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Abstract

This study aims to develop a new method to characterize mechanical properties us-

ing instrumented indentation. The indentation results were correlated with observed mi-

crostructure in weld metal of gas metal arc welding (GMAW) pipeline joints with their

mechanical properties such as: hardness and yield strength. The focus of this work was

on a representative API-X80 grade weldment using different commercial welding consum-

ables. Microstructure analysis was conducted on the as-deposited and reheated regions of

the weld in each pass. The microhardness distribution was mapped for the whole weld cross

section and correlated with the observed microstructure. A nearly flat tip indenter was

used to measure the load versus displacement response during micro-scale instrumented

indentation test, in order to determine the yield strength for different areas in the weld

region. This technique had previously been used as provided by the inventor to determine

the apparent yield strength for a wide range of engineering materials. However, the de-

tailed physics of the method were not described. In the second phase of this work, a finite

element model was built to understand the mechanics of contact using this indenter geom-

etry and to derive the full stress-strain relationship from the indentation test data (based

on load-displacement response) using an inverse approach, and to correlate these to the ex-

perimentally measured yield strength for pipeline steels. To establish the inverse approach,

the model was tested in the first stage for common materials such as steel and aluminium

alloys. This inverse approach technique aims to determine the tensile properties by analyz-

ing the full load-displacement curves. In addition, by further analysis of the FE modelling

results, a new technique to determine yield strength based on the load-displacement curve

v



and indenter geometry was developed and validated with the experimental results. This

technique, utilizing the nearly-flat indenter geometry along with cavity expansion theory

and/or slipline theory, allows one to determine yield strength directly from an experimental

load-displacement curve. The advantage of using this technique is that there is no need

to use regression fitting or other assumptions of the material properties to estimate yield

strength, or require FE modelling. Different steel and aluminium alloys were tested and

the results correlated well with the yield strength measured by conventional tensile test-

ing. Validating this indentation method as a localized strength measurement technique is

essential, so that it can be used to conveniently test different regions of a weld joint. Once

the method was validated, the yield strength was measured for different API-X80 pipeline

steel welds using the nearly flat tip indenter. The indentation based measurements of the

apparent yield strength were correlated with the microstructure and hardness values in

each zone. Moreover, the indentation technique was able to characterize narrow zones in

the weld and heat effected zone (HAZ) such as reheated weld metal, deposited weld metal,

coarse grain heat effected zone (CGHAZ), and fine grain heat effected zone (FGHAZ).

Digital Image Correlation (DIC) was also used to map the strain distribution during

transverse tensile testing for the welds. DIC data provided further evidence of the strain

distribution post-yielding, along with more information regarding the effect of strength

mismatch level on strain distribution through the welding joint. The result of the strain

map also was correlated with the formed microstructure in the WM and HAZ. The DIC

data were used to construct local stress-strain curves based on the iso-stress condition

assumption. The tensile yield strength results were compared with the indentation yield

strength in different zones through and across the weld zone and the results showed good
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agreement between them and suggest that the nearly flat tip indentation technique could

be used as a tool to determine the level of strength mismatch between a weld metal and

base metal. In addition, the convenience of the indentation technique allows one to deter-

mine strength mismatch in both the longitudinal and transverse directions revealing that

the estimation of the strength mismatch using the all-weld metal could overestimate the

strength mismatch level up to 10%, which may lead to non-conservative design.

Finally, further study of the mechanical properties of the weld metal in the longitudinal

and transverse directions indicated that the weld metal has anisotropic properties. The

indentation results were compared with conventional tensile test results for all-weld metal

and cross-weld specimens; results from the latter specimens also supports anisotropy of

strength in the weld. These results were also supported by hardness mapping and detailed

microstructral cheracterztion of the weld metal. This understanding is essential to improve

the integrity and reliability of welds and testing procedures for pipeline applications.
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Chapter 1

Introduction

1.1 Background

Global oil and gas consumption has increased over the last few decades and is expected

to continue to increase. According to the report from International Energy Organization

World Energy Consumption Outlook report 2016, the demand for energy sources will grow

by 56 percent between 2010 and 2040. Total world energy use will increase from 524

quadrillion British thermal units (Btu) in 2010 to 630 quadrillion Btu in 2020 and to 820

quadrillion Btu by 2040 as shown in Figure 1.1. Most growth occurs in countries outside

the Organization for Economic Cooperation and Development (Non-OECD). This demand

encourages the oil and natural gas companies nowadays to make the transportation of oil

and gas from the point of origin across countries more efficient and economical, which

drives them to use new grades of high-pressure long distance pipelines [146].
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Figure 1.1: Expected world energy consumption, 1990-2040 (Reprinted with permisson)
[146].

Many pipeline projects for oil and gas transport have been planned between Canada

and United State. As shown in Figure 1.2, this includes TransCanada’s proposed Keystone

XL pipeline designed to carry oil sands crude south from Alberta to refineries in Texas.

Figure 1.2 shows the map for existing pipelines and proposed routes. Most standards and

codes for high strength steel that specify design requirements and testing procedures are

limited to steels with strength less than 550 MPa. Newer grades such as X100 and X120

are now being produced, but are still experimental and are specified to require unique

engineering standards to be met, which go above the existing pipeline standards, such

as CSA, DNV, and API standards [6, 39, 74]. Thus, a gap exists between steel makers

and construction companies [119]. The main concern for construction companies stems
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from the uncertainty in the mechanical properties of the welds. Therefore, there is a need

to improve welding processes used for pipeline steels in order to transport oil and gas in

efficient and reliable way, especially using newer high-strength steels. Circumferential girth

welds are an efficient way to join pipe segments to form a pipeline. However, like other

joining techniques, it produces heterogeneous structures in the fusion zone or Weld Metal

(WM), and Heat Affected Zone (HAZ), which differ from the base metal structure. The

mechanical properties, specifically the hardening behaviour, of the fusion zone and HAZ

are differ significantly from those of the parent material. These zones may be particularly

different in the latest pipe materials produced by the Thermo-Mechanically Controlled

Processing (TMCP) route, which offers a cheaper and more effective means of producing

these pipeline steels than traditional hot rolled and normalized steels.

Figure 1.2: Map of existing and proposed pipelines projects to transport oil and gas between
Canada and the United States [25].
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The need to achieve higher strength accompanied with sufficient toughness and ductil-

ity has motivated the improvement of high strength steel properties for harsh environments

such as low-temperature, high-pressure, and corrosive service. These newer steel grades

afford operation at 20 MPa internal pressure (current pipelines operate at approximately

10 MPa), which can be seen as an advanced variant of High Strength Low Alloy (HSLA)

steels, and are designated according to the American Petroleum Institute (API) as X80,

X100, and X120, where the number denotes yield strength in ksi. However, using welding

processes such as Gas Metal Arc Welding (GMAW) to fill the joint with weld metal for

a thick pipe can create heterogeneity in the mechanical properties. This is particularly

true when a multipass welding procedure are used to join thick pipe, which exposes weld

metal to multiple thermal cycles and changes the microstructure throughout the weld joint.

Using variations of the GMAW process, such as single torch, dual torch, or tandem torch

will also influence the heterogeneity in the weld metal. Although the GMAW dual torch

method can deposit more weld metal in a single pass while reducing overall cost compared

to single torch GMAW, the mechanical properties may potentially degrade if the weld-

ing parameters are not carefully controlled [122, 158]. Additionally, during the welding

process, the microstructure of these steels changes due to the formation of a HAZ. Ther-

mal cycles generally exceed the phase transformation temperatures in the weld metal and

HAZ, leading to a significant variation in the mechanical properties. The high tempera-

tures achieved in the HAZ often lead to decreases in fracture toughness, typically due to

grain growth as a result of carbide dissolution and formation of a coarse grain structure. In

multi-pass welds, an intercritically re-heated coarse grain HAZ is formed. The re-heated

zones produce some undesirable islands called martensite austenite (M-A) constituents,
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leading to the formation of local brittle zones. The small brittle zones in the weld joint

can create a failure initiation point, which may restrict the qualification of a weldment or

weld procedure [73, 128]. In order to qualify the mechanical properties of the welded struc-

ture, hardness, tensile strength, and toughness are usually measured. However, multi-pass

welding of pipeline steel creates heterogeneity in the weld region and leads to variation

in the mechanical properties. Owing to the size of the HAZs, conventional techniques of

measurement are difficult to use. Therefore, it is essential to establish new methods to

identify the mechanical properties for different zones in the weld region. The focus of the

this research is to develop methods to test local tensile yield strength heterogeneity through

the WM and HAZ of welded pipeline steels. The technique should also be applicable to

the base metals. With aging pipelines being modified or expanded, welding on these exist-

ing lines is more routine, and non-destructive or superficial testing methods for verifying

their properties are becoming more important. Therefore, developing an accurate and non

destructive technique to measure mechanical properties could lead to a standard and/or a

simple method for field measurements.

1.2 Objectives

This study aims to correlate the observed microstructure in weld metal of GMAW pipeline

joints with their mechanical properties such as: hardness and yield strength. The focus

will be on a representative API-X80 line pipe grade weldment using commercially available

welding consumables. Microstructure analysis will be conducted on the as-deposited and

reheated regions of the weld in each pass. The microhardness distribution will be mea-
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sured in the deposited passes and reheated zones using a hardness mapping technique and

correlated with the observed microstructures. A nearly flat-tip indenter will be used to

measure the load versus displacement during a micro-scale indentation test. It is proposed

to develop techniques to estimate mechanical properties such as yield strength, stress-strain

behaviour of the substrate using the instrumented indentation technique.

1.3 Overwiew of the methods

The load-displacement behavior from instrumented indentation will be used in an inverse

framework, wherein finite element computations are used to estimate the stress-strain re-

sponse of the base metal. The inverse approach will be conducted on base metal samples

to establish the procedure and then will be applied on welded pipelines joints. The com-

putations also yield insights into the small-strain response of the substrate, which are then

used to develop rapid methods to determine yield strength for all areas of the weldment.

Validating this indentation method as a localized strength measurement technique is es-

sential, so that it can be used to conveniently test different regions of a weld joint. Once

the method is validated, the yield strength distribution is mapped using this indentation

method to assess the strength mismatch across different pipeline welded joints. In addition,

Digital Image Correlation (DIC) is used to map the strain distribution during transverse

tensile weld testing. DIC could provide further evidence of the strain distribution post-

yielding, and provide an indication of the most representative tensile test procedure for

describing the level of weld metal strength overmatching achieved using a given weld proce-

dure. The result of the strain map can then be correlated with the formed microstructure.
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This understanding is essential to improve the integrity and reliability of welds and testing

procedures for pipeline applications.

1.4 Thesis outline

This thesis consists of nine chapters. The first chapter presents the motivation behind

this work and state the main objectives of the thesis. In the second chapter general

background knowledge about the line pipe steel and the manufacturing process of the line

pipe steel. The effect of alloying element and the welding processes are also discussed

in this chapter. In addition, welding metallurgy and the microstructure of the weld and

heat effected zone is briefly described. Literature review, which includes an overview

of characterization methods, such as indentation technique and issues, such as strength

overmatching are also discussed. By the end of chapter two specific objectives are stated.

In chapter three, the procedure of welding and sample extraction was explained. The

mechanical testing procedure, such as tensile testing, DIC setting, and hardness testing

was also discussed. Subsequently, the procedure of building the indentation Finite Element

Model using ABAQUS software is also described. Chapter four through chapter eight

represent the content in published or submitted manuscripts. The main focus of these

chapters is to validate the nearly flat tip indentation as a tool to measure the yield strength

for engineering materials. In addition, to apply this technique for pipeline application, in

order to assess the strength mismatch and evaluate narrow zones such as HAZ and reheated

weld metal. Lastly, chapter nine summarizes the main findings of this work and suggest

some opportunities for future research.
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Chapter 2

Literature Review

2.1 Iron and steel

Steel is an Iron-Carbon alloy that contains up to 2.1wt% carbon (all % values for compo-

sition will be in wt% henceforth) and a variety of other alloying elements. Beyond 2.1%

carbon content the alloy is considered cast iron, rather than steel. Figure 2.1 shows the

main classifaction of steel based on the alloying elements. Different alloying elements are

added to steel to enhance various properties, and it can be classified based on these al-

loying elements, performance, and applications into hundreds of grades [22]. Due to the

transformation during welding process or heat tretments the final microstructure of steel

depends on many factors including the heating rate, cooling rate, peak temperature, and

chemical composition. There are different classification for steels, a simple and popular

way to classify steels are based on chemical composition as shown in Figure 2.1. In this
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work the focus will be on high strength low alloy steels particularly linepipe steel and it’s

welds [132].

Figure 2.1: Ferrous metals classification [132]
.

2.1.1 High strength low alloy steels (HSLA Steel)

Low alloy steel, as the name indicates, contains small amounts of alloying elements that pro-

duce remarkable improvements in the steel properties. Low alloy steel is generally defined

as having a 1.5% to 5% total alloy content. Common alloying elements are manganese, sili-

con, chromium, nickel, molybdenum, and vanadium. Low alloy steels may contain as many

as four or five of these elements in varying amounts [38]. High strength low alloy (HSLA)

steels or micro-alloyed steel are classified as low alloy steels since the total percentage of
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alloying elements is less than 4% [38]. Many grades have been designed to provide specific

desirable combinations of properties such as strength, toughness, formability, weldability,

and atmospheric corrosion resistance [123]. These properties make HSLA steels desirable

for many applications, such as oil and gas pipelines, heavy-duty highway and off-road ve-

hicles, construction and farm machinery, industrial equipment, pressure vessels, bridges,

offshore structures, power transmission towers, light poles, as well as building beams and

panels.

The base metal microstructure design is a key variable in determining material me-

chanical properties to ensure safe and optimal performance under the desired operating

conditions. This design relies on optimizing the chemical composition in the base metal

and welding zone. HSLA steels, including pipeline steels such as X80 and X100, have

different and complex microstructural arrangements based on their chemical compositions

and manufacturing processes. For example, Thermo-Mechanical Controlled Processing

(TMCP) routes followed by accelerated cooling (AcC) have usually been used for pipeline

steels since 1985 to get a fully baintic structure and thus improve strength and tough-

ness simultaneously. Optimizing the chemical composition and controlling the cooling rate

are the main parameters to achieve the desired microstucture [33]. The classifications of

pipeline steel are usually based on yield strength. Figure 2.2 shows the development of

pipeline steels through the last few decades. Changes to HSLA steel manufacturing pro-

cessing routes and optimization of HSLA steel chemistry have resulted in a steady increase

in steel strength over the years. Overall the prevailing trend in chemistry is to reduce

carbon content while adding alloying elements to achieve combinations of high strength

and toughness through both grain refinement and precipitation strengthening.
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Figure 2.2: Development of linepipe steel over the time (Reprinted with permisson) [128]
.

One of the traditional methods of comparing steel chemistry is using the concept of

carbon equivalent (CE). This is based on the concept that alloying elements (other than

carbon) will increase the potential for martensite to form during accelerated cooling, thus

increasing the hardness. There have been many experimentally derived formulas proposed

for CE, and this will be discussed in a later section. It has traditionally been accepted that

CE values greater than 0.4wt% were considered non-weldable due to the high likelihood

of forming brittle martensite in the HAZ, which would crack during cooling of the weld

[42]. Therefore, in order to weld HSLA steels the CE value should be maintained less than

0.4 wt%.
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2.1.2 Pipeline steel

Steel makers use TMCP techniques with controlled cooling and chemistry optimization to

produce grades with high strength. The increase in strength allows the fabrication of pipes

with thinner walls, which directly affects the overall construction costs since lower weights

are transported to a location, and less filler metal is needed to join each section. Figure 2.3

shows the reduction in pipeline weight achieved through the improvement in yield strength

of pipeline steel [54, 69]

Figure 2.3: Reduction of pipeline weight when wall thickness (w.t.) decreases for high
strength steel linepipe grades (Reprinted with permisson) [54]

.
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X80 grade

The X80 linepipe steels, with their minimum specified mean yield stress (SMYS) of 80 Ksi

(ie: 550 MPa), were the first produced by TMCP and accelerated cooling AcC, specifi-

cally to achieve a combination of a bainite and ferrite microstructure [53]. This provides

the required fracture resistance at the specified yield strength. As shown in Figure 2.2,

the progress since the 1970s in pipeline materials has produced increased yield strength,

improved low temperature toughness, increased weldibility through reduced carbon equiv-

alents, and optimized chemical composition. Figure 2.4 shows typical X80 base metal

microstructure, which mainly is composed of fine bainite and ferrite, as expected for steel

produced using a TMCP.

Figure 2.4: Optical microscopic image for X80 line pipe steel base metal structure consist
of ferrite white phase and bainite dark phase.
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X100 grade

Grade X100 steel was developed in the 1990s for long distance pipeline applications. The

designation X100 refers to a SMYS of 100 Ksi (690 MPa). The X100 microstructure is

designed to be higher strength through the application of TMCP techniques and acceler-

ated cooling. There are multiple processing routes to achieve the strength needed for X100

steel. The microstructure of X100 steel is a mainly bainitic with some martensitic regions

and a few grain boundary ferrite (GF) structures with an average size of 5 to 10µm, with

some elongated grains due to the TMCP rolling [95]. Optimizing carbon content, carbon

Figure 2.5: Optical microscopic image for X100 line pipe steel base metal structure consist
of ferrite and bainite.

equivalent, the cooling rate and the cooling stop temperature during TMCP + AcC al-

lows one to produce pipeline steel with high strength as shown in Figure 2.6 [69]. Various

procedures were used to achieve sufficient mechanical performance and weldability, where

Method (A) shown in Figure 2.6 in particular was effective for X100 by using a compara-

tively high carbon content and carbon equivalent. This method facilitates developing an
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X100 plate at a low cooling rate and high accelerated cooling stop temperature. How-

ever, the disadvantage of this method is the lower weldability of the product, due to high

carbon equivalent and lower HAZ toughness. Method (B) introduces low carbon content

and carbon equivalent. The weldability could be improved using this approach although a

decrease in the effective elements such as Ni, Mo, V, or Ti may reduce heat affected zone

(HAZ) mechanical properties. Method (C) utilizes an intermediate carbon content level,

and carbon equivalent tends to optimize production flexibility produces high toughness

properties, good weldability, and better HAZ properties. [122].

Figure 2.6: New approach to develop pipeline steel (Reprinted with permisson) [54, 122].
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2.2 Thermo-mechanical controlled processing (TMCP)

During the past few decades of high strength steel development, the primary goal for

steel makers has been to save weight, reduce cost, improve mechanical properties, and

improve weldability. To achieve these goals, steelmakers developed alternative processing

routes, such as TMCP, or quenching and tempering [119]. TMCP has been used since

1980 to improve mechanical properties for pipeline steel grades such as X80, X100, and

X120 through optimizing the process parameters and chemical composition of the steel

alloy. Additionally, the reduction of carbon content in pipeline steels lead to increases in

the weldability of the steel and removed the need for preheat or post heat treatments [51].

The base metal microstructure varies based on the chemical composition, steel grade, and

processing conditions. The TMCP techniques are typically used to control the resulting

microstructure by the formation of effective precipitates, solid solution strengthening, and

grain refined microstructures. Refined microstructures can be readily achieved by control-

ling cooling rates during rolling process. Using alloying elements, such as Ti, Nb, V, Ni,

and Mo with small amounts (less than 200 ppm) of N, O, and maintaining C content in the

range of 0.05 to 0.15wt% can produce sub-micron sized stable precipitates that can increase

strength and toughness simultaneously [10]. Figure 2.7 shows a schematic diagram of the

thermo-mechanically controlled process used to produce high-strength, micro-alloyed steel.

After the initial heating to dissolve all precipitates, the steel is then deformed mechanically

to induce recrystallization and refine the initial austenite grains. It is then rolled above

the austenite-ferrite transformation temperature and at the same time below the recrystal-

lization temperature to produce a heavily pancaked austenite structure [10]. In addition,
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Figure 2.7: TMCP and AcC process diagram for steel (Reprinted with permisson) [68].

the grain refinement that occurs during the rapid-quench (AcC) is performed to meet the

strain based design requirements, with respect to toughness and strength. The steel un-

dergoes final deformation between 350 and 450 ◦C to increase the final dislocation volume

fraction and promote formation of fine precipitates. The final rolling operation can also

produce sub-grains to increase strength. The combination of rolling at high temperatures

and accelerated cooling (TMCP + AcC) produces a very fine and favorable microstructure

that has high strength and toughness, which are the main desirable properties for pipeline

steel applications [51, 117].

The optimization of TMCP procedures is still under development, and in 1998 a new

TMCP called Unconventional TMCP was developed to fabricate steel with high strength

and toughness by producing microstructure that has a combination of bainite and fine

dispersed particles of martensite-austenite (MA) constituents [128]. The processing routes
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Figure 2.8: Complex thermo-mechanical controlled processing (TMCP) routes followed by
accelerated cooling (AcC). a- TMCP and AcC diagram for conventional and unconven-
tional processing. b- Microstructural changes promoted by HOP process (Reprinted with
permisson)[111, 128].

shown in Figure 2.8-a, using the online heat-treatment process (HOP) and an advanced

accelerated cooling device make it possible to achieve this microstructure combination. The

main feature of the so-called unconventional TMCP technique is that induction heating is

applied after the accelerated cooling process, which allows carbon to diffuse into austenite

and produce the martensite-austenite (MA) constituents. Then the air is used to cool the

structure to room temperature as shown in Figure 2.8-b [111, 128].

2.3 Effect of alloying elements

The key variable in determining material mechanical properties is the base metal mi-

crostructure designing, which can be achieved by optimizing the chemical composition in

the base metal and welding zone. The main function of alloying elements is strengthen-

ing steel through different mechanisms, such as solid solution strengthening, precipitation
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strengthening, and controlling the recrystallization temperature, which influences grain re-

finement. In this section the effect and motivation of adding various alloying elements and

their typical content in pipeline steels is discussed briefly as follows [33, 128].

• Carbon (0.03-0.1wt %): Increases in carbon content leads to an increase in hard-

ness and strength by forming carbides and increase in the amount of acicular ferrite at

the expense of grain boundary ferrite. However, excessive increase in carbon content

may lead to reduce ductility and toughness, which reduce weldability of steel. There-

fore, the carbon content should be controlled to optimize toughness and improve

weldability of steel [115, 138].

• Manganese (1.5-2.0wt %): Increases hardenability by changing microstructure to

either acicular ferrite or martensite without deterioration impact toughness. Adding

Mn with Nickel in the weld metal deposite will increase both upper and lower shelf

of toughness and reduce the transition temperature[120, 160].

• Silicon (0.1-0.6wt %): Increasing Si content in the weld metal will improve strength

by solid solution strengthening mechanism. In addition, Silicon has strong deoxidisng

capabilites; therefore, it is usually added to remove extra oxygen during welding

[88, 138]. In the HAZ, silicon has sometimes been observed to have a deterimental

effect on toughness due to promotion of M-A constituents [33].

• Nickel (0.2-1.5wt %): Increases strength through interstitial solid solution strength-

ening. Nickel also promotes effective ferite strengthening, and at the same time in-

crease toughness. Optimizing Ni with other alloying elements such as Mn offer a
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good compromise between cost, strength, and toughness [88, 160].

• Chromium (0.1-1.0wt %): Increase steel hardenability due to formation of stable

carbides. Adding chromium up to 1 % in the weld metal could raise the content of

acicular ferrtie at the expense of grain boundary ferrite, above this level the structure

will be dominted by baintic structure, which may reduce toughness [88].

• Vanadium (0.03-0.08wt %): Vanadium contributes to strengthening by forming

fine precipitite particles in ferrite during cooling by lowering austenite to ferrite

transformation temperature [38]. Vanadium also can form very stable carbides and

nitrides, which improve the properties of the HAZs during welding since it is reduce

the grain growth and promote fine grained transformation products [88].

• Niobium (0.03-0.06wt %): Niobium like vanadium is a very effective element to

improve yield strength of steel since it is help to form carbides, which improve the

strength by precipitation hardening and is considered a very effective ferrite grain

refiner. [38, 43, 46, 159].

• Titanium (0.005-0.03wt %): Titanium is an efficient deoxidiser and have a strong

affinity for carbon and nitrogen. Titanium forms fine TiN precipitates, which retard

austenite grain growth in the HAZ. In the weld metal titnium form titanum carbides

(inclusions TiO/TiO2) that promote the formation of acicular ferrite structure. [45,

46, 100].

• Boron (up to 500 ppm): This is a powerful interstitial solid solution element,

which increases hardenability and promotes a baintic structure by supperssing the
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formation of polygonal ferrite. The combination of boron and titnium in the weld

metals has been reported as a method to improve low temperature toughness prop-

erties [13, 82, 88].

• Molybdenum (0.2-0.6wt %): Improves strength and toughness simultaneously

by promoting formation of acicular ferrite also improve strength by precipitation

strengthening particularly in combination with Nb [82, 88, 105].

• Oxygen (up to 250 ppm): The oxygen helps to form non-metallic inclusions

with elements such as titanium and manganese, which promote formation of acic-

ular ferrite structure. Excessive increase in oxygen content in the weld metal will

change size and distrbution of the non-metallic inclusions and that will promote the

formation of undesirable weld microstructures such as grain boundary ferrite and

ferrite side plates, due to a reduction in the prior austenite grain size. The tough-

ness consequently decreases since the large inclusions provide crack initiation sites.

[14, 88, 120, 137, 138].

• Nitrogen (80-240 ppm): Nitrogen, like boron and carbon has a small atomic

radius and can fit interstitally within the steel lattice; therefore, improve strength. If

nitrogen present with titanium will form nitride and improves toughness if the size

of particles maintained less than 100 nm. In the weld metal if nitrogen present more

than 300 ppm will cause porosity [14, 46, 88].
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2.4 Weldability of pipeline steels

In welding metallurgy, the hardenability is generally used as an indicator of material weld-

ability for steel alloys. Due to the formation of a high-volume fraction of hard phases such

as martensite, martensite-austenite (MA) constituents, and carbides, which may increase

hardness and reduce weldability. The key variables that should be taken in consideration

involve the welding process, welding parameters, and material to be welded. One critical

issue is to avoid martensite formation, which leads to excessive hardness and cracking in ei-

ther the WM or HAZ. Hydrogen-induced cracking is usually expected when hardenability is

high; therefore, the weldability of steel decreases and preheating process become necessary

to avoid welding cracks. Some empirical equations take as input the carbon and content

of alloying elements to predict the weldability of steel. Three primary carbon equivalent

formulas have been widely used: the carbon equivalent based on the International Insti-

tute of Welding formula (CEIIW ), the Ito-Bessyo formula parameter crack measurement

(Pcm), and the Yurioka formula (CEN). These formulas can be used for large groups of

steel grades including microalloyed steel and pipeline steel. The CEIIW formulas can also

be used in the HAZ and WM to predict suitable preheat temperature and the post-heat

temperatures, which may suppress martensite formation if it is a concern [97, 141]. The

International Institute of Welding formula (CEIIW ) was developed in 1967 for steel that

has carbon more than 0.18 wt%. In general, if the CEIIW is less than 0.4 the steel will

be weldable and the susceptibility to hydrogen cracking will decrease. However, preheat

values in range of 100 to 200 ◦C are usually applied in pipeline construction to remove any

moisture or contaminations (which may also be sources of hydrogen) from the workpiece
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before welding [141].

CEIIW = C +
Mn

6
+

Cu+Ni

15
+

Cr+Mo+V

5
(2.1)

For steels with less than 0.18wt% carbon content such as those in the typical linepipe

steels, Ceq formula devised by Duren [41] as shown in Equation 2.2 below is usualy used.

Pcm formula also can be used in this case, the Pcm was developed by Japanese researchers

Ito et al. [76] to describe the hardenability of pipeline steels. The elements listed in equation

2.3 represent the alloy content, in weight percent, for particular steel alloy. The value of

Pcm is only valid for steels with less than 0.22 wt% carbon. The Pcm is a good predictor

for hydrogen induced crack susceptibility, and should be in a range less than 0.25 to avoid

cracking in low alloy high strength steel [76].

Ceq = C +
Si

25
+

Mn+Cu

16
+

Cr

10
+

Ni

40
+

Mo

15
+

V

10
(2.2)

Pcm = C +
Si

30
+

Mn+Cu+Cr

20
+

Ni

60
+

Mo

15
+

V

10
+ 5B (2.3)

The CEN formula was developed by Yurioka in 1987, and it was also proposed for the

use of microalloyed steels. Yurioka showed strong relationship between CEN formula and

Pcm formula for low alloy steel with carbon content less than 0.17 wt% [157].

CEN = C + A(C)× Si

24
+

Mn

6
+

Cu

15
+

Cr+Mo+Nb+V

5
+ 5B (2.4)
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where:

A(C) = 0.75 + 0.25tanh[20× (C− 0.12)] (2.5)

In this study Ceq formula developed by Duren [41] and Pcm formula suggested by Ito et

al. [76] were used to determine the steel weldability since the line pipe steel in this work

contains carbon less than 0.1 wt%.

2.5 Welding processes

Manual Shielded Metal Arc Welding (SMAW) and mechanised Gas Metal Arc Welding

(GMAW) are usually used in the field for welding of high strength pipeline steels. Mech-

anised GMAW techniques are more common considering they offer higher productivity,

which is beneficial considering the long distances required for natural gas transportation

involving large diameter and high-pressure pipeline. This technique also allows fabricators

to reduce the overall cost, while maintaining both strength and toughness at high level

[95, 134].

2.5.1 Gas metal arc welding (GMAW)

The GMAW process melts and joins metals by heating them with an arc established be-

tween a continuously fed filler wire electrode and the base metals, as shown in Figure 2.9.

Shielding of the arc and the molten weld pool is often obtained by using inert gases such

24



as argon or helium, which is why GMAW is also called the metal inert gas (MIG) welding

process. Since non-inert gases, particularly CO2, are also used, the acronym GMAW is

used as a more general term [78, 134].

Figure 2.9: Schematic diagram of GMAW process (Reprinted with permisson) [78]
.

2.5.2 Heat input consideration

Heat input is a relative measure of the energy transferred per unit length of weld. It influ-

ences the cooling rate as shown in Figure 2.10, which may affect the resulting mechanical

properties and microstructure of the weld region. In general, increases in the heat input

lead to a decrease in cooling rate and reduced strength and hardness due to formation of

soft zones in the microstructures, while impact toughness may increase [47].
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Figure 2.10: Effect of heat input on cooling rate adpted from [47].

To calculate the heat input, the main parameters that directly influences the weld

thermal cycle should be monitored accurately. The traditional method is to calculate heat

input by measuring average or RMS values for voltage and current, and calculating the

product of these divided by the travel speed per minute, as shown in equation 2.6.

HeatInput =
Voltage× Current× 60

TravelSpeed× 1000
(2.6)

where: Voltage: average or RMS voltage in Volt, Current: average or RMS current in

Ampere and Travel speed: mm/min, Heat input: kJ/mm.

Increasing the current generally leads to increase width, penetration, and reinforcement
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of the weld bead. Meanwhile, voltage can be changed by controlling the arc length or

stick-out length (ie: length of electrode between the arc and the contact tip), The bead

width and deposition rate will vary according to arc length; where a high arc length

usually creates high voltage, while increasing stick-out length is usually associated with

lower voltage values, which increase reinforcement height and decreases the bead width.

Moreover, using other power supply waveforms such as pulse mode, constant current (CC),

and constant voltage (CV) will affect the voltage and current values [117, 158]. In this

work, constant voltage mode was used to create all the welds.

2.6 Welding metallurgy

The latest grades of linepipe steels are usually produced by the TMCP and AcC process

with alloying elements such as Nb, V, Ti, Ni, and Mo. These elements can produce strong

and stable carbide, nitride, and oxide particles. Therefore, the strength and toughness is

increased significantly in TMCP by contributions from solution strengthening, precipitation

hardening, and grain refinement as discussed in the previous section [38]. The effect of

strengthening methods can be reduced significantly during welding process due to the high

temperatures experienced, especially in the HAZ. The extent of the HAZ depends on the

heat input value, as the heat input increases the HAZ peak temperature increases, which

allows grain growth to occur close to the fusion line and leads to coarsening of the austenite

grains. This is often accelerated by the dissolution of carbides and nitrides particles,

which also decrease the precipitation strengthening contribution to microstructure and

therefore, mechanical properties will be decrease. To improve toughness in the HAZ, Ti
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Figure 2.11: Iron-carbon phase diagram with schemtic diagram shows thermal cycle of
welding process (Reprinted with permisson) [134].

and N contents should be optimized to be closed to stoichiometric ratio Ti/N=3.42, which

promotes pinning of austenite grains by forming TiN particles as reported by Baker [13].

The range of the thermal cycle for each zone in the welding joint schematically described

in the Figure 2.11.

28



2.6.1 Weld metal (WM)

In order to weld pipeline the weld joint consists of numerous weld passes, which create

heterogeneous weld metal due to the multiple thermal cycle. As a result, the weld metal

microstructure change from location to another based on the thermal history. The weld

metal microstructure can be classified into as-deposited weld metal, which experience single

thermal cycle as in the case of the cap pass and root pass. The second region is called

reheated weld metal, which is reheated in the subsequent weld passes. Therefore, solid state

reconstructive and displacive transformation products may be found in the weld metal and

HAZ [87]. In this section the typical microstructures usually formed in the pipeline fusion

zone such as acicular ferrite, bainite, Widmanstatten ferrite, and grain boundary ferrite

will be discussed briefly.

• Acicular Ferrite: The desirable weld metal microstructure formed in the pipeline

steel welds is acicular ferrite (AF) or sometimes referred as a “basket-weave struc-

ture”. It is generally accepted that acicular ferrite microstructure has high strength

and toughness due to the interlocking plate shape with fine grain size and high angle

grain boundaries, which improve strength and toughness simultaneously [62, 75]. It

is reported that the aspect ratio of the acicualr ferrite ranges from 1:4 to 1:10 µm

with a very fine ferrite grain size (Typically 1 to 3 µm) [11, 19, 60]. In order to form

acicular ferrite microstructure nonmetallic inclusions such as MnO, TiO, TiN, and

AlO should be presented in the weld metal microstructure. These inclusions work

as a nucleation sites for the acicular ferrite within the austenite grains [17, 103]. To

this end large prior ausenite grain size with controlled oxygen content (' 200ppm)
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Figure 2.12: Schemtic daigram shows acicualr ferrite zone on CCT for high strength low
alloy steel (Reprinted with permisson) [134].

and balance of microalloying elements such as Ti, Mn, Mo, Nb, and V could lead to

increase the formation of acicular ferrite microstructure [60, 87, 144]. In addition,

the cooling rate and particles dispersion effect as can be seen in schemtic diagram

in Figure 2.12 should be considered as well in order to form the acicular ferrite

microstructure [87]. However, as mentioned before the multipass welding process

that is usually used in the pipeline welding may alter the formation of acicular fer-

rite in the overall joint due to the multiple thermal cycles [103]. Therefore, other

microstructures such as upper/lower bainite and Widmanstatten ferrite may form,

which leads to reduction in toughness of the weld metal [60]. The formation of such
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phases depends upon many parameters, such as the cooling rate, peak temperature,

preheating temperature, shielding gas composition, and chemical composition of the

welding consumable [87, 145].

Figure 2.13: Schematic illustrations of different mechanisms by which bainite transforma-
tion can be stifled to obtain predominantly acicular ferrite: (a) Austenite grain size effect:
with large grain size, the γ − γ grain boundary area per unit volume decreases for a given
inclusion density. (b) Poisoned austenite grain boundary: by forming a thin layer of al-
lotriomorphic ferrite, the γ − γ grain boundary can be made ineffective due to reduced
area of favorably oriented α/γ interface, as well as, carbon enrichment near the interface
(c) Presence of potent inclusions: for a given austenite grain if we increase the number of
potent inclusions, then acicular ferrite nucleation will be favored. Note: γ refers to the
austenite, and α refers to the ferrite.(Reprinted with permisson) [11, 12]

• Bainitic microstructure: Bainite can be classified into two categories, namely
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upper bainite and lower bainite, which have distinct structure based on the trans-

formation temperature. If the carbon precipitates as cementite between the ferrite

plates this is classified as upper bainite structure. In the case of lower bainite the

carbides precipitates between and within the ferrite plates. The bainite laths may

grow directly from the prior austenite grain boundary referred to as FS(A) in the

IIW classification [34] or interagranular bainite, which grows from the non-metallic

inclusions inside the prior austenite grain. Thewlis [145] referred to this as I(B). This

depends on the density and size of inclusions and may result in a very fine structure

like acicular ferrite.

• Widmanstatten ferrite (WF) microsructure: In the weld zone and HAZ the

bainite and widmanstatten ferrite microsructures can be easily confused. Therefore,

this structure is sometimes referred to as ferrite with second phase (FS). WF may be

expected to occur at higher temperature than upper bainite and exhibit a generally

coarser microstructure. In addition, the microconstituent between the WF plates

may be expected to be mixture of martensite-austenite or bainite. The primary WF

plates grows directly from prior austenite grain boundary and it is difficult to identify

them. IIW classified the WF with aligned microphase FS(A) that grows from existing

allotriomorphic ferrite as secondary ferrite [34, 145]. Therefore, in order to distinguish

the WF structure from upper bainite colour etching method may be used to identify

them. Nano-hardness measurements technique also can be used to distinguish the

WF structure from upper bainite, WF should exhibit a lower hardness compared to

upper bainite [145].
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• Grain Boundary Ferrite (GBF) microsructure: When high heat input is ap-

plied with lean welding consumables are used in the welding process, reconstructive

transformation may take place. The transformation from austenite to ferrite occurs

by a reconstruction process and diffusion process will be involved. Prior austenite,

along with grain boundary ferrite (GBF) or polygonal ferrite (PF) structures may

form. As a result the mechanical properties of the weld metal or HAZ will be reduced

due to the presence of these coarser structures.

Figure 2.14: Schematic illustrations show different γ−α tranformation products based on
Thewlis classifaction (Reprinted with permisson) [145].

33



2.6.2 Heat affected zone (HAZ)

The typical mirostructure for X80 line pipe steel is a combination of ferrite and bainite,

which can provide high strength without any loss in toughness. However, during the

welding process that initial balance between strength and toughness in the BM can be lost

in the HAZ due to the thermal cycle of the weld [95]. The schematic diagram in Figure 2.15

illustrates different HAZ regions that usually form in single pass weld (a) and a multipass

weld (b). Depending on the steel grade and operting condtion, the thickness of the linepipe

is ranged from 12 mm to 25 mm. It is normally necessary to perform multipass weld to fill

a pipeline joint with a wall thickness of more than 6 mm. Softening in the HAZ usually

occur due to the experience of high temperature, which may dissolve some precipitate

particles or reheated and normalized in HAZ. Therefore, a reduction in the mechanical

properties such as strength and toughness is expected. To avoid this dilemma steel makers

have developed new technology, which involves dispersing fine TiO particles in structure

of the base metal. TiO particles present inside of the austenite grains serve as nuclei of

intragranular ferrite (IGF) [110, 143]. By doing so, the austenite grains will be pinned and

as a result the mechanical properties of the HAZ could be improved. The HAZ temperature

varies from about 1450 ◦C close to partially melted zone (PMZ) to about 723 ◦C close to

the A1 temperature boundary as shown in the Figure 2.11, which defines the upper limit

where austenite is stable. The cooling rate will vary based on the peak temperature of

each zone.

Therefore, the HAZ can be classified into four zones based on the thermal cycle, peak

temperature, and grain appearance. However, it should be noted that the chemical com-
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position remains constant across the HAZ since it remains below the melting point [97].

Brief introduction about each HAZ region is presented below:

• CGHAZ : The coarse grain heat effected zone (CGHAZ) usually experiences tem-

peratures above the A3 temperature, typically from about 1000 ◦C to 1450 ◦C. Due to

the high temperature history the precipitate particles dissolve and no longer pin the

austenite grain boundaries, which allows the grain size to increase. The microstruc-

ture and mechanical properties can vary widely in the CGHAZ based on the base

metal chemical composition, microstructure constituents, and welding parameters

[42].

• FGHAZ: The fine grain heat effected zone (FGHAZ) experiences temperatures above

A3 in the range of 1100 ◦C to 850 ◦C, where carbide and carbonitrides precipitates

do not dissolve completely and continue work to pin the austenite grain boundary

movement [115]. The grains are actually refined in this region as a result of the

recrystallization that occurs, however time and temperatures are not sufficient to

cause growth of the newly recrystallized grains.

• ICCGAZ: The intercritical region (ICCGHAZ) usually exposed to temperature in

range between A1 and below A3, and the microstructure is mixture of ferrite and

austenite as shown in the Fe-C phase diagram 2.11. Upon cooling the austentite will

transform to another phase and that depends on cooling rate [115].

• SCGHAZ: In the subcritical heat effected zone (SCGCHAZ), the temperature does

not exceed the A1 temperature, in which case no austenite can form, such that the
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microstructure remains almost same as base metal microstructure. However, the

precipitation of carbides in martensite may occur in this region [44].

Figure 2.15: Schematic diagram shows different HAZ and WM formed in a)- Single pass
weld b)- Multipass weld (Reprinted with permisson) [42].

2.7 Strain based design (SBD) criteria for pipelines

Most of the active pipeline design standards are based on a stress criterion that is considered

suitable for steel with a known yield point and tensile strength. However, the stress in long-

distance pipelines may exceed the yield point under some situations, typically following
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shifts in the soil, or in harsh terrains, earthquakes, and landslides. In these situations, owing

to the displacement controlled loading, strain-based design criteria are used in modern

cross-country pipelines. These are designed to allow stress to exceed beyond the yield

stress such that some plastic deformation occurs during service or installation even though

the pipeline is still able to meet the operation requirements [104]. In order to design

according to strain criteria there are some important requirements that should be achieved

such as high toughness at low temperatures, high ductility or high strain capacity, and weld

strength overmatching. In this work, the focus will be on weld strength overmatching.

Figure 2.16: Strain based versus stress based design adpated from[128].
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2.7.1 Strength overmatching

Strength overmatching is considered one of the main requirements for modern pipeline

steels and can be defined according to the DNV-OS-F101 standard as achieving a weld

metal tensile yield strength, which is higher than the yield strength of the parent pipe for

all material conditions and strain levels under consideration [39]. Welding procedures and

specifications using existing welding technologies such as GMAW and SMAW for produc-

ing joints with good toughness and strength have been developed to achieve this require-

ment for various pipeline grades [72, 89, 108]. However, meeting the specified minimum

strength requirements for pipeline applications to overmatch base metal strength remains

a challenge currently facing the pipeline industry. Some investigations have reported that

undermatching the WM strength will cause straining of the weld, while overmatching the

weld metal strength causes gross section yielding in the pipe [95] or may potentially lead to

strain localization in the HAZ. In general, for pipeline applications the common strategy

is to produce a weld metal strength, which overmatches the pipe yield strength; however,

this can lead to some undesirable results when applied to higher strength pipe, such as

X80 or higher grades [153]. For instance, when welding processes are selected such that

the yield strength of the material in the weld region increases, the toughness of the weld

region decreases and susceptibility to weld cracking becomes a concern [52, 121]. The

DNV-OS-F101 standard specifies that an overmatch limit for longitudinal girth welds ex-

posed to strains less than 0.4% should be at least 80 MPa above SMYS of the base metal

for offshore applications [39]; however, no specific magnitude of overmatching has been

imposed for onshore applications in Canada.
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Early work done by Funderburk concluded that matching strength is not formally

specified for all joints according to the American Welding Society [48]. Although, it is

generally expected that the strength of the weld metal should be equal or greater than base

metal strength for groove joints and tensile load applications. In pipeline applications, pipe

loads during events such as earthquakes, soil sliding or even during the fabrication in the

field may result in pipe stresses, which go beyond the elastic region. Under these severe

loading conditions, it is therefore preferred to distribute the deformation throughout the

base metal. If weld metal strength undermatching occurs, collapse in the weld metal may

occur, since the size of the joint relative to the pipe is small, resulting in strain localization

in the weld joint [48]. Recently, Hertele [65] conducted a numerical study to assess the

effect of weld strength mismatch on strain capacity for pipeline welds. The conclusion

was that the relation between strength overmatching and strain capacity is approximately

linear up to the point of collapse. The definition of overmatching used in that study was

based on the flow stress which is (average of yield strength and ultimate tensile strength)

[65]. Hertele also studied the effect of strength overmatching on crack driving force and

found that driving force of a flaw is reduced as the degree of weld strength overmatch

increases. In addition, he concluded that the overmatching level increase can shield the

WM and adjacent area (HAZ) from failure and shift the failure toward the base metal [65].

Bally [15] studied the local properties of pipeline girth weld by means of hardness map-

ping technique, and reported that when strength overmatching is considered the calculation

of the strength mis-match should be done based on the minimum yield strength value in

the weld zone. However, to the best knowledge of the author of this thesis, no research

has been done to characterize the weld metal in different directions to check whether the
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weld displays isotropy in the yield strength, and the impact of the anisotropy on over-

matching criteria. Therefore, in this work, the strength of the weld will be characterized in

different directions to investigate the properties of weld and effect of that on the strength

mis-matching. The strength mis-match will be defined based on yield strength as described

in the equation 2.7.

M =
σy(Weldmetal)

σy(Basemetal)
(2.7)

2.8 Elastic-plastic property evaluation using indenta-

tion method1

2.8.1 Hardness correlation method

Hardness tests have been used for a long time as standard method to characterize engi-

neering materials in the metal industry and research, since it provides an easy, reliable,

nondestructive, and inexpensive method. In the hardness test hard indenter made of di-

amond or tungsten carbide is usually used. By measuring the indentation area left by

the indenter shape and knowing the applied load, the hardness number can be determined.

There are three different standard methods to represent hardness number: Vickers, Brinell,

and Rockwell hardness test. In the current study Vickers hardness test was used to mea-

sure hardness value for pipeline joints as required by the standards such as API-1104, CSA

1Part of this section has been published in International Journal of Solids and Structures on 29 Septem-
ber 2016,available online:http://dx.doi.org/10.1016/j.ijsolstr.2016.09.036,A.R.H. Midawi,C.H.M. Simha,
M.A. Gesing, A. Gerlich, Elastic-plastic property evaluation using a nearly flat instrumented indenter.
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Z662-15, and DNV-OS-F101 [6, 39, 74]. The Vickers hardness test use pyramid indenter

geometry with 136 ◦ between the faces. The hardness test data has been used to estimate

yield strength for metals and alloys using statistical correlations or strain hardening re-

sponse. For instance,the relationships for yield stress presented by Tabor in 1951 [140]

proposed the following equation to estimate yield strength based on hardness value for

some engineering materials:

σy =
H

3
(2.8)

for the case of copper, while a ratio of:

σy =
H

2.9
(2.9)

was suggested for steel. However, the Tabor’s formula assumes the strain hardening coef-

ficient to be equal to zero. Other researchers who studied the effect of strain hardening

coefficient such as Marcinkowski et al. [3] found that σy = H/5 for annealed Fe-Cr alloys,

and Speich and Warlimont [49] found that σy = H/4 for some low carbon martensitec

Fe-Ni alloys.

Later in 1971 Cahoon et al. [24] modified Tabor equation to be more general, which

takes into account the strain hardening coefficient or Meyer’s coefficient as in the equation

shown below:

σy =
H

3
× (B)(m−2) (2.10)
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where H is the Vickers hardness number, B is a constant depend on the material type,

and M is the Meyer’s hardness coefficient. The strain hardening coefficient can then be

calculated as described by Cahoon et al. [23] using the following equation:

n = (m− 2) (2.11)

However, this method requires performing several indentations with varying loads and

indenter diameters as well as a regression analysis on a load versus indentation diameter

plot. It is our experience that there is a significant experimental error associated with this

approach especially for the high-hardening steels evaluated in this work. In addition, in

some cases materials can not be extracted to perform tensile test and determine strain

hardening coefficient such as the case of the HAZ. Therefore, these correlations can not be

used without knowing the strain hardening coefficient.

2.8.2 Instrumented indentation technique

Many studies over the recent decades were done to determine mechanical properties for

engineering materials using hardness testing as discussed in the previous section. How-

ever, this has faced with great difficulty until the recent advances in technology based on

instrumented indentation testing. This indentation test allows one to measure force as a

function of the penetration depth during the indentation process as shown the schematic

diagram in Figure 2.17. This has motivated comprehensive experimental, theoretical and

numerical investigations exploring the mechanical property characterization of materials

using instrumented indentation technique [147].
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Figure 2.17: Schematic diagram shows the instrumented indentation process.

Early work on instrumented indentation using micron-sized sharp indenters was carried

out by Wierenga et al. [150] for characterizing metal thin films and polymers, and by

Loubet et al. [99] for elasto-plastic assessment of magnesium oxide. Subsequently, Oliver

et al. [113] developed the technique of nano-indentation (or ultra-low load indentation)

using nano-sized sharp indenters for modulus and hardness evaluation. For recent reviews,

see the articles by Oliver et al. 2004 [114] and Vanlandingham et al. 2003 [147]. A

marked limitation associated with a sharp indenter is that the maximum strain that can

be attained, is limited to approximately 8% per indentation; this can be mitigated by the

use of spherical indenters wherein the maximum strain is governed by the radii of indenter

and contact area. Representative instances of instrumented spherical indentation to obtain

elastic moduli and flow curves may be found in articles by Taljat et al. [142], Herber et
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al. [63], Nayebi et al. [107], and Beghini et al. [16].

For the most part, determination of hardness using either the sharp or the spherical

indenters has relied on empirical models and/or cavity expansion theory. Bhattacharya et

al. [20] augmented instrumented indentation with finite element computation; they were

able to obtain estimates of elastic moduli (using the unloading response) and hardness

from sharp indentation tests and computations. This is the so-called forward approach,

wherein the tensile stress-strain response, obtained using uni-axial stress test, is used to

model the indentation test. In instrumented indentation, especially with spherical inden-

ters, the strain range achieved is comparable if not higher than the ultimate strain obtained

using dog-bone specimens is feasible (see subsequent citations). Large-scale finite element

computations of sharp indentation were also carried out by Giannakopoulos et al. [50] to

obtain empirical relationships for yield, moduli and hardness to within 10% uncertainty.

Subsequent improvements to the foregoing approach may be found in the article by Dao

et al. [36]. Representative instances of similar efforts for spherical indenters can be found

in the articles by Alcala et al. [2], Taljat et al. [142], and Nayebiet al. [107]. In many

of the foregoing schemes, empirical relationships or non-dimensional force-displacement

relationships calibrated using computations are in the context of an inverse approach to

extract elasto-plastic properties - no repeated finite element computations are required for

the inverse approach. A limitation of these methods is a partial reliance on empirical rela-

tionships, or the assumption of a hardening model in calibrating the relationships, which

constrains application to materials that conform to the model. The reported uncertainties

in the evaluated yield and hardening properties could be 10% or higher.

To reduce the uncertainty in estimation of elasto-plastic properties, the inverse (some-
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times called reverse) approach has been developed and this approach does not require any

empirical relationships. Herein, an initially assumed stress-strain curve for the substrate

(Swift, Hollomon, or Voce laws) is used to model the indentation test and if the computed

load-displacement curve does not match the indentation curve to within a specified tol-

erance, the finite element simulation is repeated after adjusting the assumed stress-strain

curve per some algorithm, until the desired tolerance is met. Adjustment of the stress-

strain curve per iteration may be carried out using an optimization algorithm or some

other criterion. Beghini et al. [16] obtained Hollomon model parameters for steel, copper

and aluminium alloys using an optimization algorithm and the loading portion of the in-

dentation curve. Antunes et al. [5], on the other hand, used the method of bisection to

fit only the hardening exponent of the Swift law. In the latter two articles the estimated

stress-strain curves were compared with curves obtained through conventional testing and

the agreement was excellent; for conventional steel and aluminium alloys, the stress-strain

curve were found to be within the usual engineering expectation of 10%.

Owing to the low uncertainty of the inverse approach, it has received wide attention.

Chung et al. [30] have used it to characterize welds and heat-affected zones in automotive

steels; Yonezu et al. [155] applied it to welds in stainless steels, and Clayton [31] to titanium

alloys. In addition to elastic-plastic behavior, Li et al. [94] applied damage-mechanics, in

an inverse framework, to investigate defect evolution in a stainless steel, and Brammer et

al. [21] have studied the effect of surface imperfections.

Further developments in sharp indenters have centered around estimation of elasto-

plastic properties using the so-called dual indenter approach, wherein instrumented inden-

ters with two different apex angles are used, such as the work done by Chollacoop et al. [29].
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However, the uniqueness of the stress-strain curve estimated using this approach has been

called into question. Theoretical studies have demonstrated the existence of ”mystical ma-

terials” whose material properties differ, but whose indentation behavior is identical; see

articles by Chen et al. [27], Cheng et al. [28], and Phadikar et al. [118] for a discussion of

this issue.

Another approach is the cyclic ball indentation test which was developed by Haggag [55]

is based on applying progressive loading with partial unloading until the maximum load

or depth is reached, then the ball indenter is fully unloaded. The data during each cycle

collected and analyzed to determine the stress and strain values. As the load increased

the the indentation depth increase as can be seen in the Figure 2.18. The load and plastic

depth for each cycle can then be used to estimate true stress as shown in equation (2.12)

and true plastic strain as shown in equation (2.13) below:

σt =
4P

π × δ × d2p
(2.12)

εP =
0.2× dp
D

(2.13)

where: (σt) is the true stress, P is the indentation load, (δ) is the plastic zone

parameter, (dp) is the plastic indentation diameter,(εp) is the plastic true strain, and D is

the diameter of the ball indenter. In order to calculate the (dp) Haggag [56] suggested the

following equation:
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dP = [0.5C ×D × [(hp)
2 + (dp/2)2]/[(hp)

2 + (dp/2)2 − hp ×D]]
1/3

(2.14)

where hp is the plastic depth at each cycle as shown in Figure 2.18 and C is a constant can

be calculated using the following equation:

C = 5.47× P (1/E1 + 1/E2) (2.15)

where P is the applied indentation load, E1 is the elastic modulus of the indenter, and

E2 is the elastic modulus of the substrate.

Figure 2.18: Schematic diagram show cyclic indentation process (Reprinted with permis-
son) [57].

Haggag et al. [57] stated that during cyclic indentation process as the indentation

depth increase the volume of the material underneath the indenter increased and forced

to flow under multi-axial compression unlike the uni-axial tensile test. The yield strength
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and the work hardening occur simultaneously and there is no single yield point. Each

cycle yield strength increased as the work hardening increase. Therefore, to calculate yield

strength using automated ball indentation technique equation 2.16 was proposed. Where A

is the material yield strength parameter and can be determined by drawing (P/d2t ) versus

(dt/D)(m−2), βm is the material yield slope, and B is the yield strength offset constant.

Haggag et al. [58] reported a single value for βm that can be used for all carbon steels

(0.2285). To calculate βm value for any material regression analysis of different yield

strength for same material class should be investigated.

σy = βm × A+B (2.16)

As discussed in the previous section the spherical tipped indenters have been analyzed

in detail in order to establish stress-strain curves for different materials based on cyclic

indentation approach; however, reliable tensile yield strength data could not be derived

[4]. During indentation testing on elastic-plastic materials such as steel, the surface area

around a spherical indenter will be deformed as the load is applied. When the yield point is

exceeded the material will deform plastically and the material around the indenter will start

piling-up or sinking-in, making it difficult to determine the true contact area between the

indenter and the specimen. Consequently, the apparent stress will be inaccurate since the

true area is unknown during plastic deformation, and the actual stress-strain relationship

will be difficult to determine [4].

All of the above cited work used either sharp or spherical indenters. There is a third class

of indenter geometry, which is the flat indenter, and this geometry has not received the same
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attention. The shape of the indentation curve (S-shape) using this geometry affords some

advantages. Using the instrumented indenter and finite element computations, Riccardi

et al. [127] estimated yield of several metals, Lu et al. [102] have estimated mechanical

properties of a polymer and aluminum alloy, and Hu et al. [71] have obtained elastic moduli

and yield strength for steel and aluminium alloys. In all of the preceding citations, there

was no direct comparison between experimental and computed indentation curves, which

is a prelude to the implementation of an inverse approach for the flat indenter geometry.

As discussed earlier, different indenters shapes could be used with the instrumented

indentation technique such as conical, spherical, or flat tip indenter. Each indenter ge-

ometry has a unique shape that will reflect on the resultant load-displacement curve as

shown in Figure 2.19. The advantage of using flat tip or cylindrical indenter is that load-

displacement curve is very similar to the stress-strain curve as shown in Figure 2.19, which

give an indication when the yield stress occur and since the cross section area of the in-

denter is constant in the first stage, yield strength could be estimated based on the load

and the indenter contact area. However, simulating the indentation process will be quite

complex due to the excessive deformation near the indenter edges, which required to use

special techniques such as adaptive mesh. That might be the reason many researchers

did not provide direct comparison between experimental and computed indentation curves

since it will be expensive in terms of simulation time.

Recently, Leroux [93] developed a method to estimate yield strength using flat tip

indenters; the method uses the inflection point of the load-displacement curve to estimate

yield force and relied on the assumption that the indenter had a cylindrical shape so that

the yield strength was simply calculated by dividing the inflection force by area of the
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Figure 2.19: Effect of indenter geometry on the load-displacement curve (adapted from)
[36, 102, 156].

indenter. Figure 2.20 show the indenter shape on the left side along with experimental

load-displacement curve in the right side. The inventor of the machine provide a built in

software to detect the inflection point and by using the indenter area the yield strength

could be calculated. Leroux claims that “ inflection point of the first derivative, or a

change from positive to negative of the second derivative, corresponds to the measured yield

point”. However, Leroux did not provide a physical basis or rationale to support this

method. Further research conducted by Hu et al. [71] using the same indenter allowed an

estimate of the elastic moduli and yield strength for different engineering alloys to be made

by means of a combined experimental-computational approach. Despite this, there was no

direct comparison between experimental and computed indentation curves presented. The

main advantage of using flat tip indenter is that the contact area does not change as

drastically as with spherical or Vickers indenters during the indentation process, which

allows one to determine yield strength at relatively low magnitudes of plastic deformation.
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Therefore, the actual indenter geometry and direct comparison between experimental

and numerical indentation studies requires more attention. The effect of idealizing the

indenter as perfectly flat tip on the load-displacement curve also will be studied using

FEM, in order to understand the contact mechanics and elaborate the agreement between

tensile yield strength and indentation yield strength measurements.

Figure 2.20: Nanovea proposed yield strength method based on inflection point criteria
(Reprinted with permisson) [93].

2.9 Specific objectives

This study aims to develop and investigate new techniques that can be used to evaluate

the mechanical properties of pipeline steel joints using the state-of-the-art techniques in

order to determine how bulk versus local strength overmatching affect the overall transverse
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mechanical strength of the joint. The specific research objectives are summarized as follows:

1- Compare weld metal mechanical properties for different X80 pipeline consumables

using tensile testing and instrumented indentation techniques. A correlation between the

local yield strength measured using DIC tensile testing with the indentation yield strength

results will reveal how the minor differences in the welding consumables could effect the

local properties of the weld.

2- Employ finite element analysis tools to validate the experimental results that are

obtained using indentation in order to characterize the mechanical properties of tested

material through an inverse approach. In addition, develop a new and rapid method using

instrumented indentation technique to measure yield strength for engineering materials

such as pipeline welded joints.

3- Evaluate the strength mismatch for different X80 pipeline joints with different levels

of strength mismatching using indentation. In addition, measure the yield strength for

different zones across the weld such as reheated weld metal, as-deposited weld metal,

CGHAZ, and FGHAZ using the instrumented indentation technique.
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Chapter 3

Methodology

This chapter presents the details of the materials, welding joint fabrication process, sample

extraction and preparation for microscopy, mechanical testing, and finite element modelling

procedures. Since the focus of this study is pipeline steel welds, the methodology will focus

on pipeline weld preparation and characterization. Other materials that were investigated

in this thesis and specific parameters or sample preparation method will described briefly

in each chapter.

3.1 Welding procedure and equipment

Robotic multi-pass Gas Metal Arc Welding (GMAW) was employed to fabricate all the

welds presented in this thesis. The welding samples were sectioned from API-X80 24” pipe

and the groove prepared as shown in Figure 3.1-a. To calculate the nominal heat input

the robotic welder was connected to data acquisition system (DAQ) to collect the voltage
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and current signals and measure the average power for each welding pass. To control the

cooling rate and remove the moisture from the samples, preheating up to approximately

150 ◦C was applied prior to the weld and the interpass temperature kept about the same as

preheating temperature. To fill the joint six passes were performed as schematically shown

in Figure 3.1-b. To avoid incomplete fusion on the sides of the groove the robot was set to

perform a sine weave motion during the welding.

Figure 3.1: schematic diagram shows a)- The groove design b)- The welding passes se-
quence.
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3.2 X-ray inspection and chemical composition anal-

ysis

All welded samples were inspected using X-rays to check if any welding defects were present

in the fusion zone such as porosity and lack of fusion, which may effect any mechanical

testing results later on. The samples that passed the X-ray inspection were processed to

perform chemical compositions analysis. Small samples (20mm x 20mm) were cut from

base metal and all-weld metal in order to perform the chemical compositions analysis.

Chemical analysis was performed according to ASTM standards E1097-12 modified and

ASTM E1479-99 (2011). Details of the chemical composition of the samples can be found

in the appendix.

3.3 Tensile test and DIC setting

Yield strength is usually determined from traditional tensile testing using a rigid test

frame, which elongates the material while measuring force and displacement, thus allowing

one to derive a stress-strain curve. The standard uniaxial tensile tests were performed

at an initial displacement rate 1 mm/min and at room temperature. Many mechanical

properties can be evaluated from a stress-strain curve: yield strength, tensile strength,

elastic modulus, uniform elongation, strain hardening exponent, ductility of the material

and strain at fracture. In this work, tensile testing was performed according to ASTM

E8/E8M [135]. Figure 3.2 shows the locations of the samples that were extracted using

wire electro-discharge machining (wire EDM).
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Figure 3.2: schematic diagram shows the extraction location for tensile coupons in trans-
verse and longitudinal directions of the welds.

In order to measure extension within the original gauge length and calculate strain dur-

ing the tensile test, an extensometer with a specific gauge length is usually used. However,

when testing welded structures such that the cross section of the tensile coupon includes

different zones BM, WM, and HAZ, the microstructures of these zones are different. There-

fore, local and non-contact measurement techniques should be used in this case to map

the strain and measure the local properties for each zone. The Digital Image Correlation

(DIC) technique that was developed recently can provide full-field strain measurements

and map the strain in two and even three dimensions. Hence, the DIC was employed to

measure the deformation during tensile testing and calculate the strain.

Digital image correlation (DIC) is a method to measure relative displacement of surface

features of a sample while it is being deformed. In order to correlate images with strain

values, the specimen surface should have sufficient contrast. This image contrast can

be obtained by applying random speckle pattern using white and black spray paint. A
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correlation function is used to compare the respective displacement between deformed and

un-deformed states. If sufficient points on the surface were displaced, DIC can produce

an image to represent the displacement magnitudes in different directions relative to the

original state; which can be used to determine the full strain map in the whole area,

process that has been automated and developed by Correlated Solutions Inc.[139] In this

work, a VIC-3D-DIC system was used as shown in Figure 3.3, and this was used to map

strain in three dimensions and generate stress-strain curves for individual zones (WM &

HAZ) across the weld joint. To do so, an iso-stress condition was assumed to derive the

stress-strain curves for individual zones and determine the yield strength for each zone, as

demonstrated in prior studies [98, 126]. The step size and the subset size used in this study

was 29 and 7 respectively to reveal strain in different zones without losing any details, for

more information about step size and subset size effect on the strain map quality see article

by Kashfuddoja et al. [85].
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Figure 3.3: VIC-3D digital image correlation system that used to map the strain [35].

3.4 Sample preparation for microscopic examination

Small samples were cut from the welded sections using a band saw in order to characterize

the microstructure and perform the hardness test in different zones through the weld joint.

The samples were hot mounted using conductive bakelite to observe different microstruc-

ture under optical mocroscope and/or scanning electron microscope SEM. The samples

were prepared according to ASTM standard guide for preparation of metallographic E3-

11 [7]. The mounted samples were ground using silica grit paper starting with 120, 240,

320, 400, 600, 1200 sizes; then polished using cloth pad and alumina powder with water
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lubricant for 15 minutes. Automated diamond polishing was used to ensure high quality

surface finish with different particle size starting by 9 µm, 3 µm, and then 1 µm. After

polishing, the samples were etched using 5% Nital solution and rinsed with water followed

by alcohol.

3.5 Hardness map and yield strength indentation test

The samples from the cross section of the weld that was prepared for the microstructure

evaluation was used to perform the hardness mapping. The Vickers hardness test was

performed according to the ASTM-E384 standard. The indentation load was set to be

0.3 kgf and the spacing between the indents was about 3 times the indent diagonal to avoid

any interaction of the plastic deformation field. Figure 3.4 below shows approximately

1000 indents performed to cover the cross section of the weld. The Vickers hardness

was measured for all the indents automatically and exported to a spreadsheet in order to

create a hardness map for the weld cross section. Figure 3.5 illustrates the Nanovea-M1

instrumented indentation machine that was used to measure the yield strength. It should

be noted that a 100 µm nearly flat tip diamond indenter was used for all of the pipeline

steel welds reported in this work.

This size of the indenter was selected based on the load capacity for this machine, which

is 40 N. Due to the variance in the mechanical properties of the investigated materials,

different load setting was used for each material. The approach speed was set to 20 µm/min,

which corresponds to the speed at which the indenter moves from its starting point towards

the sample. Once sample contacts surface, the displacement and force were reset to zero.
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Figure 3.4: Cross section of the weld shows the hardness map pattern.

The instrument moves the indenter towards the sample at a steady rate until the force

sensor registers the force specified in the ”ContactLoad” parameter, which was set to be

30 µN for all tests. Once the contact load parameter is attained, the instrument switches

to force control, and then ramps-up the force at the specified loading rate. After reaching

the peak load, the load is removed at the same rate. Under idealized vibration isolated

conditions, the force and displacement are resolved to within 0.6 mN and 3 nm, respectively.
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Figure 3.5: The instrumented indentation machine used to estimate yield strength and
hardness.

3.6 Finite element modelling procedure

3.6.1 Introduction to ABAQUS software package

In order to simulate the indentation process, the commercial finite element analysis (FEA)

software package ABAQUS 6.14 was used. ABAQUS is a powerful simulation program

based on finite element method and capable of simulating simple linear problems to

most complex non-linear problems. ABAQUS software consists of two main modules

ABAQUS/standard and ABAQUS/explicit. The standard solver can be used to simulate

wide range of static linear and non-linear problems maintaining the accuracy and reliability

of the results. Explicit solver it is suitable for simulating dynamic problems when inertial

effects have to be included. The indentation problem and tensile test problem are assumed
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to be quasi-static problems in which no rate or time effect will be considered. Therefore,

ABAQUS/Standard was used in this work to perform the analysis. The ABAQUS-CAE in-

terface, is used to create the model, submit and monitor the job interactively, and evaluate

the results.

The pre-processing stage starts by creating solid model in order to define the mechanical

properties, assembly of parts, define the steps, define the interaction between the parts if

you have a contact problem, set the loading condition, assign the boundary conditions,

generate the mesh, and submit the job. In the post-processing stage the results were

visualized and extracted in order to compare it with the experimental results. In this

work, millimeter (mm), Newton (N), and MegaPascal (MPa) units are used for length,

force, and stress respectively.

3.6.2 Non-linear analysis using ABAQUS

In the indentation problem, owing to the plastic deformation and contact between the

indenter and substrate, non-linearity on account of material behavior and contact are

present. An incremental approach is adopted by the solver to solve the indentation problem.

The user suggests the initial increment size and maximum numbers of increments in the

step to find the approximate solution. To converge this also may require ABAQUS to

do several iterations to find the acceptable solution, this method called Newton-Raphson

method. In addition, after each increment ABAQUS update the stresses and strains then

process to new increment. The sum of all increments responses is the approximate solution

for the non-linear analysis. When ABAQUS/Standard is used the steps take place over a
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period of time; however, this time has no physical meaning.

3.6.3 Material mechanical behavior

Uni-axial tensile tests are routinely used to characterize the mechanical properties of metals

and alloys. Most of the metals show linear elastic behavior at low strain values, the

relationship between stress ( σ ) and strain (ε) in this region governed by Hooke’s law for

isotropic linear elastic materials as shown in equation 3.1, where E is the elastic modulus

or Young’s modulus, which represents the stiffness of the material. Note that the elastic

deformation is recoverable when the applied load is removed.

σ = E × ε (3.1)

When the applied stress is beyond the yield stress value ( σy ), the response is non-linear,

which is referred to as plastic behavior. In most metals, yield strength determined by

plotting parallel line at 0.2% offset strain [135] or by taking the stress at 0.5% strain in

welding standards such as CSA-Z662-15 [6]. To describe the plastic deformation, a power

law hardening model Holloman (1944) is often used as expressed in equation 3.2.


σ = E × ε if(ε ≤ σy/E),

σ = K × εn if(ε ≥ σy/E)

(3.2)

However, not all materials can be expressed by the power law model. Therefore, other

relationships can be used to describe the hardening behavior of the materials. Most of
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these models are based on empirical equations and can be used to describe the material

behavior in the plastic region such as: Ludwik model (1909)

σt = σy +K × εn (3.3)

The Swift model (1947) also can be used to describe the hardening behavior for mate-

rials that undergo flow stress saturation [112]:

σt = K(εs + ε)n (3.4)

where: σt and ε refer to true stress and true strain respectively and K, n, σy, εs, and E are

materials constant can be determined experimentally.

The Voce model (1948) also can be used in the case of flat stress- strain data in the

plastic zone since it includes more parameters that can describe the hardening behavior of

such a material as shown in equation 3.5

σt = σy + (σs − σy)(1− exp(ε× n)) (3.5)

Selecting the hardening model depends on the material behaviour in the plastic regime

and the model that gives better agreement with the experimental results should be used.

Figure 3.6 shows X80 pipeline stress-strain data were fitted into Ludwik model and Swift

model and as can be seen the Swift model showed better fit based on best fit analysis that

will be discussed later in Chapter 5.
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Figure 3.6: Tensile test data for X80 pipeline steel fitted into two different hardening
models.

3.6.4 Finite element modelling of indentation

Since the indentation problem has symmetry in terms of loading and geometry it can be

considered an axi-symmetric problem. Many studies showed that the indenter is much

stiffer than the substrate and can be considered as a rigid body [26, 90]. To verify the

validity of this assumption and to check the stiffness or compliance of the machine a study

was conducted by assuming the indenter is a deformable body. The results showed that for

materials like steel and aluminium the assumption of rigid indenter is valid, more details

can be found in Chapter 5.
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Figure 3.7: schematic diagram for indentation problem.

Material property input

In order to model the elasto-plastic behavior of the tested materials in ABAQUS and check

the validity of the assumptions made in the model, there are two ways to input the material

behavior (Stress-Strain) relationship. First, input stress and strain data directly as a table,

which required performing uni-axial tensile test for the tested materials. Second, the the

stress- strain data was fitted to a hardening model and a subroutine was used to run the

model. In both cases the elastic Young’s modulus and the Poisson’s ratio should be given.

When the stress-strain data is inputed into the material properties, ABAQUS expects

the stress strain data to be entered as true stress and true-plastic strain. The following

equations usually used to convert the nominal stress to true stress and nominal strain to
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true strain:


σt = σeng × (1 + εeng) (TrueStress),

εt = ln(1 + εeng) (TrueStrain)

(3.6)

The true strain (total) should be then converted to plastic strain by subtracting the

elastic part, using the following equation:

εp = εt − σty/E (3.7)

where εp is the plastic part of the true strain.

To verify the model, check the stability of the solution, and study the mesh convergence,

tensile test data was used in the first stage. Once the model was verified the UHARD user

subroutine was used in ABAQUS/standard to describe the plastic part of the stress strain

curve. Constitutive models such as Swift, Voce, or Ludwick as described earlier can be

used for this purpose using the UHARD subroutine, which will also play an important role

in the iterative inverse approach as will be described in Chapter 5 .

Element type, mesh design and boundary conditions

Four-node axi-symmetric linear quadrilateral elements were used in this study. The el-

ement type used in ABAQUS is CAX4R, which is an axi-symmetric, 4-noded, bilinear

element. Reduced integration with hourglass control technique was used to prevent exces-

sive mesh distortion. It is also reported that first-order elements work better with contact
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problems due to the way the elements calculate consistent nodal loads for a constant pres-

sure [37, 152]. In addition, many solutions are required for the inverse approach, which

required efficient simulation time. Therefore, mesh size study was conducted using forward

approach by using experimental stress-strain data in the finite element model and compare

the FE load-displacement curves to the experimental load-displacement curves. The con-

vergence study showed that 6000 elements are sufficient for the indentation problem under

consideration. The mesh was designed to be very fine near the contact area as shown in

Figure 3.8. The bottom line is set to be fixed. An axis of symmetry was specified along

Figure 3.8: Mesh used for the indentation computation and the details of the boundary
conditions.

the center line. The right and top edges does not have any constraints and are free to
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move as shown in Figure 3.8. The indentation model was carried out using both load and

displacement control. There was no difference between the computed indentation response

using these two loading methods.

3.7 Inverse approach procedure to estimate elastic-

plastic properties for engineering alloys

In the present study, an inverse approach that uses the Efficient Global Optimization

(EGO) technique [79] is used to obtain stress-strain curves back from the indentation force-

displacement measurements. Since the inverse approach relies on results of several finite

element computation, no assumptions about the stress-strain response is required. Indeed,

any metal strength model (hardening model) may be used in this scheme. In the first stage

the selection of the hardening model will be based on uni-axial tensile test data to develop

the inverse approach using a nearly flat-tip indenter geometry. In the inverse approach, the

objective function is minimized using efficient global optimization (EGO) algorithm that

was developed by Jones et al. [79]. The algorithm is used to adjust the parameters of

the strength model so as to minimize the error in the difference between the experimental

load-displacement curve and the computational load-displacement curve. In order to run

the EGO algorithm efficiently, the material parameters that need to be optimized should

be given within a certain maximum and minimum bounds. UHARD subroutine should be

used in this case in the finite element software to control the material hardening parameters,

which are yield strength, hardening coefficient, and hardening exponent [37]. As mentioned
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above, any hardening law such as (Swift, Voce, or Ludwik) could be used in the inverse

approach. In the absence of stress-strain data, some engineering judgement is necessary to

specify the bounds of hardening parameters.

Figure 3.9 shows a flowchart of the inverse approach. As can be seen in the flowchart,

an iteration process is involved by comparing the average experimental load-displacement

curve to the computational load-displacement curve. To reduce computation time, the

objective function φ can be set to be within a reasonable tolerance ±(5− 10%), although

a lower value of φ can be chosen; however, that might be an expensive in terms of the com-

putation time. The procedure for the inverse approach and the selection of the hardening

model will be discussed in Chapter 5 in more detail.
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Figure 3.9: Flowchart showing the inverse approach procedure to determine the hardening
parameters of the material based on indentation force-displacement response. Note that
k, n, and σy are the hardening parameters, φ is minimization objective function, and Fi
and fi are the computational and experimental indentation forces respectively.
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Chapter 4

Characterization of Local Mechanical

Properties of X80 Pipeline Welds

Using Indentation Technique1

4.1 Overview

An instrumented indentation technique is proposed as a method to directly measure the lo-

cal yield strength distribution in each zone of gas metal arc welds produced in X80 linepipe.

The joints were produced with different microstructures and mechanical properties by ap-

plying shielding gases with varying Ar/CO2 ratios of 50 to 15% CO2 and the addition of a

1This chapter is published Manuscript in ASME-International Pipeline Conference on 26 September
2016, available online: https://doi.org/10.1115/IPC2016-64238 , ARH Midawi, Y Kisaka, EBF Santos, AP
Gerlich - 2016 11th International Pipeline Conference, Characterization of Local Mechanical Properties of
X80 Pipeline Girth Welds Using Advanced Techniques.
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pure titanium wire into the weld pool was used to achieve in-situ alloying. The local yield

strength distribution for each weld zone was then measured with instrumented indentation.

The mapped yield strength distributions measured by instrumented indentation was com-

pared to the hardness distribution. In addition, the yield strength of each zone obtained

by instrumented indentation were then compared to tensile test results from Digital Image

Correlation (DIC), in order to obtain stress-strain curves for each microstructural zone of

the weld. The yield strength results obtained from both techniques are in good agreement,

suggesting that instrumented indentation can be useful method to measure the local yield

strengths of specific regions in a welded joint.

4.2 Background

Mechanical properties such as yield strength, tensile strength, the strain hardening co-

efficient and the yield to tensile strength (Y/T) ratio are widely used in pipeline design

standards and codes as an acceptance criteria [39, 104]. These mechanical properties are

generally obtained following conventional tension test standards; for example, the ASTM-

E8 [135] where the standard tensile test specimen is subjected to uniaxial tensile force and

then the stress is plotted as a function of strain. The standard tensile test method [135]

is widely applied and accepted for testing specimens of homogeneous and inhomogeneous

properties. However, care should be taken when testing specimens that have inhomoge-

neous properties, as in the case of welded joints. Transverse tensile tests are frequently

applied as a qualification requirement for a weld procedure, however these tests can not

provide information regarding the properties of individual zones, such as weld metal and
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heat affected zone.

The properties of the different regions of welded joints vary significantly between and

within the different regions of the weld: weld metal (WM), heat affected zone (HAZ)

and base metal (BM). For example, for a multipass weld, the properties within the WM

and HAZ can be very different for the re-heated zones. To evaluate the tensile properties

of a specific zone by standard tensile procedures it is necessary to extract full dogbone

specimens from these zones, which is impractical due to technical limitations with their

fine scale and geometry. Therefore, a standard tensile test procedure can not reveal the

properties of the joint at a micro level, but rather the overall properties.

Many researchers are working to develop alternative techniques to measure locaalized

material properties. One promising technique that has been increasingly being used for

local characterization of strain is digital image correlation (DIC). Researchers have been

using this technique to map and characterize the strain distrbution for the different weld

zones [98, 130, 151] as discussed in Chapter 3.

Another technique for local mechanical property measurement is the instrumented

cyclic indentation method or sometimes called Automated Ball Indentation (ABI). This

technique uses a ball indenter and indents the material at same location with increasing

load for each cycle. From the load and displacement data, a number of equations are

used to calculate the stress-strain in the plastic regime [57, 77, 86]. For more details see

Chapter 2. Although this method is considered a non-destructive method to evaluate me-

chanical properties, this methodology is based on empirical relationships and curve fitting

or data regression [152]. In addition, this method does not have the capability to provide
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yield strength value because it evaluates the response in the plastic deformation regime.

Furthermore, since a ball indenter is used, it is not suitable for the application of low loads,

which is necessary to extract of yield strength information. Meanwhile, other welding re-

search centers such as The Welding Institute (TWI) in the UK published call for proposals

aiming to develop and standardize an indentation technique to be used to measure the local

mechanical properties of welded joints and predict the full stress-strain behavior based on

the inverse approach [136], which further points to the need for such testing methods to

be developed and standardized.

Recently, Leroux [93] reported the development of a instrumented indentation testing

method for measuring yield strength. In this method, a flat-tip indenter was used to

estimate yield strength from the indentation curve. Hu et al. [71] used this method to

measure yield strength for different engineering alloys and used a numerical model to

validate the experimental results. However, to the author’s best knowledge, this method

has not being applied yet to characterize the yield strength of the different zones of a

welded joint. The aim of this study is to apply and validate the new indentation technique

that uses flat tip indenter as a method to measure the local yield strength distribution

for girth welds of X80 pipeline steels. Three different zones are evaluated: weld metal,

heat affected zone and base metal. To validate the yield strength results obtained by the

indentation method, they were compared to yield strength obtained by DIC technique and

correlated with hardness profiles.
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4.3 Experimental procedure

4.3.1 Welding

Two weld samples were produced using a robotic GMA welder equipped with a Lincoln

Power Wave 455M power supply. Curved sections of API 5L-X80 steel pipe were used to

produce welded joints with different weld metal microstructure, and consequently mechan-

ical properties. The welds were made with two different welding wires and two different

shielding gases. The specimens were designated TP-4 and TP-8. TP-4 was welded using

a wire consumable, which contains molybdenum and titanium, with a 50% Ar-50%CO2

shielding gas mixture. On the other hand, the specimen TP-8 was produced with a wire,

which has no titanium, with 85% Ar-15%CO2 shielding gas mixture. For TP-8, in-situ

alloying of the root pass was performed by the addition of a thin titanium wire. The

final chemistries of the weld metals are shown in Table 4.1. To produce the welded joints,

welding using the constant voltage (CV) mode was performed with parameters as shown

in Table 4.2. As noted in Table 4.2, the voltage for welds using Ar-50% CO2 needed to

be increased by approximately 1.5 V in order to maintain a similar arc length compared

to the welds using Ar-15% CO2. The welded joints were produced in the flat position in

a butt joint configuration with U-shape grooves having a bevel angle of 3◦ and a 1.8 mm

root face, using a 1/8 circumferential pipe section cut from a 24” pipe diameter as shown

in Figure 4.1. Preheat and interpass temperature were initially set and maintained to be

approximately 150 ◦C. Figure 4.2 shows the welding set-up of how the pipe sections were

clamped together during welding.

76



Table 4.1: Chemical composition of deposited weld metal.

Element (wt%)
Specimen

TP-4 TP-8
C 0.057 0.085
Si 0.45 0.52

Mn 1.57 1.73
Mo 0.57 0.52
Cu 0.18 0.32
Ni 0.05 0.07
Cr 0.02 0.02
Al < 0.01 < 0.01
Ti 0.03 0.02
O 0.034 0.020
N 0.0033 0.0035

Ceq 0.2256 0.2723

After welding, standard metallography techniques were used to investigate the mi-

crostructure of the joint. Then hardness and indentation testing were performed. The

cross weld tensile samples were extracted as explained in the methodology Chapter 3.
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Table 4.2: Welding parameters used for each pass in X80 welds.

Voltage (V) Wire feed speed Current Travel speed Heat input
TP 4 TP 8 (m/min) (A) (cm/min) (kJ/cm)

Root pass 27.5 26.0 9.5 300 120 3.5
Hot pass 27.5 26.0 8.5 280 60 6.3

Filler pass 1 27.5 26.0 8.5 280 60 6.3
Filler pass 2 27.5 26.0 8.5 280 60 6.3
Filler pass 3 27.5 26.0 8.5 280 60 6.3

Cap pass 24.5 23.0 6.0 220 30 10.1

All dimensions in mm

3.2

3 deg

15.1

2.41.8

280

233.3

45 deg

Figure 4.1: Joint configuration and groove dimensions.
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Figure 4.2: Detail of welding set-up.

4.3.2 Indentation testing

Conventional hardness testing was performed across the welded joint using Vickers hard-

ness indenter with a 0.3 kg load and a dwell time of 15 s. The distance between consecutive

indents was approximately 400 µm. The instrumented indentation machine used to mea-

sure the yield strength was a Nanovea microhardness tester (Model M1). The region where

instrumented indentation measurements were performed corresponds to the inside of the

dashed rectangle shown on Figure 4.3. This area is 7.6 mm wide by 1.6 mm high. The

spacing between the indentations was set to be 400 µm in order to avoid any interaction

between strain fields or hardening effects. This provided a total of 100 indents for each

sample. It should be pointed out that the sample should be prepared per metallographic

standard practices with final polishing to 1 µm diamond paste to achieve a flat surface in

order to get clear load-displacement curves. Since the base material is API-5L-X80 high
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strength steel with a minimum yield strength of 550 MPa. A 100 µm indenter was used

to ensure the loads during indentation did not exceed the force capacity of the indentation

machine. The other indentations parameters were: maximum load of 20 N, loading rate

of 40 N/min, contact load of 20 µN and approaching speed of 3 µm/min.

4.3.3 DIC strain mapping during tensile testing

Tensile tests were performed using a Tinius Olsen machine (Model H10KT) equipped with

DIC apparatus from Correlated Solutions Inc., model HSI-VIC 3D. Sub-size coupons were

machined from the mid-thickness area of the joint using electrical discharge machining

(EDM) technique as explained in the methodology Chapter 3. Figure 4.4 (a) shows tensile

coupon prepared for tensile test in order to identify the weld regions and Figure 4.4 (b) is

an image of the same sample from the other side shows the speckle pattern.

For each welding condition, three samples were prepared and tested to ensure repeata-

bility. The DIC technique was used to produce a strain map for individual zones across

the welded joint. At least three points were averaged in the WM, HAZ and base metal

regions and used to construct the stress-strain curves for individual zones. The assumption

of iso-stress condition was used to build stress-strain curve for each zone as described in

prior work [126, 151]. It should be noted that based on this iso-stress assumption, the

exact stress can not be accurately described past the yield, since the sample cross-section

changes, particularly near the ultimate tensile stress.
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TP - 8

Figure 4.3: Macrographs show the cross section of the weld and dashed boxes show where
the indentations were performed (a) TP-4 sample, (b) TP-8 sample, and (c) a close look
show the indentations in each zone.
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Figure 4.4: Tensile specimen a- Showing the weld regions and b- Speckle pattern prepared
for the DIC.

4.4 Results and discussion

4.4.1 Microstructure

The characteristic microstructure of the weld metal for both specimens are shown in Fig-

ure 4.5. Acicular ferrite is the dominant microstructure for both welding conditions, how-

ever, specimen TP-8 presented a finer and more homogeneous structure, as shown in Fig-

ure 4.5 (b). It has been widely reported that titanium, when combined with other elements

such as oxygen and nitrogen, can act as nucleation sites for acicular ferrite [11, 17, 18],

however it can be noted that TP-4 specimen, contains slightly a higher amount of grain

boundary ferrite, see Figure 4.5 (a). As reported by Terashima and Bhadeshia [144] this

can be attributed to a higher amount of oxygen in the shielding gas used for sample TP-4,

which leads to an increase of grain boundary ferrite. It was experimentally verified that

the weld metal for TP-4 contains higher amount of oxygen as shown in Table 4.1.
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Figure 4.5: As deposited weld metal microstructure a) TP-4 and b) TP-8.
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4.4.2 Hardness test

Microhardness was mapped for the entire weld cross-section as shown on Figure 4.6. It can

be seen from the microhardness map that TP-8 welds overmatch the hardness values for

base metal, while TP-4 welds can be considered as even match condition. For both weld

conditions, the average hardness for the base metal and heat affected zone are nearly the

same, 225±10 HV0.3 and 200±15 HV0.3 respectively.

Figure 4.6: The microhardness maps for the welded joints showed the difference in the
hardness between the weld metals.

The similar hardness was observed in the HAZ for both samples is also reasonable

since the heat input of both conditions was similar. As for the weld metal, sample TP-8

exhibited higher hardness values, 270±14 HV0.3 compared to 233±9 HV0.3 for TP-4. This

is explained by the finer and more homogeneous acicular ferrite exhibited in Figure 4.5b.

In addition, the difference in the hardness can be attributed to the difference in the carbon
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equivalent between both condition. The TP-8 sample showed higher carbon equivalent

compared to TP-4 sample as shown in Table 4.1 and this is largely owing to the presence

of C, Mn, and Cu.

4.4.3 Yield strength indentation test

Figure 4.7 shows typical load-displacement curves for individual zones of the weld joint.

These curves are used by the Nanovea software to extract the yield strength value for each

test. The load that correspond to yield is equivalent to the inflection point of the load-

displacement curve [93]. As can be inferred from the curves the response and hardening

behaviour for each zone is different, which is consistent to difference in microstructure for

these distinct zones. It was observed that within the weld metal and heat affected zone,

the load-displacement response varied from point to point. This is because of the multiple

thermal cycles during the multi pass welding process, which is leads to heterogeneity in

the microstructure of these zones. Figure 4.8 shows the comparison of yield strength and

hardness. The bottom part of Figure 4.8 (a) and (b) shows the yield strength map obtained

from the indentation technique for the region shown in Figure 4.3.

It can be noted that the lower yield strength was recorded in the HAZ for both condi-

tions. On the upper portion of Figure 4.8 (a) and (b) the average yield strength across the

weld is plotted and compared with the hardness profile. From Table 4.3 it can be noted

that in both samples, the weld metal had the highest yield strength. The weld metal in

specimen TP-8 exhibited higher values of around 655±22 MPa while specimen TP-4 a

lower value of 627 ±10 MPa. The yield strengths for the HAZ of both welds was nearly the
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same; 605±6 MPa for TP-4 and 599±5 MPa for TP-8. Note that as shown in Figure 4.8

the average yield strength has the same trend presented by the hardness values, which sug-

gests the indentation technique is promising for evaluation of yield strength. In addition,

as shown in the yield strength map, this technique can also be used even to distinguish

strength in different weld metal zones: as deposited and reheated. The latter are because

of the thermal cycles during the multi-pass welding process.
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Figure 4.7: Average indentation load-displacement curves for weld metal, heat affected
zone, and BM for TP-8 weld. The arrows show the force at the inflection point that picked
up automatically by the machine software.
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Figure 4.8: Yield strength map for each welding condition at the bottom along with hard-
ness and yield strength profile in same zone at the top (a) TP-4, (b) TP-8.
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4.4.4 DIC tensile test

From the tensile test it was verified that all the failure occurred in the HAZ, for both

TP-4 and TP-8. Figure 4.9 depicts the local stress-strain curves for the different weld

regions. The TP-4 weld metal yield strength obtained by DIC was determined to be

613±5 MPa compared to 627±10 MPa from indentation, while specimen TP-8 sample

exhibited higher strength with an average 658±13 MPa compared to 655±22 MPa from

indentation. Similarly to the indentation technique, the DIC results also indicated that

the minimum yield strength was measured in the HAZ for both conditions.
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Figure 4.9: DIC stress-strain curves for weld metal and heat affected zone with elastic
behaviour shown in inset.

DIC measurements indicate that the yield strength for the HAZ was approximately

580±15 MPa for TP-4 specimen, and 589±14 MPa for TP-8, respectively; see Table 4.3.

This measurement, in comparison to the indentation technique, has a maximum error of
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8.1%. This difference might be attributed to the as deposited/reheated area ratio in the

weld metal, and ICGHAZ/CGHAZ in the HAZ, which will be considered as a future work,

and that can lead to more accurate results.

(a) (b)

Figure 4.10: DIC local strain mapping at global strain value of 1.5% (A) TP-4 (B) TP-8.

From Figure 4.10 it was noted that for the same global strain of around 1.5%, the

average strain of the TP-8 WM was 0.45% compared to 0.9% for the TP-4 WM. Therefore,

in order to achieve the same global strain of the HAZ of TP-8 should accommodate a higher

amount of stress.

Table 4.3: Comparison of yield strength for the different zones measured by indentation
technique (Ind.) and tensile test (DIC).

Specimen
Weld Metal Heat Affected Zone

Ind.(MPa) DIC (MPa) Error (%) Ind. MPa) DIC MPa) Error (%)
TP-4 627±10 613±5 4.8% 605±6 580±15 8.1%
TP-8 655±22 658±13 5.7% 599±5 589±14 5.0%
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The 3D waterfall graphs of the two weld as shown in Figure 4.11, where it can be

noticed that the total amount of strain accommodated at the weld metal for the TP-8

weld is lower than that for TP-4 weld, which is therefore consistent with the higher yield

strength of the weld metal in sample TP-8. The DIC 3D strain-time plot also shows how the

strain accumulated over the time during tensile test, which could be used to investigate the

effect of strength mismatch on strain capacity of each zone in strain based design approach.

Comparing the 3D plots of the local strain accumulated in the HAZ in both conditions, it

is clear the lower strength condition TP-4 HAZ showed higher strain compared to TP-8.

Figure 4.11: DIC strain mapping over the time for (A) TP-4 (B) TP-8.
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4.5 Summary/ Remarks

The local yield strength of two X80 pipeline steel weld joints were characterized by em-

ploying indentation technique and digital image correlation (DIC). The microhardness

map was also obtained. These strength measurements were found to be consistent with

transverse hardness profiles. The agreement between instrumented indentation and DIC

measurements suggest that the indentation method may be potentially used as a tool

for evaluating overmatching in the welded structures without the need for extraction and

machining of tensile specimens. The combined methods also provide useful information

regarding the differences in mechanical performance between the weld metal, HAZ, and

base metal. These differences may also be useful in correlating to fracture toughness in

future studies.

However, the indentation technique in this study was used as provided by the inventor to

detect the yield force and calculate the yield strength based on inflection point method

using built in software. Therefore, the following chapter will focus on understanding the

theory behind this technique and the mechanics of the contact using the flat tip intender

geometry. FE modelling will be employed to verify the obtained yield strength results

and to explain the mechanics of contact. The validation of this technique could lead to

its widespread application for measuring yield strength directly for weld qualification pur-

poses, and possibly as a quality control measure in the field, which would streamline testing

since indentation tests can be automated and are simpler than tensile tests. It also provides

far more detailed local property measurements, which can be used for numerical modelling

of the bulk strain of a joint during strain based design.
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Chapter 5

Elastic-Plastic Property Evaluation

Using A Nearly Flat Instrumented

Indenter1

5.1 Overview

A 100-µm diameter, nearly flat, instrumented, indenter is used to indent AA-6463 alu-

minium and X80 pipeline steel. In contrast to sharp and spherical indenters, a rising

load-displacement response is followed by a concave - downwards response during indenta-

tion. The substrate materials are characterized using tension and compression tests. Yield

1This chapter is published Manuscript in International Journal of Solids and Structures on 29 September
2016,available online:http://dx.doi.org/10.1016/j.ijsolstr.2016.09.036, A.R.H. Midawi,C.H.M. Simha, M.A.
Gesing, A. Gerlich, Elastic-plastic property evaluation using a nearly flat instrumented indenter.
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strengths measured under compression are within +/- 10% of the tensile values thereby

providing partial support for assuming symmetric tension-compression response. Based

on imaging of the actual indenter using a Scanning Electron Microscope, a model of the

indenter that accounts for the curved contact profile was created, assumed to be rigid in

finite element simulations. In the simulations, tensile yield strength and flow properties,

obtained by tensile testing are used to describe the behavior of the substrate and good

agreement with measured indentation force-displacement curves was obtained when the

exact shape of the indenter was used. The agreement is poor when the contact profile of

the indenter was idealized as flat. In the context of the inverse approach, using the Efficient

Global Optimization technique, fits to the stress-strain curves of both of the alloys were

obtained, and again the curvature of the indenter contact profile is found to be crucial.

This work sets the stage for a broader deployment of the inverse approach to map the

stress-strain response of heterogeneous microstructures such as welds.

5.2 Background

Indentation tests with spherical (Brinell) and sharp (Berkovich or Vickers) indenters are

widely used to measure the hardness and characterize mechanical properties of engineering

materials. Typically, for metals, the properties are restricted to tensile strength and the

conversion of hardness to strength is done using empirical formulas, see monograph by Ta-

bor [140]. However, when indentation testing is augmented with continuous measurement

of force and displacement, additional mechanical properties such as elastic modulus, and

yield may be estimated; see, for instance, the article by Bhattacharya et al. [20]. In the
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present work, a micron-sized indenter is used in an instrumented machine to indent typical

aluminum and steel alloys, and a computational technique for the estimation of the yield

strength and flow curve is proposed. This provides a basis for estimation of the entire

stress-strain curve through instrumented indentation.

The nearly flat-tip indenter in an instrumented machine was used to study the in-

dentation response of two conventional engineering alloys. The intended application for

the techniques developed in this work is the mapping of stress-strain curves in welds and

adjacent regions. Using stress-strain curves obtained from conventional methods, the in-

dentation process is modelled using finite element computation; furthermore, an inverse

approach that uses the technique of Efficient Global Optimization (EGO) is used to ob-

tain stress-strain curves from the indentation force-displacement measurements. As the

inverse approach relies on iterative finite element computations no assumptions about the

indentation response is required. Indeed, any metal strength model (hardening model)

may be used in this scheme. Of course, the choice of the hardening model based on only

the indentation response is not obvious and is suggested as a point for further investiga-

tion. Another potential criticism of stress-strain curves obtained from indentation curves

is that the measurement is carried out under compressive stress states, whilst, in practice,

stress-strain curves in tension are required. Similarity of tensile and compressive response

is often tacitly assumed. This assumption is partially assessed in this work by comparing

tensile stress-strain curves used to model the indentation test with compressive stress-strain

curves.
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5.3 Materials and sample preparation

Two alloys were assessed in this work AA-6463 a wrought aluminum-magnesium-silicon

alloy of 1.2-mm thickness and an X80 high-strength line pipe grade steel of 15-mm thick-

ness. In the case of the AA-6463, the indentation direction was perpendicular to the

rolling direction and in the case of the X80 steel the indentation direction was parallel to

the long axis of the pipe. Orientation dependence (with respect to rolling direction) of

indentation curves has been observed but not addressed in the present work. Samples were

prepared per the ASTM procedure for metallographic sample preparation E3-11 [7]. Three

samples for each material were cut with dimensions of 2 cm by 2 cm and molded with

hot mounting bakelite. The specimens were ground and polished according to the ASTM

standard as explained in the methodology Chapter 3. The specimens were then cleaned

by water and alcohol and etched to identify different phases in the microstructure. The

optical microscope in the indentation tester was used to ensure the quality of the surface

preparation.

5.4 Indentation procedure

Microhardness instrumented indentation tester (Nanovea-M1) was used to perform inden-

tations tests. Semi-flat diamond tip with 100 µm diameter was employed to carry out the

indentation tests for both the AA-6463 and X80 pipeline steel. The load capacity for this

machine is 40 N during measurement. Due to the variance in the mechanical properties of

the tested materials, different load settings were used for each material as shown in Table
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5.1. The shape of the indenter was assessed by obtaining Scanning Electron Microscope

(SEM) images of the indenter. Making reference to Figure 5.1, the indenter tip is not

flat and cannot be idealized as a flat surface. The reason the shape of the indenter tip

is crucial will become clear in the section on finite element computations. Hereafter, the

actual profile is referred to as curved, and the ideal flat case is referred to as idealized.

Radius of curvature

1250 microns

30
o

Chamfer radius 0.2 microns

~100 microns

Figure 5.1: Scanning Electron Microscope image of the indenter, revealing it is not per-
fectly flat. The surface profile digitized from the SEM image as shown in the middle, and
contrasted with ideal flat profile on the right.

Figure 5.2 presents an optical micrograph of the indented surface of X80 steel in the

top row. Significant plastic deformation (the so-called pileup) leads to distortion of the

image around the indentation. Also note that the 100 µm indenter spans several grains

and bands. The X80 line pipe steels, are produced by a thermo-mechanical controlled

process TMCP and accelerated cooling. The X80 base metal studied had a combination of

bainite and ferrite microstructures, with an average ferrite grain size of less than 10 µm.

The microstructure exhibited some banding of the discontinuous carbide-containing phase

along the rolling direction, which can be noted in Figure 5.2. From the indentation image,

it can be seen that the indenter spans several of the ferrite and second phase bands, and

the repeatability of the indentation curves in the next section show that the results are

an average of the phases and not influenced by the discontinuous bands observed in the
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microstructure.

50 μm

50 μm

Figure 5.2: Top row: Optical micro-graph of X80 steel surface and micro-graph of 30 N
indentation with 100 µm indenter in X80 steel. Note the distortion because of the severe
plastic deformation around the indent. Bottom row: micro-graph of AA-6463 aluminum
alloy and micro-graph after 6 N indentation with 100 µm indenter in the aluminum alloy.

The AA-6463 aluminum alloy studied here had an average grain size of 40 µm, with an

equiaxed recrystallized microstructure as shown in Figure 5.2. The etching also revealed the

presence of some dispersoids (which appear as dark pits), however the main strengthening

precipitates (Mg2Si) could not be resolved using optical microscopy.
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Table 5.1: Indentation test parameters

Material Load Setting Load [N] Rate [N/min.]

X80
High 30 60
Low 20 40

AA-6463
High 12 24
Low 6 12

Unloading rate is similar to the loading rate.

5.5 Results and discussion

Indentation curves for the aluminum alloy for two different peak loads are shown in Fig-

ure 5.3. In the low-load case, Figure 5.3 (a), six tests were carried out; from these mean

and 90% confidence intervals were obtained. For each fixed displacement, the mean force

f̄ , mean displacement δ̄, and standard deviation sf were computed. Interpolation between

forces was carried out if required. Likewise for each fixed force, the mean displacement δ̄

and standard deviation sδ were obtained. The 90% confidence interval (CI) on the force is

given by:

f̄ ± t0.05,N−1
sf√
N
,

where N is the sample size (six in this case), and t0.05,N−1 is the Student’s t-distribution

for 0.05 and N − 1 degrees of freedom. Similarly, the 90% CI on the displacements can

be obtained. The mean displacements are plotted on the horizontal axis. Due to the low

number of samples, the Student’s t-distribution is used here; which is also supported by

the text by Devore [40] which deal with the confidence interval estimation. The resulting

mean indentation curve and the confidence interval bands are shown in Figure 5.3 (b).
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Figure 5.3: (a) Indentation tests for AA-6463 with peak load of 6N (six tests). (b) Plus
marks are the mean line and solid lines depict 90% confidence intervals. (c) Indentation
tests for AA-6463 with peak load of 12N (six tests). (d) Mean line and confidence intervals.

The repeatability is argued to be acceptable for engineering purposes. It is suggested

that the scatter is higher for aluminum indentations, especially in the low-load case, owing

to there being only two to three grains being contacted by the indenter. A similar exercise

was carried out for the high-load case; the indentation curves and mean and confidence

intervals are shown in Figure 5.3 (c) and Figure 5.3 (d), respectively. It can be seen that the

repeatability improves. Likewise, indentation curves for the X80 steel are shown in Figure

5.4 for both the 20 N and 30 N peak loads, as well as the mean curves with associated
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90% confidence intervals. Again, the repeatability is excellent.
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Figure 5.4: Steel indentation curves: (a) raw data for low- and high- load case. (b) Mean
and CIs for the 30 N peak load. (c) Mean and CIs for the 20 N peak load.

Some of the features of the indentation curves should be highlighted. The shape of the

curves are markedly different from the concave upwards curve obtained using spherical and

sharp indenters. Indeed, it is common practice to represent the force-displacement during

indentation using a power law of the form F = Cδm. In bold contrast, for the nearly-flat

indenter, there is a steep rising portion, which is somewhat concave upwards and then

followed by a change in slope and transition to a portion that is almost linear. Certainly,

the curves obtained in this work are not conductive to being modeled using a power law.
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5.5.1 Conventional stress-strain curve measurement

For the aluminum alloy, uni-axial tensile tests, per the ASTM-E8 standard, were carried

out on sub-size sheet strips coupons. The specimens were cut and machined from aluminum

sheet. The machine used for tensile testing was Tinius-Olsen HK10T tensile test frame,

with a displacement rate of 1 mm/min.

To carry out the compression tests, several aluminum sheet specimens were glued to-

gether to obtain specimens of 7.6 ± 0.22 mm square cross-section having 15 ± 0.2 mm

length. The samples were loaded along the long axis; that is, with the loading direction

parallel to the glue lines. These were loaded in a 50 kN load frame at a rate of 0.1 mm/sec.

An extensometer was used to measure the displacement. Planarity and flatness of the

surfaces being compressed were found to be crucial to prevent sliding and buckling. It

bears emphasis that the compression curves are not as accurate and precise as the tensile

stress-strain curves; nevertheless, the tests were performed to obtain an estimate of the

yield strength in compression. Consequently, the test was not carried out to large strains.

For loading below yield, both of the materials were assumed to be linear elastic, and

Young’s modulus for aluminum was taken to be 65 GPa and 210 GPa for steel, respectively.

Figure 5.5 shows the tensile and compression stress-strain data for AA-6463. On account

of the low strains in the tension test, the inability of the extensometer to resolve the elastic

slope is seen in the compression response. The solid line is the fit to Ludwik’s law which

reads:

σ̄ = σy + kεnp , (5.1)

where σ̄ is the effective stress, σy is the yield strength, εp the effective plastic strain, k the
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hardening coefficient, and n the hardening exponent. Note that the yield strength obtained

from the compression test is within 10% of the value from the tensile test. The dashed line

in the graph is the Swift hardening law which reads:

σ̄ = k(ε◦ + εp)
n, (5.2)

where ε◦ is a reference strain, which may be taken to be σy/E, where E is the elastic

modulus. Notice that the Ludwik law describes both the compression response and the

tensile response reasonably well and so it was chosen to describe the hardening response

of the aluminum alloy.

For the X80 steel, dog-bone specimens per the ASTM-E8 standard were machined in

the longitudinal direction for tensile testing. Cubic samples (similar to dimensions used for

the aluminum alloy) were machined for the compression testing. Using the special fixture,

as for the aluminum alloy, compressive stress-strain curves were obtained. Both the tensile

and the compressive stress-strain curves are displayed in Figure 5.6. Again, both the Swift

and Ludwik hardening laws are shown. In the case of X80 steel, the Swift hardening model

was chosen. While the choice of hardening model, here, is based on engineering practice,

the choice is arbitrary as one could choose from several other hardening models. Further

discussion of this point is reserved till the last section.

For the alloys studied in this work, there appears to be no significant difference between

the yield strength in compression and tension and this tacit assumption is made in all

indentation studies.
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Figure 5.5: (a) Tensile stress-strain curve for AA-6463 from tensile test. Open symbols
represent experimental results, solid line is the fit to the Ludwik’s hardening equation, and
the dashed line is the fit to the Swift equation. (b) Stress-strain curve from compression
test.
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Figure 5.6: (a) stress-strain curve for X80 steel from tensile test. (b) stress-strain curve
from compression test. Open symbols represent experimental results, solid line is the fit
to the Swift’s hardening equation, and the dashed line is a fit to the Ludwik’s hardening
equation.
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5.5.2 Metrics for comparison of computed and measured inden-

tation curves

Before presenting results of the forward finite element analysis of indentation, it is useful

to describe metrics that can be used to compare the computed indentation curves with

the experimental response. In addition, to the qualitative visual impression, these metrics

will quantify the quality of the computational predictions. A body of literature regarding

comparison of computational and experimental results is emerging with the increasing

emphasis on validation and verification [109]. In particular, for impact and vibration

simulations wherein time is a variable, metrics for comparing curves may be found in the

articles by [125, 131, 149]. Since time is not a variable in the present work, point-to-point

comparison metrics were taken from the preceding references and employed here.

Since the abscissa in the indentation measurement is displacement, with the loading

during experimentation (and finite element computations) being displacement controlled,

it may be treated as an independent variable. To compare the computed and experimental

curves, equal-length vectors of forces corresponding to the same displacements are obtained;

the first from the experimental curve is fi and the second from the computed curve is Fi,

with i = 1...N. For obtaining equal-length vectors, interpolation between forces may be

required.

The first metric is the well-known R-squared term which is defined as:

R2 =

[
Σ(fi − f̄)(Fi − F̄ )√

Σ(fi − f̄)2 Σ(Fi − F̄ )2

]2
, (5.3)
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where over bar denotes mean and summation over N points is implied; 0 ≤ R2 ≤ 1, and a

higher value implies better agreement between the two curves. It is well known that the

above parameter is sensitive to shape but not sensitive to the scaling or bias of the curve;

this is borne out in the results presented later.

Secondly, the Zilliacus Error Index, described by Whang et al. [149], can be employed

to further compare the computation results to experiment, and it reads

Z =
Σ|Fi − fi|

Σ|fi|
. (5.4)

It is the area of the residual Fi − fi divided by the area of the measured forces and its

value can exceed unity; the lower the value of Z, the better the agreement between the

two curves. Finally, Whang’s inequality is given by

W =
Σ|Fi − fi|

Σ|Fi|+ Σ|fi|
. (5.5)

This last metric is the area of the residual Fi − fi divided by the sum of the areas of the

calculated and the measured; W is bounded between 0 and 1 and the lower the value the

better. Whang et al. [149] have analyzed the last two and other metrics and they recom-

mend the use of Z when the measurement can be favored over the computation and they

recommend W when there is no justification for favoring either the measurement or the

computation. In the present work, all three metrics are used and as will be shown later,

both W and Z yield consistent conclusions whilst comparing experimental and computa-

tional curves.
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5.5.3 Finite element computations - forward analysis

With stress-strain curves in place, two-dimensional, axi-symmetric, indentation compu-

tations were carried out using the ABAQUS finite element package. This is the forward

analysis wherein tensile stress-strain curves are used to model the plastic deformation of the

substrate. The computations were performed using the implicit solver with the large defor-

mation option; that is, the loading was quasi-static. Figure 5.7 shows a typical mesh used

for the computations; linear quadrilateral with reduced integration, CAX4R (see ABAQUS

element technology manual), were used for the substrate. The indenter was modeled as

an analytical rigid surface. Based on the SEM image the profile of the indenter tip was

constructed. A reference point was coupled to the indenter profile and this point was dis-

placed at constant rate, and the load and displacement of this reference point yielded the

indentation curve. All of the bottom row of nodes of the substrate were fixed. Additional

computations with an idealized flat indenter were also carried out. To implement the Swfit,

and Ludwik hardening laws for steel and aluminum, respectively, the UHARD subroutine

in ABAQUS was used; as will be shown in the next section, this subroutine also plays an

important role in the inverse approach.

Typically, 6000 elements were used in the simulations and each of the computations

completes in approximately 10 minutes when carried out on one processor. The latter

point being crucial for completion of the the inverse approach in a reasonable period of

time. Interaction between the indenter and substrate was through contact algorithms and

the contact was friction-less. Sample surface roughness and indenter roughness features

were ignored in the model. It is suggested that subtle discrepancies between experiment
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Figure 5.7: Mesh used for the indentation computations. Inset shows profile of the indenter
with curved profile and mesh detail. Idealized flat indenter is not shown.
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Figure 5.8: Finite element computations for indentation of aluminum, low- and high- load
cases. Solid line represents result obtained using curved profile of indenter tip, and dashed
line represents results obtained using idealized flat indenter. Experimental indentation
curves are shown as 90% CIs. Metrics, R2, Z,and W are computed with respect to the
mean experimental curve.

and computations may be attributed to a combination of surface features of substrate and

indenter.

Results of finite element computations for indentation of aluminum alloys are shown in

Fig. 5.8. The low-load case had a peak load of 6 N, and the high-load case had a peak

load of 12 N. In the low-load case, the idealized flat indenter obtains force-displacement

curves that are significantly outside the 90% confidence interval. In contrast, the indenter

109



with tip curvature gives a force-displacement response not more than 10% outside the 90%

confidence interval and is deemed suitable for engineering applications. Visual comparison

of the curves supports the latter assertion; additionally, of the three comparison metrics,

Z and W provide quantitative support for the assertion. Lower values for the curved

indenter and higher values for the idealized case. In contrast, R2 does not appear to be

sensitive to the quality of agreement between the experimental and computational curves.

In the high-load case, the indentation curve corresponding to the idealized indenter is well

outside the CI until an indentation depth of approximately 2.5 µm. Subsequently, both of

the indenter shapes yield indentation curves that are no more than 10% outside the CI.

The computation results for indentation of the X80 steel is presented in Figure 5.9.

Here, the low-load corresponds to 20 N and the high-load corresponds to 30 N. For the high-

load case, the computation was stopped at indentation depth of 17 µm owing to excessive

deformation in the mesh; techniques such as adaptive meshing or Arbitrary Lagrange-Euler

may be used to circumvent this. However, the latter two techniques lead to increased

computational times, which make them unsuitable for the inverse approach. Again, the

forward analysis points to the importance of the incorporating the actual shape of the

indenter in the model; values of R2 and W are lower for the computations with the curved

indenter when compared with the results of the idealized model. In contrast, Z and W

(especially for the low-load case) does not appear to be sensitive to the agreement between

the experimental and computational curves.

There are three observations in the computational results for steel and aluminium al-

loys. First: In both cases, the agreement between the computational force-displacement

curve and the experimental curve is poor over the initial portion (steep rise) of the loading
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Figure 5.9: Finite element computations for indentation of steel, low- and high-load cases.
Solid line represents result obtained using profile of indenter tip, and dashed line represents
results obtained using idealized flat indenter. Experimental indentation curves are shown
as 90% CIs. Metrics, R2, Z,and W are computed with respect to the mean experimental
curve.
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when the indenter is idealized as a perfectly flat face. Second: For aluminium, over the

entire indentation depth, the idealized indenter yields indentation curves that are above

the curve obtained with the curved indenter tip. Third: For steel, the shallower part of

the indentation curve is under predicted by the idealized indenter. These three observa-

tions and the phenomenology of the nearly-flat indentation are discussed in a subsequent

section. Although, first, the impact of machine stiffness on the indentation curves should

be addressed.

Indentation tester and indenter stiffness

In analyzing the instrumented indentation results, the stiffness (or compliance) of the in-

dentation tester is often accounted for (see, for instance, the discussion by Vanlandingham

et al. [147]). In the present work, to assess the impact of machine stiffness, a set of com-

putations with a linear spring in series with the rigid indenter (shown in Figure 5.7) were

carried out. One end of a linear spring was coupled kinematically to the indenter, and the

free end was displaced. Load and displacement of the free end were recorded. Figure 5.10

compares the experimental curves with the computed indentation curves with machine

stiffness incorporated. With increasing machine stiffness, the indentation load increases

and appears to saturate for a machine stiffness of approximately 106N/mm, and with this

stiffness, the computations are in good agreement with the low-load case but under-predict

the indentation loads for the high-load case. Therefore, arguing that the machine stiffness

will play a bigger role in the high-load case for X80; it is reasonable to assume that the

machine can be assumed to be rigid.
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Figure 5.10: (a) and (b) Assessment of machine stiffness on finite element computations
for indentation of X80 steel, low- and high- load cases. Solid line represents result obtained
assuming rigid indenter. Experimental indentation curves (dotted lines) are shown as 90%
CIs. (c) Assessment of indenter elasticity. Dashed-dotted line shows the response of the
with elastic indenter.
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The foregoing accounts for the stiffness of the machine; the stiffness of the indenter on

account of its shape and material may also impact the indentation response. Arguing that

prior work ignored the deformation of the indenter, Lee et al. in 2005 [91] assumed an elas-

tic spherical indenter (with E= 537 GPa) and obtained empirical relations for estimating

elasto-plastic properties from indentation curves. Subsequent work by Lee et al. in 2010

[92] also emphasized the elasticity of indenter in the finite element models that were used

to obtain regressions used in the inverse approach. Collin et al. [32] modelled the spherical

tungsten carbide indenters to study stress-strain response of two steel and two aluminium

alloys using empirical as well as inverse approach. It is worth emphasizing that research

efforts that accounted for the elasticity of the indenter in the finite element analysis used

WC indenters whose Young’s modulus is 537 GPa; in contrast, the modulus of diamond

is between 1000-1200 GPa. In this regard, Cao et al. [26] have carried out extensive finite

element simulations of spherical indentation wherein they assumed both rigid and elastic

response for the indenter and called out the reduction in accuracy of stress-strain curve

predictions when the indenter modulus was comparable to the substrate modulus. They

found that for a ratio of moduli, EI/E > 6, where subscript I denotes indenter, assuming

a rigid indenter was a reasonable approximation. Likewise, Le [90] carried out computa-

tional studies of spherical indentation and found that for elastic diamond indenters the

yield strength was underestimated by 2.5% for steels and 2% for aluminium.

To assess the impact of the indenter deformation, a forward computation of the high-

load, X80 indentation with an elastic, axi-symmetric indenter (E = 1200 GPa, and ν = 0.2)

was carried out and the resulting response is shown in Figure 5.10(c). It is interesting to

note that the response is identical to the case with a spring constant of 106 N/m, which

114



suggests that the results are impacted. These results suggest that in the high-load case (for

steel) combinations of machine-stiffness, indenter elasticity, and mesh deformation affect

the computed indentation response. For the purpose of the inverse approach discussed in

the next section, the indenter is assumed rigid.

Discussion of computational results

Making reference to the low-load indentation of the aluminum alloy, as shown in Figure

5.11, the phenomenology of the indentation is described. The initial portion of indentation

curve till a depth of approximately 1.15 µm is slightly concave upwards, and this is on

account of the plasticity that emerges even at a depth of 0.25 µm. The contour plot shows

that strains of 0.005, below the indenter, have already been attained at this depth even

though full contact of the indenter with the substrate has not occurred. When the indenter

has displaced 1.15 µm, full contact with the substrate has occurred, and a region which

has experienced a strain of 0.018 migrates towards the rounded indenter edge. Full contact

also signifies the onset of change in slope of the indentation curve on account of extensive

plasticity under the indenter tip. For further indentation to proceed, the substrate has to

flow around the sides of the indenter. This is referred to as the pile up and the hardening

rate effects begin to play a key role in the response. At an indentation depth of 3 µm,

the high strain has localized at the edge of the indenter and is approximately 10%. The

average strain is 6% under the indenter at this depth and the plastic zone has expanded

as far as possible.

Finally, at an indentation depth of 5 µm, the strain is 20% at the indenter edge and the
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Figure 5.11: Low-load case, indentation of aluminum alloy. Open symbols correspond to
depths of 0.25, 1.0, 3, and 5 µm. Contour plots of effective plastic strain corresponding to
stated depths are shown. Solid line is the computational result.

average strain is 10% under the indenter. When the plastic strain contours are compared

with those for depth of 3 µm, it can be noted that there has not been a significant increase in

the size of the plastic zone. These contour plots show that indentation process displays two

different modes. The first, prior to full contact of the indenter face, is akin to the expansion

of a spherical cavity. There is an approximately sphere-shaped expanding plastic zone. The

second, after full contact, wherein the indenter behaves like a rigid body indenting a half

space with the high plastic strain being confined to the region near the edge of the indenter

face.

To explain the three observations noted at the end of the results section contour plots

of the effective strain at several key points along the indentation process are shown in Fig.

5.12. The contours in the top row (for X80) compare the effective plastic strain fields in the

idealized and curved indenters. In the latter result, because full contact has not occurred
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Figure 5.12: Effective plastic strain contours for flat and idealized indenters. The material
and indentation depth are indicated.
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at a depth of 1 µm, the strains are not as high as in the idealized cylinder wherein the

high strain region has already formed at the indenter edge. Note that the highest strain

levels in the idealized and curved indenter edges differ by an order of magnitude. Since

the computations are displacement controlled, the contours for the aluminum alloy display

the same trend. Therefore, the idealized indenter will always over-predict the steeper part

of the indentation curve.

The second and third observations are a consequence of the difference in hardening

rate in the two alloys; specifically, dσ̄/dεp is greater for the aluminum alloy than for the

X80 steel. Therefore, it is easier to create a pileup for the latter than the former. This

is apparent in the contour plots corresponding to an indentation depth of 4 µm shown in

Figure 5.12. For corresponding indenter geometries, the strain in the steel is higher than in

the aluminum. Due to the interplay between the hardening rate and the indenter geometry,

the strain at the indenter edges govern the indentation response. In steel, the strain at the

indenter edge is higher for the curved tip, and therefore the indentation curve is higher

than the curve obtained with the idealized indenter. In contrast, for the aluminum alloy,

the strain at the indenter edge is higher in the idealized case leading to a higher indentation

curve.

5.5.4 Inverse approach to determine strength model parameters

The basic idea of the inverse (or reverse) approach is as follows. A set of M control points

in the mean experimental indentation curve is selected, (δ̄i, f̄i), where i = 1...M. With an

initial guess of the three strength model (either the Ludwik or Swift) parameters: σy, k,
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and n the axi-symmetric indentation computation is carried out and this in turn yields an

indentation curve from which a set of forces corresponding to the chosen control points:

(δ̄i, i) may be obtained. An objective function φ is defined as

φ =

√√√√ M∑
i=1

(
Fi − f̄i
f̄i

)2

. (5.6)

The minimization problem becomes selecting a set of σy,k, and n that minimizes φ. The

minimization was carried out using the Efficient Global Optimization (EGO) algorithm,

developed by Jones et al. [79], and implemented in the open source Design Analysis Kit

for Optimization and Terascale Applications (DAKOTA), see Adams et al. [1]. The basic

EGO procedure is as follows:

• Carry out a set of functional evaluations based on random sets of (σy, k, n). That is,

estimates several sets of Fis. Lower and upper bounds for (σy, k, n) are specified by

the user.

• From the sets of Fi a stochastic response function, which approximates the objective

function, is created.

• The response function is then probed (through functional evaluations) for a mini-

mum and if φ is minimized to within some specified tolerance, the optimization is

completed.

• If a minimum is not found, additional sets of Fi s are obtained (by carrying out

further finite element computations) from new values of (σy, k, n), the stochastic
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function is reconstructed, and the process is repeated till a minimum is found.

It is important to distinguish between the function evaluations of the stochastic response

surface, which are computationally inexpensive, and the iteration requiring finite element

computation, which is expensive. Note also that because of the random values (though

within the specified bounds) of (σy, k, n) each run could result in a different fit for the

stress curve. Indeed, this serves as a means for obtaining probabilistic distributions to the

stress-curve fits and may be used in probabilistic assessments.

In order to carry out the inverse calibration of the hardening model, and yield strength,

initial bounds and a limit on the number of iterations (that is the finite element compu-

tations) and a tolerance on the minimum attained by φ have to be specified. A value

of 0.1 was used in this work for the tolerance. There is some judgment involved in this

specification of the bounds and, as will be argued later, it requires further investigation.

Next the results of the inverse approach are presented for the two alloys.

For AA-6463 the following bounds for the Ludwik law were specified: 100 ≤ σy ≤ 200,

100 ≤ k ≤ 500, and 0.01 ≤ n ≤ 0.9. Note that the lower bound for σy and k can be taken to

be equal. The total number of iterations (finite element computations) was limited to 40.

Typical run times, using 4 processors for each run, were of the order of 66 min. For each

of the results, at least three runs were performed, and there was no significant run-to-run

difference. Figure 5.13 (a) and (b) presents fits obtained by using curved indenter, and the

idealized indenter in the EGO runs. In the curved case, the fit is excellent for the low-load

and the high-load cases. In contrast, the fit is not as good for the idealized case for the

low-load experiment. The reason for this is apparent by inspecting the results of Fig. 5.8
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(a) and (b) for the computations using the idealized profile. The EGO approach fails to

find a good fit owing the inability of the idealized indenter profile to model the low-load

indentation case.
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Figure 5.13: Stress-strain curves obtained through inverse approach. Dotted lines are the
experimental stress-strain curves, fits obtained through EGO are depicted with solid lines
for the curved indenter and dashed lines for the idealized indenter. (a) stress-strain curves
for the AA-6463 alloy obtained using a curved profile for the indenter. (b) curves for AA-
6463 alloy obtained using an flat profile. (c) and (d) are for the X80 steel and a curved and
flat indenter tip, respectively. Triples adjacent to the curves give the values of (R2, Z,W ).

Visual assessments of goodness-of-fit are borne out by low values of W and Z. In

contrast, R2is not a reliable indicator of goodness-of-fit. For X80 the following bounds for
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the Swift law were specified: 500 ≤ σy ≤ 600, 500 ≤ k ≤ 1000, and 0.01 ≤ n ≤ 0.09. Notice

the tacit assumption that n in the Swift law is usually less than 0.1. The total number of

iterations was increased to 60 in this case and the runs were of the order of 132 min (using

4 processors as before). Graphs in Figure 5.13 (c) and (d) present fits for the low-load and

the high-load cases, and again, the fits are excellent when the curved profile is used; the

stress-strain curves obtained through the inverse approach agree with the curves obtained

through tensile tests to with ±5 % for the aluminum alloy and ±7% for the steel alloy.

Even though the curvature of the indenter tip is accounted for, the fit is not as good

in the high-load case, Figure 5.13 (c); this was related to the high distortion (effective

plastic strains greater than unity) of the mesh. In the high-load case for steel, the finite

element solver did not converge when the idealized indenter was used and the maximum

number of finite element solutions was reached. Accordingly, no fit to the stress-strain

curve is reported in the figure. Again, W and Z are consistent indices for comparing

computational and experimental curves.
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Figure 5.14: Solid lines are computed indentation curves obtained using stress-strain fits
displayed in Figure 5.13 and the curved indenter. Dashed lines are computed curves with
idealized indenter. Dotted lines are the experimental 90% CIs. Triples adjacent to the
curves give the values of (R2, Z,W ),which are computed with respect to the mean experi-
mental curves.

In the absence of results from the forward analysis, only the experimental indentation

curves can be relied upon, and the quality of the stress-strain curves obtained using the

inverse approach can be assessed through indentation computations. Figure 5.14 displays

indentation curves computed using the stress-strain curves obtained using inverse approach.

For the aluminum alloy, there is only a marginal change when the metrics R2,W , and Z,

for both curved and idealized indenters, are compared with those of the forward analysis
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in Figure 5.8. For the X80, in the low-load case, for the stress-strain curve obtained

through inverse approach leads to a computed indentation curve that is an improvement

the triple values in Figure 5.9(a) change from (0.98, 0.14, 0.067) to (0.98, 0.101, 0.048)

in Figure 5.14(c). Finally in Table 5.2 the hardening model parameters obtained through

the inverse approach are compared with parameters obtained by fits to the tensile curves.

Values in the table serve to make an important point - even though the model parameters

from inverse approach may differ by as much as 16% from parameters obtained from the

tensile test, the overall curve still agrees to within 10% of the tensile test.

Table 5.2: Comparison of hardening model parameters

σy [MPa] k [MPa] n
TT LL HL TT LL HL TT LL HL

AA-6463 110 100 (10) 96 (12) 430 499 (16) 444 (3) 0.45 0.49 (8.8) 0.39 (13)
X80 513 500 (2.5) 500 900 897 (1) 827 (8) 0.077 0.09 (16) 0.09

a Values obtained using curved indenter in inverse approach are reported.
b Swift law is for AA-6463 and Ludwik law is for X80.
c TT is tensile test, LL is low load, and HL is high load.
d Values in parenthesis are magnitude of relative difference with respect to the values obtained from the
tensile test.

5.6 Summary/Remarks

Indentation of AA-6463 aluminum alloy, and X80 steel was carried out using micron-

sized, nearly flat, indenters. Forward and inverse analysis using finite element computa-

tion demonstrated the importance of using the actual profile of the indenter rather than

idealizing it as perfectly flat. In the inverse approach presented in this paper, the fits to

the stress-strain curves were in agreement with the curves measured using uni-axial tensile
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tests to within less than ±10%. Computations including a finite-stiffness spring in series

with the indenter provided support for assuming it to be rigid. With experience gained

in the using the EGO method, it is our opinion that the technique is promising for the

intended application of mapping stress-strain curves of welds and adjacent regions. How-

ever, the specification of bounds for the model parameters, and limit on the number of

iterations requires some judgment. Indeed, if the bounds are tightened, the optimization

is accomplished with less computational expense. In addition to examining the elasticity of

the indenter and machine stiffness, future efforts will focus on development of techniques to

rapidly identify tighter bounds with only the indentation curve and indenter geometry as

guides. Furthermore, the choice of the hardening model was possible owing to the forward

analysis and availability of stress-strain data. A need remains for a technique to identify

apriori an appropriate hardening model given only the indentation curve.
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Chapter 6

Novel Technique to Measure Yield

Strength for Engineering Alloys1

6.1 Overview

In this chapter procedures to determine yield stress based on two loads from load-displacement

curves obtained using nearly-flat, instrumented indenters are presented. Using measured

loads during indentation, estimates of yield of steel and aluminium alloys were obtained

based on cavity expansion and slip-line theory. The magnitude of the relative error in

the estimated yields is bounded by 16%. Estimating the yield strength directly from the

load-displacement curve will reduce the number of parameters that are used in the inverse

approach and therefore reduce the iteration time.

1This is published Manuscript in Materials Science & Engineering A on 17 August 2016, available on-
line:http://dx.doi.org/10.1016/j.msea.2016.08.056 A.R.H. Midawi,C.H.M. Simha, A. Gerlich, Novel tech-
niques for estimating yield strength from loads measured using nearly-flat instrumented indenters.
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6.2 Background

In this chapter, novel procedures to estimate the yield strength of metals using instru-

mented, micron-sized, nearly-flat indenters are introduced. Estimating the yield strength

of a metal using a hardness value requires either a knowledge of the strain hardening re-

sponse or statistical correlations. For instance, the relationships for yield stress presented

by Tabor [140], Cahoon [23, 24] or Hawk et al. [61] rely on measurements of the Vickers

Hardness, the strain hardening exponent (Meyer’s coefficient), and an empirical, material-

dependent constant. This requires a knowledge of the strain hardening exponent, and

renders the preceding relationships unusable for small regions such as the heat-affected

zones adjacent to welds or surface treated regions, where the material cannot be extracted

and tested in isolation by tensile testing. Examples of using correlations of yield with

Brinell hardness are also put forth by Radmard et al. [124].

Instrumenting the indenter and measuring the force and displacement during indenta-

tion reduces some of the material-specific empiricism associated with yield strength esti-

mation. However, to obtain yield stress by cyclic indentation using a spherical indenter as

proposed by Haggag [57, 59] still requires knowledge of the strain-hardening exponent; as

shown by Pamnani et al. [116] for a recent application of this approach.

Coupling instrumented indentation with finite element computation allows estimation

of the entire elasto-plastic response. In this regard, the work of Bhattacharya et al. [20]

and Giannakopouloset et al. [50] using sharp indenters and Alcala et al. [2] using spherical

indenters are noteworthy. Repeated indentation with spherical indenters and finite element

computation may be found in the article by Moussa et al. [106].
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Accordingly, there is no simple, direct, procedure to obtain the yield strength of a

metal using either hardness or indentation curves. Perforce, the user has to resort to either

empirical relationships or computations. This is not surprising on account of only the load

being known in hardness measurements. Lack of distinguishing features in the indentation

curves obtained using sharp and spherical indenters is implicated when the indenter is

instrumented. The curves are concave-upwards with no distinctive feature that can be

used to discriminate a yield stress being exceeded near the indenter.

In contrast to sharp and spherical indenters, nearly-flat indenters obtain S-shaped in-

dentation curves. For instance, Hu et al. [71] demonstrated this behaviour and idealized

such indenters as rigid cylinders to analyze aluminum and steel alloys. Moreover, the in-

denter system’s vendor provides software that analyzes the indentation curve to obtain a

yield strength based on inflection point description may be found in the article by Leroux

[93]; but the physical basis for the procedure is unclear.

In the present work, procedures to exploit the S-shape and identify two loads are

presented. Based on the argument that the first load corresponds to the expansion of a

spherical cavity, a formula to estimate yield strength is presented. The second load is

shown to represent the indentation of a half space by a rigid cylinder and a second formula

for the estimation of yield strength, based on slip-line theory, is given. It bears emphasis

that conventional steel and aluminium alloys were tested in this work, and the application

of the cavity expansion and slip line theory is valid in so far as the material yielding can

be described by the von-Mises criterion.
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Figure 6.1: (a) SEM image of the 100 µm-diameter indenter and post-indentation micro-
graphs. (b) Indentation curves obtained using the indenter. Inset shows the construction
used to obtain Fc and Fs; Fc corresponds to the displacement δc, and Fs is the force cor-
responding to the point where the line through the origin is a tangent to the indentation
curve.
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6.3 Materials and indentation experiments

A Nanovea-M1 indentation tester was used for all force and displacement measurements.

These indenters are axi-symmetric, with a truncated cone profile and have an approxi-

mately spherical contact tip; see the Scanning Electron Microscope (SEM) image in Fig.

6.1(a). The height of the spherical portion is designated as δc and it is 1.3 µm for the

100-µm diameter indenter and 3.1 µm for the 200-µm diameter indenter.

Yield strengths of five engineering alloys were estimated in this work; where the sample

thicknesses and alloys are listed in Table 6.1. Samples were prepared per ASTM E3-11

standard for optical microscopy. Three samples for each material were cut and molded with

hot mounting epoxy and ground using silica grit paper 320, 600, and 1200, then polished

using cloth pad and alumina suspension up to 1 µm. Finally, automated diamond polishing

with 0.5 µm and 0.3 µm were used to ensure high quality surface finish.

Indented surfaces were perpendicular to the rolling direction. Indentation curves are

shown in Fig. 6.1. At least 10 indentation experiments were carried out using the 100 µm-

and 200 µm-diameter indenters, typical indentation curves using the 100 µm nearly flat

tip indenter are shown in Fig. 6.1(b). In contrast to sharp and spherical indenters, these

curves are approximately S-shaped.

Two forces, Fc and Fs were obtained from each indentation curve, as described below

and the mean and 90 % confidence intervals are listed in Table 6.1. Owing to a 40 N

maximum loading capacity, the X80 steel was not loaded with the larger diameter indenter.

Conventional tensile tests per the ASTM-E8 standard were carried out to obtain yield

strengths using the 0.2 % offset method. Tensile tests were repeated at least 3 times for
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each material to assess repeatability. A displacement rate of 1 mm/min was used in all of

the tests, and the loading direction was parallel to the indentation direction. The preceding

choice of loading direction accounts for potential anisotropy of yield strength. Table 6.1

lists the mean and 90% confidence intervals for the 0.2% offset yields and also the grain

sizes for each of the alloys.

6.4 Yield strength estimates

The first estimate is based on the assumption that when the depth of indentation is δc the

hemispherical part of the tip has penetrated the substrate and there is full contact. The

force Fc corresponding to δc is obtained from the indentation curve and used to compute

the yield strength using

σy =
1

2.2

Fc
πa2

, (6.1)

where a is the radius. The theory behind the factor of 2.2 is given in the next section.

The second estimate of yield is based on the observation that for indentation depth

greater than δc, there is a point in the process, before the onset of pileup, when the highest

plastic strain is concentrated at the edges of the indenter. Accordingly, at this point, the

indenter can be treated as a rigid cylinder indenting a half space. The load corresponding

to this point, Fs, can be identified by constructing a tangent to the curve as shown in the

inset of Fig. 6.1(b). Shield in 1955 [133] used slip-line theory to show that the pressure

required to indent a semi-infinite substrate by a rigid cylinder is 2.845 (2σy/
√

3), where

the factor of 2/
√

3 is on account of the assumption of a von-Mises material. Therefore σy,
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is given by

σy =
1

3.28

Fs
πa2

. (6.2)

The work of Ya et al. [156] may also be consulted for further elaboration on this

relationship. The bar charts in Figure 6.2 show the yield strengths estimated from the

measured forces, along with yield stress values obtained through tensile testing. Error bars

are the standard deviations of the means. Charts at the bottom show the relative errors

in the procedures proposed in this work. The magnitude of the relative error is bounded

by 16%.

6.5 Theoretical background

To clarify the mechanics of this indenter shape, a rigid indenter model was constructed us-

ing the SEM image of the indenter and used to indent a metal substrate in axi-symmetric,

finite element computations; these were performed using the ABAQUS finite element soft-

ware [37]. For instance, the substrate was modelled by taking a Young’s modulus (E) of

210 GPa, Poisson’s ratio of 0.3 and a hardening law of 900(σy/E + εp)
0.077, where εp is

the effective plastic strain, which was used to obtain the indentation response of a 100

µm-diameter indenter. The indentation curve is shown in Figure 6.3 along with contour

plots of effective plastic strain. For the 100 µm indenter, when the indentation depth is

δc = 1.3 µm then the spherical section of the indenter establishes full contact with the sub-

strate. It bears emphasis that the computation was carried out to clarify the mechanics,

no finite element computations are required for the yield strength estimation method de-
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scribed above. Making reference to Figure 6.3, when the spherical portion of the indenter

is partially in contact (the first contour plot) with the substrate, a spherical plastic zone

forms. When full contact occurs (the second contour plot), then the spherical plastic zone

is fully developed. The elastic-plastic boundary, c/a, is approximately 2.1. This ratio is

independent of substrate modulus and hardening response; and it was confirmed that the

latter assertion holds for moduli and hardening typical for aluminum and steel alloys. This

is attributed to the low average plastic strains under the indenter. Park et al. [154] carried

out extensive finite element computations and showed that at yield, the plastic strains are

sufficiently low so that the response of the spherical indenter is independent of the elastic

modulus, hardening behaviour and yield strength.

Hu et al. in 2015 [71] have also performed finite element computations for several

steel and aluminum alloys and they quote c/a = 2.24. See also Hernot et al. [64], who

obtained c/a = 2.2 for elastic-perfectly plastic metals using finite element computations;

and Zielinski et al. [148] who experimentally showed during indentation of Fe-3 wt.% Si

single crystals that c/a = 2.1. In the present work, c/a = 2.15 was used as it was the

plastic zone size measured in the simulations (see dimension in Figure 6.3). Any of the

other three values of c/a from the literature will result in at most a 2% change in the

final factor of 2.2 in Equation 6.1. Based on the foregoing analysis, for an indentation

depth of δc, the indenter may considered to be driving the expansion of a spherical cavity.

Cavity expansion theory (see, for instance, Hill [67]) provides the force to expand a spherical

cavity as Fc = σyπa
2[2

3
+2 ln c

a
], where σy is the yield strength in the sense of the von-Mises

criterion. Taking c/a = 2.15 gives the factor of 2.2 in Equation 6.1.

With a subsequent increase in indentation depth, the behaviour of the indenter is
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Figure 6.3: Indentation curve obtained through FE computation. Contour plots of effective
plastic strain are shown for three depths. Average strains in some regions reported. Load
Fc corresponds to displacement at δc, and load Fs is obtaining by from the tangency point
of straight line through origin.

briefly similar to a rigid cylinder indenting a half space. As can be seen in the third

contour in Figure 6.3, the plastic strain is concentrated at the indenter edge and no pileup

has occurred. Notice that the strain is almost double when compared with the previous

state, but the average strain under the indenter is still low. As shown in Figure 6.3, the

load Fs can be identified using the proposed construction. Note that if the average of the

yields obtained using the two models is used, the relative error is bounded by 10%.
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Table 6.1: Forces from indentation curves and yield strength from tensile tests.

Al- 6463 Al-5052 IF St. 516 St. X80 St.

100 µm
FC [N] 2.3±0.14 3.1±0.22 3.5±0.74 4.8±0.81 9.8±0.61
FS [N] 3.9±0.31 4.5±0.22 4.9±0.45 8.3±0.48 13.9±0.13

200 µm
FC [N] 10.45±0.6 11.9±1.5 13.7±1.46 22.54±1 -
FS [N] 15.9±1.26 17.58±1.8 21.99±2 32.62±0.7 -

0.2% σy[MPa] 140±5 177 ±2 200±8 314±20 554 ±12
Thickness [mm] 1.2 3 0.83 13 15

Ave. grain size [µm] 41 26.7 25 20 6
a At least 10 tests per indentation were conducted.
b Grain sizes are based on the linear intercept method.

6.6 Summary / Remarks

It is not suggested that the proposed methods are a substitute for tensile testing, but as a

new interrogation methods for comparing local yield stresses, especially in heterogeneous

materials such as welds. The methods exploit the S-shaped indentation curve to identify

loads such that average strain levels under the indenter are low enough that the strain

hardening does not impact the yield estimates. Another tentative result is that at least

approximately four grains appear to be sufficient to probe the yield strength. It is rec-

ognized that surface asperities have to be plastically deformed for full contact to occur

and therefore, the yield estimate using Fc is expected to be sensitive to surface finish and

normality of contact of the indenter profile with the substrate. The quality of the contact

surface between the sample and the indenter was found to impact the measured forces. Re-

peatable measurements that led to the above bounds were achieved with surface finishes

that are used for obtaining optical micrographs.
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Chapter 7

Assessment of Yield Strength

Mismatch using Indentation for X80

Pipeline Steel Welds

7.1 Overview

Many oil and gas pipelines recently have been designed using the strain-based design

approach (SBD), which allows stress in the pipeline to exceed the yield strength. The

latter is owing to displacement-controlled loads such as landslides, seismic motions, and

frost heave. In such cases, the distribution of the strain over a large area (pipe) rather than

local area (weld) are preferred. Therefore, strength overmatching is one of the requirements

of the strain-based design (SBD) approach. In this work API-X80 pipeline steel sections

137



were joined together using the robotic GMAW process, while varying filler metals and

shielding gases to achieve different levels of strength mismatch. Then weld metal and

HAZ microstructures were investigated and correlated with microhardness map to ensure

different mismatch levels were achieved. In order to study the yield strength mismatch

both the indentation technique and conventional tensile testing were performed. The

indentation technique employed a 100 µm diameter nearly flat indenter, used to estimate

yield strengths for welds (WM and HAZ) using load-displacement response for each zone.

The measured yield strengths was compared with 0.2% offset tensile yield strength obtained

by conventional tensile test. The result showed good agreement between the yield strength

measured by the two techniques. The results showed that the nearly flat tip indentation

method can be used as a tool to estimate strength mis-match for pipeline application.

Moreover, the indentation method was able to estimate the yield strength for narrow zones

such as reheated weld metal versus deposited weld metal, CGHAZ, and FGHAZ, which

could be used as an input for finite element modelling to simulate the welded structures

more accurately.

7.2 Background

To avoid failure in the weld metal region, pipelines are designed according to strain-based

design (SBD) criteria [70, 96]. Since pipelines may experience high longitudinal deforma-

bility, strength overmatching is one of the important requirement for SBD in pipelines

application to avoid local strain accumlation in the girth weld when the pipeline is sub-

jected to displacement controlled loading [104]. Overmatch can be defined as a condition

138



where the yield strength of the weld metal is known to be more than the yield strength of

the adjacent base metal. DNV-OS-F101 standard specifies the yield strength overmatch

to be 120-150 MPa higher than the SMYS of the base metal. This is due to the scatter

in the pipe yield strength [122]. In addition, DNV-OS-F101 stated that overmatching can

help to minimise strain concentration in the area adjacent to any possible defects in the

weld [39]. The overmatching then can be calculated using equation 7.1.

M =
σy(Weldmetal)

σy(Basemetal)
(7.1)

Most of the Engineering Critical Assessment (ECA) standards such as API, CSA-W59,

CSA-Z662, and DNV require cross-weld tensile testing to be performed. As a general

practice, if the cross weld sample failure occurs in the base metal or HAZ, the weld will be

considered in the overmatch condition. However, in this case the weld metal and base metal

properties were not compared directly. That could lead to a non-conservative assessment

of overmatching properties.

To compute the over (or under) match, tensile tests according to ASTM E8/E8M

standard, for the weld metal and base metal are required. However, the general practice is

to extract all weld metal parallel to the hoop direction of the pipe and assuming the weld

metal has isotropic properties. Note that machining all weld dog-bone specimens in the

hoop direction is straightforward. The reason for this assumption is the difficulty of gaining

the mechanical properties of the weld in the longitudinal direction of the pipe [66, 80].

Bally [15] studied the local properties of pipeline girth welds by means of hardness mapping

technique. Bally reported that the yield strength that has to be used for strength mis-
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match assessment is that for the weakest material. However, the overmatching properties

are usually described by yield strength and not hardness. Therefore, there is a need for

new technique to assess the strength mis-match accurately and rapidly for pipelines and

welds.

Consequently, the aim of this chapter, is to describe the application of the novel in-

dentation technique presented in Chapter 6 to estimate the yield strength for welds. The

strength mismatch properties for different X80-pipeline welds were evaluated using the

indentation technique and compared to the yield strength at 0.5% strain level obtained

by conventional tensile testing. In addition, the yield strength for narrow zones through

the weld such as the reheated weld metal versus as-deposited weld metal, and HAZ were

estimated. Moreover, the yield strength and hardness results were correlated with the

observed microstructures.

7.3 Experimental procedure

Three joints were produced using a robotic GMAW equipped with a Lincoln Power Wave

455M. Constant voltage (CV) mode was used to produce the welding joints. Curved sec-

tions of API-X80 steel pipe was prepared with dimensions of (280 x 233 x 15)mm3, a narrow

groove was machined and prepared to weld as shown in Figure 7.1 (for further information,

see Chapter 3). Two different welding consumables and shielding gases were used in order

to produce different microstructures in the fusion zone and consequently different mechan-

ical properties. The samples were designated as W1, W2, and W3. The first sample W1

was welded using wire which has slightly higher hardenability and 85%Ar-15%CO2 shield-
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ing gas, while samples W2 and W3 were welded using lean wire with shielding gas mixture

of 50%Ar-50%CO2. The welding parameters were designed to achieve different levels of

strength mismatch. To achieve that, W1 and W2 samples were welded using the same

welding parameters except the voltage was increased by 10%. This will keep the arc length

similar since that can be affected when the percentage of the %CO2 in the shielding gas

increases. The preheating-interpass temperature was kept constant at (150 ◦C). To achieve

under-matching weld condition, the welding parameters were adjusted for the third sample

W3. The travel speed was reduced approximately 10% to increase the heat input. In

addition, the preheating and interpass temperature was increased to (250 ◦C). This change

in the heat input and preheating temperature will lead to an increase in the cooling time,

which will decrease the cooling rate, and as a consequence a coarse microstructure will be

formed.

Figure 7.1: Welding fixture setting.

The details of the welding parameters for each condition are listed in Table 7.1. It

should be noted that the preheating-interpass temperature for W3 sample was very high
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and impractical for actual production applications. Also, the under-matching condition is

not recommended in pipeline application. However, it was intentionally created to validate

the indentation technique and compare in different weld situations. The welded samples

were then cut and mounted in order to prepare coupons to compare the hardness level in

the weld zone with the base metal. The samples that achieved the required hardness value

were selected and sent for X-Ray testing in order to check any major defects, such as lack

of fusion and porosity, which might effect the subsequent mechanical testing results.

The welded joints that achieved the required hardness level and passed X-Ray test were

selected to perform mechanical and microstructural analysis. The chemical composition

was performed according to the ASTM E3-11 standard. To perform chemical composition

analysis all weld metal samples were cut from the middle section of the weld. Notice that

W2 and W3 samples were welded using same wire; therefore, one sample was considered

for chemical composition. The chemical composition and the carbon equivalent for the

base metal and welded samples are listed in Table 7.2.

Table 7.1: Welding parameters for each condition.

Sample# W1 W2 W3

Pass Root Fill Cap Root Fill Cap Root Fill Cap
Volatge-[V] 24.6 24.6 21.6 27.6 27.6 25.1 27.2 27.7 25.2
Current-[A] 315 288 219 287 266 195 290 265 204

T. Speed-[m/min] 12 6.9 3.0 12 6.9 3.0 10 5.8 2.52
Wire speed-[m/min] 9.50 8.50 6.0 9.50 8.50 6.0 9.50 8.50 6.0
Heat input-[kJ/cm] 3.90 6.20 9.50 3.95 6.30 9.70 4.70 7.60 12.0

Shielding gas 85%Ar-15%CO2 50%Ar-50%CO2 50%Ar-50%CO2
Preheat-[ ◦C] 150 150 250

Three samples from each of the welds were prepared according to ASTM standard
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E3-11 in order to characterize the microstructure, perform hardness map, and estimate

yield strength using instrumented indentation technique. Optical microscope and scanning

electron microscope were used to characterize the microstructure in the weld metal and

HAZ regions.

Table 7.2: Chemical composition of the welds and base metal along with carbon equivalent
values (Ceq*)

Sample# C Mn Si Cu Al Mo V Cr Ti O N Ceq

BM 0.051 1.73 0.18 0.12 0.03 0.21 0.01 0.03 0.01 0.0011 0.0040 0.189
W1 0.086 1.76 0.55 0.33 0.01 0.53 0.01 0.01 0.01 0.018 0.0037 0.278

W2,3 0.076 1.32 0.54 0.10 0.01 0.07 0.01 0.01 0.01 0.045 0.0040 0.196

*Ceq =
Si
25

+Mn
16

+Cu
16

+Ni
40

+Cr
10

+Mo
15

+ V
10

Figure 7.2: Indentation test setting.

The same loading parameters and indenter size were used for the base metal, WM

and HAZ. Based on the results from Chapter 5 and 6 for X80 pipeline material the

peak load was set at 20 N, the loading rate was 40 N/min, contact load was 20 µN , and

the approaching speed was 3 µm/min. The indenter size is about 100 µm as shown in

Figure 7.2. To measure yield strength using indentation technique, the optical microscope

in the indentation system was used to select the indentation area. Specific regions in the

WM or HAZ can be indented as shown in Figure 7.3.
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Figure 7.3: Indentation test procedure in different zones through the weld joint cross
section.

The yield strength was obtained using cavity expansion formula that suggested in Chap-

ter 6 as follows:

σy =
1

2.2

Fc
πa2

, (7.2)

where a is the radius of the indenter and force Fc corresponding to δc is obtained from the

experimental indentation curve.

Conventional tensile testing was performed for the welded joints in both directions all

weld metal and cross the weld. Three samples for each condition were prepared. The

samples were cut out using EDM technique as mentioned in the methodolgy Chapter 3.

The tensile test frame used for tensile testing was Tinius-Olsen HK10T with a displacement
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rate of 1 mm/min. The tensile testing was combined with the DIC system, which allows

one to map strain in different zones through the joint. This can be used to construct

stress-strain curves, for each of the zones, based on the iso-stress assumption as described

in prior work [126, 151].

7.4 Results and discussion

7.4.1 Macrostructures and hardness maps

The macrographs of the girth welded joints are shown in Figure 7.4. The pass sequence and

the HAZ size are evident. Specimens W1 and W2 have similar HAZ widths considering

that the heat input was kept similar, while W3 sample has wider HAZ size since the heat

input was slightly increased. As can be seen in the macrographs there is a rather different

distribution of as-deposited and reheated weld metal between W1 and W2 versus W3. The

dashed lines show the location of sample extraction for cross-weld tensile tests.

Figure 7.4: Macrostructure graphs for welds W1, W2, and W3.
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The microhardness maps of the girth welded joints are shown in Figure 7.5. The pat-

tern of the hardness distribution showed that the W1 weld metal hardness is overmatch

the base metal with average 275 HV, while W2 and W3 weld metal hardness even match

and undermatch the base metal hardness with average hardness 220 HV and 192 HV re-

spectively. The hardness maps also showed that the softening behaviour occur in the HAZ.

However, as mentioned above the hardness evident is not enough to assess the strength

mismatch and most of the Engineering Critical Assessment (ECA) standards require yield

strength overmatching based on tensile testing.

Figure 7.5: Hardness maps for the welded joints with different weld metal strength mis-
matching.

7.4.2 Weld metal microstructure

Due to the multi pass welding process that is utilized in pipeline joining, the weld metal

microstructure through the joint is inhomogeneous and can be classified into as-deposited

weld metal and reheated weld metal. The local properties depends on the phases present
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in the microstructure of each zone. Figure 7.6 shows the weld metal micrographs near

the cap pass for W1, W2, and W3 respectively, which are considered the as-deposited

microstructure. As can be seen in the micrograph for W1, the dominant phase is acicular

ferrite. The microstructure in specimen W2 is a combination of acicular ferrite and bainite

and/or grain boundary ferrite. This is due to the chemical composition of the welding

consumable used in this case. In specimen W3, the heat input was increased by 10%,

which led to slow down the cooling rate, and as a consequence that promotes nucleation

of grain boundary ferrite and polygonal ferrite at the expense of acicular ferrite.

Comparing the reheated weld metal micrographs shown in Figure 7.7 it is very difficult

to distinguish between the deposited and reheated weld metals. Although, the hardness

profile through thickness elucidate some variations in the hardness values as shown in

Figure 7.8-b, it can be seen that as-deposited weld metal has higher hardness values com-

pared to the reheated material. When comparing the hardness of W1 as-deposited to W1

reheated the hardness of the microstructures is measured to be 280 HV and 268 HV respec-

tively. This is due to the minor changes in the microstructure due to the second thermal

cycle applied by the subsequent passes. In addition, it was noted that as the heat input

increased, the reheated weld metal fraction increased as in the case of specimen W3.
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Figure 7.6: Optical micrographs shows the as-deposited weld metal microstructure near
the cap pass.

Figure 7.7: Optical micrographs shows the reheated weld metal microstructure near the
bottom of the cap pass.

7.4.3 HAZ microstructure

Figure 7.9 show the CGHAZ micrographs for each weld metal. Even though, the base

metal microstructure is the same for all conditions, the CGHAZ microstructures exhibit

significant differences. This difference in the CGHAZ microstructure is attributed to the

heat input variations. Note that W1 and W2 conditions have similar microstructure, while

W3 condition exhibits a coarser structure. In addition, looking at the macrostructure
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Figure 7.8: Hardness profile of W1-Overmatch, W2-Evenmatch, and W3-Undermatch a)
Cross the weld, b) Through the weld.

graphs the size of the HAZ for W3 sample was wider, which is due to the higher heat input

used to weld this condition. To investigate the phases in the CGHAZ in more details, the

SEM was used as shown in Figure 7.10. The microstructure in the CGHAZ is a mixture

of upper and lower bainite. Microconstituents such as martensite-austenite (MA) also can

be seen around the prior austinite grain boundaries.

The FGHAZ shown in Figure 7.11, experiences a lower thermal cycle compared to the

CGHAZ. The microstructure of the FGHAZ is a mixture of polygonal ferrite and MA

microconstituents present at the grain boundary. The SEM analysis shows the details of

the microstructure, indicating the dominent black phase is polygonal ferrite and the white
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Figure 7.9: Optical micrographs shows the coarse grain heat effected zone microstructure.

Figure 7.10: SEM micrographs shows the details of coarse grain heat effected zone mi-
crostructure for W1 at two different magnifications consist of bainitic microstructure along
with polygonal ferrite microstructure.
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Figure 7.11: Optical and SEM micrographs show the details of FGHAZ microstructur.

micro constituents that appear at the grain boundaries are MAs. Looking at the hardness

profile at the mid-thickness of the cross-weld section shown in Figure 7.8-a, softening in

the FGHAZ can be observed. Liu et al. [96], studied the HAZ thermal cycle effect on

the yield strength of different pipeline steel using a Gleeble simulator. They found that

the minimum yield strength values were recorded for weld peak temperatures between

(800 ◦C) and (1000 ◦C), which corresponds to the FGHAZ. Due to the strength mismatch

between those two phases it is easy to form cracks in this kind of microstructure. Kang

et al. [84] use in-situ SEM with DIC tensile testing to map strain for dual phase steel

and showed that heat treatment could be performed to improve fracture properties and

ductility. More information can be found in the article by Avramovic-Cingara et al. [9],

and Kadkhodapour et al. [83].
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7.4.4 Evaluation of strength mismatch using indentation test

An average of at least 20 instrumented indentation tests were performed in each zone

for each specimen: W1, W2, and W3. The obtained average load-displacement curves

for the WM, HAZ, and BM for each weld are shown in the Figure 7.12, 7.13, and 7.14

respectively. The HAZ curves exhibited the lower strength with higher deformation for

all conditions. In the case of the weld metal, the average load-displacement curve for

W1 sample showed higher strength when compared to the base metal, while W2 and W3

curves showed moderate and lower strength compare to the base metal curve respectively.

Note that the base metal was indented in the cross section, which represents the hoop

direction properties of the pipe. By using the cavity expansion model equation that was

developed in Chapter 6, the yield strength for each zone in the cross section of the weld

joint were estimated. To assess the strength mismatch the yield strength of the weld metal

was compared with the yield strength of the base metal in both transverse (hoop) and

longitudinal(long) direction of the pipe.
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Figure 7.12: The average load-displacement curves for each zone across W1 sample.

Figure 7.13: The average load-displacement curves for each zone across W2 sample.
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Figure 7.14: The average load-displacement curves for each zone across W3 sample.

Figure 7.15 shows the average load-displacement curves for each weld condition were

compared to the average load-displacement curves of the base metal. The W1 sample

exhibited the highest yield force compared to base metal in both directions; therefore,

it is considered an overmatch condition. These observations are in agreement with the

hardness measurements and the observed microstructure in each zone. In the case of W2,

the average load-displacement curve showed a match with the base metal curve and this

was considered as even match condition. On the other hand, W3 sample showed the

lowest force at yield and the highest deformation compared with the base metal and was

considered as under match condition. Using the equation suggested by the author of this

thesis in Chapter 6, based on cavity expansion approach yield strength could be estimated.

The indentation depth also correspond to the deformation in the microstructure for each

weld. When comparing W1 sample has the lowest indentation depth, which is around
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3 µm while W3 facilitated the highest indentation depth of around 10 µm. It should be

noted that load-displacement curves for HAZ was an average of the curves in CGHAZ and

FGHAZ.

The summary of the indentation yield strength for welds and base metal are presented

in Table 7.3. It should be noted that the yield strength values was calculated from the

average curves and at least 20 indentation tests were performed for each zone. When one

considers the results of the yield strength measurements it can be seen that the minimum

yield strength was recorded at the HAZ. However, the yield strength of the HAZ for W3

sample exhibited the lowest value, this could be attributed to the higher heat input used in

this case, which led to severe softening in the W3-HAZ. By looking at the hardness profile

and the microstructure in the W3 weld metal and HAZ, these findings could be confirmed.

Figure 7.15: Load-displacement curves for weld metals W1, W2, W3, and X80 base metal

As mentioned above, the microstructure of the multipass weld is inhomogeneous and

acicular ferrite microstructure might change to different microstructure due to the subse-

quent passes. It is proposed that the bulk properties of the weld metal could be measured
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Table 7.3: Yield strength and strength mis-match values based on the indentation method.

Zone W1-YS (MPa) W2-YS (MPa) W3-YS (MPa)

BM-Long 567±13 567±13 567±13
BM-Hoop 627±15 627±15 627±15

WM 683±28.3 590±38.2 493±17
HAZ 530±22 516±14 489±18.5

Mismatch-L% 20 4 -13
Mismatch-H% 9 -6 -21

by tensile test. However, the local weld properties could not be measured by conventional

tensile test. Knowing the local properties is very useful in order to model the weld joint

and study the effect of the variation of the local properties on the crack propagation in the

crack tip opening displacement (CTOD) test. Therefore, the indentation technique was

used to detect the differences in the local properties of the weld metal. The W1 sample

was selected to measure the local properties through the weld joint. Figure 7.16 shows the

load-displacement curves for as-deposited weld metal referred to as (DP) and reheated weld

metal referred to as (RH) for the W1 specimen. Since the indentation system equipped

with optical microscope, as-deposited and reheated zones were indented separately. As

expected, the reheated weld metal exhibited lower yield strength values, which is consis-

tent with the microhardness profile through the welds as shown in Figure 7.8-b and the

observed microstructures in Figure 7.7.

7.4.5 Tensile test and DIC results

In this section, results of conventional tensile testing are presented and the yield strength for

the weld metal for each weld will be discussed and compared with indentation test results.
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Figure 7.16: Load-displacement curves for W1 through the cross section show the different
in the local properties between as deposited WM Vs. reheated WM.

The procedure of the samples extraction for all weld and cross weld was schematically

explained in the methodology Chapter 3. To evaluate this further, a DIC system was used

to map the strain up to the failure. In order to assess the strength mismatch properties,

tensile testing was performed for the base metal in both directions transverse (or Hoop)

and longitudinal (or Long). It should be noted that all yield strength values was defined

as the stress at 0.5% longitudinal strain.

All weld tensile test results

Figure 7.17 shows the average engineering stress-strain curves for all weld metals compared

to pipe base metal curves in the hoop and longitudinal directions. It can be seen that W1

sample exhibited the highest yield strength, which is 715 MPa and overmatchs the pipe

yield strength in both directions, which exhibits a yield strength 665 MPa and 571 MPa in

the hoop and the long direction respectively. In the W2 sample, the average tensile yield

strength was 576 MPa, when compared to pipe yield strength values, W2 undermatch the
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hoop yield strength of the pipe, but barely matches the long yield strength of the pipe.

For W3 sample the average yield strength was around 485 MPa, which undermatchs the

yield strength in both hoop and long directions of the pipe.

Figure 7.17: Engineering Stress-Strain curves for base metal and all weld metals.

To calculate the strength mis-match value, the DNV-OS-F101 standard recommends

checking the overmatching properties for all material conditions, therefore it is requied

to compare the weld metal properties with base metal properties in both direction and

report the more conservative value [39]. However, the all weld metal tensile testing results

represent the properties of the weld in the hoop direction. Therefore, Table 7.4 shows

the yield strength and strength mismatch values for each weld compared to the pipe yield

strength in both directions. When one compares the yield strength mismatch calculation

using tensile testing versus indentation, it can be seen that both techniques provide similar

results. However, indentation techniques provide more easily obtained local measurements

compared to tensile testing. Therefore, it could be use as a quick tool to estimate yield
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Table 7.4: Yield strength at 0.5% and strength mis-match calculation based on the tensile
test method.

Zone W1-YS (MPa) W2-YS (MPa) W3-YS (MPa)

BM-Long 550±8 550±8 550±8
BM-Hoop 657±6 657±6 657±6

WM 712±6 575±26 495±18
Mismatch-L% 29 4.5 -10
Mismatch-H% 8 -12.5 -25

strength mismatch for pipeline application. In addition, yield strength for narrow zones

such as the HAZ or reheated weld metal can be determined easily, which is an advantage

for the indentation technique.

Cross weld tensile test results

Tensile testing across the weld for each condition was performed. The engineering stress-

strain curves are shown in Figure 7.18, where the trend in observed yield strength was

as expected, in which the W1-cross sample exhibited the highest yield value with lower

deformation, while in the case of W2 and W3, the deformation was almost the same,

although the yield strength for W2-cross was higher than W3-cross. It should be noted

that these stress-strain curves represent the global behaviour of the joint even thought the

local properties are different. Therefore, the behaviour will be dominated by the weakest

zone, which is the HAZ. By looking at the failure location for each condition as shown in

Figure 7.19 it can be noted that as the weld strength overmatch increases, the failure is

shifted towards the base metal as in the case of specimen W1. Hertele [65] conducted an

FE study on the effect of strength overmatching on crack driving force and found that the
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driving force of a flaw is reduced as the degree of weld strength overmatch increases. In

addition, it was concluded that as the overmatching level increase, it can shield the WM

and adjacent area (HAZ) from failure.

Figure 7.18: Global engineering Stress-Strain curves cross the weld metals.
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Figure 7.19: DIC strain maps with show the fracture location for cross weld samples A)-
W1, B)- W2, and C)- W3.

The results from DIC strain measurements in Figure 7.20 show the strain distribution

around the weld area for specimen W1. It is expected that the weld nugget would exhibit

the highest yield; therefore, the minimum strain value was recorded in the WM, which

was about 2% . In addition, the strain was localized between the HAZ and BM as shown

in Figure 7.19-a. The strain map for specimen W2-cross shown in Figure 7.21, it can be

seen from the map the strain in the weld zone increased by up to 25% and as the yield

strength overmatch decreased, and the failure location shifted closer to the WM. The strain

localized in the weld zone and failure location could be confirmed by comparing results in

Figure 7.19-b. Finally, the strain distribution for the W3-cross is shown in the Figure 7.22.

The strain values in this case was very similar to specimen W2. However, the failure

initiated from the HAZ and propagates through the weld metal as shown in Figure 7.19-c.
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Figure 7.20: Strain distribution across specimen W1.

Figure 7.21: Strain distribution across specimen W2.

Figure 7.22: Strain distribution across specimen W3.

162



7.5 Summary / Remarks

In summary, this chapter showed that the nearly flat instrumented indentation can be used

to assess the yield strength mismatch in pipeline welds. The results were correlated well

with the observed microstructure and micro-hardness measurements. Local properties of

different microstructural regions in the weld metal such as reheated versus as-deposited

weld metals were also investigated using the indentation approach. The results indicated

that the reheated weld metal exhibited lower yield strength and this could be attributed

to the effect of subsequent tempering of the weld passes at high temperature, which leads

to changes in the microstructure and consequently affects the mechanical properties. The

strength mismatch was calculated using both indentation test and tensile test. It should be

noted that the yield strength mismatch was calculated using the all-weld-metal properties,

which represents the properties of the weld in the hoop direction of the pipe. Cross-

weld tensile testing were performed, and the results support the indentation findings. In

addition, the strain distribution give further details about local properties and effect of

strength mismatch on the failure location. However, due to the difficulty of performing

the tensile testing for the weld metal parallel to the pipe axis, it is recommended to

develop a procedure to investigate the properties of the weld metal in different directions

and consider the most conservative approach to describe strength mismatch. This will be

particularly important for the strain based design approach that is usually used in the

pipeline application, which takes into account the high axial strains that is imposed during

the pipe installation or during service. Therefore, the future effort will focus on developing

a methodology to investigate the weld properties in different directions.
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Chapter 8

Characterization of Anisotropic

Properties of API-X80 Line Pipe

Welds by Means of Instrumented

Indentation Techniques

8.1 Overview

Isotropic behaviour is usually assumed in line pipe specification especially when the design

is based on strain criteria. However, during a pipe manufacturing processes, such as UOE

(Steel plates are formed into a U shape and subsequently into an O shape then seam weld),

this may not be the case. In addition, most of the welding processes such as GMAW create
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residual stresses attributed to the thermal expansion and contractions, which may lead to

anisotropic behaviour in the weld metal. In this work, instrumented indentation technique

with a nearly flat-tip indenter was used to measure the yield strength for API-X80 line

pipe welds. Using this technique the yield strength can be measured directly from the

load-displacement curves as demonstrated in the previous chapters. Given the convenience

of the indentation technique the yield strength of the weld metal was measured in two

directions, namely the transverse and longitudinal directions, and the results indicated

that the weld metal has anisotropic properties, which could lead to a non-conservative

estimate of strength mismatch. The indentation results were compared with conventional

tensile test results for all-weld metal and cross-weld specimens.

8.2 Background

There are many challenges for line pipe steels including homogeneity of the microstructure,

mechanical properties, and weldability [80]. The TMCP manufacturing process along

with the pipe making procedure, such as UOE process usually creates anisotropy in the

linepipe steels. The longitudinal direction of the pipe in most cases has a lower yield

strength compared to the transverse direction of the pipe. Due to induced strains during

the manufacturing process [80, 129]. Characterizing heterogeneous microstructures like

pipeline welds using conventional methods such as tensile testing becomes more difficult

when a narrow groove design is used. It is impractical to machine full samples from narrow

zones for instance HAZ or reheated zones in the weld to perform tensile test. In addition,

most of the strength mismatch calculations rely on an assumption of isotropy in the weld
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due to the difficulty in determining the properties of the weld in the other directions [66, 81],

though the properties of the weld in both direction does not necessary have to be isotropic.

Zhang et al. [161] developed a notched cross weld tensile testing method to determine the

true stressstrain curve for each material across the weld zone. The procedure is based on

notch dimensions, which are calibrated in order to identify the weld metal parallel to the

pipe axis. Bowker et al. [81] developed the methodology further by using FE modelling in

order to obtain the tensile properties across the weld for X70 and X100 line pipe steels.

However, the proposed procedure requires the use of FE computation in order to calibrate

the sample dimensions and infer the results, which is a considerable drawback of this

method. Therefore, alternative techniques should be developed to estimate weld metal

local properties in different directions, which can improve the computational approaches

by giving accurate data without any assumption or finite element use. In addition, it is

vital to verify the properties of the weld in different directions to determine the validity of

the isotropic assumption.

Another approach, involves the application of DIC to map strain across the weld. By

assuming an iso-stress condition the strain maps could be used to construct indvidual

stress-strain curves for different zones across the weld. For instance, Lockwood et al. [98]

utilized DIC measurements along with an iso-stress condition to characterize the mechan-

ical response for different zones of an aluminium friction stir weld, and developed an FE

model to verify the experimental results. In 2006 Yan et al. [151] use same technique to

characterize the heterogeneous microstructures in a X100 pipeline steel weld, in order to

identify the mechanical behaviour of the local zones around the weld metal. Saranath et

al. [130] also conducted study aimed at characterizing the local properties of different HAZ
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regions in a bead on plate weld on a mild steel sheet. The results were correlated with the

microhardness measurements in order to optimize the welding parameters.

In the present work the nearly flat tip instrumented indentation technique were utilized

for X80 pipeline welds to assess the weld metal yield strength in different directions. The

estimated yield strengths were compared with the local yield strength values at a 0.5%

strain level that was obtained by tensile testing in both directions of the weld. The DIC

strain maps were used to extrapolate local stress-strain curves for weld metal in both

directions. The aim of this chapter is to highlight the importance of using such a technique

to characterize the weld metal properties, and determine a method for obtaining yield stress

values that provide engineers with more accurate safety margins when strength mismatch

is considered. The overmatching condition W1 from the previous chapter was selected

since it is usually the case in pipeline weld. In addition, the weld metal was characterized

in both the longitudinal and transverse direction (hoop) using SEM and microhardness

mapping technique to correlate the microstructure morphology with the yield strength

measurements obtained by indentation using a nearly flat indenter and DIC local stress-

strain curves.

8.3 Experimental procedure

To investigate the anisotropic properties of the weld the instrumented indentation tech-

nique was used to indent the weld microstructure in both directions. Figure 8.1 shows

schematically the procedure that was used to prepare the samples to investigate the me-

chanical properties of the weld metal in both directions, in which the W1 specimen was
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selected for this purpose. For more details regarding the welding parameters and procedure

see Chapter 7. Figure 8.2 shows the 3D macrostructure for W1. The weld metal was in-

dented parallel to the welding direction, which represents the strength and hardness in the

hoop direction and perpendicular to the welding direction, which represents the strength

and hardness in the long direction.

Figure 8.1: Schematic diagram shows the indentation sequence to investigate the properties
of the weld in different directions.

In order to map strain across the weld, a DIC system was used, which allows one to

examinethe behviour of different zones across the weld when the same loading is applied.

The DIC system was combined with a tensile test frame and the deformation in the sample

was recorded at the same rate of data acquisition as the frame load and displacement. This

allowed one to construct individual stress-strain curves for indvidual zones across the weld

based on the iso-stress assumption as described in prior work [98, 126, 151]. Figure 8.3,

visualizes the iso-stress assumption in more detail.
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Figure 8.2: 3D macrograph shows the weld metal structure for W1 from both direction to
investigate the microstructure and the properties of the weld in different directions.

Figure 8.3: Cross weld Strain map shows the iso-stress assumption and the strain local-
ization for each zone across the weld, the plus signs represent the points were selected to
average the strain in each zone.
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8.4 Results and discussion

8.4.1 Nearly flat tip indentation results

At least 15 indents were performed in each weld direction, the load-displacement curves of

the weld metal in both directions were compared as shown in Figure 8.4. The weld metal in

the hoop direction exhibited higher yield strength, which is about 683±28.3 MPa compared

to the longitudinal direction of the weld, which record a yield strength 631±22 MPa. When

one look at the final indentation depth hoop direction of the weld exhibited lower depth

compared to the longitudinal direction of the weld, which is consistent with the yield

strength values obtained by the indentation technique. However, the indenter shape is not

a standard shape to determine hardness value such as Vickers indenter or Brinell indenter;

therefore, this behaviour will be discussed later in the hardness section.

Figure 8.4: Load-displacement curves for the weld metal in both directions.
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8.4.2 Tensile test

To compare the indentation results to conventional tensile test results, all weld metal and

cross-weld tensile samples were prepared as explained in the methodology Chapter 3. The

DIC system was used to map the strain and construct the individual stress-strain curves

for each zone across the weld sample. Figure 8.5 shows the average engineering stress-

strain curves for the all weld metals compared to base metal in both hoop and longitudinal

directions, which is usually used in order to evaluate the strength mismatch properties

for pipeline welded structures. It can be seen that the weld metal has the highest yield

strength, which is around 715 MPa and overmatches the base metal in both directions,

which has yield strength of 665 MPa in the hoop direction and 575 MPa in the longitudinal

direction. However, the all weld metal tensile testing represents the properties of the weld

in hoop direction of the pipe or along the welding direction.

Therefore, to identify the properties of the weld metal in the longitudinal direction of

the pipe, an iso-stress condition was assumed in this work to determine the properties of

the weld metal in the longitudinal direction of the pipe, as described in the experimental

procedure above. Figure 8.6 shows the stress-strain curves for different zones across the

weld, which are WM and HAZ. The results indicate that the weld metal yield strength

is around 600 MPa with low total strain values, while the heat effected zone exhibited

the lowest yield strength of around 564 MPa. This softening in the HAZ leads to strain

localization in the HAZ, which reached 12%. Note the weld metal yield strength in this

case represents the yield strength of the the weld metal in the longitudinal direction (or

long direction). Figure 8.7, shows the comparison between indentation curves (a) and local
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Figure 8.5: Engineering stress - strain curves for base metal and all weld metals.

stress-strain curves (b) in both directions for the weld metal. Note that 90% confidence

intervals were calculated for each data set and the bounds were very tight; and therefore,

not shown in the graphs. When comparing the indentation results with the tensile test

results qualitatively in both directions, the difference in the yield strength can be seen

clearly. This anisotropic behaviour in the yield strength could lead to a non-conservative

estimate when strength mismatch is considered. The summary of the yield strengths based

on the nearly flat indentation technique and tensile test are presented in the Table 8.1.

The maximum relative difference between the indentation and tensile test results was 4.1%

for the welds and 4.6% for the base metal.

The overmatch in specimen W1 can now be computed using the longitudinal tensile

test data giving (600/550) or 9%. Likewise, the overmatch measured using the indentation
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data in the longitudinal direction gives (631/567) or 11%. The latter values are almost half

the values of the overmatch computed using conventional practices as shown in Table 7.4

for tensile test data and Table 7.3 for indentation data in Chapter 7. The latter is the most

important result of this thesis conventional practice for estimating the strength mismatch

in welds may lead to a non-conservative estimate.

Figure 8.6: Local engineering stress-strain curves for the weld metal, base metal, and heat
effected zone across W1.

Figure 8.7: Comparison between properties of the weld metal in two different directions.
a- Nearly flat indentation load-displacement curves, b- Tensile tests.
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Table 8.1: The measurements of the yield strength for the weld metal and base metal
in both directions using indentation test and tensile test along with strength mismatch
calculation.

Zone
Hoop direction Long direction

Ind.(MPa) TT (MPa) R.diff (%) Ind. MPa) TT MPa) R.diff (%)
Weld-1 683±28.3 712±6 4.1 631±22 600±14 2.8

BM 627±15 657±6 4.6 567±13 550±8 3.1
a Ind. refers to the instrumented indentation test
b TT refers to the tensile test, note that tensile test for BM was reported from the previous Chapter.

8.4.3 Microstructure

To investigate the contribution of microstructure morphology to the anisotropic behaviour

in the weld metal, detailed SEM imaging were performed as shown in Figures 8.8 and

8.9. The SEM micrographs were taken at similar locations and high magnification, in

order to evaluate any grain size difference between both directions of the weld metal.

Since the grain size can contribute up to 70% to the yield strength of these steels as

reported in the literature [101, 103], this may have a major influence on the apparent

strengths measured. Based on the qualitative appearance of the SEM micrographs, the

hoop direction microstructure exhibited a finer structure compared to the longitudinal

direction. However, it is very hard to estimate grain size by naked eye. Therefore, the

ASTM-EE112-13 standard was used based on Jeffries procedure to determine the average

grain size of the acicular ferrite microstructure [8], by treating individual needles of acicular

structure as separate grains. The idea here is to calculate the average number of laths or

grains per area, since this will correlate well with strength due to the Hall-Petch effect.

Doing so, allows one to calculate the contribution of grain size on the yield strength based

on the Hall-Petch relationship. To calculate the number of grains in specific area, based
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on the Jeffries method, one applies the following formula:

Na =
1

A
+ [Ninside +

Nedges

2
] (8.1)

where Na is the total number of grains in specific area, A is the area of the image, Ninside is

the number of the grains that completely inside the image area, and Nedges is the number

of the grains that lay on the image edges, which count as half a grain.

Figure 8.8: SEM micrographs shows as-deposited microstructure of W1 weld metal in the
hoop direction.
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Figure 8.9: SEM micrographs shows as-deposited microstructure of W1 weld metal in the
long direction.

Therefore, at least eight SEM images were taken and analyzed in order to determine a

representative estimation of the average grain size. The bar charts in Figure 8.10 show the

number of grains in each SEM micrograph, which indicate that the hoop direction contains

more grains than long direction of the weld. To calculate the average effective grain size
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davg the following formula should be used:

davg =
1√
Na

(8.2)

Figure 8.10: Bar charts show the grains measurements for weld metal in both directions
based on the SEM images. Note that SEM images were all captured at 8000 times magni-
fication, correlating to an area of 840 µm2 for each micrograph.

Table 8.2: The grain size measurements and corresponding contribution to the yield
strength for the weld metal in both directions.

Direction Long direction Hoop direction
Ntotal-[Grains] 1662±22 2404±91
Na-[Grains/µm2] 0.2466±0.023 0.3615±0.11

davg-[µm] 2.019±0.095 1.726±0.28
σy-[MPa] 476-523 515-566

a σy is the yield strength based on the grain size contribution. Note that σy was calculated using Hall-
Petch relationship σy = Ky × davg−0.5.
b Ky is the strengthening coefficient for grain size 21.4-23.5 MPa.mm2 [100, 101].

As shown in Table 8.2 the small change in grain size will have an effect on the yield

strength, and the maximum difference between both directions is about 39-42 MPa. How-
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ever, based on the indentation and tensile test results the difference between the hoop and

longitudinal direction yield strength reached 100 MPa. Therefore, other factors such as

the presence of residual stress could contribute to that difference.

8.4.4 Microhardness

The cross section and the longitudinal section of the weld were prepared in order to map

the hardness and determine its variation within the weld metal zone and between the two

directions of the weld. The hardness maps in both directions are shown in Figure 8.11,

the cross section of the weld (hoop direction), which includes WM, HAZ, and BM showed

higher hardness values in the weld zone compared to the longitudinal direction of the weld.

This difference in the hardness could be attributed to the microstructure variation and the

grain size difference.

Figure 8.11: Hardness map for W1, a)- Longitudinal direction (long), b)- Transverse di-
rection (hoop).
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Figure 8.12: Average instrumented indentation hardness test for W1 in both directions.

To see the difference in the microhardness an average load-displacement curves were

extracted as shown in Figure 8.12. The increase in the slope and the maximum penetration

depth indicates that the hardness of the weld metal in the longitudinal direction decreased.

The average hardness measurements revealed a 20 HV difference between the hoop and

longitudinal direction. The microhardness maps and microstructure analysis showed good

agreement with the measurements of yield strength in both directions. One may also argue

that other factors could contribute to this difference in hardness.

179



8.5 Summary / Remarks

In summary, the yield strength anisotropic properties were characterized by means of a

nearly flat instrumented indentation technique. Local tensile test also was performed uti-

lizing DIC technique. The yield strength measured by indentation were also compared with

the tensile testing results and the agreement between indentation yield strength and 0.5%

tensile yield strength was excellent, the magnitude of the relative error in the estimated

yields is bounded by 4.6±%. Based on these results, assuming isotropic properties for weld

metal can lead to use a non-conservative value of the strength mismatch. The microstruc-

ture analysis showed that the grain size contribute to this difference in the yield strength.

The microhardness profiles also support this findings. The contemporary practices to esti-

mate strength mismatch of the welds may lead to non-conservative estimates. This work

highlighted the importance of developing new techniques to characterize the local proper-

ties of the welded structure. In the future, it is worth investigating the residual stresses

state in both directions of the weld metal, which may contribute to this behaviour.
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Chapter 9

Comprehensive conclusion

In conclusion, this work presents a novel technique to estimate yield strength for engineer-

ing alloys. The technique was developed and validated using FEM. Validation focused on

X80 pipeline steel welds in order to evaluate the strength mismatch properties. Also, by

evaluating the local properties within the weld region such as-deposited and reheated zones,

it could be used as an input for FE modelling to provide more accurate predictions from

the simulations. The unique shape of the indenter allows estimation of the yield strength

value directly from the experimental load-displacement curve without any assumptions or

empirical fits. The cavity expansion theory and slipline theory were used to estimate the

yield strength based on the indenter geometry and the experimental load-displacement

curve. Since the indentation test is a compression test by nature; the assumption of yield

strength isotropy was confirmed by performing tensile and compression tests for two dif-

ferent engineering materials: which are X80 line pipe steel and AA-6463 aluminum alloy.

The results showed that the assumption is valid.
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The inverse approach was proposed as a method to estimate the stress-strain curve based

on fitting approach called Efficient Global Optimization (EGO). The experimental load-

displacement curves were used as a reference curve and resultant stress-strain curves were

validated using conventional stress-strain data. Prior knowledge about the hardening

model, hardening parameters bounds, and initial values was required to run the inverse

approach. In addition, assumption of the machine stiffness and the indenter rigidity as-

sumption were investigated to check the effect of these assumption on the load-displacement

curve. The results showed that up to a load of 20 N, the machine and indenter could be

assumed as a rigid body and it is elastic deformation could be neglected.

In order to validate the new developed technique and use it for real welding situations,

different X80 pipeline welds were produced using a GMAW robotic welding. The welding

parameters were designed to produce different microstructures and as a consequence dif-

ferent mechanical properties, which allow one to check the sensitivity of the indentation

technique and evaluate the method accuracy to measure the mechanical properties. The

microstructure and microhardness were also investigated. The results showed a strong

relationship between the formed microstructure and measured microhardness maps. For

example, the overmatched weld condition, which has higher carbon equivalent composed

of more acicular ferrite; therefore, the hardness increased and the strength of the weld also

increased. Meanwhile, in the undermatched condition, lean wire was used and the heat

input was increased to slow down the cooling rate and reduce the formation of acicular

ferrite, which reduced the hardness and yield strength in the weld versus the base metal.

Doing so allows evaluation of the indentation technique in different weld metal strength

ratios to validate the method for strength mismatch assessment. The yield strength mea-
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sured by the indentation technique for different pipeline welds were also compared with

the tensile testing results and the agreement between indentation yield strength and 0.5%

tensile yield strength was excellent, the magnitude of the relative error in the estimated

yields is bounded by 4.6%.

Furthermore, the indentation technique allows one to estimate the strength in different

directions of the weld to assess the isotopic behaviour. The results indicate the weld metal

exhibits anisotropic behaviour. These findings were supported by local stress-strain curves

for the weld metal obtained by DIC. These observations demonstrate the importance of

developing such a technique to estimate the properties of the weld in different directions to

assess the mismatch properties more accurately, and avoid any unconservative estimates

of the strength mismatch.
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Recommendations and opportunities

for future research

Through this work the instrumented indentation technique was used to characterize the

mechanical properties for different engineering alloys. The main focus was on representative

X80 pipeline steel. A new approach using a nearly flat tip indenter was developed in order

to estimate the yield strength value for engineering alloys based on cavity expansion theory

and slip line approach. However, due to time limitations the author could not investigate

materials that show discontinues yielding behaviour (upper and lower yield point). Also,

in the literature the behaviour of such material was not investigated under compression

testing. Therefore, it is recommended in future studies to investigate this point and study

the effect of Luder’s bands on the yield strength obtained by the indentation method that

was developed in this study.

In this study the inverse approach along with FE modelling was also developed and

validated for line pipe steel and aluminium alloys in order to get the full stress-strain

response. During this study Efficient Global Optimization (EGO) technique was used.
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In the future it is recommended to use different optimization approaches such as genetic

algorithms, unconstrained nonlinear minimization, and nonlinear curve fitting algorithms

in order to evaluate them in terms of running time and result accuracy. In addition, the

choice of the hardening model was possible owing to the forward analysis and availability

of stress - strain data. However, a need remains for a technique to identify an appropriate

hardening model given only by the indentation curve. Therefore, it is worthwhile to find

a way to identify the hardening behaviour when the stress strain data are not available.

Moreover, apply the suggested inverse approach for welded structure to obtain stress-strain

curve for narrow zones, such as CGHAZ, FGHAZ, and reheated WM.

The relationship between grain size and yield strength (Hall-Petch relationship) is well

known as a main strengthening mechanism. The size of the indenter that was used in this

study was 100 µm. This is due to the limitation of the load capacity in the indentation

system that was used in this study. However, in some cases the grain size of the materials

could be larger than 100 µm, which may limit the number of grains in contact with the

semi-flat indenter and affect the obtained yield strength values. Even so, this is not the case

for line pipe steels or its welds since those line pipe steels have a fine grain size. However,

it is recommended to study the effect of indenter size and grain size on the yield strength

obtained by using this method especially when large grain size material present.

The nearly flat tip indentation system showed repeatable and accurate results. However,

the system has only been demonstrated in the lab. In the future it is recommended to build

a portable system that can apply different loads and measure yield strength for pipeline

applications in the field. This will improve the integrity and increase the reliability of the

measurements during the welding process or during repair events.
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Finally, during the assessment of strength mismatch properties for pipeline welds,

anisotropic behaviour was discovered. Whereas the focus of this study was not to in-

vestigate weld anisotropy, it is recommended to do so in the future studies to evaluate the

effect of anisotropy on the joint behaviour when strain based design criteria is considered.

In addition, it is recommended that a future study explore possible reasons that lead to

the anisotropic behaviour such as residual stresses and material texture.
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