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Abstract

Car exhaust manifolds are critical components subjected to cyclic thermo-mechanical
fatigue (TMF) during function. To reduce design costs, robust numerical design tools
are required to assess their behaviour and lifetime. Manifolds are constructed by
welding several ferritic stainless steel tubular parts together. TMF behaviour of a
1.4509 steel in welded and unwelded conditions is assessed under various loading
conditions. Unified elasto-viscoplastic constitutive laws are developed. The spe-
cific thermo-mechanical behaviour of the heat-affected zone (HAZ) is also taken into
account for welded steel. The reliability of the proposed models in predicting the
mechanical response, in particular in the welded zone, is investigated. The local
strains of the welded area are measured using a digital image correlation technique.
Hence, several numerical models are implemented in ABAQUS and different areas
are analysed to reproduce the mechanical behaviour of the heat-affected zone. Re-
sults are discussed and compared with experiments to validate the proposed model

of the mechanical response of a welded component.
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component, Digital image correlation

1. Introduction

Many industrial components undergo severe thermo-mechanical loading in ser-
vice or during start-up/shut-down operations. Measurements of thermo-mechanical
strains and stresses on real components is very difficult or impossible. Therefore,
they must be estimated by relevant thermo-mechanical constitutive laws. Due to
their complicated geometry and their substantial size, car manifolds are often not
made of one piece of material but of several components welded together. These
components are damaged by low cycle thermo-mechanical fatigue and fatigue cracks
usually appear in welded zones. In general, the lifetime reduction of welded compo-
nents is attributed to geometrical discontinuities [1] and to the mismatch between
thermo-mechanical behaviour of the base metal, the heat-affected zone (HAZ) and
the weld metal [2]. Behaviour mismatch induces local strain concentration in lower
yielding zones [3] and complex local triaxial loadings [4]. In general, the mechani-
cal stress and strain distribution at half life (stabilised cycle) is used as a baseline
lifetime estimation under isothermal or non-isothermal low cycle fatigue [5]. This
stress/strain distribution also depends on initial residual stresses and their evolution
while cycling [6, 7, 8]. Direct achievement by measurements of the mechanical field
distribution, in particular at half life, is not possible. Numerical simulations are the
only relevant ways to access these thermo-mechanical parameters. Such simulations
require relevant and well-examined constitutive laws describing thermo-mechanical
behaviour. HAZ and weld metal can be assimilated to zones exhibiting a gradi-
ent in terms of thermo-mechanical properties. It is therefore necessary to identify
relevant models for each constituent of the ”gradient material” of the weld zone.
The model formulation can be based on several constitutive equations formulated
within the theoretical framework of thermodynamics of irreversible processes [9, 10].
This theory assumes that the evolution of a material system can be described as a
succession of equilibrium states. It introduces two sets of variables. The observable
(such as total strain or temperature) and the internal (intended to describe internal

material evolution) variables allow a material element and its evolution over time



and temperature to be defined completely. In the classical viscoplastic theory, total
strain can be partitioned into elastic and inelastic strains. The model equations were
determined from the free energy potential used to define the state laws and from
the dissipation potential used to define the evolution equations. Many works inves-
tigated such kinds of approaches in order to develop behaviour models for metallic
materials used in various industrial applications [5, 11, 12, 13]. Microstructures of
HAZ and weld metal depend on the thermal cycles undergone by each part during
welding operations. HAZ and welded metal are therefore composed of multiple ma-
terials. It has been reported that from a good knowledge of weldment metallurgy,
it is possible to realistically represent its behaviour with several models using, for
instance, a variable yield stress based on hardness measurements in various zones of
the weld [14]. In the literature, these models are identified from fatigue test results
performed on specimen shapes similar to industrial components [4] or obtained by
appropriate heat treatments [15]. Macroscopic mechanical models used are known
to be cost effective [16, 17, 18].

In this study, the aim is to develop and validate a methodology for modelling
the mechanical response of welded zones of a stainless ferritic steel for car mani-
fold applications. This is a first step toward lifetime prediction of this component.
An alternative experimental method was proposed to characterise mechanical be-
haviour of the welded zones. Specimens with microstructures very similar to the
base metal and melted metal were used. Isothermal cyclic tension compression
tests, covering the complete in-service temperature range, were conducted on two
types of specimens: one for characterising the base metal behaviour and another
for the melted metal behaviour. Behaviour of the heat-affected zone was deduced
from the analysis of the base metal and weld metal behaviours, according to the
results provided by the different thermo-mechanical tests and to metallurgical ob-
servations. Based on these experiments, an elasto-viscoplastic model with nonlinear
kinematic and isotropic hardening components [9] was identified for each material
constituting the welded zone. Thermo-mechanical tests were performed on the base
metal specimens to assess the predictive capability of the model for exhaust mani-

fold application. Serious effort was made to assess the relevance of our method in



representing weld behaviour. A traction-compression test under total strain control
on a welded specimen was carried out, measuring the strain distribution with the
digital image correlation (DIC) technique. In this way, the strain distribution could
be monitored while cycling [19, 20] and the results of this test were compared to
numerical simulations. Several finite element (FE) calculations were conducted to
investigate the influence of the considered behaviour models in the different areas
and the impact of the shape of these areas. Hence, a better understanding of the

behaviour mismatch effect on the stabilised mechanical response is possible.

2. Experimental procedures

2.1. Materials

2.1.1. Filler and base metal composition

The base material investigated in this study is a stainless ferritic steel. The
composition of the X2CrTiNb18 is given in Table 1. It is a low carbon steel with
a high chromium content. The body-centred cubic structure is stable until melting.
At high temperature, however, precipitation of Laves phase containing Nb (FesNb)
is likely to happen and is known to have a beneficial effect on creep resistance [18].
Its high corrosion resistance, low cost and stability at high temperature make this
steel particularly well-suited for high temperature applications. The filler material
is X3CrNb17. Its chemical composition is given in Table 1. Changes were compared

to the base material composition.

c Si Mn P S Cr Nb T
Filler Metal 0.05 1 1 0.04 0.015 16 to 18 <1 —
Base Metal 0.03 1 1 0.04 0.015 175t019.5 <1 0.1to 0.6

Table 1: Chemical composition in weight %

2.1.2. Welded zone microstructure
The welding operation usually leads to complex microstructures in the welded
zone, where three main domains can be identified: melted metal, heat-affected zone

(HAZ), and base metal. HAZs adjacent to the base metal are heated to a high



temperature (although lower than its melting point) and allowed to cool down fairly
rapidly. Depending on the welding process and the microstructural stability of the
base metal, the mechanical properties and the microstructure of HAZs are more or
less affected. For instance, in a 9 Cr1MoNbV weldment, the HAZ was found to be
composed of three sub-zones: coarse-grained austenite, fine-grained austenite and
partially transformed austenite martensitic structure [21]. In this steel, during weld-
ing, the HAZ is exposed to thermal recovery and grain growth as sole phenomena.
The metallographic investigations revealed that the microstructure of the HAZ is
very similar to the initial state of the base metal. The melted metal is composed of
coarse equiaxed grains and long equiaxed grains. Figure 1 illustrates the investigated
welding cross section of car exhaust manifolds where the three domains described

previously can be observed.

_ Base Meta
Filler Metal

HAZ

Figure 1: Typical welded zone of car exhaust manifolds

2.2. Specimens

Since the metallurgy of the HAZ is close to that of the base metal, specimens
were designed for identifying the mechanical behaviour of either the base metal or
the melted metal. Consequently, the analysis of both mechanical behaviours will
allow HAZ behaviour to be deduced. No standardised procedure exists for studying
the local behaviour of a welded joint specimen. Most of the studies are dedicated to

the behaviour analysis of weldments encountered in nuclear plants. These weldments



are often large enough to allow for cutting specimens or micro-specimens from the
actual industrial component. Different sampling methods are used according to the
authors. Readers should refer to the following article for an overview [2]. When
the different zones are not large enough, appropriate heat treatments are usually
attempted in order to reproduce their structure [15]. Even though this method is
interesting, it is time consuming, and may lead to some artefacts. It was impossible
to remove specimens from a manifold and the objective was to identify the weld
behaviour via a fast procedure. Consequently, an innovative method was set up.
Tubular base metal specimens (hereafter mentioned as type I specimens) with an
external diameter of 16 mm and a thickness of 2 mm were removed from a tube
similar to that used for an actual manifold. These specimens presented the following
specific requirements for matching industrial tubes: similar grain size and surface
finishing as well as pre-strain hardening due to the forming of the industrial tubes.
The specimens were expected to present a yield strength similar to that of industrial
components. This is a key point since it has been shown that the ratio of the yield
strengths of welded metal and base metal has a significant impact on fatigue life [22].
Figure 2 presents the micro structure of the welded specimen. As shown in figure 1,
the three domains can be observed (Base Metal, Filler Metal and HAZ). Moreover,
some hardness measurements were performed at different depth X from the outer
surface of the specimen. Figure 2 provides a profile at X = 0.4mm depth, the
hardness of the base metal is expected to be close to 200 Hv whereas the hardness
of the HAZ provides a measurement less than 190 Hv. Thus, an assessment of the
size of the HAZ can be done.

Melted metal specimens (type II) were made according to the following proce-
dure: in a base metal tube, a 14 mm wide groove was machined and filled with metal
by using the gas metal arc welding process, under the same welding parameters as
those of industrial conditions. The weld joint was then erased to obtain equivalent
geometry to the base metal specimens. Thanks to the initial groove, coaxiality over
the entire tube was kept even after welding. Almost the entire 14 mm zone was
composed of melted metal that represents a welded region in a real manifold at the

end. This procedure is acceptable since the microstructures of filler metal and base
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Figure 2: Microstructure and Hardness measurements performed on the welded zone of the fatigue
specimen at a depth of X=0.4 mm from the outer surface.



metal are close; it allows the melted zones to be characterised quite easily (see Fig.
3).

Axisymmetric axis

—

Welded Zone
(14 mm long’

gauge lengtl

Extensomete
(12 mm long)

Figure 3: Representative welded material (type II specimen)

2.3. Test procedure and test plan

Low cycle fatigue tests under total strain control were performed on the two
types of specimens, with a closed loop Schenck Hydropuls 250 kN servo-hydraulic
testing machine. Heating of samples was achieved with an induction coil. Strain
was recorded with a 10 mm gauge length extensometer with alumina rods. The
temperature test range was 20°C to 900°C, covering the in-service temperature range
of a car manifold. For type II specimens, the two extensometer rods were placed in
the groove. The response of the welded metal was then monitored. The procedure
of the low cycle cycle fatigue test was based on those developed by Zhang [23] and
Velay [24]. For each temperature, one specimen was subjected to different sequences
of strain cycles showing the main characteristics of the mechanical behaviour: cyclic
hardening/softening, kinematic hardening, and viscous effect. For each specimen
and each temperature level, the first part of the procedure included push-pull tests
with a strain range of 1% from the first to the stabilised cycle. Afterwards, cycles

1

with four strain rates varying from 107* to 2.1072s7! were performed in order to

investigate the strain rate sensitivity of the materials. Lastly, cycles including tensile



dwell time were conducted. They exhibited a stress relaxation increase with the
test temperature. For this procedure, numerical identification of the constitutive
parameters described in section 4 was performed. This procedure was used for
seven temperature levels between 20°C' and 900°C'.

Moreover, thermo-mechanical tests were carried out with the same equipment.
TMF tests were only conducted on base metal specimens and were performed under
mechanical strain and temperature control, with triangular signal input. Real-time
thermal strain compensation was achieved using a linear thermal strain temperature
relationship in the form €;, = AT + p. Coeflicients \ et © were determined during
thermal tests under zero load prior to the test campaign [23].

Finally, strain distribution was measured with a 3D digital image correlation
(DIC) technique based on both DIC and stereovision [25, 26]. This technique uses
an algorithm in order to determine the point correspondences between two images
of a specimen obtained by two rigidly fastened cameras. It basically consists in con-
structing a 3D object, in our case the zone of interest of the tubular sample, from
a pair of images. After a required preliminary calibration stage and the determina-
tion of the 3D relative positioning/orientation of the two cameras, the 3D specimen
shape could be reconstructed from the point correspondences using triangulation
(see Fig. 4). Hence, to determine the 3D displacement field, DIC is used to evaluate
point correspondences between the stereo pairs acquired before and after deforma-
tion. This technique was implemented with the assistance of Vic-3D commercial
software [27].

To observe the specimen while deforming, it was necessary to remove induction
coil. Tests were therefore performed at room temperature. 3D displacements and
2D strain fields were computed by comparing a pair of images at time t to a pair
of images at the time of reference. In order to capture appropriate DIC images, a
randomly distributed paint pattern was laid on the side of the specimen as shown in
Fig. 4. Details of the 3D DIC software are available in the literature (for instance,

see [19, 20]).



(a) Digital Cameras (c)

Extensometer rod

Suface paint pattera

Figure 4: Digital Image Correlation technique: (a) Stereo-rig composed of two digital cameras,
(b) 3D displacement field determination by a pair of images and Surface preparation with a ran-
domly distributed paint pattern, (c) Reconstruction of the 3D specimen shape from the points

correspondences using triangulation
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3. Experimental results

3.1. Base metal

The base metal exhibited cyclic softening during the first hundred cycles. There-
after, its cyclic behaviour was stable until cracking appeared in the specimen. Figure
5 illustrates this phenomenon, the normalized stress amplitude is the ratio between
the stress amplitude obtained at each cycle over the stress amplitude measured at
the first cycle of the test performed at T=20C. Cyclic softening was significant at
20°C" and continuously decreased with temperature. This latter effect was due to
the thermally activated recovery of strain hardening. It was previously introduced
during the forming operations. Moreover, the strain rate effect was significant at
temperatures higher than 600°C', and was not observed for lower temperatures. Fig-
ure 6 illustrates the stress-strain response for the stabilised cycle and different strain

rates at 7" = 900°C.
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Figure 5: Base metal cyclic softening (type I specimen)

3.2. Cyclic behaviour of the filler metal

The welded metal exhibited cyclic hardening during the first cycles. Its cyclic
behaviour was saturated in a very short time (see Fig. 7). The definition of the

normalized stress amplitude is the same as the one used for the base metal specimen.
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Figure 6: Strain rate effect at 900°C' for type I specimen

At any test temperature and strain amplitude, the saturated stress level was lower
in the melted metal than in the base metal. As for the base metal, the mechanical
response of the welded metal was sensitive to the strain rate at temperatures higher

than 600°C'" as shown, in the sequel, for a temperature of 700°C' (figure 11).

4. Mechanical behaviour modelling

4.1. Isothermal fatigue tests

According to the experimental behaviour described in section 3, a description of
the cyclic behaviour of the weld and base metal with an elasto-viscoplastic model
developed by Chaboche [9] was proposed. During the last few decades, this model
was improved extensively to better describe creep-fatigue interaction, inverse rate
sensitivity [11], multiaxial ratchetting [28] or time recovery effects [16].

The formulation chosen here is the following. The elastic domain can be written

as follows:

f=Jo-X)-R<0 (1)

where ¢ is the Cauchy stress tensor. R is an isotropic variable which represents

12
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the change of the size of the initial elastic domain, given by Ry, while cycling.
In the case of the base metal, it is decomposed into two main mechanisms, R =
Ro—l—Z?:l R;, to dissociate the first fast softening phase and the second slow softening
phase. In the case of the weld metal, a constant isotropic variable is considered
R = Ry.

The evolution law of each R; is given by:

Ri = Qi(T)(1 — exp(=b:i(T)p)) (2)

where p is the cumulative plastic strain, and Q;(7T), b;(T) are material parame-

ters that need to be identified.

The kinematic variable X is linearly related to the internal variable «, which
characterises the internal strain mismatch coming from the plastic straining. Like

R, X = Zle X is also decomposed into two terms, with evolution laws given by:

2 . . . .
Xi=5C(T)as  with di =&, — Diasp (3)

p is the norm of the plastic strain rate €,

13



It is time dependent to take into account the viscous effect:

. <ﬁ>nm 5)

The set of parameters {b;;Q;;C;;Di; Ri; Ro, K ; n} was identified for each test tem-
perature, using the SiDoLo™™ [29] optimisation software.

The identification procedure was performed for each material (welded or not)
and for each temperature level. In the first step, the parameters of the kinematic
component were identified. The stabilised cycles were used in order to identify the
values of the first variable X, through the parameters C; and D; which described
rapid saturation with plastic deformation whereas the second variable X5, through
the parameters Cy and D, exhibited a slower evolution. At this stage, the value
of the elastic limit of the stabilised cycle was also estimated. Then, the stabilised
cycles with different strain rates allowed the viscous parameters K and n to be
determined. Last, in the case of the base metal specimen, the elastic limit of the
stabilised cycle was replaced by the evolution of the isotropic component assessed
using the first sequence of the test (cyclic softening). It showed a fast softening
occurring during the first cycles (parameters Q1 and b ) followed by a linear softening
until stabilisation (parameters Q2 and by). At this stage, the initial elastic limit of
the base material Ry was calibrated. Table 2 provides the parameter values of the
behaviour model for the type I specimen. In the case of the welded specimens, the
isotropic hardening was assumed to be constant (R = Ry); see Table 3.

Figures 8, 9, 10 and 11 illustrate the identification results by comparing the

experimental tests to the model response.
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20°C 300°C" | 500°C" | 600°C'" | 700°C | 750°C" | 800°C'" | 900°C
E (GPa) 202 170 153.6 128 115 104 93.5 65
Ry (MPa) 355 260 210 152 39 32 23 2
K (MPa) 87 96.5 110 140 131 117 104 93.5
n 26.8 26.7 25 21 7.4 6 5 4.45
Ch (MPa) 178380 | 130000 | 90000 | 72595 | 44830 | 38000 | 29050 | 4680
D, 2000 2000 2000 2000 2000 2000 2000 2000
Cy (MPa) 31600 21900 | 14075 | 11000 | 2410 1240 600 400
Dy 200 200 200 200 200 200 200 200
b1 1.61 1.36 1.36 1.36 1.36 1.36 1.36 1.36
N (MPa) -106 =27 -T.7 -8 -10 -12 -8 -2
by 15.9 13.8 12.9 12.1 7.7 7.7 7.6 7.5
Q- (MPa) -104 -80 -68 -40 -15 -13 -8.4 -4.5
Table 2: Model parameters for type I specimen
20°C 300°C | 500°C' | 600°C" | 700°C | 800°C" | 900°C’
E (GPa) 194 153 141 123 105 79 62
Ry (MPa) 170 148 112 77.4 13 2 2
K (MPa) 81.5 92 100 117 144 110 71.5
n 24.2 24 18.8 13.9 7.5 5.7 5.4
Ch (MPa) 163860 | 104070 | 89990 | 84790 | 36790 | 13850 | 4935
Dy 2000 2000 2000 2000 2000 2000 2000
Cy (MPa) 32500 12855 | 11925 | 9770 3335 470 240
D, 200 200 200 200 200 200 200

Table 3: Model parameters for type II specimen
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Specimen ?"g) Ae(%) i logdfl)nggelgl(ljlen(gprr e (s7h) T (°C™1)
Anbl 200/400 0.6 1 - 2 - 7.5107° 2.5
Anb2 200/400 0.6 - 1 - 2 7.5107° 2.5
Anb3 300/500 0.6 1 - 2 - 7.5107° 2.5
Anb4 300/500 0.6 - 1 - 7.5107° 2.5
Anbb 300/500 0.8 1 2 3 - 8.0107° 2.0
AnHG6 500/700 0.65 1 - 2 - 7.5107° 2.5
AnH7 500/700 0.65 - 1 - 2 7.5107° 2.5
AnHS 650/850 0.6 1 - 2 - 7.5107° 2.5
AnH9 650/850 0.6 - 1 - 2 7.5107° 2.5

AnH10 700/900 1.0 1 2 3 - 1.01074 2.0

Table 4: Anisothermal test schedule

4.2. Prediction capability assessment for complex loadings

The car component under study is subjected to complex thermo-mechanical load-
ings, including fast temperature increase/decrease, and long holding time at high
and low temperatures. The models identified in isothermal conditions should then
be able to predict the mechanical responses of the material under loadings more

representative of real in-service loadings than LCF cycles.

4.2.1. Anisothermal loadings

Four types of TMF tests were performed: In-Phase (IP) test (maximum strain
occurs at maximum temperature), Out-Of-Phase (OP) test (maximum strain occurs
at minimum temperature), Out-of-Phase-Compression (OPC) test (maximum strain
occurs at minimum temperature and with only compressive mechanical strain), and
Out-of-Phase-Tensile (OPT) test (maximum strain occurs at minimum temperature
and with only tensile mechanical strain). For each test, before any load was applied,
ten thermal cycles were performed in order to achieve thermal dynamic stabilisation.

Each specimen was subjected to two types of loading: IP followed by OPC, or
OP followed by OPT. The test plan is given in Table 4.

The coefficients of the base metal model were linearly interpolated from the
identified values at the tested temperatures. Predicted material response and real
response for OPT 300 — 500°C" are compared in Figure 12. It can be seen that the

experimental and predicted results are in good agreement in this temperature range.
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When simulating anisothermal tests at higher temperatures (7,,,, greater than
600°C"), the model overestimates the stress amplitude. From isothermal tests, it is
known that the higher the test temperature, the faster stress stabilisation is reached.
In other words, softening is not only mechanically but also thermally activated. To
take into account the sole effect of temperature, the base metal cyclic behaviour
was described using the identified model but modifying the value of the isotropic
hardening variable. Indeed, R was therefore set at its asymptotic value. Comparison
of the experimental and numerical results for IP 500 — 700°C' is given in Figure 13.
Correlation is good, although the rate of stabilisation due to the thermal effect was

not evaluated here.

4.2.2. Isothermal loading with dwell time

Under thermal loading, an industrial component mainly expands or contracts
elastically. Only some small zones escape free thermal strain and undergo plastic
deformation. These zones are small enough to consider that the whole structure
imposes the loading on them. When a component is subjected to long holding time
at high or low temperatures, the plastic zones are then subjected to a long dwell

time.
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Figure 13: Comparison sim./exp. of stress-strain response for an OPC test at 500 — 700°C'
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Consequently, isothermal tests including dwell time were performed on base
metal specimens to validate model reliability in predicting mechanical response to
such conditions at high temperature. Figure 14 shows that the numerical predictions
are in good agreement with experimental results. Thus, the viscous constitutive pa-
rameters identified from the stabilised cycle at different strain rates are relevant in

reproducing stress relaxation occurring at high temperature during dwell time.
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Figure 14: Comparison sim./exp. of stress-strain response for an isothermal test at 800°C with 30
s dwell time

5. Study of the response of a bi-material specimens under push-pull tests

In order to get better insight into the bi-material effect on strain distribution in
welded zones, two cyclic tests were performed on welded specimens. In this section,
the test configuration concerned only specimens with a welded zone of only 2 mm
in length for which an extensometer gauge length of 12 mm was used. The Area
Of Interest (AOI) considered for DIC measurement is 8 x 17mm? (see Fig. 15).
Thus, the mechanical response of the bi-material tensile-compressive loadings could
be investigated and discussed.

Experimental results were then compared to numerical results to evaluate the
accuracy of the identified models and define the best modelling conditions. Next,

the bi-material effect on stress distribution was numerically studied.
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Figure 15: Tubular bi-material specimen with 2 mm thickness

5.1. Ezxperimental procedure

Each time it was recorded, the 3D specimen shape was reconstructed and dis-
placements were computed by local optimisation of a correlation function. Accuracy
depends on the camera’s configuration (resolution, angle between cameras, etc.) and
on the number of grey levels in the local zone. The magnification factor considered
is 25 pixels/mm, the square subset size which defines the displacement spatial res-
olution was chosen equal to 19 pixels, corresponding to a resulting resolution of
0.76 mm. The accuracy of the DIC technique in assessing 3D displacement fields
is discussed in different works [25, 26, 20]. For instance, it consists in performing a
no-motion experiment to evaluate errors from image noise or a no-strain experiment
to assess errors from rigid body motions [30]. The 2D strain tensor was computed
by numerical derivation from the displacements at several points around the point of
interest. Indeed, it was computed using the displacement function derived from a set
of neighbouring matched points chosen in a square surface. In the present work, a
specific test procedure was set up for monitoring the evolution of strain distribution

during a tension compression test (see Fig. 16):

e specimen setting and recording of an initial pair of images to be considered as
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a reference for strain computation,

e checking extensometer positioning by Young’s modulus measurement and re-

turning to zero force, and

e test launching. Every ten cycles, strain distribution was monitored. At
the beginning of each recorded cycle, cameras and the testing machine were
manually synchronised. To facilitate this stage, the strain rate was lowered
(¢ = 1.25.107%s71). Then a pair of images was taken every 2s which al-
lowed accurate strain evolutions to be measured whereas a higher strain rate

of 4.1073s~! was considered for the intermediate cycles.

Strain

Time

High frequency cycles Holding Low frequency cycle High frequency cycles
Time

Figure 16: Test procedure

5.2. Ezxperimental results of the DIC measurements

Before computing any field, it is necessary to establish correspondences between
pairs of images. However, during the first loading (Young’s modulus measurement),
a rigid body motion appeared due to the set up of the sample into the jaws of the
test machine. It was then meaningless to compute strains from the initial pair of
images. In the following, all strains at time ¢ were computed from displacements
between pairs of images at time ¢ and pairs of images at time zero of the 10" cycle
(reference).

Once strain computation was achieved, we compared the average strain (obtained

by digital image correlation technique) in extensometer gauge to the strain measured
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by extensometer. Figure 17 reveals that the agreement between the two measure-
ments is excellent at the 10" cycle. Agreement between the two measurements at
the 80" cycle, however, is not so good. At the 10* cycle, the DIC measurements
have exhibited axial strain field perpendicular to the loading axis. At the 80" cy-
cle, a deviation of the axial strain field was observed. This phenomenon could be
explained by different assumptions. Indeed, it could be due to a slight misalignment
of the testing machine, a coaxiality default of the sample or a welding asymmetry.
However, at that time, it was not possible to further investigate the effect of each

parameter on the deviation.

10™ cycle 80" cycle
0.005 ‘ ‘ ‘ , ‘ ‘ 0.005 , ‘ ‘ ,
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Figure 17: Strain measurements obtained by extensometer and digital image correlation technique
at the 10" and 80" cycle

Axial strain distribution along a line parallel to the tube axis was also investigated
(see Fig. 18). Results are given for the 10" and 30" cycles. Strain distribution was
measured at several macroscopic strain levels, indicated in Figure 19. Table 5 sums
up all strain levels studied. Figures 20 and 21 illustrate axial strain profiles. Strain
gradients are steeper at the 10" cycle compared to the 30" cycle. Looking at the

strain profile evolution it can been observed that:

e The B profile is roughly a translation of the A profile, which corresponds to

elastic shakedown.
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e The C profile is significantly different from the B profile. As load increases,

strain concentrates in the welded metal and HAZ. The same conclusion can

be made comparing the D and C profiles.

e The E and F profiles are roughly translations of the D profile. Again, simple

elastic shakedown occurs in this part of the cycle.
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erform the || aooees
Extensometer p . ' (L.000266306
axial strain
rods
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\ .00118831
aomersn

000207031
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Figure 18: Axial strain field obtained at the 10?" cycle (and a time of ¢ = 55s) by DIC technique

along one line parallel to the tube axis

Different moments in the cycle

A B C D E F
Average strain (%) 10" cycle | -0.37 | -0.13 | 0.24 | 0.38 - 0.12
& ¢ 30th cycle | -0.319 | -0.116 | 0.211 | 0.344 | 0.32 | 0.155

Table 5: Strain distribution obtained within the 10** and 30" cycles

5.8, Test simulation

The test simulation of the tension compression test on the bi-material speci-

men was performed using the finite element code ABAQUS”™ . The finite element

simulation of the elasto-viscoplastic problem consists in:

_>
e solving the equilibrium system K@ = F', with K the global stiffness matrix,

H
7 the node displacements and F' the external loads.
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Figure 19: Considered points of the analysed cycle
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Figure 20: Strain profile at the 10** cycle
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Figure 21: Strain profile at the 30" cycle

e performing the local integration of the behaviour model equations within each

element.

In order to solve the local equations (behaviour model), an implicit integration
method was implemented in a UMAT user subroutine.

From the experimental results and based on metallurgical observations, it is
recommended that the cyclic test be simulated with a 3-zone model (Fig. 22): base
metal, HAZ and melted metal. To take into account recovery in HAZ, only the yield
stress was modified compared to the base metal model. Two different hypotheses
were put forward: either recovery is considered complete in all HAZs, or recovery
is partial and depends on the distance to the welded metal (yield stress gradient is
introduced). The first approach considers a complete recovery model which means
that the HAZ behaviour was defined as the stabilised behaviour of the base metal. In
this case, a constant isotropic component was considered, equals to the yield stress
of the stabilised behaviour of the base metal. In the second approach, a partially
recovery model was considered and an evolution of the isotropic hardening was
assumed. Dimensions of the three zones were determined according to metallurgical
observations.

The area shapes I, IT and III are illustrated in Figure 22.
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Model Mesh Boundary conditions
I: Base metal 1I: HAZ IIT: Welded metal Type Element Number
Model 1 BM BM WM Axisymetric 386 Displacement
Model 2 BM recov. BM WM Axisymetric 386 Displacement
Model 3 BM partially recov. BM WM Axisymetric 386 Displacement

Table 6: Numerical plan

Il: Welded

Axisymmetric axis

\

Figure 22: Meshing and areas considered for the finite element simulation cases

Simulation conditions with three different models are shown in Table 6. The BM,
WM, recov. BM and partially recov. BM models are respectively the base metal
model, the welded metal model, the base metal model with a complete recovery and
the base metal model with a partially recovery. The first model is the simplest one
since specific HAZ behaviour is not taken into account and is expected to be less
accurate than the two others.

The comparison between experimental and simulated data was performed for
the 30" cycle. All models provided meaningful results (see Fig. 23 to Fig. 25).
Nevertheless, as expected, profile tendency was better reproduced by models 2 and
3. On the C profile especially, strain minima in HAZ is only predicted by these
models.

The model accuracy was defined by computing the error in average strain in the
melted metal. Except for low strain levels (profiles B and F), error was less than
10%. Higher error at lower strain level could be attributed to reduced accuracy of

identified models in the elastic plastic transition (models were identified at 1% strain
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Figure 23: Comparison between measured and simulated strain profiles for model 1 (line: simula-
tion; data points: experimental values from DIC)
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Figure 24: Comparison between measured and simulated strain profiles for model 2 (line: simula-
tion; data points: experimental values from DIC)
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Figure 25: Comparison between measured and simulated strain profiles for model 3 (line: simula-
tion; data points: experimental values from DIC)

level).

6. Conclusion

An innovative experimental method was set up to characterise the local behaviour
of the welded zones of a tubular component. Particular attention was paid to the
design of base and melted metal specimens, in order for their microstructure to be
as close as possible to that found in a real welded component. These specimens
were submitted to cyclic isothermal and anisothermal tension compression tests.
Elasto-viscoplastic constitutive model parameters were identified for welded and base
metals from isothermal tests. The model takes into account kinematic hardening,
strain rate and isotropic hardening. It was found relevant to describe the results
of anisothermal tests. In order to get better insight into the mechanical response
of a welded zone, strain field was measured by digital image correlation technique
during a tension compression test on a welded specimen at room temperature. This
technique allowed the evolution of strain distribution while cycling to be followed
and the three-zone FEM model of welded zones to be validated. Different models

based on microstructural observations and hardness measurements were identified
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to take into account the HAZ’s behaviour. They have shown a significant impact on
the local strain amplitude and stress triaxiality levels, and hence on the expected
fatigue lifetime in low cycle fatigue regime. The different models considered to take
into account the HAZ’s behaviour have shown a significant impact on the local strain
amplitude and stress triaxiality levels, and hence on the expected fatigue lifetime
in low cycle fatigue regime. Stress triaxialility factor is given as the ratio of the
hydrostatic stress oy to the equivalent von Mises stress o, Z—Z, with the following

formulations:

og = é((ﬁ + 09 + 03); Oeq = %\/(01 —02)? + (01 — 03)* + (09 — 03)?

where o1, 09, 03 are the first, second and third major stresses.

Model 1

Triaxiality
+4.000=-01

+2.800=-01
+2.500=-01

s s e~ s sy —ke pee v 2

A‘.ﬁ : T
T LTT -
Axisymmetric Axis /

Figure 26: Calculated stress triaxility distribution at maximum strain level of the 80" cycle as a
function of the model’s assumption

The three proposed simulations were performed up to the 80 cycle. At that
time, the behaviour of the structure was almost stabilised. It was possible to analyse
the impact of the different model hypotheses on this pseudo stabilised behaviour.
The strain amplitude predicted in welded metal was equivalent in the three sim-
ulations. Strain amplitude predicted in base metal and HAZ strongly depends on
the model. Model 1 underestimates by 10% the maximum strain amplitude in these

zones. A distinction between models 2 and 3 can be made considering the significant

31



impact on stress triaxility distribution (see Fig. 26). Both strain distribution and
stress triaxiality have a strong impact on the low cycle fatigue lifetime and in partic-
ular on thermal fatigue ([31] [32], [33],[34]). From the analysis of fatigue lifetime of
these types of specimens, it should then be possible to decide on the most relevant

model. This will be the subject of future work.
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