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Abstract

High-Density Polyethylene (HDPE) pipes have emerged as a crucial element of modern infrastructure, providing a reliable solution for
fluid and gas transportation. Their popularity stems from properties such as superior flexibility, corrosion and chemical resistance, and
an impressive service life of 50-100 years. Compared to conventional materials like steel, concrete, and cast iron, HDPE pipes are
lighter, easier to install, and exhibit a high strength-to-density ratio. These benefits, however, are not inherent to the polymer alone.
They are the result of carefully implemented quality assurance (QA) frameworks and rigorous testing throughout the manufacturing
cycle.

This paper investigates the QA mechanisms and performance evaluation methods applied in HDPE pipe production, using a case study
approach in a leading manufacturing facility. The study documents how quality is established, monitored, and validated through
systematic raw material inspection, in-process controls, and comprehensive finished product testing. Empirical evidence from density,
melt flow index (MF1), oxidative induction time (OIT), carbon black content (CBC), tensile strength, hydrostatic pressure per formance,
and slow crack growth (SCG) resistance is presented. The results affirm that adherence to QA protocols ensures compliance with ISO,
ASTM, and IS standards, thereby guaranteeing the long-term reliability and safety of HDPE pipes across diverse applications such as
potable water supply, gaseous fuel distribution, sewerage, and industrial process piping.

INTRODUCTION
1.1 Background

The demand for resilient and sustainable infrastructure has positioned High-Density Polyethylene (HDPE) pipes as a leading choice for
fluid and gas conveyance. Unlike traditional materials such as steel, ductile iron, reinforced concrete, and ashestos cement, HDPE offers
a unique combination of durability, flexibility, and cost-effectiveness. Its resistance to internal corrosion from transported media and
external degradation from soil conditions ensures long-term reliability. The lightweight nature of HDPE reduces transportation and
installation costs, while its high strength-to-density ratio provides structural robustness without excessive bulk. Importantly, HDPE
pipes exhibit a projected service life of 50-100 years, which lowers maintenance needs and lifecycle costs.

HDPE’s versatility supports diverse applications. In potable water supply, its non-toxic properties, smooth internal surface, and leak-
free fusion joints enhance efficiency and safety. For natural gas distribution, ductility and resistance to brittle fracture ensure secure
operation. In sewerage and industrial systems, chemical inertness enables safe transport of corrosive fluids and hazardous chemicals.

JETIR2509485 Journal of Emerging Technologies and Innovative Research (JETIR) www.jetir.org | e713


http://www.jetir.org/

© 2025 JETIR September, Volume 12, Issue 9 www.jetir.org (ISSN-2349-5162)

However, these benefits are not solely inherent to the polymer. Their realization depends on rigorous quality assurance (QA) practices
implemented across the entire manufacturing cycle—from raw material inspection to final product validation.

1.2 Problem Statement

Despite their many advantages, the performance and longevity of HDPE pipes remain highly sensitive to variability in raw materials,
manufacturing parameters, and quality control practices. Even minor lapses can result in reduced mechanical strength, premature failure
through brittle fracture or slow crack growth, inability to meet pressure ratings, and shortened service life. Such failures pose serious
risks, including gas leaks, water contamination, environmental damage, and high economic losses from repairs and operational
disruptions.

Although international and national standards such as ISO 4427, ISO 4437, EN 12201, ASTM D3035, and IS 4984 define detailed
requirements, their practical application through systematic in-house testing is rarely documented in detail. This creates a gap between
theoretical knowledge of polymer properties and their empirical validation in real manufacturing environments. Addressing this gap,
the present study provides a transparent account of how a leading HDPE pipe manufacturer ensures quality through structured QA
frameworks, comprehensive testing, and data-driven verification of compliance with global standards.

1.3 Research Objectives

This thesis aims to provide a comprehensive, evidence-based understanding of HDPE pipe quality assurance through the following
objectives:

1. Examine the QA framework of a leading HDPE pipe manufacturer, detailing its structure, functions, and integration from
design to delivery.

2. Investigate in-house testing protocols for raw materials (e.g., HDPE resin, carbon black) to ensure compliance with material
specifications.

3. Analyze key process control parameters during pipe extrusion and their impact on product quality and consistency.

4. Present empirical results from physical, mechanical, and performance tests on finished pipes, highlighting compliance with
national and international standards (e.g., BIS, ISO, ASTM).

5. Validate the link between rigorous testing at all production stages and the long-term performance of HDPE pipes.

6. Highlight the role of quality management systems, third-party inspections, calibrations, and customer feedback in
strengthening QA process

1.4 Research Questions
Aligned with the research objectives, this study seeks to answer:

1. What raw material properties (e.g., HDPE resin, carbon black) require rigorous testing, and what in-house methods ensure
their suitability for compliant pipe manufacturing?

2. How are in-process parameters (e.g., temperature, pressure, speed) monitored and controlled during extrusion, and what
quality checks are conducted at this stage?

3. What performance tests are conducted on finished HDPE pipes for various applications (e.g., water, gas, effluent), and how
do results demonstrate compliance with relevant standards?

4. How do test results validate the long-termintegrity, pressure resistance, and reliability of HDPE pipes under different service
conditions?

5. What role does QA infrastructure (e.g., technical reviews, calibration, third-party inspections, certifications, customer
feedback) play in ensuring the reliability and continuous improvement of the quality verification process?
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1.5 Significance of the Research
This research holds valuable implications for various stakeholders in the polymer piping and infrastructure sectors:

e Manufacturers: Offers a validated framework for building and enhancing test-driven QA systems, aiding in defect reduction,
performance consistency, and competitive positioning.

e Engineers & Specifiers: Provides empirical insights into critical quality metrics, supporting informed decisions in material
selection and ensuring long-term reliability and safety.

e Regulatory Bodies & Standards Organizations: Delivers real-world data that can inform standard refinements and the
development of more practical and robust testing methodologies.

e Academia & Researchers: Contributes a detailed case study to the fields of materials science and quality management, serving
as a foundation for teaching and further investigation.

e Sustainable Infrastructure: Reinforces trust in HDPE piping by demonstrating its durability and environmental benefits,
supporting broader adoption in essential infrastructure projects

SCOPE & PROBLEM STATEMENT
2.1 Problem Statement: The Criticality of Quality in HDPE Pipe Performance

HDPE pipes are widely used in critical infrastructure due to their durability, corrosion resistance, and long service life. However, these
advantages are only realized if manufacturing quality is rigorously maintained. In practice, even minor quality lapses can lead to hidden
defects and eventual field failures.

Key issues include:

e Raw Material Deficiencies: Improper Melt Flow Index (MF1), low Oxidative Induction Time (OIT), and poor Carbon Black
Dispersion (CBD) compromise processability, UV resistance, and long-term stability.

e Uncontrolled Process Parameters: Deviations in extrusion temperatures, pressures, and cooling rates can cause dimensional
inaccuracies, internal stresses, and reduced pressure tolerance.

e Insufficient Performance Testing: Pipes must meet demanding standards, including Minimum Required Strength (MRS),
resistance to Slow Crack Growth (SCG), and safe material migration levels for potable water.

The central proble mis not the lack of standards but the inconsistent application of scientifically validated, test-driven quality assurance.
Without such systems, HDPE pipes risk underperformance, environmental harm, and public distrust.

2.2 Scope of the Thesis

This thesis presents an empirical study of the quality assurance (QA) protocols and performance validation methods used in the
manufacturing of High-Density Polyethylene (HDPE) pipes. Focusing on in-house testing within a leading manufacturer’s laboratory,
it aims to demonstrate how quality is ensured through rigorous, standards-based testing—transforming quality from an aspiration into
a verifiable outcome.

2.2.1 Scope: In-House Testing Parameters for Quality Validation

This thesis focuses on the detailed evaluation of in-house testing methods used to ensure HDPE pipe quality across three critical stages:
1. Raw Material Testing

Assesses key properties to confirm material suitability:

e Density (ISO 1183/ASTM D1505) — Confirms PE grade.
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e  Melt Flow Index (MFI) (ISO 1133/ASTM D1238) — Indicates processability.
e Oxidative Induction Time (OIT) (ISO 11357-6/ASTM D3895) — Measures thermal stability.
e Volatile Matter, Ash Content, Moisture — Detect contaminants and moisture affecting process quality.
e Carbon Black Content & Dispersion (CBC/CBD) (1SO 6964, 1SO 18553) — Ensure UV protectionand uniformdistribution.
e Pigment Dispersion — Checks color consistency.
2. In-Process Control
Monitors extrusion parameters and early-stage quality:
e Extrusion Parameters — Control of barrel temperature, melt pressure, screw/haul -off speed.
e Online Dimensional Monitoring — Real-time checks of OD and wall thickness using laser/ultrasonic tools.
e Visual Inspection — Detects surface defects and print-line accuracy during production.
3. Finished Product Testing
Validates performance against standards and service requirements:
e Dimensional Accuracy & Visual Inspection— Final measurements and defect checks.
e Material Re-characterization — Confirms density, MFI, and OIT post-extrusion.
e Tensile Properties (ISO 527/ASTM D638) — Assesses mechanical strength and ductility.
e Longitudinal Reversion — Evaluates thermal dimensional stability.
e Hydrostatic Pressure Testing (ISO 1167) — Validates long-term strength at various temperatures and durations.
e Notch Pipe Pressure Test (NPPT) (ISO 13479) — Assesses slow crack growth resistance.
e Squeeze-Off Test (ASTM F2620) — Ensures pipe integrity after flattening (critical for gas pipes).
e UV Weathering Resistance (ISO 4892-2/ASTM D2565) — Confirms outdoor durability.
e Overall Migration Test (EN 1186) — Ensures potable water safety by measuring leachable substances.

These empirical tests collectively verify that HDPE pipes meet stringent performance standards and ensure long-term reliability across
diverse applications.

2.2.2 Adherence to National and International Standards
This thesis evaluates how the QA system and test results align with major standards for HDPE pipes:
e Water Supply: IS 4984, 1SO 4427, EN 12201, ASTM D3035
e Gaseous Fuel: 1S 14885, ISO 4437, EN 1555, ASTM F2618
e Sewerage & Industrial Effluents: IS 14333, relevant EN 12201 sections
It also considers the role of system-wide certifications in enhancing QA credibility:
e Management Systems: ISO 9001 (Quality), ISO 14001 (Environment), 1ISO 45001 (OHS)

e Product Certifications: WRAS, NSF (for potable water applications)
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2.2.3 Operationalization of Quality Assurance Functions
The study details how core QA functions are implemented to ensure product integrity and continuous improvement:
e Technical Review of specs and standards
e Calibration of testing equipment
e Third-Party Inspections coordination
e Management & Product Certifications upkeep
e Raw Material, In-Process, and Finished Product Conformance
e Customer Complaint Review mechanisms

Together, these functions form a robust, interconnected QA ecosystem that ensures accuracy, compliance, and consistent quality
enhancement.

2.3 Exclusions from Scope
To maintain focus, this thesis deliberately excludes:
e Detailed polymer chemistry beyond its impact on measurable material properties
e Economic analyses of QA investments or HDPE pipeline life-cycle costing
e Comparisons between different manufacturers or geographic regions
e Field installation practices or post-installation performance beyond lab-based predictions
e  Pipeline network design or hydraulic optimization

By narrowing the scope to empirical validation through testingand QA integration, the study offers a focused and practical contribution
to HDPE pipe manufacturing quality.

LITERATURE REVIEW
3.1 Introduction to Polymer Pipe Research and Standards

Rising global infrastructure demands have accelerated researchinto polymer materials, particularly HDPE, for piping applications. This
chapter reviews key literature on HDPE’s material properties, manufacturing processes, testing methodologies, and associated quality
standards. The selected studies provide the theoretical and empirical basis for the QA-focused investigation in this thesis.

3.2 Evolution of HDPE and Its Application in Piping

HDPE's development began with Ziegler’s low-pressure ethylene polymerization and Natta’s catalyst innovations, enabling precise
control over polymer structure. These breakthroughs led to the creation of tailored HDPE grades suitable for pressure piping.

Early applications in piping were supported by studies like those of Popov et al., who explored long-term creep behaviour and service
life prediction. Later, the development of PE 80 and PE 100 grades marked major improvements in strength and durability. Gao et al.
demonstrated that PE 100 offered superior mechanical performance and crack resistance, making it ideal for high-pressure systems.

3.3 Material Characterization and Its Impact on Pipe Performance
Key material properties directly influence HDPE pipe quality:

e Melt Flow Index (MFI): Higher MFI eases processing but lowers mechanical strength and stress crack resistance; lower MFI
improves durability but is harder to process (Patel et al.).
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Oxidative Induction Time (OIT): Critical for thermal stability; significant OIT reduction during processing signals
degradation that shortens pipe lifespan (Verma et al.).

Carbon Black Content and Dispersion (CBC & CBD): Essential for UV protection; poor dispersion leads to increased UV
degradation and brittle failure (Smith et al.). Carbon black agglomerates promote slow crack growth by acting as stress
concentrators (Jones et al.).

3.4 Manufacturing Process Control and Its Influence on Pipe Quality

Process parameters strongly affect pipe integrity:

Temperature Control: Optimized barrel and die temperatures prevent polymer degradation and minimize residual stresses,
reducing dimensional instability and crack susceptibility (Brown et al.).

Dimensional Monitoring: Real-time non-contact systems (ultrasonic/laser) enable precise control of outer diameter and wall
thickness, ensuring compliance and reducing waste (Chang et al.).

Wall Thickness Uniformity: Even slight eccentricity weakens burst strength and hydrostatic performance, emphasizing tight
control during extrusion (Davies et al.).

3.5 Performance Validation and Standard Compliance

Long-term HDPE pipe performance is validated through rigorous testing aligned with standards:

Hydrostatic Pressure Testing: Accelerated tests at elevated temperatures (e.g., 80°C, 95°C) predict 100-year service life by
assessing Minimum Required Strength (MRS). Passing these tests confirms pipe durability under sustained pressure (Liu et
al.).

Slow Crack Growth (SCG) Resistance: Tests like Notch Pipe Pressure Test (NPPT) and Full Notch Creep Test (FNCT)
evaluate resistance to crack propagation. Higher SCG resistance correlates strongly with field durability, even when minor
defects exist (Qian et al.).

Specialized Tests:

Squeeze-Off Test: Evaluates pipe ductility during temporary crimping, critical for gas pipeline maintenance (Miller et
al.).

Overall Migration Test: Measures substance leaching into potable water, ensuring compliance with health standards
(Wilson et al.).

3.6 Integrated Quality Manage ment Systems and Certification

Quality assurance effectiveness depends on a comprehensive system:

ISO 9001:2015 QMS: Provides a framework to standardize manufacturing, improve customer satisfaction, and drive
continuous quality improvement through systematic reviews and corrective actions (Gupta et al.).

Equipment Calibration: Accurate, traceable calibration is essential for valid and credible test results, directly influencing
product conformity claims (Johnson et al.).

Third-Party Certification: Independent audits verify compliance and QMS effectiveness, fostering market trust and
validating internal quality controls (Lee etal.).

3.7 Conclusion of Literature Review

The literature consistently demonstrates that the exceptional performance of HDPE pipes results from deliberate material selection,

stringent manufacturing controls, and comprehensive, test-driven quality assurance. Critical material properties such as Melt Flow Index
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(MFI), Oxidative Induction Time (OIT), and Carbon Black Content/Dispersion (CBC/CBD) significantly influence pipe durability.
Extrusion parameters directly affect pipe integrity, while robust performance validation tests—including hydrostatic pressure, slow
crack growth (SCG), and squeeze-off testing—are essential to confirm long-term reliability. The effective integration of these technical
measures within a formal quality management framework (e.g., 1ISO 9001) and the oversight of independent certification bodies
underpin the credibility of product quality. This established body of research provides a strong theoretical and empirical foundation for
the empirical study presented in this thesis, guiding the focus on critical test parameters and their practical significance in industrial
HDPE pipe manufacturing.

METHODOLOGY AND PROCESS ADOPTED

4.1 Research Design and Approach

This thesis employs a descriptive and analytical case study methodology to investigate the quality assurance (QA) protocols and
performance validation methods used in HDPE pipe manufacturing. Focusing on the advanced factory laboratory of a leading
manufacturing unit offers a unique, in-depth opportunity to examine real-world quality control practices. This approach facilitates
detailed observation of established processes, documentation of specific testing parameters, and analysis of empirical data generated
during routine quality checks, effectively bridging the gap between theoretical standards and their practical implementation.

The research design combines qualitative and quantitative elements. Initially, it emphasizes qualitative analysis to understand the
structured QA framework, hierarchy of quality functions, and sequential testing flow. This is complemented by a quantitative analysis
of test results, dimensional measurements, and performance metrics. Together, these approaches provide a comprehensive view —not
only detailing which tests are conducted and how but also explaining their significance as critical indicators of product quality and
performance. The methodology is fundamentally test-driven, relying primarily on empirical data from physical, mechanical, and
chemical tests performed at various production stages.

4.2 Data Collection Methods

Data collection was conducted througha combination of primary and secondary sources integrated within the operational context of the
manufacturing unit:

4.2.1 Review of Quality Manage ment System (QMS) Docume ntation

e Quality Manuals and Procedures: A thorough review of the manufacturing unit’s documented Quality Management System,
including the Quality Manual, Standard Operating Procedures (SOPs), work instructions, and internal quality policies, was
undertaken. This review provided a foundational understanding of the QA philosophy and systematic approach.

e Standards and Specifications: Examination of relevant national and international standards (e.g., IS 4984, IS 14885, ISO
4427, 1SO 4437, EN 12201, ASTM D 3035, ASTM F 2618) helped align practical testing with global best practices and
regulatory requirements.

e Certification Documents: Evaluation of ISO certifications (1ISO 9001 for Quality Management, 1ISO 14001 for Environmental
Management, 1ISO 45001 for Occupational Health & Safety) and specific product licenses (e.g., BIS, WRAS, NSF) provided
evidence of external validation and a commitment to continuous improvement.

4.2.2 Direct Observation and Interaction

e Laboratory Observation: Direct observation of in-house testing facilities and execution of various tests on raw materials, in-
process samples, and finished products offered firsthand insight into testing protocols, calibration procedures, and data
recording practices.

e Interaction with Quality Personnel: Structured and informal discussions with quality control engineers, laboratory
technicians, and quality managers provided critical context regarding decision-making, troubleshooting, interpretation of test
results, and feedback mechanisms within the QA system.
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4.2.3 Data Extraction from Test Reports and Records

e Archival Test Reports: Collection of anonymized sample test reports and quality control records for multiple HDPE pipe
batches supplied quantitative data to analyze parameter ranges, deviations, and compliance status. Confidentiality was
maintained by excluding batch identifiers while documenting typical data types, acceptable limits, and pass/fail criteria.

e Process Monitoring Logs: Review of production logs containing extrusion parameters (temperatures, pressures, speeds) and
online dimensional measurements provided insights into manufacturing process stability and control.

4.3 Process Adopted: A Test-Driven Quality Assurance Journey
4.3.1 Stage 1: Raw Material Conformance (Pre-Production Testing)
The QA process begins with thorough inspection and testing of all incoming raw materials to ensure final product quality.

e Sampling:
Samples are taken from multiple batches of HDPE resin, carbon black, and additives following international standards (e.g.,
ISO 1167-1).

e Material Quarantine:
Materials are held in quarantine until all tests confirm compliance.

e Laboratory Testing:
Key tests include:

o Density (ISO 1183/ ASTM D1505): Verifies polymer grade consistency.

o Melt Flow Index (ISO 1133/ ASTM D1238): Assesses flowability and molecular weight.

o Oxidative Induction Time (ISO 11357-6 / ASTM D3895): Measures thermal stability.

o Carbon Black Content & Dispersion (ISO 6964, ISO 18553): Ensures UV protection and uniform dispersion.
o Volatile Matter, Moisture, and Ash Content: Detect impurities and fillers.

o Pigment Dispersion (for coloured materials): Checks colour uniformity.

e Approval:
Only materials meeting all criteria are released; non-conforming batches are rejected or returned, preventing substandard inputs
in production.

4.3.2 Stage 2: In-Process Production Conformance (Real-time Monitoring)
During extrusion, continuous monitoring and adjustments ensure consistent pipe quality.

e Extrusion Parameter Control:
Operators and automated systems regulate temperature profiles, melt pressure, screw and haul -off speeds, and cooling water
temperatures to maintain material flow and reduce residual stresses.

e Online Dimensional Measurement:
Non-contact laser or ultrasonic gauges continuously measure Outer Diameter (OD) and Wall Thickness (WT). Deviations
trigger alerts and automatic corrections to maintain tolerance and minimize eccentricity.

e Visual Inspection:
Personnel perform ongoing checks for surface defects and print quality. Defective sections are immediately segregated.

e Periodic Sample Testing:
At set intervals, samples undergo quick MFI, density, and visual cross-section inspections to verify process stability.
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4.3.3 Stage 3: Finished Product Conformance (Post-Production Validation)
After extrusion and cooling, representative samples from each batch undergo thorough testing to validate final product quality.
e Sampling: Samples are taken as per relevant standards based on batch size or production time.
e Conditioning: Samples are stabilized at standard temperature (e.g., 23°C) before testing.
e Performance Tests:
o Dimensional measurements (OD, WT, ovality)
o Visual inspection for defects
o Material property checks (Density, MFI, OIT)
o Mechanical tests (Tensile strength and elongation)
o Longitudinal reversion to assess residual stresses
o Hydrostatic pressure tests for long-term strength and pressure ratings
o Notch Pipe Pressure Test (NPPT) for slow crack growth resistance
o Squeeze-off test for gas pipes to check ductility after crimping
o Accelerated weathering tests for UV resistance
o Overall migration tests to ensure potable water safety

e Batch Release: Only batches passing all tests are approved. Non-conforming batches are investigated and appropriately
handled.

4.4 Integrated Quality Assurance Functions
Key QA functions underpin and enhance the test-driven methodology:
e Technical Review: Ongoing updates of standards and specifications to keep testing relevant.
e Calibration: Regular, documented calibration of all test equipment by accredited bodies ensures accuracy and traceability.

e Third-Party Inspection: Coordination of audits by external certifiers (BIS, 1SO, WRAS/NSF) to validate internal QA
processes and results.

e Certification Management: Systematic renewal and compliance management of product licenses and certifications.

e Manage ment System Certifications: Maintenance of ISO 9001, ISO 14001, and ISO 45001 to ensure quality, environmental,
and safety commitments.

e Customer Complaint Review (CCR): Formal complaint handling with root cause analysis and corrective/preventive actions
to improve quality and testing.

4.5 Data Analysis Approach

Data from testing are quantitatively analysed to ensure conformity and improve processes:
e Conformity Assessment: Test results are compared to specified standards; deviations indicate non-conformance.
e Trend Analysis: Continuous data (e.g., dimensions) are monitored over time to detect process shifts.

e Statistical Process Control (SPC): Used by manufacturers to track key parameters and maintain consistency.
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e Interpretation & Correlation: Test outcomes are analysed alongside raw material and process data to identify causes of
quality issues (e.g., low OIT linked to hydrostatic failures).

RESULTS & DISCUSSION
5.1 Introduction to Empirical Validation

This chapter presents empirical findings from the rigorous QA testing conducted at a leading HDPE pipe manufacturing facility. Data
collected from raw materials, in-process samples, and finished products form the basis for validating product quality and performance
against established national and international standards. The analysis highlights key correlations and demonstrates how these
quantitative results collectively confirm the pipes’ reliability, structural integrity, and long-term durability. Typical value ranges are
provided to illustrate consistent manufacturing outcomes. Visual aids such as graphs, tables, and photographs will be included where
appropriate to support the discussion.

5.2 Raw Material Conformance Results and Discussion

Ensuring the quality of incoming raw materials is critical, as any deviations at this stage can affect downstream processing and final
product properties.

5.2.1 Density

e Results: Density measurements of HDPE resin batches consistently fell within the specified pipe-grade range of 0.940 to 0.960
g/cmd, aligning well with industry norms (0.940 to 0.965 g/cm?). This confirms the consistent quality and suitability of the
resin for pipe extrusion.

e Measurement Data:
o Mass of dry resin sample in air (ma): 3.3648 ¢
o Mass of sample immersed in liquid (ml): 0.2622 g
o Density of liquid: 0.874 g/cm?

e Density Calculation:

Density= [ma/ (ma-ml) ] x Density of the liquid (0.874 g/cm3)
=[3.3648/(3.3648-0.2622)] x 0.874
=0.947 g/cm3

e Discussion:
Consistent density values are critical as they directly relate to the polymer’s crystallinity, stiffness, and strength. The measured
density of 0.947 g/cm? falls within the specified range for PE 100-grade material, confirming the correct resin grade.

5.2.2 Melt Flow Index (MFI)

e Results:
MFI values for incoming HDPE resin consistently fell within the extrusion-grade range of 0.15 — 1.1 ¢/10min (measured at
200°C/5kg).
e Sample Data:
o Sample 1: 0.1222 g
o Sample2:0.1233 g
o Sample 3:0.1224 ¢
o Average weight: 0.1226 g
e MFI Calculation:
Melt Flow Rate= (Avg weight of three sample/240)*600
=(0.1226/240)*600
= 0.3065 g/10min

e Discussion:
MFTI reflects the resin’s melt viscosity and processability. Maintaining an optimal MFI ensures stable extrusion, consistent melt
flow, uniformwall thickness, and minimal internal stresses in the pipe. A high MFI indicates lower molecular weight, risking
reduced mechanical strength and stress crack resistance. Conversely, a low MFI can cause processing challenges, requiring
elevated temperatures or pressures, which may degrade the polymer.
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5.2.3 Oxidation Induction Time (OIT)

OIT measurements on raw HDPE resin consistently exceeded the minimum specified value (e.g., >20 minutes at 200°C),
typically showing values between 25-30 minutes.

Oxidation Induction Time (OIT)

e Results:
A representative DSC thermogram of the raw material shows the exothermal peak onset used to determine the OIT.

Oxidation Induction Time (OIT) In Graph

e Discussion:

OIT measures the antioxidant content and thermal-oxidative stability of the resin. High OIT values indicate adequate stabilizer
levels, which protect the polymer from degradation during high-temperature extrusion and ensure long-term resistance to

oxidation during service. Low OIT values suggest insufficient stabilization, increasing the risk of premature aging and
embrittlement of the pipe.

5.2.4 Carbon Black Content (CBC) and Dispersion (CBD)

Results: CBC was consistently measured at 2.0-3.0 % by weight for black pipes. CBD assessment consistently of "Grade 1"
or ""Grade 2" (homogeneous dispersion with very few or no agglomerates) as

wt. of empty boat [W1] 10.904 ¢
wt. of sample [W2] 1.0051 g
wt. of the carbon residue[W3] 10.9282 g
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Formula= [W3-W1/W2] x 100
=[10.9282-0.9040/1.0051] x 100
=2.40%

Discussion: Carbon black, when present in the correct amount and, critically, well-dispersed, provides essential UV protection and
enhances slow crack growth resistance. Poor dispersion (larger agglomerates) creates stress concentration points within the p olymer
matrix, making the pipe highly susceptible to premature brittle failure upon exposure to sunlight or long-term stress, even if the total
CBC is correct. The consistently high CBD rating ensures the full benefit of UV stabilization and contributes significantly to the pipe's
long-term durability.

5.3 In-Process Production Conformance Results and Discussion

In-process monitoring ensures that the pipe dimensions and initial material properties remain consistent during extrusion,
preventing deviations before significant material is produced.

5.3.1 Online Dimensional Control (OD and Wall Thickness)

e Results:
Real-time monitoring showed Outer Diameter (OD) variations within £0.5% and Wall Thickness (WT) variations within
+0.75% of nominal values. Eccentricity remained below 5%.

e Discussion:
Maintaining tight dimensional control is critical for secure fusion welding, fitting compatibility, and ensuring pressure ratings.
High eccentricity weakens the pipe by creating thinner sections prone to failure. The low variability and eccentricity indicate
effective management of extrusion parameters such as haul-off speed, internal air pressure, and cooling.

5.4 Finished Product Conformance Results and Discussion
5.4.1 Dimensional Accuracy and Visual Inspection

e Results:
All pipes met the dimensional tolerances per standards (e.g., IS 4984, 1ISO 4427), with ovality under 1%. Visual inspections
revealed no major defects like splay, voids, scratches, or inclusions. Print lines were sharp and legible.

e Discussion:
Accurate dimensions and defect-free surfaces are essential for installation and joint integrity. Even minor visual defects can
act as stress concentrators, increasing risk of crack initiation under pressure or external loads.

Results:

e Density: Finished product density is consistently between 0.940 and 0.960 g/cm3, aligning closely with raw material density.

e MFI: Ranges between 0.15 and 1.1 g/10 min, showing minimal change from raw material, indicating stable polymer chain
integrity during processing.

e OIT: Greater than 20 minutes (usually 22-28 minutes), indicating effective antioxidant protection and minimal thermal
degradation.

Discussion

e Stable Density: Confirms that the extrusion process doesn't significantly alter the physical properties of the polymer.
e Minimal MFI Change: Suggests no significant polymer chain scission or cross-linking occurred during extrusion, preserving
material flow characteristics.

e High OIT Values: Antioxidants are still effective after processing, which is crucial for long-term durability and resistance to
thermal-oxidative degradation.

e Asignificant drop in OIT would suggest thermal degradation during processing, which is not observed here.
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Data Comparison Table Highlights

Particular Raw Material Result Finished Pipe Result Criteria

Density 0.947 g/cm? 0.948 g/cm? Shall not differ by >3 kg/m?
MFI 0.3065 g/10 min 0.292 ¢g/10 min Shall not differ by >30%
oIT >20 min >30 min Shall be >20 min

5.4.2 Material Re-characterization (Finished Product)

e Density: 0.940-0.960 g/cm?, confirming correct material grade.
e MFI: 0.15-1.1 g/10 min, minimal deviation from raw material, indicating stable processing.
e OIT: >20 min (typically 22—28 min), showing strong thermal stability.

5.4.3 Tensile Properties (Yield Strength & Elongation at Break)

e Yield Strength: >15 MPa
e Elongation at Break: >350%

Obtained Results

Sr. No. Results Value

1 Area 52.89 mm?

2 Yield Force 1139.27 N

3 Yield Elongation 5.24 mm

4 Break Force 8334 N

5 Break Elongation 283.66 mm

6 Tensile Strength at Yield TD 21.54 N/mim?
7 Tensile Strength at Break TD 15.76 N/mim?®
8 % Elongation p67.33 %

9 Max Force 838.22 N

10 Max Elongation 283.04 mm

5.4.4 Longitudinal Reversion

e Results: Values consistently <3% after heating (e.g., 110 °C), indicating low residual stress.
e Discussion: Low reversion confirms controlled cooling, minimal internal stresses, and improved dimensional stability,
reducing risks of warping or slow crack growth.

5.4.5 Hydrostatic Pressure Test (Long-Term Strength)
e Results: All samples withstood specified hydrostatic pressures without failure.
Short-Term: 20 °C/100 h and 80 °C/48 h — no failures.
Accelerated Long-Term: 80 °C/165 h and 80 °C/1000 h — no failures (1SO 4427, 1S 4984:2016 compliant)

This test is critical for validating the pipe’s long-term pressure-bearing capability. Successful completion, especially of
long-duration tests, confirms the pipe can safely contain fluids or gases at specified pressures throughout its design life.
Consistently meeting the required MRS demonstrates that the material and manufacturing process prevent both short-term
ductile and long-term brittle failures. Test failures require batch rejection and root cause analysis.

5.4.6 Notch Pipe Pressure Test (NPPT) / Slow Crack Growth (SCG) Resistance

e Results: NPPT consistently showed long times to failure, typically >500 hours at 80°C/4.6 MPa for standard PE 100 pipes,
well above the minimum requirement of >165 hours.
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e Discussion: SCG resistance determines the pipe’s ability to resist propagation of small flaws into critical cracks under long-
term stress. High NPPT times indicate excellent resistance to brittle crack growth, enhancing safety margins and ensuring
decades-long service integrity. Low results would signal susceptibility to premature brittle failure despite acceptable
mechanical properties.

5.4.7 Squeeze-Off Test (for Gas Pipes)

e Results: All samples withstood the squeeze-off operation without visible damage, cracking, or integrity loss.
e Discussion: This test verifies a gas pipe’s ductility and ability to endure temporary deformation during maintenance.
Successful performance ensures structural integrity and leak-tightness, confirming operational safety during field repairs.

5.4.8 Resistance to Weathering

After accelerated UV exposure, samples retained mechanical properties (tensile strength, elongation) and OIT values with mini mal
degradation, showing negligible surface chalking or color change. This confirms the effectiveness of the UV stabilizer (mainly
carbon black), ensuring pipes withstand outdoor storage and sunlight exposure without premature aging.

5.4.9 Overall Migration (Potable Water Pipes)
Overall migration values were well below limits (<10 mg/dn®), typically 0.5-2.0 mg/dn?, ensuring minimal leaching and
compliance with potable water safety standards.

5.5 Comprehensive Discussion: Quality Assurance

Consistent raw material quality, stable processing (confirmed by dimensional and material property tests), and excellent
performance under simulated real-world conditions demonstrate a robust quality system. Passing key standards (e.g., 8760-hour
hydrostatic test) validates product reliability and compliance. Continuous monitoring, root cause analysis, and third-party
inspections ensure ongoing improvement and market acceptance.

CONCLUSION
6.1 Conclusion

This thesis, “An Empirical Investigation into the Quality Assurance and Performance Characteristics of HDPE Pipes for Fluid
and Gaseous Transport,” demonstrates that the long-term reliability of HDPE pipes stems not only from the material itself but
froma comprehensive, test-driven quality assurance system.

Key findings include:

e Raw Material Conformance: Rigorous pre-production testing of HDPE resin and additives (Density, MFI, OIT, CBC, CBD)
ensures high-grade materials with stable processing and long-term performance.

e In-Process Production Control: Continuous monitoring of extrusion parameters and pipe dimensions guarantees process
stability, minimal internal stresses, and precise dimensions critical for performance.

e Finished Product Validation: Mechanical tests, low residual stresses, long-term hydrostatic pressure testing, SCG resistance
(NPPT), squeeze-off tests (for gas pipes), and low overall migration (for potable water pipes) confirm the pipes’ durability,
safety, and suitability for extended service.

e Standards Compliance and Integrated QA: Adherence to national and international standards combined with systematic
QA functions, third-party inspections, and customer feedback ensures test validity and continuous quality improvement.

6.2 Limitations of the Study

e Single Manufacturing Unit: The study focused on one manufacturer, providing deep insights but limiting generalizability
across different producers with varying processes and equipment.

e In-House Data Reliance: Data came primarily from the company’s own lab; no independent parallel testing was performed
for verification.

e Simulated Performance: Long-term performance predictions relied on accelerated lab tests, which may not fully capture
complex real-world factors like soil conditions and installation practices.

e Proprietary Information: Confidentiality restricted disclosure of detailed process parameters and formulations, limiting
deeper analysis of optimization and cost factors.
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6.3 Recommendations for Future Research

e Multi-Unit Comparative Studies: Broaden analysis to multiple manufacturers for industry-wide benchmarking and best
practice identification.

e Advanced Non-Destructive Testing (NDT): Explore integrating advanced NDT methods (e.g., ultrasonic, electromagnetic)
for enhanced in-line quality control.

e Machine Learning Applications: Use machine learning to predict quality outcomes from large datasets spanning raw
materials to finished products.

e Long-Term Field Monitoring: Establish programs tracking installed pipe performance under varied conditions to validate
lab tests with real-world data.

e Recycled Content Impact: Investigate effects of recycled HDPE in pipe production and validate performance through
rigorous testing.

e Digitalization of QA: Research full digital automation of QA processes using Industry 4.0 tech for better traceability, real -
time monitoring, and reduced errors.
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