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Corrosion is one of the leading causes of failures of metallic pipelines
in the United States and worldwide. Severe corrosion-induced pipeline
accidents in recent years have raised more widespread attention to
safety issue that brings high risk to people’s life, and surrounding
environments. This study aims to develop and implement new high-
performance multifunctional composite coatings, striving for lifetime
preventing and mitigating internal pipeline corrosion for onshore gas
and liquid transmission pipelines. By taking advantage of the unique
properties of high performance polymer primers and nanoparticles
and nanofibers as additives, the new functionalized high-performance
composite coatings will significantly reduce interrelated corrosion-
fouling-wear issues, effectively elongate the performance life of
metallic pipelines and ultimately protect them under severe corrosive
environments.

The new multifunctional composite coating will be highly paid off for
next-generation pipelines lifetime protection in terms of superior ant-
fouling resistance and abrasive resistance, and long-lasting corrosion
resistance, thereby introducing tremendous economic benefits. The
development and utilization of the coating technologies can
dramatically enhance operational safety in metallic pipelines in terms
of reduction of coating maintenance and repaint costs, as well as
corrosion-related accidents, injuries, fire and delays, and will have a
significant impact on U.S. PHMSA operations, support and implement
corrosion control practices and will ultimately improve the quality
and thus structural safety of constructed pipe structures.



https://www.ndsu.edu/cee/
mailto:Zhibin.lin@ndsu.edu

Table of Contents

SUMMARY OF ACCOMPLISHMENTS ......ooiiiiiitstsieeeie et v
IMIITESTONES ...t bbbttt et e b bbbt bt e st et et bbbt ne e %
CHAPTER 1. INTRODUCTION ......ooiiiiiieie ettt st e e sne e saesresnannens 1
1.1 BACKGROUND .....ooiiitiitiiieieie ettt bbbttt b bbbt a e 1
1.1.1 Corrosion of oil/gas metallic PIPEIINES .........cccooiiiriieice e 1
1.1.2 Internal corrosion of oil/gas metallic PIPEliNeS..........ccovvieiieii i 2
1.1.3 Protective coatings of oil/gas metallic PIPElINES.........cccoeviiiiiiiiiiiiece e 3
1.1.4 Challenges for existing protective COatiNgS .........cccuevverieiiieiieie e 3
L2 OBUIECTIVES ...ttt sttt e st et ettt e s beeteeneenaeneeneens 4
1.3 ORGANIZATION OF THE REPORT ....ociiiiiiieie ettt 4
CHAPTER 2. LITERATURE REVIEW .......coi ittt 5
2.1 BACKGROUND ...ttt sttt st bbb e ettt besbeeneeneeneeneas 5
2.2 OVERVIEW OF PROTECTIVE COATINGS .....coiiiiece et 5
2.2.1 Single Nanofiller Reinforcement ...........c.oov oo 5
2.2.1 Hybrid Nanofiller REINTOrCEMENT ........ccoiiiiiieicee e 7
2.3 DISERPSION OF NANOFILLERS.......cooci ittt 8
2.4 MODIFICATION FOR POLYMERIC COMPOSITE........ccoviiiieieieiesese e 9
2.5 SUMMARY ..ottt bbbkt b bRttt bbb bt ne e e e 10
CHAPTER 3. RESEARCH STRATEGY AND METHODOLOGY FOR
EXPERIMENTAL STUDY .ottt sttt bbb 11
3. LINTRODUCTION ..ottt sttt n et e e snestesteereanaeneeneeneens 11
3.2 STRATEGY AND TECHNIQUES FOR EXPERIMENTAL RESEARCH ........c.cccvu... 11
3.3 MATERIAL AND FABRICATION .....coiiiiieeeieiee ettt 12
BB L IMIALEITALS ..ottt b e 12
3.3.2 Fabrication of NaNOCOMPOSILE COALINGS. .......vvrurereeieieie ettt 12
3.4 CHARACTERIZATION TECHNIQUES.......ccooiiiieect e 12
3.4.1 Particle Size diStriDULION........cooiiiieieee e 12
3.4.2 Transmission electron microscopy (TEM) ......ooveiiiiiiiiieceseeceee e 12
3.4.3 Scanning electron MicroSCOPe (SEM).....ccuiiiiiiiiiiiiie e 13
3.4.4 Powder X-Ray diffraction (XRD)........ccccoveiiiiiiiieii e 13
3.4.5 Fourier-transform infrared spectrosCopy (FTIR) ....coooviiiiiiiiiiiiecee e 14
3.4.6 Atomic force MicroSCOPY (AFIM) ......ooviiiiiece et 14
K B0 Y/ 1 o] RSP 14
3.4.8 ViISCOMELEr TOr VISCOSILY .....viiveieiiiiieiie ettt ettt 15
3.5 PERFORMANCE EVALUATION METHODS.......ccoi ittt 15
3.5.1 Electrochemical impedance spectroSCopy (EIS).......cccovviviieiieiiiciiiciec e 15
3.5.2 Longer-term COrroSION FESISTANCE. ........civiiuiriiriieiieie ettt 16
3.5.3 Electrical equivalent circuit (EEC) technique based on the EIS results ...................... 16
3.5.4 ADrasion rESISTANCE TEST........ciieieiierieeie s et esee e e e re e reesteaseesreeneeenee e 17
3.5.5 COoUPON tENSION TESE....cuviiiiieiie ettt et e e sre e e be e raeaneeas 18
3.5.6 Water CONtACT ANQIE TEST........oieieieeie i 19
3.5.7 AQNESION PIOPEITY ....veeiiiieitie ittt ettt e e s b e st e et e e e be e sbeesbe e reeanneeas 19
3.5.8 Water droplet adhesion from the coating SUrface ...........ccocvvrininiiinene e 20

Vi



3.5.9 Modified filed reliability test with liquid flow instrument .............cccooeviviie e, 21

3.6 SUMMARY ...ttt sttt s e et et et et e e st e R e e Rt et et e nententeereeneeneeneeneens 21
CHAPTER 4. POLYMER SELECTION FOR NANOCOMPOSITE COATINGS. ............ 23
4.1 BACKGROUND ..ottt sttt sttt st saana e s et e te st stenneesaeneenseneas 23
4.2 CRITICAL FACTORS AFFECTING MATERIAL SELECTION.......cocoiiiiiiiiiiiieienns 23
L R O (o (o] PR TP PSP PP PRPPR PPN 23
4.2.2 Abrasion resistance of the selected polymer reSins ..........ccccoeeveieeiiiie v e 23
4.2.3 The contact angle of the selected polymer reSins ..........cccovviiiniinieieienesese s 24
4.2.4 The corrosion resistance of the selected polymer resins..........ccccccvevviieviveiecieseennens 24
4.2.5 Other considerations based on the literature Study ...........cccooviiriiiiieienes e 25
4.3 SUMMARY ..ottt bbbt bbbt bbbttt bbbt neas 25
CHAPTER 5. SINGLE FILLER REINFORCED NANOCOMPOSITE COATINGS........ 27
5.1 BACKGROUND .....ociitiiiiitiiieiieieie ettt st sttt abe st beaneeneeneenens 27
5.2 CHARACTERIZATION OF NANOFILLERS AND NANOCOMPOSITES ................... 27
5.2.1 The Influence of Dispersion Methods for Nano-reinforced Composites..................... 27
5.2.2 Particle Size diStriDULION........ccoiiiiieiiec e 28
5.2.3 Transmission electron microscopy (TEM) .......oovveiieiiiicieic e 31
5.2.4 X-ray powder diffraction (XRD) .......ccoooiiiiiiiiiiieiese e 32
5.3 PERFORMANCE OF SINGLE FILLER REINFORCED NANOCOMPOSITES. ............ 33
5.3.1 COITOSION FESISTANCE ... .eevveveeieesiesieesieeeesteesteeseeste e teeseesteeteaseesreesteeneesseeseaneesreenseenee e 33
5.3.2 ADIaSioNn FESISTANCE ......c.eeuiiieiiieiie sttt bbbttt b b ne e 40
5.3.3 COUPON TENSION TEST.....e.uiiieiieiieie ettt 42
5.3.4 Water CONtACE ANQIE.......cviiiiiiicic e 45
5.3.5 AdNESION 10 SUDSIIALE ......eevieieeie s 46
5.4 SUMMARY ..ottt bbbttt b et b e bt b e e e et bbb b et e ne e nens 48
CHAPTER 6. HYBRID NANOFILLER REINFORCED COMPOSITE COATINGS....... 49
6.1 BACKGROUND ......ooitiiiiiiiieieieie ettt ettt s et e ettt beaneeneeneenens 49
6.2 PERFORMANCE OF HYBRID FILLER REINFORCED NANOCOMPOSITES. ........... 49
6.2.1 COITOSION FESISLANCE ... evieveeieesieeesie e steste st e e et e et et ste st et be s e s et eseebenaesbesbenreane e 49
(O AN o] - [0 g I 11T 51 - g Lo SR 54
6.2.3 COUPON TENSTON TEST......eeuiiiiiiie ettt et be et e e e sreenreenee e 55
6.2.4 Water CONTACT ANGIE........ooiiiiiiie e 57
8.3 SUMMARY ...ttt sttt ettt b et b e bt e b e e s e et et e nbeebe s beebeebeaneeneeneens 57
6.3.1 Selection of Nanofiller Reinforcement for Pipeline Applications............c.cc.ccocvnenee. 57
6.3.2 Characterization of the Selected GNP/NS Hybrid Composite Coatings ..................... 58
CHAPTER 7. ENHANCEMENT OF SELECTED NANOCOMPOSITE
COATINGS FOR PIPELINE APPLICATIONS. ...ttt 61
7. L BACKGROUND ......ooiiiiiiit ittt sttt ettt ba et et et e snestestesreanaanee s eneens 61
7.2 CHARACTERIZATION OF OPTIMIZED NANOCOMPOSITES........ccoovvviriieieienen, 61
7.2.1 COrrosion DENAVION........c..oiiiicc e 61
7.2.2 ADIaSION RESISTANCE ... .ccuviiiieieeie ettt sttt neesreeeeenee e 61
7.2.3 CoNtACT ANGIE TESE ...t 62
7.2.4 CoUPON TeNSHIE TSE ..ottt e et eanee s 63
7.3 DURABILITY AND RELIABILITY UNDER SALT FOG EXPOSURE (B117)............. 64
7.3.1 Corrosion barrier performance during salt fog test..........cccevveiiiieiiiiiie e 64

Vii



7.3.2 Hydrophobicity during salt fog test: contact angle ..........cccoovveienieiiesecc e, 65

T4 SUMMARY ..ottt ettt se et e et et e st e be e te e b e e Rt e st et e ssestesteabeanaeneeneeneens 66

CHAPTER 8. ROBUST, HIGH-PERFORMANCE MULTIFUNCTIONAL

COATINGS FOR PIPELINE APPLICATIONS. ...t 67
8.1 BACKGROUND ......coitiitiitisitsiieie ettt ettt bbbttt sttt e b s e e nens 67
8.2 NEW COMPOSITE COATINGS WITH SUPERAMPHIPHOBIC SURFACE................. 67

8.2.1 Corrosion Barrier PerfOrManCe.........cccoiiiiiiiiiieie e 67
8.2.2 CoNtaCt ANGIE TS ....viieieiieieee e 68
8.2.3 Water Droplet Ascending and Descending from the Coating Surface ........................ 68
8.3 LONG-TERM DURABILITY OF NEW HIGH-PERFORMANCE COATINGS............. 69
8.3.1 Durability and Reliability Under Salt FOg EXPOSUIE.......cccoevveiieiieiieieeseee e 69
8.3.2 Hydrophobicity during Salt fOg teSt ..........cuiiiiiiieee e 70
8.3.3 Simulated field reliability teSt..........cceveiiieiice e 71
8.4 SUMMARY ...ttt sttt et et et et e et e ae e R e e Rt et et e aeete e reeteeneene e e eneens 72

CHAPTER 9. UNVEILING FAILURE MECHANISM OF COATINGS VID.

DEFECT ANALYSIS ..ottt sttt e ta e et et e aentesreeneene e 75
0.1 BACKGROUND ....cotiitiitiitisieisieie sttt sttt et bbbt e neeneeneenens 75
9.2 VOID CHARACTERIZATION ....ooiiie ettt 75
9.3 CORRELATION STUDY BETWEEN DEFECT ANALYSIS AND COATING
PERFORMANCE .......ooitiiiii ettt ettt sttt e teasa e e et et e stentenneereeneeneenee s 76

9.3.1 Neat epoxy associated with pitting COrroSION ...........cccevvveveiieieeie e 76
9.3.2 Single filler/epoxy reinfOrCEMENT ..........cooiiiiiiieee e 76
9.3.3 Graphene nanoplatelets reinforCemMENt...........ccccovevveiiiieie s 77
9.3.4 Nano Silica reiNfOrCEMENT ........cviiieiieie et 78
0.4 SUMMARY ..ottt bbbttt b e bbbt b e Rttt bbb bt ne et 78

CHAPTER 10. EXPLORATION OF COATINGS ON WELDMENT IN

PIPELINES ..ottt e bbb bt et e st et e e aenbeabenbeene e 81
10.1 BACKGROUND ......cooiiiiieieieieites ettt ta et saesbeste st neenaenaeneeae s 81
10.2 EXPERIMENTAL PROGRAM ......ootiiiiaiiiieieie ettt st 81

O . = =] - LSS 81
10.2.2 Welding Process and Fabrication of Nanocomposite Coatings.........c.ccccevvevvevveennene. 81
10.3 CHARACTERIZATION OF THE WELDMENT WITH AND WITHOUT
COATING .ottt et bttt s et e et b e st e ke e bt e b e e se e st et e sbesbe st e ebeabeeneeneeneens 82
10.3.1 Corrosion resistance determination...........ccovcverveierieerieere e see e 82
10.3.2 Anti-Corrosion Performance of the Coated Weldments...........ccccovevereneicieninnnnn, 83
10.3.3 Abrasion Resistance of the Coated Weldments...........ccoocvvvevieienienieene e 85
10.4 SUMMARY ..ottt b et b e bttt s e et e b et e st et s bt beeneen et nes 86

CHAPTER 11. EDUCATION AND OUTREACH ACTIVITIES ..o, 87
11.1 DISSEMINATION OF THE PROJECT ...coooiiiiieece et 87
11.2 OUTRACH ACITIVIES ASSOCIATED WITH THE PROJECT .......ccccoeveceeeceeen 88

11.2.1 High school student outreach program in 2017 .........ccccooveiiiiieeiie s 88
11.2.2 High school student outreach program in 2018 ..........cccocceiiiininienieiee e 89
11.2.2 High school student outreach program in 2019 .........cccccoveiiiiii i 90
CHAPTER 12. CONCLUSIONS.......ooiieee ettt nne e 93

viii



Reference



SUMMARY OF ACCOMPLISHMENTS

Technical Accomplishments (patents, invited talks and keynotes, publications, awards)

(1) Patents

1.

Zhibin Lin, Xingyu Wang (2020), Robust Self-Cleaning Nanoparticle-Polymer Coatings
IP Disclosed to North Dakota State University, No. 63/045,426, 06/29/2020 Patent
pending Attorney Docket No. 016.0043-PR00

(1D Invited talks and keynotes

1.

2.

(Keynote) "Machine learning, data analytics and information fusion for structural health
monitoring", 2019 International Conference on Artificial Intelligence, Information Processing and
Cloud Computing, Dec. 19-21, Sanya, China.

(Invited Talk) "Design and Characterization of Functional Nanoengineered Epoxy-Resin Coatings
for Pipeline Corrosion Control ", Coating Trends and Technologies 2019, Sept. 10-11, Rosemont,
IL, USA.

(111 Publications

Peer-Reviewed Journal Publications (*: corresponding author)

1.

Xingyu Wang, Zhibin Lin* (2020) "Robust Self-Cleaning Nanoparticle-Polymeric Coating for
Metallic Structure Application™ ACS Applied Materials & Interfaces (submitted)

Xingyu Wang, Zhibin Lin* (2020) "Robust, Superhydrophobic Anti-corrosion Coating Prepared
by PDMS Modified Epoxy Composite with Graphene/Nano-silica Hybrid Nanofillers" Surface
and Coatings Technology (submitted)

Xingyu Wang, Zhibin Lin* (2020) "Mechanical, Electrochemical, and Tribological Properties of
New Multifunctional GNP/NS Binary-Filler-Based Nanocomposite Coatings" Progress in
Organic Coatings, Accepted.

Xingyu Wang, Zhibin Lin* (2020) " Enhanced Protection Properties for Polymeric Coatings
Reinforced by Carbon-based Nanoparticles for AlSI 1018 Low-Carbon Steel Weldment" ASCE
Journal of Materials in Civil Engineering, Accepted.

Xingyu Wang, Matthew Pearson, Hong Pan, Mingli Li, Zi Zhang, Zhibin Lin* (2020) "Nano-
Modified Functional Composite Coatings for Metallic Structures: Part 1-Electrochemical and
Barrier Behavior" Surface and Coatings Technology, 126286.

Xingyu Wang, Fujian Tang, Qi Cao, Xiaoning Qi, Hong Pan, Zhibin Lin* and Dante Battocchi
(2020) "Nano-Modified Functional Composite Coatings for Metallic Structures: Part I1-Mechanical
and Damage Tolerance " Surface and Coatings Technology, 126274.

Xingyu Wang, Fujian Tang, Qi Cao, Xiaoning Qi, Matthew Pearson, Mingli Li, Hong Pan, Zi
Zhang, and Zhibin Lin* (2020) "Comparative study of carbon nanotubes, graphene, and fullerene
C60 additives for enhanced carbon-based polymer nanocomposites."” Nanomaterials, Vol. 10,
p.838.

Xingyu Wang, Xiaoning Qi, Zhibin Lin*, Dante Battocchi, and Xi Chen (2019) "Enhanced
Protective Coatings Based on Nanoparticle fullerene C60 for Oil & Gas Pipeline Corrosion
Mitigation." Nanomaterials, Vol. 9, p.1476.



9.

Xingyu Wang, Fujian Tang, Xiaoning Qi, and Zhibin Lin* (2019) "Mechanical, Electrochemical,
and Durability Behavior of Graphene Nano- Platelet Loaded Epoxy-Resin Composite." Composites
Part. B: Engineering, Vol. 176, p.107103

10. Xingyu Wang, Xiaoning Qi, Zhibin Lin*, and Dante Battocchi. (2018) "Graphene-Reinforced

Composites for Protective Coatings for Oil and Gas Pipelines." Nanomaterials, Vol. 8, p. 1005.

Peer-Reviewed Conference Publications and Posters (*: corresponding author)

1.

Xingyu Wang, Fujian Tang, Qi Cao, Xiaoning Qi, and Zhibin Lin* (2020) "Nanoparticles for
improved functional composite coatings for corrosion control of underground and marine civil
infrastructure systems™ International Conference on Bridge Maintenance, Safety and Management
2020, June 28-July 2, Hokkaido, Japan.

Xingyu Wang*, Fujian Tang, Xiaoning Qi, Matthew Pearson, Zhibin Lin*, and Dante Battocchi
(2020) "High-Performance Anti-Corrosion Coatings Based on the Inclusion of Nanomaterials",
Corrosion 2020, March 15-19, Houston, TX, USA.

Xingyu Wang*, Xiaoning Qi, Dante Battocchi, Zhibin Lin*, and Matthew Pearson (2020) "
Corrosion behavior of weldment with and without coatings”, Corrosion 2020, March 15-19,
Houston, TX, USA.

Xingyu Wang*, Xiaoning Qi, Mingli Li, Zhibin Lin*, and Dante Battocchi (2019) "Characterization
of Graphene Reinforced Epoxy Coatings for Internal Surface of Qil and Gas Pipelines ", ASCE
Pipelines 2019 Conference, July 21-24, Nashville, TN, USA. & ASCE Pipelines 2020 Conference,
Aug. 9-12, San Antonio, TX, USA

Xingyu Wang*, Xiaoning Qi, Matthew Pearson, Mingli Li, Zhibin Lin*, and Dante Battocchi
(2019) "Characterization of Nano-Particle Reinforced Epoxy Coatings for Structural Corrosion
Mitigation", Bridge Engineering Institute Conference 2019, July 22-25, Honolulu, HI, USA.

Xingyu Wang®, Xiaoning Qi, Matthew Pearson, Zhibin Lin*, and Dante Battocchi (2019) “Nano-
Modified Protective Coatings for Pipeline Corrosion Control and Mitigation”, 2019 TechConnect
World Innovation Conference, June 17-19, Boston, MA, USA (abstract and poster).

(1V) Awards

Zhibin Lin, Research of the Year, College of Engineering | 2018
North Dakota State University, ND, USA.

Xingyu Wang, Nominated for Doctoral Dissertation Fellowship | 2020
North Dakota State University, ND, USA.

Xingyu Wang, Winner of Graduate Research Assistance of the Year | 2020
North Dakota State University, ND, USA.

Education Accomplishments (student recruitment, outreach activities)

(1) Student recruitment

Doctoral Dissertation

Student: Xingyu Wang

Title:

Vi



“High-performance Carbon-based Nanocomposite Coatings: Fabrication,
Characterization, and Their Application for Metallic Infrastructures” North Dakota State
University, Department of Civil & Environmental Engineering

Estimated graduation date: May 2021

Master’s Thesis

Student: Matthew Pearson

Title:
“Delamination Characterization of Nanocomposite Epoxy Coatings by Incorporating
Acoustic Emission” North Dakota State University, Department of Civil & Environmental
Engineering

Estimated graduation date: May 2021

(11) Outreach activities
Mentoring over eight high-school students working on related research for ND Governor
high school summer program | 2016-2019

vii



Milestones

In this project, one primary deliverable aims to develop a high-performance coating for the internal
surface of oil & gas pipelines. According to the experimental study, the new high-performance
coating has a significant advantage over existing coatings when tailored to provide multifunctional
protection for extended long-term pipeline performance against corrosion fouling-wear issues,
which cannot be offered by other systems in the market.

Results revealed that the integration of these reinforcements had improved the coating's overall
performance, as the coating consisted of outstanding anti-corrosion performance, wear resistance,
mechanical strength, water-repellency property, and damage tolerance. Moreover, the facile
fabrication method and simple application procedure exhibited its potential toward large-scale
commercialization for metallic infrastructures.

By investigating the performance and micro/nano level characterization, the research offered an
opportunity to understand the relationship between the deposition parameters and the coating
functionality, the mechanical properties of the coating will be. The research work comparatively
evaluates the influence of these nanofillers on nano-reinforcement, primarily, an experimental
investigation of the tribological, mechanical and electrochemical properties.

For single & hybrid filler nanocomposites, even literature reviews demonstrated that the
investigations on these nanofiller/polymer composites, due to widely varied composite designs,
different dispersion procedures, and experiment methods, limited and inconsistent conclusions
could be made that hindered evaluating the effects of various nanofillers on their tribological,
mechanical and electrochemical performance. As a result, without a comparative experiment
design and consistent criteria, there was no clear information available to guide scientists and
engineers on how to properly select different nanofillers and how to effectively design promising
nanocomposites. Especially when specific properties are desired, this report is an opportunity to
make a comparison between additives by taking the advantage of experimental results.

Furthermore, this research work offered an excellent solution for mitigating corrosion and
understanding the performance of advanced materials and practical guidelines for their
implementation in the durability of civil infrastructure. The proposed study will also overcome the
limitations of existing methods and the research findings can significantly benefit civil engineering
fabricators, designers, and contractors, States and U.S. department of transportations.

In summary, the highlights of this research work include:

@ New high-performance nanocomposite coatings exhibited superior anti-corrosion resistance,
water-repellency, mechanical and tribological properties, thereby enabling protecting metallic
oil/gas pipelines in long term.

(b) A systematic experimental and analytical investigation used for the development and
characterization of nano-modified high-performance composite coatings provide scientists and
engineers with the opportunity to select different nanofillers and design promising nanocomposites
effectively properly.



CHAPTER 1. INTRODUCTION

1.1 BACKGROUND
1.1.1 Corrosion of oil/gas metallic pipelines
The United States consists of over 2.6 million miles of gas and oil pipelines. Pipeline spill or

explosion accidents occurred in recent years, as shown in Fig. 1, while corrosion is one of the
leading causes of failures of these metallic pipelines in the United States.
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Figure 1.1: Pipeline accidents in the United State
(Photos from http://projects.propublica.org/pipelines/)

Corrosion of onshore gas and liquid transmission pipelines were responsible for over $7 billion
cost. PHMSA data revealed that corrosion still maintains as high as over 20% of all pipeline failure
causes in the past thirty years since 1980. Take North Dakota as an example, North Dakota has
become the second-leading oil-producing state in the nation, while there are ever-increasing
pipeline accidents over the last decade, as listed in Table 1.1. Some statistics data worldwide have
also demonstrated that corrosion or corrosion-induced damages/defects were mainly blamed,
which eventually caused the tragedies. Apart from huge financial losses due to damaged assets,
corrosion or corrosion-induced damages/defects causes catastrophic failures, accidents and loss of
precious lives. These severe corrosion-induced pipeline accidents in recent years have raised more
widespread attention to safety issue that brings high risk to people’s life, and surrounding
environments.

Table 1.1: Pipeline accidents in recent years at North Dakota.

Accident Location Year Loss

Pipeline spill Tioga 2014 One gas pipeline exploded and burned

Pipeline spill Tioga 2013 865,000 gallons

Pipeline spill Sargent County 2011 Spilling 400 barrels of crude oil

Pipeline spill Neche 2010 Releasing 3,784 barrels of crude oil

Pipeline spill Mantador 2004 Residents were evacuated, and a rail line was shut down
Pipeline spill Barnes County 2003 Releasing 9,000 barrels of propane
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Pipeline
ruptured

Pipeline spill Harwood 2001 Spilling 40 barrels of fuel ail

Bottineau 2001 1.1 million US gallons (4,200 m®) of gasoline burned

1.1.2 Internal corrosion of oil/gas metallic pipelines
Internal pipe surface is vulnerable to corrosion damage. Examples of this are the pipeline ruptures

in Alberta, Michigan and BP's Prudhoe Bay, Alaska, pipeline that was shut down due to multiple
sections losing 70% or more of wall thickness as a result of internal corrosion. The U.S.
Department of Transportation Office of Pipeline Safety estimates that internal corrosion causes
approximately 15% of all incidents occurring in oil and gas transmission pipelines with an annual
industry cost of almost $15 billion US dollar per year. Studies conducted in the United Kingdom
and the Middle East have come to similar conclusions. In some areas, as clearly illustrated in Fig.
1.2, the internal pipe corrosion could dominantly account for 51% of total corrosion-related
breakdowns.

Weld Failure

. Internal Corrosion
External Corrosion

Figure 1.2: Dominant internal pipe corrosion (data from Nalli, 2012)

One of the main challenges facing the pipeline industry with respect to managing pipeline
corrosion is the difficulty in predicting internal corrosion. Internal corrosion on onshore gas and
liquid transmission pipelines often initiates when pipe surface locally reacts with a combination of
contaminants, including moisture, oxygen, carbon dioxide, chlorides or sulfur compounds present
in gas/liquid. As identified early, corrosion is also caused and sustained due to combined effects
from fouling/microorganisms and local erosion on the internal pipe surface. As clearly illustrated
in Fig. 1.3, localized pitting is responsible for 79% of all corrosion mechanisms. Such localization
could be responsible for combined/interrelated effects due to pitting, fouling, and wear. As a result,
existing technologies face a challenge in designing favorable protective coatings for harsh
environment.

General Others
Corrosio

17 %

Localized Pitting

Figure 1.3: Detailing in pipeline corrosion (data from PHMSA 2010-present)



1.1.3 Protective coatings of oil/gas metallic pipelines

Protective coatings act as barriers between the steel substrate and the environment in order to resist
the transport of water, oxygen, ions and other aggressive species to the coating metal interface.
Protective coatings for internal corrosion control have a wide variety of types, including single or
dual-layer fusion bonded epoxy coatings (FBE), coal tar, asphalt enamels, Epoxy Resin lining,
Polyurethane/Polypropylene (PE/PP) lining, and other fiber-reinforced polymer (FRP) linings.

1.1.4 Challenges for existing protective coatings

As typically observed in performance of protective coating in pipelines, the percolation of afore
mentioned aggressive species leads to coating delamination and under-film corrosion, and the loss
of corrosion protective function. Therefore, lessons from major failure modes of coating systems
in pipelines can attribute to valuable information for selection of suitable coating systems. Our
review of past cases studies and practices indicates that the failure of coatings focuses on:

1) Low mechanical and damage tolerance. Coatings with insufficient damage tolerance often end
up with premature degradation and eventually failure. Lab-proven coatings often not perform well
in the field. Local coating imperfections and mechanical damage during shipping and handling or
operation at in-service stage often causes disbondment and under-film corrosion. Wear is another
key factor affecting the performance of the coatings, and low mechanical abrasion of a coating
could fail prematurely as a pipeline often suffers from erosion due to flow change, even though
the coating is designed with a high corrosion resistance. Thus, there is a huge demand for an
alternatively cost-effective coating system for production of engineering components with
excellent corrosion resistivity, as well as high damage tolerance.

2) Low long-term durability. The protective coatings used in the oil/gas metallic pipelines is often
exposed to frequent cycles of surface abrasion and wear as well as varying operational
environments. This is a partial explanation of the common observation that the initially-proved
coatings with a high corrosion resistance could not perform well in the long run, as initially
predicted. Thus, design of a protective coating with long-term performance could really extend
their service life for their real-world applications.

3) Low anti-fouling resistance. Among all factors contributing to the failure of coatings and their
protected metallic substrate, the water uptake process is important since water is the medium for
the diffusion of oxygen and ions, and it also nucleates coating delamination and blistering. Water
and other liquid/biological fouling often accelerate failure of the coating. Thus, effectively
isolating wetness away from the coatings can extend their lifespan and thereby truly protect
metallic substrate (pipe walls), which yields the motivation in this study for seeking new concept
of a superhydrophabicity.

4) Low resistance to combined effects of corrosion, fouling, and wear. Most existing coatings are
often designed in one specific function, either high corrosion resistance or anti-fouling capacity.
However, lack of protective coatings has incapability of resisting combined effects: corrosion,
fouling and wear/erosion, where internal pipe surface may suffer from.

This understanding drives us to propose new high-performance composite coatings in this project
that may be possible to reduce internal corrosion even further. The new high-performance coating



is expected to have a significant advantage over existing coatings when it is tailored to provide
multifunctional protection for extended long-term pipeline performance against corrosion fouling-
wear issues, which cannot be offered by other systems in the market.

1.2 OBJECTIVES

As the high-performance anti-corrosion coatings have been gaining increasing attention in oil and
gas pipeline application, this research work intends to develop new multifunctional coatings to
fulfill these demands. To be able to effectively protect the metallic substrate against the harsh
corrosive environments in the oil and gas pipelines, the desirable properties for the multi-
functionality of composite coatings include but not limited to:

Excellent corrosion protection properties

Excellent abrasion-resistance

Excellent mechanical properties

Excellent long-term durability and damage tolerance
Reduced cost and time consumption
Environment-friendly
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1.3 ORGANIZATION OF THE REPORT

This report is organized into sixteen chapters as follows: the first part includes the introduction
and background about protective coatings in Chapters 1 and 2. A review of existing practices and
research on coatings is provided in Chapter 2. The experimental methodology and techniques
employed in this research work is proposed in Chapter 3. Chapter 4 aimed for polymer screening
process for nanocomposite coatings and a polyamine cured bisphenol-A epoxy coating was
selected in this work. Chapter 5 is to explore evaluation of the overall performance coating
reinforced by single nanofillers. Chapter 6 is to evaluate the overall performance coating that
reinforcement by hybrid nanofillers, and select the optimal composition. Chapter 7 aims to propose
the enhancement of the selected nanocomposite coatings for pipeline application. Chapter 8 is to
explore the robust, high-performance multifunctional coatings for pipeline applications. Chapter 9
is to unveil the failure mechanism of coatings. Chapter 10 tends to explore the performance of the
coating on the weldment. Chapter 11 is to briefly summarize the education and outreach activities
associated with this project. Conclusions are summarized in Chapter 12.



CHAPTER 2. LITERATURE REVIEW

2.1 BACKGROUND

Polymeric coatings are widely accepted for protecting metallic structures in civil, mechanical, and
aerospace engineering by forming a barrier on top of the metallic substrate against aggressive
chemicals and environmental attack. While a wide number of protective polymeric coatings have
been developed for engineering applications, the biggest challenges for most protective coatings
are their long-term durability and damage tolerance.

As an emerging technology, high-performance composite coatings through the inclusion of
nanoparticles as additives have recently demonstrated great potential and attracted significant
interest in engineering applications. Recent studies revealed that the inclusion of nanomaterials in
polymer matrix led to various enhancements. The nanoparticles reinforced polymer has been
studied and became one of the most relevant applications for nanoparticles since the discovery of
carbon nanotube in the 1990s [1]-[3]. The use of polymer reinforcement is one of the most
promising applications for nanoparticles due to the unique properties provided by nanoparticle
reinforcement. [2]. The nanocomposites have displayed excellent mechanical, thermal and
electronic attribution which made them as advanced multifunctional material [4]. Thus, this
chapter aims to present a literature study for the research work in this project, which includes: 1)
single filler reinforced nanocomposite, 2) hybrid filler reinforcement nanocomposite, 3) dispersion
of nanofiller in the polymeric matrix, and 4) modification of polymeric resin.

2.2 OVERVIEW OF PROTECTIVE COATINGS

2.2.1 Single Nanofiller Reinforcement

The nanoparticles has been studied by many researchers, and this topic became one of the most
relevant applications for nanoparticles since the discovery of carbon nanotube in the 1990s [1]-
[3]. The nanofillers can be defined as zero, one, or two-dimensional materials which indicate there
are 0, 1, or 2 dimensions are larger than 100nm, correspondingly. Graphene (GNP), carbon
nanotubes (CNT) and nanosilica (NS) are typical 2D, 1D, and OD materials; thus, their unique
shapes and sizes will provide a different combination of properties [1], [5].

Polymer reinforcement is one of the most promising applications for nanoparticles as the unique
properties of nanomaterials can be used to develop multi-functional composites [6]. Recent studies
have found out that adding different carbon nanomaterials into a polymer matrix will lead to
various enhancements. For example, the addition of nanodiamond (ND) particles leads to excellent
biological properties, Carbon nanotubes (CNT) will significantly increase the mechanical and
electrical properties, and improvements of thermal and mechanical properties by adding graphene
nanoplatelets have also been investigated. [3], [7]-[12]

Graphene (GNP), a two-dimensional carbon nanomaterial with the building block of natural
graphite, is currently the strongest known material [13]. It is a planar monolayer of carbon atoms
with the C=C bond length of 0.142 nm.[14] Researchers’ studies have shown that graphene has
many extraordinary electrical, mechanical, thermal, and optical properties with high electron
mobility (250,000 cm?/Vs at room temperature), thermal conductivity (5000 W m* K1), and
Young’s modulus of 1 TPa [15]-[17]. Moreover, some derivatives of graphene, such as graphene



oxide (GO) and reduced graphene oxide (RGO), can also serve as effective barriers to ionic
transport and abrasive-resistance enhanced additives in coatings.

Many researchers have been studied the anti-corrosion performance and barrier properties of
graphene/polymer coatings [2], [18]-[21]. Liu et al. [18] fabricated graphene/epoxy coatings with
two different contents, 0.5 and 1.0 wt.%. Their results showed that the presence of GNPs enhanced
the corrosion resistance of the epoxy coating and the coating with 0.5 wt.% graphene exhibited the
better performance. Chang et al. [19] discussed the impacts of the dispersion of graphene on the
coating performance. Liu et al. [2] investigated the tribological and anticorrosion properties of
epoxy coating reinforced by graphene nanoparticles. They observed that dramatic material
degradation occurred when the content of graphene was higher than 0.5 wt.%, due to the
agglomeration of the nanoparticles. Different from previous work [2], Yu et al. [20] found that
higher content of graphene nanoparticles still provided high performance in resistance to corrosion
and gas barrier. They evaluated the nanocomposites with varied contents of graphene from 0.5 to
2.0 wt.%, and they concluded that 2.0 wt. % of GNP additions achieved great improvement of
anti-corrosion performance and gas barrier properties. Monetta et al. [21] experimentally evaluated
the performance of graphene/epoxy coating with 1.0 wt.% of graphene nanoparticles. Their results
indicated graphene improved the anticorrosion properties of polymers. They also pointed out that
the curing process of epoxy was not affected by the addition of graphene, and no significant
changes were found in adhesion and water repellency of the cured coating.

The studies have shown carbon nanotubes are also very strong with a high flexibility due to its
C=C bonds which is similar to graphene nanoplatelets [13]. As discussed early, carbon nanotubes
are described as a 1D carbon nanomaterial. A rolled- up narrow strip of monolayer graphene in a
cylinder form is called single-wall carbon nanotube (SWNT). Multiwall carbon nanotubes
(MWNT) can be obtained by adding many rolled-up concentric cylinders.[22] The diameters of
single-walled carbon nanotubes can be around 0.4-2 nm with empty internal space. Carbon
nanotubes have been observed excellent mechanical, thermal, and electric properties. The
properties of carbon tubes will be different between SWNT and MWNT. For example, Young’s
modulus of SWNTSs can be 1.25TPa and MWNTS can be as high as 1.8 TPa [13].

For example, when considering the CNT/polymer composites, much research work has been
conducted to evaluate the mechanical properties and electrical conductivity of the composites. Jeon
et al. [23] fabricated CNT/epoxy coating with three different contents, 0, 0.25, and 0.5 wt.%. Their
results showed that an increase in adhesion strength of the coating, but a decrease impedance
modulus. Zhang et al. [24] has prepared CNT/epoxy coating with higher content of CNT which
was up to 40 wt.%, and observed that incorporation of CNT led to a decrease in impedance as well,
hence, the conductive behaviors was increased. Cui. et al. [25] discussed the impacts of
functionalized CNT in the tensile strength of epoxy coatings, and the tensile strength has increased
by 57% compared with neat epoxy. Wernik and Meguid [26] evaluated the mechanical properties
of CNT/epoxy with varied contents of CNT from 0.5 to 3.0 wt.%, and they concluded that 1.0
wt.% CNT additions gained the highest improvement of tensile strength, strain, and adhesion.
Different from previous work, Zabet et al. [27] found the addition of CNT caused a reduction in
mechanical properties due to the curing process was affected. Their results indicated the hardness
and elastic modulus were significantly reduced in the samples with 2.8 wt.% of CNT. Moreover,
Herna ndez-Pe rez et al. [28] experimentally evaluated the tensile properties and conductivity of



CNT/epoxy. They found the addition of CNT enhanced the conductivity of the composite;
however, very limited improvement of tensile properties was observed.

Moreover, there are many nano-phase materials could be used for assembling nanocomposite
coatings. Successful applications of incorporating nano silica into polymers have been made by
many researchers [29]-[34]. For NS/polymer composites, comprehensive studies were focused on
tribological properties and anti-corrosion performance. Successful application of incorporating
Nano silica into polymers have been made by many researchers [29]-[34]. In M. Conradi’s work,
2 wt.% silica particles were dispersed into the epoxy matrix, and significantly enhanced hardness,
damage resistance, adhesion, hydrophobicity, and corrosion barrier effect were observed [30].
Meanwhile, Kang pointed out that lower friction coefficient and higher water contact angle were
also observed in EP/nano-SiO2 composite coatings with the proper amount of nano silica fillers
[31]. Beside the surface properties, the EIS measurements indicated the corrosion barrier effect
was significantly increased by incorporation of 2wt.% of nano silica particles [32]. The composites
with a high volume of silica nanoparticles (up to 20wt.%) have been studied in Halder and Johnsen
[33], [34]. The highest increase of tensile strength was observed in 5 wt.% of nanoparticles.
Degradation was observed when a higher concentration of nano silica was added, which is
attributed to larger sized agglomeration.

2.2.1 Hybrid Nanofiller Reinforcement

As discussed in the previous report, nanoparticles reinforced polymer has been studied by many
researchers can be used to develop multi-functional composite coatings. The addition of CNT will
significantly increase the mechanical and electrical properties, and improvements of thermal and
mechanical properties by adding graphene nanoplatelets have also been investigated [3], [7]-[12].
However, researchers have pointed out that there are limitations of using one type of nanofillers
in polymer matrices, for example, strong van der Waals forces between fillers lead to poorly
dispersion and agglomeration. Furthermore, a hybrid filler system, which is synergized by the
integration of different nanofillers, could be used to fabricate nanocomposites with a better
dispersion state and stability. Moreover, better mechanical, electrical and thermal properties of
composites were observed in these nanocomposites. [35], [36].

The combination of Carbon nanotubes and graphene nanoplatelets at different mix ratios were
dispersed into the epoxy matrix, and the influence of mechanical and electrical properties was
investigated in Yue’s work. The presence of GNP has improved the dispersion of the CNT, and
the hybrid filler forms a more robust network in the polymer matrix. Better interaction between
nanofillers and epoxy matrix were observed. Meanwhile, the hybrid filler system leads to higher
improvement of flexural properties and reduce the electrical percolation threshold [36].

The experimental study of hybrid nanofillers with CNT and GNP, CNT and nano silica, GNP and
nano-silica at different mix ratios were performed in this study, and the results were presented in
Chapter 5. The improvement of corrosion barrier properties, abrasion resistance, strength could
be observed in these tested groups, but the bonding strength between the coating and steel substrate
was significantly reduced regardless the types and mixing ratios of hybrid nanofillers which the
low surface roughness of the nanocomposites could be the reason. Researchers have done many
investigations to increase the adhesion between epoxy adhesive and steel substrate by
incorporating nanofillers. Many successful works have pointed out that introducing the nano-



Al>Oz particles into the epoxy resin can significantly increase the bonding strength [37]-[39]. The
influence on adhesion by incorporating several types nanoparticles has been studied in Zhai’s work
[38].

2.3 DISERPSION OF NANOFILLERS

The interaction between polymer and nanomaterials depends on the polarity, shape, and size of
nanoparticles, hydrophobicity, reactive groups, solvent, resin, etc. The direct mixing method is
considered only if the polymer has low viscosity. Generally, there are three strategies for
incorporating carbon nanomaterials into polymer matrix: in situ intercalative polymerization,
solution intercalation, and melt intercalation method [40].

The in-situ interactive polymerization method usually requires heat of radiation to initiate
polymerization.[41] The nanocarbon is swollen within the liquid monomer before polymerization.
There are many successful studies that prepared polymer nanocomposites by using this method. In
Aldosari’s study, a Polymethylmethacrylate—graphene (PMMA/RGQO) nanocomposites were
prepared by using in situ bulk polymerization method with two different techniques. In the first
technique, graphite oxide was mixed with methylmethacrylate monomers before polymerized by
using a bulk polymerization method with a radical initiator. To obtain the R-(GO-PMMA)
composites, a reducing agent hydrazine hydrate was added, and the mixture was reduced by
microwave irradiation. In the second approach, RGO-(PMMA) was obtained by the bulk
polymerization of the mixture with a free radical initiator. The result was showing that the first
method, which incorporated microwave irradiation, had better morphology, dispersion and thermal
stability compared with the second method [42].

The melt intercalation method requires nanocarbon materials mixed into the polymer matrix in a
molten state. The advantage of this approach is no solvent is needed during the process. During
the elevation of temperatures, nanocarbon is mixed mechanically with a thermoplastic polymer.
Then the polymer chains are intercalated to form nanocarbon/polymer composites. This method is
usually be used to prepare thermoplastic nanocomposites, and the temperature could be hundreds
of degrees Celsius [40] [43].

In solution intercalation method, nanocarbon is dispersed in a solvent which the solvent will
dissolve the polymer. The solvent then is evaporated after mixing is finished, and nanocomposites
will be obtained after this process. This method is the most commonly used method to fabricate
for nanocomposites with carbon nanotubes. [4] In general, this method will use energetic agitation
(sonication, stirring, etc.) to disperse nanocarbon in a solvent solution so that these nanoparticles
will be uniformly distributed in the matrix.

The three mixing methods that discussed early were the most commonly used strategies for
developing nanocomposites with nanocarbon materials. Few discussions with have been done
during the weekly meeting between graduate students and Pls. The solution intercalation method
will be considered first due to the following reasons.

First, solution intercalation method is the most commonly used method for developing
nanocarbon/polymer composites. It has been proved that nanocarbon materials can be dispersed
easily in a suitable solvent, such as water, acetone, chloroform, tetrahydrofuran (THF),



dimethylformamide (DMF) or toluene.[40] Second, in situ interactive polymerization and melt
intercalation methods require either radiation or high temperature, which this high-energy
consumption is not suitable for the proposed new multifunctional coatings. Compare with the
nanocomposites obtained from melt intercalation method; it has been pointed out that the
nanocomposites obtained by the solution intercalation method have higher electrical conductivity
and lower percolation threshold [43].

A comprehensive literature study of fabricating nanofiller/polymer composites by using solution
intercalation method has been done, and many successful studies have been done by researchers;
hence, Table 2.1 summarized some researchers’ works.

Table 2.1: Nanocarbon/polymer composites obtained by solution intercalation method

Curing Nanocarbon filler Dispersion Application
Matrix Agent Solvent Type Content Sonication Mec_ha}mcal method Ref
stirring
Ethanol
Polyphenylene 0.4,0.8,1.5% . .
sulfide (PPS) PFW eslgijuetci)grs\ Graphene Wt 30 min 10 min Spary [44]
0,
Epon828 PACM20 THF ND 2’4’13/‘;8 ,25% 5 min N/A Hot-press [45]
Epoxy resin THF + Oxidized 0.1, 0.3,0.5% . .
ML-520 HA-11 CTAB ND Wt 30 min 10 min N/A [7]
xylene, ND and
Epoxy resin TETA butanol CNT 5% wit. 3hr. 30 min. N/A [46]
(1:1)
Poly(vinyl
alcohol) N/A Water GO 0.7% wit. 30 min N/A N/A [47]
(PVA)

The summarized works are showing the possibility using nanofillers to fabricate high-performance
coatings and the potential approaches to incorporate the nanomaterials into the polymer matrix.
For dispersion step, the nanoparticles will be dispersed into a suitable solvent which could be
water, acetone, chloroform, tetrahydrofuran (THF), dimethyl formamide (DMF) or toluene, etc.
[40] Sonication and mechanical stirring is usually employed in the dispersion step so the
nanoparticle will be well distributed. According to Shadlou’s study, the duration of sonication can
be various due to the different shapes and size of the nanoparticles, which the sonication duration
of ND, CNF, GO is 30,50,60 min., respectively.[3] Then, the polymer will be added to the solution.
Additional energetic agitation (sonication, stirring, etc.) can be used in this step. For applying the
fabricated coating, conventional air/airless spray method can be used to coat on a metallic
substrate.

2.4 MODIFICATION FOR POLYMERIC COMPOSITE

The influence on the water contact angle by modifying the morphology and incorporating
hydrophobic nanoparticles has been studied by researchers [48], [49]. In their work, the epoxy
adhesive was cast into an artificial biomimetic composite coating by using natural leaves as a
template. The procedure includes: first; the PDMS solution was poured on a fresh, natural leaf and
detached after the curing process, then the cured PDMS polymer was used as a template to cast
the epoxy adhesive. This artificial surface texture has dramatically increased the hydrophobicity
of the epoxy adhesive, and the contact angle was found to be 146 degrees.



Much research has been conducted in the implementation of Polydimethylsiloxane (PDMS)
modified epoxy to improve the water repellency of the coating surface [50]-[53]. In order to
modify epoxy resin with the PDMS, one common way is to use 3- Aminopropyltriethoxysilane (3-
APS), as the coupling agent and dibutyltindilaurate as a catalyst [50], [54]. Ammar et al. [54] have
incorporated PDMS with epoxy resin and the results have shown the water contact angle increased
from 65 degrees (neat epoxy) to 128 degrees. Rath et al. [55] have pointed out that the mechanisms
that the increased water repellency in PDMS modified epoxy resin was due to the intercalation of
PDMS into epoxy would significantly reduce the surface energy. An experimental study of PDMS
modified epoxy incorporated with Nano silica was studied by Ammar et al. [50]. The weight ratio
between PDMS and epoxy was 10:90, with a content of Nano silica that ranged from 2 wt.% to 8
wt.%. The highest water contact angle was observed in the sample that has 6 wt.% of NS, which
was 132 degrees.

2.5 SUMMARY

In summary, the literature review revealed that different protective coatings with different
nanofiller additives exhibit high variation in corrosion behavior. Some studies showed that single
nanofiller loaded coatings may display high corrosion resistance, but other may observe the
enhancement of hybrid nanofiller reinforced coatings. Clearly, these previous studies were carried
out with a focus on specific one or two properties that were responsible for nanofiller
reinforcements but few published documents provided a comprehensive, systematical assessment
for quantifying the impacts of each nanoparticle on tribological, mechanical and electrochemical
properties, which is crucial for the development of nanocomposite. Moreover, to this date,
investigations on nanofiller-polymer coatings were mostly with focus on one single type of
nanofiller. Literature review demonstrated that the investigations on these nanofiller-polymer
composites, due to widely varied composite designs, different dispersion procedures, and
experiment methods, limited and inconsistent conclusions could be made that hindered evaluating
the effects of various nanofillers on their tribological, mechanical and electrochemical
performance. As a result, without a comparative experiment design and consistent criteria, there
was no clear information available to guide scientists and engineers on how to properly select
different nanofillers from a wide range of the nanoparticles and how to effectively design
promising nanocomposites, as focused in the following chapters.
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CHAPTER 3. RESEARCH STRATEGY AND METHODOLOGY
FOR EXPERIMENTAL STUDY

3.1 INTRODUCTION

This chapter presents the strategy and techniques for the experimental study in this research, and
Section 3.2 explained the experiment strategy for the experimental study, and the employed
techniques were also summarized. Furthermore, the material and fabrication procedure for the
nanocomposite coatings are summarized in Section 3.3. The details of characterization and
evaluation techniques were presented in Section 3.4.

3.2 STRATEGY AND TECHNIQUES FOR EXPERIMENTAL RESEARCH
A high-efficiency experimental strategy was developed as all the tasks were possessed
simultaneously but also interacted with each other. The strategy was contributed by parallel tasks:
1) nanofiller reinforcement, 2) polymer screening, and 3) modification of polymer. With this
scientific method, the research challenges in this study were solved efficiently.

The experimental techniques that were used in this study are presented in Fig. 3.1. By following
this flow chart, the authors were able to understand the mechanism of the developed
nanocomposite coatings. The first part was sample preparation, in which the procedure of
fabricating specimens is provided. After that, the samples were characterized by several
techniques; thus, an experimental study was performed on both the nanofillers and
nanocomposites. In the next stage, the performance of the developed coatings was evaluated by
mechanical properties, hydrophobicity, corrosion resistance, and durability. The obtained results
from performance testing were used to lead the direction of the experimental study. In addition,
several new techniques were employed in this project, and the detailed information was presented
in Section 3.3 and 3.4.

S Experimental Technique z

New empolyed characteri-

Specimen preparation > Specimen characterization > I’er"ormal?ce e zation and analytical
techniques N
techniques
Characterization of nanoparticles Mechanical properties Anti-corrosion performance analysis
High speed disperser (HSD) I X-ray powder diffraction | | Transmission electron | | Taber Abraser | | Pull-off adhesion I Electrical equivalent circuit
(XRD) microscopy (TEM) test test. (EEC) analysis
Dynamic light scattering Dog bone tensile Modified field reliability test
Ultrasonication patticle size analysis (DLS) test o
Liquid flow test
Hydrophebicity
Characterization of nanocompaosites
echanical i Raeeoniactenele Defect analysis
Mz i - . . analy
cal SHITING Scanning electron Atomic Force Microscope test
TRy (GIE) Corrosion protection Micro-CT
Viscosity of the Electrochemical Imped.: P Py
Sy iDarlisits nanocomposite mixture (EIS) test

- Durability and reliability
Fourier-transform infrared spectroscopy ’ .

(FTIR)

Salt spray test
(B117)

Figure 3.1: Experimental techinque
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3.3 MATERIAL AND FABRICATION

3.3.1 Materials

Three nanoparticles were used in this study, and transmission electron microscopy (TEM) images
of three nanoparticles were plotted in Figs. 1(a)-1(c). Commercial graphene nanoplatelets (Cheap
Tubes Inc., USA), carbon nanotubes(Cheap Tubes Inc., USA), and nano-silica (Sigma-Aldrich
Corp., USA) were purchased and used without any modification. The average specific surface area
of the graphene is 500-700 m?/g with an average thickness 8-12 nm. Meanwhile, the length and
the outer diameter of the multi-walled carbon nanotubes are 10-50 um and 8-15 nm,
correspondingly. In addition, the silica nanopowder has a diameter between 10 and 20 nm while
the surface is 175-225 m?/g. EPON ™ resin 828 (Hexion Inc., USA), a bisphenol A liquid epoxy
resin, was employed as the polymer to incorporate with nanofillers; thus, EPIIKURE™ Curing
Agent 3175 (Hexion Inc., USA) was used as the hardener to cross-link with the epoxy resin.

3.3.2 Fabrication of nanocomposite coatings

The fabrication method of nanocomposites was presented in this section. Nano-filler particles were
dispersed into the epoxy resin by using a high-shear disk mixer and then an ultrasonic dispersion.
It is worth to mention that the ice/water batch was applied during the dispersion process to avoid
overheating. The curing agent was added to the mixture followed the dispersion process, and the
mole ratio between resin and curing agent was 1:1. A mechanical mixer was applied for 10
minutes, and the speed was controlled as 600 revolutions per minute. All the samples were cured
at room temperature and were completely dried for several days before subjected to experimental
characterization.

3.4 CHARACTERIZATION TECHNIQUES

3.4.1 Particle size distribution

The particle size distribution of the nanofillers was investigated by dynamic light scattering (DLS)
with a submicron particle sizer (NICOMP 380 Particle Size Analyzers). The principle of the
method is well established and understood by researchers. The test method required the
nanoparticles were dispersed into a liquid, so the particles were in a suspension. By exposing the
suspension to an incident light beam, such as a laser source, the particles scatter the light and
broadening the laser spectra. The calculation of the particles size is based on the D the particle
diffusion coefficient and A the wavelength of light.

3.4.2 Transmission electron microscopy (TEM)
JEM-2100 high-resolution analytical TEM instrument was used to examine the morphologies and
microstructures of single and hybrid nanofillers, as shown in Fig. 3.2. The nanofiller were
dispersed into ethanol with a proper weight ratio before TEM observation. The size and shape of
nanofillers were studied by the obtained TEM images.
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Figure 3.2: JEM-2100 high-resolution analytical TEM instrument

3.4.3 Scanning electron microscope (SEM)

The micrographs that obtained in this study were carried out by a field emission scanning electron
microscope (FE-SEM), with a JSM-7600F Schottky at 2 KV. Visual assessment of the prepared
samples was able to be performed with this advanced electron microscopy technique. In our study,
the obtained images from the fractured surface of samples were used to study the dispersion and
agglomeration of the different nanofillers at varied concentrations. Meanwhile, the SEM images
of the abraded sample were used to investigate the relation between surface morphology and water
repellency.

3.4.4 Powder X-Ray diffraction (XRD)

In this study, the X-Ray Diffraction (XRD) analysis was performed by using a Bruker AXS’ D8
Discover multipurpose X-Ray Diffractometer, as shown in Fig. 3.3. XRD is a powerful technique
to study and analyze the nanoparticle structure of the samples. The obtained results were used to
characterize the nanofiller and also determine the degree of exfoliation.
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Figure 3.3: (a) Bruker AXS’ D8 Discover multipurpose X-Ray Diffractometer and (b) XRD test
result of CNT
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3.4.5 Fourier-transform infrared spectroscopy (FTIR)

FTIR analysis was conducted to the neat epoxy and nanocomposites to study reaction mechanism
of epoxy resin and the nanofillers. FTIR spectra of neat epoxy, single filler, and hybrid filler
composite were obtained by a Thermo Scientific Nicolet 8700 spectrometer (see Figure 3.4).

Figure 3.4: Thermo Scientific Nicolet 870.'(‘)""spectrometer

3.4.6 Atomic force microscopy (AFM)

Surface roughness analysis and nanoindentation were performed with atomic force microscopy,
carried out on a Nanoscope Illa system. Both 2-D and 3-D images were collected in ‘‘tapping-
mode’’. By scanning the surface of the coating with a sample-probe, the height changes were
recorded, and three-dimensional images will be formed in the process. The obtained data can also
be used to analyze the surface roughness of the tested samples.

3.4.7 Micro-CT

To study the interaction between nanofiller and polymer resin and the mechanism of nanofiller
reinforcement, Micro-CT scan was used to evaluate the defect/voids in the coating film. As
presented in Fig. 3.5, the dimensions of the scanned sample were 15*20mm, with a thickness of
around 0.8mm. The analysis was performed based on the void content and the size distribution of
the voids; then, the obtained results were correlated to the coating properties from previous studies.

Figure 3.5: GE v|tome|x s microCT for Micro-CT scan
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3.4.8 Viscometer for viscosity

To evaluate the influence of nanofillers on the rheological properties of the polymer matrix,
viscosity test was performed after nanofillers were dispersed into epoxy resin, with a Brookfield
DV-I1 viscometer (Figure 3.6). The experiment was conducted under room temperature (23°C),
and #7 spindle were selected, while the rotational speed was 50 rpm. The results are only valid
while the percent torque reading is between 10 to 90%; otherwise, either the spindle or the
rotational speed should be adjusted. Multiple measurements (at least 3) were taken for each
sample, and the result was the average value of all the readings. Micro-CT scanning of
nanocomposites.

Figure 3.6: Brookfield DV-I1 viscometer for viscosity test

3.5 PERFORMANCE EVALUATION METHODS

3.5.1 Electrochemical impedance spectroscopy (EIS)

EIS test is used to evaluate the interface properties between a substrate and conductive electrolyte
solution. Potentiostat device with counter and reference electrodes that are immersed in electrolyte
solution are required to perform EIS experiments. This potentiostat is employed for applying both
DC potential and small superimposed AC excitation to a working electrode which is immersed in
the conductive solution. After AC and potential measurements are collected over a very wide range
of frequency excitation, then the collected data of current and potential of the electrochemical cell
are converted into complex impedance vs. frequency curve. DC current and potential values also
should be measured. The impedance-frequency plot analysis produces useful information about
metal and dielectric properties that are not available accurately or easily obtained from other
electrochemical tests. The main applications of EIS test are coating performance evaluation,
electrochemical mechanisms and rate analysis, and battery performance.

The test setup is shown in Figure 3.7, a 3-cm diameter O-ring glass tube with silicon joint is
clamped on the test panel. A saturated calomel electrode reference electrode is used for the
reference electrode; a platinum mesh is employed as the counter electrode and steel panel is
worked as the working electrode. The glass tube is filled with 1% NaCl solution at all time during
the test. Gamry Reference 600 Spectroscopy is used to measure the impedance vs. frequency curve
and the curve will be used to study the corrosion resistance of the test coating.
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Figure 3.7: Apparatus for EIS test

3.5.2 Longer-term corrosion resistance

The influence of graphene nanoplatelets on the corrosion behavior of exposed to salt fog was
evaluated by ASTM B117 Salt Fog test. The ASTM B117, Salt Fog test, is an accelerated corrosion
test which the samples are exposed to a corrosive environment in a fog chamber. The samples are
required to be maintained in a salt fog test environment during the test, and the salt solution should
be 5% NaCl solution with a PH ranged in 6.5 to 7.2. The temperature should be maintained at
35°C (95°F).

The salt fog chamber and tested samples are shown in Fig. 3.8. After exposure, the surface of the
coated sample should be cleaned by following ASTM B1654. All the corrosion products should
be removed along scribe lines by either scraping, knife, paint stripper, air blow-off or power
washer. Then the sample can be evaluated based on the defected areas by following the rating
method from ASTM B1654.

(a) (b)

Figure 3.8: Salt Fog Chamber with tested samples

3.5.3 Electrical equivalent circuit (EEC) technique based on the EIS results

Based on literature studies, the Electrical equivalent circuit (EEC) model was widely used to
interpret the EIS results [64]-[69]. The model was fitted based on the impedance and phase angle
curves in the Bode plot. The corrosion phase can be classified into four stages, and each of them
is represented by one EEC model, as shown in Fig. 3.9.
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(©) (d)
Figure 3.9: Electrical equivalent circuit models for (a) stage I, model A, (b) stage 11, model B, (c)
stage 111, model B with Warburg element, (d) stage 1V, model C

Stage I: Model A was used to present the initial stage, which the coating was an intact film and
behave as an isolated protective layer for corrosion protection. At this stage, the equivalent circuit
model includes Rsor solution resistance, Rc coating resistance, and Cpo constant-phase element of
the coating, indicating the corrosive medium could not penetrate the coating layer.

Stage Il: Model B was employed to represent the initial stage of corrosion reaction, while the
electrodes were able to penetrate the coating layer to contact with the metal substrate, and the
corrosion reaction has been begun. Compared with model A, Rt charge transfer resistance and Ca
constant phase element of the double-charge layer were added in the model to simulate the coating-
substrate interface.

Stage Ill: At stage IlI, Model B with Warburg impedance element (W) is included in the
electrochemical equivalent circuit when the diffusion effect dominates corrosion. The Warburg
element indicates that the electrochemical corrosion reaction in the coating-substrate interface is
diffusion-controlled.

Stage IV: The model C can be used to confirm the results, which new parameters of constant phase
element of diffusion capacitance (Cqifr) and diffusion resistance (Rudiff) were included. At this stage,
severe corrosion damage has occurred and which a thin corrosion product layer was accumulated
in the coating-substrate system.

3.5.4 Abrasion resistance test

Generally, the determination of the abrasion resistance of the organic coating can be done by either
Falling Abrasive method (ASTM D968) or the Taber abraser method (ASTM D4060). In this
study, Taber Abraser method will be used in this study as it is able to test the wear resistance on a
wide range of materials by selecting different abrading wheels and applied loads. The Taber
abraser with abrading wheels and tested sample are shown in Fig. 3.10. With the applied load and
the rotation of sample, a circular abrasion mark with an area of approximately 30 cm2 will be
formed by the abrading wheel. The abrasion resistance is calculated as the mass loss in a specified
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number of abrasion cycles with the selected loads. Each specimen was tested for a total of 1000
cycles,1000g of the load was used during the test, and the rotational speed is 72 rpm with two CS-
10 abrading wheels.

Figure 3.10: Taber abraser machine and tested specimen

3.5.5 Coupon tension test

The determination of the tensile properties of CNT reinforced polymer coating was done by the
dogbone tensile test (ASTM D638). The test was performed by Shimadzu’s EZ-X tester (Figure
3.11) with a testing speed of Imm/min. The hardened dog bone specimens were clamped at two
ends by the grips during the test. Tensile strength was applied to elongate the specimens during
the test until the specimens were broke in the narrow cross-sectional test section. Maximum tensile

strength and Young’s modulus were determined for each specimen.
S— 8

Figure 3.11: Shimadzu's EZ-X tester with specimen
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3.5.6 Water contact angle test

As the discussion earlier, the contact angle test (ASTM D7334) is used to determine the anti-
fouling properties indirectly which it indicates the ability of a liquid to maintain contact with the
coated surface. As shown in Fig. 3.12, the dry coated sample is placed in the test area horizontally,
a drop of a specific volume of water is applied by a syringe. An image is captured by the camera
and processed by a computer to calculate the angle between the drop and the substrate.

The coating surface can be categorized as hydrophilic (contact angle < 450), hydrophobic (contact
angle > 900), and in-between (450 < contact angle < 900) if the water is used as the test liquid.
The advantages for this test are: the test can be done very fast, and it is a non-destructive test that
does not require extra samples to be made for this test.

Figure 3.12: Apparatus for contact angle test

3.5.7 Adhesion property

The adhesive bonds of the coating to metal were characterized by tensile button testing. The
purpose of this test is to evaluate the tensile bond strength of nano-reinforced epoxy. In order to
evaluate the influences of different nanoparticles on the adhesive bonding strength, the test
specimens were prepared with pure epoxy, graphene/epoxy, and CNT/epoxy.

The sample preparation procedures are described in Fig. 3.13, three dollies were glued to each
specimen, and the pull-off strength was measured during the experiment. Scotch weld 460 (3M,
Co.) was used to glue the dollies, and the test area was abraded with sand paper (100 grit or finer)
to enhance the bonding strength between dollies and tested coatings. The test was performed 24
hours after the dollies were applied. The test area was isolated with other parts of the coating by
die-cutting. An adhesion tester was used to apply tension load normal to the test surface. The pull-
off strength (adhesion) was measured when the dolly was detached by the tension load.
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Figure 3.13: Adhesion test machine

3.5.8 Water droplet adhesion from the coating surface

In the previous study, the water contact angle was used to evaluate the hydrophobicity of coating
surface. The coating surface was categorized as hydrophilic (contact angle < 45°), hydrophobic
(contact angle > 90°), and in-between (45° < contact angle < 90°) if water was used as the test
liquid.

In addition, based on literature studies, it is worth to mention that the adhesion of water to the
contact surface is also a major factor which contributing to the water repellency of coatings [70]-
[74]. Higher adhesion indicating the water is more difficult to detach from the surface, which
increase the wettability of the coating. Figure 3.14 showed a series of images taken during the
water adhesion test, and a superhydrophobic surface with excellent water repellency was presented
in Figure 3.14(a). The water droplet was approached and then squeezed against to the surface; after
that, during the descending process, the water droplet completely detached from the surface and
suspended on the tip. On the other hand, images of a surface with high adhesion were presented in
Figure 3.14(b), as the water was squeezed into a cone shape during the descending process and
detached from the tip in the final step. To better understand the wettability of the developed
coating, the water repellency of the coating was also characterized by adhesion of water to contact
surface, and the results were presented in Chapter 8.
Ascending Preload Descending Detached

OAiL

(b)

Figure 3.14: Water ascending and descending from the coating surface
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3.5.9 Modified filed reliability test with liquid flow instrument

As proposed in the project description, a long-term performance experiment was also planned to
evaluate the reliability of the developed coatings. Figure 3.15 illustrated the designed accelerated
flow instrument, which contained a liquid reservoir, a pump, and a flow channel. The test samples
were fixed in the channel and on the bottom part of the internal surface. With the adjustable flow
speed provided by the pump, the design was used to simulate the condition of the internal surface
of pipelines, and the tested panels were removable so EIS test could be performed to evaluate the
corrosion resistance after they were exposed to water flow.

Test samples

Pump ﬁ

Fluid reser °

Figure 3.15: Instrument for liquid flow test

3.6 SUMMARY

In this project, a bisphenol A/epichlorohydrin derived liquid epoxy resin was selected as the
baseline polymer coating, as it is a cost-effective coating and can obtain good mechanical,
adhesive, dielectric, and chemical resistance properties when crosslinked with appropriate curing
agents.

This section presented the experimental results for both characterization and performance of the
fabricated coatings. By following the experiment strategy in Figure 3.1, the discussions will be
addressed in the following chapters:

e Chapter 4 presented the results from the polymer screening process, in which a polyamine
cured bisphenol-A epoxy coating was selected in this work

e Chapter 5 & 6 focused on evaluating nanofiller reinforcement of polymer coating, which
explained the effects of incorporating single and hybrid nanofillers into polymetric
coatings. By comparing all the nanocomposites' overall performance, the nanofiller that
provided the greatest reinforcement was selected for the next step.

e Modification of polymer was conducted. Composites with different weight ratios were
studied, and the modified resins were also incorporated with the selected nanofillers from
the nanofiller reinforcement (Chapter 7).
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e The surface modification was then incorporated with the coating that consisted of both
nanofiller reinforcement and modified polymer; hence, the proposed high-performance
multifunctional coating was developed, and the performance of the coating was evaluated
by a comprehensive experimental study (Chapter 8).
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CHAPTER 4. POLYMER SELECTION FOR
NANOCOMPOSITE COATINGS

4.1 BACKGROUND

In this study, several polymeric binders have been characterized in order to select suitable resin
for the project. During the polymer screening process, abrasion resistance, fouling resistance, and
corrosion resistance, which was characterized by Taber abraser method (ASTM D4060), contact
angle measurement (ASTM D7334), and Electrochemical Impedance Spectroscopy (EIS),
correspondingly. The above tests were selected for the following reasons, 1) the corresponded
properties are critical for protective coatings, and 2) the selected tests have less time cost in order
to shorten the duration of polymer screening

4.2 CRITICAL FACTORS AFFECTING MATERIAL SELECTION

4.2.1 Category

The abrasion resistance, fouling resistance, and corrosion resistance of the selected organic
coatings can be observed after the corresponded test. Along with the experimental results, a
literature review was also incorporated during the decision-making process. The tested polymer
mixtures are presented in Table 4.1, which they are either commonly used coatings or have
excellent protection properties.

Table 4.1: Selected coatings during the polymer screening process

Mixture Type Group
Epon 828 / Epikure 3175 Epoxy / Polyamine 3175
Epon 828/Epikure 3164 Epoxy / Polyamine 3164
Lumiflon 910 /Desmodur N 3600 FEVE / Polyisocyanate 910
EPI-REZ 7510-W-60/Epikure 8535-w-50 Waterborne Epoxy 5060
EPI-REZ 7520-WD-52/Epikure 6870-w-53 Waterborne Epoxy 5253
Epon 828/Baxxodur EC 302 Epoxy / Polyether-amine 302
Epon 828/Baxxodur EC 310 Epoxy / Polyether-amine 310

4.2.2 Abrasion resistance of the selected polymer resins

Table 4.2 shows the results of the abrasion resistance of the tested polymers. The 3175 group has
a mass loss of 113.5 mg at 1000 test cycles. The maximum mass loss was observed in the 5060
group, and the value is significantly higher than other groups, which indicates the abrasion
resistance of this coating is much lower than other tested groups. Besides the 5060 group, the wear
index of other groups various from 0.04 to 0.11. Group 310 and 3164 exhibit high abrasion
resistance compared with other groups.

Table 4.2: Abrasion resistance of selected coatings

Mixture Group  Mass loss at 1000 cycles (mg)
Epon 828 / Epikure 3175 3175 114
Epon 828/Epikure 3164 3164 46
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Lumiflon 910 /Desmodur N 3600 910 63

EPI-REZ 7510-W-60/Epikure 8535-w-50 5060 455
EPI-REZ 7520-WD-52/Epikure 6870-w-53 5253 105
Epon 828/Baxxodur EC 302 302 70

Epon 828/Baxxodur EC 310 310 44

4.2.3 The contact angle of the selected polymer resins

The results of the contact angle tests are presented in the Table 4.3 and the images can be found in
the appendix. The coating surface can be categorized as hydrophilic (contact angle < 459),
hydrophobic (contact angle > 90°), and in-between (45° < contact angle < 90°) if water is used as
the test liquid. It is easy to observe that most of the coatings can be categorized as in-between,
which includes group 3175,3164,302, and 310. The contact angle of group 910 is slightly higher
than 90° (see Figure 4.1), which can be categorized as a hydrophobic coating. For group 5060 and
5253, which both of them have water bone epoxy resin in the mixture, the contact angles are both
close to 33°.

Table 4.3: Contact angle of selected coatings

Mixture Group Contact Angle (°)
Epon 828 / Epikure 3175 3175 51.44
Epon 828/Epikure 3164 3164 65.65
Lumiflon 910 /Desmodur N 3600 910 90.34
EPI-REZ 7510-W-60/Epikure 8535-w-50 5060 33.35
EPI-REZ 7520-WD-52/Epikure 6870-w-53 5253 33.36
Epon 828/Baxxodur EC 302 302 60.37
Epon 828/Baxxodur EC 310 310 71.95

Angle = 90.34 degrees
Base Width = 3.7350mm

Figure 4.1: Water contact angle of 910 group

4.2.4 The corrosion resistance of the selected polymer resins

In this study, anti-corrosion performance is also an important property for evaluating polymer
binders. Potentiostatic EIS test has been used to measure the impedance of each sample group. As
presented in Figure 4.2, group 5060 exhibits the lowest Zmod values in all the frequency regions.
For the rest of the groups, no significant difference was observed; however, group 310 has the
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highest Zmod values in the high-frequency region, following by group 302. The results indicate
that the impedance of the coating is enhanced by crosslinking with amine curing agents. The Zmod
values of group 910 are lower than group 3164 by around half a degree of the high frequency but
higher than group 5253 and 3175, about half a degree and one degree, respectively.
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Figure 4.2: EIS results of selected coatings

4.2.5 Other considerations based on the literature study

As mentioned earlier, there are other factors that were incorporated in the decision-making process
besides the obtained experimental results, as presented in Table 4.4. The considered variables
include the performance of the coatings, impact to the environment, application process, etc.

Table 4.4: Additional considerations for the polymer selection process

Mixture Group
Excellent long-term corrosion resistance and chemical
Epon 828 / Epikure 3175 3175 resistance
Epon 828 / Epikure 3164 3164 High degree of toughness and flexibility
Lumiflon 910 / Desmodur N Polyisocyanate is harmful if inhaled, may cause
3600 910 respiratory irritation
EPI-REZ 7510-W-60 /
Epikure 8535-w-50 5060 Weak mechanical properties and durability
EPI-REZ 7520-WD-52 /
Epikure 6870-w-53 5253 Weak mechanical properties and durability
Polyether-amine is harmful in contact with skin, causes
Epon 828/Baxxodur EC 302 302 severe skin burns and eye damage
Polyether-amine is harmful in contact with skin, causes
Epon 828/Baxxodur EC 310 310 severe skin burns and eye damage
4.3 SUMMARY

Considering the factors and experimental results mentioned above, the 910, 302, and 310 groups
were not used in further study due to their hazardousness. On the other hand, the 5060 group was
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excluded as it has the lowest corrosion resistance in the tested coatings; in addition, the 5253 group
was removed due to its weak mechanical properties and durability. Compared with the 3175 group,
the 3164 group has better mechanical properties, however, it is commonly known that improved
mechanical properties can be easily achieved by the addition of nanofillers. In contrast, the
corrosion resistance and chemical resistance are not commonly increased by nanofillers. Finally,
the 3175 group was selected in the polymer screening process due to its excellent long-term
corrosion resistance, which this property is desired for the oil & gas pipelines.
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CHAPTER 5. SINGLE FILLER REINFORCED
NANOCOMPOSITE COATINGS

5.1 BACKGROUND

Test results for single filler reinforcement were presented in this section, which included both
characterization and performance of the nanocomposite coatings containing varied weight content
nanoparticles. As mentioned in the previous study, carbon nanotubes, graphene nanoplatelets, and
nano-silica particles were selected due to their unique geometric properties, as they are commonly
used 2D (GNP), 1D (CNT), and OD (NS) nanofillers [1], [5]. In this chapter, both the performance
evaluation and mechanism study were employed to better understand the nanofiller reinforced
coatings.

5.2 CHARACTERIZATION OF NANOFILLERS AND
NANOCOMPOSITES

5.2.1 The Influence of Dispersion Methods for Nano-reinforced Composites

To show the significance of suitable dispersion method for nanocomposite, samples with different
dispersion levels are shown in this section. Fig. 5.1 shows a graphene/epoxy sample with and
without ultrasonication. Compare with the well-dispersed sample (right), poor dispersion was
observed in the sample without ultrasonication (left). Due to most of the graphene was deposit at
the bottom of the mixing container after mechanical stirring, the left sample did not have sufficient
graphene in the matrix.

Figure 5.1: Sample with and without well-dispersed graphene nanoplatelets

In this study, a suitable dispersion method was developed, which incorporated with High-speed
disk (HSD) disperser and ultrasonication. The nanofillers were dispersed into a mixture that
containing EPON 828, then High-speed disk (HSD) dispersers (high-speed impellers, high-
intensity mixers) was used to break down the particles by providing shear stress. Like the showing
Fig. 5.2, the mixture was mixed by the high-speed disk disperser with a rotation speed 4000rpm
of for 30 mins. Ultrasonication was also applied in this process after the HSD dispersion. The
solution was ultrasonicated at 100% amplitude with a duration of 30 mins. Misonic S1805
sonicator with a 3/4" probe was used in this process as shown in Fig. 5.2. The sonicator was
programmed to sonicate for 30 seconds and then rest 30 seconds. The ice bath was applied to avoid
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overheating the sample. The curing agent was added after the mixture was cooled down to room
temperature. The total solution was mixed with a10 mins mechanical stirring at 400 rpm.

High-speed disk (HSD) disperser High-speed disk (HSD) disperser

i

Ultrasonication Ultrasonication
Figure 5.2: Dispersion process for nanofillers

5.2.2 Particle size distribution

One of the most important factors in the nanoparticle’s reinforcement is the dispersion state of
nanofillers. The size of nanoparticles can affect the reinforcement in the nanocomposites as larger
aggregates create more severe defects which lead to longer microcracks [3]. The particle sizes of
the nanoparticles were measured by dynamic light scattering (DLS), and it is the most effective
approach to analyze the size distribution of nanomaterials [75]. The correlation of Tyndall effect
and Brownian motion made it possible to obtain the particle size information in suspension. During
the test, a laser beam was utilized to cross the sample, and the time-dependent scattering intensity
from particles was measured while the particles were experiencing random Brownian motion [76].
The application of laser light allowed us to analyze the nanoparticles that are smaller than the
wavelength of natural light.
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The particle size distribution of single fillers (CNT, GNP, and NS) was illustrated in Fig. 5.3. It
was observed that the particle size range was varied with the types and weight concentration (wt.%)
of the nanoparticle. The average size of particles was ranged from 10° to 10°, 10? to 10%, and 10*
to 102 for CNT, GNP, and NS, correspondingly. The results clearly indicated that, from 0.1 to 3.0
wt.%, there was no significant increase in the NS particle size. Compared with CNT and, GNP,
much narrow size distribution was observed in which the particles were 10* to 10% nm in size. On
the other hand, the size of GNP could be ranged from 102 to 10* nm, and the widest size distribution
was obtained in CNT (10° to 10° nm). Apparently, within the tested concentration, CNT has the
highest tendency to form agglomeration, followed by GNP, and NS.
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It was clear to observe that relations between the agglomeration size and weight concertation for
CNT, GNP, and NS were completed different in the tested range. In the log scale, a nearly linear
relation between average particle size and weight concentration was observed in CNT samples.
The average particle size of CNT raised from 1000 to 9000 nm, while the concentration was
increased from 0.1 to 1.0 wt.%. A similar tendency of agglomeration was obtained in the range of
1.0 to 3.0 wt.%, which the average size was increased from 9000 to 11000 nm. On the other hand,
more severe agglomeration was observed when the concentration was greater than 1.0 wt.% in
GNP samples, while particle size was slightly increased from 0.1 to 1.0 wt.%. In contrast,

regardless of the weight content in the tested range, no significant difference in size distribution
was observed in the NS samples.
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SEM images of the cross-Sectional view of the nanocomposites through the thickness were used
to visually identify the particle size of different carbon nanoparticles with varying concentrations.
Figs. 5.4(a) through 5.4(i) were micrographs of 0.1, 1.0 and 3.0 wt.% three types of carbon
nanoparticles in epoxy, correspondingly. The severity of aggregations directly reduced the
dispersion level of nanoparticles, and the resulting defects due to the aggregates/agglomeration
were mainly responsible for material degradation in the nanocomposites.

As clearly illustrated in Figs. 5.4(a)- 5.4(c), well-distributed CNTs were observed in the specimen
with 0.1 and 1.0 wt.% of particles and there were no significant agglomerates observed in 1.0 wt.%
CNT group. However, due to the strong van der Waals forces between fillers, severe agglomeration
was observed in groups with a high content of CNT, as shown in Fig. 5.4(b). The largest the
agglomerate was observed in the composites with 3.0 wt.% CNT (see Fig. 5.4 (c)). A similar
tendency was observed in GNP groups, as no significant aggregate was observed in the composites
with 0.1 and 1.0 wt.% particles, then stacked GNP sheets appeared in the high content groups (3.0
wt.%). Figs. 5.4(g)-5.4(i) showed the NS particles behaved differently as the samples exhibited no
large agglomeration within the tested concentrations of nanoparticles. Based on the TEM images,
NS particles exhibited a spherical shape, thereby leading to excellent dispersion and compatibility
in the epoxy matrix.

Agglomer(ate

Agglomherate .
4

)

(b) 1.0 wt.% CNT/epoxy (c) 3.0 wt.% CNT/epoxy
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(9) 0.1 wt.% NS/epoxy (h) 1.0 wt.% NS/epoxy (i) 3.0 wt.% NS/epoxy
Figure 5.4: Cross-sectional SEM image of samples: (a)-(i)

5.2.3 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) photograph of as-received raw CNT, GNP, and NS
nanoparticles was shown in Figs. 5.5(a)- 5.5(c), respectively. The TEM graphs at high resolution
allow one to observe the nanoparticles virtually. The observation was used to characterize the
microstructures of three different nanoparticles.

As shown in Fig. 5.5, it was clear that the three types of nanoparticles could be defined as zero
(NS), one (CNT), or two-dimensional (GNP) materials which indicate there are 0, 1, or 2
dimensions are larger than 100 nm, correspondingly. This observation shows strong agreement
with the assumption that purposed in the previous study, which part of the project objective was
to investigate the reinforcing properties provided by the nanoparticles due to their unique shapes.
Cylindrical shape was observed in carbon nanotube (CNT) with a diameter around 20 nm. The
graphene nanoplatelets (GNP) were stacked single layers sheets with an extremely small thickness.
Furthermore, the homogeneous size distribution of the spherical particles was identified in Nano-
silica (NS), with an average diameter of 15 nm.

@ | (b)

(©)
Figure 5.5: TEM photograph of (a) CNT, (b) GNP, and (c) NS filler

31



5.2.4 X-ray powder diffraction (XRD)

The XRD results were conducted to demonstrate the degree exfoliation of various fillers [77], as
shown in Fig. 5.6. The interlayer spacing of the nanofillers could be calculated based on the
diffraction peak angle and wavelength by utilizing Bragg’s law Equation [78]:

Bragg’s equation: A = 2d sin 0 1)
where A = wavelength (1.54056 nm in this study), d = interlayer spacing between atoms, and 6 =
diffraction angle. As illustrated in Fig. 5.6, both CNT and GNP exhibited a sharp peak at 26.5°,
corresponding highly-ordered nanoparticle structure with an interlay spacing of 3.4 nm. However,
the intensity of the peak of GNP was much stronger than CNT, indicating the poor exfoliation of
graphene sheets in the matrix [79], which is reasonable considering the shape difference between
these two nanoparticles. The sharp peaks indicating the GNP sheets are crystalline solids (see

Figure 5.7).

For the Nano-silica samples, a broad peak was appeared 19.5°, indicating the assigned SiO>
particles were distributed with an interlayer spacing of 4.5 nm. The broad shaped peak confirmed
that the amorphous nature of the Nano-silica (see Figure 5.7) [50].
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Figure 5.6: X-ray powder diffraction (XRD) curves of (a) CNT, (b) GNP, and (c) NS filler
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Crystalline structure Amorphous structure
Figure 5.7: Schematic of crystalline and amorphous structures

5.3 PERFORMANCE OF SINGLE FILLER REINFORCED
NANOCOMPOSITES
5.3.1 Corrosion resistance
(a) Neat epoxy
The results of the neat epoxy group were employed as a reference for all the nanofiller coatings,
as typical degradation process was observed in the samples during the Salt fog test. A typical
degradation process of a coating film should be observed from both impedance and phase angle
curve in the Bode plots. As the exposure time elapsed, the following changes could be observed
in a typical degradation process of a protective coating film:

a) A decrease of impedance value at the low-frequency region (0.01 Hz)

b) The minimum region of phase angle plot shifted toward the high-frequency region

The observations of the neat epoxy group during the exposure could well fit the suggestion above:
l. In the impedance curve, the Zmod value was continuously decreased with the
increase of exposure hours. As illustrated in Fig. 5.8, the impedance value has
dropped.
. The frequency value for the minimum phase angle has shifted 0.01 Hz to 100 Hz.
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Figure 5.8: Impedance curve (a) and phase angle curve (b) of the neat epoxy group

Subsequently, the electrical equivalent circuit (EEC) model could be determined by interpreting
the impedance and phase curves. The EEC model could also be used to demonstrate the
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degradation process of the neat epoxy coating, which was illustrated in Figure 11. At the fresh
stage, model B with Warburg impedance element (W) was introduced to fit the EIS data. It
appeared that there were diffusion paths for the electrolyte to reach the coating-substrate interface
and initiated coating degradation. After 500 hours of exposure, model C was suitable for the neat
epoxy sample due to the accumulated corrosion products at the coating-substrate interface.

Observation indicated neat epoxy could potentially generate micro-pores, which allow electrolyte
to penetrate through the film and reach coating-metal interface, eventually leading to a reduction
in barrier performance, particularly in long-term performance, as confirmed elsewhere [27, 28].
The suggestion was confirmed by employing SEM images of the abraded coating surfaces; the
observation, illustrated in Fig. 5.9(a), indicated that neat epoxy coating is a porous layer with air
entrapped in the voids [69]. On the contrary, a clear benefit of reducing the porosity of epoxy resin
was observed in the nanofiller/epoxy coating; hence, the micro-pores and voids were filled with
nano filler and led a significant enhancement in barrier properties to prevent penetration of
corrosive materials (see Fig. 5.9(b)).

Figure 59 SEM image of the abraded surface for (a) neat epoxy surface Wlth voids, (b) NS/epoxy
with filled voids

(b) CNT/epoxy nanocomposites

Before exposure: Fig. 5.10 has shown the Bode plots for the coatings that incorporated with CNT.
Compared with neat epoxy, a reduction of impedance value was observed at the lower frequency
region of impedance plots, and it is observed that the values were gradually decreased with higher
content of CNT in the composites. The electrical resistance of the coatings was reduced by the
high conductive network formed by CNT, and also reduced the polymer interfacial layer thickness
for the hopping of electrons [24], [80]. In the phase angle plot, with the breakpoint frequency at -
45° shifted to the high-frequency region, indicating a remarkable drop of capacitance in the coating
matrix compared with the neat epoxy system. At this stage, the model B with Warburg element
was adequately used to analyze the impedance data for all CNT/epoxy coatings.

After exposure: As the exposure time elapsed, for 1.0%, 1.5%, and 3.0%C-Epoxy groups, both
of the impedance value at the lowest frequency in the Bode plot has increased after exposure. This
phenomenon was attributed to the corrosion product layer formed by corrosion reactions. As the
exposure time elapsed, the accumulated corrosion products formed a thin film on the substrate
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surface. Slight decreases of impedance modulus were observed for the coating with low content
of CNT (0.1 and 0.5 wt.%). All the CNT/epoxy groups reached to stage IV (model C) at 100 hours
exposure due to the accumulated corrosion products at the coating-substrate interface.
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Figure 5.10: Impedance curve and phase angle curve of the CNT/epoxy before exposure (a)(e), and
after 100 hours (b)(f), 200 hours (c)(g), and 500 hours (d)(h).

(c) GNP/epoxy nanocomposites

Before exposure: On the other hand, the anticorrosion properties of the epoxy coating can be
considerably improved by the addition of low content of GNP. The 0.1, 0.5, and 1.0 wt.%
GNP/epoxy groups exhibit higher impedance modulus compared with the neat epoxy sample. The
coating resistance of 0.1%G-Epoxy is much higher than the 0.5%G-Epoxy and 1.0%G-Epoxy.
Degradation of the corrosion resistance could be observed with a higher concentration of graphene,
which the Zmod value started to decrease in the graphene/epoxy composite with 1.5 wt.% of
graphene. This observation indicated that the GNP/epoxy coatings offered the enhanced resistance
to corrosion. As there was no electrode reach the coating-substrate interface, model A was fitted
well with groups 0.1% to 1.0%G-Epoxy.

Moreover, model B with the Warburg element was used to fit the EIS data for the neat epoxy,
1.5%G-Epoxy, and 3.0%G-Epoxy samples. It appeared that there were diffusion paths for the
electrolyte to reach the coating-substrate interface and initiated coating degradation. Particularly,
the group 3.0%G-Epoxy, illustrated in the inserted plot in Fig. 5.11, exhibited the lowest
impedance values in the low-frequency region of the Bode plot. As a result, the 3.0%G-Epoxy has
the weakest corrosion resistance and cannot provide effective corrosion protection as a coating.

After exposure: As clearly illustrated in Fig. 5.11, the durability tests further confirmed that using
graphene nanoplatelets as nanofillers to modify the polymeric coatings significantly enhanced their
long-term barrier performance. Among all the GNP/epoxy coatings, the group 0.1, 0.5 and 1.0%G-
epoxy exhibited the best performance in terms of significant improvements of durability. With a
slight decrease in the impendence modulus at 0.01 Hz, suggesting that the coating film with 0.1 to
1.0 wt.% GNP content still provided an effective barrier for the substrate after the 100-hour
exposure. However, the phase angle at low frequency has reduced, presenting the penetration of
electrode media into the coating film. Model B was well fitted for the 0.1 to 1.0%G-Epoxy groups
at 100 hours and changes to model B with Warburg elements at 500 hours.

Similar to the short performance, the higher graphene contents had little contribution to the
corrosion resistance mainly due to the graphene agglomeration. Fig. 5.11 showed that the 1.5%,

36



and 3.0%G-Epoxy groups, exhibited the inferior long-term performance, identical to the neat
epoxy ones, and results were well fitted with model C at 500 hours.
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Figure 5.11: Impedance curve and phase angle curve of the GNP/epoxy before exposure (a)(e), and
after 100 hours (b)(f), 200 hours (c)(g), and 500 hours (d)(h).

(d) NS/epoxy nanocomposites

Before exposure: All prepared NS/epoxy groups, illustrated in Fig. 5.12, demonstrated high
impedance value at the low-frequency region (0.01Hz), which reflected a better protective property
of the coatings. Also, the phase angles reached up mostly approached 90° in a wide frequency
region, indicating the coating behaved as an intact layer for corrosion protection [81]. At this stage,
model A was well fitted for sample 0.5% to 1.0%S-Epoxy, as the incorporation of NS into epoxy
resin could act as barriers fillers to prevent penetration of electrodes, result in a remarkable
enhancement in corrosion protection performance [50].

However, for the 0.1%, 1.5% and 3.0% NS/epoxy system, the decreased impedance value (at
0.01Hz) in the Bode plot was observed. This observation suggested that 0.1 wt.% NS particles
were not providing strong enhancement compared with 0.5% and 1.0 wt.% NS. Also, similar to
GNP/epoxy system, material degradation could be obtained while higher content of NS particles
was added, possibly caused by the severe agglomeration of nanoparticles. At this stage, the
electrochemical behavior of the 0.1%, 1.5%, and 3.0%S-Epoxy could be presented with model B
with the Warburg element, as shown in Fig. 5.12.

After exposure: Results in Fig. 5.12 showed a remarkable drop in the impedance value in Bode
plot for most of the NS/epoxy groups, besides the 0.5%S-Epoxy. Compared with the results in the
short term, which excellent corrosion protection was obtained in all tested groups, it can be
understood that the NS/epoxy coating suffer delamination of corrosion protection during the
exposure. Similar to the neat epoxy group, EIS results indicating the corrosive media have
penetrated the coating films and initiated the corrosion process with the metal substrate. However,
in contrary, the 0.5%S-Epoxy system with 0.5 wt.% of NS revealed a remarkable enhancement in
corrosion protection performance. At the stage, the 0.5%S-Epoxy coating remained. This
observation indicates the 0.5 wt.% NS has effective enhance the barrier property of epoxy, which
filled the pores and diffusion pathways in the polymeric matrix, and the coating maintained in
stage one which could be presented by model A from 100 to 200 hours, and then changed to model
B with Warburg elements at 500 hours. Besides the 0.5%S-Epoxy, model B with Warburg
elements was used to describe the corrosion stage of other NS/epoxy samples from 100 to 200
hours and changed to model C at 500 hours.

38



log|Z| (€ cm?)
~

=

0

o]

log|Z|(€2 cm?)
()] ~

%o X Neat epoxy
TR m 0.1%S-Epoxy
'!!i 29 © 0.5%S-Epoxy
by yle, 1.0%5-Epoxy
Yoggs, + 15%5-Epoxy
i " ¥ ] + 3.0%S-Epoxy
fgy
L by,
¥
L ", .
¥y
L .,
*y
-2 -1 0 1 2 3 4
log f (Hz)
(a)
* Neat epoxy
m (.1%S-Epoxy
0000000, OO.SZA)S-Epoxy
®e, 1.0%S-Epoxy
.'.. + 1.5%S-Epoxy
20 +3.0%S-Epoxy
»
5 $$$$1qmﬁ¥é%¥;¥¥#ﬁﬁxin
0000.%5!
3
!!!
-2 -1 0 1 2 3 4 5
log f (Hz)
(©
....Q..‘.Oﬂﬂﬂl\ﬂnﬂﬂ:::aueegagn“....
TT " | e
.-i 'i! ..- L.
L] . : % + . .
m(.1%S-Epoxy
® (0.5%S-Epoxy
1.0%S-Epoxy
+ 1.5%S-Epoxy
+3.0%S-Epoxy
-2 -1 0 1 2 3 4
log f (Tlz)

m0.1%S-Epoxy
10 gee ©0.5%S-Epoxy
...

9 & 2%, 1.0%S-Epoxy
= LT + 1.5%S-Epoxy
£’ i %o, ~ 3.0%S-Epoxy

L LT T ®
%7 ‘Ft*’*¥10====o...“'.nu -
éﬁ 6 i AR T +++?$**‘U

5 F I'

",

4 L

3 L L L L 1 1 L L L L

-2 -1 0 1 2 3 4 5
log f'(Hz)
(b)
11
X Neat epoxy
10 [0%%e,, ®0.1%S-Epoxy

9 .‘o. © 0.5%S-Epoxy
& .0. 1.0%S-Epoxy
¥: °
E8 +I*t¢+ *%. « 1.5%S-Epoxy
S7 +++++++++++ 2, +3.0%S-Epoxy
N InNEEpggy e *os00, +
3 X*xxxxx*x?!!!luﬁﬁxx*%%;

- ..llIllgia
5 M!
L4
"x
a
3 1 1 L 1 1 1 1 L
-2 -1 0 1 2 3 4 5
log f (Hz)
(d)
-100

-90 r .......annnnr\g:iauufgsg?

80 ¢ ° = Fagt
Ly I [ ] [] ot
g0-70 r . - R
S °
%;—60 r ° "00’. '0 .

E_SO _ P hd wtet #0.1%S-Epoxy,
g0 T W *, .S . . ' 00.5%S-Epoxy
=0, § - . 1.0%S-Epoxy.

220 N

: !ilil'...’ i-l-!+‘

-10

0 L 1 L L L L

-2 -1 0 1 2 3 4 5
log f (Hz)

(f)

39



-120 -120

r X Neat epoxy | (.1%%S-Epoxy * Neat epoxy m 0.1%S-Epoxy

® (0.5%S-Epoxy X 1.0%S-Epoxy ® 0.5%S-Epoxy 1.0%S-Epoxy

-100 1| 4| 5%S-Epoxy +3.0%S-Epoxy -100 * 1.5%S-Epoxy -+ 3.0%S-Epoxy
= 0000000099 RANRNIR - 00 000000000000000 %00 8
%E-SO T ... xx* x*éiligg EJ-SO 000..:" _++ okgizg
= ° X K LW e g . + X
= o x ,m . e * %, ‘ oX m
260 * X m e 260  TTet+. e X m
= 00.‘. ° % } = + + oo ' *
g [ teseee, X m e g L] - o m
=40 - L] 0. XK ¥ M * =-40 +* HH.. t 'S
f r ° .* + * é ° .. u * -

[ .'.I-.I.ﬁ ”00%>§0i!0° .livo *f.' *

R - +e X
20 !_“...o o ..'!ﬁii 20 i...-ll. oot Waaa"
0 S il e
1 1 1 1 1 1 1 1 1 1 0 | 1 | 1 1 1 1 1 !
-2 -1 0 1 2 3 4 5 -2 -1 0 1 2 3 4 5
log f(Hz) log f (Hz)
(9) (h)

Figure 5.12: Impedance curve and phase angle curve of the NS/epoxy before exposure (a)(e), and
after 100 hours (b)(f), 200 hours (c)(g), and 500 hours (d)(h).

In addition, the corrosion stage for each nanocomposite at different stage are presented in Table
5.1, which clearly that most of the nanocomposite reached to Model C after 500-hour exposure.
However, the GNP and NS reinforced nanocomposite showed improved corrosion resistance while
small amount of nanoparticles were added.

Table 5.1: Coating performance over time using equivalent circuit models

L abel Type of Nanofillers Corrosion stage under accelerated environmental stresses
nanofillers  content (wt.%b) Onset 100-hr 500-hr
Neat epoxy / / I\\:Iv(i)ie\ll\lf Stage 11 Stage IV
0.1% C-Epoxy CNT 0.1 Stage 11 Stage IV Stage IV
0.5% C-Epoxy CNT 0.5 Stage 111 Stage IV Stage IV
1.0% C-Epoxy CNT 1.0 Stage 11 Stage IV Stage IV
1.5% C-Epoxy CNT 15 Stage 11 Stage IV Stage IV
3.0% C-Epoxy CNT 3.0 Stage 111 Stage IV Stage IV
0.1% G-Epoxy GNP 0.1 Stage | Stage 11 Stage 11
0.5% G-Epoxy GNP 0.5 Stage | Stage 11 Stage 11
1.0% G-Epoxy GNP 1.0 Stage | Stage 11 Stage 11
1.5% G-Epoxy GNP 15 Stage 111 Stage 111 Stage IV
3.0% G-Epoxy GNP 3.0 Stage 111 Stage 111 Stage IV
0.1% S-Epoxy NS 0.1 Stage 11 Stage 111 Stage IV
0.5% S-Epoxy NS 0.5 Stage | Stage Il Stage 111
1.0% S-Epoxy NS 1.0 Stage | Stage 111 Stage 111
1.5% S-Epoxy NS 15 Stage 111 Stage 111 Stage IV
3.0% S-Epoxy NS 3.0 Stage 111 Stage 111 Stage IV

5.3.2 Abrasion resistance

The results of the abrasion test for the nano-silica/epoxy groups were presented in Fig. 5.13. The
abrasion resistance of the epoxy was significantly increased by the reinforcement of nano-silica.
The lowest wear index value was observed in group 3.0% NS-Epoxy, which indicates maximum
reinforcement was produced by the 3 wt. % of nano-silica. Also, the tendency of the curve shows
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that the wear index was continuously decreased by increasing the concentration of nano silica from
0.1 to 3 wt. % and no degradation was observed in the test range. A comparison of abrasion
resistance reinforcement between nano silica, CNT and GNP were performed in Fig. 5.13. The
silica-epoxy groups exhibit higher abrasion resistance compared with graphene/epoxy groups in
all the tested concentrations. Lowest wear index was still obtained in 1.0 and 1.5 CNT groups from
the previous experiments. However, material degradation was observed in the high concentration
of CNT/epoxy and graphene/epoxy groups. On the other hand, the wear index value of the nano-
silica/epoxy groups was continuously decreased when the filler concentration was increased,
which indicates the possibility of higher abrasion resistance could be observed with a higher
concentration of nano-silica.
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Figure 5.13: Abrasion resistance of single filler nanocomposite coatings

Fig. 5.14 presented the wear surfaces of the pure epoxy and nanocomposites; thus, A rougher
surface was observed on the surface of pure epoxy resin, with a considerable proportion of micro-
cracks and fractures (Fig. 5.14(a)), suggesting that the pure epoxy coating was subjected to plastic
deformation and it has low wear resistance. On the other hand, as illustrated in Figure. 5.14(b)-(d),
improved performance was observed in nanofiller composites based on the surface profiles.
Generally, a reduction in the amount and size of micro-cracks was found in all the nanofiller /
epoxy system, indicating enhanced abrasion resistance.
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(a) Neat epoxy (b) 1.0 wt.% CNT/epoxy

.

(c) 1.0 wt.% GNP/epoxy (d) 1.0 wt.% NS/epoxy
Figure 5.14: SEM image of abraded surfaces

5.3.3 Coupon tension test

The tensile property of varied nanofiller reinforced epoxy was determined by the dogbone tensile
test, following ASTM D638. The Nanocomposites can be characterized by measuring maximum
tensile stress, strain at failure, and Young’s modulus in this test. The tensile tests of CNT, GNP,
and NS groups were performed in this work.

Fig. 5.15 displayed the tensile strength of the tested nanocomposites at varied concentrations, and
a similar tendency was observed as shown in Young’s modulus curves. The results indicated the
CNT had the highest reinforcement in the tensile strength, which could be contributed by the higher
bonding strength between CNT and epoxy resin. CNT provided more effective way to enhance the
coating strength, as compared to other two nanoparticles. A gradual increase of the tensile strength
was observed in CNT groups as increased in the particle content, and the maximum tensile strength
reached up to 38.0 MPa at 1.0 wt.% of CNT, with a 55% increase as compared to that of pure
epoxy groups (i.e., 24.0 MPa). The tensile strength exhibited a reduction at higher concentration
of CNT at 1.5 wt. % or more due to particle agglomeration. Differently, the highest strength value
at the GNP/epoxy groups were found at content rate of 0.1 wt.%, with a 40.0 % improvement. The
maximum tensile strength of NS/epoxy groups occurred in 0.5, 1.0, and 1.5 wt.% groups, which
increased by 33.0 % as compared to that of the epoxy group. Material degradation was found at
higher concentration (3.0 wt.%) in all the three types of nanoparticle reinforced composites.

Fig. 5.16 showed the recorded results of Young’s modulus for different nanocomposites. Clearly,
carbon nanotube responded for the highest reinforcement to stiffness of composite coatings, and
similar trend was observed from their tensile strength. The Young’s modulus of the 1.0 % wt. C-
Epoxy group reached the maximum of 1350.0 MPa, in an increase of 35.0% as compared to that
of the pure epoxy. Young’s modulus of GNP/epoxy or NS/epoxy groups had no apparent increase
in most cases, indicating that neither Graphene nor nano silica had less contribution to improve
coating stiffness. With increase of nanoparticle content over 1.5 wt.% or more, particle
agglomeration was responsible for decreasing of Young’s modules.

As clearly shown in Fig. 5.17, the trend for ultimate strain was different to those of tensile strength
or Young’s modulus. NS provided the highest enhancement to coating strain. The ultimate strain
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in 1.5 % NS/epoxy group was 3.3 %, by 46.3% as compared to strain of 2.4 % in pure epoxy.
Similar observations were found in CNT and GNP groups. Both composites exhibited a slight

increase in ultimate strain with increase of particle content, particularly at 1.0 wt. % or more.
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Figure 5.17: Strain at the failure of nanofiller reinforced epoxy composites

Fractured surfaces of specimens after tensile test were observed by microscopy and their
microstructure were illustrated by SEM images, as shown in Figs. 5.18(a)-(d). A relatively smooth
surface was observed in the pure epoxy sample, as shown in Fig. 5.18(a), which suggesting that
the pure epoxy has typical brittle fracture behavior, and this was related to the low impact
resistance and fracture toughness of the unreinforced composite material. As presented in Figs.
5.18(b)-(d), fracture surfaces of all nanocomposites were significantly rougher than pure epoxy
materials. Especially for composites that containing silica nanopowders, as shown in Fig. 5.18(d),
which has higher surface roughness and more compacted cracking cleavages, suggesting the
samples has higher energy absorption and better resistance to fracture. These observations show a
good agreement with the obtained tensile properties from NS/epoxy groups, as the nanocomposites
have higher failure strain. Similar observations were found in CNT and GNP groups, which
responded for good representative of strong adhesion between epoxy and well-dispersed
nanofillers in the polymer matrix.

(a) Neat epoxy (b) 1.0 wt.% CNT/epoxy
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(c) 1.0 wt.% GNP/epoxy (d) 1.0 wt.% NS/epoxy
Figure 5.18: SEM images of fractured surface of the nanocomposites

5.3.4 Water contact angle

From the previous work, the contact angle of water for pure epoxy is around 51 degrees. The
contact angle of water was significantly decreased when nano silica was added into the composites.
Fig. 5.19 shows an example of water contact test for a sample of SE nanocomposites which the
contact angle was decreased to 16 degrees. This result indicates that incorporating nano silica will
not improve the hydrophobicity of the surface, possibly because SiO> nanoparticles are
hydrophilic.

Angle = 16.25 degrees
Base Width = 4.6700mm

Figure 5.19: Water contact angle of 1% NS-Epoxy specimen

The surface roughness of the nanocomposite coatings was measured by Atomic force microscopy
on the nanoscale. The obtained height changes can be used to sketch a 3-D image of the tested
samples. A 3-D image example of neat epoxy and nanocomposites with each type of nanofiller
was illustrated in Figs. 5.20(a)-(d), respectively. The surface roughness can also be calculated with
these height change values.

Clearly, the overall of surface roughness had their characteristics, and the surface roughness of

epoxy resin was dramatically decreased with the addition of the nanoparticles. The Ra value of
pure epoxy is 29 nm, and it was decreased to less than 5 nm for most of the tested groups. These
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results indicate that a significant decrease in surface roughness can be obtained by adding a small
amount of nanofillers (0.1 wt.%). NS/epoxy groups exhibit the largest reduction in surface
roughness which the Ra values are less than 3 nm at all tested concentrations.

(c) 1.0 wt.% GNP/epoxy (d) 1.0 wt.% NS/epoxy
Figure 5.20: AFM image of specimen surfaces

5.3.5 Adhesion to substrate

The pull-off strength (adhesion) was measured by following ASTM D4541 to evaluate the tensile
bond strength of a Nano-reinforced epoxy with various CNT and graphene concentration. The
tensile bond strength over the nanofiller concentration was shown in Fig. 5.21. The test results
were also evaluated by the ANOVA method with a 99% confidence level. A similar tendency was
obtained in CE groups, the adhesive strength had an increase due to the presence of CNT and
reached the maximum at a critical CNT concentration, and material degradation was observed.
The adhesion was improved in all CNT & epoxy groups with a maximum increase of 44% at 1
wt.% of CNT. It can be clearly observed that the adhesion generally decreases by incorporating
NS into the epoxy adhesive. The results show that the tensile bond strength was decreased along
with the increased concentration of NS in the composites and the maximum reduction was 43% at
3 wt. % of NS. Compared with NS and CNT, no significant changes of the adhesion were observed
in the epoxy group with the addition of GNP. Slightly decreases were obtained when the
concentration of GNP is larger than 0.5 wt. % and the adhesion have been reduced by 12% when
the concentration of graphene is 1 wt.%.
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Figure 5.21: Pull off the strength of nanofiller/epoxy composites

The failure mode of the adhesive strength test is shown in Fig. 5. 22. It was clear that the coating
completely peeled off the substrate in the neat epoxy, GNP/epoxy and NS/epoxy groups,
suggesting the failure mode was adhesive failure. However, CNT/epoxy group showed cohesive
failure, and it was attributed by the stronger adhesion of the coatings to the steel substrate, this
observation showed good agreement with the corrosion protection performance of CNT/epoxy
group in the previous discussion. A SEM image of the bottom surface of CNT/epoxy coating was
presented in Fig. 5.23, it could be observed that the CNTs were exposed to the surface, which
suggesting that they were providing mechanical interlocking between coating and substrate and
improved the adhesion strength [82].

Nedt epoxv CNT/epoxy GNP/epoxy NS/epoxy

Figure 5.22: Fallure mode ofpuII off test for nanoflller/epoxy composﬂes
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Figure 5.23: SEM image of bottom surface photograph of CNT/epoxy coating

5.4 SUMMARY
The electrical properties of epoxy-based nanocomposites with differently shaped nanofillers were

evaluated in this study. Incorporation of carbon nanotubes, graphene nanoplatelets, and nanosilica
into epoxy resin was employed to study their potentials as high-performance coatings to protect
metallic structures. The nano-reinforced epoxy coating systems were prepared with the varied
contents of nanofillers, ranging from 0.1 to 3.0 wt.%. The following major findings were
summarized based on experimental results:

(a) Microstructural characterization indicated that the CNT and NS particles had the highest
and lowest tendency to form agglomerates, respectively, and GNP is in between.

(b) Incorporating graphene or nanosilica in the polymer matrix significantly enhanced
corrosion barrier performance in both short-term and long-term corrosive exposure.

(c) A remarkable drop of impendence modulus was observed in all tested CNT-epoxy
composites at the fresh stage, but the composites exhibited a slow-down corrosion
degradation rate in the long-term due to their high adhesion to the substrate.

(d) The incorporation of both GNP and NS in the epoxy reduced the water uptake. Increased
water uptake was observed in CNT-epoxy composites, which responded to severe
agglomeration and increased porosity in the coating system.

(e) The results of the experiments suggested that the 0.5-1.5 wt.% of nanofillers provided the
most significant improvement in electrochemical properties.
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CHAPTER 6. HYBRID NANOFILLER REINFORCED
COMPOSITE COATINGS

*Note: the information in this Chapter has patent protection in the United States.

6.1 BACKGROUND

Due to the limitations of using single nanofiller material, researchers have utilized the hybrid
nanofiller materials to explore the synergistic effect of the nanofillers, thus, developing
multifunctional coatings based on hybrid nanofiller composites [35], [83], [84]. Based on their
studies' results, the hybrid filler system could form a more robust nanoparticle network with a
better dispersion state and superior improvements compared with the polymer with a single filler.
In this section, three types of hybrid nanofillers were examined, which included CNT/NS,
GNP/NS, and CNT/GNP. The hybrid filler concentration was fixed at 1.0 wt.%, as the single filler
nanocomposites with this weight content generally showed great overall improvement compared
with others. Meanwhile, the nanofillers were mixed with a ratio of 25:75, 50:50, and 75:25 in order
to comprehensively examine the “hybrid effect” of the binary nanofiller reinforcements.

6.2 PERFORMANCE OF HYBRID FILLER REINFORCED
NANOCOMPOSITES

6.2.1 Corrosion resistance
(a) GNP/NS epoxy nanocomposites

Before exposure: The EIS results of epoxy with GNP/NS binary nanofillers were illustrated in
Fig. 6.1. Compared with the neat epoxy, all GS-Epoxy groups exhibited high impedance value at
the low-frequency region, suggesting that the excellent barrier performance of the protective
coatings. Moreover, the phase angle remained close to 90 degrees in all the tested frequency, which
reflected that the coating film behaved as an intact layer to protect the substrates. Overall, model
A was suitable for all the GS-Epoxy groups at the fresh stage.

After exposure: Results indicated that the 1%GS-Epoxy (25:75) has weaker corrosion protection,
compared with 1%GS-Epoxy (50:50) and 1%GS-Epoxy (75:25) samples. Remarkable drop of
impedance value and phase angle shift were observed at 100 hours for the 1%GS-Epoxy (25:75)
samples, which the overall performance was suitable for model B. On the other hand, the 1%GS-
Epoxy (50:50) and 1%GS-Epoxy (75:25) samples maintained excellent corrosion protection
properties at 100 hours, which model A was still well fitted for the EIS results.

After 500 hours of exposure, the 1%GS-Epoxy (50:50) has shown its extraordinary anti-corrosion
performance. It is clear to observe that the impedance has been recovered during the immersion,
as the impedance value was slightly decreased at 200 hours but recovered back at 500 hours. This
observation suggested that the recovery is related to the NS/GNP nanofiller with a ratio of 50:50
since it was not observed in the neat epoxy coating. In summary, the 1%GS-Epoxy (50:50) sample
remained in model A during the whole exposure, while the 1%GS-Epoxy (25:75) and 1%GS-
Epoxy (75:25) were in model B with Warburg elements.
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Figure 6.1: Impedance curve and phase angle curve of the GNP/NS epoxy before exposure (a)(e),
and after 100 hours (b)(f), 200 hours (c)(g), and 500 hours (d)(h).

(b)CNT/NS epoxy nanocomposites

Before exposure: At fresh state, the CS-Epoxy exhibited a reduction of impedance along with the
increase in the amount of CNT in the composites, which is not surprising as CNT has excellent
conductibility, as shown in Fig. 6.2. Highest impedance value was observed in the 1%CS-Epoxy
(25:75), with a slope of -1 and phase angles maintained around in 90 degrees. The overall
performance indicated that the 1%CS-Epoxy (25:75) behaved as an intact coating which is in stage
I (model A). Meanwhile, the other groups were in stage Ill, indicating there was the
electrochemical reaction in the coating-substrate interface.

After exposure: The long-term performance of the CS-Epoxy confirmed the corrosion protection
behavior in the short-term test. The impedance value of the 1%CS-Epoxy (25:75) was decreased
in the 100 hours test, but recovered back after 200 hours, then slightly dropped in the 500 hours
test. The corrosion phase was in stage Il at 500 hours. Interestingly, the impedance recovery was
observed in the CS-Epoxy group. We suggested that this phenomenon might be related with the
NS in the composite as the impedance recovery has been observed in other composites with NS as
well, for example: the 1%GS-epoxy (50:50) and 0.5%S-Epoxy.

On the other hand, the impedance value of the 1%CS-Epoxy (50:50) and 1%CS-Epoxy (75:25)

was continuously decreased during the whole test, and the corrosion phase was in stage IV (model
C) at 500 hours, revealing severe damage was occurred due to the corrosion attack.
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Figure 6.2: Impedance curve and phase angle curve of the CNT/NS epoxy before exposure (a)(e),
and after 100 hours (b)(f), 200 hours (c)(g), and 500 hours (d)(h).

(c) CNT/GNP epoxy nanocomposites

Before exposure: For the coatings that were containing CNT/GNP binary nanofillers as shown in
Fig. 6.3, low impedance value was observed in all tested samples, which should be attributed to
the high conductive network consisting of CNT and GNP. At this stage, all the test CG-Epoxy

samples were in stage 111 (model B with Warburg element)

After exposure: Compared with the short-term performance, similarity of long-term performance
was observed in the CG-Epoxy coatings, as the lower impedance value observed in the samples

containing a higher content of CNT. The overall results suggested that the combination of CNT

and GNP has weaker anti-corrosion properties in both short-term and long-term performance. The
corrosion phase of all the tested CG-Epoxy samples reached stage 1V (model C) at 500 hours.
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Figure 6.3: Impedance curve and phase angle curve of the CNT/GNP epoxy before exposure (a)(e),
and after 100 hours (b)(f), 200 hours (c)(g), and 500 hours (d)(h).

6.2.2 Abrasion resistance

Figure 6.4 shows the wear index values of the nanofiller reinforced epoxy that obtained from
abrasion test. A comparison of abrasion resistance reinforcement was performed between single
nanofiller, hybrid nanofiller. Generally, for each combination of the hybrid nanofiller, the lowest
wear index values were observed in the mixture that with a mix ratio of 0.5:0.5, indicating the
maximum reinforcement was produced. The wear index values become higher at 0.25:0.75 and
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0.75:0.25 groups which are generally higher than the single filler group (besides CG-Epoxy 25).
Material degradation were observed in CS-Epoxy25, GS-EPoxy75. The wear index values are
0.1181 and 0.1270 for CS-Epoxy 25, GS-Epoxy 75 correspondingly, which are higher than neat
epoxy (0.1135).
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Figure 6.4: Wear index of hybrid nanofiller composites

6.2.3 Coupon tension test

The tensile properties of hybrid nanofiller reinforced epoxy is presented in Figures 6.5-6.7, and
the results include maximum tensile stress, strain at failure, and Young’s modulus which was
obtained by the dogbone tensile test (ASTM D638). To evaluate the influence of varied mix ratios
in the hybrid nanofillers, Figures 6.5-6.7 are used to demonstrate the maximum tensile stress vs.
mix ratio, strain at failure vs. mix ratio, and Young’s modulus vs. mix ratio, respectively.
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Figure 6.5: Max tensile stress of hybrid nanofiller composites

The variation of the max tensile stress of the CNT/GNP, CNT/NS and GNP/NS groups is shown
in Figure 6.5. The highest tensile stress was observed in 1 wt. % of CNT with a value of 40.24
MPa. Dissimilar tendencies were observed in these three curves. In the CNT/GNP groups, the
tensile stress was increased along with the higher mix ratio of CNT in the hybrid nanofiller.
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Besides the pure CNT group, the CG-Epoxy 25 exhibits the highest max tensile stress value
(34MPa) in the CG-Epoxy groups. However, the incorporation of the hybrid CNT/NS filler leads
to a deduction of the max tensile stress compared with single filler reinforced epoxy. The tensile
stress decreased to 27.77 MPa in CS-Epoxy 75 group, and the higher stresses were obtained in NS
and CNT groups. Compare with CG-Epoxy and CS-Epoxy groups; the max tensile stress was
obtained in the GS-Epoxy 50 group which is 36.66 MPa. The result indicates that the combination
of GNP and NS in a ratio of 0.5:0.5 forms a more robust nanoparticles network.

Furthermore, the results of failure strain are presented in Fig. 6.6. Unlike the tensile stress curve,
the highest failure strain was obtained in the hybrid nanofiller reinforced composite (CS-Epoxy
25) which a failure strain of 7.45% was observed. The strain was decreased in CSE1-50 group
(5.84%) and then a higher strain was observed in the CS-Epoxy 75 group (6.47%). In CG-Epoxy
groups, significant improvements of the failure strain were observed in all tested hybrid nanofiller
composites. However, lower strain values were obtained in GS-Epoxy groups, which means the
presence of GNP leads to decrease the flexibility of the NS composites.

The Young’s modulus curves were shown in Fig. 6.7, and the highest value was still observed in
1% CNT groups. However, in the GS-Epoxy groups, a strong reinforcement was obtained in GS-
Epoxy 50 group, Young’s modulus reaches 643.17 MPa which has increased 28% and 26%
comparing with SE and GE groups, correspondingly.
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Figure 6.6: Strain at the failure of hybrid nanofiller composites
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Figure 6.7: Young's modulus of hybrid nanofiller composites

6.2.4 Water contact angle

Compare with the last report, similar results of the contact angles tests were obtained. It is easy to
observe that the contact angle was still dramatically decreased in the hybrid nanofillers reinforced
epoxy with varied mix ratios. Generally, as shown in Fig. 6.8, the water contact angle was less
than 10 degrees, indicating the surface became extremely hydrophilic when the hybrid nanofiller
were added to the epoxy resin.

Angle = 6.69 degrees
Base Width = 6.5292mm

Figure 6.8: Water contact angle of CNT/Epoxy 25

6.3 SUMMARY

6.3.1 Selection of Nanofiller Reinforcement for Pipeline Applications

For simplicity, five types of nanocomposite coatings that exhibited excellent anti-corrosion
performance were selected, with the impedance value and EEC model. The selected coatings were
presented in Table 6.1, and they were ranked by considering the impedance values and the EEC
model after exposure. It was clear to observe that the 1%GS-Epoxy (50:50) and 0.1%GS-Epoxy
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groups have similar Zmod value and EEC model before and after exposure. However, we
suggested that, compared with the 1%GS-Epoxy (50:50) groups, the 0.1%GS-Epoxy has weaker
corrosion protection properties as the impedance value was significantly dropped at 100 hours.
Excellent anti-corrosion performance was also observed in the 5.0%GS-Epoxy, 0.5%S-Epoxy, and
1.0%CS-Epoxy group, followed by the 1.0%GS-Epoxy (50:50) and 0.1%GS-Epoxy groups.

Table 6.1: Selected nanofiller reinforced coatings with excellent anti-corrosion

performance
Log Zmod Corrosion stage
Group

Onset 500 hr Onset 500 hr

1%GS-Epoxy (50:50) 10.86 10.26 Stage | Stage |
0.1%GS-Epoxy 10.40 10.47 Stage | Stage |
5.0%GS-Epoxy 10.42 9.58 Stage | Stage Il
0.5%S-Epoxy 10.44 9.48 Stage | Stage 11l
1%CS-Epoxy (25:75) 10.83 9.53 Stage I Stage Il

The specimens containing 0.1 and 1.0 wt.% of GNP/NS hybrid filler have shown their excellent
anti-corrosion performance. In addition, the mechanical and tribological behavior of the developed
nanocomposite coatings was evaluated by contact angle, pull-off strength, abrasion resistance, and
dogbone tensile test. The results showed greater improvement was observed on abrasion
resistance, mechanical strength for the specimen with 1.0 wt.% GNP/NS hybrid filler. To sum up,
the 1.0 wt.% GNP/NS hybrid filler system was selected to reinforce the polymeric coatings, and
the detailed characterizations of the nanofillers were presented in the following section.

6.3.2 Characterization of the Selected GNP/NS Hybrid Composite Coatings
In order to understand the synergetic effect of the selected GNP/NS hybrid nanofiller system,
several characterization techniques were employed, and the observations were presented below.

(a) Particle size distribution

On the purpose to study the synergistic effect of hybrid nanofillers, particle size distributions of
GNP, NS, and the hybrid filler at 1 wt.% were illustrated in Figure 6.9. The results exhibited a
narrow size distribution of NS particles, as most of the particles were around 60-300 nm. Due to
the NS particles were purchased commercially with a size 10-20 nm, so the results confirmed that
the NS particles were further stacked up after dispersion. It was clear that the GNP particles were
distributed in the range of 50 to 1000 nm, particles larger than 500 nm probably were attributed to
the agglomeration of the particles.
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Figure 6.9: The particle size distribution of GNP/NS hybrid filler

As observed that the size distribution of the GNP/NS hybrid fillers was narrower than GNP
particles, and also the average size was much smaller than the GNP particles. These observations
indicated that the dispersion level was significantly improved in the hybrid filler system, as the
formation of nanofiller aggregates were mitigated.

(b) Transmission electron microscopy (TEM)

Figure 6.10 presented the TEM micrograph of the morphology of the GNP/NS hybrid nanofillers.
The images confirmed that the Nano-silica particles have uniformly hanged on the surface of the
graphene nanoplatelets. Apparently, the Nano-silica particles were attached to the GNP during the
dispersion procedure, which contains high-speed dispersion and ultrasonication. Overall, a unique
three-dimensional structure was developed in the hybrid nanofillers by combining GNP and NS
[85]. Based on the experimental results in the previous study, these hybrid particles have provided
a stronger reinforcement compared with both single fillers (GNP and NS) when dispersed it into
the epoxy resin as nanofillers.

s

e A: ,“" -
Figure 6.10: TEM photograph of GNP/NS hybrid filler

(c) X-ray powder diffraction (XRD)

Apart from that, Figure 6.11 presented the XRD patterns of GNP/NS hybrid fillers, and the results
were compared with GNP and NS single fillers. It was clear that the hybrid filler showed two weak
diffraction peaks at 26.5° and 19.5°. Based on the results before, the first peak was originated from

the NS and the second one was from GNP sheets, indicating the NS and GNP particles were well
mixed in the matrix.
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However, note that the intensity of both peaks was weakened compared with singles fillers,
especially the peaks that assigned to GNP, indicating proper intercalation and an increased degree
exfoliation of GNP sheets in the matrix. The result also indicated that the nanoparticles were
dispersed better in the hybrid filler system compared with the single fillers. The improved
exfoliation state in the hybrid system suggested that the presence of NS particles destroyed the
agglomerate of GNP sheets during the dispersion procedure, and after that, the covered NS on the
GNP sheets has prevented them restacking together [64], [77], [79], [85].
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Figure 6.11: X-ray powder diffraction (XRD) curves of GNP/NS hybrid filler
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CHAPTER 7. ENHANCEMENT OF SELECTED
NANOCOMPOSITE COATINGS FOR PIPELINE
APPLICATIONS

*Note: the information in this Chapter has patent protection in the United States.

7.1 BACKGROUND

In this section, Polydimethylsiloxane (PDMS) was introduced to modified epoxy resin, as the
intercalation of PDMS and epoxy revealed will result in a hydrophobic surface, which leads to an
increase in contact angle. Different weight contents of PDMS were used, and the modified resins
have incorporated with 1.0 wt.% GNP/NS hybrid filler. These combinations allow us to discover
the synergistic effect between the modified resin and selected nanofiller reinforcement; thus, the
coating with the best overall performance was selected for further study.

7.2 CHARACTERIZATION OF OPTIMIZED NANOCOMPOSITES

7.2.1 Corrosion behavior

All prepared PDMS modified epoxy coating with 1% GNP/NS demonstrated high impedance
value at the low-frequency region, and the phase angle was around 90 degrees in both high and
low-frequency region. The impedance and phase curves for the tested groups were very close to
the 1%GS-Epoxy group, as shown in Fig. 7.1. The results reflected an excellent protective property
of the coatings, which indicated that the coating was not degraded by the incorporation of PDMS.
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Figure 7.1: Impedance curve (a) and phase angle curve (b) of the 1%GS-PDEP at the fresh stage

7.2.2 Abrasion Resistance

The abrasion resistance of PDMS modified epoxy was illustrated in Figure 7.2, which the red
dashed line shown the mass loss of the neat epoxy coating. Compared with 1%GS-Epoxy coating,
it was clear that the mass loss of the 1%GS-PDEP (10:90) group was slightly higher, but it worth
to mention that the mass loss was still lower than the neat epoxy group. On the other hand, stronger
improvement of abrasion resistance was obtained in the 1%GS-PDEP (30:70) group, and the mass
loss was around 48 mg during the test. The results showed that the 1%GS-PDEP (30:70) group
has better abrasion resistance than 1%C-Epoxy group, which has the lowest mass loss in the
previous study.
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Figure 7.2: Abrasion resistance of the 1%GS-PDEP samples

7.2.3 Contact Angle Test

The results from the contact angle test confirmed that the incorporation of PDMS would
significantly increase the water repellency of the epoxy composites. The contact angle has
increased from 26 degrees (1%GS-Epoxy) to around 110 degrees by incorporating the PDMS
modified epoxy. Moreover, the contact angle increased to around 120 degrees after abrasion.
Figure 7.3 and Table 7.1 presented the contact angle of each composite before and after abrasion,
and it was clear that the PDMS modified epoxy resin has superior water repellency with great
durability.

Table 7.1: The contact angle for composites with PDMS modified epoxy
Contact Angle (%)

Group

before after
Meat epoxy =] 50
1% G5-Epoxy (30:50) 26 g5
1% G5-PDEP (10:90) 106 119
1% G5-PDEP (30:70) 109 115
1
(2) .
(c)
(e) ()
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(h)

Figure 7.3: Contact angle before and after abrasion for the neat epoxy (a)(b), 1%GS-Epoxy (50:50)
(c)(d), 1%GS-PDEP (10:90) (e)(f), and 1%GS-PD/EP (30:70) (g)(h) samples

7.2.4 Coupon Tensile Test

Figure 7.4 presented the analysis of tensile properties for the developed 1%GS-PDEP coatings,
which was determined by the coupon tensile test. The maximum tensile stress, strain at failure,
and Young’s modulus were illustrated in Figures 7.4(a)-7.4(c), correspondingly. Neat epoxy and
1%GS-epoxy were used as references.

In Figure 7.4(a), a significant increase of tensile stress could be observed in 1%GS-PDEP (10:90)
group, which increased 75% by compared with neat epoxy. This indicated the incorporation of
PDMS reinforced the tensile properties as the strength was even higher compared with 1%GS-
Epoxy group. However, the stress exhibits a degradation at higher concentration of PDMS. The
stress decreased to 23.2 MPa, which was slightly lower than the neat epoxy (24.7 MPa).

Furthermore, a similar tendency was observed in both strain and Young’s modulus for the tested
samples, which were presented in Figures 7.4(b)-7.4(c), respectively. Apparently, the highest
reinforcement was obtained in 1%GS-PDEP (10:90) composites, which has an excellent
improvement in both tensile strain and Young’s modulus. However, Young’s modulus of 1%GS-
PDEP (30:70) was decreased by the incorporation of 30 wt.% PDMS in epoxy resin. The overall
results indicated that the modification of epoxy by 10 wt.% of PDMS could significantly improve
the tensile properties of neat epoxy without compromising the effect of hybrid fillers.
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Figure 7.4: Tensile properties of 19%GS-PDEP coatings, (a) tensile strength, (b) strain at failure, and
(c)Young’s modulus

7.3 DURABILITY AND RELIABILITY UNDER SALT FOG EXPOSURE
(B117)

7.3.1 Corrosion barrier performance during salt fog test

The long-term performance of the 1%GS-PDEP coatings showed a good agreement with the EIS
results in the previous study. All the tested samples have been exposed in salt spray test (ASTM
B117) for 500 hours, and EIS measurement was performed in 0, 100, 200, and 500 hours after
exposure. The test results from neat epoxy have been used as a reference, which was illustrated in
Figures 7.5(a) and 7.5(b). The performance before exposure was discussed in the previous report,
which both 1%GS-PDEP coatings have excellent barrier properties compared with neat epoxy.

Moreover, as clearly illustrated in Figs. 7.5(c)-7.5(f), the durability tests further confirmed that the
1%GS-PDEP coatings significantly enhanced the long-term barrier performance. The Zmod
values for both 1%GS-PDEP coatings maintained higher than 10° in the test range, while the Zmod
value has decreased to 10° for neat epoxy at 500 hours. The phase angle at low and middle-
frequency region showed a good agreement with the results in Zmod curves. In the low-frequency
region, the phase angle of the neat epoxy group has dropped very closed to 0 degrees even after
100 hours. On the other hand, the value of phase angle in the low frequency maintained much
higher in1%GS-PDEP coatings.
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7.3.2 Hydrophobicity during salt fog test: contact angle
On the purpose of studying the effect on hydrophobicity during the coating damage process, the
contact angle for the coatings was measured at 0, 100, 200, and 500 hours as well, as listed in
Table 7.2. The image of the water droplet on the panels was presented in Fig. 7.6, which includes
both 1%GS-PDEP (10:90) and 1%GS-PDEP (30:70) groups. The results suggested that both
coatings have robust water repellency as the durability allow them to maintain a high water contact
angle after the salt spray test. From the previous study, PDMS modified epoxy with hybrid filler

has shown its robustness after abrasion test as well, which shown a good agreement with the results

5

in this report. The integration of the results in this and previous study indicated that the developed
1%GS-PDEP coating systems have superior water repellency with great durability.

Table 7.2: The contact angle for GS-PDEP coatings

Contact angle °)

Group
Onset |100hr B117| 200hr B117]500hr B117
1%GS-PDEP (10:90) 107 104 107 97
1%GS-PDEP (30:70) 109 111 114 105
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1%GS-PDEP (10:90)

Onset 100hr 200hr 500hr
1%GS-PDEP (30:70)

Onset 100hr 200hr 500hr
Figure 7.6: The water contact angle of the 1%GS-PDEP coatings after exposure

7.4 SUMMARY

In this chapter, GNP-NS loaded PDMS-epoxy nanocomposite was successfully synthesized via a

facile solvent-free fabrication method, and the comprehensive investigation confirmed that the

developed hybrid nanocomposite coatings offered robust water-repellent, anti-corrosion
properties, with specific conclusions as follows:

e The developed coating has a dramatic improvement in anti-corrosion performance, and the
coating displayed long-term resistance after exposed to accelerated weathering environments.
Such a robust multifunctional corrosion protection coating with remarkable durable
hydrophobicity is viable as alternatives for current coatings, thus enriching the categories of
structural materials for metallic structures.

e The increased contact angle suggested that the coating has excellent hydrophobicity.
Moreover, the surface was robust enough as the hydrophobicity has remained even after
mechanically damaged or exposed to an accelerated weathering environment.

e The results of the coupon tensile test confirmed that the inclusion of GNP-NS nanofiller in the
polymer resin improved the critical mechanical properties for engineering applications, such
as strength, strain, and Young’s modulus.



CHAPTER 8. ROBUST, HIGH-PERFORMANCE
MULTIFUNCTIONAL COATINGS FOR PIPELINE
APPLICATIONS

*Note: the information in this Chapter has patent protection in the United States.

8.1 BACKGROUND

The proposed high-performance multifunctional coating was schematically shown in Figure 8.1.
Experimental results revealed that the incorporation of GNP/NS hybrid nanofiller led to a dramatic
improvement on both corrosion resistant, mechanical strength, abrasion resistance, and durability
(as shown in previous chapters). The only drawback of the GNP/NS nanofiller was the decreased
water repellency; however, this challenge was solved by the superamphiphobic layer and modified
polymer.

- Corrosion resistance O

- Anti-fouling resistance A O O Tl

- Abrasive resistance } S
g / / /

Coating i \

Substrate

Figure 8.1: Proposed high-performance multifunctional coating

8.2 NEW COMPOSITE COATINGS WITH SUPERAMPHIPHOBIC
SURFACE

8.2.1 Corrosion Barrier Performance

The initial corrosion barrier performance of the new high-performance coating was measured by
EIS test, and the results were presented in Fig. 8.2. Clearly, the Bode plots reflected excellent
corrosion protective property of the developed coating, as high impedance value at the low-
frequency region, and phase angle was around 90 degrees in both high and low-frequency region.
At this stage, the EIS data was also well fitted to the model A electrical equivalent circuit (EEC),
indicating the coating behaved as an intact protective layer for the substrate.
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Figure 8.2: Impedance curve and phase angle curve of the proposed high-performance
multifunctional coating

8.2.2 Contact Angle Test

To investigate the water and oil repellency of the developed coating, the contact angle of both
water and organic liquid to the coating surface was determined. The contact angle of the neat epoxy
was 51 degrees, and dramatic improvement was observed in the new high-performance coating.
Due to the uniformly distributed fluorinated nanoparticles on the top surface, the coating has
excellent superamphiphobic property; hence, the contact angle of water and hexadecane was
increased to around 160 and 145 degrees, respectively.

8.2.3 Water Droplet Ascending and Descending from the Coating Surface

As mentioned earlier, water adhesion of the contact surface is also a major factor contributing to
the water repellency of coatings. Figure 8.3(a)-(b) showed a series of images taken during water
droplet ascending and descending the surface of neat epoxy, and the high-performance coating,
respectively. For the neat epoxy, it was found the water droplet was completely detached from the
tip with a low contact angle, hence, indicating the neat epoxy was hydrophilic and has low water
repellency. Excellent water repellency was observed in the high-performance, as it was found that
the water droplet was easily detached from the surface and suspending on the tip, as presented in
Figure 8.3(b). To sum up, the developed coating has an excellent superhydrophobic surface and
improved water repellency, which allowed water easily to roll off the coating surface.

Ascending Preload Descending Detached

(b)

Figure 8.3: Water droplet ascending and descending of (a) neat epoxy, (b) high-performance coating
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8.3 LONG-TERM DURABILITY OF NEW HIGH-PERFORMANCE
COATINGS

8.3.1 Durability and Reliability Under Salt Fog Exposure

The impedance and phase angle plots for the proposed coatings were illustrated in Figs. 8.4(a) —
(b), no degradation on corrosion resistance of the coating was observed during the entire 2000
hours exposure time. The coating behaved as an intact protective film as a straight line was
observed in impedance curve and the phase angle was around -90 degrees in over a wide frequency
region. As expected, the results confirmed the proposed coating has extraordinary anti-corrosion
performance and durability; hence, the coating remained in model A after 2000 hours of exposure.
For the developed coating, the impedance value was over 10'° Q/cm? after different exposure
periods; meanwhile, the neat epoxy has lower impedance value at the fresh stage and gradually
decreased during the exposure time (Fig. 8.4(c)). On the other hand, the EIS test was not able to
be performed on the neat epoxy sample after 1500 hours, as the coating was significantly damaged
(as shown in Fig. 8.4(d)). The results further confirmed that the proposed coating has extraordinary
anti-corrosion performance and durability; hence, the coating behaved as an intact protective layer
and remained in model A after 2000 hours of exposure.

Neat epoxy B 1%GS-PEDP(10:90) MS

Intact coating film, Model A
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Figure 8.4: (a) Impedance curve, (b) phase angle curve and (c) Zmod values of the proposed high-
performance multifunctional coating after salt spray exposure

8.3.2 Hydrophobicity during salt fog test
(a) Contact angle test (after exposure)

The application of hydrophobic surface was often limited by its poor durability. In order to
investigate the robustness of the developed coating, both water and oil droplet contact angles were
measured after the exposure, Fig. 8.5 showed the contact angle of the high-performance coating
via exposure time, and the results strongly suggested the coating film was robust enough to
maintain the superhydrophobic properties under the accelerated corrosive environment. A water
contact angle (CA) value around 145 degrees was obtained in both 100, and 200 hours; meanwhile,
similar results were also observed with oil droplet (hexadecane), indicating the superior repellency
of the developed coating was survived during after exposing to the severe environment.

240
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200 Hexadecane

Contact angle (°)
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Figure 8.5: Water and oil contact angle of high-performance coating after salt spray exposure

(b) Water droplet adhesion from the coating surface (after exposure)

The results from the water adhesion showed a strong agreement with the contact angle test. As the
exposure time elapsed, no significant increased on water adhesion was observed, indicating the
surface remained undamaged under the severe environment. It was found that the water droplets
rolled off to the side during the preload process, and completely detached from the coating surface
after when descending from samples (see Figure 93).

Ascending Preload

Descending Detached
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Figure 8.6: Water droplet Ascending and descending on high-performance coating after (a) 100
hours and (b) 200 hours salt fog spray

8.3.3 Simulated field reliability test

(* Field test was not able to be performed due to COVID-19 situation. As such, utilizing the
simulated field test was designed as an alternative approach as presented below. Future field test
could be performed with a follow-on project when funding is available)

Fig. 8.11 illustrated the plan view of a liquid flow instrument for a modified long-term test. The
test instrument includes four parts: a fluid reservoir, a pump, a valve, and a channel to simulated
pipeline flows. The channel was designed to test three coated panels at one time, and the panels
are removable, so EIS test can be performed to evaluate the corrosion resistance after they were
exposed to the water flow.

To investigate the corrosion performance of the developed coatings under dynamic liquid flow,
EIS measurements were performed after the flow test. Three types of coating were evaluated,
which included the neat epoxy, one hybrid filler reinforced coating, and one high-performance
coating. The EIS test was conducted before, 100, 200, and 500 hours after exposure to the liquid
flow. For the proposed coating coating, the exposed duration was extended to 1000 hours. As
illustrated in Fig. 8.8, the results showed the neat epoxy has good corrosion under liquid flow
condition, but a significant degradation was observed after the test, with both impedance and phase
angle were decreased in the Bode plots.

On the other hand, improved corrosion resistance was observed in both hybrid coating and the
high-performance coatings. By comparing the results from these two coatings, it was worth to
mention that a slight degradation was observed in the hybrid coatings; however, the high-
performance coatings remained undamaged during the test. They showed excellent durability as
the impedance values remain unchanged after the test, which showed a good agreement with the
evaluation of long-term performance in the previous chapter.
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Figure 8.8: Impedance curve and phase angle curve of the (a) (b) neat epoxy, (c) (d) hybrid coating,
(e) (f) the high-performance coating

8.4 SUMMARY

This chapter presented the study to the fabrication and performance of the proposed high-
performance multifunctional coating. Both short-term and long-term experiments evaluated the
overall performance of the proposed multifunctional coating; thus, the following superior
properties were observed:

e The developed coating has excellent corrosion resistance as a high impedance value was
observed in EIS results.
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By comparing with the neat epoxy, a significant improvement in mechanical properties
was obtained in the proposed coating, as the tensile strength has increased by 75%, while
an improvement of around 60% was observed in tensile strain.

The new high-performance coating exhibited high anti-fouling capacity, with the contact
angle of water and hexadecane to 160 and 145 degrees, respectively.

The results obtained during the accelerated corrosion test revealed the proposed coating
was durable, as its excellent corrosion resistance and hydrophobicity remained undamaged
after exposure.
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CHAPTER 9. UNVEILING FAILURE MECHANISM OF
COATINGS VID. DEFECT ANALYSIS

9.1 BACKGROUND

Voids are considered as one of the major defects in the nanocomposites, so the voids analysis of
nanocomposite coating film was performed by Micro-CT scanning. The 3-D images obtained by
Micro-CT were used to investigate the defects in the specimens, while the cross-sectional images
were provided along the X-axis, Y-axis, and Z-axis. It is worth to mention that each
nanocomposite could have different types of defects in the specimen.

9.2 VOID CHARACTERIZATION

The 3-D images obtained from the Micro-CT scan for the neat epoxy sample were presented in
Figure 9.1. Based on the observation, the neat epoxy has a low volume of voids, as most of the
scanned areas were perfect layers. Low volume of voids in the coating film leads to a high barrier
performance and good mechanical properties, which was confirmed by our previous study, and
that is why epoxy is one of the most commonly used protective coating in oil and gas industry.
However, a large void could be found in the coating layer, which was possibly created during the
application process, as the epoxy resin has relatively high viscosity.

14 CeB8SsYde- #S 0
0 W0 W) 400 000 6L

J 10

Figure 9.1: Software interface for Micro-CT scan
A defect analysis was performed in the section, and the discussion was based on the obtained

results from the Micro-CT scan. For each type of nanocomposite, the void fraction, number of
voids per mm?®, and size of void were summarized.
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9.3 CORRELATION STUDY BETWEEN DEFECT ANALYSIS AND

COATING PERFORMANCE

This section presented the correlation study of the defect analysis (section above) and the coating
performance (previous studies), and the discussion has well-explained the nanofiller reinforcement
in the polymeric coatings.

In general, the addition of nanofiller could provide nanofiller reinforcement; meanwhile, the
nanofiller can also has positive or negative impacts on defects in the matrix. The perfect case is
that the nanofiller could provide both improved properties and reduced defects. Another case is
the presence of nanofiller would create more defects in the matrix; and improved performance
could be obtained in the nanocomposite as long as the nanofiller reinforcement is stronger than the
degradation that contributed by the defects. Otherwise, once the material degradation is beyond
the nanofiller reinforcement, the overall performance of the nanocomposite could be weaker than
the unreinforced group.

9.3.1 Neat epoxy associated with pitting corrosion

As mentioned earlier, the neat epoxy has a low void fraction; however, the size of the void was
large (Figure 9.2). Generally, this type of coating will have pitting corrosion in the area containing
the large voids, which significantly shortens the service life of the coating. The results from our
previous studies showed a firm agreement with the assumption above, and large spots with pitting
corrosion were observed after salt spray exposure (Figure 9.2(b)).

®

Pitting corrosion

/

<«

(@) (b)

Figure 9.2: Defects and pitting corrosion in the neat epoxy coating

9.3.2 Single filler/epoxy reinforcement

The tensile properties and void size were selected to as representatives to explain the relations
between the defects in the matrix and the performance of nanocomposites. It is well known that
the presence of CNT will increase the tensile properties of nanocomposites.

Based on the observation, the 1.0 wt.% content of nanofiller behaved as a critical point in the defect
analysis, which surprisingly showed a perfect agreement with the coating performance from
previous works. In general, significant increased void size results in a higher severity level of
defects and reduce the coating performance. Figure 9.3 was used as an example, in which the
tensile strength and void size of CNT/epoxy were presented. It is easy to be observed that the 1.0
wt.% of CNT has the greatest improvement on the tensile strength of nanocomposite; at this point,
the addition of CNTSs has provided reinforcement by its excellent mechanical properties and also
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by reducing the defects. The size of the voids increased when 1.5 wt.% of CNTs were incorporated
into the epoxy, while the degradation of tensile strength was observed in this specimen as well.
Specially for 3.0 wt.% CNT/epoxy group, the increased defects have the highest negative impacts
on the coating performance, as the lowest tensile strength was observed. It is worth mentioning
that even the 3.0 wt.% CNT/epoxy group has tensile strength that more robust than the neat epoxy,
which is contributed by the excellent mechanical properties of the CNTSs.
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Figure 9.3: Relation between tensile properties and defect analysis in the CNT/Epoxy
nanocomposites

9.3.3 Graphene nanoplatelets reinforcement
Based on the results from previous studies, the addition of GNPs has the highest reinforcement on
the corrosion resistance of the nanocomposites. In Figure 9.4, the impedance value, and void

fraction in the GNP/epoxy groups were selected as representatives to show the influence of void
fraction on coating performance.

Apparently, the incorporation of 0.1 to 1.0 wt.% of GNPs has no significant impacts on the void
fraction; in this case, the corrosion resistance of the nanocomposite was improved as the addition
of GNPs increased the impermeability of the epoxy. However, as the void fraction was increased
when higher content of GNPs was added (1.5 and 3.0 wt.%), the coating performance was
degraded even the GNPs can improve the corrosion resistance.
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Figure 9.4: Relation between corrosion resistance and defect analysis in the GNP/Epoxy
nanocomposites

9.3.4 Nano silica reinforcement

Nano silica powders have the greatest influence on reducing the defects in the polymeric matrix,
as they can significantly reduce both the void fraction and the size of voids. Apparently, fewer
defects in the coating lead to improved coating performance; in this case, improved abrasion
resistance of the NS/epoxy was observed. Meanwhile, unlike the CNTs and GNPS, the higher
amount of NS has not increased the void size and fraction; this leads to on significant degradation
on the coating performance, as confirmed by the abrasion resistance (see Figure 9.5).
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Figure 9.5: Relation between abrasion resistance and defect analysis in the NS/Epoxy
nanocomposites

9.4 SUMMARY
This chapter addressed the failure mechanism of coating through defect analysis. Correlation study
between defect analysis and coating performance reveals the neat epoxy has low void content, but

the large-sized void in the matrix resulted in pitting corrosion and weak spots for mechanical
damage tolerance.

The presence of nanofillers create more defects in the matrix, and improved performance could be
obtained in the nanocomposite as long as the nanofiller reinforcement is stronger than the
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degradation that contributed by the defects. At this stage, the nanofillers are providing some
reinforcement for the composites.

Once the material degradation is beyond the nanofiller reinforcement, the overall performance of
the nanocomposite could be weaker than the unreinforced group. At this stage, the addition of
nanofiller has considerably reduced the performance of the composite.
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CHAPTER 10. EXPLORATION OF COATINGS ON
WELDMENT IN PIPELINES

10.1 BACKGROUND

Despite great efforts in protective coatings used for corrosion control, lack of sufficient damage
tolerance and corrosion resistance of these existing coatings make weldments the most common
contribution to pre-mature malfunction and even structural failure. Nano-modified composites
showed great potentials toward high-performance protective coatings for metallic substrates.
Therefore, this study investigated the performance of welded joints that are protected by
nanocomposite coatings. Threes type of carbon-based nanoparticles, carbon nanotubes, graphene,
and fullerene-C60 were selected as one, two, and zero dimensional materials. Results revealed that
the nanocomposite coatings had provided excellent protection properties for weld joints. The
electrochemical impedance spectroscopy (EIS) results suggested that the addition of graphene and
fullerene-C60 led to enhance anti-corrosion performance, while significant improvement in
abrasion resistance and mechanical properties were observed in the nanocomposite reinforced by
carbon nanotube and fullerene-C60. Viscosity and particle size distribution test were utilized to
study the interaction between nanoparticles and epoxy resin.

10.2 EXPERIMENTAL PROGRAM

10.2.1 Materials

The materials and chemicals were obtained from the market and used as received without any
treatment. A1018 low-carbon steel rod was used as filler material for weldment, and by using the
shielded metal arc welding process, the steel plates were welded together using the butt joint. A
bisphenol A (BPA) epoxy resin, EPON™ Resin 828, was used in this study; thus, Epikure 3175
was selected to as the curing agent for epoxy. Both the resin and curing agent were purchased from
Hexion Inc. (Columbus, OH, USA). Three types of carbon-based nanoparticles were chosen as
nanofillers in this study, including Carbon Nanotubes, Graphene Nanoplatelets, and Fullerene-
C60.

10.2.2 Welding Process and Fabrication of Nanocomposite Coatings

The A1018 low-carbon steel rod was welded to the steel plate by utilizing the shielded metal arc
welding procedure. The welding process parameters were listed in Table 10.1, and the voltage,
current, and travel speed were controlled during the application.

Table 10.1: Parameters for Welding Process

Welding _—
Parameter Description
Techniaue Shielded Metal Arc

g Welding
) . AIlSI 1018 Low-Carbon
Filler material
Steel
Voltage 20V
Current 60 A
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Travel speed 0.16 in/sec
Width of weld bead 0.251in

The nanocomposites were dip-coated to the welded steel plates, and then the samples were dry to
24 hours before any measurements or experiments; and Figure 10.1 showed the appearance of
coated weldment specimens. For simplicity, the nanocomposite coatings were labeled by the
incorporated carbon-based additives.

(b) Neat epoxy (c) CNT-Epoxy
coated coated

: iy
(d) GNP-Epoxy (e) C60-Epoxy
coated coated

Figure 10.1: The appearance of welded joints (a) before, and (b)-(e) after coating by prepared
coatings

(a) Uncoated sample

10.3 CHARACTERIZATION OF THE WELDMENT WITH AND
WITHOUT COATING

10.3.1 Corrosion resistance determination

To evaluate the corrosion resistance of the prepared coatings on the welded joints, electrochemical
impedance spectroscopy (EIS) test was performed by a Gamry Reference 600 Spectroscopy. The
impedance vs. frequency curve from the EIS test was utilized to evaluate the coatings' barrier
properties. As presented in Figure 10.2, a plastic tube was used as a container for 3.5% NaCl
solution during the test. For the reference electrode, a saturated calomel electrode reference
electrode was used; hence, a platinum mesh was used as the counter electrode and the working
electrode was worked as a steel panel. During the test, the data was collected over a frequency
range of 10mHz to 100kHz through sinusoidal perturbation; the obtained results were transformed
into a Bode and Nyquist map.
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Coated Weldment

(a) (b)

Figure 10.2: Schematic diagram and (b) specimen for electrochemical impedance spectroscopy (EIS)

The Falling Sand Abrasion test was utilized to evaluate the wear resistance of the nanocomposites
that were used to protect welded joints; as presented in Figure 10.3, a standard sand falling tester
was used by following ASTM D968. The sand was designed to drop from the funnel to the coated
sample by going through a 36” smooth tube. The sand's flow rate was 0.095 to 0.085 liter/second,
and thickness loss was measured during the test. The abraded pattern formed an ellipse-shaped
area, and the thickness measurement was performed on the welded joint in this study. For each

sample, the wear resistance (Rw) was determined by: R,, = TV—T where V= Volume of sand used,
-
To = Averaged thickness before the test, and T = Averaged thickness after the test.

(a) (b)

Figure 10.3: (a) standardized falling abrasive tester and (b) sample after abrasion

10.3.2 Anti-Corrosion Performance of the Coated Weldments

The EIS measurement was utilized to characterize the electrochemical properties of coated steel
welds, which can be used to evaluate nanocomposite coatings' effect on the corrosion protection
properties for welded joints. The obtained results were plotted into Bode and Nyquist curves; thus,
the Bode plots have consisted of impedance and phase angle curves, as shown in Figure 10.4. The
arc radius of the Nyquist curve is related to the corrosion resistance, and a larger radius reveals the
coating has stronger performance [90]. The impedance value at the low frequency, 0.01Hz,
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indicates the coating film's barrier properties, which relates to the effectiveness of coating to isolate
the substrate to the corrosive environment [69]. Generally, a coating is expected to have a
maximum impedance value greater than 10° Q cm? in order to provide corrosion protection to the
substrate [91].

Furthermore, the phase angle values reflected the intactness of the protective film layer. Coating
layer with a high degree of intactness will have phase angle value approach to 90 ° in most tested
frequency ranges [92]. Ideally, the electrolytes cannot penetrate into an intact protective film to
initiate corrosion reaction in the coating-substrate interface. The corresponded EIS results for an
intact coating should have the following behaviors: 1) the sample should have a high impedance
value, 2) the impedance curve should be straight with a slope of -1, and 3) the phase angle curve
approached to -90° in all the tested frequency range.

(a) impedance curves (b) phase angle curves
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Figure 10.4: EIS results for the coated weldments

Based on the observation in Figure 10.4, the incorporation of CNTs in the epoxy matrix exhibited
a decreased barrier performance. Compared with the neat epoxy, the impedance curve for CNT-
Epoxy exhibited a reduced value in most tested frequency ranges. The value at 0.01Hz decreased
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from 10°to 10" Q cm?, as shown in Figure 10.4(b). Also, the phase angle curve showed that the
value of CNT-Epoxy reduced dramatically. The addition of CNT negatively influences the
penetration of the electrode, which is contributed by the highly conductive network constructed by
the fibrous shaped CNTS [10, 31]. In addition, the large size agglomeration and the increased void
fraction are also responsible for the decreased corrosion resistance, as both of them act as defects
to reduce the diffusion pathway in the coating film.

The welded joint protected by GNP-Epoxy and C60-Epoxy showed improved corrosion resistance
properties compared with the neat epoxy sample. In both GNP and C60 groups, straight lines with
a slope of -1 were observed in the impedance curve, and the phase angle values were approaching
-90 degrees (see Figure 10.4). The observations revealed that the addition of GNP and C60
significantly improved the barrier performance of the neat epoxy, while the impedance value
increased to 10'°Q cm?. However, the mechanisms of GNP and C60 reinforcement are dissimilar,
while for C60-Epoxy, the improvement was majorly contributed by the reduced void fraction in
the matrix, as discussed previously. On the other hand, addition of GNPs increased the void
fraction, so the improved barrier performance was majorly contributed by the lamellar shape of
the GNP, as the unique nanoplatelets can affectively block corrosive media transfer, leads to an
increase in the diffusion pathway [24].

10.3.3 Abrasion Resistance of the Coated Weldments

A falling abrasive test evaluated the wear resistance of the nano-modified coatings, and the results
were plotted in Figure 10.5. In Figure 10.5(a), thickness loss via abrasive volume was discussed
for each type of nanocomposite coatings, and the neat epoxy was used as a reference. To be
clarified, the thickness loss value after the test is inversely proportional to the abrasion resistance
for the coatings. As displayed in both Figures 10.5(a) and 10.5(b), the neat epoxy has the highest
thickness loss regardless of the volume of abrasive, and the thickness loss reached 49.3um after
120 liters of sands were dropped, and the wear resistance of neat epoxy was 2.4 L/um, which
presents an acceptable wear resistance. On the contrary, all the nanocomposites have lower
thickness loss values; this observation indicated that the incorporation of CNT, GNP, and C60
nanoparticles could enhance the abrasion resistance of composites. Research work showed that a
sufficient amount of nanofiller in the composite leads to enhancing the composite's cohesion or
strength, and the load transferability when subjecting to abrasion stress [94].

Compared with the CNT-Epoxy system, a slight improvement on wear resistance was observed in
the GNP-Epoxy group. The wear resistance for the GNP-Epoxy sample was 3.41 L/um, indicating
a 40% enhancement was obtained by the GNP reinforcement. Surprising results were observed in
GNP-Epoxy groups, as the lamellar shaped nanoparticles should have excellent reinforcement due
to their high specific surface area; however, researchers pointed out that the GNPs nanosheets are
easily stack-up, which results in a structure that is weak to mechanical stress [97].
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Figure 10.5: (a) Thickness loss via abrasive’s volume, and (b) abrasion resistance of coated
weldments
10.4 SUMMARY

In this study, three types of nanofiller-epoxy coatings were used to provide protection properties
for steel weldment. Improved corrosion resistance and abrasion resistance were found in the weld
joints that were coated with nanocomposite coatings. Meanwhile, an investigation was performed
to study the effect of nanoparticle’s shape on nanocomposite coatings' performance. The data from
the electrochemical impedance spectroscopy (EIS) test indicates that the epoxy coating could not
provide sufficient anti-corrosion properties for welded joint, while improved performance was
observed in the coatings incorporated with GNP and C60. However, the addition of CNTs has
reduced the barrier properties as confirmed by decreased impedance and phase angle values.

Improved wear resistance was observed in the specimen coated with CNT-Epoxy and C60-Epoxy
coatings. The falling sand test results indicated that the wear resistance increased 2 and 2.5 times
by incorporating CNT and C60 in the epoxy, correspondingly. Meanwhile, the GNP-Epoxy
coating showed moderate enhancement, and the thickness loss was reduced by 40% compared with
the neat epoxy.
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CHAPTER 11. EDUCATION AND OUTREACH ACTIVITIES

11.1 DISSEMINATION OF THE PROJECT

As critical portion of this study, we actively disseminate the research findings in pipeline
community through national and international conferences. For instance, as illustrated in Fig. 11.1,
Dr. Lin attended the national conference: American Society of Civil Engineers (ASCE) Pipeline
2017 at Phoenix, AZ, August 6-9, where he has chaired one conference session and also presented
the group study related to this project. Also, Dr. Lin attended the national conference: SPIE-Smart
Structures + Nondestructive Evaluation, at Denver, Colorado, March 4-8, 2018, where he
presented the group study related to this project. In 2019, Dr. Lin was invited to give a talk, entitled
"Design and Characterization of Functional Nanoengineered Epoxy-Resin Coatings for Pipeline
Corrosion Control ". in the conference, Coating Trends and Technologies 2019, at Rosemont,
IL, Sept. 10-11, 2019, where he presented the group study on the new coating development and
characterization for oil/gas pipeline corrosion control (see Fig. 11.2).
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Figure 11.1: ASCE Pipeline conference session chair and presentation at Phonix, US. (Aug., 2017)
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Figure 11.2: Dr. Lin gave ah invited talk on the national coating conference in Rosemont, IL, on Sept.
10th, 2019

Two graduate students, Matthew Pearson and Xingyu Wang (see Fig. 11.3), participated in the
poster session in the ND EPSCoR 2018 State Conference in Grand Forks, ND, at April 17, 2018
(the poster with acknowledgment to USDOT CAAP support). Since North Dakota has become the
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second-leading oil-producing state in the nation and pipeline is used as one major liquid
transportation, the study of this project associated with effective corrosion control of pipeline
raised much attention from audience in a broader field of public, government, and industry pipeline
stakeholders.

Figure 11.3: MS student Matthew Pearson (left) and PhD student Xingyu Wang (right) attended and
presented their US DOT CAAP project in poster session in ND EPSCoR 2018 State Conference
in Grand Forks, April 17th, 2018

11.2 OUTRACH ACITIVIES ASSOCIATED WITH THE PROJECT

Dr. Lin has a strong record of participating in outreach programs. Dr. Lin has mentored over eight high
school students in the ND Governor’s High School program and engaged them in this project for past three
years. The summary of the activities is briefly concluded below:

11.2.1 High school student outreach program in 2017

In summer 2017, two high school female students, Joelle Sherlock and Desiree Parsons, from North
Dakota Governor's Schools program were invited to have five-week to experience the research in our
research group, as shown in Fig. 11.4. They worked with our graduate students for coating processing,
including two different epoxy resin and curing agent pairs mixing, and on how to spray on steel plates,
and evaluation of coating performance on environmental chamber using basic weight loss. During
these weeks, students gained ideas of the corrosion behaviors of metallic materials and conduct
experiments in the lab. The outreach was be unique to disseminate our research and foster the next-
generation engineers to gain better understanding of the science and material, and could motivate them
to pursue this area in their future career.
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11.2.2 High school student outreach program in 2018

In summer 2018, as illustrated in Figs. 11.5-11.6, four high school students, Josh Gronneberg,
Natlie Lemnus, Olivia Svanes and Julia Bauroth from North Dakota Governor's Schools program
were recruited in a six-week research in Dr. Lin’s group. North Dakota Governor’s Schools is a
residential program for scholastically motivated North Dakota high school sophomores and
juniors. Both lecture and experiment work were conducted for the student to learn the nanoparticle
modified coating synthesis, and the corrosion behaviors of metallic materials. Toward the end of
the outreach, the high-school students gained better understanding of the science and material
through the presentation and poster. They were motivated in STEM career.
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Figure 11.5: Four high school students with the graduate student (from left to right: Julia Bauroth,
Josh Gronneberg, Xingyu Wang, Olivia Svanes and Natlie Lemnus) in Dr. Lin’s research group
for preparing coating samples and performing tests

Figure 11.6: High school students presented their work when in Dr. Lin’s research group

11.2.2 High school student outreach program in 2019

Continuous efforts in this project were to recruit high-school students each summer to work in the
pipeline research and foster their interest in this field. In this summer, Dr. Lin’s group recruited
two high school students, Isak Harmon and John Goeres, from North Dakota Governor's Schools
program (see Fig. 11.7). These two students worked with the graduate students Muhammad Metla,
Zi Zhang and Matthew Pearson by participating in the USDOT PHMA to learn the nanoparticle
modified coating synthesis, and the corrosion behaviors of metallic materials. This outreach could
motivate them to pursue the pipeline safety and corrosion control area in their future career.
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Figure 11.7: Students working at the outreach program: Muhammad Metla, Isak Harmon, John
Goeres, Matthew Pearson, and Zi Zhang
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CHAPTER 12. CONCLUSIONS

Despite great efforts in polymeric coatings in pipeline industry, premature failures of these
coatings often cause pipe corrosion. High-performance composite coatings by incorporation of
nanomaterials are recently emerging multifunctional materials. In this project, we provided new
insights into developing new high-performance nanocomposite coatings for strengthening the
corrosion resistance of metallic pipelines. Three nanoparticles: carbon nanotubes (CNT), graphene
nanoplatelets (GNP) and nano-silica (NS), were used as nanofillers for synthesizing epoxy-based
nanocomposites. The new nano-modified composite coatings were systematically quantified to
understand the link of tribological, mechanical, and electrical properties of the nanocomposites.

For single & hybrid filler nanocomposites, even literature reviews demonstrated that the
investigations on these nanofiller/polymer composites, due to widely varied composite designs,
different dispersion procedures, and experiment methods, limited and inconsistent conclusions
could be made that hindered evaluating the effects of various nanofillers on their tribological,
mechanical and electrochemical performance. As a result, without a comparative experiment
design and consistent criteria, there was no clear information available to guide scientists and
engineers on how to properly select different nanofillers and how to effectively design promising
nanocomposites. Especially when specific properties are desired, this report is an opportunity to
make a comparison between additives by taking the advantage of experimental results.

By understanding of single and hybrid nanofiller reinforced coatings, we develop the new, robust,
high-performance coatings, striving for excellent solution for the internal surface of oil & gas
pipelines. According to the experimental study, the new high-performance coating has a significant
advantage over existing coatings when tailored to provide multifunctional protection for extended
long-term pipeline performance against corrosion fouling-wear issues, which cannot be offered by
other systems in the market.

Results revealed that the integration of these reinforcements had improved the coating's overall
performance, as the coating consisted of outstanding anti-corrosion performance, wear resistance,
mechanical strength, water-repellency property, and damage tolerance. Moreover, the facile
fabrication method and simple application procedure exhibited its potential toward large-scale
commercialization for metallic infrastructures.

By investigating the performance and micro/nano level characterization, the research offered an
opportunity to understand the relationship between the deposition parameters and the coating
functionality, the mechanical properties of the coating will be. The research work comparatively
evaluates the influence of these nanofillers on nano-reinforcement, primarily, an experimental
investigation of the tribological, mechanical and electrochemical properties.

Furthermore, this research work offered an excellent solution for mitigating corrosion and
understanding the performance of advanced materials and practical guidelines for their
implementation in the durability of civil infrastructure. The proposed study will also overcome the
limitations of existing methods and the research findings can significantly benefit civil engineering
fabricators, designers, and contractors, States and U.S. department of transportations.
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In summary, the highlights of this research work include:

(@)

(b)

New high-performance nanocomposite coatings exhibited superior anti-corrosion resistance,
water-repellency, mechanical and tribological properties, thereby enabling protecting metallic
oil/gas pipelines in long term.

A systematic experimental and analytical investigation used for the development and
characterization of nano-modified high-performance composite coatings provide scientists and
engineers with the opportunity to select different nanofillers and design promising hanocomposites
effectively properly.
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