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Abstract Spatially resolved measurement of creep deforma-
tion across weldments at high temperature cannot be achieved
using standard extensometry approaches. In this investigation,
a Digital Image Correlation (DIC) based system has been
developed for long-term high-temperature creep strain mea-
surement in order to characterise the material deformation
behaviour of separate regions of a multi-pass weld. The opti-
cal system was sufficiently stable to allow a sequence of pho-
tographs to be taken suitable for DIC analysis of creep spec-
imens tested at a temperature of 545 °C for over 2000 h. The
images were analysed to produce local creep deformation
curves from two cross-weld samples cut from contrasting re-
gions of a multi-pass V-groove weld joining thick-section
AISI Type 316H austenitic stainless steel. It is shown that
for this weld, the root pass is the weakest region of the struc-
ture in creep, most likely due to the large number of thermal
cycles it has experienced during the fabrication process. The
DIC based measurement method offers improved spatial res-
olution over conventional methods and greatly reduces the
amount of material required for creep characterisation of
weldments.

Keywords Digital image correlation . Creep .Weld
properties . High temperature . 316H

Introduction

Pressure vessel and piping systems operating at high temper-
ature, wherematerial may deform in a time dependent manner,
are vulnerable to creep damage accumulation leading to cavity
nucleation and growth around welded regions. This degrada-
tion mechanism can reduce component lifetime and challenge
the structural integrity of welded joints and critical systems
(for example [1]). Creep deformation and damage mecha-
nisms driving failure of weldments are not well understood
owing to the variation in composition, microstructure, proper-
ties and constraint across a typical joint, as well as the influ-
ence of geometry, residual stress, elastic follow-up, primary
load, the effect of cyclic loading and environment. Creep life
assessment of power plant systems [2] requires knowledge of
the local creep properties of components at the most vulnera-
ble locations, for example the heat affected zone (HAZ), or
weld metal, of welded joints.

The traditional method for measuring the variation in creep
deformation and rupture properties across a weldment is to cut
small specimens from the weld, the HAZ (a region of the
parent material where the microstructure has been altered by
the heat from the welding process) and the parent material.
Individual uniaxial creep tests are then carried out, in which
the average strain response of the test sample gauge length
with time is measured using standard extensometry [3]. Such
tests usually give properties aligned with the direction of
welding (referred to as the longitudinal direction) and a mac-
roscopic measure of the creep properties averaged across sev-
eral millimetres (dependent on the cross-section dimensions of
the test specimen). This type of materials properties test pro-
gramme consumes a large volume of weldment material
(which may be scarce) and it may not even be feasible to
extract test samples, of a practical size, from the required
locations. It is then often assumed that the creep properties

* A.N . Forsey
alex.forsey@open.ac.uk

1 Materials Engineering, School of Engineering and Innovation, The
Open University, Walton Hall, Milton Keynes MK7 6AA, UK

Experimental Mechanics
DOI 10.1007/s11340-016-0245-z

http://crossmark.crossref.org/dialog/?doi=10.1007/s11340-016-0245-z&domain=pdf


measured in the weld longitudinal direction apply in the trans-
verse directions (i.e. the material constituents of the welded
joint exhibit isotropic behaviour). Conventional creep life as-
sessment methods use uniaxial material properties that reflect
the local material behaviour, which is dependent on the mi-
crostructure and thermo-mechanical history. The assessment
method, whether code, standard or FEA, then accounts for
geometry, mismatch, constraint, residual stress, load, and elas-
tic follow up. The aim of using DIC strain measurement dur-
ing creep tests is to get local creep properties to go into these
assessment methods, for which we must avoid geometry, mis-
match and constraint effects.

This paper presents an experimental technique for measur-
ing the creep deformation response at millimetre length-scale
spanning a Bcross-weld^ specimen during creep rupture test-
ing. The creep properties measured in a direction transverse to
the weld line are more relevant to component life assessment
than those measured parallel to the welding direction. It is not
possible to measure transverse weldment creep properties at
millimetre length scales using traditional approaches.
Spatially resolved measurement of room temperature tensile
properties in cross-weld samples has been applied in several
laboratories using DIC [3–8]. This method involves testing a
tensile specimen containing the main part of the weldment
within its gauge length, and mapping the full deformation
field along the gauge section through computational tracking
of contrasting surface features (speckle patterns) on a se-
quence of digital images of the specimen’s gauge section tak-
en during the test.

Recently the present authors have demonstrated the use of
a DIC technique for the measurement of strain during uniaxial
tensile and time-dependent creep rupture tests at elevated tem-
peratures [9, 10]. The present article describes in detail the test
set-up for the DIC measurements and the analysis methods
developed to measure spatially resolved creep deformation
properties in cross-weld samples extracted from multi-pass
weldments. This is believed to be the first example of a DIC
monitored creep test across a weldment reported in the
literature.

Experimental

Materials

The weldment studied in this work is a specially designed
thick section austenitic stainless steel (AISI Type 316H)
multi-pass weldment supplied by EDF Energy. It was made
from an ex-service AISI Type 316H austenitic stainless steel
pressure vessel of outer diameter 430 mm and 64 mm wall
thickness. The completed weldment is illustrated in Fig. 1, and
shows extraction locations for the cross-weld creep test spec-
imens described later. The weld preparation is unusual being

asymmetric, with one sidewall perpendicular to the inner/
outer surfaces. This geometry was designed to give a fusion
boundary suitable for extraction of compact tension speci-
mens for creep crack growth tests close to the weld/HAZ
fusion interface. This weldment configuration also facilitated
extraction of cross-weld samples for the present tests and other
programs. The parent material to the right of the vertical weld
preparation came from header HYA 2D2/2 (cast 55,882 with
0.08% N content), which had been in service for 65,000 h at a
mean equivalent creep temperature of 519 °C (andwould have
been in a solution heat treated state at time of installation).
Parent material adjacent to the inclined weld prep came from
header HYA 1D2/4 (cast 53,547 with 0.029% N content),
which had been in service for 87,000 h at a mean equivalent
creep temperature of 515 °C. A circumferential gas tungsten
arc welding (GTAW) process was applied for the root run (the
first pass) using a 2.4 mm diameter tungsten inert gas (TIG)
wire. A shieldedmetal arc welding (SMAW) process was used
with 3.2 mm diameter Babcock S electrodes (AWS A5.4
E316L-15) for the 129 fill passes deposited in 26 layers
starting at the root. This cylindrical butt weld was made by
EDF Energy from scarce parent material, cut from ex-service
pressure vessels for testing the creep behaviour of new weld-
ments made from service aged material. This combination of
materials was of interest because when operating components
are replaced or repaired, new welds are introduced which can
adversely influence the state of in-situ service aged material.

High Temperature DIC System for Creep Tests

Digital Image Correlation

The DIC software used in these investigations is DaVis 8.2
[11] provided by LaVision GmbH. The correlation method
uses the sum of square differences (SSD) [12] method, which
is solved iteratively via least-squares. For each image the al-
gorithm initially calculates the displacement of a single point
(seed point) via the Lucas-Kanade method [13] using the im-
plementation of Bouguet [14]. This uses a pyramidal approach
to allow for large displacements between images by binning
pixels to allow a search over a larger area. Once the displace-
ment of the seed point is calculated for each image, the result
is used as the initial condition for the second part of the algo-
rithm as part of the Bregion grow^ approach.

Affine transforms are included in the SSD function to per-
mit first order sub-region deformation of the reference image
[15]. This allows the accommodation of strains and rotations
of the deformed image. To improve the preservation of the
phase component in the interpolated sub-pixel displacement
grey level values, the interpolation is carried out using spline-
6 interpolation, rather than bilinear for the calculation of the
displacement of the seed point.
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Lyons et al. [16] were the first to demonstrate that DIC
monitoring could be applied to measure surface deformation
and strain at high temperatures, measuring free thermal expan-
sion and strains due to tensile loads in Inconel 718 superalloy
specimens at temperatures up to 650 °C. They identified mea-
surement errors caused by image distortion due to (i) imper-
fections in the furnace window and (ii) variations in refractive
index of heated air between the furnace window and the cam-
era lens. They managed to reduce the errors by using an opti-
cal quality furnace window and introducing turbulent mixing
of the air outside of the furnace by using a fan.

Colour cameras were used for obtaining the images for the
long-term DIC experiments presented in this manuscript. This
is not considered good practice, but for long term testing, these
consumer products possess a number of advantages over a
scientific camera. The principal advantages for using these
cameras are long-term reliability, low cost and high-
resolution imaging. Many of the disadvantages that are asso-
ciated with using consumer cameras for DIC are also less of a
concern for long term testing. Sensor temperature increase
during repeated imaging leading to increased dark current
noise does not occur during a creep test. This is because the
imaging is so infrequent that there is little opportunity for the
sensor temperature to vary in a lab with tightly controlled air
conditioning, despite the lack of active cooling. During a
creep test there is little time pressure to take each image, so
any vibration due to shutter movement can be allowed to
dissipate before the image is acquired. The mosaic image cre-
ated by the colour filter array can be converted into greyscale
suitable for DIC that does not produce significant integer bias,
thus high resolution images can be obtained from these cam-
eras for use with DIC [17]. This camera system was sub-
optimal for the validation tensile test described in Validation
of DIC Monitoring System section, due to the rapid imaging
requirements of such a test, but was used to enable transfer-
ability of findings.

Experimental Set-Up for Creep and High Temperature Tensile
Testing

Two types of test were conducted: long-term load controlled high
temperature creep deformation/rupture tests and high tempera-
ture tensile tests. Figure 2(a) shows the DIC high temperature
creep deformation measurement system developed for the pres-
ent work. A three-zone furnace was specially manufactured with
a porthole through its wall for the purpose of imaging the spec-
imen surface during testing. A temperature survey of this furnace
and assembly was performed by Sakanashi [18] using 8 thermo-
couples. It was found that the temperature was essentially uni-
form (within ±1 °C) along the sample and hence the temperature
of the sample’s gauge section could be confidently determined
by referencing just two thermocouples. In this way the risk of the
thermocouples obscuring the images for DIC could be avoided.
The furnace was fitted to a standard lever-arm load frame used
for creep deformation and rupture. An optical quality sapphire
window covering the porthole was fitted to the outside of the
creep furnace. The window was sealed using high temperature
silicone sealant to prevent escape of heated air, which could
affect the light path to the camera and cause image distortion.
The 20 mm wide by 40 mm high porthole dimensions were
chosen to minimise the potential influence of the access hole
on the uniformity of the temperature distribution within the fur-
nace, but this restricted the field of view of the specimen by the
camera.

An Instron 8862 slow strain rate tensile testing machine
with a 100 kN load cell was used for tensile validation tests.
Cooling the pull-rods using recirculating chilled water
protected the integrity of the load frame and the load cell. A
three-zone furnace was used to heat the test specimens on the
testing machine, enabling fine control of temperature along
the specimen. This tensile testing furnace had an open port-
hole 30 mm high by 15 mm wide at mid-height, covered with
an optical quartz window for DIC monitoring, in a similar

Fig. 1 Thick section (64 mm) austenitic stainless steel weldment
showing creep test specimen extraction locations. Specimen rupture
positions in cross-weld tensile tests and creep tests are also shown (note

the room temperature specimens used a longer gauge length of 70 mm).
Schematic diagram inset shows the orientation of the weld in the pipe
section
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manner to the sapphire window on the creep furnace men-
tioned previously. A fan was used to mix the air between the
window and the camera lens in order to reduce image distor-
tion due to thermal air currents arising from imperfect sealing
of the window. A schematic diagram of the set-up can be seen
in Fig. 2(c).

A flat-sided test specimen was designed for the DIC mon-
itored creep tests as shown in Fig. 3. The gauge length has a
rectangular cross-section (6 mm width and 3 mm thickness)
and blends to standard M12 threaded ends. The blend radius
was chosen based upon finite element studies to minimise
stress concentration effects. The specimen was fixed into the
loading frame using screwed joints inside the furnace, and the
tips of two thermocouples were inserted into small drilled
holes at the top and bottom of the specimen, beyond the gauge
section. The vertical position and rotation of the load string
were carefully adjusted to give the digital camera the required
view of the gauge section through the window.

A Nikon D300 digital single-lens reflex (DSLR) camera
with a resolution of 4288 × 2848 pixels, a 150 mm focal
length macro lens (Sigma 150 mm f2.8 APO macro DG
HSM), Novoflex Ballpro macro bellows and a 300 mm object

working distance were used for the tensile tests and cross-
weld creep tests described here. A Nikon D810 DSLR with
a resolution of 7360 × 4912 pixels, a 200 mm focal length
macro lens (Nikkor 200 mm micro f4 IF-ED), Novoflex
Ballpro macro bellows and a 400 mm object working distance
were used for the creep validation tests. Images of the speci-
men surface during testing were acquired at regular intervals
using time-lapse photography software (Nikon Camera-
Control-Pro). For all tests an aperture of f16 and a flash synch
shutter speed of 1/160 s were used. For the high temperature
tensile test, a synchronous trigger was used to begin the image
recording and the test program. The time base from each PC
was then used to match the load data to the images.

The sample surface was illuminated using a fibre optic light
bundle, coupled to an external flash unit triggered by the digital
camera. Due to a colour camera being used for these experi-
ments, it was not possible to use a coloured filter to block the
blackbody radiation (as reported in other high temperature DIC
tests [19]), because this would have significantly reduced the
effective resolution of the camera. However, the standard
Nikon D810 camera does have a near infrared filter, which will
reduce some of this effect. In addition, high intensity flash

Fig. 2 Schematic diagrams showing the main components of the high temperature DIC measurement system used for (a) the weld creep tests, (b)
validation creep tests and (c) tensile validation test. The non-DIC set-up using a side-entry extensometer in place of the window is also shown in (d)
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illumination was chosen to illuminate the sample surface, which
rendered the additional light from the blackbody radiation to be
negligible compared with the measured signal.

The vibration due tomirror retraction in theD300 camerawas
minimised by using a three second shutter delay. This leaves the
shutter as the only moving part required to take the image. This
further potential cause of camera vibration was removed through
using the D810 camera, with its electronic front curtain shutter
feature [20], for the creep validation test. No measureable differ-
ence was found between the images captured with the mechan-
ical or electronic shutter features of the D810 camera. This out-
come is attributed to the rigid fixing of the D810 camera and the
relatively lowmass of the shutter mechanism. Although the shut-
termechanism of theD300 is of a different construction from that
of the D810, it is similarly unlikely to cause a measurable error.
The shutter in the D300 is also of a smaller size, due to the
smaller size of the sensor, and the physical size of the pixels is
larger (5.5 μm for the D300 as opposed to 4.88 μm for the
D810), reducing its sensitivity to vibration.

An important consideration for high temperature applica-
tion of DIC is the stability of the appearance of the test surface
during the experiment. The measurement accuracy is princi-
pally dependent on the identification of contrasting surface
features (i.e. speckles), which can be adversely affected by
oxidation. In the present work, specimen surfaces were coated
with a silica ceramic-based paint (VHT FlameProof™). This
provided a non-degrading appearance for the material tested.
The speckle pattern was produced by using paint of two dif-
ferent shades. First, a coat of matte white paint was applied on
the gauge length surface of the specimens, to prevent any
direct reflections from the sample surface. Second, a matte
black spray paint was used to create a random speckle on
the white base. After application, the paint was cured at three
temperatures (the highest of which was 315 °C), as specified
by the supplier. Figure 4 shows a typical speckle pattern ob-
tained on the surface of a stainless steel specimen.

DIC Analysis Procedure

The working principle of DIC is based on optical flow esti-
mation [15], so that grey value (i.e. light intensity) patterns in

digital images of the test surface are tracked across multiple
images taken before and after surface deformation [21]. An
important parameter in DIC analysis is the speckle size [22,
23]. If the speckle size is too large, the subset size must be
increased to achieve accurate correlation, but increasing the
subset size reduces the spatial resolution [23]. In this study, the
imaging system was set up to give a pixel size of about 10 μm
and the corresponding speckle size was approximately 50 μm,
which was found to give good correlation in the DIC analysis.

Raw to Greyscale Conversion

The cameras used in this study have a colour filter
array [24] applied in a Green-Blue-Red-Green (GBRG)
formation. For DIC a greyscale image is required, that
is, a light intensity value for each pixel rather than a
colour value. Hence, the colour information from the
Bayer filter must be converted to a monochrome image.
The sections below describe how the recorded images
were converted to greyscale and the procedure followed
in the calculation of strain maps. The images in this
study were recorded in Nikon’s 14 bit uncompressed
raw format, which contained the intensity information
of each pixel. The images were imported into a
Matlab [25] script, in which greyscale conversion was
performed as described below, so that the monochrome
image produced from the raw colour information was
optimal for use with DIC [17].

The monochrome conversion begins with the RGB values
for every pixel being calculated using interpolation. For the
green channel, every pixel point has the average intensity of
all the green pixels within one pixel of the position being
considered (a region of 3 × 3 pixels), but with a linear fit
applied. The process is repeated for both the red and blue
channels, but these channels have half the number of sensitive
pixels. With the red, green and blue channels calculated for
every point, they are summed for each position, giving equal
weighting to each of the red and blue channels and double the
weighting for the green channel. The green channel has twice
the number of photosites per unit area and so has twice the
weight. The result was normalised by removing the extreme
0.01% of the intensity values from either end of the range. The

Fig. 3 Test specimen design
developed for use in DIC creep
tests
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image is then quantised to the full 16 bit range and saved as an
uncompressed tif file.

Displacement Calculation

Displacement vectors were calculated using the commercial
program DaVis 8.2 by LaVision [11]. The correlation calcu-
lation used the first image as the reference and was performed
using a least squares approach over a 31 × 31 pixels region
with an interval between the centres of each region of 7 pixels.
For the creep tests, the first image of the data set was taken
immediately after the load was applied, so only creep strain is
measured. It was not possible to obtain a satisfactory reference
image at zero load due to the lack of sample constraint at zero
load associated with the long load chain typically found on a
creep frame. This lack of constraint permits the sample to
move out of plane and so invalidate the assumption required
for 2D DIC that all deformation occurs in-plane. The high
temperature tensile test was performed on a standard universal
testing machine and so the load chain was more rigid,

allowing a reference image to be taken at zero load. The re-
maining correlation settings can be seen in Table 1.

Strain Calculation

When calculating strain from displacement data, a differenti-
ation step is required and the result is very sensitive to noise in
the raw data. Therefore, either averaging over a larger region
or smoothing the result using a smaller region is required to
produce satisfactory strain data. In this work an averaging
method was used, and this removed the need for smoothing
of either the strain fields or the strain-time curves. Averaging
the strain across the width of the sample, in combination with
a constant strain assumption, allows the plotting of a strain-
time curve at any position along the length of the sample. To
achieve this, the output vector fields from the DIC analysis
from DaVis 8.2 were sampled to form 100 equal sized rectan-
gular regions along the length, as shown in Fig. 5, using in-
house software written in Matlab. These regions were over-
lapped by 75% to increase spatial resolution and each region
sampled a 1 mm length of the sample gauge. 10% of the
sample width closest to each edge was excluded from the
calculation to prevent spurious vectors caused by the less
constrained vectors from the edges of the sample from ad-
versely affecting the results.

A schematic diagram of the strain-processing algorithm
can be seen in Fig. 5. This shows a first-order two-dimension-
al polynomial fitted to the displacement vectors in the x-direc-
tion (i.e. across the width of the gauge section) and y-direction
(i.e. along the gauge length) separately for each region in each
image, using a least-squares approach [26]. The difference
between the fit and the measured displacements was used to
identify any vectors more than 3 standard deviations from the
mean, which were subsequently removed. The fits were

Fig. 4 Photograph of small
region of external sample surface
after application and curing of
paint layers showing the speckle
pattern achieved

Table 1 Algorithm settings used for DIC calculation

Parameter Value/setting

Pyramid Levels 2

Epsilon 0.01

Correlation threshold 0.2

Threshold confidence margin 0.01

Subregion weighting Round Gaussian

Sub-pixel interpolation Bi-cubic spline

Normalisation At subregion scale
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performed for a second time. The gradients of the two fitted
polynomials (x and y data) were then taken as the differential
of the displacements for the whole region for that time-step
(image) and converted to Lagrange strain. By assuming con-
stant strain in each region, strain-time curves for 100 equal
sized regions of the sample were plotted for the stainless steel
specimens.

Validation of DIC Monitoring System

Two high temperature tensile tests were carried out at 550 °C
on identical AISI Type 316H stainless steel specimens, but
with no weld present. Both tensile tests were carried out using
an extension rate of 0.1 mm/min. To verify the accuracy of the
DIC measurement technique, on one of the samples the exten-
sion of the gauge section was measured using a conventional
extensometer (Fig. 2(d)) and the other using DIC (Fig. 2(c)).
Two tests were required because the furnace used only has a
single opening, which can be used for either imaging or an
extensometer. Both tests were continued until the specimens
failed. During the DIC test, images were taken at 10-s inter-
vals for the first 50 images, then once past yield, at 40-s
intervals.

Figure 6 compares the tensile stress-strain curves, based on
extensometer and DIC measurements, from the two tests. The
agreement between the stress-strain curves from the different

tests is excellent. The DIC sample failed earlier than the ex-
tensometer sample leading to different extensions to failure,
but this is not believed to be as a result of the measuring
process. The implemented DIC monitoring system and anal-
ysis approach therefore captured the average deformation re-
sponse with high accuracy.

To test the long-term stability of the DIC measurement
system, a creep deformation validation test was performed
on a plain specimen made from parent AISI Type 316H stain-
less steel. A load was applied giving a nominal stress of
330 MPa in the gauge section at start of life. The creep test

Fig. 5 Schematic diagram showing the spatial strain averaging procedure used to extract high quality creep curves from the DIC displacement data

Fig. 6 Tensile stress-strain curves for austenitic stainless steel at 550 °C
comparing results of the two separate validation tests, one with the strain
measured by an extensometer and the other by DIC
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was conducted at a temperature of 550 °C and continued until
specimen failure. Images were taken at one-hour intervals and
in total 480 images were taken of the specimen during the test.
The extension of the gauge section was also simultaneously
measured using a high temperature drop down extensometer
cradle and a pair of LVDT extensometers, as shown in
Fig. 2(b). A shorter (30 mm gauge section) sample than in
the later tests was used, enabling the strain in the entire gauge
length to be measured using DIC, so that it could be directly
compared to the LVDT data.

The resulting displacement vectors calculated by DIC were
analysed to obtain the strain evolution in the entire
gauge section. Figure 7 compares creep deformation-
time curves based on strain measured by a conventional
extensometer with curves based on strain measured by
DIC monitoring over the gauge length. There is good
agreement between the DIC results (orange open circles)
and the LVDT values. Although substantial effort was
made to reduce the thermal air currents in and outside
the furnace, this is still the most likely primary cause of
the scatter seen in the results. When images are
analysed singly the effect of the thermal currents are
clear to see in the displacement data. To reduce this
effect, and to aid comparison with the LVDT data, the
images were first shift corrected to sub-pixel accuracy
and then groups of three images were averaged. These
averaged images then underwent the same process route
as the single images and the result can be seen as the
closed blue circles in Fig. 7. This shows even better
agreement with the LVDT data, and that image averag-
ing can be used to reduce the effect of heat haze for
DIC.

Cross-Weld Creep Deformation Measurements

Electro-discharge machining (EDM) was used to extract
cross-weld specimens (of the design shown in Fig. 3) from
the AISI Type 316H austenitic stainless steel thick section
welded plate at two locations (labelled external and internal)
as shown in Fig. 1. Creep tests were carried out at 545 °C in a
constant load creep frame with the DIC high temperature mea-
surement system described in High Temperature DIC System
for Creep Tests section above. A source image, displacement
vector and local longitudinal strain maps for the internal sam-
ple after 1000 h are shown in Fig. 8. The applied stress, tem-
perature range, local elongation and rupture time for both
creep tests are summarised in Table 2. The location of failure
for each position is illustrated in Fig. 1. The external creep
specimen failed in the parent material, and the internal speci-
men in the 45o inclined HAZ region. This diagram also marks
the failure location of cross-weld tensile tests conducted at
room temperature and 545 °C, details of which can be found
elsewhere [10, 18].

The arbitrary zero point in all figures is taken as the 90o

weld/HAZ interface, with positive values denoting the parent
side. Negative position values refer to positions on the weld
side. For the external sample all negative values are in the
weld, but in the internal sample the 45o weld/HAZ interface
is at −8 mm and parent material beyond this point. Examples
of the output from the DIC analysis at 1000 h for the internal
creep specimen are shown in Fig. 9. There is a noticeable
variation in calculated creep strain across the weld line in the
internal specimen. This is unsurprising given the differing
angles of weld preparation (90o and 45o) producing HAZs of
different geometries (see Fig. 1). However, in the cross-weld
specimen cut from the external location, only a single weld
interface is present at the centre of the specimen and this is
perpendicular to the gauge axis. In this configuration a more
uniform response across the specimen was observed. The var-
iation in measured creep strain along each cross-weld test
specimen as a function of exposure time is illustrated in
Fig. 10(a) and (b) for the external and internal creep specimens
respectively. In Fig. 11 the in-plane creep shear strain is plot-
ted for the external sample for the weld region only. It is of
particular interest to notice a weld bead byweld bead variation
in creep strain, with the weld beads being approximately
6.5 mm wide. It appears that the multi-pass weld metal ex-
hibits inhomogeneous creep behaviour, with the centre of each
bead showing higher maximum shear strain than the edges of
the bead.

The creep deformation across each specimen was highly
variable (see Fig. 10), but in each case minimum creep strains
accumulated in the HAZ regions (i.e. within about 3 mm of
the fusion boundary). Figure 12(a) shows the creep in the
parent across the two tests. The external sample failed in the
parent material and so the creep curve at that point has been
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Fig. 7 Creep deformation-time curves for austenitic stainless steel at
550 °C under an applied stress of 350 MPa, comparing results based on
strain measured by a conventional extensometer (LVDT) and DIC over
the gauge length
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plotted. In contrast, the parent material on both sides of the
weld exhibited consistent behaviour along the analysed re-
gion. To reduce the scatter in the data for these low strain
values, which otherwise would have a much lower signal to
noise ratio, the average strain across a region of 10 mm has
been plotted. Both regions of parent material in the internal
sample show a very similar creep response. The external sam-
ple parent data is also quite similar, but as the test lasts longer
it eventually fails in this region.

The root position (internal) test specimen failed at a signif-
icantly shorter life than the external position (Table 2).
Rupture occurred in the HAZ just to the left of the weld root
(x = −8 mm) where the final logged local axial creep strain
(averaged across thickness) was 0.02. After this point a mac-
roscopically visible crack formed. The opening of this crack
produces the spike up to 0.08 in Fig. 9 and 10(b) in the same
position, but as this strain was calculated across a visible crack
the value does not represent the strain in the material at this
point, which was still 0.02. The creep deformation curves for
the HAZ to either side of the root weld in the internal speci-
men are very similar up to 600 h (Fig. 12(b)), but then the
creep rate for the 45o inclined HAZ significantly increases.
This increase in HAZ creep deformation rate is probably

caused by the large creep strains being accumulated in the
adjacent weld metal, (see Fig. 10b), and the fact that the fusion
boundary on this side was not normal to the loading direction.
The rupture occurred entirely in the HAZ material with the
fracture face lying parallel to the fusion boundary.

Figure 12(c) shows the creep data for the weld material. In
the external sample the creep strain rate was relatively con-
stant along the weldment and so the data has again been av-
eraged along a 10 mm length. The internal sample has a peak
strain rate in the centre of the weld section (Fig. 10(b)) and so
this single point has been used to plot the creep strain for the
weld in this sample. The peak strain and strain rate for the
weld are much higher in the internal sample than the external.
However, the regions do have very different local constraint
and thermal histories due to the welding process.

Discussion

The conditions that have to be met to complete a successful
creep test with in-situ deformation monitoring using DIC are
more stringent than those for a conventional creep rupture test.
A uniform temperature along the test specimen gauge length

Fig. 8 DIC analysis of strain in
the gauge section in the internal
specimen from the stainless steel
weldment at a creep life of
1000 h. On the left, the original
image with pseudo colours, in the
centre is the calculated
displacement map and on the
right is longitudinal local strain
map. The 45o HAZ interface is at
position 2485 pixels and the 90o

HAZ interface is at 1678 pixels

Table 2 Applied stress,
temperature, duration and
elongation of each creep test for
AISI 316H cross-weld specimens

Position Top Bottom Validation

Applied stress (MPa) 315 313 330

Temperature (°C) 545 ± 1 545 ± 1 550 ± 1

Failure location Parent (x = 18 mm) HAZ (x = −8 mm) Shoulder interface

Local ductility (%) 21 2.1 1.5

Test duration (h) 2187 1339 480

Note: the fusion boundary is at x = 0 mm
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must be maintained as for a standard test [27], but this require-
ment could be compromised by the introduction of the port-
hole in the furnace. However this has been shown to be a small
effect for the present system, probably owing to the relatively
small dimensions of the porthole and because a window was
fitted with an effective seal. It is worth noting that local vari-
ations in creep deformation response along the test specimen
gauge length owing to differences in temperature will be mea-
sured by the DIC monitoring system. This effect is averaged
out by conventional extensometry, and while it can be aver-
aged out when using DIC, the advantage of resolving local
behaviour would be removed also. Therefore it is particularly
important to create a uniform temperature along the gauge
length in DIC monitored tests, to maintain the validity of the
spatially resolved data. Like conventional creep testing, it is
also important to control the ambient temperature in the creep

laboratory [27], as variations in temperature outside of the
furnace affect the test specimen temperature, creep response
and imaging conditions. This is particularly important due to
the large thermal mass of the pull-rod and grip assembly, in
comparison to the sample, acting as a heat sink.
Approximately half of the length of the pull-rods extends from
the furnace, with this region being exposed and affected by
any change in laboratory ambient conditions.

The requirement for the viewed gauge length of the test
specimen to be flat can introduce stress concentrations, where
the cross-section changes to provide a threaded fixing, and
therefore the geometry must be carefully designed [28]. The
gauge length and cross-sectional dimensions of the specimen
are an important variable when testing cross-weld specimens
where the creep response of the material is sensitive to con-
straint, for example the fine grain HAZ of high Cr martensitic

Fig. 10 3D surface plots showing the variation in measured creep strain along the gauge lengths relative to the weld/HAZ 90o interface of (a) the
external, (b) the internal stainless steel cross-weld test specimens as a function of test duration for an applied stress of 315 MPa at 545 °C
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Fig. 9 Average strain across the width along both external and internal
samples at 1000 h and at failure, with an applied stress of 315 MPa at
545 °C
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steel welds where Type IV cracking develops in the
overtempered, intercritical or refined HAZ [29]. Sharply vary-
ing tensile and creep deformation properties along cross-weld
test specimens can also affect the local distribution of strain
measured by DIC [30].

Wire electro-discharge machining (EDM) is often used to
produce flat creep test specimens. For DIC this method also
has the advantage of producing a speckle finish on the cut
surface. Specimens made in this way from stainless steel
may not need application of any paint, provided sufficient
image contrast is obtained from this Bnatural^ speckle. In tests
where oxidation effects are minimal (e.g. for high temperature
tensile tests), this surface preparation method may be particu-
larly suitable. In general, a paint systemmust be applied to the
surface of the gauge length, if it is to be monitored by DIC, in
order to produce a suitable speckle finish. These specklesmust
not significantly degrade during the creep test, which may last
for several thousands of hours. The silica ceramic-based paint
(VHT FlameProof™) system has been successfully applied
by the authors to austenitic stainless steel creep test specimens
tested at temperatures up to 675 °C for at least 3000 h. The
paint was also stable enough over the test period that all the
correlations were performed using the first image as a refer-
ence. In combination with the separate validation test, where
long-term high-temperature DIC is compared with conven-
tional extensometry, this gives confidence in the absolute
values of results.

Stable lighting conditions are required throughout the creep
test. Consistent illumination of the test specimen is required
for each image taken, in order to maximise the robustness of
the DIC analysis, Ideally ambient lighting must also be con-
trolled, for example by locating the test rig in a darkened room
or shielding the light path. This is required, not only to reduce
any changes in lighting intensity on the speckle pattern, but
also to reduce the likelihood of reflections in the furnace win-
dow being captured by the camera.

The imaging camera must be rigidly held relative to the test
specimen load train frame so that the same field of view can be
maintained for several thousands of hours. When using

DSLRs for DIC, effort must be made in the set up to reduce
or remove the effect of vibration caused by the mirror and
shutter. Ideally the DIC monitored creep test system needs to
be situated in a vibration free laboratory and isolated from the
risk of human disturbance. Thermal haze is another issue that
must be controlled [30], for example by fitting and sealing a
closely fitting glass window to the access porthole (as de-
scribed earlier). Once the haze is reduced to a low-level, image
averaging can be used to stabilise the speckle pattern before
the DIC analysis is performed.

The type of glass used for the window must be of optical
quality and not degrade with time when exposed to high tem-
peratures (optical quartz or preferably optical sapphire win-
dows are recommended by the authors). The window should
also be as thin as possible so that chromatic aberration at the
extremes of the image, caused by varying optical path length
through the window, is minimised. This is of particular con-
cern if a colour camera is used, as a monochromatic light
source or bandpass filter cannot be used to negate this without
losing image quality.

It is desirable to use a control system to vary the frequency
of image acquisition with changes in the instantaneous strain
during the creep test. For example an increased acquisition
rate is needed during primary and tertiary creep, whereas the
rate can be reduced during secondary creep. Creep tests can
generate very large volumes of image data, and systems have
to be developed to handle this. If the sample does not fill the
image, then the unused portion of the image can be cropped to
reduce the storage requirement without losing useful data. In
addition, interactive analysis of acquired images should be
conducted in order to check the quality of the data and prog-
ress of the creep test.

When performing the DIC analysis to provide the raw data
for the creep curve extraction process, it was found that in-
creasing the density of vectors reduced the scatter in the creep
curves. However, the improvement reaches a plateau as the
step size reduces to that of the speckle size. The step size of 7
pixels used here was found to be a good compromise between
accuracy and volume of data. Averaging the strain across 100
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Fig. 12 Comparisons of (a) parent, (b) HAZ and (c) weld metal creep deformation curves from external and internal cross-weld test specimens for an
applied stress of 315 MPa at 545 °C
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regions produced good quality creep curves. Performing out-
lier removal at this step, where the performance of a small
region is considered, rather than filtering the data using a more
local approach, was found to give more robust and accurate
data. When using a region overlap of 75%, it was found that
for these tests using the Nikon D300, 100 equal regions pro-
vided a balance between accuracy and resolution. This figure
is dependent on the noise of individual displacement vectors
and the resolution of the camera, and so should be considered
separately for each set of tests.

Using a surface strain measurement technique such as DIC
to measure strain in a complex test specimen, such as these
cross-weld samples, should be approached with caution. The
local constraint caused by the locally varying (elastic, plastic
and creep) properties will lead to a tri-axial stress state to some
degree, and whether this has a significant effect on the even-
tual results should be assessed on a case by case basis [31]. For
example, in Fig. 9 the minimum strain along the specimen

immediately before failure for the external sample is at
0 mm, directly on the fusion boundary, in a region where there
are no large strain gradients. For the internal sample, the min-
imum strain before failure is located at 2 mm. However, in
contrast to the external sample, the internal sample has a very
high strain gradient (0.30 to 0.01 strain across 5 mm) suggest-
ing that the appearance of a minimum strain point away from
the fusion boundary is most likely due to a material properties
discontinuity effect.

When considering the results around the 45o HAZ region in
the internal sample, care must be taken to account for the
variation in mechanical properties through the thickness.
DIC can only measure the strain on the surface, and so the
45o HAZ will have a direct effect on the material behaviour
over a larger region than the perpendicular HAZ region
(Fig. 13), creating ambiguity if material properties are being
measured. The internal sample was tested in the same config-
uration as face B in Fig. 13, so the fusion zone will have had a

Fig. 13 Weld geometry of
internal cross-weld sample,
showing the projection of the 45o

angled HAZ on the surface used
for DIC
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disproportionate effect on the neighbouring HAZ region mea-
surements. Without interfacing the DIC data with a model of
the geometry and employing an inverse method to solve for
the material properties [32, 33], knowledge of these phenom-
ena can at least inform interpretation of the results. This 45o

HAZ boundary may also cause a small amount of bending
out-of-plane during the test. Using 2D DIC it is not possible
to distinguish this bending from material phenomena, but no
bending was detectable after failure. If bending did occur, due
to the long load chain and universal joints at either end, the
neutral axis would deviate little. The large working distance of
the camera also helps to minimise the sensitivity of 2D DIC to
out-of-plane displacement.

The cross-weld creep deformation results presented in
Cross-weld Creep Deformation Measurements Section dem-
onstrate the rich measurement data that can be collected from
DIC monitored creep tests. One hundred creep curves
characterising the local creep deformation response were mea-
sured simultaneously. Each of these curves can be analysed to
determine the creep strain rate as a function of time and min-
imum creep strain rate. The transverse strain can also be
analysed and the net section reduction of area inferred (assum-
ing isotropic Poisson’s strain in the thickness direction), and
thereby the true stress averaged over any gauge cross-section
determined. These data can be used to help understand the
complex behaviour of welds as illustrated for the thick section
multi-pass stainless steel weld. The next step is to use inverse
methods, for example [6], to analyse the data and develop new
constitutive models describing the deformation behaviour of
parent, HAZ and weld materials.

The high temperature DIC monitoring system described in
this paper has much untapped potential. The temperature
range can be readily extended to 1000 °C. Creep deformation
under varying stress levels could be examined in a single
sample by using a tapered gauge length. Similarly, a temper-
ature gradient could be applied to a parallel-sided sample with
the temperature variation measured using a thermal camera. A
DIC system could be developed for strain controlled creep-
fatigue and creep crack growth tests, or to examine the re-
sponse of large, welded test components. For materials sus-
ceptible to oxidation, more sophisticated systems could be
designed for a high temperature environmental or vacuum
chamber. Where non-flat test components are of interest (e.g.
notched bar specimens) or where out of plane deformation is
important, then in principle, specimens can be monitored in
3D using two cameras at high temperatures.

Conclusions

In this study, it has been demonstrated that a DIC monitoring
technique can provide measurements of local variations of
elastic, plastic and creep strain in inhomogeneous materials

at elevated temperatures. The DIC measurements have been
validated against extensometer measurements during high
temperature tensile and creep tests at 545 °C. The technique
has been successfully used to acquire full field strain data in
stainless steel cross-weld samples at 545 °C as a function of
time, during creep tests enduring a few months.

The creep tests on cross-weld specimens machined from an
AISI 316H austenitic stainless steel weldment showed that the
creep performance of the multi-pass weldment is complex,
depending on the local creep deformation properties and duc-
tility. Lowmagnitude creep strains (under ≈0.02) accumulated
in HAZ regions (within about 3 mm of the fusion boundary)
for both test specimens.

The ability to measure spatially resolved creep strains with
high accuracy opens up the possibility of a new paradigm for
long term material testing. Collecting 100 creep curves in this
way may not directly replace 100 uniaxial creep tests, but to
obtain the resolution of material variation shown here would
require very small samples, and this presents its own chal-
lenges for creep testing. Also, the spatial relationships of the
creep response between different regions of the weld are also
implicitly gathered at the same applied stress level and test
temperature. This information could be accessed by fitting a
function to the creep response surfaces (e.g. Fig. 10) to pro-
duce a continuous definition of creep behaviour for a weld.
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