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Multiphysics Simulation of In-Service Welding and 
Induction Preheating: Part 2

Part 2 complements the FEM developed in Part 1 by comparing simulated 
welding results with experiments to validate the model
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Abstract

In-service welding simulations were carried 
out using a multiphysics finite element analysis 
(FEA). Calculated data as temperature and thermal 
cycles were validated by comparing them with 
experimental welding results carried out in a carbon 
steel pipe attached to a water loop. Two in-service 
welding cases were tested using the GMAW-P 
process with and without the assistance of induction 
preheating. The molten zone of weld macrographs 
and the simulated models were matched with 
excellent accuracy. The great agreement between 
the simulation and experimental molten zone 
generated a maximum error in the peak temperature 
of 1%, while in the cooling curve, the error was about 
10% at lower temperatures. A higher hardness zone 
appeared in the weld’s toe within the CGHAZ, where 
the maximum induction preheating temperature 
achieved was 90°C with a power of 35 kW. Induction 
preheating reduced the maximum hardness from 
390 HV to 339 HV.
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Introduction
In-service welding is a very important demand in the oil 

and gas industry (Refs. 1–3). This welding technique aims 
to facilitate repairs and connection installations (hot tap-
ping technique), besides mitigating pipeline downtime and 
keeping the system’s operational capacity (Refs. 4–7). In-ser-

vice welding is susceptible to a fast cooling rate due to the 
heat removal provided by the fluid flow inside the pipeline, 
making the weld metal and the heat-affected zone (HAZ) 
prone to the formation of brittle microstructures and defects 
like lack of fusion (Ref. 8). High-hardness microstructures 
like martensite in combination with a considerable amount 
of diffusible hydrogen make the joint susceptible to hydro-
gen-induced cracking (HIC). Boring and Bruce (Ref. 9), and 
Sabapathy et al (Ref. 10) address another concern regarding 
the in-service welding and the presence of high-pressure 
flow which can lead to burnthrough/blowout if the heat input 
is not controlled. 

The procedure qualification for in-service welding involves 
the mounting of complex fluid circulation systems (loop) to 
emulate a severe heat transfer condition as specified in the 
API 1104 Appendix B (Ref. 6). Chaowen and Yong (Ref. 11) and 
Wang et al. (Ref. 12) present three different water loop sys-
tems manufactured to induce forced convection in the part 
wall and create a high heat flux condition. The qualification 
relies on the HAZ and mechanical properties of the welding, 
which are dependent on the thermal cycle and cooling rate 
of the microstructure. For carbon steels, the cooling time is 
typically evaluated at the range between 800°C and 500°C, 
and this time is also known as Δt8-5. Above this range is where 
austenite is transformed into stable phases at lower tempera-
tures, such as martensite, bainite, and ferrite (Refs. 13, 14).

In this context, the welding parameters, material composi-
tion, preheating techniques, and fluid flow conditions are the 
factors that control the thermal dynamics of the procedure 
resulting in a determined final microstructure and welding 
bead. From the process point of view, the parameters such 
as welding current, voltage, welding speed, and heat input 
determine the temperature distribution and thermal cycle 
put in the part. Due to the several factors, parameters, and 
variables present in in-service welding, it is important to 
employ methods for the predictability of results as a func-
tion of certain input parameters. This approach enables an 
understanding of physical phenomena that are difficult to 
measure or test, as well as providing potentially more dynamic 
testing procedures, reducing time and raw material costs.
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Therefore, part 1 of this paper presented the implemen-
tation of a multiphysics model using the finite element 
method (FEM) for in-service welding, besides providing the 
mathematical equations and a discussion on the simulation 
post-processing results. Guest et al. [Ref. 15] applied the FEM 
to simulate the in-service welding and calculate the thermal 
history on a specific point of the microstructure, as well as 
the Δt8-5. Huang et al. (Ref. 16) applied the FEM to simulate 
a very simplified bead-on-pipe condition in which the tem-
perature distribution was estimated based on the welding 
heat input. Alian et al. (Ref. 17) developed a thermo-me-
chanical finite element analysis (FEA) for in-service welding 
aiming to verify the influence of the welding sequence over 
the circumferential distortion and residual stress in the pipe. 
Wang et al. (Ref. 12) created a model to analyze temperature 
distribution and thermal cycles for in-service fillet welding of 
type-B sleeves. The authors proposed a comparison of the 
cooling rate of the welding depending on the convective flux 
of different fluids. Most of the papers in the literature created 
thermal models to analyze the temperature distribution, but 
in all cases, very important variables were simplified. For 
instance, the preheating temperature, welding joint geom-
etry, fluid flow, and the internal heat transfer coefficient (h). 
Nevertheless, this last one is presented as a constant value 
and based on a fully developed flow (completely different 
behavior compared to a reduced pipe length considered in 
welding qualifications). Moreover, a weak correlation between 
the simulated welding thermal cycles and welding molten 
zone with experiments was shown by the authors.

Thus, this paper presents simulation results and validation 
of the multiphysics in-service welding model from part 1, 
comparing post-processing results with experimental data 
(Ref. 18). The innovative use of the GMAW process with pulsed 
current (GMAW-P) as an alternative for circumferential in-ser-
vice welding of type-B sleeves is also discussed. According 
to Dutra et al. (Ref. 19) and Palani and Murugan (Ref. 20) the 
GMAW-P can allow more flexibility in terms of heat input 
to the part, giving a greater parameterization range, con-
trol alternatives, and higher productivity since most of the 
in-service welding is carried out using the Shielded Metal 
Arc Welding (SMAW).

Experimental Procedure

Materials and Equipment

A detailed schematic of the experimental setup was 
explained in part 1 of this research, in which a water loop 
was mounted to emulate the greater heat flux faced in pipe-
lines under operation (Ref. 18). The mock-up was a carbon 
steel pipe API 5L grade B with 2 m in length, 324 mm in 
diameter, and 9.5 mm thick. Its basic microstructure was 
composed of ferrite and perlite and the chemical composition 
is presented in Table 1. The type-B sleeve was manufactured 
using the same material as the pipe and then fitted around 
its circumference. Figure 1 shows the experimental setup 
detailed in the schematic of part 1, the image also details 
the torch’s positioning and the thermocouples attachment 
for temperature monitoring. The filler metal was an AWS ER 
70S-6 of 1.2 mm in diameter with its chemical composition 
also presented in Table 1.

The water flow was set to 380 l/min measured using a 
flowmeter. The water temperature was kept at 20°C. The 
induction preheating coils were set around the pipe and the 
sleeve. Three welding beads were deposited to complete the 
joint following the downhill direction. The welding started 
at 12 o’clock position up to 6 o’clock.

Two conditions were experimentally tested to compare and 
validate the simulation: 1. Circumferential welding without 
induction preheating (coils in mode off); and 2. Circumferen-
tial welding assisted by induction preheating (coils in mode 
on). As also stated in the model setting discussion of part 1, 
the maximum temperature was controlled at 400°C on the 
sleeve, and in the pipe, the temperature hit was 90°C. Due 
to convection heat transfer inside the pipe, the temperature 
on its surface was lower than in the sleeve. The sleeve can 
be considered partially insulated from the pipe due to an 
air gap between both parts making it easier to reach higher 
temperatures.

The induction power source was a Miller Pro Heat 35 kW 
with two flexible copper cables (coils) of 10 mm in diameter. 
The welding was carried out by an anthropomorphic robot, 

Fig. 1 — Experimental setup for automated in-service 
welding of Type-B sleeve.

Fig. 2 — Example of thermography image applied to 
evaluate temperature and Δt8-5 during the tests.
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using the GMAW-P. The process was parametrized in pre-
liminary tests and its parameters are presented in Table 2.

Temperature and thermal cycles were measured during 
the circumferential welding using type-K thermocouples 
attached as near as possible to the arc’s path. Only the ther-
mal cycle with the highest temperature in each one of the 
three welding beads was considered in the FEA compari-
son. Due to cooling characteristics that will be discussed 
in the results section, the Δt8-5 was measured in the weld 
pass’ toe, as pointed out in Fig. 2. Thermography was applied 
according to Fig. 2, in which the image temperature was 
calibrated using the thermocouples attached to the part, 
once the emissivity was assumed constant at the value of 
0,73, which represented more realistic the pipe’s wall tem-
perature although the molten pool’s temperature is below 
the real value due to its reflectivity. The temperature range 
selected in the FLIR SC7200 heat camera was the option 
from 300°C up to 3000°C.

After finishing the welding, the joint was cut and prepared 
for micrographic analysis. The samples were etched using 
Nital 2% using the swabbing technique for 15 s. Each welding 
condition was compared to the simulations developed on 
COMSOL Multiphysics 6.1 by means of the molten zone area, 
the heat-affected zone (HAZ), and the thermal cycles. Micro-
hardness indentations (HV0,2) were carried out to evaluate the 
microstructure using a Leco LM 100AT with a load of 200 g 
and 150 μm of spacing between indentations. Microstructural 
analyses of experimental welds were also performed using 
a Leco Olympus GX50 optical microscope and a continuous 
cooling transformation (CCT) diagram was simulated for 
the API 5L B grade using the software JMatPro 12. The grain 
size of the base material was an input parameter to the CCT 
simulation, which was measured according to ASTM E112 
(Ref. 21) with an average size of 21 μm.

Results and Discussion

Thermal FEA of the Model for In-Service 
Welding

Results and discussion are based on the reduced-scale 
model presented in part 1 of this paper (Ref. 18). Figure 3 
shows the transient evolution of the temperature during the 
preheating up to the regime condition, in which the model 
greatly met the experimental temperature. The sleeve max-
imum temperature is at 400°C right beneath the center of 
the coil. On the pipe wall, the maximum temperature was 
115°C beneath the coil and about 90°C in the joint location.

Figure 4 presents a transient evaluation of circumferential 
welding comparing preheated versus not preheated cases at 
the times of 10 s, 25 s, and 45 s. The condition with preheating 
exhibited a lower temperature gradient due to the higher 
initial condition. The induction heating was kept during the 
whole welding, while its temperature increase can provide 
higher hydrogen diffusion even at regions far from the weld. 
Literature shows that an increase in the part temperature can 
avoid cold cracking due to the mitigation of diffusible hydro-
gen within the welded joint (Refs. 22, 23). Coe (Ref. 24), for 
example, presents that by increasing the part temperature 
to 100°C, the hydrogen diffusivity coefficient increases by 
1000 times compared to a room temperature of 20°C.

Figures 5 and 6 compare the weld macrograph versus the 
simulation (with and without induction heating). Black dashed 
lines in the macrograph represent the contour of the welding 

Table 1 — The Chemical Compositions of the API 5L B Grade and AWS ER 70S-6 Measured Using Spectrometry

Material C Mn Si P S Cr Ni Fe CEIIW

API 5L B 
grade 0.23 0.92 0.05 0.02 0.01 0.02 0.01 Bal. 0.39

AWS ER 
70S-6 0.09 1.14 0.64 0.01 0.01 0.02 0.06 Bal. 0.40

Table 2 — Parameters Applied to the Circumferential 
Weld

Parameters of GMAW-P

Pulse current (Ip) 380 A

Pulse time (tp) 2.7 ms

Background current (Ib) 60 A

Background time (tb) 3.5 ms

Average current (Im) 200 A

Average voltage (Um) 26.0 V

Average power (Pm) 6060 W

Wire feed speed (WFS) 6 m/min

Contact tip to work distance 
(CTWD) 17 mm

Travel speed (Ts) 30 cm/min

Shielding gas Ar + 8%CO2
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metal (molten zone) for each weld bead. The maximum error 
in the molten area was 8.1% (without pre-heating), while for 
the pre-heated condition, the error was 13.2%. Considering 
all three passes, the error in the molten zone was at the aver-
age of 6.2% (without pre-heating) and 10.6% (pre-heated). 
From the double ellipsoid volumetric distribution, shown in 
part 1 of this work, the error reduction can be obtained by a 

combination of more than one heat source followed by the 
adjustment of its dimensions in comparison with the experi-
mental molten zone, as a form of calibration. This method of 
calibration comparing the experimental molten zone with the 
simulated one was also applied by Kik (Ref. 25) and Farias et 
al. (Ref. 26), which addresses the generic simulation of the 
welding process. However, specifically within the simulation 

Fig. 3 — Transient analysis of induction preheating up to the temperature regime and the time of 200 s.

Fig. 4 — Transient temperature analysis of the circumferential welding simulation comparing conditions with 
and without induction preheating.

Fig. 5 — Welding macrograph of GMAW-P without induction preheating and comparison of the molten zone and 
heat-affected zone of experimental results versus simulated welding bead.
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of in-service welding, few works present a comparison of 
the simulated molten zone with the experimental results 
(Refs. 15–17). In comparison with the work by Mondal et al. 
(Ref. 27), which developed a source profile calibration for 
welding simulation, the fit reached in this work showed an 
excellent representation of the experimental molten area 
with relatively low error.

The second comparison index between the model and 
experimental results was the measured thermal cycles. 
Excellent agreement was obtained between thermocou-
ples and the virtual probes in the model. Figure 7 presents 
a comparison of the highest peak temperature measured 
experimentally with the simulations and the distance of the 
thermocouples to the weld bead’s toe measured after its 
deposition (distance in the graph’s captions). The dashed 
lines in Fig. 7 represent an error of ±10% around the tail out 
of the curve. The maximum error verified was about 10% in 
the first bead, but only in a temperature range near 300°C 
where the tail out of the simulated curve touches the dashed 
line. The error in the peak temperature was about 1%.

The temperature gradient (dT/dx) is very high in high-cool-
ing circumstances (hundreds of °C per millimeter), making 
it very difficult to measure high-temperature values without 
burning the thermocouple with the arc during the weld-
ing (if the thermocouple is too near the weld bead’s toe). 

According to the acquired peak temperature, any remaining 
thermocouple measured a value over 800°C complicating 
the straight capture of the Δt8-5. Thus, the simulation can 
be used to extrapolate the cooling curves to higher peak 
temperatures, once the model is calibrated with lower-tem-

Fig. 6 — Welding macrograph of GMAW-P with induction pre-heating and comparison of the molten zone and 
heat-affected zone of experimental results versus simulated welding bead.

Fig. 7 — Comparison of experimentally acquired thermal cycles versus simulated probes at the same distance 
from the welding bead.

Fig. 8 — Simulated cooling curves based on the 
simulated Δt8-5 plotted over the CCT diagram of base 
material.
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Table 3 — Cooling Times Δt8-5 and Cooling Rate Comparing Conditions With and Without Induction Preheating

Δt8-5 (s)

Without Preheating With Induction Preheating

Pass Thermography Simulation
Simulated 

Cooling Rate 
(ºC/s)

Thermography Simulation
Simulated 

Cooling Rate 
(ºC/s)

1 3.8 3.6 83.3 4.1 4.0 75.0

2 3.2 3.2 93.7 5.1 3.6 83.3

3 4.7 4.1 73.1 7.6 6.6 45.5

Fig. 9 — Microhardness maps plotted over macrographs in: A — Condition without induction preheating with a 
maximum hardness of 390 HV; B — condition with 90°C of induction preheating with a maximum hardness of 
339 HV.

A B

Fig. 10 — Microstructural analysis of the high-hardness zone for the condition without induction preheating in: 
A — 200⨉ magnification; B — 1000⨉ magnification.

BA
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perature thermal cycles, cross-section molten zone, and 
temperature distribution.

The greater error verified at lower temperatures in the 
tail-out of thermal cycles (Fig. 7) is related to the cooling rate 
difference between experiments and simulation. The cooling 
rate is a function of the convection heat transfer between 
the pipe wall and the fluid flow, as well as the conduction 
through the pipe and the sleeve. One source of error can arise 
from the physical properties of the materials considered in 
the simulation shown in Part 1 of this paper (Ref. 18). The 
values considered in the model represent the ones identified 
for generic carbon steels and a slight difference in thermal 
conductivity at a specific temperature range, for example, 
can affect the heat diffεεusion and consequently the cool-
ing rate. The chemical composition directly affects physical 
properties. It is quite complex in a model to consider all the 
existing phenomena and variations faced in experimental 
conditions. Other factors that can contribute to the error in 
the cooling rate are effects related to changes in the fluid 
flow profile inside the pipe and changes in its properties as a 
function of the temperature, locally affecting the cooling rate.

To reduce this error in the cooling rate, one alternative 
would be to measure the physical properties of the material 
specifically for the chemical composition used in this work. 
Another approach could be the use of a feedback simulation 
(closed loop) that compares the experimental versus simu-
lated cooling rates and adjusts the material properties until 
the thermal cycles match (a form of calibration). Thus, the 
model’s error could be reduced. Similarly, a different flow 
model than the k-ε could be tested to capture the fluid flow 
movement and the variation of the heat transfer coefficient 
more accurately with temperature, as shown in Part 1 (Ref. 18).

Microstructural Evaluation and 
Microhardness Maps of the In-Service 
Welding

Using thermography, it was possible to measure tempera-
tures higher than the ones measured by thermocouples, right 

on the weld’s toe, enabling the direct measurement of the 
Δt8-5. Table 3 compares the Δt8-5 from thermography with 
thermal cycles extrapolated from simulation. The values are 
very close for both cases considering that the thermography 
has a constant emissivity which can induce an error in the 
temperature. The maximum error for all weld beads was 1 
s in the third pass of preheated case. Corroboration with 
empirical results indicates reliability in the methodology 
and in the model to predict cooling times and temperature 
distribution for in-service welding qualification.

Table 3 shows that the faster cooling rate was measured 
on the second pass’ toe for both conditions. According to 
the welding sequence presented in part 1 of this paper, the 
second pass is deposited right over the pipe wall, getting more 
effect of the forced convection heat flux, and resulting in a 
faster cooling rate. Plotting the shorter simulated Δt8-5 (in the 
second pass of Table 3) over the simulated CCT diagram of 
the base material, its microstructure was estimated in Fig. 8. 
The major area of interest was the coarse grain HAZ (CGHAZ) 
where the heating above the austenitization can transform 
the austenite into martensite upon cooling, according to the 
literature (Ref. 8). The greater the % C available on the base 
metal, the harder the microstructure is due to the higher 
amount of carbon available for martensite formation within 
the grains in the heat-affected zone (Ref. 28). High hardness 
zones can indicate a very brittle microstructure and higher 
susceptibility to HIC. Analyzing the diagram in Fig. 8, a mix 
of ferrite, bainite, and martensite was predicted for both 
conditions (with and without preheating). The preheating at 
90°C reached using 35 kW in the second pass’s toe barely 
changed the cooling rate at high temperatures and the micro-
structure was slightly affected due to the small shift in the 
cooling curve of Fig. 8.

Microhardness maps merged with the welding macro-
graphs indicated high hardness microstructure located in the 
CGHAZ, according to the dashed area in Fig. 9. Even though 
the microstructure of the induction preheated condition was 
like the condition without induction, as pointed out in the 
CCT diagram of Fig. 8, the maximum hardness was lower. The 
hardness peak was reduced from 390 HV to 339 HV using the 

Fig. 11 — Microstructural analysis of the high-hardness zone for the condition with induction preheating in: A — 
200⨉ magnification; B — 1000⨉ magnification.

BA
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induction preheating at 90°C. Such a change in the hardness 
value makes the condition with induction heating accept-
able in standard requirements, according to API 1104 (Ref. 
6), which stipulates a maximum of 350 HV for such carbon 
steel pipes. The hardness reduction suggests that even a 
small increase in the Δt8-5 can enable more time for ferrite 
growth, and consequently a more ductile microstructure.

An analysis of the high hardness area confirmed the pres-
ence of the three main microstructures predicted in the 
CCT diagram, as shown in the optical microscopy images in 
Figs. 10 and 11. Figs. 10A and 11A show the interface between 
the fusion zone and the CGHAZ, in which is possible to verify 
a structure composed of grain boundary ferrite (GBF) and 
martensitic grains. The microstructure is mainly martensitic 
in the middle of the coarser grains (needles-like morphology). 
With the higher magnification in Figs. 10B and 11B, it is also 
verified some fine bainitic structure, which is expected for 
the composition of the base material.

It can also be stated that with different welding parame-
ters than those presented in Table 2 (for example, different 
average current, wire speed, and welding speed), the heat 
input to the pipe would change. For in-service welding, a lower 
heat input would result in faster cooling of the microstructure 
for the same fluid flow, affecting the Δt8-5 and consequently 
increasing the microstructure’s hardness. Lower welding 
energies would also impact the process quality, increasing 
susceptibility to defects such as lack of fusion. On the other 
hand, using a higher heat input would have the opposite effect 
making it easier to obtain a more ductile microstructure. 
However, in practical terms, it would complicate the con-
trol of the molten pool in critical welding positions such as 
vertical and overhead.

Conclusions
This paper was the second and final part of a work 

developed to study a model for in-service welding using a 
multiphysics proposition. Part 2 focused on the temperature 
distribution results of the post-processing and the compari-
son between experimental results with simulated ones. From 
this paper, the following conclusions can be stated:

 ■Calibrating the simulated molten zone based on welding 
macrographs guaranteed excellent agreement between 
simulated thermal cycles, and peak temperature measurements 
with thermocouples. The maximum error in the tail out of the 
thermal cycles was about 10% at lower temperatures, while 
in the peak temperature, the error was about 1%.

 ■ For the in-service welding of type-B sleeves following the 
sequence proposed in this work, the last pass deposited over 
the pipe is the one that faces the faster cooling rate because 
of the forced convection.

 ■ The Δt8-5 was 3.2 s without induction and 3.6 s with 
induction preheating of 90°C, for both cases, the microstructure 
was a mix of ferrite, martensite, and bainite. Thus, this level of 
preheating barely changed the microstructure, even though 
the maximum hardness was reduced from 390 HV to 339 HV 
(meeting standard requirements).

 ■ From a practical standpoint, the use of induction heating 
coupled with the proposed multiphysics simulation has the 
potential to achieve a better approximation between the 

qualification proposed in standards and real repair welds by 
considering the preheating thermal source. On the other hand, 
preheat temperatures higher than 90°C may be necessary 
to adequately control the cooling rate, especially for pipes 
with higher %C, albeit avoiding the risk of pipeline burn 
through/blowout.

 ■ Future publications will explore the mechanical behavior 
of the welded joint, considering the residual stress and 
deformation.
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