-940 (130-136 ksi), and a mean weld metal centerline
hardness range of 302-315 VHN. These ranges represent a +2% variation in each of these
properties around their mean value that was mentioned in the Technical Approach section. For a
preheat/interpass temperature of about 100°C, the allowable True Heat Input range is between
0.55 - 0.71 kJ/mm (14 -18 kJ/in), and for 125°C, the allowable True Heat Input range is 0.47 —
0.63 kd/mm (12-16 kJ/in). If the preheat and interpass temperature varies between 100°C and
125°C, then the allowable True Heat Input range decreases to 0.55 — 0.63 kJ/mm (14-16 kJ/in) as
shown by the rectangular block in Figure 23. Keeping the true heat input variation within + 0.08
kJ/mm (+ 2 kJ/in) for a given preheat and interpass temperature would allow the mechanical
property variation to be within + 2% of a nominal value.
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Figure 23. Optimization graph relating yield and tensile strength to preheat/interpass temperatures and
True Heat Input values for a single torch weld with a composition indicated by Pcm=0.22

Using this approach, recommendations for control of the essential variables have been outlined.
These recommended controls were used by contractors to fabricate welds in their facilities under
field welding conditions. They are as follows:

Preheat and interpass temperatures to be maintained at 100°C +15°C -0°C. Temperature
to be measured at 12, 3, 6 and 9 clock positions around the pipe

Wire feed speed (WFS)/Travel Speed (TS) ratio to be maintained as consistent as
possible for all fill passes. For the final fill passes, TS could vary as much as 15% or
WEFS could vary as much as 10% from nominal settings.

Heat input (HI) is to be based on True Energy continuously and maintained at + 0.08
kJ/mm (+2kJ/in) for all fill passes.

HI/(WFS/TS ratio) tolerance of + 0.04 for all passes

Contact tip to work distance to be maintained at + 3.2 mm (+1/8 in.) for all passes.
Groove offset tolerance of + 0.3 mm (+ 0.01 in.)

Preferred location for any high/low root fit up condition should be at 12 or 6 clock
position

3.4 Application of Essential VVariable Control to Field Welding Conditions

To implement essential variable control in field welding, two contractors A and B were selected
to conduct 5G welding on X100 pipe and asked to control the welding process within the
recommended limits for essential welding variables. This welding effort is referred to as the
third round of welding [11]. The pipe selected for the welding was 1067 mm (42 in.) diameter
with 14-15 mm nominal wall thickness. Both single and dual torch girth welds were made on the
pipe. Both contractors used their own power sources, joint geometries, weld schedules, gas
mixtures and torch spacing configurations. In this report, only the single torch welding will be
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discussed. Results of dual torch welding from these initiatives are reported by Rajan and Daniel
[17]. Details of the welding procedures are listed in Table 2.

Table 2. Pipe Welding Procedures Under Field Welding Conditions
Welds made by Contractor A

Torch

Preheat | Int
Weld ID | Pipe | Config | Waveform Gas Tre efc :erpa:; Consumable Con:lxable
uration emp emp
952-D [ A |Single| Pulse | 85%Ar/15%CO, | 100-125 [ 100-125 PT1 0.28
952-F | B |Single| Pulse | 85%Ar/15%CO, | 100-125 | 100-125 PT1 0.28

Welds made by Contractor B

Constant

Weld3 | A |Single 50%Ar/50%CO, | 100-130 | 100-140 PT1 0.28
Voltage

Weld4 | B | single| €™M | 50%Ar/50%CO, | 100-130 | 105-140 PT1 0.28
Voltage

X100 pipes 1067 mm (42 in.) in diameter with 14-15 mm nominal wall thickness from two
different sources identified as Pipe A and Pipe B with different compositions were employed.
Details of the pipe composition and properties are listed in the Appendix.

Measurement of the True Energy for the welds revealed that the difference between True Heat
Input and Average Heat Input with contractor A was 18-22% in the fill passes and about 23% in
the cap passes, whereas with contractor B the difference between them was negligible. This is
reflective of the fact that contractor A used a pulse waveform and contractor B used a constant
voltage process in the globular/shorting mode. These differences highlight the importance of
recording True Energy such that the True Heat Input can be measured irrespective of the nature
of the waveform that will be used. No significant differences were observed in the preheat and
interpass temperatures utilized by the different contractors.

The variation of True Heat Input was analyzed as a function of clock position for each pass as
opposed to just looking at the composite True Heat Input for the pass. This was done because
data from the 5G welds from the second round of welding had indicated that significant variation
in heat input can be encountered in each pass. This is because changes are made to the welding
procedures at the different clock positions as part of conventional practice to control the weld
puddle to provide sound weld metal. Analysis and reporting of the True Heat Input as a function
of clock position allows identification of the extent of this variation, such that tighter control can
be implemented in field practice.

The variation of True Heat Input as a function of clock position with the contractor A, revealed
that there were several instances where the True Heat Input varied more than + 0.08 kJ/mm

(2 kJ/in) around the clock position. One example of such variation is shown in Figure 24 where
the heat input varied from 0.8 kJ/mm (20 kJ/in) to 0.6 kJ/mm (15 kJ/in) in going from the 12 to 3
clock position and then back to 0.8 kJ/mm (20 kJ/in) from 4:30 to 6 clock positions. The
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magnitude of this variation was not consistent from pass to pass even though the contractor used
his own procedures and methods.
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Figure 24. Variation of True Heat Input with clock position, Weld 952-D fill pass 2

Results of the True Heat input values obtained from welds 952-D and 952-F with contractor A
indicating the extent of the variation are shown in Tables 3 and 4. In fill pass 2, the True Heat
Input varied as a function of clock position from 0.77 kJ/mm (20 kJ/in) at 12 clock to 0.6 kJ/mm
(15 kJ/in) at 3 clock and back to 0.84 kJ/mm (21 kJ/in.) at the 6 clock position. In fill pass 3, the
true heat input varies from about 0.63 kJ/mm (16 kJ/in.) at the 12 and 3 clock positions to about
0.77 kJ/mm (20 kJ/in.) at the 6 clock position. At a given clock position, the heat inputs varied
from 0.75 kJ/mm (19 kJ/in.) in fill pass 1 to 0.6-0.62 kJ/mm (15-16 kJ/in.) in fill passes 2 and 3
in the 3 clock position, from 0.76-0.77 kJ/mm (19.5 kJ/in.) in fill pass 1 and 2 to 0.63 kJ/mm (16
kJ/in.) in fill pass 3 at the 12 clock position. In the 6 clock position, the heat input stayed
nominally at 0.77-0.84 kJ/mm (20-21 kJ/in.) in the fill passes.

Table 3. True Heat Input values (kJ/mm) in weld 952-D

Average | Standard
Fill Deviation
Pass 1 Fill Pass
to 3 1to 3
Clock Hot Fill Pass Fill Pass Fill Pass
Position | Pass 1 2 3 Capl | Cap2 | FP1-3 FP1-3
12 o'clock 0.31 0.76 0.77 0.63 0.56 0.61 0.72 0.08
3 o'clock 0.31 0.75 0.60 0.62 0.51 0.50 0.66 0.08
6 o'clock 0.30 0.80 0.84 0.77 0.66 0.61 0.80 0.04
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Table 4. True Heat Input values (kJ/mm) in weld 952-F

Standard
Average -
. Deviation
Fill Pass 1| _.
03 Fill Pass 1
to 3
Clock Position| Hot Pass |Fill Pass 1|Fill Pass 2|Fill Pass 3] Cap 1 Cap 2 FP1-3 FP1-3
12 o'clock 0.31 0.76 0.77 0.76 0.59 0.61 0.77 0.01
3 o'clock 0.31 0.76 0.60 0.61 0.50 0.49 0.66 0.09
6 o'clock 0.30 0.80 0.83 0.77 0.71 0.70 0.80 0.03

With contractor B, most of the variation was in the 12-1 clock position after which the True Heat
Input was in a fairly tight range. Typical example of this is shown in Figure 25. Results of the
True Heat input values obtained from welds 3 and 4 with contractor B are shown in Tables 5 and
6. In this instance, in a given fill pass, the variation around the clock position was much smaller.
In fill pass 1-3, the True Heat Input varied from about 0.56-0.6 kJ/mm (14 - 15 kJ/in.) at the 12
clock position to about 0.46-0.51 kJ/mm (12-13 kJ/in) in the 3 clock position and 0.55 kJ/mm
(14 kJ/in.) in the 6 clock position. In fill pass 4, heat input at the 3 clock position was lowered
to about 0.44 kJ/mm (11 kJ/in.). At a given clock position, the heat input in each pass was
consistent and was around.0.55-0.57 kJ/mm (14-14.5 kJ/in.) at the 12 clock position, 0.44-0.51
kJ/mm (11-13 kJ/in.) at the 3 clock position and 0.55-0.6 kJ/mm (14-15kJ/in.) for weld 3 and
0.49-0.57 kJ/mm (12.4 -14.5 kJ/in.) for weld 4 at the 6 clock position. In general, the heat input
variation in a pass and from pass to pass was much lower than with contractor A.

Small scale tests were conducted in the clock positions of 12-1, 2:30-3:30, and 5-6 clock
positions and these are referred to nominally as 12, 3 and 6 clock positions. Small scale tests
reported here include strip tensile tests and Charpy impact toughness results.

Table 5. True Heat Input values (kJ/in) in weld 3

Stri Average Standard
Clock Hot |Fill Pass|Fill Pass|Fill Pass|Fill Pass P Verag® | Deviation
o Root PassFill| Capl | Cap2 |FillPass| .
Position Pass 1 2 3 4 Fill Pass 1
4 1to4
to 4
12 o'clock | 0.37 | 0.61 0.58 0.61 0.56 0.57 0.46 0.52 0.58 0.03
3o'clock | 0.28 | 0.50 0.49 0.51 0.51 0.44 0.46 0.39 0.43 0.48 0.03
6o'clock | 0.38 | 0.57 0.55 0.57 0.55 0.57 0.59 0.68 0.56 0.01
Table 6. True Heat Input values (kJ/in) in weld 4
Standard
. . . . . : Average -
Clock Root Hot |Fill Pass|Fill Pass|Fill Pass|Fill Pass| Strip Pass Fill canl | can? | Fill Pass Deviation
Position Pass | 1 2 3 | 4 4 P P Fill Pass 1
1t04
to 4
12 o'clock | 0.37 0.61 0.61 0.60 0.59 0.58 0.58 0.52 0.52 0.59 0.01
3oclock | 0.31 0.49 0.49 0.49 0.46 0.44 0.42 0.40 0.47 0.03
6o’clock | 0.39 0.55 0.57 0.56 0.56 0.49 0.68 0.59 0.55 0.04
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Figure 25. Variation of True Heat Input with clock position, Weld #4 Fill Pass 1
3.5 Tensile & Hardness Results

The tensile properties were measured with a strip tensile specimen, details of which are
described by Panday and Daniel [11]. Results obtained from welds made at contractor A are
shown in Figure 26(a) & 27(a) and those made at contractor B are shown in Figure 28(a) and
29(a).

Results indicate that the stress strain curves at the 3 and 6 clock positions are very close, while
the 12 clock position provides lower values in weld 952-D made by contractor A. This is in spite
of the True Heat Input being much lower in the 3 clock position, than the 12:00 or 6:00 clock
position as indicated earlier in Table 3. These results, in general, follow the microhardness
distributions obtained in the three clock positions, an example of which is shown in Figure 26(b)
through 26(d). The microhardness distributions are very similar in the 3 and 6 clock positions
with more softening in the 12 clock position. Despite the higher heat input, the penetration at the
6 clock position is lower than at the 3 or 12 clock positions. This is due to the fact that near the 6
clock position, welding is in an overhead position and weld penetration would be lower than in
the other clock positions. This causes less re-melting of the prior pass, leaving more as-
deposited regions in the weld leading to higher strengths.
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Figure 26. 952-D Stress-Strain Curves and Microhardness Maps (single torch, PT1)

In weld 952-F, the stress strain curves for all three clock positions are right on top of each other
as shown in Figure 27(a). This is in spite of the True Heat Input being much lower in the 3 clock
position, than the 12 or 6 clock positions as illustrated earlier in Table 4. Once again the higher
strengths at the 6 clock position are due to the lower penetration at that position leaving more
high strength as-deposited weld metal as shown in Figure 27(d). The microhardness graphs,
illustrated in Figures 27(b) through 27(d) further show that while 12 and 6 clock positions show
similar hardness distributions, significant softening is observed in the 3 clock position, and this is
not reflected in its stress strain behavior, which seems a little puzzling. The observed correlation
differences could be due to a couple of reasons. There is significant variation in the true heat
input within a pass and from pass to pass in the 12 and 3 clock positions as shown earlier in
Tables 3 and 4. Additionally, the hardness distribution is measured not on the strip tensile
specimen, but on a macro slice next to it. Because it cannot be measured on the strip tensile
specimen before tensile testing, in 5G welds, the microhardness distribution from the macros
slice has to be used as a general trending tool rather than a precise predictor of tensile properties.
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Figure 27. 952-F Stress-Strain Curves and Microhardness Maps (single torch, PT1)
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Figure 28. Weld 3 Stress-Strain Curves and Microhardness Maps (single torch, PT1)

Welds made by contractor B produced tensile properties that are similar at 12 and 3 clock
positions, but produce higher tensile results at 6 clock as shown in Figures 28(a) and 29(a). This
is because in addition to the lower penetration with the 6 clock position, in the case of the welds
made by contractor B, the cap passes in the 6 clock position were not fully aligned with the top
of the groove, resulting in a significant amount of as-deposited region of higher hardness that did
not undergo any softening in the upper portion of the joint, as shown in the microhardness graphs
in Figure 28(d) and 29(d).

The strengths in the other clock positions follow the trends observed in the microhardness
distributions shown in Figures 28(b) through 28(d) and 29(b) through 29D. In general, except
for clock position 6, the tensile properties in the other positions are slightly lower than obtained
with contractor A. This is because the weld metal compositions were slightly leaner in Mn and
Ti than welds made by Contractor A, because of alloy loss due to the higher %CO; in the
shielding gas, as seen in Table 7.
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Figure 29. Weld 4 Stress-Strain Curves and Microhardness Maps (single torch, PT1)

With welds at both contractors, in all cases, the weld metal stress strain curves overmatch the
longitudinal pipe stress strain curves and in most cases the hoop stress strain curves. This
indicates the weld composition provided by PT1 is in a regime where its strength remains high
regardless of the differences in pass sequence and cooling behavior at the different clock
positions around the pipe in these 5G narrow gap welds.

These results are summarized in Figures 30 and 31 where the 0.2% yield strength, flow stress at
1% total strain (1% flow stress) and tensile strengths are plotted against the true heat inputs with
clock positions delineated in them. There is some scatter associated with the reported 0.2% offset
yield strength in welds made by both contractors. This could be an artifact of the process of
testing the strip tensile specimens for the following reasons. The thinner gage cross section area
4.8 mm x 7.9 mm (0.19 in. x 0.31 in.) combined with asymmetrical geometry of the strip tensile
specimen compared to a round specimen can render the test vulnerable to some variation in its
early part in the linear elastic range. Since the 0.2% vyield strength calculation is based on the
slope of the linear elastic portion of the stress strain curve, any testing related variation in this
elastic portion can cause this slope to differ significantly from the elastic modulus. This can
result in variations in the reported yield strength from similar stress strain curves. However, it is
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interesting to see that the flow stress measured at 1% total strain from the stress strain curve is
very consistent and mirrors the variation in tensile strength quite well. At 1% total strain, the
stress strain curve is out of the linear range, and in the steady state plastic portion. The resulting
flow stress is not vulnerable to testing related variation in the elastic range. As a result, for strip
tensile specimens < 5.1 mm (< 0.2 in.) thick and possibly also circular tensile specimens of <5.1
mm (< 0.2 in.) in diameter) small cross sections, the 1% flow stress may be a more consistent
indicator of yield behavior in X100 welds until the testing methodology is refined enough to
eliminate the variations in the elastic range.

In the range of heat inputs utilized in these welds, no general trends are evident between the
strengths and the heat inputs because of the influence of clock position. The highest strengths
obtained with welds made by contractor A are in the 3 and 6 clock positions. The higher
strengths at 3 clock positions are by virtue of the lower heat input, and the higher strengths at the
6 clock position are by virtue of the decreased penetration even at the higher heat input. The
highest strengths obtained with welds made by contractor B are also in the 3 and 6 clock
positions with the 6 clock position providing the highest strength for the reasons mentioned
before. There seems to be more scatter in the results in welds from contractor A compared to
that from contractor B due to the increased variation in True Heat Input with clock position with
the former. These results indicate that in addition to the variables already identified, in 5G
welds, there is an additional variable of clock position which can affect the mechanical
properties of the weld. However, better control of heat input would provide less scatter in
mechanical properties at the different clock positions around the weld.

Analysis of the HAZ softening reveals that there is significant softening as illustrated in Figures
26(b) through 26(d) for weld 952-D (with pipe A), Figures 27(b) through 27(d) for weld 952-F
(with pipe B) made by contractor A, Figures 28(b) through 28(d) for weld 3 (with pipe A) and
Figures 29(b) through 29(d) for weld 4 (with pipe B) made by contractor B. In weld 952-D, for
example, HAZ hardness goes down to values as low as 200-210 VHN in some areas, while most
of the HAZ exhibits hardness values in the 220-260 VHN range. In comparison, the weld metal
hardness is in the 320-370 VHN range in the as-deposited region, and 250-290 VHN in the
reheated region. The hardness distribution in weld 952-F (made with pipe B) was similar. An
example of a transverse hardness traverse at the 12 clock position that highlights these
observations is shown in Figure 32. Similar HAZ hardness distribution was observed in welds
made with Pipe A and B by contractor B and results are shown in Figure 33. No significant
differences were detected in the extent of HAZ softening between Pipe A and Pipe B between
either contractor A or contractor B. This implies that for single torch welding, the differences in
pass sequencing, heat input, preheat and interpass temperatures were not significant enough to
make a difference in the extent of HAZ softening in the aforementioned welds with Pipe A and
Pipe B.

30



True Heat Input (kJ/in)

14.0 15.0 16.0 17.0 18.0 19.0 20.0 21.0 22.0
1040 150
< 970 140 —
e 2
£ 900 130 §
j@)) c
S g
2 830 120 &
o 2
B 760 110 &
[y ()
2 c
5 690 100 S
T o
< 620 90 >
550 80
0.55 . . ) . . ) . 0.87

True Heat Input (kJ/mm)

¢ Weld 952-D 0.2 % Yield Strength A Weld 952-D 1% Flow Stress ® Weld 952-D Tensile Strength
& Weld 952-F 0.2% Yield Strength A Weld 952-F 1% Flow Stress ® Weld 952-F Tensile Strength

Figure 30. 0.2% Offset Yield Strength, 1% Flow Stress and Tensile Strengths vs. True Heat Input —
Contractor A

True Heat Input (kJ/in)

100 106 112 118 124 130 136 142 148 154 160

1040 150
s 970 T
e <
£ 90 130 £
2 5
S 830 120 &
% °
(] —_
T 760 1o 2
5 ;
5 6% 00 S
2 ]
> 620 90 ~
550 80

0.40 0.43 0.45 0.48 0.50 0.53 0.55 0.58 0.60 0.63
True Heat Input ki/mm

¢ Weld 3 0.2% Yield Strength A Weld 3 1% Flow Stress @ Weld 3 Tensile Strength
& Weld 4 0.2% Yield Strength A Weld 4 1% Flow Stress @ Weld 4 Tensile Strength

Figure 31. 0.2% Offset Yield Strength, 1% Flow Stress and Tensile Strengths vs. True Heat Input —
Contractor B



350

330

310

290

270

250

VHN (300g)

230

210

190

170

150
0.0 5.0 10.0 15.0 20.0 25.0

——Hardness Traverse @ 4 mm from Pipe OD surface 952-D
—=—Hardness Traverse @ 5 mm from Pipe OD surface 952-F

Figure 32. Transverse Microhardness of Single Torch Welds 952-D & 952-F @ 12 o’clock - Contractor A

350

330

310

290

270

250

VHN (300g)

230

210

190

170

150
0.0 5.0 10.0 15.0 20.0 25.0

mm

—e—Hardness Traverse @ 8 mm from Pipe OD Weld 3 Pipe A
—#—Hardness Traverse @ 7 mm from Pipe OD Weld 4 Pipe B

Figure 33.Transverse Microhardness Traverse of Single Torch Welds 3 & Weld 4 @ 12 0’clock - Contractor B

32



3.6 Impact Toughness

Charpy toughness at -20°C (represented as an average of three results) for weld metal made by
contractor A was in the range of 145-245 J for pipe A and 165-225 J for pipe B. It seems that as
the True Heat Input is increased, the weld metal Charpy toughness increases as seen in the
dashed trend lines in Figure 34. Interestingly, the highest heat input also happens to be at the 6
clock position which provides high strength in the weld metal; therefore the increase in weld
metal Charpy toughness is not due to a general softening, but presumably due to a higher
toughness as-deposited microstructure with the PT1 consumable. The corresponding HAZ
Charpy toughness values were in the range of 130-285 J for pipe A and 255-270 J for pipe B.
These results are illustrated in Figure 34.

Welds made by contractor B provided corresponding toughness values in the range of 90-120 J
for pipe A and 95-185 J for pipe B as shown in Figure 35. The corresponding HAZ Charpy
toughness values were in the range of 180-250 J for Pipe A and 240-270 J for pipe B. No
general trend of weld metal Charpy toughness is seen with True Heat Input. In general, the weld
metal Charpy toughness at the 6 clock position seems higher than at 12 and 3 clock positions.
This higher toughness also comes with the highest strengths at the 6 clock positions, and, as
mentioned before, the increase in toughness is not due to softening, but presumably due to a
higher toughness as-deposited microstructure with the PT1 consumable.

In general, weld metal and HAZ Charpy toughness values obtained in both welds are quite high,
barring some occasional low values in the HAZ. The lower weld metal Charpy toughness values
from welds made by contractor B are due to the higher % CO; in the shielding gas mixture
resulting in higher oxygen levels in the weld metal. There was no significant difference in HAZ
Charpy toughness as True Heat Input varied in welds made by either contractor. The difference
in HAZ toughness between Pipe A and Pipe B does not seem to be significant.

It seems that in these welds the clock position has an effect on the Charpy toughness, whereby
the 6 clock position provides higher toughness, followed by the 3 clock position and then the 12
clock position. Increasing the True Heat Input does seem to help increase the weld metal Charpy
toughness, but there is an interaction effect with clock position which complicates the analysis.
Details of all chemical compositions and mechanical property results are listed in Tables 7 and 8
respectively.
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Figure 34. Charpy v-notch impact strength as a function of True Heat Input and Clock Position — Contractor
A
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4 CONCLUSIONS

The essential welding variables for X100 welding have been identified using the thermal-
microstructure model. The model provides robust predictions for thermal behavior, however, it
needs refinement as far as the microstructure and hardness predictions are concerned. Further
refinement will increase its effectiveness as a screening tool to identify the primary welding
variables that effect weld hardness in high strength pipe welding.

Plate welding experiments using statistical design of experiments have corroborated the
predictions of the model, providing further insight into the correlations between the primary
variables and mechanical properties of the weld. The primary variables are weld metal
composition, preheat and interpass temperature, True Heat Input, and torch configuration. True
Heat Input, rather than the conventional average heat input, has been demonstrated to be a more
accurate measure of the heat input into the weld, especially with pulse welding waveforms.
Groove offset has not been identified as a significant variable. The correlations between the
primary welding variables and weld mechanical properties can be described very well with linear
models. The associated transfer functions have enabled the determination of control limits for
the welding variables, for a given weld metal composition, to obtain the weld mechanical
properties such as yield and tensile strengths within desired ranges. This has enabled the
development of a control methodology for the essential welding variables.

Implementation of the control methodology for the essential welding variables in field welding
practice is not easy, but is feasible, provided the True Heat Input during welding is monitored
and controlled within the prescribed limits with appropriate instrumentation, and the preheat and
interpass temperature is controlled within the prescribed limits. However, in 5G welding, there
seems to be an effect of clock position on both the strength and the toughness of the welds,
which goes beyond what can be explained by True Heat Input variation alone. This effect of
clock position can provide more variation in the mechanical properties of the weld. However,
following the control methodology to reduce the variation in True Heat Input as a function of
clock position will help in reducing the overall variation in mechanical properties.
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Table 7. Chemical Composition of Single Torch Welds made during Shop Welding to mimic Field Weldin

Weld ID Pg's‘l’tfgn %C | %Mn | %S | %Ti | %Cr | %Mo | W%Ni | %N | %0 | %S | %P | %Cu | %Nb | CEIW | Pem | Cen | Bs | Ms

Welds made by Contractor A

952-D 121008 | 163 049 0.037 0.17 042 13 100040039 0009|0015 018 |0.008 | 0.574 |0.252| 0.379 | 565 | 433

952-D 3 0.084 ] 163 049 0.034 0.17 042 124 10004 [ 0.03710.008)0015) 018 | 0.01 | 0569 |0.250| 0.375 | 568 | 435

952-D 6 0.09 | 167 0.50 0.038 0.16 04 144 10.004 {0.030{ 0008 0.015) 019 [0.012] 0.569 |0.254 | 0.388 | 569 | 433

952 F 12 10086 166 047 0.032 0.29 0.38 127 10.004 ] 0.032]0.008 ] 0.014] 025 |0.006| 0598 |0.259] 0.395 | 559 | 431

952 F 3 0.084 | 163 0.44 0.032 0.29 0.37 124 10007 ]0.0280008) 0014 025 |[0006] 0588 |0.254|0.384 | 564 | 434

952 F 6 0.087 | 167 0.48 0.035 0.8 0.37 1221 0.004 | 0.03 {0.007]0013| 0.25 |0.006| 0594 |0.260 | 0.395 | 561 | 431

Welds made by Contractor B

Weld 3 121008 1.5 0.46 0.029 0.18 043 129 10005 0.052(0007)0015) 021 [0009] 0561 0248|0371 | 574 | 437

Weld 3 3 0083 | 148 0.45 0.027 0.19 0.4 1.36 1 0.005 | 0.051(0.006) 0015 019 |0.007| 0559 |0.245]0.365 | 574 | 437

Weld 3 6 0.094] 150 0.47 0.030 0.19 0.44 137 10005 0.039]0006] 0016 028 |0007] 0581 |0.262) 0401 569 | 431

Weld 4 1210089 148 0.46 0.027 0.24 044 144 10005 0.063]0008) 0014 041 [0004] 059 |0.266]0.398 | 566 | 432

Weld 4 3 0.092] 156 043 0.027 0.8 0.39 131 10.004 | 0.040 [ 0.006 | 0013 | 0.24 |0.006 | 0590 |0.260 | 0.402 | 564 | 431

Weld 4 6 0093 | 1.9 0.46 0.029 0.25 0.42 141 10.004 | 0.049]0.006 | 0.014 | 0.52 |0.004 | 0609 |0.276] 0416 | 564 | 430
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Table 8. Mechanical Properties of Single Torch Welds made during Shop Welding to mimic Field Welding

Flow | Flow
Mean True Mean True
Std Dev of Std Dev of Stress | Stress
Heat Input Heat Input 2% | 0.29 Weld Metal
Clock P Hl for Al i Hl for All 0.2/0 0.2/0 @1%)] @ 19| UTS, | UTS, ed Meta Average| Average| HAZ CVN @ | Average| Average
Weld ID| . |Hlfor All|" " Hicfor All|" " Yield, | Yield, . CVWN@ ,
Position | _. Fill Passes | . Fill Passes | - . Total | Total | ksi | MPa o () | (ft-ls) | -20°C(J) (J) | (ft-lbs)
Fill Passes | Fill Passes ksi | MPa |, . ) -20°C (J)
: kd/in kJ/mm Strain, | Strain,
kJfin kJ/mm :
ksi | MPa
Welds made by Contractor A
952-D | 12 18.2 20 0.72 008 | 107 | 738 | 115 | 789 | 122 | 840 |202|178|171| 183 | 135 [240(89 |61 | 130 | 96
952-D | 3 16.7 20 0.66 008 | 130 | 893 | 131 | 906 | 137 | 944 |145|142|145| 144 | 106 |248|245(264| 253 | 186
952-D | 6 195 10 0.77 004 | 130 | 897 | 134 | 923 | 139 | 960 |229|296|217| 247 | 182 |281(278(293| 284 | 209
B2F | 12 194 0.2 0.77 0.01 07 | 672 | 121 | 834 | 132 | 909 [159|172|163| 165 | 1201 |254|282|271| 269 | 198
952 F 16.7 23 0.66 009 | 119 | 818 | 127 | 874 | 133 | 917 |171(169| - | 170 | 126 |218(279|260| 253 | 186
952 F 20.3 08 080 003 | 114 | 785 | 121 | 832 | 130 | 897 |199|240|233| 224 | 165 |264(251|279| 265 | 195
Welds made by Contractor B
Weld3| 12 148 0.6 0.58 003 | 117 | 805 | 119 | 820 | 125 | 865 |102|108|104| 105 | 77 |243(249(252| 248 | 183
Weld3| 3 12.2 08 0.48 003 | 120 | 832 | 123 | 850 | 128 | 885 | 95| 95| & | %2 68 |168(194|172| 178 | 131
Weld3| 6 143 0.3 0.56 001 | 126 | 867 | 130 | 893 | 137 | 943 |127|123|117| 122 | 90 |233(239|240| 237 | 175
Weld4| 12 15.1 0.3 0.59 001 | 113 | 776 | 124 | 855 | 131 | 901 | 91|100| 98 | 96 7L o|267|271|214| 271 | 200
Weld 4 119 0.7 0.47 003 | 122 | 839 | 125 | 861 | 130 | 897 |113|107| 94| 104 | 77 |236(228(275| 246 | 18
Weld 4 139 08 0.55 003 | 116 | 803 | 134 | 925 | 140 | 965 |226|171|157| 185 | 136 |249(224|251| 241 | 178
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6 APPENDIX1

Virtual Experiment Simulation Matrix

Estimated True
Bevel Total No. of [ WFS/TS Estimated Estimated Estimated Estimated Heat Consumable
Run Preheat/Interp Torch Weld Passes Ratio per | Average Heat | Average Heat | True heat True heat | Input/(WFS/TS) o
Offset/Bevel . . . y iy " " . Composition
No. Angle ass Temp Configuration | Procedure | excluding | pass- All | Input perfill | Input per fill | Input per fill | Input per fill | Ratio for each pPem
9 Root fill passes pass kd/in pass kJ/mm pass kd/in | pass ki/mm fill
pass
1 .090/5 deg bevel 100C/100C Single A 11 13 8 0.31 9 0.35 0.72 0.25
2 .090/5 deg bevel 100C/100C Single B 7 24 15 0.59 18 0.71 0.73 0.25
3 .090/5 deg bevel 180C/180C Single A 11 13 8 0.31 9 0.35 0.72 0.25
4 .090/5 deg bevel 180C/180C Single B 7 24 15 0.59 18 0.71 0.73 0.25
5 .090/5 deg bevel 27C/27C Single A 11 13 8 0.31 9 0.35 0.72 0.25
6 .090/5 deg bevel 27C/27C Single B 7 24 15 0.59 18 0.71 0.73 0.25
7 .110/5 deg bevel 100C/100C Single C 12 13 8 0.31 9 0.35 0.72 0.25
8 .110/5 deg bevel 100C/100C Single D 7 24 15 0.59 18 0.71 0.73 0.25
9 .110/5 deg bevel 180C/180C Single C 12 3 8 0.31 9 0.35 0.72 0.25
10 .110/5 deg bevel 180C/180C Single D 7 24 15 0.59 18 0.71 0.73 0.25
11 .110/5 deg bevel 27C/27C Single C 12 13 8 0.31 9 0.35 0.72 0.25
12 .110/5 deg bevel 27C/27C Single D 7 24 15 0.59 18 0.71 0.73 0.25
13 .090/5 deg bevel 100C/100C Dual E 11 13 8 0.31 9 0.35 0.72 0.25
14 .090/5 deg bevel 100C/100C Dual F 7 24 15 0.59 18 0.71 0.73 0.25
15 .090/5 deg bevel 180C/180C Dual E 11 13 8 0.31 9 0.35 0.72 0.25
16 .090/5 deg bevel 180C/180C Dual F 7 24 15 0.59 18 0.71 0.73 0.25
17 .090/5 deg bevel 27C/27C Dual E 11 13 8 0.31 9 0.35 0.72 0.25
18 .090/5 deg bevel 27C/27C Dual F 7 24 15 0.59 18 0.71 0.73 0.25
19 .110/5 deg bevel 100C/100C Dual G 12 13 8 0.31 9 0.35 0.72 0.25
20 .110/5 deg bevel 100C/100C Dual H 7 24 15 0.59 18 0.71 0.73 0.25
21 .110/5 deg bevel 180C/180C Dual G 12 13 8 0.31 9 0.35 0.72 0.25
22 .110/5 deg bevel 180C/180C Dual H 7 24 15 0.59 18 0.71 0.73 0.25
23 .110/5 deg bevel 27C/l27C Dual G 12 13 8 0.31 9 0.35 0.72 0.25
24 .110/5 deg bevel 27C/l27C Dual H 7 24 15 0.59 18 0.71 0.73 0.25
25 .090/5 deg bevel 27C/l27C Single A 11 13 8 0.31 9 0.35 0.72 0.25
26 .090/5 deg bevel 180C/180 Single B 7 24 15 0.59 18 0.71 0.73 0.25
27 .110/5 deg bevel 27C/l27C Single C 12 13 8 0.31 9 0.35 0.72 0.25
28 .110/5 deg bevel 180C/180 Single D 7 24 15 0.59 18 0.71 0.73 0.25
0.25
29 .090/5 deg bevel 27C/27C Dual E 11 13 8 0.31 9 0.35 0.72 0.25
30 .090/5 deg bevel 180C/180 Dual F 7 24 15 0.59 18 0.71 0.73 0.25
31 .110/5 deg bevel 27C/l27C Dual G 12 13 8 0.31 9 0.35 0.72 0.25
32 .110/5 deg bevel 180C/180 Dual H 7 24 15 0.59 18 0.71 0.73 0.25
33 .090/5 deg bevel 27C/27C Single A 11 13 8 0.31 9 0.35 0.72 0.25
34 .090/5 deg bevel 180C/180 Single B 7 24 15 0.59 18 0.71 0.73 0.25
35 .110/5 deg bevel 27C/J27C Single C 12 13 8 0.31 9 0.35 0.72 0.25
36 .110/5 deg bevel 180C/180 Single D 7 24 15 0.59 18 0.71 0.73 0.25
37 .090/5 deg bevel 27C/27C Dual E 11 13 8 0.31 9 0.35 0.72 0.25
38 .090/5 deg bevel 180C/180 Dual F 7 24 15 0.59 18 0.71 0.73 0.25
39 .110/5 deg bevel 27C/27C Dual G 12 13 8 0.31 9 0.35 0.72 0.25
Virtual Experiment Simulation - Analysis of Variance
Sum of Mean -value
Source df Fvalue | P
Squares Square Prob >F
Model 3307.38 5 661.48 24.99 | <0.0001 |significant
A-Preheat/interpass 1684.75 1 1684.75 63.66 | <0.0001
B-Wire Comp 831.1 1 831.1 31.4 < 0.0001
C-True Energy 1.75 1 1.75 0.066 0.7988
D-Offset 141.37 1 141.37 5.34 0.027
E-Torch Configuration 185.26 1 185.26 7 0.0123
Residual 899.87 34 26.47
Cor Total 4207.25 39
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Factor 1
Preheat/
Interpass
Run  Temp°C
1 180
2 180
3 180
4 180
5 27
6 27
7 180
8 180
9 27
10 104
11 104
12 27
13 27
14 27
15 180
16 27
17 27
18 180
19 180
20 180
21 180
22 104
23 180
24 27
25 180
26 180
27 27
28 180
29 27

Factor 2

Wire
Composition
Pcm
0.22
0.22
0.22
0.22
0.33
0.22
0.22
0.33
0.22
0.33
0.33
0.22
0.28
0.22
0.33
0.33
0.33
0.33
0.28
0.28
0.22
0.22
0.33
0.22
0.33
0.22
0.33
0.22
0.22

Plate Experiments DOE Matrix

Factor 3

Groove
Offset, in

0.11
0.11
0.11
0.11
0.09
0.09
0.09
0.09
0.11
0.11
0.11
0.09
0.09
0.09
0.09
0.09
0.11
0.11
0.11
0.11
0.09
0.09
0.09
0.11
0.11
0.11
0.11
0.1
0.1

Factor 4

True Heat
Input kJ/in

11.7
14.0
21.2
23.1
13.8
12.8
21.3
12
13.8
22
20.7
13.7
22.4
13.7
13
23.2
21.3
23.1
12.8
12.7
221
234
13.1
21.9
23.2
21.7
12.2
13.7
23.3

Factor 4
True
Heat
Input

kdJ/mm
0.46
0.55
0.83
0.91
0.54
0.50
0.84
0.47
0.54
0.87
0.81
0.54
0.88
0.54
0.51
0.91
0.84
0.91
0.50
0.50
0.87
0.92
0.52
0.86
0.91
0.85
0.48
0.54
0.92

Factor 5

Torch
Configuration
Single
Single
Single
Single
Single
Single
Single
Single
Single
Single
Single
Dual 4” Gap
Dual 4” Gap
Dual 4” Gap
Dual 7” Gap
Dual 77 Gap
Dual 4” Gap
Dual 4” Gap
Dual 4” Gap
Dual 4” Gap
Dual 4” Gap
Dual 7” Gap
Dual 7” Gap
Dual 77 Gap
Dual 77 Gap
Dual 77 Gap
Dual 77 Gap
Dual 7” Gap
Dual 4” Gap

True Heat
Input/WFS-
TS ratio*

0.62
0.73
0.81
0.88
0.72
0.67
0.81
0.63
0.72
0.84
0.79
0.72
0.85
0.72
0.68
0.88
0.81
0.88
0.67
0.67
0.84
0.89
0.68
0.83
0.88
0.83
0.64
0.72
0.89

*True Heat Input/WFS/TS ratio is provided for information only, to show its variation with the
change in True Heat Input brought about by the changes in the WFS/TS ratio and waveform. It
was not used in the statistical analysis as an independent input variable; rather True Heat Input
itself was used as the input variable for the purpose of clarity.

Chemical Compositions of Pipe Used For Field Welding Conditions

% | %Mn | %Si %Ti | %Cr | %Mo [ %Ni %S %P %Al | %Cu | %Nb
PipeA | 006 | 190 | 032 | 0017 | 004 | 023 | 023 | 0003 | 0012 | 0038 [ 0240 | 0.040
PipeB | 005 | 197 | 018 | 0012 | 05 | 010 | 045 | <0.003 | 0.008 | 0016 | 0480 | 0.021
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7 APPENDIX 2
Measurement Of Essential Welding VVariables

Accurate and complete data collection during the welding operation is essential for proper
control of the essential welding variables such that consistent mechanical properties are obtained.
Accordingly, all welding operations for this project must be preformed according to the
following guidelines

Average Voltage, Average Amperage, and Heat Input

On the surface, the required electrical welding data (voltage, amperage, and heat input) may not
seem to be anything out of the ordinary but special considerations need to be followed. They are
important because the data needs to accurately reflect the conditions at the arc.

Voltage Measurement (and Welding Voltage Control)

All the welding cables and cable connections have resistances that produce voltages as current
flows through them. These voltage drops do not represent the conditions at the arc (the actual
arc voltage) and must not be included in the voltage measurement. By locating the voltage
measurement points near the arc, the cable/connection voltages will not be included in the
measurement:

e Positive voltage measurement point should be at the same location where the welding
torch and the electrode cable are connected. This is typically a brass connection block on
the wire feeder. The measurement point should NOT be the electrode connection on the
welding power source.

e Negative, or ground, voltage measurement point should be directly on the work piece.
The measurement point should NOT be the work connection on the welding power
source.

It is also preferred to exclude the cable/connection voltages from the welding control. If the
welding power source is capable of using remote voltage sense leads, the voltage sense leads
should be connected to the same locations as mentioned above. Most pulse welding power
sources already have electrode voltage sensing built into the wire feeder. All Power Wave power
sources from Lincoln Electric have remote voltage sensing capabilities.

Amperage Measurement

The amperage measurement is more straightforward because the current can be measured on
the electrode or work cable without special considerations. However, the measurement device
for the amperage must have an adequate frequency range as described in the next section. Most
“clamp- on” style ammeters have a frequency range starting at 0 Hz (DC) to 15 Hz and
extending up to at least 1 kHz or 2 kHz;

If constant voltage power sources are used, conventional calculations of heat input suffice.
However, if pulse waveforms are used an accurate calculation of heat input can only be found
by using one of the equations below. The fundamental change with the pulse waveform
calculations is to include True Energy, or True Power, that must be found from instantaneous
power measurements using one of the following equations:
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True Energy (J)
Length of Weld (mm)

True Heat Input (J/mm) =

True Power (W or J/s)* Time (s)

True Heat Input (J/mm) =
Length of Weld (mm)

Instantaneous power measurements at a rate of 5 kHz to 10 kHz will create an accurate
representation of the conditions occurring in a complex waveform. The product of average
voltage and average amperage, as used in the conventional heat input calculation, does not
accurately represent the conditions occurring in a complex waveform.

The methods available for measuring True Energy or True Power can be divided into two
categories: Commercial Power Meters or Custom Data Acquisition Systems.

Commercial Power Meters

Commercially available power meters that are able to measure True Power with a frequency
range starting 0 Hz (DC) to 15 Hz and extending up to at least 1 kHz or 2 kHz can be purchased.
For example, the following Fluke meters accurately measure the True Power of a complex
welding waveform.

e Fluke 345 Power Quality Clamp Meter
e Fluke 43B Power Quality Analyzer plus a separate current probe. An example of an
acceptable current probe is AEMC MR561 AC/DC Current Probe

When selecting a commercially available power meter it is important to look closely at the
technical specifications. It must be stated that the power meter can measure True Power (NOT
just DC power, kVA, or average power). It must also be stated that the frequency range starts at
0 Hz (DC) to 15 Hz and extends up to at least 1 kHz or 2 kHz. For example, testing was
preformed on an Extech 382068 Clamp -on Power meter but the results were inaccurate
because the frequency range of this meter starts at 45 Hz and only extends up to 500Hz.

Custom Data Acquisition Systems

A custom built data acquisition system can also measure the True Power, along with the
average voltage and amperage, but the system must be designed to operate in a welding
environment where a large amount of electrical noise is present. A custom built data acquisition
system should have a data sampling rate of at least 5 kHz and the calibration accuracy must be
verified. The True Power is then calculated by averaging the instantaneous product of each
voltage and amperage data sample. A pulse welding power source may have the ability to
perform this data acquisition and True Power calculation. All Power Wave power sources from
Lincoln Electric have this capability.

Lincoln Electric has a True Energy meter (data acquisition system) that can be used on any
power source if a commercial power meter or custom data acquisition system is not available.
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Recording the Average Voltage, Average Amperage, and Heat Input
Using a commercial power meter or a custom data acquisition system, the following values must
be recorded during all welding operations on this project.

e Auverage Voltage
e Average Amperage
e True Power

When using a commercial power meter, periodic measurements of these values need to be
recorded as the welding operation is performed, for example, every 15 to 30 seconds. Recording
these values frequently will demonstrate the consistency of the welding operation and highlight
any changes that may occur. A single measurement that is assumed to be the average for the
entire weld is not acceptable. When using a custom data acquisition system, the periodic
measurements will be performed at a minimum rate of 5 kHz, and the resulting data can be
analyzed as needed.
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