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ABSTRACT: Currently, measuring the local tensile strength in inhomogeneous materials is not standardised, nor accepted techniques are

available despite such technique would be beneficial in a variety of technological applications. Thus, this work introduces an innovative method

for assessing stress–strain properties at a sub-millimeter scale and illustrates the potential of the technique by evaluating the strength of a sub-

region in the HAZ from welded steels pipes. The method employs a fully instrumented stage inside a scanning electron microscope that

stretches small tensile specimens (2.0 mm · 0.5 mm cross-section, 12.5 mm gage length) while registering detailed images of the deformed

region. The specimens, cut from full-scale welds, include in their gage length weld metal, base metal and HAZ and have an 85 lm period grid

of evaporated lead on their surface to visualise the deformation. Upon straining, local strain is determined by correlating sequential images of

the specimen surface with an open source code for particle image velocimetry. The calculated local strain within the HAZ and the load values

recorded during testing are converted into a local stress–strain response. The results for two different heat inputs agree with usual, but

indirect and less accurate assessments procedures, including local hardness measurements and notched bar testing.
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Introduction
The structural integrity of offshore structures is a critical

issue from economical and environmental points of view,

and the safety of pipelines needs to be guaranteed during the

installation and the operation. One economic procedure of

laying offshore pipelines is the reeling process in which the

pipeline undergoes back and forth plastic deformation up to

3% strain [1]. This severe deformation raises concerns about

the possible detrimental impact on the integrity of the welds

that join the pipes forming the pipeline. An in-depth

structural reliability assessment of welded joints requires

knowledge of strength and fracture toughness properties of

the base metal, the weld metal and the region referred to as

the heat-affected zone (HAZ). This region belongs to the

base metal, but has different microstructures and properties

as a result of the thermal cycle yielded by the heat input (HI)

during the welding process. The heat affected material

extends a few millimeters from the liquid–solid interface

into the base metal and presents sub-regions with different

grain sizes [2]. Of particular interest is the HAZ sub-region

that borders the fusion line, the coarse-grain HAZ (CGHAZ),

because it usually has the lowest toughness within the HAZ

in HSLA steel [3], and pipeline standards require extensive

and detailed characterisation of this sub-region [4]. Never-

theless, the characterisation of local mechanical properties

of real HAZ microstructures presents intrinsic difficulties

caused by the steep gradient of properties on a millimeter

scale. As such small scale normally falls outside the scope of

standardised tensile testing, strength-hardness correlations

were suggested as an alternative to estimate of HAZ, but this

approach can provide inaccurate results [5]. Therefore, there

is still a need for developing adequate methodologies for

the accurate characterisation of local HAZ mechanical

properties.

The influence of chemical composition on tensile

strength of HAZ material can be studied using thermo-

mechanical simulators (such as the Gleeble technique, [6]),

and results can provide useful information about phase

transformations response of the microstructures associated

to the HAZ (e.g. the volume fraction of Martensite). How-

ever, this technique can not reproduce all the features

within the HAZ because it lacks weld passes, grain size

gradients, weld mismatch and realistic residual stresses. In

addition, a few studies characterised the tensile strength of

HAZs using macroscopic specimens with multiple micro-

structures [7], but this technique do not differentiate

individual sub-region behaviours. Moreover, other studies

used micro-samples [8–10], but they neglected the gradi-

ents of properties within specimens of finite size, so they

can not be used to study a specific sub-region interacting

with the whole weld.

This work presents an innovative method for assessing

the local stress–strain properties of small-scale micro-

structures, such as those associated to the different sub-

regions of the HAZ in welding of steels pipes. The

technique consists of testing small specimens inside a

scanning electron microscope in conjunction with a

computational strategy to assess strain fields from the

registered images. The potential of the technique is illus-

trated by measuring the mechanical response of the

CGHAZ from a girth weld of HSLA steel pipes. As pro-

duction parameters such as the HI might influence the

resulting properties, we applied the technique to assess on

the effect of two different HIs, 0.8 and 2.5 KJ mm)1, the

stress–strain mechanical response of the CGHAZ. Addi-

tionally, we compared the results with those obtained

from indirect assessments procedures such as local hard-

ness measurements and notched bar testing.
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Experimental Details

Small-scale tests
This research studied the stress–strain properties on the

sub-millimeter scale by means of mechanical tests inside a

scanning electron microscope (SEM). Because of the wide

depth of focus and magnification range provided by the

SEM, in situ tests were appropriate for the study of

mechanical properties on different scales. This technique

allowed direct observation of the sample while it was being

loaded and deformed inside a Philips 515 SEM, with the in

situ stage in Figure 1. The stage had two mobile crossheads

that served to stretch or compress specimens under dis-

placement control. Furthermore, a linear variable differ-

ential transformer (LVDT) and a load cell measured the

applied displacement and load, respectively. As the testing

machine worked under the vacuum of the SEM chamber,

access to the specimen was restricted during the test. For

further details on the in situ stage, see ref. [11].

Specimens and material analysed
The SEM chamber has limited space inside, and only sam-

ples of restricted size fit in the stage, as shown in Figure 2.

Moreover, the width of the sample depends on the maxi-

mum load sustained by the machine. The deformation

attained in the sample was visible on a grid of squares

drawn on the surface by laying a film of lead over a

removable mask, typically employed to support material in

transmission electron microscopy (TEM), with a diameter

of 3 mm and a mesh 300, which is 300 lines per inch

(85 lm of period). A close inspection of the surface assured

that no debonding of lead occurred while it was stretched.

Furthermore, the difference in atomic number between

lead and iron provided an excellent contrast on SEM ima-

ges. Similar solutions were proposed recently in the litera-

ture [12].

To exemplify the capabilities of the method, we analysed

the deformation of two HAZs from standard girth welds of

an API X65 steel pipe for reeling applications. Table 1

presents the chemical composition extracted from indus-

trial records, and Table 2 provides some basic mechanical

properties of the X65 grade pipe obtained from standar-

dised tests. A welding bevel with a straight side (‘semi K

bevel’) was adequate in this study because the as-welded

microstructural gradient within the HAZ lies in the axial

direction [13]. Welding specifications included surface ten-

sion transfer (STT) technology from Lincoln Electric�, used

for welding the root pass with a HI of HIroot = 0.8 KJ mm)1.

For the submerged arc welding (SAW) process used for the

filling passes, we have considered in the present work two

different HIs: 0.8 and 2.5 KJ mm)1. In both cases, the

strength of the weld metal was higher than that of the base

metal, condition referred as overmatching (see Table 2 for

HI 0.8 kJ mm)1).

The loading axis of the specimens was in a transverse

direction to the weld (note the weld in Figure 2), and it

included some base metal, weld metal, and HAZ material,

which are exemplified in the series of micrographs in

Figure 3. The samples only contained material from the

centre part of the weld (cap and root were removed by

machining) because that is the region usually assessed by

standards.

Deformation Measurements – Particle Image Velocimetry
Testing on a small scale requires developing new strategies

for measuring the displacements and strains embedded in

images. This physical information can be obtained from a

myriad of mathematic tools; among the most common

ones are Fourier analysis, wavelets, or simple correlations.

The choice may depend on the physics of the problem (i.e.,

if some function is expected to describe the problem),

previous background, or available tools. The analysis using

a cross-correlation of images has been widely employed,

and many commercial software applications are available

to calculate the displacement field based on images.
Figure 1: Photography of the testing machine with a tensile probe
in place

Figure 2: Small samples used for the in situ tests, cut from the
centre part of the weld (cap and root were removed). Note the HAZ
region along the straight bevel
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Moreover, open source scripts are also available and allow

the user to modify the algorithm that analyses the images.

One popular method for analysing fluid dynamics is par-

ticle image velocimetry (PIV) that measures displacement

fields in fluids based on pattern matching of successive

images of a fluid with suspended particles. This technique

is a generic tool for measuring displacements, and, in

essence, it does not depend on whether images correspond

to fluids or solids. Hence, it can be a useful tool for analy-

sing the inhomogeneous deformation of solids as shown in

the present study.

In this work, open libraries from the MATPIV project

analysed the recorded images to calculate the strains. This

project is an application of the PIV theory using MATLAB�

scripts, in which the libraries are free under the terms of the

GNU General Public License and the scripts are open. These

libraries were useful in this study because they are available

online, have tutoring information and are easily modified.

Further details about pattern matching and libraries can be

found in ref. [14].

Analysis of Images and Results
Straining experiments in the SEM consisted in the follow-

ing steps: quasistatic loading of the specimen under con-

stant cross-head speed, interrupting the loading, image

capturing and resuming of loading until next strain level.

Images with a resolution of 1536 · 1152 pixels and

50 · magnification, which did not take long time to

acquire, revealed a grid with sharp edges. Figure 4, which

presents images recorded during the tensile tests of a

2.5 KJ mm)1 HAZ with the fusion line highlighted, showed

that the weld metal underwent no apparent deformation

while the HAZ suffered some stretching in the horizontal

direction. The change in length in the axial direction of the

squares provided an estimation of the engineering strain

and showed that the maximum deformation reached by

the HAZ was 12% at a load of (448 ± 4) N. Afterwards, the

sample broke far from the fusion line because of problems

in the grip. The HAZ with HI 0.8 KJ mm)1 produced similar

images (not shown), but the maximum deformation

achieved was only around 2%. In this case, the specimen

broke in the base metal, implying that the HAZ with low HI

presented a higher strength than the base metal.

PIV analysis
Although PIV is usually employed with random patterns,

its theoretical bases are applicable to a regular grid such as

the one previously shown. Thus, we had to evaluate the

capabilities of the MATPIV algorithm to deal with the

grid. The software proved accurate when displacements

were smaller than the period of the grid, but it added

spurious displacements when the values in the displace-

ment field were closer to the period of the grid. The

Table 1: Chemical composition (%) by weight of API grade X65 pipe material. Balanced with Fe

Al C Cr Cu Mn Mo N Nb Ni P S Si Ti V

0.028 0.107 0.043 0.116 1.06 0.074 0.005 0.005 0.053 0.006 0.002 0.250 0.016 0.052

Table 2: Basic mechanical properties of the API grade X65 pipe
material (base metal) and the weld metal determined with
standardised methods. Weld metal values correspond to a heat
input of 0.8 kJ mm)1

Yield

strength

(MPa)

Ultimate

strength

(MPa)

Area

reduction (%)

X65 base metal 467 ± 10 570 ± 12 30

Weld metal 0.8 kJ mm)1 581 ± 12 658 ± 14 10

Figure 3: Microstructures of the high heat input HAZ. The fusion lines is between details 1 (weld metal) and 2 (CGHAZ). Notice the
decrement in grain size from 2 to 4
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problem disappeared when the number of pictures

recorded increased, so displacements were smaller than

the grid period, and results were further improved with

MATPIV option ‘multin’. This option starts the calcula-

tions with relatively large sub-windows and refines the

results by using increasingly smaller windows (see [14] for

further details). Based on trial and error, we selected a

final window size (after refinement) of 192 · 192 pixels

that led to a resolution in the displacement of 70 lm but

maintained enough information in the sub-windows for

adequately calculating the cross-correlation. The ‘strain’

subroutine in MATPIV calculated the strain fields using

the option ‘circulation’ that was based on the Sobel’s

algorithm for recognising gradients.

Figure 5 is an example of the true strain field measured in

the region between the weld metal and the HAZ with HI

2.5 KJ mm)1. Notice how lateral contraction appears as

white horizontal strips on the edges of this figure, which

are most perceptible where the deformation is larger. Fur-

thermore, transverse strains were around half the axial

strain satisfying, within the experimental error, volume

constancy. The figure shows that while the largest strains

are visible within the HAZ, the weld metal seems to be

almost unchanged. Using an average value of the strain for

each HAZ sub-region and loads measured with the load

cell, we estimated the strain–stress curve.

Stress–strain curves
The stress–strain curve of the CGHAZ material derived

from the previous results by using an average value of the

strain for each image came from the PIV analysis with the

measured force. Thus, every image recorded in the in situ

test corresponded to a point in the stress–strain diagram

shown in Figure 6. Error bars in that figure resulted from

combining the uncertainties in the measured load (that is

negligible) and in the cross-sectional area of the specimen.

Moreover, despite this work did not focus on an extensive

analysis of errors from the PIV subroutine, we compared

calculations with different sub-windows sizes and esti-

mated an uncertainty in strain around 5% [15]. Then, the

results showed that the strength of the 2.5 KJ mm)1

CGHAZ is 10% lower than that of the base metal, and the

opposite occurred for the HI of 0.8 KJ mm)1, in which the

strength is about 10% higher than that of the base metal.

The solid stress–strain curve belonged to a standardised

test of the base metal while dotted lines corresponded to

the values in Table 3 that belong to the notched specimen

analysis discussed in the following section.

Strain localisation caused by material properties mis-

match induces higher triaxiality on specimens [16] so it can

affect stress values of in situ tests. This effect was quantified

by applying the Bridgman model [17] with the curvature

of the white horizontal stripes (lateral contraction) in

Figure 4: Images taken with the SEM during the test of a 2.5 KJ mm)1 HAZ. Compare the squares on the HAZ with those on the weld metal

Figure 5: Measured axial strains for the tensile specimens. The full
color picture is available on the online edition

Figure 6: Stress–strain diagrams for the base metal and HAZ with
different HIs

Table 3: Estimated yield and ultimate strength of HAZs with
different HIs

HI kJ mm)1

Yield strength,

rY (MPa)

Ultimate strength,

rUTS (MPa)

HAZ 0.8 514 ± 39 615 ± 36

HAZ 2.5 360 ± 28 506 ± 28
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Figure 5. The calculations indicated that, using the smallest

curvature measured, strain localisation increased stresses

less than 2%, which is within the experimental error.

Comparison with Other Techniques

Hardness measurements
Hardness measurements are useful to compare and esti-

mate a ranking for the strengths of the HAZ regions, weld

metal, and base metal. As the relationship between hard-

ness and strength is only an estimation that can depend on

the underlying microstructure, the use of correlations

between them is not conclusive (e.g. correlations for steel

may have a standard error around 100 MPa [18], and they

can depend on several parameters [19]). Figure 7 shows

Vickers Hardness HV10 values obtained at different loca-

tions along the welds under study [20]. HAZ hardness val-

ues significantly differed for both HIs; for low HI, the

shorter cooling time during the welding leads to higher

hardness values and an expected higher tensile strength.

On the contrary, for high HI the HAZ is significantly softer

than the base metal and a lower tensile strength should be

expected.

Notched bar tensile tests
To estimate the yield and the ultimate tensile strengths of

the HAZ, this research also tested tensile specimens with a

notch at the centre region of the weld (cap and root were

removed). The notch, which had a radius of 0.25 mm, was

located within the first millimeter of the HAZ, next to the

fusion line, as shown in Figure 8A. Figure 8B presents the

results obtained in the quasi-static tensile tests with not-

ched specimens.

The following formulas for notched bar tests proposed

in ref. [21] estimated the yield and the ultimate stresses

as:

rY ¼
Py

CY � p � a
(1)

rUTS ¼
PUTS

CUTS � p � a
; (2)

in which PY and PUTS are the yielding and the maximum

loads respectively, a is the bar diameter at the notch and CY

and CUTS are constants that depend on specimen geometry.

By assuming that constants do not depend on material

properties, the comparison between the base metal tests of

specimens with and without notches provided the values of

the constants.

Table 3 presents the results for both HAZs showing that

the HAZ with higher HI has significantly lower yield

strength than the base metal. Even though these results

agree with the hardness measurements, they are not con-

clusive because Equations (1) and (2) do not take into

account the effect of inhomogeneity (e.g. higher induced

triaxiality) that essentially implies that constants CY and

CUTS could vary with the specimen size or depend on the

degree of mismatch. Moreover, this technique does not

provide a rational methodology to estimate the uncer-

tainties of the results.

Discussion
Tensile tests of homogeneous materials usually result in

narrow bands of uncertainty, but this is not the case for

weld regions in which strong microstructural gradients lead

to non-unique mechanical properties. The wide dispersion

of properties increases the uncertainty and requires assess-

ments to be more conservative, and thus suggests a need for

a deeper understanding of the properties of the weld.

Hardness measurements showed significant differences

among the HAZ, weld and base metals (Figure 7), but as

mentioned before, any correlation of hardness with the

tensile strength carries a significant error. Moreover, notched

Figure 7: Hardness measurements at different locations along the
HAZ region for HIs 0.8 and 2.5 kJ mm)1 [13]. Dashed and dotted
lines indicate the hardness of the base and weld metals, respec-
tively. Data numbered 4 and 7 correspond to the CGHAZ while
those numbered 5 and 6 correspond to the fusion line

(A) (B)

Figure 8: (A) Tensile tests notched specimens obtained from the centre part of the weld (cap and root were removed); dimensions are in
millimeters. (B) Experimental results for notched specimens
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bar tests confirmed that the yield strength of the HAZ with

higher HI was substantially lower than that of the base

metal (Table 3). However, inhomogeneity induced triaxi-

ality plays a role not considered in the model [Equations (1)

and (2)], so more accurate results could only be obtained

with finite elements simulations and detailed information

of the weld metal strength. Because the previous tech-

niques could not provide indisputable results of the HAZ

tensile behaviour and no other well-stated methodology is

available, this research developed an innovative solution.

The proposed technique provided results of the HAZ tensile

behaviour with well-defined uncertainties, which is a pro-

blem of technological interest not well solved yet. More-

over, despite the uncertainties in the results are not daz-

zling, they can be easily improved with better machined

specimens and several PIV studies with different sub-win-

dow sizes that would allow a detail statistics quantification

of the uncertainty.

One concern about the experimental methodology pro-

posed is that the specimens were too thin to apply the

results to the thicker pipeline. Micrographs showed that, in

the worst case (i.e. the CGHAZ), the thickness of the

specimens contained at least 25 grains, which is assumed to

be sufficient to provide representative results. Moreover, a

thin section turns to be beneficial because it makes the

specimen closer to a plane stress state and decreases the

triaxiality induced by the overmatching weld in one

direction (in agreement with ref. [19]).

This work proposed a technique to characterise the local

tensile behaviour in inhomogeneous materials and applied

the technique to study the region of the HAZ next to the

fusion line, the CGHAZ, but because of the wide magnifi-

cation and depth of focus provided by the SEM, this

technique is quite flexible for multi-scale analysis. The

methodology has the potential to capture the behaviour of

the entire HAZ by running one test in which images are

recorded at different scales or taking just one picture with

high definition. Then, only one specimen is required to

measure the stress–strain curves of the different zones in

the HAZ. Moreover, this methodology also allows the

observation of strain localisation caused by material inho-

mogeneity, which could be a useful tool for validating

constitutive models of HAZs.

Summary and Conclusions
The present study developed an innovative method to

determine the local strength of inhomogeneous materials

using mechanical tests inside a scanning electron micro-

scope along with simple image correlation software, which

was capable of measuring the tensile properties of the

CGHAZ. Results agreed with indirect estimations such as

hardness measurements and notched bar tests that could

not provide indisputable results.

The open source code MatPIV successfully calculated

displacements and strains of around 10% from the images

of the in situ uniaxial tensile tests and exhibited a signifi-

cant strain gradient located along the fusion line. Results

showed that, for the steel pipe analysed, the strength of the

HAZ of HI 2.5 KJ mm)1 was at least 10% lower than that of

the base metal and 10% higher for 0.8 KJ mm)1. The

uncertainty of the results can be estimated accurately

without assumptions on the material properties.

Finally, because of the capabilities of the SEM, in situ tests

are quite flexible for multi-scale analysis, and when the

SEM and PIV analysis are used together, they are capable of

measuring the stress–strain behaviour at different regions

in the HAZ and scales with one test.
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