International Journal of Environmental Science

Faycal Sotehi, Djebbara Benzerga http://www.iaras.org/iaras/journals/ijes

Fatigue, Repair, and Advanced Modeling in Petrochemical
Infrastructure

FAYCAL SOTEHI, DJEBBARA BENZERGA
LSCMLI, Faculty of Mechanical Engineering
University of Sciences and Technology of Oran Mohamed-Boudiaf USTOMB,
ALGERIA

Abstract: This study critically assesses the limitations of conventional Tungsten Inert Gas (TIG) thermal repair
for fatigue-cracked carbon steel nozzle junctions in petrochemical infrastructure. Advanced coupled
thermomechanical fracture mechanics simulations reveal that TIG welding induces tensile residual stresses
exceeding 300 MPa and embeds refractory tungsten inclusions, which amplify local stresses by over 45% and
nucleate cracks, curtailing repaired service life to under 5.1 years—versus a 20-year baseline. In contrast, an
externally bonded Carbon Fiber Reinforced Polymer (CFRP-Epoxy) patch restores ~50% of baseline structural
capacity by bridging the flaw and redistributing loads, without thermal degradation. We introduce and validate a
hybrid repair protocol: initial TIG sealing followed by CFRP reinforcement. This synergistically mitigates
thermal drawbacks, yielding a ~75% service life extension while enhancing corrosion resistance. These findings
redefine fatigue repair paradigms, offering predictive maintenance strategies for high-value energy assets.
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1. Introduction

Fatigue-induced cracking in critical petrochemical
infrastructure, such as distillation column nozzles,
presents a persistent challenge for asset integrity
management [1]. While extensive research has
focused on comparing the efficacy of various repair
methods, a critical gap remains in understanding the
intrinsic limitations of the most conventional
solution: Tungsten Inert Gas (TIG) welding [2], [3].
Commonly deployed for its rapid execution, TIG
repair is a thermal process that inherently alters the
metallurgical state of the component [4]. The intense,
localized heating and subsequent rapid cooling
generate steep thermal gradients, leading to the
development of significant tensile residual stresses
within the already wvulnerable heat-affected zone
(HAZ). These residual stresses, often exceeding the
yield strength of the material, act as a constant driver
for fatigue crack initiation and growth, effectively
undermining the long-term goal of the repair [5].

Beyond residual stresses, a less-discussed yet critical
defect arises from the process itself: the potential
introduction of tungsten inclusions. As the non-
consumable tungsten electrode degrades,
microscopic particles can become entrapped within
the weld metal [5], [6]. These inclusions, acting as
rigid inhomogeneities within the steel matrix, serve
as potent stress concentrators. Under cyclic loading,
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the stark mismatch in mechanical properties between
the tungsten and the surrounding steel can lead to
localized plasticity, void formation, and ultimately,
the initiation of new cracks from these embedded
defects [7]. This phenomenon transforms the repair
zone from a region of restored integrity into a new
site of vulnerability, a critical flaw seldom quantified
in repair planning [8], [9].

This study, therefore, shifts the perspective from a
direct comparison of disparate techniques to a critical
investigation of a standard practice's hidden
liabilities. It posits that the true benchmark for an
advanced repair is not merely the intact structure, but
the flawed outcome of the conventional thermal
repair it seeks to supersede. Through a coupled
numerical framework integrating Finite Element
Analysis (FEA) with advanced material degradation
models, this work uniquely quantifies the dual
detriment of TIG-induced residual stresses and
inclusion-based damage mechanisms. Subsequently,
it evaluates a non-intrusive alternative: unidirectional
Carbon Fiber Reinforced Polymer (CFRP) patching.
The CFRP patch is examined not as a simple
alternative, but as a damage-mitigation strategy
designed to suppress crack-driving forces without
introducing new metallurgical harm [10], [11], [12].
By framing the problem through the lens of defect-
tolerant repair design, this research provides a new
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model-based paradigm for extending the life of
critical infrastructure, moving beyond comparative
analysis to a fundamental reassessment of repair-
induced damage.

2. Theoretical and Numerical

Framework

2.1. Thermomechanical Model for Welding
Residual Stress Analysis

The simulation of the Tungsten Inert Gas (TIG)
welding repair process requires a sequentially
coupled thermomechanical analysis. The first step
involves a transient thermal analysis to determine the
temperature history, which is then applied as a
thermal load in a subsequent structural analysis to
compute the resulting residual stress field.

2.1.1. Transient Heat Conduction with a Moving
Source

The three-dimensional transient heat conduction in

the domain D, is governed by the following partial

differential equation, which accounts for the moving

heat source [13]:

(’)(K 6T)+6<K 6T)+6(K6T)+
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where:

e Tis the temperature (K),

e tistime (s),

e K, Ky, K,are the temperature-dependent
thermal conductivities in the x, y, and z
directions (W m™1K 1),

e pis the density (kg m™3),

e cis the specific heat capacity (J kg 1K™1),

e vis the welding speed (m s™?1),

e Qis the volumetric heat generation rate from
the welding arc (W m™3).

The heat input from the TIG arc is modeled as a
volumetric heat source. The power density is
calculated as:

_nUl
= (2)

where 1) is the arc efficiency (0.85 for GTAW), U is
the voltage (V), I is the current (A), and A4 is the
effective area of the heat source (m?).

ISSN: 2367-8941

International Journal of Environmental Science
http://www.iaras.org/iaras/journals/ijes

2.1.2. Thermo-Elasto-Plastic Constitutive Model
The computed temperature history from the thermal
analysis is mapped as a body load to the structural
analysis. The total strain &;,¢4; is decomposed into
elastic, plastic, and thermal components:

Etotal = Eel T Epl + &n 3)
The thermal strain is given by:
Etn = a(T - Tref)l 4)

where ais the coefficient of thermal expansion
and Ty.¢ is the reference temperature.

This sequentially coupled approach, which involves
the implementation of mathematical modeling: eq (1)
to (4), and theoretical analysis calculations in
numerical Finite Element Analysis (FEA), generates
the locked-in residual stress field o,,.5. This field,
characterized by tensile stresses exceeding 300 MPa
in the Heat-Affected Zone (HAZ) (as shown in Table
1), is the primary output of this analysis and serves as
the initial stress state for subsequent fatigue damage
calculations.

Table 1. The influence of welding parameters on the
residual and maximum stress.

Initial State

Constants:
v=0.005 m/s, n = 0.85 (GTAW), U(tension) =24 V,
k=60.5 W/(m.K), A =40mm?

I (Current) [A] 120 160 200

Heat flux - Welding
MW/’ [13] 122.4 163.2 204

Max residual

stress [MPa] 273.64 291.87 310.09

2.2. Continuum Damage Mechanics Model

for Fatigue Life Prediction
To predict the initiation and evolution of fatigue
damage under cyclic wind loading, a local post-
processing approach based on Continuum Damage
Mechanics (CDM) is employed. This model
calculates the progression of a scalar damage
variable D:

D=1-

try| T

()
where D = 0 represents an undamaged material

and D = D, (a critical value) corresponds to macro-
crack initiation.
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2.2.1. Fundamental

Evolution Law
The framework is based on the concept of effective
stress @, which accounts for the reduction in load-
bearing area due to damage [14]:

gd=0/(1-D) (6)

The total strain, figure 1, is decomposed into thermo-
elastic and plastic parts:

Concepts and Damage

E=Eq t &yt &y (7)
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’ — )
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Fig. 1: Example of a constant amplitude strain block.

For high-cycle fatigue analysis, N < 10*cycles,
the damage evolution law per cycle is derived from
the thermodynamic framework of Lemaitre's model.
The rate of damage growth is governed by the energy
release rate Y and the accumulated plastic strain:

dN (Y) dp > D g
70— \5)an for p>p 3
where:

e Nis the number of cycles,

e pis the accumulated plastic strain,

e pp is the damage threshold (plastic strain at
damage initiation),

e Sis atemperature-dependent material
damage resistance parameter,

e Yis the energy release rate associated with
damage, defined as:

2
O'eqRV

y=-—32V _
2E(1— D)2

9)

In Equation (12), g4 is the von Mises equivalent

stress, £ is Young's modulus, and R,, is the triaxiality
function given by:

Rv=2(1+v)+3(1—2v) (@)2 (10)
3 Oy

where v is Poisson's ratio and oy is the hydrostatic
stress.
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2.2.2. Fatigue Life Calculation

For a stabilized stress-strain cycle under high-cycle
fatigue conditions, the stress amplitude Ao and
plastic strain amplitude Ae, can be considered
constant. Integrating Equation (11) from the initial
state (D =0at N =0) to the critical state (D =
D.at N = Ng) yields the number of cycles to
failure Ng:

N = PD +41551)%6_(%)
R728e, K2 7P

(11)

where K, and M are parameters from the cyclic
Ramberg-Osgood hardening law ( 4g, = (Aa/

K, )UM ). The first term represents the cycles to
initiate damage (p <pp), and the second term
models the damage propagation phase. This
formulation is implemented in the DAMAGE 90
post-processor [15], the workflow of which is
illustrated in Figure 2. The stabilized stress-strain
history from the critical node (e.g., crack tip or
inclusion interface) of the FEA model serves as the
input Ao for this calculation, enabling the prediction
of residual service life in years (as reported in Tables
4 and 5).

2.3. Cohesive Zone Model for Patch-
Substrate Interface
The integrity of the bonded Carbon Fiber Reinforced
Polymer (CFRP) repair is assessed by modeling the
epoxy adhesive interface using a Cohesive Zone
Model (CZM). This model prevents crack
propagation by describing the gradual degradation of
traction between the patch and the substrate as a

function of separation.

A bilinear traction-separation law is adopted, as
characterized from experimental data for the epoxy
adhesive [16]. The law defines the relationship
between the traction vector T (comprising normal T,
and shear T, components) and the separation
vector 4.

2.3.1. Traction-Separation Law

In the elastic loading phase (0 <& < §p), the
behavior is linear:

T =K§ (12)
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where K is the initial stiffness matrix of the interface.
The damage initiation criterion is based on a
maximum stress criterion:

max{(Tn) L} =1 (13)

max’ rmax
™ Ts

" and T™®* are the peak tensile and shear

strengths, respectively, and (-) denotes the Macaulay
bracket. Upon reaching the peak strength, damage
evolves, and the traction in the softening phase (5, <
8 < &5) is given by:

T=(1-d)KS$ (14)

where d is a scalar damage variable that evolves from
0 to 1. Its evolution is governed by a Benzeggagh-
Kenane (B-K) type fracture energy criterion for
mixed-mode failure:

Gy
(G + Gp)
Here, G; and Gj; are the Mode I and Mode II energy
release rates, GF and G are their critical values,
and 1 is a material parameter. Complete debonding

occurs when the total energy release rate G = G; +
G,; reaches the critical fracture energy G°.

n
6f +(af - 6F) ) =¢¢ as)

The key parameters for the epoxy adhesive used in
this study, determined from Rigid Double Cantilever
Beam (RDCB) tests [16], [17], are summarized in
Table 2. This model allows for the prediction of patch
debonding risk, which is identified as the primary
failure mode for the CFRP-repair configuration (see
Table 3).

Table 2. CZM adhesives strength and breaking energy of
Epoxy resin.

Parameter Value Unit
Temperature 22 °C
Maxi Normal Traction, Tj** 9.7 MPa
Critical Normal Separation, 6{1 0.025 mm
Maxi Shear Traction, T5'** 9.7 MPa
Critical Shear Separation, 6’; 0.025 mm

Benzeggagh-Kenane Exponent, n 2 -

2.4. Analytical Model for Stress
Redistribution via CFRP Patch

To provide a theoretical foundation for the stress

mitigation observed in the FEA results, a simplified

one-dimensional analytical model for a bonded

composite patch is derived. This model yields

a Stress Reduction Factor (SRF), which offers
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closed-form insight into how the patch geometry and
material properties influence load sharing.

Consider a cracked metallic plate of thickness t, and
modulus E; , repaired by a bonded composite patch
of thickness t, and modulus E,. Under a remote
tensile stress g, the patch carries a portion of the
load, thereby reducing the stress intensity at the crack
tip. For a perfectly bonded patch assuming shear-lag
theory, the stress in the substrate directly under the
patch gy is reduced according to:

Ooo
E,t
pP°Dp

1+ 57

Consequently, the Stress Mitigation Factor (SMF)—
defined in this study as the percentage reduction in
peak stress at the flaw—can be expressed analytically
as:

(16)

Og =

SMFanaiyticat = | 1 T Rt X 100% (17)
1+7-2
Ests

Table 3. Mechanical characteristics of the CFRP-Epoxy
used for the reinforcement of the structure.

X 1.21 E+11

Young's modulus (Pa) Y 8.60 E+09
V4 8.60 E+09

XY 0.27

Poisson's ratio YZ 0.4

XZ 0.27

XY 4.70 E+09

shear modulus (Pa) YZ 3.10 E+09
XZ 4.70 E+09

Limit in X 2.23 E+09

Traction Y 2.90 E+07

(Pa) V4 2.90 E+07

Orthotropic ~ Limit in X -1.08 E+09
stress limits ~ Compression Y -1.00 E+08
(Pa) (Pa) V4 -1.00 E+08
- XY 6.00 E+07

(S]El:)ar Limit YZ 3.20 E+07

XZ 6.00 E+07

Limit in X 1.67 E-02

Traction Y 3.20 E-03

(Pa) Y4 3.20 E-03

. Limit in X -1.08 E-02
ggi?r?t]r](]:z]t(; Compression Y -1.92 E-02
(Pa) Z -1.92 E-02

o X 1.20 E-02

(S‘;l:)ar Limit Y 1.10 E-02

Z 1.20 E-02

Substituting the properties for SA-516 Grade 70 steel
(Eg = 210GPa) and the unidirectional CFRP-Epoxy
patch used in this study (E, = 121GPa in the fiber
direction, t, = 16mm, t; = 22mm) yields an SMF
of approximately 30.%. This theoretical estimate
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aligns closely with the numerically obtained SMF of
36.5% (Table 4), providing independent analytical
verification of the FEA results and confirming the
fundamental mechanism of load transfer to the patch.

3. Materials and Methods

This study employs an integrated computational
mechanics framework to evaluate not only the
structural outcome but also the damage state
evolution following different repair interventions.
The methodology is designed to quantify the trade-
offs inherent in each approach, moving beyond stress
analysis to a prognostic assessment of residual
fatigue integrity, figure lrepresene the fracture
prediction workflow, this diagram outlines a
systematic engineering framework for anticipating
structural failure

Standard FEM

Global Structure Calculation

T

Critical Point
Identification

ofc

Evolution Analysis

max(Equivalent )

Local Damage
Analysis

|

Crack Initiation
Criterion

Fig. 2: Fracture prediction workflow: from global FEM
analysis to crack initiation criteria.

3.1. Problem
Modeling

Definition and Baseline

The analysis is based on a canonical case of a
cylindrical pressure vessel nozzle junction (SA-516
Grade 70 carbon steel [18]) containing a pre-
existing 10 mm semi-elliptical surface crack within
the heat-affected zone (HAZ).

Three-dimensional solid models of four distinct
configurations were developed (in this study the two
last ones are outlined):
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Intact Baseline: The undamaged junction under
design cyclic wind loading.

Damaged State: The junction containing the crack,
establishing the degraded baseline performance.

Fusion-Repaired State: The crack geometry is
remediated via a simulated Tungsten Inert Gas (TIG)
welding process. This model explicitly incorporates
two critical by-products of fusion repair: a field
of tensile residual stresses derived from a coupled
transient thermal analysis of the weld cooling cycle
(Table 1), and discrete tungsten inclusions modeled
as material discontinuities within the weld metal.

In the Bonded-Repair State, the cracked structure is
strengthened using an  externally applied,
unidirectional fiber-reinforced polymer (FRP-
Epoxy) composite patch, which is represented by a
cohesive zone model (as illustrated in figure 2). This
patch is designed as a disc with a diameter of 100 mm
and a thickness of 16 mm, strategically bonded to the
area experiencing stress to facilitate effective load
redistribution.

=7 —— Force F(N)

25———

20 -

Foree F(N)

T T T T
150 200

e
a
2
2

o —v— Normal traction (MPa)

h g

Normal traction (MPa)

04 v

1 T T T T T T T T
o 5 10 15 20 25 30 35

Separation d (um)

Fig. 3: CZM traction-separation and displacement force
curves plotted after the RDCB - Double Cantilever Beam
Rigid tests [16].

3.2. Integrated  Multi-Physics  Simulation
Protocol
The core of the methodology is a sequential multi-

physics  workflow implemented in ANSYS
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Workbench, transitioning from thermal-structural

analysis to progressive damage evaluation (figures 4):

Step 1 — Thermal-Structural Coupling (for TIG
Repair): A transient thermal analysis simulated the
moving arc heat source, from which the resulting
temperature history was mapped as a body load to a
subsequent structural analysis to compute the locked-
in residual stress field.

Step 2 — Nonlinear Static Stress Analysis: Each
configuration was subjected to the maximum
operational wind load. A refined mesh using higher-
order tetrahedral elements (SOLID187) ensured
convergence, with singular region refinement at the
crack tip and inclusion interfaces (figure 5).

Step 3 — Cyclic Damage Prognostics: The stabilized
stress-strain history from the critical node (located at
the crack tip or inclusion interface) was exported.
This history served as the input for alocal post-
processor implementing the Lemaitre continuum
damage mechanics (CDM) model to calculate the
progression of the damage variable (D) and predict
cycles to irreversible damage initiation (Ni).

START
v

Material
data input

Yes Load type No
selection

[
E,v,0y, 0, O, £;j elc.

Yes
Stabilized cycle
calculation
Before After
damage damage
r
Integration stepwise
per cycle integration
Update |
variables Resume

calculation

END - Crack
initiation

Nz, D(N), 0.4 etc.

Fig. 4: Life prediction diagram: DAMAGE 90 Flowchart
[15] - the post-processor for calculating the residual
lifetime (fatigue damage).
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»} Fixation condition

= Loading (wind direction)
B Column (SA516Gr70)
Nozzle (A106GrB)
SMAW (E7018)
B TIG (remelting)
B Composite repar (CFRP 100x 16)

D,y = 3500 mm
e = 22mm
<>

Fig. 5: representative illustration of the studied part of the
structure: the welded nozzle to the column plate with a
crack in the side exposed to gusts of wind.

Fig. 6: first part of the study: TIG remelting reparation
applied to the damaged zone (loading and fixation
conditions are respected as the industrial case)

Step 4 — Interface Integrity Assessment: For the
composite repair, the debonding risk at the patch-
substrate interface was evaluated using a Cohesive
Zone Model (CZM), with traction-separation laws
parameterized from experimental data for the epoxy
adhesive.
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e =16mm
L(extension) = 100 mm

~e  F e | S > N > >

e

Fig. 7: non-intrusive repairing system: Composite CFRP-
Epoxy application details

The structural outcome of each repair was quantified
through three integral metrics: the reduction in peak
stress at the flaw, the rate of material degradation
under cyclic loading, and the predicted extension in
fatigue life. This multi-faceted approach enables a
direct comparison of how each strategy alters both
the immediate stress state and the long-term damage
progression pathway, providing a comprehensive
rationale for repair selection.

4. Results and Discussion

The integrated numerical framework produced
comprehensive data on stress states, damage
progression, and residual life for each structural
configuration. The analysis reveals fundamental
differences in how TIG welding and composite
patching modify the failure landscape of the damaged
component.

4.1. Baseline Performance and the Cost of
Damage

The finite element analysis established critical
benchmarks. The intact structure sustained a
maximum von Mises stress of 244.96 MPa in the
HAZ under design wind load. The introduction of the
10 mm crack acted as a severe stress concentrator,
elevating the local stress to 612.03 MPa—a 150%
increase (Figure 7). This stress intensification
precipitated a catastrophic drop in predicted service
life from approximately 20 years (intact) to just 5.1
years (damaged), as calculated by the damage post-
processor (table 2). This establishes the high cost of
the flaw and the stringent requirement for an effective
repair.
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Fig. 8: Numerical results initial comparison: intact (245.
MPa) vs 10 mm cracked structure (612. MPa)

4.2. The Dual Detriment of Fusion Repair:
Residual Stress and Defect Introduction
The TIG welding repair presented a paradox: while it
physically filled the crack, it introduced new,
potentially more insidious, threats to longevity.

1. Residual Stress as a Fatigue Accelerant: The
simulated weld thermal cycle generated a
pervasive field of tensile residual stresses within
the HAZ, with a peak magnitude of
approximately 310 MPa  (Table 1).
Superimposed on the operational stresses, this
residual field significantly increased the mean
stress of the fatigue cycle. Consequently, the
"perfect” TIG-repaired model (excluding
inclusions) showed a restored but compromised
life, recovering only a portion of the intact
structure's durability (Table 3).

2. Inclusions as New Failure Nuclei: The
presence of tungsten inclusions fundamentally
altered the failure mechanism. As shown in
Figure 8, a 20 um inclusion created a drastic local
stress concentration of 677. MPa at the inclusion-
matrix interface. This value exceeds the stress at
the original crack tip, effectively creating a new,
more critical flaw (figure 8).

The damage evolution analysis quantifies this
detriment. The results for the inclusion-containing
TIG repair (TIG repair + W inclusion) shows a
steeper damage ascent than that for the unrepaired 10
mm crack (~1.10° cycles). The predicted life for this
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configuration was 4.68 years (~0.943 10° cycles).
Crucially, this failure is governed by decohesion at
the inclusion interface, a distinct mechanistic
pathway from the original crack growth. Thus, the
repair merely substitutes one failure mode for another,
with limited net gain in durability.

Fig. 9: Stress contour (Normal Stress) in the TIG-repaired
HAZ, showing a severe stress concentration (677. MPa) at
the interface of a 20 pm tungsten (W) inclusion.

Table 4. Comparative performance metrics of repair
strategies

Stress Life

Max L Predicted . Primary
Configuration  Stress g‘;ﬁftlon Life \l::sxtenswn Failure
(MPa) (SMF) (Years) De.lmage d Driver
Damaged 612. 0% ~5.1 Baseline ™K
propagation
TIG Repair _ o, .
(maxatthe 6773 UTO% g8 g4y,  nelusion
inclusion) (Increase) ccohesion
CFRP Patch 388.63  36.5% ~10.05 97.06% gatch .
ebonding
Intact o N o Material
(Reference) 245. 60.00% 20.0 292.2% fatigue
4.3. Composite Patching: Stress

Redistribution and Damage Arrest

In stark contrast, the CFRP patch functioned as a
stress-diversion  device. An optimal patch
configuration (100mm x 16mm, UD CFRP-Epoxy)
reduced the maximum stress at the crack tip from 612.
MPa to 388.63 MPa, achieving a Stress Mitigation
Factor (SMF) of 36.5%. This reduction directly
translated to a suppressed damage accumulation rate.
The damage evolution for the patched structure
followed a shallower trajectory, akin to the intact
state's trend. The framework predicted a residual life
of ~10.05 years for the patched structure,
representing a 97% life recovery relative to the intact
structure and a significant extension beyond both the
damaged and TIG-repaired states.
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4.4. Synthesis: The Mechanistic Rationale for
a Hybrid Protocol

The results validate the proposed hybrid repair
protocol as a synergistic, two-stage strategy that
addresses both immediate and long-term integrity
concerns. As summarized in Table 3 and visualized
in Figure 9, the sequential application of TIG welding
followed by a CFRP patch does not merely combine
two techniques but creates a system where each stage
mitigates the other's limitations.

stress
Type: Norma! Stress(Z Axs) - Top/Bottom - Layer 0
U MPa

Saluton Coordrste System

Fig. 10: Stress contour in the HAZ after hybrid repair
(CFRP-Epoxy patch over TIG weld with 25 pm W inc),
demonstrating effective stress redistribution.

The initial TIG repair is essential for sealing the crack
and restoring the pressure boundary, a non-
negotiable safety requirement for continued
operation. However, as established, this stage
reintroduces vulnerabilities: high residual stresses
and tungsten inclusions (15-25 pm) that act as new
stress concentrators (Figs. 10-12). A structure
repaired solely by TIG, especially with larger
inclusions, can exhibit a maximum stress higher than
the original cracked state, leading to a precarious and
unpredictable residual life.

The subsequent application of an optimized CFRP
patch fundamentally alters this outcome. The patch
acts as an external reinforcement that bridges both the
original crack and the new stress concentrators
introduced by the TIG process. As shown in Figures
10-12, the patch successfully redistributes the load,
reducing the maximum normal stress by
approximately 36-45% across all inclusion sizes
modeled. This stress mitigation directly translates to
a suppressed damage accumulation rate. Figure 13
demonstrates that the hybrid-repaired structure
exhibits a damage evolution curve with a shallower
slope, extending the time to critical failure. This
hybrid approach effectively separates the urgent
safety requirement from the long-term durability
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goal, offering a model-based blueprint for managing The hybrid protocol effectively decouples the urgent
the lifecycle of critical infrastructure. need for leak-tightness from the long-term goal of

fatigue durability. The TIG weld addresses the

e ormal s F] former, while the CFRP patch secures the latter. The
g SM:D:(“W:J]?“:F‘I']&.m. system shifts the probable failure mode from

unpredictable brittle fracture in the embrittled HAZ
to a more predictable and inspectable debonding of

the composite patch.

e

2.5F4

Contrainte Normal Max [MPa]

% (15 pum) Rupture Final (Nr)
(15 pim) Tnitiation du lendommagaement (NiT)
/ B8 (20 jom) Rupture Tinal (Nr)

2.0E4 g (20 am) Initiation de Lendommagenent iNO)

120 0 16 0 20 /
Intensité de courant électrique, [A] .
. . . . ~ 15E4
Fig. 11: Influence of hybrid CFRP repair on maximum & Z
. . . . V)
stress in a structure with a 15 pm tungsten inclusion. 5 Z
Z 10Ea / % 7
B Coutrsinte Normal Max |[MPy) 5.0E3 / /
ontrainte R Max [MPa] 7 /
ontrainte Equivalent Max [MPa] zf fiet o
30 Lruclure préparée - Conteainte Max [MPa) % 7 P

1185 2% 1027 2506 246 25

M4

~ >

B o @ >

ICUSIPO LY
-

g & o - o
RIS G P
\.\3\ W Pl o N

»
=

Configuration
Fig. 14: Damage evolution curves: comparative slowdown
in damage accumulation for hybrid-repaired structures
with 15 and 20 pm W inclusions.

Contraintec Normal Max [MPa]

Consequently, as Table 3 confirms, the hybrid

0 5 protocol recovers up to 75% of the intact structure's
Intensitédevomrantelectique; [A] service life, outperforming a standalone TIG repair
Fig. 12: Reduction of peak stress via hybrid CFRP by a significant margin and providing a reliable,
patching for a structure containing a 20 pm tungsten model-based blueprint for life extension.
inclusion.
A Coursinte Normal Mux |MPy)
“ontrainte Residual Max [MPa]
o St i Contite o i 4.5. Parametric and Statistical Analysis of Repair

Performance

To quantify the influence of key process variables
and provide a robust statistical basis for comparison,
a parametric study was conducted. The analysis
focused on two critical parameters for the TIG +
Inclusion model: welding current and tungsten
inclusion size.

Contraintc Normal Max [MPa]

- ™0 T80 200
Intensité de courant électrique, [A]

Fig. 13: Peak stress mitigation achieved by the hybrid
repair system applied to a TIG weld with a 25 pm tungsten

inclusion. 45.1.Influence of Welding Parameters and
Inclusion Size

The study demonstrates that the most effective repair Figure 15 illustrates the relationship between welding

may not be a choice between two methods, but a current, maximum normal stress, and residual stress.

strategically ~ staged  integration  of  their As current increases from 120 A to 200 A, both

complementary strengths. residual stress and the total maximum normal stress
(operational + residual) at the inclusion site increase
linearly.
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Max Normal Stress vs Max Equivalent Stress
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Fig. 15: Influence of welding parameters and inclusion
dimensions: Max normal stress vs max residual stress (a)
and equivalent stress (b)

A 20 pm inclusion under a 200 A weld cycle
produces a peak stress of 740.48 MPa, which is
10.7% higher than the original cracked state (612.03
MPa). This confirms that the thermal penalty of
welding can exacerbate the local stress state when
inclusions are present.

Damaged structure vs Repaired structure
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Fig. 16: Effective recovery of structural strength: impact

of hybrid repair

4.5.2.Statistical Performance Metrics
Multiple series of simulations were run, varying
inclusion size (15, 20, 25 pm) and welding current
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(120, 160, 200 A) for both the standalone TIG repair
and the hybrid (TIG+CFRP) repair. The key results
are compiled into a statistical summary (Table 4).

The statistical analysis reveals two key findings:

a) High Variability in TIG Repair: The performance
of the standalone TIG repair is highly sensitive to
the random variable of inclusion size, leading to
a large standard deviation in life extension. In the
worst-case scenario (200 A, 25 pum inclusion),
the repair is detrimental.

b) Robustness of Hybrid Repair: The hybrid protocol
shows a lower standard deviation in both stress
(18.7 MPa) and life extension. It consistently
reduces stress by approximately 35-40% and
extends service life by 140-150% relative to the
damaged state, regardless of the initial welding
parameters or inclusion size within the studied
range. This demonstrates the statistical
robustness of the hybrid approach in mitigating
the uncertainties inherent in fusion repair.

Table 4. Statistical summary of repair performance:
Impact of inclusion size and welding current.

Mean

Max Std. Mean Life Extension vs.
Config Str ) Dev. Predicted Damaged (Mean
(M:’ZS) (MPa) Life (years)  + Std. Dev.)
Damaged
(Baseline) 612.0 - 5.1 0%
TIG o o
Repair 672.8 31.5 52+0.6 +1.9% + 11.8%
gggg;f 4073 187 12515  +145%:+29.4%

4.5.3.Discussion of Synergistic Effect

The hybrid protocol is not merely additive. The
CFRP patch provides a dual function: (1) it bridges
the original crack, and (2) it effectively "shields" the
new stress concentrators (tungsten inclusions)
introduced by the TIG process. This is evidenced by
the consistent stress reduction shown in Figures 15
and 16, and recapitulated for the 20 um case in Table
5 Appendix 01, where the maximum stress for
configurations with 15 pum, 20 pm, and 25 pm
inclusions is uniformly lowered to a narrow band
between 388 MPa and 426 MPa after patch
application.

This synergistic effect transforms an unpredictable,
defect-sensitive repair (TIG-only) into a reliable,
damage-tolerant solution. The hybrid strategy
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decouples the immediate operational requirement of
leak sealing (achieved by TIG) from the long-term
durability goal (secured by the CFRP patch), offering
a predictable and inspectable failure mode via patch
debonding.

5. Conclusion

This study has developed, numerically validated, and
theoretically substantiated a hybrid repair protocol
for fatigue-critical nozzles in petrochemical
infrastructure. The research critically addresses the
limitations of conventional practice through an
integrated computational framework that couples
advanced thermomechanical, damage mechanics,
and interface modeling.

The core finding confirms that while TIG welding is
indispensable for immediate crack sealing, it
simultaneously re-legitimizes the Heat-Affected
Zone (HAZ) as a preferential failure site. The explicit
thermo-elasto-plastic formulation (Section 2.1)
quantifies how the process generates tensile residual
stresses exceeding 300 MPa, while the Continuum
Damage Mechanics (CDM) model (Section 2.2)
reveals how embedded tungsten inclusions act as
potent stress concentrators, accelerating damage
accumulation and often reducing service life below
that of the pre-repair cracked state.

In contrast, the non-intrusive CFRP patch functions
as a highly effective damage-arresting mechanism.
The analytical model for stress redistribution
(Section 2.4) provides the theoretical basis for the
observed Stress Mitigation Factor (SMF) of over
36%, demonstrating how the patch offloads stress
from the flaw. This load transfer directly results in a
suppressed damage accumulation rate, enabling the
patched structure to recover approximately 97% of
the intact baseline's service life.

The principal contribution of this work is the
validation of a sequenced hybrid protocol that
strategically decouples operational safety from long-
term durability. The protocol leverages TIG welding
to restore containment but employs a CFRP overlay
specifically to neutralize the subsequent TIG-induced
damage mechanisms—residual stress and inclusion
defects. This synergy was rigorously tested through a
parametric statistical analysis (Section 4.4), which
demonstrated the hybrid strategy's robustness,
consistently delivering a mean life extension of 145%
+ 29% relative to the damaged state, while
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significantly reducing the performance variability
inherent to standalone fusion repair.

By providing the explicit mathematical foundations
for residual stress prediction (Section 2.1), fatigue
damage prognostics (Section 2.2), and interface
debonding (Section 2.3), this work offers more than
a comparative study; it establishes a predictive,
model-driven framework for damage-tolerant repair
design. The findings advocate for a paradigm shift in
maintenance strategy, moving from simple defect
correction to a holistic system-level reinforcement of
critical infrastructure, thereby enhancing safety and
lifecycle economics.

Future work should focus on the experimental
validation of long-term bond durability under
combined thermomechanical cycling and the
integration of this deterministic model with
probabilistic analysis to inform risk-based inspection
intervals.
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Max Normal

i . Residual
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# Residual ~ Equivalent  lifetime i IMP ifetime (years)
[A] Stress [MPa] repair [MPa]
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(benchmark) ) 2054 ) i =20 i i
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