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1.1 Defining Fabrication in Engineering I

Fabrication is the manufacturing process of constructing structures or
components by cutting, shaping, and assembling raw materials—primarily
metals—into finished products. It is distinguished from primary material
manufacturing (like casting or forging) and machining.

Key Points

Fabrication vs. Manufacturing: Manufacturing is the broad umbrella
covering raw material conversion, while fabrication specifically refers
to assembly processes using semi-finished components (plates,
structural sections, pipes).

Primary Operations: Involves cutting (shearing, plasma/laser),
forming (rolling, bending), and joining (welding, brazing, mechanical
fastening).

Additive Nature: Built-up construction (joining elements) rather
than subtractive material removal.
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1.1 Defining Fabrication in Engineering II

Material Range: Dominated by structural carbon steels (ASTM A36,
A572), stainless steels (304, 316), and aluminum alloys (6061-T6).
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Classification of Fabrication Processes I

Fabrication Processes

Forming(Bending, Rolling)Joining(Welding, Bolting)Cutting(Laser, Plasma)

Key Points

Cutting: Prepares the individual raw plates or structural members
using laser, plasma, or oxy-fuel cutting.
Forming: Deforms the cut parts into cylindrical, conical, or bent
shapes using press brakes and plate rollers.
Joining: Thermally or mechanically fuses components to build the
final structural assembly.
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1.2 Need & Industrial Scope of Fabrication I
Modern infrastructure, transportation, and industrial machinery rely
heavily on fabricated components. It provides a highly flexible,
cost-effective way to build large-scale custom structures that cannot be
cast or forged due to size, weight, or cost constraints.

Key Points

Design Flexibility: Allows engineers to build optimized structures by
combining different materials and section thicknesses.
Economic Viability: Low tooling/setup cost compared to casting or
forging, making it ideal for low-to-medium volume or custom
structures.
Structural Integrity: Capable of producing high-strength,
load-bearing frames, pressure vessels, and bridges.
Key Industries: Shipbuilding, aerospace, structural building frames,
oil & gas piping, wind turbine towers, and heavy earthmoving
equipment.
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Fabrication Codes & Quality Assurance I

Industrial fabrication is strictly governed by codes and standards to ensure
safety and reliability. Quality control (QC) includes Welding Procedure
Specifications (WPS) and Non-Destructive Testing (NDT).

Key Points

AWS D1.1: Structural Welding Code for Steel, governing structural
steel fabrications in buildings and bridges.
ASME BPVC Section VIII: Standard rules for the construction of
pressure vessels operating under high internal/external pressure.
Welding Procedure Specification (WPS): A formal written document
describing welding procedures, guiding welders to perform production
welds.
NDT Inspection: Techniques like Radiographic Testing (RT),
Ultrasonic Testing (UT), Magnetic Particle Testing (MT), and Dye
Penetrant Testing (PT).
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1.3 Weldability of Materials & Metallurgy I

Weldability is the capacity of a material to be welded under specified
fabrication conditions into a suitably designed structure, and to perform
satisfactorily in the intended service. It is primarily governed by
metallurgical factors.

Key Points

Heat Affected Zone (HAZ): The area of base metal whose
microstructural properties are altered by the heat input of welding
without melting.

Carbon Equivalent (CE): A formula used to predict the hardenability
of steel and its susceptibility to cold cracking (Hydrogen Induced
Cracking).

CE Formula (IIW): CE = C + Mn
6 + Cr+Mo+V

5 + Ni+Cu
15 . A CE value

above 0.45% indicates susceptibility to cracking.
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1.3 Weldability of Materials & Metallurgy II

Solidification Cracking: Occurs during the cooling phase, caused by
low-melting-point segregates (like sulfur and phosphorus) at grain
boundaries.
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Carbon Equivalent & Weldability Zones I

Carbon Equivalent (CE) [%]

Carbon (C) [%]

0.45

0.10

Zone I (Easy)

Zone II (Preheat)

Zone II (Preheat)

Zone III (Difficult)

Key Points

Zone I: Easy to weld. Steels in this region (low C, low CE) have low
hardenability and are insensitive to cold cracking.
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Carbon Equivalent & Weldability Zones II

Zone II: Welding requires controls. Preheat is necessary for thicker
sections to slow down the cooling rate and prevent martensite
formation.

Zone III: Highly susceptible to hydrogen cracking. Requires
low-hydrogen electrodes (e.g., E7018), high preheating
temperatures, and postweld heat treatment.
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Weldability Evaluation & Testing Methods I

Evaluating weldability is crucial prior to production. Several standardized
tests assess susceptibility to cracking and the mechanical performance of
the welded joint.

Key Points

Tekken Test (JIS Z 3158): A highly restrained y-groove cracking test
used to determine the preheating temperature necessary to prevent
cold cracking.
CTS Test (Controlled Thermal Severity): Evaluates susceptibility to
heat-affected zone (HAZ) cold cracking under varying cooling rates.
Charpy V-Notch (CVN) Impact Test: Measures the toughness of the
weld metal and HAZ, especially at low temperatures (governed by
ASTM E23).
Bend Testing: Guided bend tests (face, root, or side) evaluate the
ductility and soundness of the welded joint (governed by AWS B4.0).

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 18 / 361



Defining Manufacturing and Fabrication I
Manufacturing and fabrication represent distinct mechanical engineering
paradigms, though they are deeply interconnected in industrial supply
chains.

Key Points

Manufacturing: Standardized, large-scale production of goods from
raw materials (e.g., casting ingots, rolling steel plates, drawing
seamless pipes).
Fabrication: The process of cutting, bending, machining, and
assembling parts (often manufactured) to form a unique structural or
equipment design.
Scope of Manufacturing: Characterized by mass production,
repeatability, high automation, and fixed factory environments.
Scope of Fabrication: Characterized by custom designs, job-shop
operations, high reliance on skilled labor (welders/fitters), and
frequent on-site execution.
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Industrial Material Flow: Raw to Final Erection I

Raw Materials
Ore, Ingots, Billets

Manufacturing
Rolling, Extru-
sion, Castings

Standard
Components
Plates, Pipes,

Fittings

Fabrication
Cutting, Bending,
Shop Welding

Erection
Site Assembly, Fit-up

Commissioning
Hydrotesting,
Inspection

Key Points

Primary Manufacturing: Raw ores are processed into structural
shapes, piping, and plates using high-energy bulk deformation
processes.
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Industrial Material Flow: Raw to Final Erection II

Secondary Fabrication: Steel plates and pipes are cut, beveled,
formed, and welded in specialized fabrication shops into custom
assemblies (spools).

Final Erection: The fabricated components are transported to the
field, aligned, rigged, and welded into the final plant infrastructure.
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Pressure Piping Codes & Standards I

Engineering standards ensure the safety, pressure containment capability,
and reliability of industrial piping systems.

Key Points

ASME B31.3 (Process Piping): Standard for chemical plants,
petroleum refineries, and cryogenic plants. Governs design,
materials, fabrication, and testing.

ASME B31.1 (Power Piping): Applies to high-pressure piping
systems in steam generating stations, district heating plants, and
industrial boilers.

ASME B31.4 (Liquid Transportation Systems): Standard for pipeline
systems transporting liquid hydrocarbons, anhydrous ammonia, and
liquid alcohols.

ASME B31.8 (Gas Transmission and Distribution): Dictates safety
standards for cross-country pipelines transporting natural gas.
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Pressure Piping Codes & Standards II

BS EN 13480 (Metallic Industrial Piping): The European equivalent
for industrial piping design, inspection, and fabrication.
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Pressure Vessel and Structural Codes I

Heavy equipment fabrication relies on strict codes to prevent catastrophic
failures under high-pressure and high-temperature conditions.

Key Points

ASME BPVC Section VIII Division 1: Safety rules for pressure vessel
design (under 3000 psi), detailing fabrication, testing, and inspection
requirements.

ASME BPVC Section VIII Division 2: Alternative Rules for pressure
vessels, permitting higher allowable stresses using rigorous
design-by-analysis (FEA).

ASME BPVC Section IX: Standard governing the qualification of
welding, brazing, and fusing procedures, as well as welders and
operators.

API 510 (Pressure Vessel Inspection): Rules for maintenance,
in-service inspection, repair, rating, and alteration of pressure vessels.
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Pressure Vessel and Structural Codes II

ASME Section II (Materials): Part A (Ferrous), Part B (Nonferrous),
Part C (Welding Rods, Electrodes, Filler Metals), Part D
(Properties).
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Weld Joint Preparation Detail (ASME Sec VIII/IX) I

Root Face
Root Gap

Plate Thickness (t) Included Angle (60-75 deg)

Key Points

Groove Included Angle: Typically 60 to 75 degrees, providing
sufficient access for the welding torch while minimizing filler metal
volume.
Root Face (Land): A flat surface of 1.5 to 3.0 mm at the root of the
groove, preventing excessive penetration or burn-through.
Root Gap (Opening): A space of 1.5 to 3.0 mm between plates,
ensuring adequate heat and filler metal penetration at the root pass.
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Weld Joint Preparation Detail (ASME Sec VIII/IX) II

Bevel Angle: The angle formed between the prepared edge of a
member and a plane perpendicular to the surface of the member
(usually 30 to 37.5 degrees).
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Erection and Structural Assembly Standards I

Erection is the physical installation and alignment of fabricated equipment
and structural steel in its final operational position.

Key Points

AISC 360 (American Institute of Steel Construction): Standard for
design, fabrication, and erection of structural steel buildings.

AWS D1.1 (Structural Welding Code - Steel): Governs welding
requirements for any type of welded structure made of standard
carbon and low-alloy steels.

API RP 686 (Machinery Installation): Outlines recommended
practices for mounting and aligning pumps, compressors, and heavy
machinery.

ASME B31.3 Chapter VI (Testing): Mandates hydrostatic pressure
testing at 1.5 times the design pressure, or pneumatic testing at 1.1
times.
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Erection and Structural Assembly Standards II

ISO 12944 (Corrosion Protection): Standards for protective paint
systems applied to steel structures to resist atmospheric corrosion.
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Major Heavy Fabrication & EPC Companies I

Leading global and domestic entities that specialize in large-scale modular
fabrication, pressure vessel construction, and site erection.

Key Points

Larsen & Toubro Heavy Engineering (L&T) (India): Global
fabricator of heavy-wall reactors, coal gasifiers, and super-heavy
pressure vessels.

McDermott International (USA): International offshore platform
fabricator and EPC contractor with major fabrication yards in the
Gulf of Mexico, Middle East, and Asia.

Saipem (Italy): Leading contractor in onshore/offshore pipeline
construction, platform installation, and subsea fabrication.

Godrej Process Equipment (India): Specializes in custom fabrication
of heat exchangers, pressure vessels, and tall columns for
refinery/petrochemical plants.
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Major Heavy Fabrication & EPC Companies II

TechnipFMC (UK/France): Global pioneer in subsea systems
fabrication, rigid and flexible piping systems, and onshore LNG
facility construction.

Al-Jaber Heavy Engineering (Qatar): Major Middle Eastern
structural steel, storage tank, and piping fabrication yard executing
regional gas infrastructure projects.
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Role of Third-Party Inspection Agencies (TPIAs) I

Third-Party Inspection Agencies (TPIAs) are independent bodies that
provide inspection, testing, auditing, and certification services to ensure
compliance with standards, codes, specifications, and safety regulations
during fabrication.

Key Points

TPIAs are independent of the owner (1st party) and the
fabricator/contractor (2nd party), ensuring unbiased evaluations.

Key international agencies include TÜV (Technischer
Überwachungsverein), Lloyd’s Register (LR), Bureau Veritas (BV),
SGS (Société Générale de Surveillance), and DNV (Det Norske
Veritas).

National agencies in India include the Indian Register of Shipping
(IRS), Engineers India Limited (EIL), and RITES.
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Role of Third-Party Inspection Agencies (TPIAs) II

Major roles include reviewing WPS (Welding Procedure
Specifications) & PQR (Procedure Qualification Records), witness
testing (NDT, hydrostatic), and issuing material test reports (MTR)
according to EN 10204 Type 3.2.
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Stage-Wise Inspection & Certification Schemes I
Inspection stages are crucial during fabrication of pressure vessels, piping,
and structures. They follow Inspection and Test Plans (ITP) approved by
TPIAs.

Key Points

Pre-fabrication: Raw material verification, checking mill certificates,
plate marking, and transferring heat numbers (Material Traceability).
In-process: Fit-up inspection (root gap, bevel angle alignment), root
run inspection, inter-pass temperature monitoring, and welder
qualification checks.
Post-fabrication: Witnessing Non-Destructive Testing (RT, UT, PT,
MT), Heat Treatment (PWHT) chart verification, and final
Hydrostatic or Pneumatic testing.
EN 10204 Certification: TPIAs validate Type 3.2 certification, which
requires independent verification of material properties, unlike Type
3.1 which is self-certified by the manufacturer.
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Designations for Pipes, Tubes, and Fittings I

Standardized designations ensure interchangeability and compliance in
piping fabrication. Pipes are designated by Nominal Pipe Size (NPS) and
Schedule (SCH), while tubes are defined by Outer Diameter (OD) and
wall thickness.

Key Points

NPS vs. DN: Nominal Pipe Size (NPS) is in inches, while Diameter
Nominal (DN) is the metric equivalent (e.g., NPS 2 is equivalent to
DN 50).

For NPS <= 12, the NPS does not equal the actual outer diameter
(e.g., NPS 2 has OD of 2.375 in). For NPS >= 14, the OD matches
the NPS exactly (e.g., NPS 14 has OD of 14.00 in).

Wall Thickness: Schedule numbers (SCH 10, 40, 80, 160, XS, XXS)
designate wall thickness based on the ASME B36.10M standard for
carbon steel and ASME B36.19M for stainless steel.
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Designations for Pipes, Tubes, and Fittings II

Fittings: Designated by nominal size, rating (e.g., 3000# or 6000#
for forged steel fittings, or schedule-matching for butt-weld fittings),
material grade (e.g., ASTM A234 WPB), and standard (ASME
B16.9).
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Flange Designations and Pressure Ratings I

CenterlineBore / IDFlange ODBolt Circle

Flange Thickness

Key Points

ASME B16.5 governs steel pipe flanges and flanged fittings (NPS
1/2 through NPS 24).
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Flange Designations and Pressure Ratings II

Pressure classes are designated as 150, 300, 400, 600, 900, 1500,
and 2500. These determine the maximum allowable working pressure
as a function of temperature.

Designation format: Size (NPS) - Rating (Class) - Face Type -
Material Grade - Standard (e.g., 4 in Class 300 RF ASME B16.5
ASTM A105).

Common flange face types include Flat Face (FF), Raised Face (RF),
and Ring Type Joint (RTJ) for high pressure/temperature
applications.
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Spiral Wound Gasket (SWG) Construction I

Outer Ring Winding
and Filler Inner Ring

Carbon Steel(Centering)
SS Winding

+ Graphite FillerSS316 Ring(Anti-Buckling)

Key Points

Spiral wound gaskets (SWG) are semi-metallic gaskets designed for
high pressure and temperature applications, governed by ASME
B16.20.

Construction consists of three parts: a solid outer ring (centering
ring), a spiral wound sealing element (alternating V-shaped metal
strip and soft non-metallic filler), and a solid inner ring.

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 39 / 361



Spiral Wound Gasket (SWG) Construction II

The V-shape metal profile acts as a spring, providing high resiliency
and recovery under fluctuating thermal and pressure loads.

Inner ring prevents winding buckle, reduces turbulent flow, and
protects the winding from erosion/corrosion. The outer ring centers
the gasket on the flange face.
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Material Designations & ASME B16.20 Color Coding
I

ASME B16.20 defines strict color-coding on the outer edge of the
centering ring to identify winding and filler materials without disassembly.

Key Points

Winding Metal Materials: Stainless Steel 304 (Yellow), SS 316L
(Green), Monel 400 (Orange), Nickel 200 (Red), Inconel 600 (Gold),
Titanium (Purple).

Filler Materials: Flexible Graphite (Gray stripe), PTFE (White
stripe), Mica-Graphite (Pink stripe), Ceramic (Light Blue stripe).

Inner Ring Materials: Typically matches the winding metal (e.g.,
SS316 inner ring for SS316 winding) to prevent galvanic corrosion
and thermal expansion mismatch.
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Material Designations & ASME B16.20 Color Coding
II

Designation format includes: Nominal Pipe Size, Pressure Class,
Winding Material, Filler Material, Outer/Inner Ring Material, and
Standard (e.g., 2 in Class 150 SS316/Graphite/CS ASME B16.20).
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Practical Fabrication Inspection of Gaskets and
Flanges I

During pipe spool fabrication, TPIAs and QA/QC inspectors perform
critical checks on flange alignment, face finishes, and gasket suitability
prior to bolt torqueing.

Key Points

Flange Face Finish: Checking serrations (phonographic or
concentric) to ensure compliance with ASME B16.5 (typically
125-250 micro-inch AARH roughness for standard gaskets).

Alignment and Gap: Ensuring flanges are parallel within 0.5 mm/m
and bolt holes align so bolts pass through freely without binding.

Gasket Pre-Installation Check: Verifying gasket dimensions, color
codes, ensuring no scratches on the winding surface, and confirming
no reuse of gaskets.
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Practical Fabrication Inspection of Gaskets and
Flanges II

Tightening Protocol: Witnessing multi-stage cross-pattern (star
pattern) torqueing or tensioning to achieve uniform gasket
compression without crushing the windings.
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Vehicle Tyre: Structure and Manufacturing I

Pneumatic tyre construction involves compounding rubber, calendering,
bead building, and vulcanization.

Key Points

Tyre components: Tread (wear-resistant compound), Sidewall
(flexing zone), carcass plies (polyester/nylon cords for strength),
steel belts (puncture resistance and stability), and bead core (steel
wire bundle securing tyre to rim).

Calendering coats fabric or steel cords with rubber to form
plies/belts; extrusion forms tread and sidewalls.

Vulcanization process: Green tyre is placed in a mold and cured
under heat ( 170°C) and pressure ( 25 bar) for 10-15 minutes,
cross-linking rubber polymer chains with sulfur (cross-links) to
achieve elastic properties.
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Schematic Cross-Section of a Radial Tyre I

Bead Core (Left) Bead Core (Right)

Tread Pattern
Steel Belts
Carcass Plies

Sidewall

Key Points

Diagram showing the structural layout of a typical radial vehicle tyre
cross-section.

Steel belts provide puncture resistance and keep the tread flat
against the road surface.
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Schematic Cross-Section of a Radial Tyre II

Carcass plies transmit forces between the tread and the wheel rim,
running radially (90 degrees to the centerline).

Bead core anchor points contain high-tensile steel wire bundles to
prevent the tyre from slipping or blowing off the rim under pressure.
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Welding Electrodes and Rods: Classification and
Selection I

Welding electrodes are classified by material, coating type, and welding
process (consumable vs. non-consumable, SMAW, GMAW, GTAW).

Key Points

AWS Classification System: In E6010, ’E’ stands for electrode, ’60’
indicates minimum tensile strength of 60,000 psi, ’1’ indicates
welding position (all positions), and ’0’ represents coating type
(cellulose sodium, DCRP).

Electrode coatings: Cellulose (deep penetration, fast freezing), Rutile
(smooth arc, low spatter, easy slag removal), and
Basic/Low-Hydrogen (high-quality welds, crack-resistant for thick
carbon steels, e.g., E7018).
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Welding Electrodes and Rods: Classification and
Selection II

Consumable vs. Non-consumable: Shielded Metal Arc Welding
(SMAW) uses consumable flux-coated electrodes; Gas Tungsten Arc
Welding (GTAW) uses non-consumable pure/thoriated/lanthanated
tungsten rods with separate filler wire.
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Piping: Standards, Codes, and Fabrication I

Industrial piping systems must conform to ASME B31 standards (B31.3
for Process Piping, B31.1 for Power Piping) and are manufactured as
seamless or welded.

Key Points

Manufacturing: Seamless pipes are made by rotary piercing and
extrusion of hot billets (no longitudinal weld line, higher pressure
ratings). Welded pipes are formed by rolling plates and welding
(ERW, EFW, or SAW).

Pipe Schedule: Specifies wall thickness (e.g., Schedule 40, Schedule
80). Calculated using the Barlow’s Formula: P = 2*S*t/D, where P
is pressure, S is allowable stress, t is wall thickness, and D is outside
diameter.
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Piping: Standards, Codes, and Fabrication II

Fabrication and inspection: Butt-welding joints require V-prep angles
of 30 degrees to 37.5 degrees. Quality control utilizes
non-destructive testing (NDT) such as Radiographic Testing (RT)
and Ultrasonic Testing (UT).
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Piping Joint Design: Butt-Weld V-Bevel
Configuration I

Root Gap (1.6 to 3.2 mm)

Root Face (1.6 mm)

Bevel Angle (37.5◦ + /− 2.5◦)

Pipe Wall Pipe Wall

Key Points

ASME B16.25 defines the standards for butt-welding ends of piping
components.

A standard bevel angle of 37.5 degrees with a tolerance of +-2.5
degrees ensures proper penetration and weld deposition.
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Piping Joint Design: Butt-Weld V-Bevel
Configuration II

Root face (typically 1.6 mm) prevents burn-through during the root
pass welding.

Root gap (1.6 to 3.2 mm) allows the welding arc to access the root
edges for complete joint penetration (CJP).
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Flanges: Types and Pressure Ratings I

Flanges connect pipes, valves, and pumps in a piping system, allowing
easy cleaning, inspection, or modification.

Key Points

Types of Flanges: Weld Neck (high stress, critical services), Slip-On
(low pressure, easy alignment), Socket Weld (small bore, high
pressure), Threaded (no welding needed), Blind (ends of piping), and
Lap Joint (with stub ends, for easy bolt alignment).

Flange Standards: ASME B16.5 covers pipe flanges and flanged
fittings from NPS 1/2 through NPS 24; ASME B16.47 covers larger
sizes (NPS 26 through NPS 60).

Pressure Temperature Ratings: Classified by classes (150, 300, 400,
600, 900, 1500, and 2500). Class dictates wall thickness, bolt circle
diameter, and number of bolts to withstand target pressures at
elevated temperatures.
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Flange Gasket Selection and Bolt Tightening I

Gaskets prevent leakages by filling the micro-irregularities of flange mating
surfaces under bolt preload.

Key Points

Gasket Types: Non-metallic (cork, PTFE, rubber for low
pressure/temp), Semi-metallic (Spiral Wound Gasket with metal strip
and filler, Ring Joint Gasket for high pressure/temp Class 900+).

Sealing Mechanism: Bolt torque generates tensile stress in the bolts,
creating compressive stress on the gasket. The gasket must undergo
plastic deformation to flow into the flange surface serrations.

Torqueing Procedure: Must follow a star-pattern sequence
(criss-cross) in multiple increments (e.g., 30%, 60%, 100% of final
torque value) to prevent uneven loading and flange
misalignment/warping.
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2.1 Engineering Drawings: The Language of
Fabrication I

Engineering drawings serve as the primary legal and technical instruction
manual for translating designs into physical structures. They govern
tolerances, material specifications, welding symbols, and inspection
criteria.

Key Points

Governed by international standards such as ASME Y14.5
(Dimensioning and Tolerancing) and ISO 128 (General principles of
presentation).
Drawings contain critical metadata in the Title Block: drawing
number, revision status, material specifications, scale, and projection
system (First or Third Angle).
Bill of Materials (BOM) or Schedule of Materials links drawing
balloon callouts to specific raw materials, quantities, and part
numbers.
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2.1 Engineering Drawings: The Language of
Fabrication II

Revision control is critical; any modification on the shop floor must
reference the latest engineering change note (ECN) to prevent scrap
and structural failure.
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Shop Layout Drawings: Workshop Floor Organization
I

Shop layout drawings plan the spatial arrangement of machinery,
workspaces, material flow, and safety zones to maximize throughput and
ensure compliance with occupational safety regulations.

Key Points

Defines the workflow from raw material storage (receiving yard) to
marking, cutting, fit-up, welding, post-weld heat treatment
(PWHT), non-destructive testing (NDT), painting, and shipping.

Integrates handling equipment capacities, including overhead gantry
crane coverage, jib crane radii, and forklift transit paths.

Ensures safety clearance zones around high-hazard machinery (press
brakes, plate rollers, plasma tables) according to OSHA/ISO
standards.
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Shop Layout Drawings: Workshop Floor Organization
II

Optimizes utility routing: supply paths for compressed air, shielding
gas manifolds, electrical drop points, and ventilation/fume extraction
hoods.
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Typical Shop Floor Layout & Flow I

FABRICATION SHOP FLOOR LAYOUT

Raw Material
Storage
Cutting & Marking(CNC Plasma/Oxy)

Fit-up & Assembly
Stations

Welding Bays(GMAW/GTAW/FCAW)

Inspection & NDT(RT, UT, PT)Finished Goods &
Shipping

Key Points

Unidirectional flow of materials (left to right, then returning for
shipping) minimizes handling hazards and logistics bottlenecks.
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Typical Shop Floor Layout & Flow II

Clearly defined physical boundaries separating cutting (dust/noise
generation) from delicate welding and inspection areas.

Material handling paths must remain unobstructed to allow overhead
crane transit between cutting, assembly, and welding bays.
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Piping Isometric Drawings: Fundamentals I
Piping isometric drawings are 3D representation drawings of a single
pipeline in a 2D plane, drawn using a 30-degree coordinate system. Unlike
orthographic drawings, they are not to scale but maintain proportional
relationships and show all fitting details, dimensions, and specifications.

Key Points

Drawn on a grid where vertical lines remain vertical, and horizontal
lines are drawn at 30 degrees to represent North-South and
East-West coordinates.
Shows absolute coordinates (Elevation, Easting, Northing) at critical
tie-in points to align with overall plant layouts.
Features standard symbols for valves (gate, globe, ball), fittings
(elbows, tees, reducers), and instruments.
Provides a detailed Weld Map and Bill of Materials (BOM) listing
pipe schedules, rating of flanges, and gasket types (e.g., ASME
B16.5, B16.47).
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Reading & Interpreting Piping Isometrics I

Correct reading of isometric drawings prevents alignment errors during
pre-fabrication (spooling) and field installation.

Key Points

Rolling offsets (horizontal, vertical, or box rolls) are depicted using
shading or triangles to show direction changes not aligned with the
primary 30-degree axes.

Spool numbers are designated on the drawing to indicate which
sections are pre-fabricated in the shop versus those welded in the
field (field welds / FW).

Slope annotations (e.g., 1:100 or 1/4 inch per foot) are indicated for
lines requiring gravity drainage (e.g., steam condensate, sewers).

Standard flow direction arrows, vent/drain connections, and
hydrostatic test boundaries are explicitly marked.
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Typical Piping Isometric Spool I

EN
UP

L1 = 1200 mm

L2 = 1200 mm

L3 = 1200 mm

1
FLG-01 (Cl 150)

90◦ ELB

90◦ ELB

2
FLG-02 (Cl 150)

VVLV-01

COORD AT FLG-01:
N: 10000.00
E: 25000.00
EL: 100.50 mPIPE SPEC:
4” SCH 40S
ASTM A312 TP304
Welded Joint

Key Points

The spool transitions from North-East direction to Vertical (UP) and
then East. Lengths L1, L2, L3 specify cut pipe segments.
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Typical Piping Isometric Spool II

Orientation legend shows the coordinate mapping for 30-degree
isometric axes.

Weld maps identify fit-up points for shop fabrication, locating
flanges (FLG-01, FLG-02) and inline gate valve (VLV-01).
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Pipe Spool Fabrication Procedures & Quality Control
I

Spool drawings translate the design isometric into direct fabrication steps.
These include cut length calculation, beveling, welding, heat treatment,
testing, and shipping.

Key Points

Cut length of pipe must subtract the fittings’ takeoff dimensions
(e.g., standard 90-degree long radius elbow takeoff is 1.5 times the
nominal pipe size).

Shop welds are marked with a solid dot or circle, while field welds
(FW) are marked with an open circle or designated flag symbol.

Fit-up and alignment tolerances are controlled by ASME B31.3
(Process Piping Code), typically requiring less than 1.5 mm
misalignment (high-low) for critical joints.
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Pipe Spool Fabrication Procedures & Quality Control
II

Field Fit Welds (FFW) are drawn with extra length (typically 50-100
mm) to allow on-site adjustment and trimming during final
installation.
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Anatomy of a Standard Weld Symbol I

Tail (Process: SMAW)

Other Side (Fillet)

Arrow Side (Fillet)

S (Size)L - P (Length - Pitch)

Key Points

AWS A2.4 establishes standard welding symbols globally, ensuring
clear shop-to-office communication.

The horizontal Reference Line is the anchor. Instructions below the
line apply to the arrow side; above apply to the other side.

The Arrow connects the reference line to the joint. Its break/bend
determines which member is beveled in asymmetrical joints.
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Anatomy of a Standard Weld Symbol II

The Tail contains specifications for the welding process (e.g.,
SMAW, GTAW), electrode, or NDT reference.

Weld dimensions including size (S), length of weld segment (L), and
pitch (P) spacing are positioned relative to the symbol.
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Joint Preparation & Edge Details I

Joint configuration directly dictates the mechanical integrity of the
weldment. Engineers must select joint geometries that balance structural
requirements, material thickness, access limitations, and fabrication costs.

Key Points

Beveling and V-grooves are required for plates thicker than 6mm to
ensure complete joint penetration (CJP).

Root Opening (R) prevents incomplete penetration, allowing the
heat of the arc to reach the back side of the joint.

Root Face (f) acts as a physical land, preventing excessive
melt-through or ’burn-through’ of the root pass.

Bevel Angle (theta) is the angle of a single plate edge preparation,
while the Included Angle (alpha) is the total angle between both
plates.
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Joint Preparation & Edge Details II

Engineering drawings must specify dimensions and tolerances for
groove angle, root opening, and root face based on standard design
codes.
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Fabrication Documentation from Drawings I
The translation of design drawings into shop-floor instructions requires
systematic documentation. This step ensures design compliance,
traceability, and optimization of raw materials.

Key Points

Weld Map Preparation: A dedicated drawing derived from the design
drawing where every weld joint is assigned a unique tracking number.
Cutting and Nesting Plans: Layout configurations for cutting plates
using CNC plasma or laser cutting, accounting for kerf width and
grain direction.
Assembly and Welding Sequence: A defined manufacturing plan that
specifies the sequence of tacking and welding to mitigate residual
stresses and weld distortion.
Inspection and Test Plan (ITP): A quality assurance document
listing all hold points, surveillance points, and witness points for
fit-up, NDT, and hydrotesting.
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Welding Procedure Specification (WPS) I
A WPS is a certified, written document that provides detailed direction to
welders for making production welds. It is legally required under codes like
ASME Section IX, AWS D1.1, and ISO 15614.

Key Points

A WPS standardizes variables to ensure consistency in weld
properties like yield strength, tensile strength, and impact toughness.
Essential Variables: Parameters (e.g., base metal thickness,
P-number, F-number, preheat) that, if changed, require
requalification of the procedure.
Non-essential Variables: Parameters (e.g., joint design details,
cleaning methods, groove type) that can be changed without
requalifying the WPS.
Supplementary Essential Variables: Variables (e.g., heat input limits,
carbon equivalent, PWHT) that become essential when toughness
testing is required.
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Single-V Butt Joint Details and Welding Passes I

Root Opening (R)
fRoot Face

theta
Bevel theta = 30◦alpha
Included Angle alpha = 60◦

1
2
3

Key Points

A Single-V joint is standard for welding plates from one side. It
provides good penetration and ease of access.
The root pass (Pass 1) is the most critical; it must establish sound
root fusion without excessive penetration or sagging.
The fill pass (Pass 2) fills the bulk of the V-groove. It must fuse
completely with both bevel walls and the root pass.
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Single-V Butt Joint Details and Welding Passes II

The cap pass (Pass 3) provides the final reinforcement. It must have
a smooth profile to prevent stress concentrations at the toes.

Interpass temperature control is vital during successive passes to
prevent grain growth in the heat-affected zone (HAZ).
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Procedure Qualification Record (PQR) I
A PQR documents the actual variables used during the welding of a test
coupon and records the results of the subsequent testing. It serves as the
physical proof that a WPS is capable of producing a sound weld.

Key Points

The PQR lists actual, discrete parameters measured during coupon
fabrication (e.g., 125 Amps, 24 Volts, 150mm/min travel speed).
Unlike the WPS, which lists allowable ranges, the PQR contains only
the specific values recorded during qualification.
A single PQR can support multiple WPSs, and a single WPS can be
supported by multiple PQRs, depending on material combinations.
PQRs do not expire unless changes in essential variables necessitate
requalification of the entire procedure.
All PQR tests must be documented, signed by the inspector, and
kept on file as permanent quality records.
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PQR Verification: Destructive Testing I

To validate a PQR, the welded test coupon must undergo rigorous testing
to ensure it meets minimum mechanical and metallurgical criteria
established by the code.

Key Points

Tensile Testing: Verifies the joint strength. The coupon must meet
or exceed the minimum specified tensile strength of the weaker base
metal.

Guided Bend Testing: Evaluates ductility and weld soundness.
Specimens are bent around a mandrel to check for cracking or lack
of fusion.

Charpy V-Notch Impact Testing: Evaluates low-temperature
toughness. Specimens are notched in the weld centerline and
heat-affected zone.
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PQR Verification: Destructive Testing II

Macro-etch Examination: Involves polishing and etching a
cross-section of the weld to inspect for penetration, dilution, and
internal defects.

Hardness Surveys: Vickers or Rockwell testing across the weld, HAZ,
and base metal to ensure no brittle phases have formed.
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Understanding WPQ and its Industrial Significance I

Welder Performance Qualification (WPQ) is a process verification step to
demonstrate that a welder or welding operator possesses the manual
dexterity, skill, and technical capability to deposit sound, defect-free weld
metal using a specific Welding Procedure Specification (WPS).

Key Points

Governed primarily by ASME Section IX (QW-300) for pressure
vessels and AWS D1.1 for structural steel.
Differs from WPS qualification (PQR): WPS qualifies the properties
of the weldment (metallurgical capability); WPQ qualifies the ability
of the welder to work within those limits.
Required prior to any production welding to ensure compliance with
quality management systems (such as ISO 3834).
Establishes the range of qualified variables for which the welder is
certified to weld in production.
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Essential Variables in Welder Qualification I
Unlike WPS where variables are classified as essential, non-essential, or
supplementary essential, Welder Performance Qualification is concerned
solely with essential variables that directly influence the welder’s ability to
deposit sound weld metal.

Key Points

Welding Process: A welder qualified in SMAW is not automatically
qualified in GTAW, GMAW, or FCAW.
Joint Type: Qualification on a groove weld qualifies the welder for
fillet welds, but not vice-versa (groove welds require greater skill).
Pipe Diameter limits: Qualification on smaller diameters qualifies for
larger, but qualification on large pipes does not qualify for small
diameters (ASME QW-452.3).
Thickness Limits (QW-452.1): The maximum thickness of weld
metal the welder can deposit in production is typically restricted to
2t (twice the coupon weld deposit thickness).
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ASME Section IX QW-463.1 Plate Coupon Layout I

Discard (25 mm)

Face Bend Specimen

Tension Specimen

Root Bend Specimen

Discard (25 mm)

To
ta
lL

en
gt
h
≥

15
0
m
m

Width ≥ 38 mm

Key Points

Schematic representation of a test coupon for plate groove welds to
be cut for mechanical testing.
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ASME Section IX QW-463.1 Plate Coupon Layout II

Guided bend specimens (face bend and root bend) are extracted to
evaluate soundness and lack of fusion defects.

Discard portions at the ends ensure that start and stop regions
(which often contain transient defects) do not skew bend results.

Visual examination (VT) must be completed and passed prior to
cutting the specimens for mechanical testing.
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Welder Qualification Record (WQR) Documentation I

The WQR (or WPQ Form QW-484A/B in ASME Sec IX) is the legal
quality document that records the testing of the welder and serves as their
formal certification.

Key Points

Lists all actual values used during the test (e.g., filler metal
classification, backing used, shielding gas, electrical characteristics).

Specifies the qualified range derived from the actual values according
to Code limits.

Must document testing results: Visual inspection (QW-194.1),
Volumetric NDE (Radiographic/Ultrasonic testing per QW-302.2),
or Mechanical guided bend tests (QW-160).

Must be signed and dated by the Manufacturer’s representative or
QA/QC Inspector to be legally valid under ASME Sec IX.
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Shop Weld Plan (SWP) Construction & Purpose I

A Shop Weld Plan (SWP) is a production document that maps every weld
joint in a fabrication drawing to a specific qualified WPS, specifying the
weld ID, sequence, joint configuration, and quality requirements.

Key Points

Serves as an operational guide for shop floor supervisors and welders
to execute welds in the correct sequence to control distortion.

Links engineering drawings directly to welder assignments and
quality check points.

Specifies preheat temperatures, interpass temperatures, and
Post-Weld Heat Treatment (PWHT) requirements for each specific
joint.

Used by NDT inspectors to determine which joints require testing
(e.g., 100% RT, 10% UT, or visual inspection only).
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Groove Weld Joint Design Geometry I

R (Root Opening)
f (Root Face)

thetaalpha (Groove Angle)

Key Points

Weld joint configurations defined in the SWP must comply with
qualified WPS parameters.
Groove angle (alpha) and root opening (R) are critical variables for
ensuring full penetration.
Root face (f) controls heat sink capacity and prevents root
burn-through during the root pass.
Welders must be qualified for the specific groove angle range and
backing restrictions of the joint.
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Weld Test Plan (WTP) & Quality Assurance Link I

The Weld Test Plan (WTP) works in tandem with the SWP to detail the
exact inspection techniques, acceptance criteria, welder tracking, and
stage-wise inspections required during fabrication.

Key Points

Identifies Witness Points, Hold Points, and Review Points for
third-party inspection agencies (TPIA) and QA inspectors.
Integrates Welder Traceability: Each completed weld on the SWP
must be marked with the welder’s unique identification symbol
(stamp).
Tracks Welder Continuity: Welders must weld using the process at
least once every 6 months to maintain their WPQ validity (ASME
QW-322.1).
Establishes a Welder Performance Database tracking repair rates;
high repair rates prompt re-testing or suspension.
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Importance of Material Estimation in Fabrication I

Raw material estimation bridges engineering drawings and the shop floor,
ensuring cost optimization and minimizing scrap.

Key Points

Material estimation prevents under-ordering (causing project delays)
and over-ordering (tying up capital in dead inventory).

It accounts for cutting allowances, machining allowances, and
process-specific losses such as kerf loss in CNC plasma/laser cutting.

Standard raw material forms include plates, sheets, structural
sections (beams, channels, angles), pipes, and tubes.

Calculation of net weight vs. gross weight is crucial for logistics,
costing, and crane capacity planning during assembly.
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Plate Sizing and Cutting Allowances I

Sizing involves translating finished drawing dimensions to raw plate
dimensions by adding standard fabrication allowances.

Key Points

Thickness Selection: Selected based on design pressure using codes
like ASME Section VIII Div 1, plus corrosion allowance (typically 1.5
mm to 3.0 mm).

Cutting Kerf Allowance: Typically 2 to 6 mm added per cut
depending on the cutting method (Oxy-fuel, Plasma, or Laser).

Bending/Rolling Allowance: When rolling plates into shells, mean
diameter (Dm = Di + t) is used to calculate the developed length
(L = 3.14Dm).

Edge Preparation: Extra material (typically 2-5 mm) is provided if
weld beveling requires machining after cutting.
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Dished End Blank Diameter: Theoretical Principles I

Dished ends (heads) are pressure vessel closures. Calculating the flat
blank diameter before forming is critical to avoid under-sizing or excessive
thinning.

Key Points

Types of dished ends include Hemispherical, Ellipsoidal (typically 2:1
ratio), Torispherical (KLAD), and Flat heads.

The constant volume principle or surface area approximation is used
to determine the initial flat blank diameter (Db).

Forming operations (spinning or pressing) cause material thinning at
the knuckle radius and thickening at the flange straight face.

Empirical formulas incorporate the inner crown radius (Rc), knuckle
radius (rk), straight flange height (sf), and nominal thickness (t).
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Torispherical Head Geometry I

Di (Inside Diameter)sf
rk

Rc

t

Key Points

The diagram illustrates the cross-section of a standard torispherical
dished end showing key dimensional parameters.

ID (Di): Inside Diameter of the shell to which the head attaches.

sf: Straight Flange, typically 25 mm to 50 mm, provides a cylindrical
landing zone for circumferential seam welding.
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Torispherical Head Geometry II

Crown Radius (Rc): Usually equals the outer diameter of the dished
end (Rc ≈ OD).

Knuckle Radius (rk): The transition radius from the crown to the
straight flange, typically rk ≥ 0.1× ID or 3× t.
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Mathematical Formulations for Blank Diameter (Db) I

Fabrication engineers use empirical and analytical formulas to estimate
the initial blank diameter based on geometry.

Key Points

For standard Torispherical Heads (where Rc = Do and rk = 0.1Do):
Db = 1.11Do + 2sf + thickness allowances.

For 2:1 Semi-ellipsoidal Heads: Db = 1.16Do + 2sf is the widely
accepted industry standard formula.

Formulas take into account the stretch during forming; hot forming
vs. cold spinning have different thinning and stretching factors.

ASME Section VIII Div 1 UG-79 rules govern forming tolerances,
maximum allowable thinning, and heat treatment requirements
post-forming.
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Step-by-Step Calculation: Worked Example I

Input Design Data:
- Shell Outer Diameter (Do) = 1200 mm
- Shell Thickness (t) = 12 mm
- Straight Flange (sf) = 50 mm
- Head Type: Torispherical (Standard ASME)
Blank Diameter Calculations:
Db = 1.11× Do + 2× sf
Db = 1.11× 1200+ 2× 50
Db = 1332+ 100 = 1432 mm
Raw Plate Sizing with Scrap Allowances:
- Add 15 mm cutting and trimming allowance
- Final Flat Blank Plate Size = 1450 mm x 1450
mm
- Order 1500 mm square plate for edge trimming

Key Points

A structured sequence shows how to translate customer
specifications into raw material procurement sizes.
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Step-by-Step Calculation: Worked Example II

Step 1: Extract vessel parameters (Do, t, and sf) from the
fabrication drawing details.

Step 2: Apply the appropriate ASME/empirical formula to calculate
the base blank diameter (Db).

Step 3: Add shop floor trimming allowance (typically 10-25 mm) to
account for edge waviness during hot spinning.

Step 4: Standardize the plate size to commercially available plate
widths (e.g., ordering 1500 mm wide plate instead of custom 1432
mm).
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Material Nesting and Procurement Strategy I

To achieve optimal material utilization, fabrication shops execute nesting
plans using software before purchasing raw materials.

Key Points

Nesting layouts arrange circular blank layouts on rectangular plates
to minimize scrap/offcuts.

Using weld joint configurations (e.g., two-half plates welded
together) is allowed by codes like ASME when blank diameters
exceed standard plate widths.

A clean Material Traceability system must link heat numbers of the
raw plate to the final dished end component.

Final inspection checks minimum thickness after forming (tmin) to
ensure it complies with the design calculations.
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Principles of Weld Consumable Calculations I
Weld consumable estimation determines the raw filler metal or electrode
weight required for project execution.

Key Points

Weld Metal Volume (Vw): Determined by the cross-sectional area of
the joint geometry multiplied by weld length.
Theoretical Weld Weight (W_th): Vw multiplied by base metal
density (carbon steel = 7850 kg/m cubed or 7.85 g/cm cubed).
Deposition Efficiency (E_d): Accounts for process loss. SMAW
(Stick) is 55-65%, GMAW (MIG) is 85-90%, GTAW (TIG) is 95-99%.
Safety and Wastage Factors: Includes butt-end stub losses (SMAW),
slag formation, spatter, and grinding allowances.
Consumable Procurement Formula: Required Electrode Weight =
(Theoretical Weld Metal Weight / Deposition Efficiency) * (1 +
Safety Factor).
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Butt Weld Groove Geometry & Volume I

g
f

T

htheta/2 theta/2

Key Points

Visual representation of single-V butt weld geometry parameters.

Root Gap (g) provides weld penetration to the root; typical
dimensions are 1.5 mm to 3.0 mm.

Root Face (f) controls heat dissipation and prevents burn-through
during the root pass.
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Butt Weld Groove Geometry & Volume II

Bevel Angle (theta/2) specifies the groove angle, typically 30 to 37.5
degrees per plate side.

Reinforcement Height (h) is the weld metal build-up above the plate
level to ensure joint strength.
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Structural Section Mass & Weight Calculations I
Structural shapes (Angle, I-beam, T-section, C-channel) are key structural
building blocks that require precise mass calculations.

Key Points

Angle Section: Area calculation uses A = t * (W1 + W2 - t) where
W1 and W2 are the leg widths and t is the thickness.
I-Beam Section: Area calculation uses A = 2 * b * t_f + (h - 2 *
t_f) * t_w where b is flange width, t_f is flange thickness, h is
overall height, and t_w is web thickness.
T-Section: Area calculation uses A = b * t_f + (h - t_f) * t_w,
separating flange and web areas.
C-Channel: Area calculation uses A = 2 * b * t_f + (h - 2 * t_f) *
t_w, treating the profile similarly to an I-beam.
Weight Calculation: Overall weight W = A * L * density, using 7850
kg/m cubed for standard mild steel sections.
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Polygonal Bar Profile Calculations I

Polygonal shapes (Square, Triangular, Hexagonal) are evaluated based on
cross-sectional geometries for solid and hollow designs.

Key Points

Square Hollow Bar: Area A = So squared - Si squared, where So is
outer side dimension and Si = So - 2t is the inner side dimension.

Triangular Solid Section: Area A = (1.732/4) * a squared for an
equilateral triangle of side a.

Triangular Hollow Section: Area A = (1.732/4) * (ao squared - ai
squared), where ao and ai represent outer and inner sides.

Hexagonal Solid Section: Area A = (1.732/2) * S squared where S
is the distance across flats.

Hexagonal Hollow Section: Area A = (1.732/2) * (So squared - Si
squared), where So is the outer across-flats width and Si = So - 2t.

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 100 / 361



Hexagonal Hollow Bar Geometry I

O

So (Across Flats)

t
Hexagonal Hollow Bar

Key Points

Hexagonal hollow bar cross-section with flat-to-flat and wall
thickness markers.
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Hexagonal Hollow Bar Geometry II

Across Flats (S_o) is the standard metric for tool interface and
structural matching.

Perpendicular wall thickness (t) controls local buckling and
structural integrity.

Inner Across Flats (S_i) calculation: S_i = S_o - 2t, which enables
exact calculation of the hollow core area.

Material density scaling: Mass per unit length is derived by
multiplying the calculated area by the material density.
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Piping Erection Calculations: Inch-Dia & Inch-Meter I

Piping erection workloads and labor estimates are quantified
internationally using standard Inch-Dia and Inch-Meter units.

Key Points

Inch-Diameter (ID): The primary weld work unit. Represents welding
work equivalent to 1 joint of a 1-inch nominal pipe size.

ID Calculation: Total ID = Sum of (Joints * Nominal Pipe size in
inches). E.g., five 6-inch joints equal 30 ID.

Inch-Meter (IM): The primary piping erection unit. Quantifies the
erection work equivalent to laying 1 meter of a 1-inch pipe.

IM Calculation: Total IM = Sum of (Pipe Length in meters *
Nominal Pipe size in inches). E.g., 20 meters of 4-inch pipe equals
80 IM.
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Piping Erection Calculations: Inch-Dia & Inch-Meter
II

Project Estimating: Standard productivity metrics, such as
man-hours per ID or man-hours per IM, vary by pipe schedule and
material.
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ASME Code & Industrial Weld Consumable
Standards I
Industrial welding calculations must comply with welding codes and
standards to ensure joint safety and quality control.

Key Points

ASME Section II Part C: Covers guidelines for the selection, testing,
and approval of welding electrodes and filler metals.
AWS A5.1 & A5.18: Standards governing carbon steel electrodes
(e.g. E7018, E6010) and gas metal arc welding (GMAW) filler wires.
Weld Joint Efficiency (E): Used in pressure vessel design (ASME Sec
VIII Div 1); depends on non-destructive examination (NDE) level.
Consumable Waste Factors: Heavy structural welding typically allows
for a 10% wastage margin due to slag removal and spatter.
Mill Test Certificates (MTC): Crucial documentation ensuring
chemical and mechanical compliance of procurement orders.
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Fundamentals of Inch-Diameter Piping Calculations I

The ’inch-dia’ (inch-diameter) is the standard industrial unit used to
measure, estimate, and schedule piping welding workloads. It represents
the product of the nominal pipe size (NPS) in inches and the number of
joints. This unit serves as the baseline for estimating weld volumes,
man-hour requirements, and consumable consumption.

Key Points

Calculation formula: Joint Inch-Dia (ID) = Nominal Pipe Size (in) *
Number of Joints of that size.

Example: 5 joints of 6-inch pipe equals 30 inch-dia of welding.

It is the standard estimating tool for mechanical construction
contracts and progress tracking.

Used directly for welder productivity tracking (e.g., target of 10 to
15 inch-dia per welder per day depending on material and thickness).
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Weld Joint Groove Fit-Up Detail I

Root Gap (g)

f

Included Angle theta
T

Key Points

Standard single-V butt joint configuration per ASME B16.25 for pipe
wall thicknesses between 4.8 mm and 22 mm.

Root face (f) is typically 1.6 mm (1/16”) to 2.4 mm (3/32”) to
prevent excessive melt-through or burn-through.
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Weld Joint Groove Fit-Up Detail II

Root gap (g) ranges from 1.6 mm to 3.2 mm to ensure full
penetration of the root pass.

The standard included angle (theta) is 60 to 75 degrees (30 to 37.5
degree bevel angles for each pipe end).
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Factors Modifying Inch-Dia (Equivalent Inch-Dia) I

Simple inch-dia calculations do not account for variations in wall thickness
(schedule) or material type. To accurately estimate labor and costs, the
industry uses ’Equivalent Inch-Dia’ (EID) by applying multiplying factors
based on pipe schedules (e.g., Sch 40, Sch 80, Sch XS, Sch XXS) and
material composition (carbon steel, stainless steel, alloy steel).

Key Points

Base unit: 1 Inch-Dia of standard wall thickness (Sch 40) in carbon
steel (CS) equals 1 EID.
For Sch 80/XS, a multiplier of 1.5 to 1.8 is applied; for Sch
160/XXS, the multiplier can exceed 2.5.
Material factors: Stainless Steel (SS) typically has a factor of 1.5 to
2.0 due to slower welding speeds and purging requirements.
Alloy steels (e.g., P11, P22, P91) require pre-heating and post-weld
heat treatment (PWHT), increasing the factor to 2.0 - 3.5.
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Weld Metal Volume and Consumable Estimation I
To calculate the weight of welding electrodes or filler wire required for a
piping project, the cross-sectional area of the weld joint must be
computed. Consumable estimation incorporates deposition efficiency, joint
geometry (groove volume), and reinforcement height.

Key Points

Weld cross-section area (A) = [g * T] + [(T - f)^2 * tan(theta / 2)]
+ Weld Reinforcement Area.
Weight of weld metal (W) = Volume * Density of steel (approx.
7.85 g/cm cubed or 0.283 lb/in cubed).
Deposition efficiency factors: Shielded Metal Arc Welding
(SMAW/Stick) 55-65%, Gas Tungsten Arc Welding (GTAW/TIG)
90-95%, Gas Metal Arc Welding (GMAW/MIG) 85-90%.
Total electrode weight required = Net weld metal weight /
Deposition efficiency (typically multiply net weight by 1.5 to 1.7 for
SMAW).
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Fillet Weld Geometry and Structural Calculations I

Root

Leg z1

Leg z2

Throat a = 0.707× z

Key Points

Fillet welds are primarily used in mechanical structural works (e.g.,
pipe supports, platforms) and socket-welded piping.
The throat thickness (a) is the design parameter used in stress
calculations, representing the minimum shear path.
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Fillet Weld Geometry and Structural Calculations II

For a standard 45-degree fillet weld with equal legs (z): Throat a =
z * cos(45) = 0.707 * z.

Stress in the fillet weld is calculated as Force / (Effective Throat
Thickness * Effective Length of Weld).
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Mechanical Structural Works Weld Calculation I

Mechanical structural weld design is governed by codes such as AWS D1.1
(Structural Welding Code - Steel). Calculations must account for static,
dynamic, or cyclic loading. Designers determine the weld size based on the
strength of the base metal and the weld metal (e.g., E70XX electrodes).

Key Points

Weld strength calculation: Allowable stress of weld (F_w) = 0.30 *
nominal tensile strength of weld metal (e.g., 0.30 * 70,000 psi =
21,000 psi for E70).
Minimum fillet weld size is specified by AWS D1.1 Table 5.8 based
on the thickness of the thicker part joined to ensure crack resistance.
For dynamic loading, fatigue stress range limits are applied, reducing
allowable stresses significantly compared to static loads.
Intermittent fillet welds are calculated using length and spacing
(pitch): e.g., 2-6 (2 inch weld length, 6 inch pitch center-to-center).
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Welding Detailing Preparation from Fabrication
Drawings I

Preparation of welding details from engineering drawings (isometric
drawings, structural layouts) is a critical step in fabrication. It involves
translating standard symbols into shop instructions, defining joint
geometries, preparing Weld Maps, and assigning Weld Procedure
Specifications (WPS).

Key Points

Welding Symbols interpretation: Understanding reference lines,
arrow directions, weld type symbols (V-groove, fillet), and tail notes
(specifying WPS or NDT requirements).

Weld Mapping: Assigning a unique weld number to every joint on
isometric and structural drawings for traceability.

Developing the Weld Joint Detail: Defining root gap, root face,
bevel angle, and backing requirements on detail drawings.
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Welding Detailing Preparation from Fabrication
Drawings II

Incorporating non-destructive testing (NDT) symbols: Specifying
Radiographic Testing (RT), Ultrasonic Testing (UT), or Magnetic
Particle Testing (MT) percentages.
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Fundamentals of Weld Joint Design I
Weld joints are structural configurations that determine the relative
position of the parts to be joined. The design must accommodate specific
loading conditions (tension, compression, shear, cyclic fatigue) and
provide access for the welding torch.

Key Points

The five basic joint types recognized by AWS are Butt, Corner, Tee,
Lap, and Edge joints.
Butt Joint: Alignment of parts in the same plane; typically requires
edge preparation for full penetration in thicker sections.
Tee (T) Joint: Members are perpendicular to each other, forming a
T-shape; predominantly joined using fillet or partial penetration
groove welds.
Corner & Lap Joints: Corner joints connect outer edges at right
angles (common in rectangular ducting/boxes); Lap joints overlap
members (ideal for shear loads and fillet welds).
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Fundamentals of Weld Joint Design II

Edge Joint: Parallel members welded at their edges; commonly
applied to thin sheet metals and non-structural components.
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Fillet Weld Nomenclature & Geometry I

Root

Toe (vertical)

Toe (horizontal)

Weld Face

Leg Size (z)

Leg Size (z)

Throat (a)

Key Points

Leg Size (z): The distance from the joint root to the toe of the fillet
weld, indicating the fusion boundary along the base metal.
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Fillet Weld Nomenclature & Geometry II

Theoretical Throat: The shortest distance from the joint root to the
hypotenuse of the largest inscribed right triangle.

Actual Throat (a): The shortest distance from the joint root to the
weld face, which includes weld reinforcement (convexity).

Effective Throat: The throat thickness used in design calculations to
determine weld strength under shear stress.

Toe: The boundary junction between the weld face and the base
metal. Root: The point where the weld metal intersects the base
metal at the joint base.
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Groove Weld Nomenclature & Configurations I

Groove welds are deposited in a groove between members. They are used
for high-strength applications where the weld must transfer the full design
load of the members. Groove welds are categorized into Complete Joint
Penetration (CJP) and Partial Joint Penetration (PJP) welds.

Key Points

Depth of Bevel: The depth to which the base metal edge is cut or
prepared, which is independent of the actual joint penetration.

Root Opening (g): The gap or separation between the members at
the root of the joint, ensuring the welding electrode can access the
bottom of the joint.

Root Face (f): The flat portion of the groove face adjacent to the
root. It acts as a heat sink to prevent burn-through during the root
pass.
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Groove Weld Nomenclature & Configurations II

Groove Angle (alpha): The total included angle between the groove
faces of the parts to be joined (typically 60 to 75 degrees for
V-grooves).

Bevel Angle (beta): The angle formed between the prepared edge of
a member and a plane perpendicular to the plate surface.

Joint Penetration: The depth that the weld metal extends into the
joint, starting from the weld face.
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Weld Edge Preparation (WEP) & Bevel Types I

Weld Edge Preparation (WEP) involves shaping the plate edges prior to
welding to ensure adequate fusion, code-compliant root penetration, and
minimal weld volume. The preparation choice is dictated by material
thickness and welding process.

Key Points

Single-V Bevel: Standard preparation for plates 6 mm to 20 mm
thick. Bevel angle is typically 30 or 37.5 degrees (included angle of
60 or 75 degrees).

Double-V Bevel: Used for thicker plates (>20 mm) to balance
welding distortion and minimize weld metal volume, requiring
double-sided access.

Single/Double-U Bevel: Features curved root geometries requiring
less filler metal for very thick plates, though machining is more
expensive than thermal cutting.
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Weld Edge Preparation (WEP) & Bevel Types II

J-Groove Bevel: Similar to U-groove but applied to only one of the
abutting members, commonly used in T-joints and corner joints.

Backing Strip: A flat bar placed at the root of a joint to support the
weld pool during the root pass, often removed after welding in
fatigue-critical applications.

Backgouging: The removal of weld metal and base metal from the
other side of a partially welded joint to ensure sound metal before
welding the second side.

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 123 / 361



Weld Edge Preparation (WEP) Symbols I

WEP symbols define the geometry of the joint preparation prior to
welding. These symbols are placed on engineering drawings to instruct the
fabrication shop on how to machine or cut the edges of plates.

Key Points

Square Groove: Represented by two parallel vertical lines. Indicates
no edge preparation is needed, typical for thin plates (<3 mm).

V-Groove: Represented by a ’V’ shape, indicating both members
must be beveled to form a symmetrical groove.

Bevel Groove: Represented by a vertical line and a sloped line. The
arrow points specifically to the member that must be beveled.

U-Groove and J-Groove: Represented by curved symbols indicating
U or J shapes, which require special machining or gouging.
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Weld Edge Preparation (WEP) Symbols II

Dimension Placement: Root opening is placed inside the groove
symbol, and the bevel/groove angle is placed above or below the
symbol.
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Standard Location of Elements on a Welding Symbol
I

Arrow (points to joint)

Tail (Process/Specification)

Contour / Finish Symbol

Contour / Finish Symbol

Size (S)

Size (S)

Weld Symbol

Weld Symbol

Length (L) - Pitch (P)

Length (L) - Pitch (P)

OTHER SIDE (Above Reference Line)

ARROW SIDE (Below Reference Line)

Key Points

Reference Line: The horizontal foundation of the welding symbol
where all joint design instructions are organized.

Arrow Connection: The arrow points to the joint line. The side of
the joint the arrow points to is the ’Arrow Side’; the opposite side is
the ’Other Side’.
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Standard Location of Elements on a Welding Symbol
II

Weld Size (S): Placed to the left of the weld symbol. For groove
welds, it represents the effective throat; for fillet welds, it is the leg
size.

Weld Length (L) & Pitch (P): Placed to the right of the weld
symbol. ’L’ specifies length, and ’P’ specifies center-to-center
spacing of intermittent welds.

Tail: Located at the opposite end of the reference line; used to
specify code references, welding processes (e.g., SMAW, GMAW), or
testing specifications.
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Industrial Applications & Drawing Standards I

Interpretation of welding symbols is standardized globally to ensure
consistency between design offices and fabrication shops. The primary
standards used are AWS A2.4 and ISO 2553.

Key Points

AWS A2.4 Standard: Uses a single reference line where arrow-side
information is below the line, and other-side information is above the
line.

ISO 2553 Standard: Utilizes a dual reference line (a solid line and a
parallel dashed line). Weld symbols on the dashed line apply to the
other side.

Weld-All-Around: Indicated by a circle at the junction of the
reference line and the arrow, specifying a continuous weld around the
joint perimeter.

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 128 / 361



Industrial Applications & Drawing Standards II

Field Weld: Represented by a flag pointing toward the tail at the
reference line junction, indicating the weld must be made at the
construction site.

Nondestructive Examination (NDE): Standard symbols like RT
(Radiographic Testing) and UT (Ultrasonic Testing) can be
integrated with the welding symbol.
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Defining Weld Pass and Weld Layer I

Distinguishing between a single bead deposition and a completed
horizontal layer in thick-section joints.

Key Points

Weld Pass: A single progression of welding along a joint, resulting in
a single weld bead.

Weld Layer: A stratum of weld metal consisting of one or more weld
passes deposited side-by-side at approximately the same level.

Multi-pass welding is mandatory for thick plates (typically > 6mm)
to control Heat Affected Zone (HAZ) grain growth and limit heat
input.

Interpass Temperature: The temperature of the weldment between
successive passes; must be monitored (per ASME Section IX) to
prevent thermal cracking and preserve mechanical properties.
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Multi-Pass V-Groove Weld Architecture I

1
2 3

4 5 6

Layer 1
Layer 2
Layer 3

Key Points

Root Pass (1): The initial pass deposited in the root of the joint.
Requires precise penetration control.
Filler Passes (2-3, 4-6): Successive layers deposited to fill the
groove. Requires proper deslagging between passes.
Capping Passes (Layer 3): The final layer forming the weld face,
providing reinforcement. Must not exceed code-specified
reinforcement heights (typically 1.5 to 3.0 mm per AWS D1.1).
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ASME Section IX and AWS D1.1 Groove Weld
Positions I
Understanding spatial orientations for groove welding in plate and pipe
configurations.

Key Points

1G (Flat): The plate is flat, and weld metal is deposited from above.
2G (Horizontal): The weld axis is horizontal, and the weld face lies
in a vertical or nearly vertical plane.
3G (Vertical): The weld axis is vertical; welding can be vertical-up
(3G-Uphill) or vertical-down (3G-Downhill). Uphill provides deeper
penetration.
4G (Overhead): The weld is executed from the underside of the joint.
Pipe Positions (1G, 2G, 5G, 6G): 5G represents a fixed horizontal
pipe (vertical progression); 6G represents a pipe inclined at 45
degrees, which qualifies a welder for all positions.
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Fillet Weld Positions and Joint Dynamics I

Classifying fillet weld positions (1F to 4F) and their application in
structural fabrication.

Key Points

1F (Flat): The joint is tilted so the weld axis is horizontal and the
throat is vertical.

2F (Horizontal): The weld is deposited on the upper side of a
horizontal surface and against a vertical surface.

3F (Vertical): The weld axis is vertical; torch movement is vertical.

4F (Overhead): The weld is deposited from the underside of a
horizontal surface against a vertical surface.

Fillet welds primarily resist shear stresses across the throat; throat
thickness (t = 0.707 x leg size) is the critical design parameter.
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Visually Classifying 1G, 2G, and 3G Plate Positions I

Torch

1G (Flat)

Torch

2G (Horizontal)

Upward Axis

3G (Vertical)

Key Points

Gravity influence: In 1G, gravity helps deposit weld metal into the
joint. In 2G, gravity pulls the molten pool downward, requiring
precise torch angle adjustment.
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Visually Classifying 1G, 2G, and 3G Plate Positions II

3G vertical progression: Requires controlling the puddle to prevent
dripping. Vertical-up builds a shelf of solidified metal to support the
weld pool.

Welders must be qualified under specific AWS/ASME standards for
the designated positions.
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Forehand vs. Backhand Welding Techniques I

Comparing torch travel direction, angles, and their thermodynamic effects
on the weld bead profile.

Key Points

Forehand (Push) Technique: The welding torch is pointed in the
direction of travel (drag angle points away from the weld). Results in
wider, flatter beads with shallow penetration.

Backhand (Pull/Drag) Technique: The welding torch points back at
the completed weld bead (drag angle points toward the weld).
Results in narrower beads with deeper penetration and higher
reinforcement.

Gas Shielding Efficiency: Push technique provides preheating of the
joint base metal, but drag technique offers superior shielding gas
coverage over the cooling weld pool.
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Forehand vs. Backhand Welding Techniques II

Application: Forehand is preferred for thin sheets and aluminum
(minimizes burn-through). Backhand is preferred for thick carbon
steel sections requiring maximum root penetration.
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QA/QC Codes and Structural Standards I

Standard operating procedures and non-destructive examination (NDE)
requirements.

Key Points

ASME Section IX governs welder performance qualifications (WPQ)
and welding procedure specifications (WPS) for pressure vessels.

AWS D1.1 structural welding code defines maximum allowable
undercut (typically 1mm for static, 0.25mm for cyclic loads).

Multi-pass cleaning: Interpass slag removal via wire brushing or
grinding is mandatory in SMAW and FCAW to avoid slag inclusions.

Weld profile defects: Improper torch travel speeds or angles lead to
undercut, overlap, excessive reinforcement, or lack of fusion.
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SMAW Electrode Designation (AWS A5.1 / A5.5) I

Shielded Metal Arc Welding (SMAW) electrodes are classified by the
American Welding Society (AWS) specifications. For carbon steel, AWS
A5.1 applies; for low-alloy steel, AWS A5.5 applies. A typical designation
like E7018 contains four or five digits following the letter ’E’, representing
specific engineering characteristics.

Key Points

Prefix ’E’ designates a flux-coated consumable electrode used in
SMAW.

First two digits (e.g., ’70’ in E7018) represent the minimum tensile
strength of the deposited weld metal in ksi (70 ksi = 70,000 psi /
480 MPa). For five-digit electrodes like E11018, the first three digits
(’110’) represent 110 ksi.
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SMAW Electrode Designation (AWS A5.1 / A5.5) II

Third (or fourth) digit denotes the welding position: ’1’ for all
positions (Flat, Horizontal, Vertical, Overhead); ’2’ for flat and
horizontal fillet welds; ’4’ for flat, horizontal, overhead, and
vertical-down.

Last digit (e.g., ’8’ in E7018) specifies the type of flux coating,
current capability (AC, DCEP, or DCEN), and chemical composition.
E7018 indicates an iron powder low-hydrogen coating requiring
DCEP or AC.

Optional suffixes (e.g., ’-1’ for improved toughness, ’-H4’ for
diffusable hydrogen level of max 4 ml/100g of weld metal) specify
special tests or properties.
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SMAW Electrode Code Breakdown Diagram I

E 70 1 8

Electrode
Consumable SMAW

Tensile Strength
Min. 70,000 psi(70 ksi / 482 MPa)

Position
1 = All Positions(Flat, H, V, OH)

Coating and Current
Iron Powder, Low H
AC or DCEP polarity

Key Points

AWS A5.1 E7018 is the most widely used low-hydrogen electrode in
structural steel fabrication.
The diagram traces each character to its operational parameter.
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SMAW Electrode Code Breakdown Diagram II

Low-hydrogen electrodes require proper storage in holding ovens at
250-300°F (120-150°C) after opening to prevent moisture absorption
and hydrogen-induced cracking.
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GTAW Electrode Designation (AWS A5.12) I

Gas Tungsten Arc Welding (GTAW) uses non-consumable tungsten
electrodes classified under AWS A5.12. Unlike SMAW, these electrodes
are alloyed with specific metal oxides (rare earth elements) to improve arc
stability, ease of arc starting, current carrying capacity, and tip longevity.

Key Points

Prefix ’E’ designates electrode, and ’W’ stands for Tungsten
(Wolfram).
Chemical composition identifier: ’P’ = Pure Tungsten (99.5% W,
Green tip), ’Th’ = Thoriated (e.g., EWTh-2 containing 2% Thorium
Oxide, Red tip, radioactive hazard during grinding), ’Ce’ = Ceriated
(EWCe-2, Grey tip, general-purpose DC welding).
Other alloy oxides: ’La’ = Lanthanated (EWLa-1.5, Gold tip,
excellent low-current arc starting), ’Zr’ = Zirconiated (EWZr-1,
Brown tip, preferred for AC welding of aluminum due to resistance
to contamination), ’G’ = Unspecified Rare Earth (EWG).

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 143 / 361



GTAW Electrode Designation (AWS A5.12) II

Tip preparation is critical: DCEN welding requires a sharp pointed
tip (ground parallel to the axis), while AC welding requires a balled
tip (typically self-formed or pre-formed under DCEP).

Alloyed tungsten electrodes have lower work function, enabling high
electron emission rates at lower temperatures.
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Welding Weaving Patterns & Techniques I

Weaving is the technique of oscillating the welding electrode transversely
to the direction of travel. This is in contrast to a stringer bead, where the
electrode is dragged straight. Weaving is essential for wide joints,
vertical-up welding, heat-input distribution, and side-wall fusion.

Key Points

Zig-Zag Weave: Common for root passes and fill passes in groove
welds, ensuring excellent side-wall fusion and penetration.

C-Pattern and Crescent Weave: Frequently used for horizontal and
vertical-up positions. The pause (dwell time) at each side is crucial
to prevent undercut at the weld toes.

Figure-8 and Triangular Weaves: Typically applied in vertical-up
welding (e.g., 3G position) to build up a shelf of molten metal that
supports the weld pool against gravity.

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 145 / 361



Welding Weaving Patterns & Techniques II

Travel speed and weaving frequency must be balanced: weaving too
wide or too fast can cause slag inclusion, excessive heat input, and
reduced mechanical properties (Charpy V-Notch toughness).

Maximum weave width is often limited by codes (e.g., AWS D1.1
restricts weave width in certain positions to prevent excessive heat
input).
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Welding Weaving Patterns Diagram I

Zig-Zag Weave(Side-Wall Fusion)C-Pattern Weave(Dwell at Toes)Figure-8 Weave(Heat Distribution)

Key Points

Dashed lines represent the joint preparation bevel edges (weld toes).

Weaving movements must pause briefly at the edges (toes) to build
up metal and prevent undercutting.

Stringer beads are preferred over wide weaving for critical,
high-strength cryogenic and alloy steels to minimize Heat Affected
Zone (HAZ) grain growth.
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Codes and Standards in Fabrication I

Codes and standards dictate the rules for designing, manufacturing, and
inspecting fabricated structures to ensure safety and reliability. They are
legally binding when referenced in contracts or building laws.

Key Points

ASME BPVC Section IX: Qualification Standard for Welding,
Brazing, and Fusing Procedures; Welders; Brazers; and Welder,
Brazer, and Fusing Operators. Used globally for pressure vessels,
boilers, and piping.

AWS D1.1: Structural Welding Code - Steel. Governs structural
steel fabrication, design, inspection, and welder qualifications for
buildings and bridges.

API Standard 1104: Welding of Pipelines and Related Facilities.
Focuses on carbon and low-alloy steel pipelines, containing specific
acceptance criteria for non-destructive testing (NDT).
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Codes and Standards in Fabrication II

Difference between Codes, Standards, and Specifications: Codes are
comprehensive laws (e.g., ASME BPVC); Standards are established
guidelines (e.g., ASTM testing methods); Specifications are
purchaser-defined requirements.

Compliance with codes ensures structural integrity, standardizes
manufacturing quality, and reduces catastrophic failure risk in
service.
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WPS, PQR, and Welder Qualification (WPQ) I

Code compliance is demonstrated through a structured three-step quality
assurance framework: the Welding Procedure Specification (WPS), the
Procedure Qualification Record (PQR), and the Welder Performance
Qualification (WPQ).

Key Points

WPS (Welding Procedure Specification): A formal written document
describing welding procedures, providing direction to the welder for
making code-compliant production welds. It lists essential,
non-essential, and supplementary variables.

PQR (Procedure Qualification Record): A record of welding variables
used to weld a test coupon and the results of physical tests
(destructive tests like tension tests, guided-bend tests, and
toughness tests) conducted to qualify the WPS.
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WPS, PQR, and Welder Qualification (WPQ) II

WPQ (Welder Performance Qualification): A test record confirming
a welder’s manual dexterity and ability to deposit sound weld metal
using the qualified WPS, verified via volumetric NDT (radiography)
or bend tests.

Essential Variables: Changes that affect mechanical properties of the
weldment (e.g., base metal thickness, filler metal F-number, preheat
temperature) and require WPS requalification.

Non-Essential Variables: Changes that can be made to a WPS
without requalification, though they must be documented (e.g.,
groove design details, shielding gas flow rate).
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The ASME BPVC Framework I

ASME Boiler & Pressure Vessel Code (BPVC) governs the design,
fabrication, and inspection of boilers and pressure vessels. It is divided
into multiple key sections: Section II (Materials), Section V (NDT),
Section VIII (Pressure Vessels), and Section IX (Welding Qualifications).

Key Points

ASME Section VIII Division 1: Rules for construction of pressure
vessels operating up to 3000 psi.
ASME Section II: Comprises Parts A (Ferrous), B (Nonferrous), C
(Welding Rods/Electrodes), and D (Properties).
ASME Section IX: Defines welding procedure specifications (WPS),
procedure qualification records (PQR), and welder performance
qualifications (WPQ).
ASME Section V: Outlines non-destructive examination (NDE)
methods including RT, UT, MT, and PT.
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ASME Section VIII Div 1: Shell and Head Geometry I

Circ Seam
Long Seam

t = PR
SE−0.6P

Lhead
Cylindrical ShellHead

Key Points

ASME Sec VIII Div 1 specifies formula for shell thickness:
t = PR/(SE − 0.6P) where P is internal design pressure, R is inner
radius, S is allowable stress, and E is joint efficiency.

Joint efficiency (E) varies from 0.70 to 1.0 depending on the level of
radiography (RT-1, RT-2, RT-3, RT-4).
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ASME Section VIII Div 1: Shell and Head Geometry
II

Category A joints (longitudinal seams) are subject to maximum
stress and require higher inspection standards than Category B
(circumferential seams).

Heads can be ellipsoidal (typically 2:1 ratio), torispherical,
hemispherical, or flat, each with distinct design factors.
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AWS D1.1 Structural Welding I

The American Welding Society (AWS) D1.1 covers the welding
requirements for any type of welded structure made of the commonly used
carbon and low-alloy constructional steels. It specifies structural details,
welder qualifications, inspection criteria, and technique requirements.

Key Points

AWS D1.1 governs steel structures with thickness of 1/8 inch (3mm)
or greater.

Prequalified WPS: AWS D1.1 allows the use of prequalified Welding
Procedure Specifications, eliminating the need for PQR testing under
specific joint geometries and materials.

Essential Variables: Limits on heat input, electrode diameter,
shielding gas flow, and position changes that, if exceeded, require
requalification.
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AWS D1.1 Structural Welding II

Visual Inspection Acceptance Criteria: Strict limitations on undercut
(max 1mm or 1/32 in for structural welds), porosity, and
reinforcement height.
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AWS Joint Configurations and Positions I

Groove Angle (alpha)

Root Face (f)
Root Opening (g)

Bevel (beta)

Key Points

Key parameters of a groove weld joint: groove angle, bevel angle,
root opening, root face, and bevel radius.

Root opening (g) ensures proper penetration of the weld root run,
preventing incomplete root fusion.

Root face (f) provides a heat sink to prevent burn-through of the
initial weld pass.
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AWS Joint Configurations and Positions II

AWS D1.1 standardizes joint designations (e.g., B-U2a for a
Single-V-groove weld with unlimited thickness).
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ASTM Materials Specifications I

ASTM International provides standards for testing, material properties,
and classifications. In fabrication, ASTM specifications dictate the
chemical composition, mechanical properties (tensile strength, yield
strength, elongation), and manufacturing processes of metals.

Key Points

ASTM A36: The standard specification for carbon structural steel,
commonly used in welded, bolted, or riveted construction (Yield: 36
ksi / 250 MPa).

ASTM A516: Covers pressure vessel plates, carbon steel, for
moderate- and lower-temperature service (Grade 70 is highly
common for ASME vessels).

Correlation with ASME: ASME Section II Part A adopts ASTM
specifications, prefixing them with ’S’ (e.g., ASTM A36 becomes
ASME SA-36).
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ASTM Materials Specifications II

Material Test Reports (MTRs): Crucial quality control documents
detailing chemical analysis (heat analysis) and mechanical testing
results to prove ASTM compliance.
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Welder & Procedure Qualification I

Fabrication shops must qualify their welding procedures and personnel
before production welding. ASME Section IX and AWS D1.1 establish
distinct pathways for qualifying Welding Procedure Specifications (WPS),
Procedure Qualification Records (PQR), and Welder Performance
Qualifications (WPQ).

Key Points

PQR (Procedure Qualification Record): A record of welding variables
used to weld a test coupon and the physical test results (tensile,
bend, impact).
WPS (Welding Procedure Specification): The recipe book for
welders, derived from a qualified PQR, listing ranges for current,
voltage, filler metal, and shielding gas.
WPQ (Welder Performance Qualification): Verifies a welder’s
manual dexterity and ability to deposit sound weld metal using
visual, bend, or volumetric testing (RT).

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 161 / 361



Welder & Procedure Qualification II

ASME Sec IX requires PQRs for almost all procedures, while AWS
D1.1 permits prequalified WPSs for specific structural joints without
testing.
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Quality Assurance & Code Compliance I

The final phase of code-compliant fabrication is testing and
documentation. NDE methodologies verify weld integrity without
damaging the structure. ASME Section V and AWS D1.1 Section 6
outline requirements for visual, radiographic, ultrasonic, magnetic particle,
and liquid penetrant testing.

Key Points

Visual Testing (VT): The primary NDE method, performed before,
during, and after welding. Must check alignment, root gap,
undercut, and surface porosity.
Radiographic Testing (RT): Volumetric NDE that uses X-rays or
Gamma-rays to detect internal defects (slags, porosity, lack of
fusion).
Ultrasonic Testing (UT): Uses high-frequency sound waves to detect
and size defects, increasingly replacing RT via Phased Array
Ultrasonic Testing (PAUT).
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Quality Assurance & Code Compliance II

Hydrostatic Testing: ASME pressure vessels must undergo liquid
pressure testing (typically 1.3 times the maximum allowable working
pressure) to verify strength.
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TEMA Classifications: R, C, and B I

The Tubular Exchanger Manufacturers Association (TEMA) establishes
mechanical design standards for shell and tube heat exchangers.

Key Points

TEMA Class R: Establishes design and fabrication requirements for
severe duty petroleum and related process applications.

TEMA Class C: Establishes design and fabrication requirements for
moderate duty commercial and general process applications.

TEMA Class B: Establishes design and fabrication requirements for
chemical process service, optimizing for corrosion resistance.

Fabrication parameters defined include minimum shell thickness,
corrosion allowances, and tubesheet mechanical design formulas.
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TEMA Heat Exchanger Schematic I

Shell Inlet

Shell Outlet

Baffle

Baffle

Tubes

Key Points

Three-letter nomenclature (e.g., AEL, BEM) defines front head, shell
type, and rear head configuration.
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TEMA Heat Exchanger Schematic II

Baffles provide tube support to prevent flow-induced vibration and
create cross-flow for optimal heat transfer.

Tubesheets are designed for differential thermal expansion and
pressure loading between shell-side and tube-side.

Tube-to-tubesheet joint integrity is achieved via mechanical
expansion, strength/seal welding, or a combination.

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 167 / 361



EJMA Standards & Expansion Joints I

The Expansion Joint Manufacturers Association (EJMA) defines the
mechanical design, fabrication, and testing of metallic bellows expansion
joints.

Key Points

Bellows absorb thermal growth, angular misalignment, and
mechanical vibrations in piping systems.

Formulas define fatigue life, meridional and circumferential
membrane/bending stresses, and stability limits.

Materials must exhibit high ductility, fatigue strength, and corrosion
resistance (commonly 300-series SS and nickel alloys).

Testing protocols include liquid penetrant testing (PT), radiographic
testing (RT), and helium leak detection.
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EJMA Bellows Geometry & Loading I

Centerline

Pitch
Height

Key Points

Convolution geometry (pitch, height, thickness) determines the
stiffness and pressure capacity of the bellows.

Meridional bending stress is caused by the deflection of the bellows
as it expands or contracts.
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EJMA Bellows Geometry & Loading II

Circumferential membrane stress (hoop stress) is generated by
internal system pressure.

Column instability (squirm) limits the design pressure in expansion
joints with multiple convolutions.

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 170 / 361



AWS D1.1: Structural Welding Code - Steel I

AWS D1.1 governs the fabrication, welding, and inspection of structural
steel assemblies containing carbon and low-alloy steels.

Key Points

Prequalification of WPS: Allows standard joint designs and processes
(SMAW, GMAW, FCAW, SAW) to skip testing if parameters are met.

Welder Qualification: Mandates qualification tests (WPQR) to
certify welders for specific positions (1G, 2G, 3G, 4G, 5G, 6G).

Essential Variables: If key parameters (e.g., shielding gas, electrode
classification, preheat) change, the WPS must be re-qualified.

Inspection Criteria: Defines visual inspection, radiographic testing
(RT), ultrasonic testing (UT), and magnetic particle testing (MT)
thresholds.
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AWS D1.5: Bridge Welding Code I

AWS D1.5 (AASHTO/AWS) applies to welded highway bridges and
features significantly tighter quality controls than D1.1.

Key Points

No Prequalification: AWS D1.5 does not permit prequalified Welding
Procedure Specifications (WPS); all procedures must be verified.

Fracture Control Plan (FCP): Enforces stringent requirements for
nonredundant fracture-critical members to prevent catastrophic
failures.

Charpy V-Notch (CVN) Testing: Mandated for both base metal and
weld metal to guarantee low-temperature toughness.

Hydrogen Control: Strictly limits diffusible hydrogen in welding
consumables to mitigate hydrogen-induced cracking (HIC).
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Comparison: AWS D1.1 vs. AWS D1.5 I

A comparison of key differences between structural steel welding and
bridge welding standards.

Key Points

Application Scope: D1.1 covers general buildings, cranes, and
static/dynamic structures; D1.5 is exclusive to highway bridges.

Procedure Qualification: D1.1 allows prequalified WPS; D1.5
requires full mechanical testing for all weld procedures.

Fatigue Considerations: D1.5 has exhaustive details for cyclic
loading, fatigue life estimation, and weld toe grinding profile
requirements.

Consumable Testing: D1.5 demands certification of electrodes and
fluxes for low-temperature toughness and diffusible hydrogen.
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Overview of Welding Process Requirements I

Introduction to Welding Process Requirements

Key Points

Joint Fit-up and Alignment: Specifications for root opening, root
face, and groove angle per AWS D1.1 to control penetration and
minimize distortion.
Metallurgical Compatibility: Selection of filler metal and shielding
gas based on base metal composition (e.g., carbon steel, stainless
steel, aluminum).
Preheating and Interpass Control: Essential for carbon equivalent
(CE) > 0.40 to prevent hydrogen-induced cracking (HIC) and
manage heat-affected zone (HAZ) hardness.
Post-Weld Heat Treatment (PWHT): Required for stress relieving,
tempering martensite, and maintaining fracture toughness in
heavy-section steel welds.
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Arc Welding Parameters: Current and Voltage I
Electrical parameters setting (Voltage, Current)

Key Points

Welding Current (Amperage): Directly governs penetration depth
and electrode melting rate. Direct relationship: Current (I) controls
energy density.
Arc Voltage: Controls the arc length and width of the weld deposit.
Higher voltage increases bead width, flattens the reinforcement, and
increases risk of undercuts.
Polarity (DC polarity types): DCEP (Reverse Polarity) deposits heat
on the electrode (typically 70% for GMAW/SMAW) yielding deeper
penetration. DCEN (Straight Polarity) yields higher deposition rate
but shallower penetration.
Heat Input Formula: Calculated as H = (efficiency * V * I * 60) / (v
* 1000) in kJ/mm, where efficiency is thermal efficiency and v is
travel speed in mm/min.

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 175 / 361



Arc Welding Parameters: Speed, Feed, and Arc
Length I

Electrode

Arc Arc Length (La)

Pool

Travel Speed (v)Wire Feed (w)

Key Points

Welding Speed: Excessive travel speed limits heat input, causing
lack of fusion, undercut, and rapid cooling. Low speed increases
weld pool size, risk of burn-through, and coarse grain structure.
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Arc Welding Parameters: Speed, Feed, and Arc
Length II

Wire Feed Rate: In GMAW/FCAW, wire feed speed (WFS) controls
the deposition rate and is directly proportional to welding current.
Proper balance prevents stubbing or burn-back.

Arc Length: The distance from electrode tip to weld pool. Must be
held stable (typically 1.5 to 3.0 mm depending on electrode
diameter). Long arc increases voltage, reduces shielding efficacy, and
creates spatter.
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Gas Welding Parameters: Gas Pressure Settings I

Gas pressure regulation and safety settings

Key Points

Fuel and Oxidizer: Acetylene (C2H2) provides the highest
combustion temperature (3100 C); Oxygen (O2) supports
combustion and regulates heat density.

Acetylene Pressure Limit: Critical safety rule: Acetylene working
pressure must never exceed 15 psi (1.03 bar) as it undergoes
explosive decomposition above this limit.

Dual-Stage Regulators: Installed on cylinders to step down high
storage pressures (2200 psi for Oxygen, 250 psi for Acetylene) to
low, constant working pressures (1 to 15 psi).

Safety Components: Flashback arrestors are mandatory to prevent
retrogressive propagation of flame back into the hoses and regulators.

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 178 / 361



Gas Welding Parameters: Gas Flow Rates and Flame
Types I

Gas flow rate settings and flame chemistry

Key Points

Neutral Flame: Equal volumetric flow rates (1:1 ratio). Features a
well-defined inner cone and blue envelope. Used for carbon steels,
cast iron, and copper.

Carburizing (Reducing) Flame: Higher flow rate of Acetylene
(Oxygen/Acetylene < 1.0). Features an intermediate ’acetylene
feather’. Used for high-carbon steels, alloy steels, and hardfacing.

Oxidizing Flame: Excess Oxygen flow rate (Oxygen/Acetylene = 1.1
to 1.5). Features a short, pointed inner cone. Used for welding brass
and bronze (to form a protective ZnO layer).
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Gas Welding Parameters: Gas Flow Rates and Flame
Types II

Volumetric Flow Control: Flow rates (measured in CFH or L/h) are
regulated using needle valves on the blowpipe and must scale with
plate thickness to prevent cold laps.
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Gas Welding: Nozzle Types and Optimization I

Nozzle Tip
Inner Cone (3100◦C)

Outer Envelope (1200◦C − 2000◦C)

Orifice Size

Key Points

Nozzle Selection (Orifice Size): Tips are designated by numbers
(e.g., #1 to #10) or diameter. Higher numbers correspond to larger
orifices and higher flow capacities.

Optimized Nozzle Number: Chosen based on base metal thickness
(e.g., Nozzle #2 for 1.6 mm sheet, #5 for 5.0 mm plate) to supply
correct heat input rate without melting too wide an area.
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Gas Welding: Nozzle Types and Optimization II

Flame Velocity Balance: The exit velocity of gas must match the
combustion velocity of the mixture. Excess velocity blows the flame
off; deficient velocity causes backfire.

Nozzle Maintenance: Cleaning tip orifices with wire tip cleaners
prevents carbon build-up and ensures laminar gas flow, preventing
turbulent, erratic flames.
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Welding Process Requirements: Standards and
Verification I

Industrial compliance and qualification standards

Key Points

Welding Procedure Specification (WPS): Standard document listing
all essential variables (Voltage, Current, Gas flow, Speed) required
for a specific joint qualification.

Procedure Qualification Record (PQR): Record of test results
(tensile strength, bend tests, hardness) validating that the WPS
produces sound weld joints.

Welder Qualification Test (WQT): Evaluates a welder’s ability to
maintain parameters (arc length, speed, angle) within tolerances
specified by ASME Section IX or AWS D1.1.
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Welding Process Requirements: Standards and
Verification II

Process Feedback Loops: Modern automated systems use
closed-loop controls to dynamically adjust voltage, current, and wire
feed speed to ensure uniform weld quality.
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Metallurgy and Objectives of Preheating I
Preheating slows the cooling rate of the weld metal and heat-affected
zone (HAZ), promoting hydrogen diffusion and preventing martensite
formation.

Key Points

Slowing the cooling rate allows the steel to avoid forming brittle
martensitic microstructures in the HAZ, favoring tougher pearlite or
bainite.
Provides thermal energy that assists diffusible hydrogen to escape
from the weldment, directly preventing hydrogen-induced cracking
(HIC).
Reduces the temperature gradient between the weld zone and base
metal, which lowers thermal contraction stresses and residual stress
levels.
Compensates for the rapid heat sink effect in heavy sections (plates
over 25mm), ensuring consistent penetration and weld bead fusion.
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Determining Preheat Temperature (Carbon
Equivalent & Thickness) I

The necessity and minimum temperature of preheating are calculated
based on the chemical composition (CE) of the steel and the joint
thickness.

Key Points

Carbon Equivalent (CE) formula dictates weldability: CE = C +
Mn/6 + (Cr+Mo+V)/5 + (Ni+Cu)/15. Higher CE values require
higher preheat.

Under AWS D1.1, steels with CE <= 0.40 rarely need preheat, while
CE > 0.45 requires strict thermal controls ranging from 100°C to
200°C.

Governed by thickness limits: Thick plates act as massive heat sinks,
accelerating cooling rates and necessitating preheat even for low CE
steels.
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Determining Preheat Temperature (Carbon
Equivalent & Thickness) II

Welding process hydrogen rating (e.g., H4, H8, H16) scales the
minimum preheat; lower hydrogen electrodes allow lower preheat
temperatures.
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Preheat Zone and Joint Layout I

Weld Joint

Preheat Band (min. 75 mm or 3 in on each side)

HAZ

Key Points

The preheat band must extend at least 75 mm (3 inches) in all
directions from the center of the weld joint.

Base metal must be heated uniformly through the entire thickness
within the designated preheat band prior to starting the weld.
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Preheat Zone and Joint Layout II

Temperature monitoring must be performed at a distance equal to
the thickness of the plate (but not less than 75 mm) from the weld
prep.

Improper preheating zones result in localized thermal gradients,
defeating the purpose of preheating and initiating cracking.
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Interpass Temperature Control during Welding I
Interpass temperature refers to the temperature of the weldment in the
joint area immediately prior to the start of the next pass.

Key Points

Minimum interpass temperature is typically equal to the minimum
preheat temperature to maintain metallurgical benefits throughout
the weld.
Maximum interpass temperature must be restricted to prevent
excessive grain growth in the HAZ, which reduces yield strength and
toughness.
For austenitic stainless steels, maximum interpass is kept below
150°C (300°F) to avoid chromium carbide precipitation
(sensitization) and hot cracking.
For high-strength low-alloy (HSLA) steels, a high interpass
temperature degrades the quenching effect, leading to coarse grain
structures.
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Post-Heating for Hydrogen De-embrittlement I

Post-heating involves maintaining or raising the temperature of the weld
joint immediately after welding to facilitate hydrogen diffusion.

Key Points

Conducted immediately after welding, usually at 200°C to 300°C
(400°F to 570°F), before the joint cools below the preheat
temperature.

Specifically targets hydrogen diffusion; it speeds up the migration of
trapped atomic hydrogen out of the weld and heat-affected zone.

Crucial for thick-section welds in high-strength steels, highly
constrained joints, or when high-hydrogen welding processes are
used.

Typically held for a minimum of 2 to 4 hours depending on material
thickness, significantly reducing the risk of delayed cold cracking.
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Heat Treatment Comparison & Cooling Rate
Diagram I

Time (t)

Temperature (T)

Ms (Martensite Start)

No Preheat (Rapid cooling)

Preheat (Slower cooling)

Post-Heat soak

Key Points
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Heat Treatment Comparison & Cooling Rate
Diagram II

The diagram demonstrates how preheating flattens the cooling
curve, keeping the heat-affected zone above the critical cooling rate.

Avoiding the rapid descent into the martensitic region (Ms) prevents
the formation of hard, brittle microstructures.

Post-heating maintains the temperature above ambient levels,
providing the thermal activation energy needed for hydrogen
diffusion.

A controlled thermal cycle is the primary defense against
hydrogen-induced cold cracking and excessive weld residual stresses.
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Post-Weld Heat Treatment (PWHT) and Design
Codes I

Post-Weld Heat Treatment (PWHT) is a sub-critical annealing process
designed to relieve residual stresses and improve mechanical properties.

Key Points

Differs from post-heating: PWHT uses higher temperatures (550°C -
650°C for carbon steels) to relieve weld shrinkage stresses.
ASME Section VIII Div 1 (UCS-56) defines holding temperatures
and soaking times based on alloy composition and nominal thickness.
Restores ductility, reduces weldment hardness (especially in the
HAZ), and significantly improves resistance to stress corrosion
cracking.
In industrial fabrication, failure to properly execute PWHT in
thick-walled pressure vessels can lead to catastrophic brittle fracture
in service.
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Introduction to Preheating & Interpass Temperature I

Preheating is the heating of the base metal to a specified minimum
temperature prior to welding. Interpass temperature is the temperature of
the weldment between successive weld passes.

Key Points

Primary goal: Slow down the cooling rate in the Weld Metal and
Heat-Affected Zone (HAZ) to allow hydrogen diffusion, preventing
Hydrogen-Induced Cracking (HIC).

Reduces shrinkage stresses and minimizes the formation of hard,
brittle martensite phases in the HAZ.

Mandated by standards like AWS D1.1 and ASME Section VIII based
on Material Composition (Carbon Equivalent) and Joint Thickness.

Maximum interpass temperature must be monitored to control grain
growth, carbide precipitation, and sensitization in alloyed steels.
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Preheat Measurement Zone (AWS D1.1) I

Root Gap

≥ 75 mm (3 in.) ≥ 75 mm (3 in.)

Preheat measurement point Preheat measurement point

AWS D1.1 Preheat
Measurement Zones

Key Points

AWS D1.1 specifies measuring preheat temperature at least 75 mm
(3 in.) away from the weld joint in all directions.
Temperature must be verified on the side opposite to heating (if
heating is localized on one side) to ensure through-thickness heating.
Applying preheat thermal sticks too close to the weld pool may
contaminate the weld with carbon/sulfur residues.
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Temperature Sticks (Tempilstiks): Working Principle
I

Temperature indicating crayons, commonly known as Tempilstiks, are
designed with materials of sharp, defined melting points to verify preheat,
interpass, and post-heat temperatures.

Key Points

Melting Point Accuracy: Engineered to melt within +/- 1% tolerance
of their rated temperature (available from 38°C to over 1000°C).

Dry Stroke Technique: The crayon is stroked onto the heated metal
surface. If the chalk-like mark melts immediately, the metal has
reached or exceeded the rated temperature.

Wet Stroke Technique: A mark is applied to the cold surface before
heating. The operator monitors the mark during heating; it turns
into a shiny, liquid smear as soon as the rated temperature is
reached.
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Temperature Sticks (Tempilstiks): Working Principle
II

Industrial Limitations: Non-recording method; requires manual
inspector logging. Special low-halogen, low-sulfur versions are
required for stainless steel and nickel alloys to prevent hot cracking.
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Post-Weld Heat Treatment (PWHT) Fundamentals I
PWHT is a controlled heating and cooling process applied to a completed
weldment. It is primarily used to relieve residual stresses and improve
material toughness.

Key Points

Thermal Stress Relief: Relieves high tensile residual stresses induced
by welding solidification. Elevated temperature reduces yield
strength, causing local plastic deformation (creep) that relaxes stress.
Hardness Reduction: Tempers hardened martensitic microstructures
in the heat-affected zone (HAZ), reducing vulnerability to hydrogen
cracking and Stress Corrosion Cracking (SCC).
Dimensional Stability: Minimizes risk of geometric distortion during
subsequent machining or during the component’s operational life.
ASME Section VIII Div 1: Mandates PWHT for carbon steels above
specific thickness thresholds (typically 38 mm or 1.5 in.) to ensure
crack resistance.
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PWHT Thermal Cycle Profile I

Time (Hours)

Temperature (◦C)
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Soak Temp (e.g., 600◦C)

Controlled Cooling
Air Cool

600◦C

425◦C

Holding / Soaking Period

Key Points

ASME rules require controlled heating and cooling rates above
425°C to prevent thermal stress gradients across thick sections.

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 200 / 361



PWHT Thermal Cycle Profile II

Soaking / Holding temperature is held at a specific range (e.g.,
590-620°C for carbon steel) to facilitate stress relaxation without
altering mechanical properties.

Soaking time is determined by material thickness, typically 1 hour
per 25 mm (1 inch) of material thickness.
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3.2 Fabrication Procedures & Sequence of Thermal
Operations I

A structured fabrication procedure coordinates welding and thermal
activities sequentially to maintain metallurgy and compliance with the
Welding Procedure Specification (WPS).

Key Points

Fit-up and Joint Preparation: Check bevel angles, root opening, and
clean the joint edges of grease, moisture, rust, and oil.
Preheating Stage: Heat the joint using gas burners or electrical
induction pads. Measure with thermal sticks at 75 mm from the
weld line to ensure the temperature is at or above the minimum
preheat requirement.
Deposition of Weld Passes: Initiate the root pass and subsequent fill
passes. Before starting each pass, verify the interpass temperature
using interpass thermal sticks to ensure it is below the maximum
limit.
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3.2 Fabrication Procedures & Sequence of Thermal
Operations II

Hydrogen Bake-out / Post-heating: Immediately after welding, heat
to 200-300°C for 2-4 hours to accelerate hydrogen effusion and
prevent cold cracking prior to PWHT.

Post-Weld Heat Treatment: Transfer the weldment to a furnace or
configure local resistance heating blankets to execute the final
PWHT thermal cycle.
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Quality Control, Code Compliance & Documentation
I

Strict quality control ensures that thermal boundaries are respected and
documented, which is a requirement for final structural acceptance.

Key Points

Welding Procedure Specification (WPS): Specifies the preheat,
interpass, and post-heat requirements. Fabricators must weld within
these qualified parameters.

Procedure Qualification Record (PQR): Documents the actual
thermal cycles and testing results used to qualify the WPS.

Documentation of Thermal Sticks: Inspectors must record melting
observations on the weld inspection report, noting crayon ratings and
actual passes.

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 204 / 361



Quality Control, Code Compliance & Documentation
II

Continuous Monitoring: For critical components (e.g., pressure
vessels, offshore jackets), tempil sticks serve as a verification check,
while thermocouples provide continuous chart-recorded records.
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Plate Edge Bending for Rolling (Pre-bending) I

The Engineering Necessity of Edge Pre-bending or Crimping

Key Points

During standard plate rolling, the zone near the plate edges cannot
be deformed by the rolls because it remains outside the bending span
between the contact points of the rolls.

This leaves straight, unbent flat zones at both ends of the rolled
shell, typically extending 1.5 to 2.5 times the plate thickness.

Pre-bending (crimping) is performed prior to the main rolling
operation to pre-curve the edges of the plate to the exact target shell
radius.

Without pre-bending, the shell will exhibit a ’peak’ or flat spot at the
longitudinal weld seam, violating ASME Sec VIII Div 1 roundness
tolerances and introducing high local stress concentrations.
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Mechanics of Plate Pre-bending I

Bottom Roll 1 Bottom Roll 2

Top RollP (Bending Force)

Span

Initial Plate Plane

Key Points

The top roll acts as the punch applying load P, while the two bottom
rolls act as the die supports.
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Mechanics of Plate Pre-bending II

The plate is fed into the machine, and its edge is positioned precisely
under the top roll to receive the initial bending moment.

Pre-bending is typically performed using heavy-duty press brakes
with radius tooling or directly inside initial pinch or 4-roll bending
machines.

The profile of the pre-bent edge is verified using a curved template
matching the nominal inside or outside radius of the cylinder.
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Plate Rolling Technology and Machinery I
Comparison of Rolling Machines and Deformational Physics

Key Points

Pyramidal 3-Roll Machines: The top roll moves vertically, and
bottom rolls rotate at fixed centers. They cannot pre-bend
effectively and require flipping the plate.
Initial Pinch 3-Roll Machines: Features one top roll, one pinching
bottom roll directly below, and an adjustable side roll that performs
the bending. Good for pre-bending.
4-Roll Double Pinch Machines: The top and bottom rolls clamp the
plate, while two lateral side rolls perform bending. This allows
complete pre-bending of both edges in a single setup.
Hot Rolling vs. Cold Rolling: Cold rolling is standard for carbon steel
up to 50mm (dependent on machine capacity); hot rolling (above
recrystallization temp, 900-1100°C) is required for very thick plates
to reduce yield strength.
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Weld Edge Preparation (Groove Geometry) I

Root Gap (g)

Root Face (f)

Root Opening

Bevel AngleThickness (t)

Key Points

Edge preparation is critical to ensure complete joint penetration
(CJP) and minimize welding defects like lack of fusion and slag
inclusion.
Single-V grooves are used for plates up to 20mm; double-V grooves
are used for thicker plates to balance angular distortion and minimize
weld metal volume.
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Weld Edge Preparation (Groove Geometry) II

Key dimensions include the Root Face (prevents burn-through),
Root Gap (allows root pass penetration), and Bevel Angle (typically
30 to 37.5 degrees).

Common industrial methods for preparation are flame cutting
(oxy-fuel), plasma arc cutting, and mechanical edge milling/planing.
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Weld Edge Selection & Standard Compliance I

Designing Weld Joints to ASME Section VIII and IX Standards

Key Points

ASME Section VIII Div 1 UW-35 enforces rules for weld
reinforcement limits, ensuring that the weld profile is smooth and
gradual to reduce stress concentration.
Preparation selection criteria: Plate thickness, access constraints
(inside vs. outside welding), welding process (SMAW, SAW, FCAW,
or GTAW), and joint classification.
Planing and milling are preferred over thermal cutting for alloy steels
and stainless steels to prevent thermal degradation and keep the
heat-affected zone (HAZ) minimal.
Back-gouging of the root pass on the second side of double-welded
joints is mandatory under ASME rules to ensure sound weld metal
before deposition of the second-side root.
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Plate Marking for Shells and Dish-Ends I
Precision Layout Procedures and Dimensional Correction Factors

Key Points

Shell Development Length: Calculated on the mean diameter of the
shell. L = pi * (ID + t) or L = pi * (OD - t) to account for neutral
axis deformation during bending.
Diagonal Checking: The marked plate layout must be verified for
squareness by measuring the diagonals (which must be equal, within
+/- 1mm per meter) to prevent spiraling of the cylinder during
rolling.
Dish-End Blank Diameter: Formulated based on crown radius (R),
knuckle radius (r), straight flange height (SF), and nominal
thickness (t) to ensure correct finished dimensions.
ASME F&D (Flanged and Dished) blank diameter calculations
typically use the empirical formula: Blank Diameter = 1.09 * OD +
2 * SF + thinning allowance.
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Marking for Tube Sheets and Reinforcing (RF) Pads I

Layout Patterns, Nozzle Openings, and Material Traceability

Key Points

Tube Sheets: Requires coordinate marking (X-Y layout) for drilling
tube holes. Pitch patterns can be triangular (30 or 60 degrees) or
square (45 or 90 degrees) according to TEMA standards.
Reinforcing (RF) Pads: Laid out around nozzle openings on the shell
or head. Must include a tell-tale weep hole (1/4 inch NPT) to
detect weld leaks and vent gases during welding.
Orientation Marks: Permanent punch marks indicating the vessel
centerlines (0°, 90°, 180°, 270°) must be maintained throughout
fabrication for alignment of nozzles, brackets, and internals.
Material Traceability: Heat numbers and material grades (e.g.,
SA-516 Gr. 70) must be transferred to all cut pieces (stencil
marking) for quality assurance compliance.
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Oxy-Fuel Gas Cutting (OFC) Principles I

Oxy-fuel cutting relies on the chemical reaction of high-purity oxygen with
the base metal (carbon steel) at elevated temperatures. The metal is
preheated to its kindling temperature (approx. 900°C for mild steel) using
an fuel gas (acetylene, propane, or natural gas) and oxygen mixture. A
high-velocity stream of pure oxygen is then directed at the heated area,
rapidly oxidizing (burning) the iron and blowing away the molten slag
(FeO, Fe2O3, Fe3O4) to form the kerf.

Key Points

Applicability: Limited to metals whose oxides have a lower melting
point than the base metal itself (primarily carbon steels and low-alloy
steels). Stainless steels and aluminum cannot be cut efficiently due
to refractory oxide layers (Cr2O3, Al2O3).

Preheating Flame: Primary flame melts/heats the surface, while the
central high-purity (minimum 99.5%) oxygen jet initiates and
sustains the exothermic oxidation reaction.
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Oxy-Fuel Gas Cutting (OFC) Principles II

Drag Line Analysis: Drag lines indicate cutting speed and oxygen
pressure. Correct cutting speed produces nearly vertical drag lines,
whereas excessive speed leads to curved drag lines and incomplete
penetration.

Kerf Width: Typically ranges from 1.5 mm to 3.0 mm depending on
plate thickness, nozzle size, and cutting speed.
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Plasma Arc Cutting (PAC) Technology I

Plasma Arc Cutting (PAC) uses a constricted, high-velocity jet of ionized
gas (plasma) to conduct electricity from the torch nozzle to the
workpiece. The intense heat of the arc (up to 20,000°C or 30,000 K)
melts the metal, and the high-velocity gas jet physically blows the molten
metal out of the cut. PAC can cut any electrically conductive material,
making it ideal for stainless steels, aluminum, and copper alloys that
cannot be cut by oxy-fuel.

Key Points

Plasma Gases: Choice of gas depends on material. Air or Oxygen is
used for carbon steel; Nitrogen or Argon-Hydrogen mixtures (H35)
are preferred for stainless steel and aluminum to prevent oxidation.

Dual Gas Technology: Utilizes a primary plasma gas to form the arc
and a secondary shield gas (e.g., water, air, or nitrogen) to cool the
torch and constrict the plasma jet, improving cut quality and nozzle
life.
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Plasma Arc Cutting (PAC) Technology II

Heat Affected Zone (HAZ): Significantly narrower than oxy-fuel
cutting due to higher energy density and travel speeds, reducing
thermal distortion of thin plates.

Kerf Angle (Bevel): Plasma cuts typically exhibit a slight bevel (1° to
3° on the ’good’ side of the cut) due to the shape of the plasma jet.
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Process Comparison and Code Guidelines I

Selecting between Oxy-Fuel and Plasma cutting requires analyzing
material composition, thickness, production rate, and code compliance.
ASME Section VIII Div 1 (pressure vessels) and AWS D1.1 (structural
welding) govern the preparation of material edges. Thermal cutting
processes must produce edges free of cracks, excessive roughness, and
slag to ensure weld integrity.

Key Points

Thickness Limits: Oxy-fuel is highly economical for thick plates
(above 50 mm up to 300 mm+). Plasma is superior for thin to
medium plates (under 50 mm) where speed and low distortion are
critical.

Edge Preparation: Both processes can be automated with
multi-torch beveling heads to cut single-V, double-V, or K-bevel prep
profiles in a single pass.
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Process Comparison and Code Guidelines II

ASME Sec VIII Div 1 UW-31 & UW-35: Requirements for edge
preparation. Slag and oxidation from cutting must be removed by
grinding to sound metal before welding, particularly on stainless
steels cut with plasma/air.

Hardness Increase: Thermal cutting can induce localized hardening
(martensite formation) on the cut edges of high-carbon or low-alloy
steels. Preheating or subsequent grinding may be required.
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Oxy-Fuel Cutting Mechanism Diagram I

Torch Tip

Cutting O2 JetPreheat Flame

Base Metal (Steel)

Molten Slag (FeOx)

Kerf

Cutting Direction

Key Points

The torch tip focuses outer preheating flames to raise the steel
temperature to its ignition point ( 900°C).
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Oxy-Fuel Cutting Mechanism Diagram II

A central, high-velocity oxygen jet oxidizes the iron exothermically
and expels the liquid oxide slag downward.

The width of the removed material is the ’kerf’, which must be
accounted for in fabrication templates (typically 2-3 mm offset).

Drag lines (not pictured) form on the cut surface as the torch
moves; their angle indicates cutting speed adequacy.
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Shell Alignment Methods I

Shell alignment is a critical step in pressure vessel fabrication (under
codes like ASME Sec VIII Div 1 UW-33, which specifies maximum offset
tolerances for longitudinal and circumferential joints). Misalignment
(offset) causes high localized stress concentrations during operation.
Traditional physical string/piano wire methods are being supplemented or
replaced by high-precision optical laser alignment systems.

Key Points

String / Wire Method: A high-tensile steel piano wire is stretched
tightly parallel to the shell axis. Optical micrometers or calipers
measure the radial distance from the wire to the shell wall at multiple
points along the length to identify sag, peaking, or misalignment.

Laser Alignment: Emits a highly collimated laser beam along the
central longitudinal axis of the shell sections. Photo-diode receivers
or target plates measure horizontal and vertical deviations with
sub-millimeter precision (<0.1 mm).

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 223 / 361



Shell Alignment Methods II

ASME Sec VIII Div 1 UW-33 Alignment Tolerances: For longitudinal
joints in category A welds, the maximum offset depends on thickness
(e.g., for plates over 50 mm, tolerance is the lesser of 1/16t or 3/8
inch / 10 mm).

Correction Techniques: Hydraulic jacks, alignment dogs, spiders
(internal bracing with adjustable radial screws), and
wedge-and-clamp assemblies are used to round out and align the
abutting shell courses before tack welding.
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Shell Alignment Diagram (Wire vs. Laser) I

Shell Course 1 Shell Course 2

Circumferential Joint (Cat B)

Reference Piano Wired1 d2

Offset = d1 − d2

Laser Reference Beam
Laser Source

Receiver

Key Points

The blue reference line represents a piano wire stretched tautly,
measuring external radial distance variation (d1 and d2).
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Shell Alignment Diagram (Wire vs. Laser) II

The red/yellow line illustrates an internal laser alignment beam
passing through the geometric centers, showing any
vertical/horizontal shell course drift.

A physical gap and step at the circumferential joint (Category B)
represents the fit-up misalignment to be corrected.

Internal spiders and external alignment dogs are manipulated until
the offset (d1 − d2) falls within the allowable limits.

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 226 / 361



Nozzle Orientation Marking I

Nozzle orientation marking is the process of locating nozzle positions on a
shell course. Marking must be incredibly precise to ensure piping fit-up
aligns with plant design layout. The process involves identifying the Shell
Reference Lines (usually 0°, 90°, 180°, and 270° orientation lines),
calculating the circumferential length (arc length) from the nearest
reference line, and laying out the nozzle centerlines.

Key Points

Reference Lines: The shell’s circumferential length is calculated
using the actual measured Outer Diameter (OD) as C = 3.14× OD.
The circumference is then divided into four quadrants (0°, 90°, 180°,
270°) and marked using a plumb bob or spirit level.

Arc Length Calculation: The location of a nozzle at angle theta is
determined by calculating the arc length from a primary reference
line (e.g., 0° line) as S = (theta/360)× C. This distance is measured
along the shell circumference with a flexible steel tape.
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Nozzle Orientation Marking II

Longitudinal Layout: The longitudinal nozzle center position is
marked relative to the circumferential weld seam (datum line) as
specified in the vessel drawings.

Orientation Tolerance: Typically, tolerances on nozzle location are
+/− 3 mm circumferentially and longitudinally, and +/− 0.5◦ on
angular orientation, to avoid piping misalignment during field
installation.
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Reference Line Marking by Dumpy Level I

Precision leveling and baseline establishment for multi-course shell
assembly.

Key Points

A Dumpy Level is used to establish a true horizontal reference plane
across the shell circumference.

Required during vertical assembly or assembly on rotators to prevent
progressive tilt or banana effect.

Setup involves centering the instrument and leveling the tribrach
using the circular bubble vial.

A Master Benchmark (MBM) is transferred from the civil foundation
to the shell surface.

Circumferential points are marked at regular intervals (e.g., every 45
degrees) using a steel rule or optical target.
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Dumpy Level Survey Setup I

Leveling Staff
Collimation Plane

Sh
ell

Co
ur

se

Ref Line

Height
Offset

Key Points

The horizontal line of sight (plane of collimation) serves as a virtual
datum plane.

Leveling staff readings are taken at key circumferential coordinates
to check height variations.
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Dumpy Level Survey Setup II

Ensures the top edge of each shell course is parallel to the datum
plane within 1.5 mm tolerance.

Critical for preventing cumulative angular deviation in tall columns
(such as distillation towers).
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Ovality Measurement of Cylindrical Shells I
Geometric deviation (out-of-roundness) in rolled plates under ASME code
tolerances.

Key Points

Ovality is measured as the difference between maximum and
minimum internal diameters (D_max - D_min) at a given
cross-section.
ASME Section VIII, Div. 1, UG-80 rules: Shell out-of-roundness
must not exceed 1% of the nominal inner diameter.
For shells subjected to external pressure, stricter limits apply under
UG-80(b) based on L/D and D/t ratios.
Measured using telescopic inside micrometers, laser trackers, or
chord-based checking devices.
Main sources of ovality: non-uniform plate rolling, gravity-induced
sagging, and weld shrinkage of longitudinal seams.
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Ovality Rectification using Internal Spiders I

Deformed Shell Wall

Hub

Jacking Force

Jacking Force

Strut

Bolt/Jack

Major Axis (Dmax)M
in
or

Ax
is
(D

m
in
)

Key Points

Internal spider assemblies use radial struts (pipe/structural sections)
radiating from a central hub.
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Ovality Rectification using Internal Spiders II

Jacking force is applied along the minor axis to push the flattened
shell wall outwards.

Ensure backing plates (pads) are welded to the strut ends to prevent
local stress concentration or shell punctures.

Spiders are kept in position until circumferential joints are fully
welded to lock the circular geometry.
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Profile Checking by Template (Peaking) I

Local geometric deviations at longitudinal and circumferential weld seams
(Peak In / Peak Out).

Key Points

Peaking refers to localized flat spots (Peak In) or ridges (Peak Out)
forming at weld joints due to weld shrinkage.

ASME UG-80 requires checking local deviations using a sweep
template cut to the nominal radius of the shell.

The sweep template must span a chord length equal to 20% of the
inside diameter (minimum 300 mm, maximum 1000 mm).

Feeler gauges are inserted between the shell plate and the template
to measure the gap (deviation ’e’).

Peaking increases local bending stress under pressure, leading to high
stress concentration factors (SCF) and fatigue risk.
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Peak Out Deviation checking using Sweep Template I

Weld Seam

Sweep Template

deviation (e)
Chord Length

Peak Out Deviation at Joint

Key Points

The template chord length is determined based on shell diameter to
ensure accurate localized assessment.
For longitudinal seams, the template is held perpendicular to the
weld axis; for circumferential seams, parallel.
Corrective action: mechanical re-pressing, flame heating with
thermal cooling cycles, or localized wedge dogs.
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Peak Out Deviation checking using Sweep Template
II

All profile deviations must be documented in the inspection release
note prior to hydrotesting.
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Fabrication Quality Control Summary I

Summary of key dimensional controls for pressure vessel shell fabrication.

Key Points

Leveling controls: Dumpy level survey establishes the primary
circumferential datum lines to prevent axial alignment errors.

Ovality controls: Internal spiders mechanically force the shell to
conform to the 1% diameter tolerance window.

Local profile controls: Sweep templates check for peaking deviations
at weld seams to prevent premature fatigue failure.

Integration of these three dimensional inspection steps ensures
compliance with ASME VIII-1 and structural integrity.
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Out-of-Roundness in Cylindrical Shells I

Circularity deviations (ovality, peaking, and flat spots) arise in rolled
plates due to non-uniform bending, welding shrinkage of longitudinal
seams, and gravity-induced sag during fabrication.

Key Points

ASME Section VIII Division 1, paragraph UG-80, mandates that the
difference between the maximum and minimum inside diameters at
any cross-section shall not exceed 1% of the nominal diameter.

For vessels subjected to external pressure, circularity is even more
critical, governed by UG-80(b) charts to prevent buckling under
compressive loads.

Out-of-roundness creates localized bending moments under internal
pressure, leading to stress concentration and accelerated fatigue
crack propagation.
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Out-of-Roundness in Cylindrical Shells II

Traditional measurement methods like chord-template gauges or
simple diametrical calipers are insufficient for detecting localized
peaking at weld seams.
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Principles of the Swing Arm Method I

The swing arm method is a precision contact metrology technique suitable
for medium-to-large cylindrical vessels, providing a continuous radial
profile relative to a highly stable central axis.

Key Points

A central shaft or spindle is aligned exactly along the theoretical
longitudinal axis of the cylindrical shell, supported by a rigid base or
tripod.

A radial arm of adjustable length is mounted on the spindle, carrying
a high-precision dial indicator or Linear Variable Differential
Transformer (LVDT) at its tip.

As the arm is rotated 360 degrees, the contact probe tracks the
internal or external surface, registering deviations from the nominal
radius.
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Principles of the Swing Arm Method II

Spindle runout and base stability are critical; any eccentricity in the
spindle axis introduces a first-order harmonic error (apparent
eccentricity) in the measured profile.
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Swing Arm Metrology Setup Diagram I

Central Pivot Axis

Swing Arm

LVDT Probe Tip

Nominal Radius (R)

Actual Shell Profile

Key Points

The diagram illustrates the contact probe (LVDT) scanning the inner
surface of an out-of-round shell.
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Swing Arm Metrology Setup Diagram II

Radial deviations are mathematically expressed as delta r(theta) =
r(theta) - R_nominal, which are subsequently plotted on a polar
chart.

A Fourier analysis of the resulting delta r(theta) profile isolates
ovality (2nd harmonic), lobing (3rd harmonic), and spindle
alignment errors (1st harmonic).
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Joint Offset and Alignment Rectification by Wedge I

During fit-up of plate shells, mismatch (offset) at longitudinal and
circumferential seams must be controlled to ensure stress flow. ASME
UW-33 restricts offsets to a fraction of plate thickness (e.g., t/4 or
1.5mm max).

Key Points

If plate edges do not align, a localized step or offset occurs,
introducing bending stresses under tensile load and reducing the
joint efficiency.

A common mechanical rectification method uses temporary ’dogs’
(bridge clamps) welded to one plate and spanning across the joint.

A high-hardness tapered steel wedge is driven beneath the bridge to
force the protruding plate edge down into alignment with the
adjacent plate.
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Joint Offset and Alignment Rectification by Wedge II

Wedges must be driven systematically; excessive force or heavy
hammering on high-tensile steels can cause local deformation,
micro-fracturing, and work hardening.
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Wedge Offset Rectification Diagram I

Plate A (High)
Plate B (Base)

Welded Bridge Clamp

WedgeDrive Force

Offset

Key Points
The bridge clamp is welded to Plate B (right) and spans across the
joint gap onto Plate A (left).
Driving the wedge increases the downward force on Plate A,
reducing the offset until the plates are co-planar.
After rectification and tack welding, the bridge is removed via carbon
arc gouging or grinding, followed by magnetic particle testing (MT)
of the tack areas.
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Strip Cladding and Weld Overlay Processes I
Cladding and weld overlay are deposition techniques used to apply a layer
of corrosion-resistant alloy (CRA) onto structural carbon steel or low-alloy
steel base metal, optimizing cost and corrosion resistance.

Key Points

Unlike traditional wire electrodes, strip cladding uses a thin metal
strip (typically 30mm, 60mm, or 90mm wide, and 0.5mm thick) as
the consumable.
Submerged Arc Strip Cladding (SASC) uses a granular flux to shield
the arc, yielding a dilution of 15% to 25% with the base metal.
Electroslag Strip Cladding (ESSC) replaces the arc with a conductive
molten slag; resistance heating of the slag melts the strip, offering
lower dilution (8% to 15%) and higher deposition rates.
Typical overlay materials include austenitic stainless steels (309L for
the barrier layer, 347 or 316L for the top layer) and nickel alloys
(Inconel 625).
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Metallurgical Quality Control in Weld Overlay I

Successful overlay cladding requires strict control of dilution, heat input,
and microstructural phase balance to prevent cracking and corrosion
resistance loss.

Key Points

Dilution refers to the percentage of base metal melted into the
cladding layer. High dilution introduces iron into the overlay,
reducing chromium and nickel concentration.

Use of over-alloyed filler metal (e.g., 309L with 24% Cr, 12% Ni) in
the first pass compensates for iron dilution, maintaining a
corrosion-resistant surface.

Post-weld heat treatment (PWHT) parameters must be restricted;
excessive soaking time can cause carbon migration from the carbon
steel base into the stainless steel, causing sensitization.
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Metallurgical Quality Control in Weld Overlay II

Quality inspection includes ultrasonic testing (UT) for
debonding/disbonding at the interface, and ferrite number
measurements (typically 4 to 10 FN) to prevent hot cracking.
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Limpet Coil Design and Layout Helix Calculation I

Limpet coils, or half-pipe jackets, require precise mathematical layout to
ensure uniform heat transfer while preventing welding defects and
interference with vessel nozzles.

Key Points

Coil Geometry: Typically fabricated from carbon steel or stainless
steel pipes split longitudinally at the centerline, creating a
semi-circular cross-section.

Pitch Calculation: Helix pitch is dictated by heat transfer area
requirements and weld clearance (typically 75mm to 150mm spacing
between coils).

Helix Angle Formula: The helix angle is defined by the relation:
theta = arctan(Pitch / (pi * Outer Diameter of Shell)).

Circumferential Reference Lines: The shell is divided into 4, 8, or 12
longitudinal lines to plot coordinates for the helical path.

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 251 / 361



Limpet Coil Design and Layout Helix Calculation II

Clearance Limits: Under ASME Section VIII Division 1, a minimum
distance of 50mm or 3 times the plate thickness must be maintained
between the coil weld and shell welds.
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Helical Path Marking and Layout Diagram I

Pitch (P)

Shell OD (Do)

Helical Path
Marking Line

Key Points
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Helical Path Marking and Layout Diagram II

Coordinate Marking: Points are plotted at the intersection of
longitudinal generator lines and helical height levels (h_n = n * P /
N).

Layout Template: Flexible steel templates or wrapping papers are
wrapped circumferentially to verify the accuracy of the marked helix
line.

Soapstone Marking: Soapstone or heat-resistant markers are used for
final scribe lines, followed by center punching for permanence during
welding.

Obstacle Handling: If a nozzle is encountered, the coil is terminated
with a pipe cap or transitioned into an adjacent bypass loop.
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Longitudinal Seam (Long Seam) Fit-Up & Assembly I

Longitudinal seams in shell courses bear double the hoop stress compared
to circumferential seams. Code compliance under ASME Section VIII Div
1 UW-33 is critical for structural safety.

Key Points

Edge Preparation: Plate edges are beveled using flame cutting,
plasma cutting, or machining to form V, U, or double-V profiles per
WPS.

Alignment Tolerance (UW-33): For plate thicknesses up to 3/4 inch
(19mm), the maximum offset is 1/4 of thickness or 1/8 inch
(3.2mm), whichever is smaller.

Tack Welding: Carried out by certified welders using bridge tacks
(cleats) to allow thermal contraction and prevent weld root cracking.

Run-on/Run-off Plates: Welded at both ends of the seam to ensure
stable arc and full penetration weld profile at the plate edges.
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Longitudinal Seam (Long Seam) Fit-Up & Assembly
II

Roundness Check: The shell section ovality is checked using template
sweeps; the difference between max and min ID must not exceed 1%.
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Shell Fit-Up and Alignment Methods I

Tack Weld

Root Gap (2-4 mm)

≈ 60◦Shell Course A Shell Course B

Bridge Cleat and Wedge Setup

Key Points

Bridge Cleats: Rigid C-clamps or steel plates welded to one shell
course and bridging the joint to maintain planar alignment.

Wedge Insertion: Tapered steel wedges are driven under the bridge
cleat on the un-tacked side to level the surfaces and remove offset.
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Shell Fit-Up and Alignment Methods II

Root Gap Control: Maintained uniformly along the seam using
spacer wires or gauges to ensure complete joint penetration.

Tack Removal: Tack welds are progressively ground out or
incorporated into the root pass during automated or manual welding.
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Dish End to Shell Course Fit-Up I

Assembling dish ends to shell courses requires managing circular mismatch
caused by manufacturing tolerances and the thinning of the dish knuckle
region during forming.

Key Points

Straight Flange (SF): Dish ends must have a minimum straight
flange length (typically 25mm to 50mm) to move the circumferential
weld seam away from knuckle stresses.

Thickness Transition (ASME UW-9): If wall thicknesses differ by
more than 1/4 of the thinner section, a 3:1 taper joint must be
machined on the thicker plate.

Internal Alignment Spiders: Heavy internal spider rings with radial
screws are used to round the shell course edge to match the dish ID.

Offset Verification: Gap and alignment are measured at multiple
locations (usually 8 to 16 equal intervals) using dial indicators.

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 259 / 361



Dish End to Shell Course Fit-Up II

Back-Gouging: The root pass is gouged using carbon arc cutting
(CAC-A) from the reverse side to reach sound weld metal before
final pass.
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Back-Step Welding Sequence Diagram I

Segment 1 Segment 2 Segment 3 Segment 4

Overall Progression of Welding Work

Back-Step Welding Method

Key Points

Local Shrinkage Control: Welding each segment in the opposite
direction of the overall progression balances longitudinal stresses.
Thermal Stress Minimization: By keeping the heat input distributed,
this sequence reduces total angular and rotational distortion.
Application to Shell Seams: Highly effective for both longitudinal
and circumferential vessel joints, preventing seam opening/closing.
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Back-Step Welding Sequence Diagram II

Weld Reinforcement: Ensures overlap between segments is
consolidated, minimizing start-stop defect concentration.
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Methods to Control Thermal Distortion I

Thermal distortion during vessel welding is mitigated through mechanical
restraint, thermal management, design optimizations, and strict welding
sequences.

Key Points

Mechanical Restraints: Strongbacks, stiffening rings, and internal
spiders are kept in place until welding and subsequent cooling are
complete.

Pre-setting / Pre-bending: Plates are set with an opposing angle
before welding, allowing weld contraction to pull them into
alignment.

Balanced Heat Input: Two welders working simultaneously on
opposite sides of longitudinal or circumferential joints cancel out
distorting forces.
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Methods to Control Thermal Distortion II

Limpet Coil Welding Sequence: Welds are deposited in staggered
segments (e.g., quadrant sequencing) to balance fillet-weld shrinkage
moments.

Post-Weld Heat Treatment (PWHT): Stress relief at 600-650
degrees C (for carbon steels) relaxes residual stresses, restoring
dimensional stability.
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Introduction to Dish End Geometry I

Dish ends (or heads) are end closures welded to the cylindrical shells of
pressure vessels, storage tanks, and reactors. Their shapes are designed to
optimize stress distribution under internal pressure, where transition
regions experience complex bending and membrane stresses.

Key Points

Hemispherical Heads: Strongest geometry, handles twice the
pressure of torispherical heads of equal thickness, but highest
manufacturing cost.

Ellipsoidal Heads: Typically a 2:1 ratio (major:minor axis), common
in pressure vessels operating above 15 bar, offering a good balance
of strength and depth.

Torispherical Heads: Consist of a crown radius (CR), a knuckle
radius (KR), and a straight flange (SF). Most common for
low-to-medium pressures due to ease of fabrication.
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Introduction to Dish End Geometry II

Flat Heads: Used for low-pressure or atmospheric storage vessels,
requiring significant thickness to resist bending moments.
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Dish End Profiles and Stress Regions I

Symmetry Axis

Outside Diameter (OD)

Total Depth (h)

SF

Crown Region (Tensile Stress)

Knuckle Region (High Compressive/Shear Stress)

Straight Flange

Crown Radius (CR)

Knuckle Radius (KR)

Key Points

Knuckle Region: The high-curvature zone connecting the crown to
the straight flange; experiences high localized compressive stress and
potential buckling.

Crown Region: The spherical center portion with large radius;
primarily subjected to tensile membrane stresses.
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Dish End Profiles and Stress Regions II

Straight Flange (SF): Prevents the weld seam between the head and
shell from being located in the high-stress transition zone (knuckle).

ASME Sec VIII Div 1 (UG-32) mandates minimum knuckle radius
(6% of CR for torispherical heads) to prevent localized mechanical
failure.
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Dish End Forming Processes: Pressing & Spinning I
Industrial manufacturing of dish ends uses two primary processes:
cold/hot hydraulic pressing (for forming the crown spherical profile) and
flanging/spinning (for forming the knuckle and straight flange). Process
selection depends on diameter, thickness, and material composition.

Key Points

Pressing: Uses a hydraulic press (usually double-acting) to stamp the
central crown profile. Can be done cold for thin/ductile metals, or
hot (above recrystallization temp) for thick plates.
Spinning (Flanging): A rotary forming method where the pressed
crown is rotated on a vertical axis, and rollers shape the knuckle
radius against a template.
Cold Forming: Cost-effective, leaves no thermal scale, but causes
work hardening which may require post-form heat treatment.
Hot Forming: Reduces forming force, eliminates work hardening,
preferred for thick plates (> 50 mm) or alloy steels prone to cracking.

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 269 / 361



Flanging Machine (Spinning) Operation I

Rotational Axis

Rotating WorkpieceCenter Clamp

Forming Roll

Flanging Roll

Swiveling Motion

Spindle Rotation

Key Points

Forming (Backing) Roll: Positioned inside the head; acts as the
internal mandrel corresponding to the target knuckle radius.
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Flanging Machine (Spinning) Operation II

Flanging (Working) Roll: Mounted on a hydraulic swivel arm; applies
continuous external pressure to bend the blank edge over the
forming roll.

Support Rolls: Placed underneath the blank perimeter to prevent
sagging and vibration during high-speed rotation.

Centering Device: Ensures the blank remains concentric with the
spindle axis, preventing dimensional asymmetry and thickness
variations.
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Step-by-Step Fabrication Sequence I
A rigorous manufacturing sequence is followed to ensure structural
integrity and compliance with design codes like ASME Sec VIII or EN
13445.

Key Points

1. Plate Preparation: CNC oxy-fuel or plasma cutting of raw plates.
For large heads, segment plates (petals) are welded together.
2. Weld Seam Preparation: Plates are welded with SAW
(Submerged Arc Welding). Reinforcements must be ground 100%
flush to prevent stress risers and tool damage during pressing.
3. Blank Cutting: The welded assembly is cut into a perfect circular
blank based on calculated blank diameter (including stretch
allowance).
4. Crown Pressing & Flanging: The blank is pressed into a dome
and flanged in a spinning machine to create the knuckle and straight
flange.
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Step-by-Step Fabrication Sequence II

5. Post-Forming Heat Treatment: Thermal stress relief (annealing or
normalizing) to restore ductility and eliminate residual stresses.

6. Edge Beveling & Inspection: Machining the straight flange end to
the required weld prep profile (V or U-groove), followed by RT
(Radiographic Testing) and UT (Ultrasonic Testing).
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Vessel Types & End Cap Selection I

The selection of dish end type is directly dictated by the vessel’s primary
function, operating pressure, temperature, and internal media behavior.

Key Points

Pressure Vessels: Designed under ASME Section VIII. Typically
utilize 2:1 ellipsoidal or hemispherical heads to handle high internal
pressures safely without excessive wall thickness.

Storage Vessels: Designed under API 650/620 or ASME Section VIII
(for low-pressure LPG/LNG). Often use shallow torispherical or
conical heads, or flat bottoms for atmospheric tanks.

Reaction Vessels (Reactors): Used in chemical processing, often
containing agitators, heating/cooling jackets (limpet coils). Typically
use torispherical or ellipsoidal heads to facilitate optimal mixing flow
patterns.
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Vessel Types & End Cap Selection II

Nozzle Integration: Openings in vessel heads must be reinforced
according to ASME Sec VIII UG-37 to compensate for structural
material removed.
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Quality Control, Tolerances, and Defect Mitigation I
Defect prevention and rigorous testing are mandatory for safety-critical
components operating under high pressures.

Key Points

Thinning Allowance: Pressing and spinning cause material
stretching. Designers must specify a nominal thickness that accounts
for 10-15% thinning at the knuckle region.
Out-of-Roundness: Head circumference and ovality must be within
strict tolerances (typically < 1% of nominal diameter) to ensure
proper fit-up with the shell.
Profile Verification: Sweep templates (gauges) are used to verify
that the internal crown and knuckle profiles do not deviate from
design geometries.
Defects & Detection: Common defects include cracking in the
knuckle (detected by Dye Penetrant/Magnetic Particle Testing) and
thinning/lamination (detected by Ultrasonic Testing).
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Shell & Tube Heat Exchanger Anatomy & Standards
I

Overview of engineering design standards and primary pressure-retaining
components.

Key Points

Governed primarily by ASME Section VIII Division 1 for pressure
vessel design and TEMA (Tubular Exchanger Manufacturers
Association) standards.

TEMA Class R specifies severe requirements for petroleum and
processing; TEMA Class C for general moderate applications; TEMA
Class B for chemical processes.

Crucial components include the cylindrical shell, tubesheet
(stationary and floating), channels/heads, channel covers, and
transverse baffles.
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Shell & Tube Heat Exchanger Anatomy & Standards
II

Longitudinal shell seams are typically welded using Submerged Arc
Welding (SAW) to achieve deep penetration and high-quality
deposition rates.
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Tube-to-Tubesheet Joint Configuration I

Tubesheet
Tube Wall Groove

Strength Weld

Tube Axis

Key Points

Mechanical tube expansion involves cold-working the tube against
the tubesheet hole, creating a residual compressive stress field that
acts as a seal.
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Tube-to-Tubesheet Joint Configuration II

Tubesheet holes are machined with annular expansion grooves
(width 1/8 in, depth 1/64 in) to provide mechanical locking and
prevent axial tube pull-out.

Strength welding is typically executed via mechanized GTAW (TIG)
to provide a hermetic seal and mechanical strength, often followed
by a light expansion pass.

Joint integrity is inspected using pneumatic tests, helium mass
spectrometer leak detection, or liquid penetrant inspection (LPI) on
weld passes.
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Baffles, Tie Rods, and Shell Assembly I

Internal support structures and thermal-hydraulic flow optimization.

Key Points

Segmental baffles are cut vertically or horizontally (typically 15% to
45% of shell diameter) to guide fluid flow perpendicularly across the
tube bundle.
Baffle spacing (pitch) must prevent tube sagging and avoid
flow-induced vibration, which can lead to tube-to-tube collision or
fatigue failure.
Tie rods and spacers run longitudinally between the tubesheets to
secure the baffles in place and maintain precise axial spacing prior to
tubing.
An impingement plate is placed under the shell-side inlet nozzle if
fluid velocity exceeds TEMA erosion limits, protecting tubes from
direct fluid impact.

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 281 / 361



Piping Spools: Design, Layout & Fabrication I

Prefabricated piping systems for industrial fluid transportation.

Key Points

A piping spool is a prefabricated assembly of pipes, elbows, tees, and
flanges, detailed in isometric drawings and designed for easy field
installation.
Fabrication complies with ASME B31.3 (Process Piping Code) and
utilizes PFI (Piping Fabrication Institute) ES-3 for dimensional
tolerances.
Welding involves Gas Tungsten Arc Welding (GTAW) for the critical
root pass to ensure full penetration, followed by SMAW or GMAW
for filler passes.
Dimensional tolerance for spool length is restricted to +/- 3.2 mm
(1/8 in), and flange face alignment must not deviate by more than
1.6 mm from perpendicular.
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Multi-Tier Pipe Rack Arrangement I

Tier 1

Tier 2

P1 P2 P3

U1 U2 U3 U4

Clearance >= 4.5m

Main Column

Key Points

Multi-tier steel pipe racks are designed to maximize space; generally,
utility piping is on the top tier, and process piping is on lower tiers.
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Multi-Tier Pipe Rack Arrangement II

Heavy lines and high-temperature lines are placed closer to the
supporting structural columns to minimize horizontal beam bending
moments.

Thermal expansion is accommodated through U-shaped loops, offset
bends, and guides that allow controlled axial displacement while
preventing buckling.

Standard vertical clearance under the rack cross-beams is maintained
between 4.5 to 6.0 meters to allow safe vehicle and maintenance
crane access.
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Industrial Shed Structural Fabrication I

Fabrication of portal frames, purlins, and bolted connections.

Key Points

Fabricated structural frames consist of built-up column and rafter
sections using high-yield structural steel, conforming to AISC and IS
800 standards.
Trusses (e.g., Pratt or Howe configurations) are constructed from
double angles or rectangular hollow sections joined by welded steel
gusset plates.
Field splicing of rafters and columns uses high-strength structural
bolts (ASTM A325 or ASTM A490) installed to target pre-tension
using the turn-of-nut method.
Surface preparation requires abrasive grit blasting to Sa 2.5
standard, followed by high-performance epoxy primers and
polyurethane topcoats.
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Electrical Power Transmission Towers I

Design and fabrication of self-supporting lattice steel towers.

Key Points

Transmission towers are self-supporting steel lattice structures
designed for wind loads, ice loads, conductor tension, and
broken-conductor torsional loads.
Structural members are fabricated from standard equal-leg and
unequal-leg angle sections using automated CNC punching,
cropping, and drilling lines.
All steel elements are hot-dip galvanized after fabrication in
accordance with ASTM A123, ensuring a protective zinc coating of
at least 85 microns.
Tower prototype load testing is conducted on full-scale models at
specialized test beds to verify design assumptions and joint slip
under limit loads.
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3.4 Safety Norms for Work at Heights I
Work at Heights: Safety Protocols, Regulatory Thresholds, and Inspection
Requirements

Key Points

Height Thresholds: OSHA 29 CFR 1926.501 mandates fall
protection systems for work at heights of 6 feet (1.8m) or more
above lower levels.
Hierarchy of Fall Control: Elimination (performing work at ground
level), Prevention (using guardrails, barricades, and scissor lifts), and
Mitigation (deploying Personal Fall Arrest Systems).
Pre-Work Structural Inspection: Mandatory inspection of
scaffolding, ladders, anchorage points, and work platforms for
structural integrity, corrosion, and proper assembly.
Severe Weather Restrictions: Stop all work at heights during wind
speeds exceeding 25 mph (40 km/h), rain, lightning, or icing
conditions to prevent slips and falls.
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3.4 Safety Norms for Work at Heights II

Emergency Rescue Plans: A written rescue plan must be present on
site to ensure immediate rescue of a suspended worker within 4 to 6
minutes, preventing suspension trauma.
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Personal Fall Arrest System (PFAS) Clearance I

Ground Level

Anchorage Connector (Min. 5,000 lbs / 22.2 kN)

Lanyard Length (6 ft / 1.8 m)

Deceleration Dist. (3.5 ft / 1.07 m)

Harness Stretch (1 ft / 0.3 m)

Safety Factor (2 ft / 0.6 m)

Re
qu
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d
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Key Points
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Personal Fall Arrest System (PFAS) Clearance II

Calculation of Fall Clearance: Anchorage point height must exceed
the sum of lanyard length, deceleration distance, harness stretch, and
safety factor.

Anchorage Strength: Must support at least 5,000 lbs (22.2 kN) per
worker attached, or be designed as part of a complete system with a
safety factor of two.

Full-Body Harness: The only acceptable body-wear for fall arrest;
body belts are strictly prohibited due to internal injury and spine
damage risks.

Shock-Absorbing Lanyards: Designed to limit maximum arresting
forces on the body to 1,800 lbs (8 kN) by absorbing energy through
stitching rip-out.
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Safety Norms BEFORE Welding Work I

Pre-Welding Inspection, Workspace Preparation, and Hazard Mitigation
Protocols

Key Points

Hot Work Permit: Mandatory authorization outlining the scope of
work, duration, designated fire watch, and gas-testing results.

Atmospheric Testing: In confined spaces, test for combustible gases
(must be < 10% LEL), toxic vapors, and oxygen levels (19.5% to
23.5%).

Combustible Cleared Zone: All flammable materials, oils, and dry
debris must be cleared within a 35-foot (10.7-meter) radius of the
welding area (NFPA 51B).

Equipment Inspection: Verification of ground clamps, undamaged
insulation on welding cables, gas regulators, and flashback arrestors
on gas cylinders.
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Safety Norms BEFORE Welding Work II

Ventilation Setup: Verification of local exhaust ventilation (LEV) or
dilution systems to capture toxic fumes (hexavalent chromium,
manganese, lead).
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Flashback Arrestor Safety Mechanics I

Flashback Arrestor (Safety Mechanism)

Gas Inlet Gas Outlet (To Torch)Non-Return
Valve

Sintered
Metal Filter

Thermal
Cut-off

Normal Gas Flow

Flashback Flame Front

Key Points

Safety Function: Flashback arrestors prevent the return of flame or
gas mixture back into the hoses and regulators, preventing
catastrophic cylinder explosions.
Non-Return Valve (Check Valve): Stops the reverse flow of gas,
ensuring that fuel and oxygen do not mix in the hoses.
Flame Arrestor (Sintered Element): A porous metal structure that
cools the flame front below its ignition temperature, extinguishing it
instantly.

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 293 / 361



Flashback Arrestor Safety Mechanics II

Thermal Cut-off Valve: A spring-loaded valve that trips and shuts off
the gas flow completely if the internal temperature exceeds a safe
limit (typically around 100°C).
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Safety Norms DURING Welding Work I
Active Hazardous Mitigation, Continuous Monitoring, and Electrical
Safety Protocols

Key Points

UV and IR Radiation Protection: Ensure welding screens (shade
10-14 rated) are positioned to protect surrounding personnel from
arc flash and flash burn hazards.
Electrical Hazard Control: Maintained dry workspace conditions;
welder must stand on an insulating rubber mat if welding in damp
environments to prevent electric shock from open-circuit voltage.
Local Exhaust Ventilation (LEV): Position the LEV hood within one
hood-diameter of the weld joint to ensure optimal capture velocity
(typically 100-150 fpm) of toxic fumes.
Cylinder Management: Gas cylinders must be stored upright in
secured cylinder carts or chained to walls. Keep cylinders away from
flying welding sparks and hot slag.
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Safety Norms DURING Welding Work II

Dedicated Fire Watch: A designated observer must continuously
monitor the area for sparks, hot slag, and smoldering materials,
equipped with a calibrated fire extinguisher.
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Safety Norms AFTER Welding Work I

Post-Hot Work Procedures, Cooling, Inspection, and Housekeeping

Key Points

Mandatory Fire Watch Duration: Maintain the fire watch at the
welding site for a minimum of 60 minutes after welding is completed
to detect smoldering fires (per NFPA 51B).

Equipment Isolation and Bleeding: Turn off welding machines, close
all gas cylinder valves, bleed regulator pressures to zero, and coil all
cables neatly.

Hot Metal Identification: Mark all recently welded joints with ’HOT’
using chalk or soapstone to prevent contact burns by subsequent
shifts or workers.

Visual and NDI Inspections: Perform post-weld inspections for
defects (cracks, undercut, porosity) only after the weldment has
cooled to ambient temperature.
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Safety Norms AFTER Welding Work II

Waste Disposal: Safely dispose of used electrode stubs, slag
chippings, grinding wheel remnants, and empty aerosol cans in
designated metal waste bins.
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Personal Protective Equipment (PPE) for Welding I

Standard PPE Selection Matrix and Specifications for Fabricators

Key Points

Welding Helmet: Must comply with ANSI Z87.1. Filter lens shade
selection: Shade 10-11 for SMAW (Stick) <150A, Shade 12-14 for
high current GTAW/GMAW.

Flame-Resistant Body Protection: Heavyweight, flame-resistant (FR)
cotton clothing or leather welding jackets. Avoid synthetic fibers
(polyester, nylon) which melt when exposed to sparks.

Welding Gloves: Heavy-duty, long-cuffed chrome-tanned leather
welding gloves (welding gauntlets). Thin goatskin gloves are
permitted only for low-current GTAW (TIG) for dexterity.

Footwear: Leather safety boots (ASTM F2413 rated) with steel-toe
caps, metatarsal guards, and slip-resistant soles. Trouser cuffs must
cover boot tops to prevent catching hot slag.
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Personal Protective Equipment (PPE) for Welding II

Respiratory Protection: For welding in poorly ventilated areas or on
coated metals (galvanized steel, paint), wear a NIOSH-approved N95
or P100 particulate respirator (e.g., for zinc fume prevention).
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Discontinuities vs. Defects I

In welding metallurgy and fabrication engineering, a discontinuity and a
defect are not synonymous. The transition from a discontinuity to a
defect is defined strictly by the governing design code and the
component’s service conditions.

Key Points

Discontinuity: Any local interruption in the typical physical structure
or configuration of a weldment (e.g., porosity, slag, micro-cracks). It
is a deviation from homogeneity.
Defect: A discontinuity whose size, shape, orientation, or location
compromises the intended performance of the weldment or fails to
meet code acceptance criteria.
Code Compliance: All defects are discontinuities, but not all
discontinuities are defects. A discontinuity only becomes a defect
when it exceeds the limits of the applicable standard (e.g., ASME
Section VIII).
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Discontinuities vs. Defects II

Engineering Consequence: Defects require mandatory reject, repair,
or scrap procedures, whereas acceptable discontinuities are allowed
to remain in service.
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Butt Weld Geometry Terminology I

Base Metal Base Metal
HAZ HAZ

Weld Toe Weld ToeFace Reinforcement

Root Reinforcement

Fusion Line

Key Points

Weld Face & Root Reinforcement: The weld metal that exceeds the
base metal thickness. Excess reinforcement (>3mm in many codes)
creates notches and stress risers.
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Butt Weld Geometry Terminology II

Weld Toe: The junction between the weld face and the base metal.
This area has high stress concentration and is susceptible to fatigue
cracking.

Fusion Line: The boundary between the weld metal and the
unmelted base metal, defining the limit of the weld pool.

Heat-Affected Zone (HAZ): The portion of base metal that has not
melted, but has experienced microstructural and mechanical property
alterations due to the weld heat cycle.
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Fillet Weld Terminology and Mechanics I

Fillet welds are used to join surfaces that intersect at approximately right
angles, such as T-joints, lap joints, and corner joints. Designing and
inspecting fillet welds requires precise knowledge of their cross-sectional
dimensions.

Key Points

Leg Size: The distance from the joint root to the weld toe. Fillet
welds are typically sized by their leg length (e.g., a 6mm fillet weld
has 6mm legs).

Theoretical Throat: The perpendicular distance from the hypotenuse
of the largest right triangle that can be inscribed within the fillet
weld cross-section.

Effective Throat (a): The minimum distance from the joint root to
the weld face, minus any reinforcement. For equal-leg fillet welds,
Effective Throat = Leg Size * 0.707.
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Fillet Weld Terminology and Mechanics II

Actual Throat: The shortest distance from the root to the weld face.
It includes the theoretical throat plus the weld reinforcement
(convexity).

Design Strength: The shear stress of a fillet weld is calculated based
on its effective throat, not its leg size, making throat thickness the
most critical dimension for quality control.
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Fillet Weld Cross-Sectional Geometry I

Throat (a)
Leg Lv

Leg LhWeld Root

Weld Toe

Weld Toe

Key Points

Leg Length (Lv, Lh): Vertical and horizontal legs are generally
designed to be equal, though process variables can cause asymmetry.
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Fillet Weld Cross-Sectional Geometry II

Effective Throat (a): Calculated as a = 0.707× L for equal-leg fillet
welds, representing the structural shear plane.

Weld Convexity: The maximum perpendicular distance from the
weld face to the line joining the weld toes. Excessive convexity is a
defect because it wastes material and concentrates stresses.

Joint Root: The base intersection where fusion must be fully
achieved to prevent root cracks and cold laps.
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Classification of Weld Imperfections I

Industrial welding codes classify weld imperfections into standardized
groups to streamline non-destructive testing (NDT) and visual inspection
workflows (e.g., ISO 6520-1).

Key Points

Group 1 - Cracks: Linear discontinuities caused by high localized
stress, thermal contraction, or hydrogen embrittlement. They have
zero tolerance in all structural and pressure vessel codes.

Group 2 - Cavities: Void spaces within the weld, including uniformly
distributed porosity, cluster porosity, linear porosity, and shrinkage
cavities (piping).

Group 3 - Solid Inclusions: Entrapped foreign materials, primarily
slag inclusions (entrapped flux from SMAW/FCAW), oxide
inclusions, or metallic inclusions (tungsten from GTAW).
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Classification of Weld Imperfections II

Group 4 - Lack of Fusion and Penetration: Incomplete fusion
between weld beads or weld-to-base metal (lack of sidewall fusion),
and incomplete joint penetration at the weld root.

Group 5 - Imperfect Shape and Dimension: Undercuts (grooves
melted into base metal at the toe), overlap (weld metal spilling over
base metal without fusion), and linear or angular misalignment.
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Weld Quality Evaluation: Inspection & NDT I

To guarantee weld quality, fabricators employ testing methods to identify
surface and volumetric discontinuities. These methods are divided into
Non-Destructive Testing (NDT) and Destructive Testing (DT).

Key Points

Visual Testing (VT): The primary and most cost-effective method.
VT checks joint fit-up before welding, bead profile during welding,
and surface defects post-welding.
Liquid Penetrant (PT) & Magnetic Particle (MT) Testing: Surface
NDT methods. PT uses capillary action for non-porous materials;
MT uses magnetic fields to detect surface/near-surface flaws in
ferromagnetic steels.
Ultrasonic (UT) & Radiographic (RT) Testing: Volumetric NDT
methods. UT uses high-frequency sound waves to locate
depth-specific flaws, while RT uses X-rays or Gamma rays to
produce a density-based internal image.
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Weld Quality Evaluation: Inspection & NDT II

Destructive Testing (DT): Destructive bend tests (root, face, side
bends), tensile tests, and Charpy impact tests are utilized to qualify
welding procedures (WPS) and verify mechanical properties.
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Codes, Standards, and Quality Levels I

Welding is a highly regulated activity. Codes and standards establish the
minimum quality level, procedure qualifications, and human performance
metrics to ensure structural integrity and public safety.

Key Points

ASME Section IX: Focuses on the qualification of welding procedures
(WPS), procedure qualification records (PQR), and welder
performance qualifications (WPQ).

AWS D1.1: The structural steel welding code, detailing weld profiles,
allowable tolerances for discontinuities, and visual testing acceptance
levels.

ISO 5817: Quality levels for imperfections in fusion-welded joints. It
classifies quality into three levels: Level B (stringent/nuclear), Level
C (intermediate), and Level D (moderate/structural).
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Codes, Standards, and Quality Levels II

Procedure Qualification: A weld must be performed using a qualified
Welding Procedure Specification (WPS) that lists essential variables
(current, voltage, travel speed, preheat) to guarantee repeatable
weld quality.
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Weld Defects: Overview and Classification I
Weld defects are deviations in weld geometry, size, or material soundness
exceeding the allowable limits of applicable codes (e.g., ASME Section IX,
AWS D1.1). They are classified into dimensional, structural
(internal/surface), and chemical/metallurgical defects.

Key Points

Dimensional defects: Excess reinforcement, underfill, weld size
deviations, distortion, and misalignment.
Structural defects: Cracks (hot, cold), porosity (scattered, cluster,
piping), slag inclusions, undercut, lack of fusion, and incomplete
penetration.
Metallurgical defects: Decarburization, grain growth, and
unfavorable phase transformation in the Heat Affected Zone (HAZ).
Impact: Defects serve as local stress concentrators, drastically
reducing fatigue life and load-bearing capacity under dynamic
loading.
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Structural Defects: Weld Cracks I

Toe Crack

Root Crack

HAZ Crack

Key Points

Cracks are the most severe defects because they act as sharp stress
risers and can lead to sudden, catastrophic brittle fracture.
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Structural Defects: Weld Cracks II

Hot Cracking (Solidification Cracking): Occurs at elevated
temperatures (>900°C) during solidification, typically along the
centerline, driven by low-melting segregates (P, S).

Cold Cracking (Hydrogen-Induced Cracking): Occurs below 150°C,
often hours or days after welding. Triggered by a susceptible
microstructure (martensite), tensile stress, and diffusible hydrogen.

Mitigation: Preheat the base metal, control heat input, utilize
low-hydrogen electrodes (e.g., E7018), and perform Post-Weld Heat
Treatment (PWHT).
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Incomplete Fusion and Lack of Penetration I

Lack of Root Penetration

Lack of Side-Wall Fusion
Base Metal Base Metal

Key Points

Incomplete Penetration: The weld metal fails to extend through the
full thickness of the joint root, leaving an unfused root face that acts
as a notch.
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Incomplete Fusion and Lack of Penetration II

Incomplete Fusion: Failure to fuse the weld metal with the base
metal or preceding weld beads (inter-run lack of fusion).

Causes: Low welding current, excessive travel speed, incorrect
electrode angle, or improper joint design (too small root gap/groove
angle).

Consequences: Drastically decreases the effective throat thickness of
the weld, reducing tensile and fatigue strength under cyclic loading.
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Volumetric and Surface Defects I

Volumetric defects (like porosity and slag inclusions) occupy a
three-dimensional volume in the weld, whereas surface defects (like
undercut and overlap) compromise the weld profile and transition zone.

Key Points

Porosity: Entrapped gas bubbles (usually hydrogen, nitrogen, or
oxygen) that fail to escape before solidification. Can be spherical,
clustered, or elongated (piping/wormholes).

Slag Inclusions: Non-metallic solid material entrapped in the weld
metal or between weld runs. Caused by incomplete slag removal in
multi-pass welding or low heat input.

Undercut: A groove melted into the base metal adjacent to the toe
of the weld and left unfilled by weld metal. Caused by excessive
current or improper electrode manipulation.
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Volumetric and Surface Defects II

Overlap: Weld metal spilling over the base metal surface without
fusing to it, creating a sharp mechanical notch. Caused by low heat
input or high deposition rate.
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Stages of Weld Inspection I

Quality control is a continuous process divided into three distinct stages:
Pre-weld, In-process, and Post-weld inspection. Ensuring quality at each
stage minimizes repair costs and project delays.

Key Points

Stage 1: Pre-Weld (Before Welding) - Check material certificates,
weld groove geometry, root gap, alignment, preheat temperature,
tack weld quality, and welder qualifications.

Stage 2: In-Process (During Welding) - Monitor interpass
temperature, welding parameters (voltage, current, travel speed),
cleaning between passes, electrode storage/baking, and shielding gas
flow rate.

Stage 3: Post-Weld (After Welding) - Visual inspection of final weld
bead profile, checking dimensions (reinforcement height, fillet leg
length), and executing NDT/DT as per code requirements.
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Destructive Testing (DT) I

Destructive testing involves physically destroying the weldment to
evaluate its mechanical properties (strength, ductility, toughness) and
structural integrity, crucial for Procedure Qualification Records (PQR).

Key Points

Tensile Testing: Determines the ultimate tensile strength, yield
strength, and elongation of the joint. Transverse tensile tests
confirm if the weld is stronger than the base metal.

Bend Testing: Evaluates the ductility and soundness of the weld.
Guided bend tests (face, root, or side bend) reveal internal defects
like lack of fusion or cracking when bent 180 degrees.

Charpy V-Notch Impact Testing: Measures notch toughness and
ductile-to-brittle transition temperature, critical for low-temperature
applications (ASME Sec VIII).
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Destructive Testing (DT) II

Hardness & Macrotech Examination: Hardness traverses (Vickers or
Rockwell) map the HAZ to check for brittle martensite phases.
Macro-etching reveals weld bead geometry, penetration, and HAZ
width.
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Non-Destructive Testing (NDT) I

Non-Destructive Testing (NDT) assesses weld soundness without
damaging the structure, allowing 100% inspection of critical components
in industries like aerospace, pressure vessels, and piping.

Key Points

Visual Testing (VT): The primary, most cost-effective NDT method.
Evaluates surface profile, undercut, cracks, and dimensional accuracy
using gauges.

Liquid Penetrant Testing (PT) & Magnetic Particle Testing (MT):
PT detects surface-breaking defects via capillary action. MT detects
surface and near-surface defects in ferromagnetic materials using
magnetic flux leakage.

Ultrasonic Testing (UT) & Phased Array UT (PAUT): Uses
high-frequency sound waves to detect, locate, and size internal
planar defects (cracks, lack of fusion). Excellent depth and accuracy.
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Non-Destructive Testing (NDT) II

Radiographic Testing (RT): Uses X-rays or Gamma rays to produce a
volumetric shadowgraph of internal defects (porosity, slag,
incomplete penetration) on film or digital detectors.
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Inspection vs. Testing I
Understanding the technical distinction between inspection and testing
processes in manufacturing quality control.

Key Points

Inspection is the process of examining a product design, product,
service, or process and determining its conformity with specific
requirements.
Testing is the determination of one or more characteristics of an
object of conformity assessment according to a specified engineering
procedure.
Inspection is primarily qualitative or involves simple gauge checks
(e.g., weld size gauges, thread check, visual checks for surface
defects).
Testing is quantitative and evaluates structural, physical, or chemical
performance under applied conditions (e.g., hydrostatic pressure,
tensile loads).
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Inspection vs. Testing II

Inspection is often continuous throughout the fabrication workflow;
testing is typically a final gatekeeping or procedure qualification
activity.
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Classifications of Testing I
Engineering tests are broadly divided based on whether the test specimen
is preserved or damaged during the evaluation process.

Key Points

Destructive Testing (DT): Specimens are subjected to mechanical
loading until failure to determine material limits and mechanical
properties.
Non-Destructive Testing (NDT): Components are evaluated using
physical phenomena (sound, radiation, magnetism) without altering
their future serviceability.
Proof Testing: Applying a safety-factored load to verify structural
integrity without causing permanent damage (e.g., proof load test on
cranes).
Leak/Pressure Testing: Verifying joint tightness and
pressure-containment integrity using liquid or gas mediums (e.g.,
vacuum box or hydro-test).
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Classifications of Testing II

The selection of testing methods is strictly governed by fabrication
codes such as ASME BPVC, AWS D1.1, and ASTM standards.
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Non-Destructive Testing (NDT) Methods I

Non-Destructive Testing (NDT)

Surface/Visual Methods Volumetric Methods

Visual Testing (VT)
Liquid Penetrant (PT)
Magnetic Particle (MT)

Eddy Current (ET)

Ultrasonic Testing (UT)
Radiographic Testing (RT)
Acoustic Emission (AE)

Key Points

Visual Testing (VT) is the most fundamental surface method,
detecting gross dimensional variations, misalignment, and open
undercut.
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Non-Destructive Testing (NDT) Methods II

Liquid Penetrant Testing (PT) utilizes capillary action to draw dye
into surface-breaking discontinuities on non-porous materials.

Magnetic Particle Testing (MT) detects surface and near-surface
defects in ferromagnetic materials by identifying magnetic flux
leakage fields.

Ultrasonic Testing (UT) uses high-frequency sound waves to scan
the internal volume of a weldment for volumetric and planar flaws.

Radiographic Testing (RT) uses differential absorption of penetrating
radiation (X-rays or gamma rays) to image internal defects.

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 332 / 361



Destructive Testing (DT) of Welds I

Destructive test methods are used to qualify Welding Procedure
Specifications (WPS) and welder performance, validating structural design
limits.

Key Points

Tensile Testing: Verifies that the transverse weld joint strength meets
or exceeds the minimum specified tensile strength of the base metal.
Guided Bend Testing (Root, Face, Side): Evaluates weld and
heat-affected zone (HAZ) ductility, exposing internal fusion defects
and slag inclusions.
Charpy V-Notch Impact Testing: Determines the energy absorbed
during fracture, indicating notch toughness and ductile-to-brittle
transition temperature.
Hardness Testing (Vickers HV10 / Rockwell): Maps localized
mechanical variations across the weld, HAZ, and base metal to
detect brittle microstructures.
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Destructive Testing (DT) of Welds II

Macro-Etch Examination: Acid-etching of the joint cross-section
reveals weld penetration, heat-affected zone boundary, and fusion
profile.
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Industrial Standards & Testing Codes I

Fabrication testing must be executed in accordance with global regulatory
codes to ensure structural safety and legal compliance.

Key Points

ASME BPVC Section V: Standard rules for non-destructive
examination, specifying procedure controls, calibration blocks, and
equipment requirements.

ASME BPVC Section IX: Standard for welding, brazing, and fusing
qualifications, detailing mechanical testing for WPS and welder
qualification.

AWS D1.1: Structural Welding Code for steel, defining ultrasonic,
radiographic, visual, and mechanical testing requirements for
structural joints.

ASTM E8/E8M: Standard test methods for tension testing of
metallic materials, detailing specimen dimensions and strain rates.
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Industrial Standards & Testing Codes II

EN ISO 15614-1: Specification and qualification of welding
procedures for metallic materials, defining standard test matrices
(NDT and DT).
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Quality Flow in Welded Fabrication I

Material Verification(Inspection: Mill Test Reports)

Fit-up & Joint Prep(Inspection: Dimensions & Angle)

In-process Welding(Inspection: Parameters, Interpass)

Post-Weld Visual
& NDT (Testing)

Destructive Testing(PQR/WPQ Coupon)

Final Acceptance
& Code Certification

Key Points

Material Verification ensures that incoming plate and pipe match
mill test reports (MTRs) before cutting or preparation begins.
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Quality Flow in Welded Fabrication II

Fit-up and Joint Preparation inspection verifies root gap, bevel
angles, and fit alignment to prevent root-pass weld defects.

In-process Inspection checks essential variables: preheat temperature,
voltage, amperage, shielding gas flow, and interpass cleaning.

Destructive Testing of test coupons (PQR) is done prior to
production to establish that weld metallurgy achieves specified
properties.

Final Acceptance combines NDT reports, visual checks, and
dimensional reports into a Manufacturer’s Record Book (MRB) for
client sign-off.
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Quality Assurance vs. Quality Control I

Analyzing how inspection and testing act as the enforcement tools within
a broader quality management system.

Key Points

Quality Control (QC) is product-focused and reactive; it includes
physical inspection and testing to detect defects in the fabricated
part.

Quality Assurance (QA) is process-focused and proactive; it includes
creating work procedures, welder audits, and calibration schedules.

Inspection and testing verify that specific parameters and parameters
established during QA planning are strictly adhered to on the shop
floor.

Early stage in-process inspection minimizes weld repairs, significantly
reducing overall fabrication cost and scheduling delays.
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Quality Assurance vs. Quality Control II

Code stamp verification (e.g., ASME U stamp, CE mark) requires
complete alignment of both the QA system and QC testing
documentation.
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Overview of Destructive Testing I

Destructive testing (DT) is a quality control methodology where materials
are loaded to failure to directly measure their mechanical limits. Unlike
NDE methods governed by ASME Section V, DT provides quantitative
stress-strain data required for design and procedure qualification.

Key Points

Evaluates fundamental properties: yield strength, tensile strength,
ductility, toughness, and compressive limits.

Primary role in fabrication: Qualification of welding procedures
(WPS/PQR) and welder performance per ASME Section IX.

Crucial for pressure vessel design verification under ASME Section
VIII Division 1.

Ensures welded joints and base materials meet the minimum
mechanical design thresholds established in ASME Section II.
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Tensile Testing Standards & Procedures (ASTM
E8/E8M) I

ASTM E8/E8M standardizes the tension testing of metallic materials to
determine yield strength, yield point elongation, tensile strength,
elongation, and reduction of area.

Key Points

Specimen configuration: Machined plate-type (flat) or round-bar
geometries with defined parallel reduced sections.

Loading control: Conducted using universal testing machines (UTM)
with precise rate of straining (0.005 to 0.05 in/in/min).

Ductility indicators: Percentage elongation measured over a standard
2-inch (50 mm) or 8-inch (200 mm) gauge length.

Weldment testing: Transverse tension tests per ASME Section IX
assess the joint strength relative to the base metal.
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Standard Tensile Specimen Geometry I

Grip Sec. (C) Reduced Parallel Sec. (A)

Gauge Length (G)

Radius (R)
Deformation Zone

Key Points

Grip Ends (C): Designed for secure clamping in the UTM wedge
grips.

Transition Fillet (R): Generous radius prevents stress concentrations
at the grips.
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Standard Tensile Specimen Geometry II

Parallel Reduced Section (A): Ensures uniaxial stress state in the
target zone.

Gauge Length (G): Standardized area for strain and elongation
measurements.
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ASME Tensile Acceptance Criteria I

Welding procedure qualifications (PQR) under ASME Section IX
(QW-150) dictate strict tensile acceptance thresholds for pressure vessel
fabrications under ASME Section VIII Division 1.

Key Points

QW-153.1: Weldment tensile strength must not be less than the
minimum specified tensile strength of the base metal (Su).
Lower Strength Metals: If welding two different base metals, the
limit is the lower of the two specified tensile strengths.
Out-of-Weld Failures: If the specimen breaks in the base metal
outside the weld, the test is accepted if strength is ≥ 95% of base
metal Su.
Weld Metal Failures: If the break occurs in the weld metal, it must
meet or exceed 100% of the specified minimum tensile strength of
the base metal.
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Compressive Testing Procedures (ASTM E9) I

ASTM E9 details the compressive testing of metallic materials.
Compression testing evaluates load-bearing capacity under uniaxial
compressive forces, vital for heavy support structures.

Key Points

Specimen design: Cylindrical geometry with length-to-diameter
(L/D) ratio of 1.5 to 3 for standard metallic evaluations.

Buckling mitigation: Low slenderness ratios are maintained to
prevent lateral instability and premature column buckling.

Platen alignment: Loading surfaces must be flat to 0.0002 in/in and
perpendicular to the axis within 0.1 degrees.

Frictional effects: Platen-specimen interfaces are polished and
lubricated to minimize radial constraint and subsequent barreling.
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Tensile and Compressive Stress-Strain Behavior I

Strain (ϵ)

Stress (σ)

Fracture (Tension)

Compression

σy (Yield)

UTS

Elastic Plastic

Tension (ASTM E8)
Compression (ASTM E9)

Key Points

Elastic Modulus (E): Initial linear slope representing identical atomic
bond stiffness in tension and compression.

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 347 / 361



Tensile and Compressive Stress-Strain Behavior II

Yield Strength (σy): The point of transition from elastic deformation
to permanent plastic slip.

Ultimate Tensile Strength (UTS): Maximum nominal tensile stress
supported before localized necking begins.

Strain Hardening: Continued resistance to deformation in
compression due to increasing cross-sectional contact area.
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Industrial Applications & Quality Assurance I

Destructive testing serves as the ultimate mechanical qualification for
pressure vessels, storage tanks, and high-performance welded fabrications
built under code standards.

Key Points

ASME Section VIII Div 1 compliance: Ensures vessel plate materials
and welded seams resist operating stresses without brittle failure.
Welder qualification (WPQ): Verifies the welder’s ability to deposit
sound, defect-free weld metal with required mechanical traits.
Complementary nature: While NDT (ASME Sec. V) detects flaws,
DT (ASTM standard) defines actual margins of safety and yield
limits.
Failure analysis: Post-test fractography of tensile/compression
specimens assists in evaluating weld fatigue and microstructural
defects.
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Introduction to Impact Testing I

Impact testing evaluates the behavior of materials under high-rate
loading. It is critical for assessing brittle transition behavior in welded
fabrications and structural steels.

Key Points

Charpy V-Notch (CVN) test (ASTM E23) uses a horizontal beam
specimen supported at both ends.

Izod test uses a vertical cantilever specimen clamped at one end.

The test measures the energy absorbed (in Joules or ft-lbs) during
fracture by a swinging pendulum.

Key fabrication codes like ASME Section VIII Div 1 require impact
testing for low-temperature service vessels.
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Charpy Impact Test Setup I

V-Notch
Support Support

Striker (Impact)

Key Points
The specimen is 10x10x55 mm with a 2 mm deep V-notch
(45-degree angle).
Striker hits the specimen directly opposite to the V-notch.
Initial height (h) determines potential energy; final height (h’) after
fracture determines absorbed energy.
Allows determination of Ductile-to-Brittle Transition Temperature
(DBTT).
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Ductile-to-Brittle Transition Temperature (DBTT) I

The transition of ferritic steels from ductile behavior at high temperatures
to brittle behavior at low temperatures is a critical design constraint for
cold climates.

Key Points

DBTT is the temperature at which the fracture mode shifts from
shear (ductile) to cleavage (brittle).

Determined by plotting absorbed energy or lateral expansion against
temperature.

FCC metals (e.g., austenitic stainless steels, copper) do not exhibit
DBTT and remain tough at cryogenic temperatures.

BCC metals (e.g., structural carbon steels) exhibit a sharp DBTT,
demanding strict control of welding heat input.
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Hardness Testing: Brinell & Vickers I

Hardness testing measures a material’s resistance to localized plastic
deformation, acting as a non-destructive indicator of tensile strength and
heat treatment efficacy.

Key Points

Brinell Hardness Test (ASTM E10) uses a 10 mm tungsten carbide
ball indentor under 3000 kgf load.

Vickers Hardness Test (ASTM E92) uses a square-based pyramid
diamond indentor (136 degree angle).

Brinell is suited for coarse microstructures (castings/forgings) due to
large indentation area.

Vickers is highly versatile, applicable from micro-indentation (weld
HAZ profiling) to macro-hardness.
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Rockwell Hardness Testing I

h0 (Minor Depth)h1 (Total Depth)

F0 (Minor) F1 (Major)

Key Points

Rockwell Hardness Test (ASTM E18) measures the depth of
indentation rather than the surface area.

Utilizes a preliminary test force (minor load of 10 kgf) followed by an
additional test force (major load).
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Rockwell Hardness Testing II

Indentors include a 120-degree diamond cone (Brale) or steel balls
(e.g., 1/16 inch).

Common scales in fabrication are HRC (hardened steels, welds) and
HRB (softer alloys).
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Hardness Testing in Weldments (HAZ Profiling) I

Weld hardness testing is critical for assessing susceptibility to
Hydrogen-Induced Cracking (HIC) in the Heat Affected Zone (HAZ).

Key Points

NACE MR0175/ISO 15156 limits weldment hardness to 22 HRC
(250 HV) for sour gas service.

Vickers microhardness testing (HV0.5 or HV1) is used to perform
traverses across the Weld Metal, Fusion Line (FL), HAZ, and Base
Metal.

High cooling rates in structural steels form brittle martensite, leading
to high hardness values.

Preheating and Post-Weld Heat Treatment (PWHT) are employed
to temper the HAZ and reduce hardness below limits.
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Comparison of Impact & Hardness Testing in QA/QC
I

Both tests serve as primary quality assurance gates in metal fabrication,
verifying material processing and welding procedure qualifications
(WPQ/PQR).

Key Points

Impact testing confirms resistance to catastrophic brittle fracture
(crucial for bridges, pressure vessels, pipelines).

Hardness testing provides localized, non-destructive estimation of
yield strength and microstructural phase validation.

ASTM and ISO standards govern the execution and calibration of
testing machines to ensure global consistency.

Weld procedure qualification (e.g., ASME Section IX) mandates
these tests based on service conditions and material group.
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Weld Bend Testing: Mechanical Principles &
Configurations I

A qualitative destructive mechanical test used to evaluate the ductility of
the weld metal, heat-affected zone (HAZ), and fusion line, while revealing
soundness by forcing defects to propagate under severe tensile strain.

Key Points

Primary objective is checking for planar flaws like lack of side-wall
fusion, incomplete root penetration, and macro-inclusions.

Face Bend: Specimen is bent such that the weld face (wider side of
joint) becomes the convex surface, putting the cap area in tension.

Root Bend: Weld root (narrower side/first pass) is placed in tension
on the outer convex surface to evaluate penetration soundness.

Side Bend: A transverse slice of the weldment is bent, placing the
entire cross-section (face to root) under tensile strain.
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Weld Bend Testing: Mechanical Principles &
Configurations II

Side bend testing is mandatory under ASME Section IX for material
thicknesses greater than or equal to 3/8 inches (10 mm) where
face/root bends are less effective.
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Guided Bend Test Apparatus & Fixture Geometry I

Force

Plunger (A = 4t)

Die (B = 6t + 3.2 mm)

Specimen (t)

Tension on Outer Fiber

Key Points

The guided bend fixture enforces a precise bend radius based on
specimen thickness (t) and base material elongation properties.
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Guided Bend Test Apparatus & Fixture Geometry II

Plunger diameter A = 4t and die opening width B = 6t + 3.2 mm
(for standard P-No. 1 to P-No. 11 steels under ASME Section IX).

A wrap-around bending jig may also be used to maintain continuous,
uniform contact between the specimen and the plunger.

The outer fiber strain (e) induced during bending is approximately e
= t / (2R + t), where R is the plunger radius.
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Specimen Preparation & Testing Procedures (ASTM
E190) I
Specimen preparation is highly critical to eliminate artificial stress risers
that could lead to false failures during deformation.

Key Points

Weld reinforcement must be removed mechanically (grinding or
milling) flush with the base metal surface on both sides.
The width of a standard transverse specimen is typically 1.5 inches
(38 mm) for plate welds, with thickness t equal to wall thickness.
All longitudinal edges of the specimen must be rounded to a radius
not exceeding 1/16 inch (1.6 mm) to prevent corner cracks.
Grinding marks must run longitudinal (parallel to the direction of
bending) to avoid transverse stress concentrations.
The bend is executed at a controlled, slow rate to allow uniform
plastic flow of the weld, HAZ, and base metal.
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ASME Code Acceptance Criteria for Bend Tests I
Standards for qualifying welding procedures (WPS) and welder
performance (WPQ) under ASME Section IX and ASME Section VIII Div.
1 specify strict limits on weld defects exposed by bending.

Key Points

ASME Section IX QW-163: The weld and HAZ of the bend
specimen must be completely examined for open discontinuities on
the convex surface.
No open discontinuity exceeding 1/8 inch (3.2 mm), measured in
any direction, is permitted on the convex surface after bending.
Cracks occurring at the corners of the specimen during bending are
generally ignored unless there is clear evidence of slag inclusions or
lack of fusion.
For corrosion-resistant overlay cladding (ASME QW-163), no open
discontinuity exceeding 1/16 inch (1.6 mm) is permitted in the
cladding.
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ASME Code Acceptance Criteria for Bend Tests II

Failure of even a single specimen requires re-evaluation of
parameters or rejection of the welder/procedure qualification.
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Liquid Penetrant Testing (LPT): Principles &
Methods I

Liquid Penetrant Testing (LPT), governed by ASME Section V Article 6,
is a highly sensitive non-destructive testing (NDT) method designed to
detect surface-breaking discontinuities.

Key Points

Relies on capillary action: A liquid penetrant with low surface tension
and high wetting capability is applied to draw into fine cracks.
Applicable to non-porous ferrous and non-ferrous materials, making
it ideal for checking weld crowns, roots, and heat-affected zones.
Method Classifications: Type I (Fluorescent penetrant viewed under
ultraviolet blacklight) and Type II (Visible dye penetrant viewed
under white light).
Penetrant Systems: Water-washable, Post-emulsifiable (lipophilic or
hydrophilic), and Solvent-removable systems.
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Liquid Penetrant Testing (LPT): Principles &
Methods II

Dwell Time: The minimum time the penetrant must remain on the
surface; typically 5 to 10 minutes for weldments, but up to 60
minutes for fine stress cracks.
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LPT Mechanism: Capillary Action & Bleedout I

Developer Powder Layer Red Bleedout Indication(Visible Crack)

Crack acting as reservoir

for Liquid Penetrant Weld MetalBase Metal

Key Points

Initial surface preparation requires thorough degreasing and cleaning;
residues will block penetrant entry into surface crack openings.
Excess surface penetrant must be removed carefully (solvent wipe or
water spray) without washing penetrant out of the crack cavity.
The developer layer provides a contrasting white background and
acts as a capillary sponge to draw out the trapped red penetrant.
Bleedout magnification: The visible surface indication is significantly
wider than the physical crack, facilitating visual detection.
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LPT ASME Sec. V Art. 6 & Sec. VIII Div. 1 App. 8
Criteria I

Standardized procedure execution is mandated by ASME Section V
Article 6, while ASME Section VIII Division 1 Appendix 8 sets the
acceptance-rejection criteria for pressure vessels.

Key Points

Procedure Requirements: Written procedures must detail
cleaner/penetrant/developer brand names, dwell times, and surface
preparation.

Temperature Limits: Standard testing must be conducted between
40 degrees F (5 degrees C) and 125 degrees F (52 degrees C).

Light Intensity: Visible dye testing requires a minimum of 100
foot-candles (1076 lx) on the examination surface; fluorescent
requires 1000 micro- W/cm squared.
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LPT ASME Sec. V Art. 6 & Sec. VIII Div. 1 App. 8
Criteria II

ASME Sec VIII Div 1 App 8 Acceptance: All surfaces must be free
from relevant linear indications (length > 3x width).

Rounded indications (length <= 3x width) must not exceed 3/16
inch (4.8 mm); no more than four rounded indications in a line
separated by 1/16 inch (1.5 mm) or less are permitted.
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Introduction to Magnetic Particle Testing (MPT) I

Magnetic Particle Testing is a highly sensitive non-destructive testing
method used to detect surface and near-surface discontinuities in
ferromagnetic materials by exploiting magnetic leakage fields.

Key Points

Limited to ferromagnetic materials like carbon steel, iron, nickel, and
cobalt. Unsuitable for non-magnetic materials (e.g., austenitic
stainless steel, aluminum).

Relies on creating a magnetic field in the component. Surface defects
disrupt the magnetic flux lines, forcing them to leak out into the air.

The resulting magnetic leakage field creates local magnetic poles
(North/South) that attract and hold fine magnetic particles.

Governed by international standards such as ASME Section V Article
7 and ASTM E1444.
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Introduction to Magnetic Particle Testing (MPT) II

Highly effective for detecting welding defects like surface cracks,
seams, lapses, and undercut.
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Magnetic Yoke & Leakage Fields I

Ferromagnetic Weld Plate

Electromagnetic YokeExcitation Coil

Crack (Surface Discontinuity)
Magnetic Leakage Field

Magnetic Flux lines

Key Points

The Electromagnetic Yoke creates a local longitudinal magnetic field
between its contact poles.

Alternating Current (AC) yoke excitation provides maximum
sensitivity for surface-breaking cracks due to the skin effect.
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Magnetic Yoke & Leakage Fields II

Direct Current (DC) or rectified AC excitation provides deeper
penetration, allowing detection of sub-surface defects up to 6mm
deep.

The leakage field forms a concentrated bridge of particles, outlining
the crack orientation and size.
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MPT Inspection Media and Procedures I

Selecting the correct inspection medium (dry or wet) and method is
critical to optimize contrast, sensitivity, and reliability in industrial
environments.

Key Points

Dry Method: Employs dry magnetic powders (colored red, black, or
yellow for contrast). Best for hot surfaces and coarse weld profiles.

Wet Method (WMT): Employs micro-sized magnetic particles
suspended in a liquid carrier (oil or water). Offers superior sensitivity
for fine cracks.

Fluorescent MPT: Uses fluorescent particles inspected under
ultraviolet-A (UV-A) light (365 nm wavelength, minimum intensity
of 1000 microWatts per square centimeter).

ASME Sec V Article 7 mandates that the magnetic field strength
must be verified using a Pie-field indicator or Hall-effect gaussmeter.
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MPT Inspection Media and Procedures II

Post-cleaning and demagnetization are required to prevent magnetic
particle retention, which can interfere with subsequent operations.
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Principles of Ultrasonic Testing (UT) I
Ultrasonic Testing uses high-frequency sound energy (0.5 to 20 MHz) to
detect internal volumetric flaws, map thickness profiles, and conduct
material characterization.

Key Points

A piezoelectric transducer generates ultrasonic waves upon electrical
excitation and detects returning echo pulses.
Acoustic Impedance (Z = density * velocity) controls sound
reflection. Refractory reflection occurs at boundaries with impedance
mismatches.
The sound velocity depends on the material properties: longitudinal
waves travel at 5900 m/s in carbon steel, while shear waves travel
at 3200 m/s.
Couplants like gel, water, or oil are used to eliminate the air
interface, maximizing acoustic energy transmission into the test
piece.
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Principles of Ultrasonic Testing (UT) II

Commonly implemented per ASME Section V Article 4 (weld
examination) and ASTM E164.
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Pulse-Echo UT & A-Scan Display I

Specimen

Transducer

Internal Flaw

Initial Pulse

Flaw Echo

Backwall Echo

Time / Distance

Am
pl
itu

de

Key Points

A-Scan: A one-dimensional representation showing signal amplitude
on the Y-axis and time-of-flight (depth) on the X-axis.

Initial Pulse represents the entry point of sound into the specimen at
the transducer interface.
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Pulse-Echo UT & A-Scan Display II

Flaw Echo indicates a signal reflection from an internal discontinuity
before the backwall is reached.

Backwall Echo represents the reflection from the opposite surface of
the test specimen.

Depth is calculated using the formula: Depth = (Sound Velocity *
Time of Flight) / 2.
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Angle Beam UT for Weldments I

In structural fabrication, weld geometries block straight-beam access.
Angle beam transducers are used to launch shear waves at precise angles
into the weld volume.

Key Points

Snell’s Law: Dictates refraction angles at interfaces: sin(theta1)/V1
= sin(theta2)/V2. Used to design the transducer wedge angle.

Angled wedges (commonly 45, 60, and 70 degrees) redirect the
acoustic beam to inspect the weld root, face, and fusion line.

Skip Distance: The path length along the surface between the
source and the point where the beam reflects off the backwall and
returns to the top.

Weld defects like lack of side-wall fusion, incomplete root
penetration, slag inclusions, and HAZ cracking are easily sized.
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Angle Beam UT for Weldments II

Calibration is performed using IIW type 1 or V1/V2 blocks to verify
index point, angle of refraction, and time base linearity.
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Comparative Analysis: MPT vs. UT I

Choosing the appropriate NDT method depends on material type, defect
location, wall thickness, and manufacturing specifications.

Key Points

Detection Depth: MPT is strictly for surface and near-surface flaws.
UT is a volumetric method capable of scanning very thick sections.
Material Constraints: MPT is restricted to ferromagnetic materials.
UT can inspect almost all engineering metals, plastics, and
composites.
Orientation Sensitivity: MPT is highly sensitive to cracks
perpendicular to the magnetic field. UT requires the beam to hit
defects at near-normal incidence.
Interpretation & Record: MPT provides direct visual indications. UT
requires skilled operators for signal analysis, but Phased Array UT
(PAUT) provides digital mapping.
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Radiographic Testing (RT): Principles and Physics I

Radiographic Testing (RT) is a volumetric nondestructive testing method
utilizing short-wavelength electromagnetic radiation (X-rays or
gamma-rays) to penetrate materials and detect internal volumetric flaws.

Key Points

Differential Absorption: The fundamental physical principle. Denser
areas (or thicker sections) absorb more radiation, resulting in lighter
regions on the film, while voids, gas pockets, or cracks absorb less
radiation and appear as dark regions.

Industrial Radiation Sources: X-ray machines (electrically generated,
adjustable energy for various thicknesses) and Gamma-ray isotopes
(Cobalt-60 for steel thickness of 50-150 mm; Iridium-192 for 10-75
mm; Selenium-75 for thin-walled components).
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Radiographic Testing (RT): Principles and Physics II

Geometric Unsharpness (Ug): The fuzziness at the edges of the
radiographic image, governed by the formula Ug = f * d / D, where
’f’ is the source focal spot size, ’d’ is the specimen-to-film distance,
and ’D’ is the source-to-specimen distance.

Recording Media: Industrial radiographic film (with lead intensifying
screens to reduce scatter and enhance contrast) or digital detectors
(Photostimulable Phosphor plates in CR, or flat panel Amorphous
Silicon/Selenium detectors in DR).
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Radiographic Testing: Equipment & Exposure Setup I

Radiation Source(X-
Ray Tube / Gamma-

Ray Capsule)

Penetrating Radiation

Specimen
Weld

Internal Defect (Porosity)

IQI (Penetrameter)

Radiographic Film / Digital Detector Cassette
Lead ’B’

Source-to-Object Distance (SOD / D)

Object-to-Film Distance (OFD / d)

Key Points
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Radiographic Testing: Equipment & Exposure Setup
II

ASME Section V Article 2: Specifies standard procedures for RT,
including geometric unsharpness limits (maximum 0.51 mm for
material thickness t < 50 mm, up to 1.1 mm for thick sections).
Image Quality Indicators (IQIs): Wire-type or hole-type
penetrameters must be placed on the source side to verify that the
sensitivity of the radiograph is at least 2% of the specimen thickness.
Double-Wall Double-Image (DWDI) technique: Applied to
small-diameter piping (OD <= 3.5 inches) where both the front and
back wall welds are projected and resolved on the film in a single
exposure.
Backscatter Protection: A lead letter ’B’ must be attached to the
back of the film cassette. If a light image of the letter ’B’ appears
on the developed film, the radiograph is rejected due to excessive
backscatter.

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 386 / 361



RT Quality Standards, Interpretation, & ASME Code
Compliance I
Interpretation of industrial radiographs requires certified ASNT Level II/III
personnel to assess weld quality against the acceptance criteria of codes
like ASME Section VIII Div 1 (pressure vessels) and API 1104 (pipelines).

Key Points

Radiographic Density Limits: ASME Section V Article 2 requires a
density range between 1.8 and 4.0 for X-rays, and 2.0 to 4.0 for
Gamma-rays to ensure proper contrast and detail visibility.
Identifying Weld Defects: Slag inclusions show up as dark, irregular,
elongated shapes; porosity appears as dark, circular spots; lack of
fusion appears as a sharp, straight line along the weld bevel; cracks
appear as jagged, fine dark lines.
ASME Sec VIII Div 1 UW-51 & Appendix 4: Defines strict
acceptance criteria where any type of crack, zone of incomplete
penetration, or lack of fusion is unacceptable, regardless of size.

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 387 / 361



RT Quality Standards, Interpretation, & ASME Code
Compliance II

Radiation Safety Protocols: Adherence to ALARA principles is
mandatory. Dose limits are managed via Time, Distance (Inverse
Square Law), and Shielding (lead/tungsten collimators and concrete
walls).
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Eddy Current Testing (ECT): Principles and
Electromagnetic Theory I

Eddy Current Testing (ECT) is an electromagnetic nondestructive testing
method used for detecting surface and near-surface defects in conductive
materials, material sorting, and coating thickness measurement.

Key Points

Electromagnetic Induction: An alternating current flowing through a
coil creates a dynamic primary magnetic field. When the coil is
placed near a conductor, eddy currents are induced in the material
(Faraday’s Law).

Secondary Field Generation: The induced eddy currents flow in
closed loops perpendicular to the magnetic field. They generate their
own secondary magnetic field that opposes the primary field (Lenz’s
Law).
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Eddy Current Testing (ECT): Principles and
Electromagnetic Theory II

Impedance Plane Analysis: Defect detection is achieved by
measuring the change in the coil’s electrical impedance (resistance
and inductive reactance) when eddy currents are disrupted by cracks,
material variations, or corrosion.

Standard Depth of Penetration (d): The depth at which the eddy
current density drops to 37% of its surface value, calculated as d =
1 / sqrt(pi * f * mu * sigma), where f is frequency, mu is magnetic
permeability, and sigma is electrical conductivity.
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Eddy Current Testing: Coil and Field Interaction I

Excitation Coil (Alternating Current IAC)

High Frequency AC Drive

Conductive Specimen (e.g., Stainless Steel Tube)

Primary Magnetic Field (Hp)

Induced Eddy Currents

Secondary Field (Hs)

Surface Crack
Disrupted Cur-

rent Paths

Key Points

Skin Effect & Penetration: Eddy currents are concentrated on the
outer surface of conductive materials and decay exponentially with
depth. High frequencies restrict inspection to the surface; lower
frequencies penetrate deeper.
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Eddy Current Testing: Coil and Field Interaction II

Lift-off Effect: The change in coil impedance that occurs when the
distance between the probe and the test specimen is varied. It is
minimized using electronic balancing but utilized directly in coating
thickness gauges.

Edge Effect: The distortion of the eddy current field when a probe
approaches a structural boundary, weld joint, or geometry change,
requiring specialized shielded probes to minimize false indications.

Phase-Angle Discrimination: Essential for isolating defect signals
from background noise, coil lift-off, and minor magnetic permeability
variations.
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ECT Applications: Tube Inspection & ASME Code
Compliance I

ECT is widely used in power generation, oil & gas, and chemical
industries for high-speed, automated inspection of heat exchanger tubes,
condenser tubing, and aircraft structural airframes.

Key Points

In-Service Tubing Inspection: Utilizing internal Bobbin probes (for
fast detection of volumetric wall thinning and pitting) and Rotating
Pancake Probes (RPP) to identify circumferential cracks.

ASME Section V Article 8: Governs electromagnetic examinations of
conductive tubing. Requires calibration reference standards
containing EDM notches, flat-bottom holes, and radial drill holes to
calibrate instrument amplitude and phase.
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ECT Applications: Tube Inspection & ASME Code
Compliance II

Multi-Frequency Eddy Current: Simultaneous excitation at multiple
frequencies allows suppression of unwanted signals from tube support
plates, tubesheet expansions, and magnetic copper-rich sludge
deposits.

Material Characterization: Sorting alloys, checking heat treatment
condition, verifying case hardening depth, and monitoring electrical
conductivity values (% IACS).
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4.4 Special Testing Methods for Equipment & Piping
Operation I

Specialized testing techniques are employed during fabrication,
commissioning, or in-service operation of pressure vessels, tanks, and
piping networks where standard RT or ECT are insufficient.

Key Points

Helium Leak Testing (Mass Spectrometer Leak Detector): Evaluated
under ASME Section V Article 10. High-sensitivity leak testing using
Helium as a tracer gas (detects leaks down to 10e-12 std cubic
cm/s) for vacuum, cryogenic, or high-pressure gas piping.

Acoustic Emission Testing (AET): Under ASME Section V Article
11. A passive technique monitoring transient elastic waves from
active defects (crack growth, plastic deformation) under
hydrostatic/pneumatic stress.
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4.4 Special Testing Methods for Equipment & Piping
Operation II

Time of Flight Diffraction (ToFD) & PAUT: Advanced ultrasonic
techniques frequently substituted for RT in heavy-wall pressure
vessels (ASME Section VIII Div 1/2 Code Cases 2235). Offers higher
sizing accuracy and eliminates radiation hazards.

Pulsed Eddy Current (PEC): Used to inspect carbon steel piping for
Corrosion Under Insulation (CUI) without removing the thermal
insulation cladding, measuring average wall thickness through up to
100 mm of insulation.
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Fundamentals of Hydrostatic Testing I

Hydrostatic testing (hydrotest) is the primary method to verify the
mechanical integrity of pressure-retaining components like pressure vessels
and piping spools.

Key Points

Definition and Purpose: Hydrostatic testing is a proof test and leak
test in which a system is filled with liquid, vented of air, pressurized,
and examined for leaks or deformation.

Pressure Vessel Code (ASME Sec VIII Div 1 UG-99): Standard
hydrostatic test pressure is 1.3 times the Maximum Allowable
Working Pressure (MAWP) adjusted for temperature stress ratios.

Process Piping Code (ASME B31.3 Para 345.4): Standard
hydrostatic test pressure is 1.5 times the internal design pressure,
adjusted for temperature stress ratios.
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Fundamentals of Hydrostatic Testing II

Test Fluid Requirements: Clean water is the typical medium. For
austenitic stainless steel systems, strict limits on chlorides (typically
< 50 ppm) are enforced to prevent stress corrosion cracking (SCC).
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Hydrostatic Test System Layout I

Pressure Vessel under Test

High Point Vent Valve(Open for filling, closed for test)

Blind Flange

PumpWater Supply

PG1Calibrated Gauge(Pump side)

PG2

Calibrated Gauge(Vessel bottom)

Isolation Valve

Key Points

Air Venting: High point vents must remain open during the filling
process. If air is trapped, the test becomes highly hazardous due to
energy stored in compressed air.
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Hydrostatic Test System Layout II

Gauge Placement: ASME Sec VIII UG-102 requires a minimum of
two gauges connected directly to the vessel or lines. One is usually
placed on the pump discharge, the other at the top or bottom of the
vessel.

Gauge Range: The pressure dial must be graduated to about double
the test pressure (between 1.5 and 4 times per code) to ensure
accurate readings.

Isolation and Safety: Isolation valves allow locking the pressure
during the holding time. Relieving devices must be set at 1.1 to 1.2
times the test pressure to prevent accidental over-pressurization.
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Hydrostatic Test Execution Procedure I

Executing a hydrostatic test requires a structured sequence to guarantee
safety and compliance with ASME requirements.

Key Points

Pre-test inspection: Verify that all non-destructive testing (RT, UT,
MT, PT) is completed and accepted. Install test gaskets, temporary
blinds, and temporary supports if necessary.

System filling: Pump clean test water into the lowest point of the
system. Maintain venting until a continuous stream of water, free of
air bubbles, escapes from the vents.

Thermal stabilization: Let the filled system rest. The metal
temperature and water temperature must stabilize. ASME
recommends a minimum test fluid and metal temperature of 60°F
(16°C) to prevent brittle fracture.

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 401 / 361



Hydrostatic Test Execution Procedure II

Step-wise Pressurization: Raise the pressure gradually in stages (e.g.,
50% and 90% of test pressure) before raising to the target 100% test
pressure, observing behavior at each stage.

Holding and Inspection: Hold at the full test pressure for a minimum
duration (at least 10 to 30 minutes, or as required by contract
specifications). Visual inspection for leaks is conducted at a reduced
pressure (such as MAWP or design pressure).

Depressurization and Draining: De-pressurize slowly. Vent valves
must be opened before draining to prevent the formation of a
vacuum, which could implode the vessel.
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Fundamentals of Pneumatic Testing I

Pneumatic testing uses gases such as dry, oil-free air or nitrogen. Due to
the high compressibility of gases, pneumatic tests present high
thermodynamic stored energy and are subjected to strict safety criteria.

Key Points

Criteria for Choice: Performed only when hydrostatic testing is not
feasible (e.g. system cannot tolerate moisture, catalyst beds present,
structural support cannot handle the weight of water, or cryogenic
applications).

ASME Code Limits: ASME Section VIII Div 1 UG-100 sets the
pneumatic test pressure at 1.1 times the MAWP (multiplied by stress
ratio). ASME B31.3 Paragraph 345.5 specifies it as 1.1 times the
design pressure.
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Fundamentals of Pneumatic Testing II

Extensive NDT Requirement: Because of the high blast risk,
code-mandated non-destructive testing (such as radiography of all
longitudinal and circumferential welds) is typically required prior to
test execution.

Test Medium Quality: Dry nitrogen or instrument air with a very low
dew point to avoid ice formation or internal condensation that might
affect subsequent chemical processes.
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Pneumatic Test Pressure Step-Up Curve I

Time / Steps

Pressure (% of Test Pressure)

1. Max 50%(Initial Check)
2. 60%

3. 70%
4. 80%

5. 90%
6. 100% (Hold)

7. Reduce to Design
Pressure for Inspection

ASME B31.3 Pneumatic Test Step-Up Sequence

Key Points

Safety Exclusion Zone: Personnel must be evacuated to a safe
calculated distance (exclusion zone boundary) determined by the
stored energy (TNT equivalent energy formula) before pressurization
starts.
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Pneumatic Test Pressure Step-Up Curve II

Incremental Pressurization: Pressure is raised slowly in steps. An
initial hold is done at 50% of the test pressure (or 25 psi, whichever
is less) to allow first leak checks on joints.

Subsequent Stages: Pressure is then increased in increments of 10%
of the test pressure, holding at each step to allow thermal and strain
stabilization.

Visual Examination Pressure: Visual inspection for leaks using soapy
water or ’snoop’ is NEVER performed at 100% test pressure. The
pressure must be reduced back to the design pressure or 90% of test
pressure before inspection.
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Comparison: Hydrostatic vs. Pneumatic Testing I

A comparative evaluation of these test methods highlights the critical
trade-offs between safety, system contamination, and structural support
weight.

Key Points

Safety: Hydrostatic testing is low risk because water is virtually
incompressible. Pneumatic testing is high risk (equivalent to a
kinetic bomb) because gases compress and release massive force in
case of a rupture.

ASME Test Ratios: Hydrostatic tests are higher pressure (ASME Sec
VIII: 1.3x MAWP; B31.3: 1.5x design pressure) compared to
pneumatic tests (ASME Sec VIII: 1.1x MAWP; B31.3: 1.1x design
pressure).
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Comparison: Hydrostatic vs. Pneumatic Testing II

Structural Weights: Large-diameter gas piping or columns are
lightweight but holding water during hydrotest adds massive weight,
requiring expensive temporary foundations or structural reinforcing.
Pneumatic testing avoids this.

Post-Test Cleanliness: Hydrotest requires drying and corrosion
inhibitor application, which can contaminate clean systems.
Pneumatic testing leaves no residue.

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 408 / 361



Quality Assurance, Documentation and QA/QC
Packages I

Pressure tests are statutory hold points. A completed test must be
documented in a structured QA/QC package for code verification.

Key Points

Test Pack Documentation: Includes piping isometric drawings /
vessel drawings, P&IDs with test limits highlighted, weld logs
showing NDT clearance, valve lists, and blind flange isolation logs.

Pressure Recorder: A calibrated chart recorder (mechanic/digital)
must continuously record system pressure and temperature over the
holding duration. The chart serves as legal evidence of the test.

Calibration Certificates: Test gauges and chart recorders must have
valid calibration certificates (typically within the last 6 months)
traceable to national standards.
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Quality Assurance, Documentation and QA/QC
Packages II

Inspection Sign-off: The test must be witnessed and signed off by
the Manufacturer’s QA/QC Inspector, Client Representative, and the
Authorized Inspector (AI) for ASME stamped vessels.
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Introduction to Helium Leak Testing I

Helium Leak Testing is a highly sensitive Non-Destructive Testing (NDT)
method used to detect the presence and locate the source of microscopic
leaks in pressure vessels and piping systems. It relies on a mass
spectrometer tuned specifically to detect helium gas.

Key Points

Used when extreme tightness is required, far exceeding standard
hydro or pneumatic tests.

Helium is chosen because it is an inert, non-toxic, and
non-flammable noble gas.

With a small atomic size, helium can penetrate very tiny microscopic
pores and cracks.

Tracer gas methods allow for quantitative measurement of leak rates.
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Why Use Helium as a Tracer Gas? I

The selection of helium as the primary tracer gas for mass spectrometer
leak testing is driven by its unique physical and chemical properties.

Key Points

Small Atomic Radius: Only hydrogen is smaller, but hydrogen is
highly flammable.

Low Natural Background: Atmospheric air contains only about 5
ppm of helium.

Chemically Inert: It does not react with the materials being tested or
pose a safety hazard to operators.

High Sensitivity: Allows detection of leak rates as low as
10−12 mbar · L/s.
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Vacuum Testing Method (Outboard Leakage) I

In the vacuum testing method, the internal volume of the test component
is evacuated, and helium is sprayed or enveloped on the outside.

Key Points

The test part is connected to the Helium Mass Spectrometer Leak
Detector (MSLD) and evacuated.

Helium is applied to the exterior surface using a probe or by
enclosing the part in a helium-filled bag.

Any helium passing through a leak into the vacuum is immediately
detected by the MSLD.

This method is highly sensitive and is primarily used for testing
vacuum systems and components.
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Vacuum Testing Diagram I

Evacuated Test Part

To Mass Spectrometer

Helium Envelope (Hood)
He

Key Points

The component is evacuated and connected to the MSLD.
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Vacuum Testing Diagram II

A hood or envelope encapsulates the part.

Helium is injected into the hood, surrounding the part.

Any leak allows helium to be drawn into the MSLD.
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Pressure Testing Method (Sniffer Method) I

The pressure method, also known as the sniffer method, is used for
components that will operate under positive pressure rather than vacuum.

Key Points

The test component is pressurized with helium or a helium-air
mixture.

A specialized sampling probe (sniffer) connected to the MSLD is
moved over the exterior surface.

The probe draws in a continuous sample of atmospheric air.

If the probe passes over a leak, it sucks in the escaping helium,
which is then analyzed.
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Sniffer Method Diagram I

Pressurized Part (He)
He Supply

Sniffer Probe to MSLD
Leak Location

Key Points

The part is pressurized internally with helium gas.
A sniffer probe is passed meticulously over seams and joints.
Escaping helium is drawn into the probe.
This method is ideal for finding exact leak locations on large pressure
vessels.
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Applications and Advantages I

Helium leak testing is an essential procedure for critical applications in
various industries.

Key Points

Applications: Nuclear reactors, semiconductor manufacturing
equipment, aerospace components, and HVAC systems.

Advantage: Exceptional sensitivity compared to hydrostatic or
pneumatic bubble testing.

Advantage: Non-destructive and leaves no residue, moisture, or
contamination behind.

Advantage: Can accurately quantify the leak rate for
acceptance/rejection criteria.
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Sensory Inspection in Fabrication I

Sensory inspection techniques rely on human olfactory, tactile, and
auditory feedback to perform primary, real-time quality control checks in
metal fabrication and workshop operations.

Key Points

First-Line Diagnostics: Immediate detection of workshop anomalies
without initial instrument setup or calibration delays.
Olfactory (Smell): Identifying overheating lubricants, combustion of
electrical insulation, and shielding gas leakage.
Tactile (Touch): Assessing surface roughness, estimating
temperature gradients, and detecting high-frequency structural
vibration.
Auditory (Hearing/Earing): Detecting machinery misalignment,
cutting tool chatter, structural resonance variations, and pressurized
gas leaks.
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Olfactory Inspection (by smell) I

Olfactory inspection identifies volatile organic compounds and gases
generated during thermal stress or chemical curing in manufacturing
processes.

Key Points

Cutting Fluid Degradation: Monitoring sulfurized and chlorinated
additives in cutting oils which release distinct odors when overheated
during high-rate machining.

Transformer and Motor Health: Detecting burning phenolic resins,
shellac insulation, or PVC jackets indicative of winding overload in
welding equipment.

Fuel Gas Leakage: Identifying mercaptan stenching agents added to
odorless fuel gases like LPG or natural gas during oxy-fuel welding
and cutting setup.
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Olfactory Inspection (by smell) II

Composite Matrix Curing: Monitoring the emission of volatile
styrene monomer vapor during hand lay-up of fiber-reinforced
polymers to evaluate curing stages.
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Tactile Inspection of Surface Finish I

Unknown Surface Profile

Fingertip Traverse

Tactile Sliding
Calibration Standard(e.g., ISO 2632 Comparator)

Key Points

Tactile Sensitivity: Fingertip friction and vibration detection can
estimate surface roughness down to Ra 0.1 microns.

Comparative Evaluation: Directly comparing the workpiece tactile
feel against standard grit comparator plates (ISO 2632/ANSI B46.1).
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Tactile Inspection of Surface Finish II

Micro-Asperity Detection: Using fingernail test (perpendicular
scratch) to catch localized scratches, steps, and micro-cracks.

Thermal Gradients: Tactile identification of temperature variations
across weldments to monitor preheat and interpass temperatures.
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Auditory Inspection (by earing) I

Auditory inspection uses acoustic emissions, resonance, and sound
frequency analysis to monitor welding, machining, and structural integrity.

Key Points

Tapping/Ringing Test: Tapping steel structures or castings to check
for internal flaws; defects dampen acoustic energy and reduce
frequency.

Leak Detection: Hearing high-frequency gas discharge or pressure
drop from joints, valves, or pipelines under pneumatic testing.

Machining Sound Signature: Monitoring tool chatter, spindle bearing
failure, and blade dullness via real-time acoustic pitch shifts.

Grinding Spark-Out: Discerning when the wheel has finished cutting
based on the fading high-frequency grinding hiss.
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Acoustic Ringing Test I

Steel Specimen
Impact

Damped Acoustic Emission

Internal Defect (Crack)

Key Points

Acoustic Resonance: A solid, defect-free component acts as a high-Q
resonator, maintaining sound waves for several seconds.
Defect Attenuation: Air-gaps from internal cracks reflect acoustic
waves, causing severe sound attenuation (dull sound/thud).
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Acoustic Ringing Test II

Frequency Response: Resonant frequency shifts lower in the presence
of defects due to local reduction in structural stiffness.

Application Limit: Highly qualitative; primarily used for swift
screening of simple geometries (e.g., cast iron pipes, train wheels).
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Comparison of Sensory Testing Methods I
An analysis of the operational capabilities, limits, and environmental
parameters for smell, touch, and auditory inspection.

Key Points

Olfactory Method: Highly sensitive to gases and burning insulation,
but subjective, vulnerable to olfactory fatigue, and holds toxicity
risks.
Tactile Method: Highly sensitive to sub-micron roughness and
vibration, but limited to cold, stationary surfaces and accessible
areas.
Auditory Method: Evaluates internal volume defects through
resonance, but heavily masked in high-noise industrial fabrication
environments.
Safety Regulations: OSHA guidelines restrict direct human exposure
to chemical odors or loud impact sounds, requiring engineered
sensors.
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Sensorization of Human Sensory Inspection I
Modern automated manufacturing replaces human sensory checks with
calibrated electronic instruments to ensure reproducibility.

Key Points

Electronic Noses (e-noses): Utilizing metal oxide semiconductor
(MOS) sensor arrays to detect and identify volatile organic
compounds (VOCs).
Stylus and Optical Profilometers: Quantifying surface roughness
(Ra, Rz parameters) based on laser interferometry or diamond stylus
feedback.
Ultrasonic and Acoustic Emission (AE): Deploying piezoelectric
transducers to listen for high-frequency micro-cracking and stress
waves.
Continuous Monitoring: Integrating sensory arrays with machine
learning classifiers for automated, real-time welding and machining
QC.
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Introduction to Surface Preparation I

5.1 Surface preparation methods: Why surface preparation is critical in
manufacturing and coating applications.

Key Points

Removal of mill scale, rust, oxide films, weld spatter, and organic
contaminants is essential to guarantee mechanical adhesion of
coatings.

Surface profile (roughness) directly influences the mechanical
interlocking mechanism described by ASTM D4417.

Poor preparation accounts for over 80% of premature coating failures
under aggressive environment exposure.

Primary classification: Mechanical (blasting, grinding, brushing),
Chemical (pickling, degreasing), and Thermal preparation.
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Abrasive Sand Blasting: Process & Standards I

Pneumatic acceleration of abrasive media to clean and profile substrates.

Key Points

Mechanics: Compressed air (6 to 7 bar) accelerates media like silica
sand, coal slag, or garnet through a venturi nozzle.

Environmental & Health: Silica sand is highly restricted due to
silicosis hazards (OSHA regulations), prompting transitions to
garnet, staurolite, or copper slag.

Cleanliness Standards: Reference ISO 8501-1 / SSPC-SP
classifications: SP-5 (White Metal), SP-10 (Near-White Metal),
SP-6 (Commercial), SP-7 (Brush-Off).

Anchor Profile: Peak-to-valley height typically targeted between 37
to 75 micro- m (1.5 to 3.0 mils) for industrial liquid coatings.
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Centrifugal Shot Blasting Machine I

Hub

Abrasive Inlet

Rotation

Workpiece Substrate

Key Points

Centrifugal wheel blasting uses a high-speed rotating impeller to
mechanically propel steel shots or grit without compressed air.
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Centrifugal Shot Blasting Machine II

Impact mechanics: Kinetic energy transfer compresses the surface,
creating beneficial compressive residual stresses (similar to shot
peening).

Media selection: Spherical steel shots (cast steel) clean by impact
hammer action; angular steel grits clean by shearing and scraping
action.

High-capacity production: Typically deployed in closed-loop conveyor
systems for structural steel descaling and de-sanding of castings.
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Surface Grinding Mechanics I

Precision machining utilizing a rotating abrasive wheel to remove material
and establish a planar surface.

Key Points

Kinematics: Horizontal spindle reciprocating table is the most
common configuration for flat, precise engineering surfaces.
Material Removal: Thousands of microscopic abrasive grains
(Al2O3, SiC, CBN, or Diamond) act as single-point cutting tools,
creating micro-chips.
Thermal Effects: High localized temperatures can cause thermal
damage, phase transformation (martensite formation), and tensile
residual stresses.
Cooling: Copious flood cooling with water-soluble synthetic fluids is
required to control thermal expansion and prevent work-piece
burning.
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Surface Grinding Process Geometry I

SpindleWheel Rotation

Workpiece
d

Work Feed Sparks

Key Points

Depth of cut (d) typically ranges from 5 to 50 micro- m per pass in
precision grinding applications.

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 434 / 361



Surface Grinding Process Geometry II

The chip formation occurs in three phases: elastic deformation
(rubbing), plastic deformation (ploughing), and actual chip cutting.

Wheel dressing: Frequent dressing with a diamond tool is critical to
remove loaded metal chips and expose fresh, sharp abrasive grains.

Surface finish achieved: Average roughness (Ra) typically ranges
between 0.1 to 0.8 micro- m (N4 to N6 grade).
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Surface Finishing Methods & Classifications I

5.2 Surface finishing methods: Post-machining processes to refine texture,
reduce friction, or enhance aesthetics.

Key Points

Honing: Low-speed abrading process utilizing bonded abrasive sticks
to produce cross-hatched surface patterns (critical for engine cylinder
walls).
Lapping: Free abrasive process utilizing a slurry with loose grains
(e.g., diamond paste, alumina) between a lap plate and work-piece
for ultra-flatness.
Polishing & Buffing: Polishing removes minor scratches using fine
abrasives; buffing uses soft wheels with compound to achieve a
mirror finish.
Superfinishing: Micro-honing process using very light pressure and
rapid short-stroke oscillations to remove amorphous smear layers.
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Metrology & Engineering Selection Criteria I

Evaluating finished surfaces for performance compliance.

Key Points

Roughness Parameters: Ra (arithmetical mean deviation), Rz
(maximum height of profile), and Rq (root mean square) measured
using stylus profilometer.
Functional Performance: Surface topography controls oil retention,
fatigue life (via residual stress management), and coefficient of
friction.
Cost vs. Finish: Superfinishing and lapping exponentially increase
manufacturing costs; target the coarsest finish acceptable for design
lifetime.
Corrosion Correlation: Smoother surfaces have fewer microscopic
crevices, preventing localized cell concentration and stress corrosion
cracking.
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Manual and Motorized Emery Papering I

Emery papering is a micro-abrasive process using emery (a natural
composite of corundum/Al2O3 and magnetite/Fe3O4) glued to paper or
cloth backing to remove surface oxides, mill scale, and achieve targeted
surface roughness (Ra) before coating or welding.

Key Points

Manual emery papering is performed in multi-directional or
cross-hatch patterns to prevent deep unidirectional grooving,
transitioning from coarse grit (e.g., 80-120 grit for heavy descaling)
to fine grit (up to 600-1000 grit for pre-polishing).

Motorized emery papering utilizes orbital sanders, belt grinders, or
rotary discs, significantly increasing material removal rate (MRR)
and ensuring uniform contact pressure (typically 15-30 kPa) through
pneumatic or electric regulation.
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Manual and Motorized Emery Papering II

Wet emery papering (using water or light oils as cutting fluids)
reduces friction heat, prevents loading (clogging of abrasive spaces
with debris), and flushes away detached metal particles.

Standard compliance: Abrasives are graded according to FEPA or
ANSI standards, dictating average particle diameter ranges (e.g.,
P120 corresponds to approx. 125 microns).
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Mechanics of Emery Papering I

Workpiece (Steel Substrate)

Backing Sheet (Paper/Cloth)
Emery Grains (Al2O3 + Fe3O4)

Normal Force (FN)

MotionMotion

hcut

Key Points

Abrasive grain interaction: Grains act as micro-cutting tools with
highly negative rake angles, causing micro-plowing and micro-cutting
of the workpiece surface.
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Mechanics of Emery Papering II

Normal force (Fn) controls the depth of cut (h_cut), directly
impacting the material removal rate and the resulting surface
roughness profile.

Frictional heating during motorized operations can induce localized
tempering; proper coolant flow or intermittent contact is required to
prevent thermal degradation of the grain structure.
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Manual and Motorized Wire Brushing I

Wire brushing is a mechanical surface preparation method that uses
high-strength metal filaments to remove surface contaminants like slag,
rust, weld spatter, and old coatings, without significantly altering the base
metal dimensions.

Key Points

Filament materials are selected based on metallurgical compatibility:
carbon steel brushes for carbon steels, stainless steel (typically Grade
302 or 304) for stainless steel and aluminum to prevent galvanic
corrosion and cross-contamination.

Manual wire brushing uses handheld wooden-back or plastic-handled
brushes, primarily applied to inter-pass weld cleaning in pipe welding
to remove slag and prevent inclusions.
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Manual and Motorized Wire Brushing II

Motorized wire brushing employs pneumatic or electric angle grinders
rotating cup brushes or wheel brushes at speeds of 6,000 to 12,000
RPM, where the centrifugal force stiffens the wire filaments for
aggressive impact.

Filament configurations: Knot-wire (twisted) brushes provide high
impact for heavy corrosion/slag removal; crimped-wire brushes offer
flexible, light-duty cleaning and surface blending.
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Wire Brushing Setup and Mechanics I

Workpiece Substrate
Slag / Rust Layer

Hub

Rotation (ω)

Flexing & High Impact

Travel Speed (v)

Slag Fracturing Zone

Key Points

Centrifugal rigidity: As rotation speed increases, the filaments align
radially, converting the rotational kinetic energy into repetitive
micro-impacts on the workpiece surface.
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Wire Brushing Setup and Mechanics II

Weld cleaning zone: The high-speed impact of wire tips shatters
brittle slag and oxide coatings, separating them from the ductile base
metal.

Wire flexure: Dynamic bending of the wires prevents gouging of the
base metal, keeping the bulk substrate intact while removing
superficial layers.
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Buffing Wheel Machining & Polishing Compounds I

Buffing is a finishing process using a rotating cloth wheel impregnated
with fine abrasive compounds to generate a highly reflective, mirror-like
surface (low Ra, e.g., < 0.1 microns) by flowing and leveling
micro-asperities.

Key Points

Buffing wheels (mops) are made of soft materials such as cotton,
flannel, sisal, or wool, constructed as pleated, spiral-sewn, or loose
discs to control flexibility and cooling air flow.
Polishing compounds consist of micro-sized abrasives suspended in a
binder of grease, wax, or stearic acid. Common abrasives include
Tripoli (silica) for cutting down, and aluminum oxide or rouge (iron
oxide) for color buffing.
Process stages: Cut buffing utilizes coarser compounds and firm
wheels to remove minor scratches; color buffing uses very fine
compounds and loose flannel wheels to develop high reflectivity.
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Buffing Wheel Machining & Polishing Compounds II

Operating parameters: Buffing is performed at high surface speeds,
typically 1500 to 2500 m/min (SFPM 5000-8000), where localized
frictional heat softens micro-peaks, allowing plastic flow.
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Solvent Cleaning Processes in Fabrication I

Solvent cleaning is a pre-treatment process to remove organic
contaminants (greases, cutting oils, drawing lubricants, anti-rust
compounds) from metal surfaces, preventing downstream weld defects,
poor coating adhesion, or chemical reactions.

Key Points

Acetone (C3H6O): A fast-evaporating, highly polar solvent. Used for
precision degreasing of critical components, such as cleaning
aluminum weld joints immediately before Gas Tungsten Arc Welding
(GTAW) to prevent hydrogen porosity.

Kerosene: A slow-evaporating, aliphatic hydrocarbon solvent.
Effective for dissolving heavy grease, tar, and high-viscosity
protective oils. Leaves a thin residual film that provides temporary
corrosion protection, which must be removed before welding or
painting.

GTU Course Presentation DI04019041: Fabrication Technology July 25, 2026 448 / 361



Solvent Cleaning Processes in Fabrication II

Petrol (Gasoline): High solvency power for oils and waxes, but
extremely hazardous due to its low flash point (<-40 C), volatility,
and risk of vapor-air explosive mixtures. Strictly avoided in industrial
fabrication lines.

Diesel: A heavy distillate hydrocarbon. Excellent for removing tar
and heavy rust-preventative waxes. Like kerosene, it leaves a greasy
film, has a higher flash point (>52 C) than petrol, but requires
secondary detergent degreasing.
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Health, Safety, and Environmental (HSE) Protocols I

Mechanical and chemical surface preparation methods involve significant
industrial hazards, including airborne particulate matter, fire risks, toxic
vapors, and physical injury, requiring strict compliance with OSHA and
regional safety codes.

Key Points

Inhalation hazards: Wire brushing and emery papering generate
metal dust and mineral particles. Dry buffing creates fiber and
compound dust. Local exhaust ventilation (LEV) and N95/N100
particulate respirators are mandatory.

Flammability and explosion risks: Acetone, petrol, and kerosene
present severe fire hazards. Petrol must never be used for open
degreasing. All solvent operations must be isolated from welding
areas to prevent ignition by electric arcs or sparks.
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Health, Safety, and Environmental (HSE) Protocols II

Personal Protective Equipment (PPE): Safety glasses with side
shields and face shields are required during motorized brushing and
buffing to protect against flying wires or debris. Nitrile or
chemical-resistant gloves are mandatory for solvent handling.

Vapor exposure: Chlorinated solvents (historically used) are widely
replaced by less toxic organic solvents due to carcinogenic risks.
Solvent storage must utilize self-closing safety cans and flameproof
cabinets compliant with NFPA 30.
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Overview of Surface Color Coating Methods I

Surface color coating serves dual functions in mechanical fabrication:
protecting the substrate from corrosion and environmental degradation,
and achieving specified engineering aesthetics. Method selection depends
on part geometry, viscosity, wet film thickness (WFT) targets, and
production volume.

Key Points

Primary coating roles: Corrosion mitigation (barrier control), wear
resistance, and aesthetic finishing.

Key parameters: Wet Film Thickness (WFT), Dry Film Thickness
(DFT), coating viscosity (ASTM D1200), and adhesion (ASTM
D3359).

Application techniques: Manual brush application, industrial roller
application, and precision cotton dab/swab application.
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Brush Application: Process Mechanics I

Substrate

Wet Film

Direction

Key Points

Mechanics: Fluid is loaded into the brush bristles by capillary action
and transferred via shear-induced flow during stroke application.
Shear Thinning: Brush friction introduces shear, temporarily lowering
viscosity of thixotropic coatings to allow smooth flow.
Geometry Suitability: Ideal for complex structural joints, bolts,
welds, and small-batch custom metal components.
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Brush Application: Process Mechanics II

Leveling: Viscous force vs surface tension dictates leveling; proper
wet film must self-level before solvent flash-off.
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Brush Application: Industrial Practices & Defects I

Brush application is widely used for stripe coating on edges and welds to
ensure complete coverage, preventing early failure. Proper bristle selection
and viscosity control are vital.

Key Points

Bristle Selection: Natural bristles (hog hair) for oil-based/solvent
coatings; synthetic filaments (nylon/polyester) for water-borne
coatings.
Stripe Coating: Application of paint to welds, corners, and bolts
before full spray coats (ISO 12944-5) to guarantee minimum DFT.
Common Defects: Brush marks (ropiness due to high viscosity/poor
leveling), sags and runs (low viscosity/thick application), and bristle
shedding.
Standardization: Viscosity evaluation using Ford Cup No. 4 and
brushability assessment via ASTM D5068.
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Roller Application: Principles and Mechanics I

Substrate
Wet FilmRotation

Travel

Key Points

Process Dynamics: A rotating cylindrical core with a fabric nap
cover transfers paint from a tray onto flat, broad surfaces.
Nap Selection: 3/16 to 1/4 inch nap for smooth metal surfaces; 3/8
to 1/2 inch nap for semi-rough panels.
Film Splitting: Splitting of the wet paint film between the roller
cover and substrate leaves a textured stipple pattern.
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Roller Application: Principles and Mechanics II

Coating Transfer Rate: Much faster deposition than brush
application; highly efficient for flat sheets, tanks, and structural
panels.
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Roller Application: Coil Coating & Industrial Lines I

For massive volume production, automated roll coaters (coil coating lines)
continuously apply color coatings to metal coils at line speeds up to 200
m/min.

Key Points

Coil Coating: Metal sheets are uncoiled, chemically pretreated,
roller-coated, cured, and recoiled in a continuous, high-efficiency
loop.

Reverse Roll Coating: Applicator roll rotates in the direction opposite
to the metal strip travel, producing a smooth, uniform finish.

Direct Roll Coating: Applicator roll rotates in the direction of the
metal strip travel; typically yields a thinner, textured coat.

Defect Mitigation: Strict control of roll gap, roll-to-strip speed ratio,
and temperature prevents defects like ribbing and cascading.
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Cotton Application: Swabbing & French Polishing I

Cotton application uses a cotton core (fad) wrapped in lint-free fabric.
Fluid release is controlled via compression and capillary action, delivering
ultra-thin, highly leveled paint layers.

Key Points

Mechanism: Fine capillary pressure dispenses thin, micro-level
coatings without mechanical brush marks or stipple textures.

Industrial Swabbing: Used extensively for localized chemical
conversion coatings (such as Alodine per MIL-DTL-81706 on
aerospace alloys).

French Polishing: Traditional high-end finishing method using
shellac, building hundreds of microscopic layers for deep luster.

Advantages: Exceptionally smooth finish, zero brush line profile,
minimal overspray, and high localized thickness control.
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Process Selection & Comparative Evaluation I

Choosing the appropriate coating technique requires analyzing part
geometry, dry film thickness (DFT) specifications, production speed, and
volatile organic compound (VOC) emissions.

Key Points

Transfer Efficiency: Brush and cotton swab feature high transfer
efficiency (>95%), whereas roller application yields 85% to 90%.

Surface Texture: Brush leaves tool lines; roller creates a stipple
(orange peel) texture; cotton swab provides a flat, leveled profile.

Quality Codes: Strict adherence to SSPC-PA 2 for dry paint
thickness measurement and ASTM D4541 for pull-off adhesion
testing.

Environmental Safety: Regulatory monitoring of VOC content in
paint formulations according to EPA Method 24.
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Industrial Spray Application Principles I

Overview of atomization and deposition mechanics in industrial spray
coating systems.

Key Points

Air Atomized Spraying: Uses compressed air (2.0 to 6.0 bar) to
atomize liquid paint into a fine mist; offers exceptional finish quality
but low transfer efficiency (30% - 40%).

Airless Spraying: Forces coating material through a small nozzle
orifice under high hydraulic pressure (100 to 350 bar); ideal for
high-viscosity materials, achieving 50% - 60% transfer efficiency.

HVLP (High Volume Low Pressure): Delivers high air volume at low
atomizing pressure (<0.7 bar at the air cap); drastically reduces
bounce-back and overspray, achieving transfer efficiencies up to 75%.
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Industrial Spray Application Principles II

Electrostatic Spraying: Imparts a negative charge (30 to 100 kV) to
atomized paint droplets; attracted to grounded conductive
substrates, minimizing wrap-around loss and yielding up to 90%
transfer efficiency.
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Air Atomized Spray Gun Mechanics I

Gun Body

Fluid Needle

Air Cap

Fluid Inlet

Atomized Spray

Air Jet Impingement

Key Points

Fluid needle retraction regulates the paint flow rate exiting the fluid
tip.

Compressed air flows through the annulus of the air cap, shearing
the fluid stream into micro-droplets.
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Air Atomized Spray Gun Mechanics II

Horn air jets impinge on the spray stream from opposite sides to
form the elliptical fan pattern.

Crucial operator variables include target distance (150-250 mm), gun
traverse speed, and paint viscosity (ASTM D1084).
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Coating Film Thickness Mechanics I
The transition and relationship between wet-state and dry-state films in
industrial applications.

Key Points

Wet Film Thickness (WFT): The dimensional thickness of a freshly
sprayed wet coating immediately after application, measured prior to
solvent evaporation.
Dry Film Thickness (DFT): The thickness of the final cured coating
film remaining after solvent evaporation and resin cross-linking.
Volume Solids Ratio: The fundamental mathematical relationship is
DFT = WFT * (Volume Solids % / 100). For example, 150 microns
of a 60% volume solids paint yields 90 microns of DFT.
Dilution Correction: If thinners are added to adjust viscosity, the
formula becomes: DFT = [WFT * Volume Solids %] / [100 + %
Thinner Added]. Under-thickness is common when thinning is
ignored.
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Wet Film Thickness (WFT) Measurement I
Non-destructive, real-time quality control checks to verify paint
application parameters.

Key Points

Standard Guidelines: WFT measurement methods are governed
internationally by ASTM D4414 (comb gage) and ISO 2808.
WFT Comb Gage (Notch Gage): A metallic plate with graduated
teeth of different lengths. Pressed flat and perpendicular to the
substrate, it measures the thickness between the wetted and dry
teeth.
WFT Wheel Gage (Interchemical): Uses three concentric wheels
where the middle wheel is eccentric. Rolling the gage across the wet
film leaves a mark at the point of contact to read thickness.
Operational Value: Immediate verification allows spray operators to
adjust traverse speeds or pressure settings, preventing sags, runs, or
thin spots before the coating cures.
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Principle of Wet Film Thickness Comb Gage I

Substrate

Wet Paint Film

100 micro−m
80 micro−m

60 micro−m
40 micro−m

20 micro−m

Dry Tooth
Wetted Tooth

Wet Film Thickness Gauge (Comb)

Key Points

The outer support legs of the comb rest firmly on the substrate
through the wet coating.

Inner teeth have graduated clearances (e.g., 20, 40, 60, 80, 100
microns).
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Principle of Wet Film Thickness Comb Gage II

Wetting occurs on all teeth with clearances less than the wet film
thickness (20 and 40 microns in this diagram).

The actual thickness value is documented as falling between the
lowest dry tooth (60 microns) and the highest wet tooth (40
microns).
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Dry Film Thickness (DFT) Measurement I
Nondestructive and destructive instruments for verifying dry, cured paint
structures.

Key Points

Magnetic Induction (ASTM D7091): Used for non-magnetic
coatings (e.g., epoxies, polyurethanes) applied to magnetic/ferrous
steel substrates.
Eddy Current (ISO 2360): Measures non-conductive coatings applied
on non-ferrous conductive metals (e.g., anodizing or paint on
aluminum).
Ultrasonic Testing (ASTM D6132): Uses ultrasound echo flight time
to measure coatings applied on non-metal substrates like concrete,
wood, and polymers.
Destructive Testing (ASTM D4138): The Paint Inspection Gauge
(PIG) cuts a V-groove through the coating; a microscopic scale
measures the cut width to compute thickness.
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Calibration and Quality Assurance Standards I
Adhering to international quality standards for thickness verification in
metal fabrication.

Key Points

SSPC-PA 2 Standard: The preeminent standard specifying the
frequency of DFT measurements and acceptable tolerances over
structural areas.
The 80/20 Rule: Under SSPC-PA 2, no single spot measurement
may be less than 80% of the specified minimum thickness, and no
spot may exceed 120% of the maximum.
Calibration Verification: Operators must verify gauge calibration
daily using certified shims placed on representative, unpainted steel
profiles.
Statistical Sampling: A typical procedure requires 5 spot
measurements (each the average of 3 gauge readings in a 4 cm
circle) per 10 square meters of coating.
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Understanding Installation I

Installation refers to the placement, mounting, and connection of
machinery or equipment to its final operating position, including
foundation preparation, alignment, leveling, and hookup of utilities
(piping, electrical, instrumentation) in accordance with engineering
drawings and manufacturer specifications.

Key Points

Foundation preparation involves inspection of concrete foundations,
checking anchor bolt locations (coaxiality and projection), and
verifying strength using concrete core tests.
Leveling and alignment are performed using precision spirit levels,
dial gauges, or laser alignment tools to ensure shafts and axes
conform to tolerances (typically within 0.05 mm).
Grouting fills the space between the equipment baseplate and
concrete foundation using non-shrink epoxy or cementitious grout to
distribute operating loads.
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Understanding Installation II

Utility hookups include connecting process piping (ensuring no
piping strain is transferred to equipment nozzles), electrical power
cabling, and control instrumentation cables.

Adherence to standards such as ASME B31.3 for piping connection
and IEEE standards for electrical termination is mandatory during
the installation phase.
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Understanding Erection I

Erection is the physical assembly, lifting, positioning, and temporary
securing of heavy structural components, pressure vessels, columns, or
modular units using cranes, derricks, or gin poles. It is primarily a
mechanical assembly and rigging operation before final alignment and
tie-ins.

Key Points

Rigging planning is critical, involving calculation of the equipment’s
center of gravity (CG), selection of slings, spreader beams, and crane
capacity (incorporating a safety factor of at least 1.25).
Lifting operations utilize mobile, crawler, or gantry cranes, requiring
detailed rigging studies, wind speed monitoring (typically capped at
10 m/s), and ground bearing capacity checks.
Assembly involves bolting or welding structural sub-assemblies (e.g.,
columns, trays, external ladders, and platforms) at the site before or
during lifting.
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Understanding Erection II

Temporary securing uses guy wires, jacks, or temporary bolts to
stabilize the structure until permanent anchor bolts are tightened or
foundation welds are completed.

Compliance with safety and rigging codes such as ASME B30 (for
jacks, cranes, and slings) and OSHA 29 CFR 1926 subparts is strictly
enforced.
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Process Flow: Erection to Installation I

Erection (Mechanical)
Lifting, positioning, rough
alignment, structural assem-
bly, securing columns/vessels

Installation (Integration)
Leveling, precision align-
ment, grouting, piping

tie-ins, electrical hookups

Commissioning (Functional)
Pre-commissioning tests,
loop checks, cold/hot
runs, performance trial

Secure foundation
and structural integrity

Utility connection
and mechanical completion

Key Points

Erection represents the macro-stage of construction: getting the
heavy physical equipment into its general physical coordinates.
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Process Flow: Erection to Installation II

Installation represents the micro-stage: securing, leveling, piping
connection, electrical termination, and instrument calibration.

Without proper erection (e.g., plumbness of a distillation column),
final installation alignment is impossible to achieve.

This flowchart illustrates the technical dependency of installation
tasks on the successful completion of erection structural rigging.

Both phases are strictly documented via checklists and quality
control inspections before proceeding to commissioning.
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Understanding Commissioning I

Commissioning is the systematic process of verifying, testing, and
adjusting every component and system of the process equipment to
ensure it operates in accordance with the design intent and safety
regulations before handover to the operations team.

Key Points

Pre-commissioning: Includes clean-out (flushing, chemical cleaning,
steam blowing), hydrotesting of piping (per ASME B31.3), and cold
loop checks of instrumentation.

Cold Commissioning: Involves dry runs, testing of interlocks, running
auxiliary equipment (lube oil pumps), and functional testing of
components using inert fluids (e.g., air or water).

Hot Commissioning (Start-up): Involves introducing the actual
process fluid, heating up the system to operating temperatures, and
conducting dynamic testing of control loops.
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Understanding Commissioning II

Performance Guarantee Run (PGR): Operates the plant at full
design load for a specified period (e.g., 72 hours) to verify capacity,
efficiency, and emissions compliance.

Documentation: Successful commissioning concludes with the
signing of a Mechanical Completion Certificate and a final
Operations Handover Dossier.
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Installation vs. Erection: Core Differences I

While often used interchangeably in layman terms, installation and
erection have distinct engineering scopes, tools, tolerances, and labor
requirements in fabrication technology.

Key Points

Scope: Erection deals with structural lifting, positioning, and heavy
assembly of structural frames and major equipment. Installation
deals with leveling, precision alignment, piping hookups, and cabling.

Equipment & Tools: Erection requires heavy rigging gear (cranes,
slings, shackles, derrick masts). Installation requires precision tools
(dial indicators, laser aligners, torque wrenches, levels).

Tolerances: Erection tolerances are typically in millimeters (e.g.,
structural plumbness of 1 in 1000). Installation tolerances are in
fractions of a millimeter (e.g., alignment within 0.02 to 0.05 mm).
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Installation vs. Erection: Core Differences II

Labor Specialization: Erection is executed by riggers, ironworkers,
and structural welders. Installation is executed by millwrights,
pipefitters, electricians, and instrumentation technicians.

Sequencing: Erection is always the precursor; equipment must be
erected and anchored before installation work (such as connecting
rigid process piping) can begin.
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Commissioning Phase Sequence I

Pre-Commissioning
Flushing, Hydrotest-
ing, Loop Checks

Cold Commissioning
Utility Runs, Dry/Wet
Runs, Interlock Tests

Hot Commissioning
Process Fluid Introduction,

Thermal Stabilization

Handover and PGR
Performance Guarantee

Run, Handover Document

Key Points

Pre-commissioning activities are static tests focused on ensuring
system integrity, cleanliness, and electrical continuity.
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Commissioning Phase Sequence II

Cold commissioning shifts focus to dynamic movement of equipment
without actual process chemicals (e.g., water runs in pumps).

Hot commissioning introduces chemical hazards, elevated
temperatures, and high pressures, requiring strict safety protocol
activation.

The Performance Guarantee Run (PGR) validates that the fabricated
system meets the contractually specified throughput and product
quality.

The transition between these phases is gating; subsequent steps
cannot begin without formal sign-off of the preceding phase.
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Codes, Standards and Safety Protocols I
Erection, installation, and commissioning of process equipment are strictly
governed by international engineering standards to ensure structural
integrity, pressure containment, and human safety.

Key Points

ASME Section VIII Div 1 & 2: Governs the design, fabrication, and
field assembly/inspection requirements for pressure vessels during
erection.
ASME B31.3 (Process Piping): Defines fabrication, assembly,
examination, and testing (hydrostatic or pneumatic) of process
piping connections.
API 686 (Machinery Installation): Recommended practice for the
design and installation of petroleum, chemical, and gas industry
machinery (pumps, compressors).
OSHA 1926 Subpart CC: Governs safety practices for cranes and
derricks used during heavy lifting and erection operations.
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Codes, Standards and Safety Protocols II

NEMA & IEC Standards: Define installation and testing criteria for
electrical control panels, grounding, and instrumentation loops in
hazardous areas.
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Static Process Plant Equipment: Pressure Vessels I

Pressure vessels are closed containers designed to hold liquids or gases at
pressures substantially different from the ambient pressure.

Key Points

Design Codes: Fabricated strictly according to ASME Boiler and
Pressure Vessel Code (BPVC) Section VIII, which is divided into
Division 1 (construction rules), Division 2 (alternative
design-by-analysis rules), and Division 3 (rules for high pressure >
10,000 psi).

Materials of Construction: Commonly carbon steel (e.g., SA-516 Gr.
70 for moderate/lower temperatures) or stainless steel (e.g., SA-240
Type 304/316 for corrosion resistance). Clad plates are used to
balance cost and chemical resistivity.
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Static Process Plant Equipment: Pressure Vessels II

Fabrication Process: Involves plate cutting (CNC plasma/oxy-fuel),
plate rolling to shape, welding of longitudinal/circumferential seams
(GTAW, SMAW, SAW), nozzle attachment, and Post-Weld Heat
Treatment (PWHT) to relieve residual stresses.

Quality Control & NDE: Includes radiography (RT) or ultrasonic
testing (UT) for weld joints, magnetic particle testing (MT) or dye
penetrant testing (PT) for surface defects, and final hydrostatic
testing at 1.3 times the design pressure.
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Heat Exchangers & Distillation Columns I

Shell Side
In
let

Ch
an
ne
l O

utletChannel

Shell Side In

Shell Side Out

Tube Side In Tube Side Out

Baffles

Key Points

Shell and Tube Exchangers: Fabricated according to TEMA (Tubular
Exchanger Manufacturers Association) standards. Features include
tube sheets, baffles to direct fluid flow and support tubes, and
channel covers.
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Heat Exchangers & Distillation Columns II

Plate Heat Exchangers (PHE): Built using corrugated metal plates
clamped in a frame, offering compact size and high heat transfer
coefficient but limited to lower pressures and temperatures.

Distillation Columns: Tall vertical static vessels used for separating
chemical mixtures by fractional distillation. Contain inner
components like distillation trays or structured/random packings.

Column Internals & Erection: Tray support rings must be welded
inside with strict leveling tolerances (usually within +/- 1 mm) to
prevent liquid channeling and guarantee uniform vapor-liquid
contact.
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Piping Systems and Process Valves I

Industrial piping networks transfer fluids safely between process
equipment, guided by safety codes and flow control valves.

Key Points

ASME B31.3 Process Piping: The standard design code regulating
piping material specifications, pipe wall thickness calculation,
thermal expansion analysis, and testing limits.

Piping Fabrication & Standards: Involves cut-back preparation,
welding of pipe spools under ASME Section IX certifications, and
flange fittings standard ASME B16.5 for pressure ratings up to class
2500.

Isolation Valves: Gate valves (used for full-flow isolation, low
pressure drop) and Ball/Plug valves (quarter-turn, quick-acting
bubble-tight shutoff).
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Piping Systems and Process Valves II

Regulating & Non-Return Valves: Globe valves (used for flow
throttling and high pressure drop), Butterfly valves (compact
throttling for large lines), and Check valves (swing or lift type to
prevent backflow).
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Rotary Process Equipment: Pumps & Agitators I
Rotary equipment uses dynamic forces and rotating shafts to add kinetic
energy, move fluids, or mechanically mix process fluids.

Key Points

API 610 Centrifugal Pumps: The primary rotary machine for
transporting liquids. Features single or multi-stage impellers,
dynamic wear rings, and mechanical shaft seals.
Positive Displacement Pumps: Plunger, piston, diaphragm (API
674/675) or rotary screw and gear pumps. Used for highly viscous
fluids, high discharge pressure, or precise metering.
Agitators & Mixers: Vertical rotating shaft equipment with impellers
(hydrofoils, turbines, anchors) used inside reactors and blending
vessels to ensure mixing homogeneity.
Sealing and Balance: Requires high-integrity mechanical seals (API
682) to prevent process fluid emissions, and dynamic balancing of
rotor components to prevent excessive vibration.
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Fans, Blowers, and Compressors I

Discharge

Suction Eye (Inlet)

Impeller Vanes

Centrifugal Compressor / Fan Volute

Key Points

Industrial Fans: Move huge volumes of air/gases at very low pressure
rises (< 0.07 bar). Classified into axial (propeller-like) and
centrifugal (radial flow) fans.
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Fans, Blowers, and Compressors II

Industrial Blowers: Work in the pressure range of 0.07 to 2.0 bar.
Common types include Roots rotary lobe blowers and centrifugal
blowers, used in pneumatics and aeration.

Process Compressors: Deliver extremely high pressure rises.
Centrifugal compressors (API 617) handle high flow rates, while
Reciprocating compressors (API 618) handle low flows at massive
pressures.

Critical Operations: Compressors require dedicated surge
detection/anti-surge valve systems and auxiliary API 614 lubrication
oil systems to prevent mechanical failure during surges.
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Agitators, Filtration Equipment & Turbines I

Advanced rotary machinery includes solids-liquids separation equipment
and prime movers that extract work from process steam or gas expansion.

Key Points

Agitation Internals: Comprises motor-gearbox assembly, rigid shafts,
steady bearings (to prevent shaft whip), and impellers designed for
axial or radial flow profiles.

Industrial Filters: Rotary Vacuum Drum Filters (RVDF) provide
continuous filtration, utilizing a rotating drum under vacuum to
collect and scrape off dry filter cake.

Steam Turbines (API 611/612): Convert thermal energy of
high-pressure steam into mechanical shaft rotation. Used as
economic prime movers for massive compressors or backup
generators.
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Agitators, Filtration Equipment & Turbines II

Gas Turbines & Expanders: Heavy industrial gas turbines combust
fuel to drive electric generators, while turboexpanders recover
cryogenic cold energy and generate power from high-pressure gas
streams.
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Erection, Alignment & Commissioning of Equipment I
Proper field installation determines the operational life and vibration
behavior of static and rotary equipment.

Key Points

Foundation & Grouting: Checking concrete foundation for cracks,
verifying anchor bolt coordinates, leveling equipment with steel
shims, and pouring non-shrink epoxy grout.
Precision Shaft Alignment: Using reverse dial indicator or laser
alignment systems. Target tolerances for coupling alignment are
typically within 0.05 mm for parallel and angular deviations.
Piping Strain Prevention: Piping flange connections must be aligned
to the equipment nozzles without applying external torque or stress,
checked using dial gauges during final bolting.
Commissioning Steps: N2 purging to eliminate oxygen, loop checks
of instrumentation and safety interlocks, uncoupled motor solo run
test, dynamic vibration signature analysis, and gradual startup.
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Pump Foundation & Pre-Installation Checks I

Civil foundation preparation and leveling standards under API RP 686
requirements.

Key Points

Concrete foundations must cure for a minimum of 28 days and
achieve 75% of design compressive strength before equipment
placement.

Concrete surface laitance is removed by chipping/scabbling to
expose sound aggregate and ensure robust epoxy grout bonding.

Baseplate or soleplate leveling is done using stainless steel shims or
leveling jackscrews on flat metal plates.

The baseplate must be leveled to within 0.4 mm per meter (0.005
in/ft) across longitudinal and transverse planes before grouting.
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Shaft Alignment & Dial Indicator Method I

Pump Shaft Motor Shaft

Pump HubMotor Hub

Rim Indicator
Face Indicator

Key Points

Rim and face dial indicator method isolates parallel offset (rim) and
angular misalignment (face) across the coupling hubs.

Reverse dial indicator method uses indicators mounted on opposing
shafts to eliminate indicator sag errors on long-span couplings.

Standard field tolerance limits parallel offset to 0.05 mm (0.002 in)
and angular deviation to 0.05 mm per 100 mm coupling diameter.
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Shaft Alignment & Dial Indicator Method II

Thermal growth compensation adjusts the driver (motor) shaft
height lower than the pump to account for thermal expansion at
operational temperatures.
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Piping Connections & Pipe Strain Management I

Guidelines for pipe fit-up to prevent static and dynamic nozzle loads as
per API 686 Chapter 6.

Key Points

Suction and discharge piping must be independently supported,
guided, and anchored to prevent weight transfer to pump nozzles.

To check pipe strain, dial indicators are mounted on coupling hubs
while the suction and discharge flange bolts are fully torqued.

Allowable shaft deflection at the coupling during flange bolt
tightening is strictly capped at 0.05 mm (0.002 inches).

Temporary suction strainers (witch’s hat type, minimum 40 mesh)
must be installed to capture debris during initial line flushing.
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Grouting Procedures for Pump Baseplates I

Execution of baseplate epoxy grouting to ensure rigid, vibration-damping
mechanical support.

Key Points

Epoxy grout is preferred over cementitious grout due to high
compressive strength (90+ MPa), chemical resistance, and zero
shrinkage.

Grout pour must be continuous from one side of the baseplate to the
other using a headbox to maintain hydrostatic head and prevent air
voids.

Baseplates require vent holes (12-25 mm) at corners and
compartments to verify complete grout flow and release trapped air.

A post-cure hammer-tap test checks for hollow spots; any detected
voids are vacuum-injected with low-viscosity liquid epoxy.
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Erection of Process Vessels at Site I

Lifting and vertical alignment of heavy industrial columns, reactors, and
storage vessels.

Key Points

A detailed lifting plan must specify crane load charts, rigging
configurations, center of gravity, and maximum allowable wind speed.

Lifting is conducted using the tail-dogging method, where the main
crane lifts the top head and a tailing crane manages the skirt
rotation.

Vertical plumbness tolerance for column erection is set at 1 in 1000
of the height, or a maximum of 25 mm as per ASME Section VIII.

Foundation anchor bolts are torqued in a cross-pattern sequence
according to ASME PCC-1 guidelines to prevent uneven stress.
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Vessel Erection & Lifting Hookup Schema I

Center of Gravity (CG)

To Main Crane Hook

To Tailing Crane

Foundation Pad

Key Points

Top lifting trunnions or lugs are designed to carry the full hook load
during vertical lifting and placement onto anchor bolts.
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Vessel Erection & Lifting Hookup Schema II

The tailing crane controls the lower end of the vessel, walking or
slewing inward to prevent the skirt base from striking the ground.

Once the vessel is fully upright and suspended vertically, the tailing
line is detensioned and disconnected before final positioning.

Orientation of the vessel nozzles must align exactly with the planned
pipe rack coordinates before lowering onto anchor bolts.
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Pre-commissioning Checks and Handover I

Final field testing, cleaning, and documentation requirements prior to
start-up.

Key Points

Pump pre-start checks include bearing lubrication, mechanical seal
flush plan alignment (e.g. Plan 11/53), and shaft rotation direction
(motor solo run).

Vessels must undergo final internal inspection for cleanliness, tray
levelness verification, and demister pad installation.

Cold and hot alignment reports, torque logs, and field weld NDT
records must be compiled into the final installation dossier.

Piping systems undergo hydrotesting, followed by air blowing or
chemical cleaning, before final removal of isolation blinds.
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Piping Spool Erection: Workflow & Pre-requisites I

Piping spool erection involves lifting, positioning, aligning, and temporary
securing of prefabricated spool sections according to Isometric drawings
(Isos) and Piping & Instrumentation Diagrams (P&IDs).

Key Points

Verify foundation/structural supports are complete, grouted, and
inspected before spool placement.

Inspect spool fabrication records: check non-destructive examination
(NDE) clearance, hydro-test reports, and internal cleanliness
certificates.

Use temporary gaskets and fasteners for initial alignment; preserve
permanent gaskets (e.g., spiral wound, RTJ) for final bolt-up.

Apply proper rigging procedures using nylon slings instead of steel
wire ropes to prevent damage to coated/alloy surfaces.
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Flange Alignment & Bolt Tightening Sequences I

1

2

34

5

6

7

8

STAR

PATTERN

Parallelism Error

Radial Offset

Key Points

Flange face parallelism must be within 0.5 mm/m and axial offset
should not exceed 1.5 mm under free-state conditions.

Tighten bolts using a star-pattern sequence in incremental stages
(30%, 60%, 100% torque) to ensure uniform gasket compression.
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Flange Alignment & Bolt Tightening Sequences II

Verify flange gap alignment before applying torque; never use
excessive bolt force to pull misaligned piping together.

For high-pressure or critical services, use hydraulic tensioners or
calibrated torque wrenches based on ASME PCC-1 guidelines.
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Piping Supports and Spring Hangers I

Piping supports transfer gravity, thermal, and dynamic loads to the civil
structure while permitting designed thermal expansion.

Key Points

Types of supports: Rigid (anchors, guides, directional stops) and
Flexible (variable and constant effort spring hangers).

Spring hangers must remain locked using travel stops/pins during
erection, pressure testing, and chemical cleaning.

Unlock spring hangers only during pre-commissioning (hot-alignment
stage) and verify cold settings match the piping design.

Check that sliding supports (e.g., PTFE or graphite pads) are clean,
properly aligned, and have sufficient clearance for slide travel.
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Mechanical Clearance & Punch List Management I

Mechanical clearance signifies that the physical construction of a piping
system is complete, verified against drawings, and ready for pressure
testing.

Key Points

Establish a structured Punch List system categorized into Category
A (critical for safety/testing) and Category B (can be resolved
post-test).
Verify all permanent supports, guides, and anchors are installed in
accordance with the support drawings.
Ensure flow direction of check valves, control valves, globe valves,
and strainers matches the P&ID process flow.
Confirm vents are provided at high points (for air displacement
during hydro-test) and drains at low points (for complete
dewatering).
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Hydrostatic Pressure Testing Setup I

Piping System / Loop Under Test(Vents open at high points, drains closed)

Fill Pump

PG1
Calibrated Gauge

PG2
Reference Gauge

Isolation Valve

Blind Flange

Key Points
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Hydrostatic Pressure Testing Setup II

Hydrostatic testing must be performed at minimum 1.5 times the
design pressure (ASME B31.3) or as specified by the engineering
spec.

Use two calibrated pressure gauges (one at the lowest point, one at
the highest point) to monitor pressure changes accurately.

Hold test pressure for a minimum of 10 minutes, followed by a
thorough inspection of all joints, welds, and connections at design
pressure.

Ensure testing medium temperature is compatible with the piping
material to prevent brittle fracture; use demineralized water for
stainless steel to prevent chloride stress corrosion cracking.
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Pre-Commissioning: Flushing, Blowing, and
Reinstatement I

Pre-commissioning prepares the piping system for operational fluids by
removing construction debris, dust, slag, and temporary test components.

Key Points

Perform water flushing or air blowing at velocities sufficient to
dislodge loose scale and debris (typically min 3 m/s for water).

Use steam blowing for high-pressure steam lines, employing target
plates to check for particle impingement before turbine connection.

Reinstate the system: remove temporary blinds, replace test gaskets
with permanent ones, reinstall control valves, flow orifices, and
strainers.

Conduct a nitrogen purge or helium leak test on systems carrying
toxic or flammable media to guarantee zero leak emissions.
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Commissioning of Process Plant I

Commissioning is the final phase where the plant is brought from a static
state to dynamic operation, culminating in performance testing and
handover.

Key Points

Stages include mechanical completion, pre-commissioning (dry
runs/cold tests), commissioning (hot trials/introducing feed), and
start-up.
Perform loop checking of all instruments, DCS interlocks, and
emergency shutdown systems (ESD) prior to feedstock introduction.
Establish a tight nitrogen blanket and complete oxygen exclusion
protocols for hydrocarbon-processing units to avoid explosive
mixtures.
Conduct dynamic trials of rotary equipment (pumps, compressors) to
verify shaft alignment under operating thermal conditions.
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