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Abstract

The presence of thermally-induced residual stresses, created during the industrial Direct Chill
casting process of aluminum alloys, can cause both significant safety concerns as well as the
formation of defects during down-stream processing. Although numerical models have been
previously developed to compute these residual stresses, most of the computations have been
validated only against measured surface distortions. Recently, the variation in residual elastic

strains in the steady state regime of casting has been measured as a function of radial position
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using neutron diffraction in an AA6063 grain-refined cylindrical billet. In the present study,
these measurements are used to show that a well-designed thermo-mechanical finite element
process model can reproduce relatively well the experimental results. A sensitivity analysis is
then carried out to determine the relative effect of the various mechanical parameters when
computing the as-cast residual stresses in a cylindrical billet. Two model parameters have been
investigated: the temperature when the alloy starts to thermally contract, and the plasticity
behavior. It is shown that the mechanical properties at low temperatures have a much larger

influence on the residual stresses than those at high temperatures.

I Introduction

The fabrication of aluminum alloy extrusion products typically involves a number of steps
starting from the semi-continuous casting of the cylindrical billet using a process known as direct
chill (DC) casting and, depending on the alloy composition, ending with a post-extrusion heat
treatment. Of the different processing stages, the casting process is particularly violent since it
gives rise to large thermally induced strains that can result in several types of casting defects
including distortions, cracks, porosity, etc. Although these thermally induced strains can be
partially relieved by permanent deformation, cracks will be generated either during solidification
(hot tears) or post-solidification cooling (cold cracks) when the corresponding stresses exceed
the deformation limit of the alloy ™. Furthermore, the thermally induced strains generally result
in the development of large residual stresses within the billet upon cooling. These residual
stresses will cause significant downstream processing and safety issues during the sawing stage

prior to extrusion, when the billet is cut into section of about 1 m in length. For large diameter



(typically greater than 350 mm) and high-strength alloys (2xxx and 7xxx series), the residual
stresses can lead to saw pinching or crack initiation. In both cases, the elastic energy released

upon sawing may cause personnel injury and equipment damage.

Currently, the most common technique for quantifying residual stresses that arise during
manufacturing is through the use of numerical process models, generally using finite element
(FE) computational techniques. To be effective and accurate, these models require a significant
understanding of the processing route and knowledge of the material’s mechanical and physical
behaviour over a range of temperatures. The computation of stress evolution including billet
distortions and residual stresses during the DC casting of aluminum alloys has been the scope of
many studies since the late 1990’s 2% and nowadays is a well-established technique. However,
validation of these models, often done by comparing the computed and measured distortions at
the billet surface, e.g. the butt-curl ® and the rolling face pull-in for rolling sheet ingots [,
remains challenging. Experimental validation against the computed room-temperature residual
stresses is limited simply owing to the difficulty of measuring the internal strains in large
castings and the high variability in the measurements. While some measurement techniques are
available for quenching ' or welding *?1, they remain rare, uncertain, and are usually limited to
only one or two components of the stress tensor near the surface of the casting 31, In the past,
destructive methods (hole-drilling 4, cut compliance [, etc.) have been used for measuring
residual elastic strains. Physical methods such as X-ray, ultra-sound, or neutron diffraction (ND)
have now become very attractive [*®171 since they can provide all of the components of the
elastic deformation tensor. These physical methods also now allow for measurement deep within
a sample up to the energy limit of the beam. With the development of powerful neutron beams, it

is now possible to measure the residual elastic strains rather deep in light metal alloy systems



such as aluminum and magnesium alloys ™8, Such measurement allows for sophisticated model

validation.

Recently, in order to validate the simulation methodology previously developed by the authors
(27101 to model the thermal and stress/strain evolution during the DC casting process of
aluminum alloys, the residual elastic strains in a grain-refined AA6063 billet were measured
using neutron diffraction 9. In the present study, these neutron diffraction measurements
together with a finite element model of the DC casting process have been used to investigate the
effects of the input mechanical and physical properties on the magnitude and distribution of the
residual stress predictions. First, the principles of residual elastic strain measurement using
neutron diffraction are recalled together with the equations for converting strains into stresses.
Issues such as the beam paths and billet positioning are also detailed. Second, the finite element
model used to compute the residual stresses after the casting process is presented along with the
mechanical and physical properties of the AA6063 alloy. Third, the residual elastic strains and
stresses predicted by the FE model are presented and compared to the neutron diffraction
measurements. Finally, the results of the sensitivity analysis conducted on the alloy’s material

properties are provided and discussed.

Il  Neutron Diffraction Measurements

The methodology used to measure the residual elastic strains in a DC cast billet, and the

corresponding stress calculations are presented below and built on the experimental aspects

presented in a prior publication 19,



1.1 Principles of Strain Measurement via Neutron Diffraction

The residual elastic strain measurements were conducted using the POLDI apparatus 2°21 of the
Swiss Spallation Neutron Source SINQ, at the Paul Scherrer Institut, Villigen, Switzerland,
through accurate determination of the lattice spacings. These lattice spacings can be derived
through application of Bragg’s law, A =2dsin@, where d is the lattice spacing, 4 the wavelength
and 26 the diffraction angle. POLDI is a so-called time-of-flight instrument; the detector is
placed at a fixed 90° angle, and the billet bombarded by neutrons. With this configuration, the
lattice spacings are then calculated from the wavelength of the diffracted neutrons captured by
the detector. The position of the diffraction peak is a measure of the average lattice spacing,
while the width of the data is related to the fluctuations in the crystal structure. The measured

lattice spacing acts as a strain gauge in combination with a stress-free lattice spacing do:

1.2 Experimental Methodology

To investigate the residual stresses during the aluminum casting process, a round billet of type
AA6063 was DC cast at the Alcan ATI Valais industrial casting facility. This grain-refined billet
of 160 mm radius with a grain size of 100 + 30 um, no grain texture and with a composition
(weight percent): Al-0.52Si-0.18Fe-0.013Zn-0.09Cu-0.60Mg-0.07Mn-0.013Cr was cast at 66

mm / min.

In order to measure the residual elastic strains in the aluminum AAG6063 billet using POLDI, the

cast billet was cut to a length of 480 mm. As shown previously 19, this sawing activity will not
5



relax the residual stresses mid-height in the section as long as the billet section-length is greater
than three times the billet radius. This central portion of the billet was then placed within the
POLDI device to acquire the stressed lattice spacings along the billet radius in each direction.
Although the generalized elastic strain tensor contains six components, the DC casting process of
a round billet is axi-symmetric in geometry and in casting conditions, reducing this tensor to four
components. Furthermore, since the billet section of interest was taken from the central part or
steady-state regime of the casting, it can be assumed that the elastic strains vary only as a
function of radial position. In addition, it was shown with the help of the FE model of DC casting
that the shear stress (rz) component is negligible 9, and thus only the radial, hoop, and axial
strain and stress components are non-zero ™. The elastic deformation tensor corresponding to
this scenario will be diagonal in the (r, 6, z) reference frame. As such, the residual elastic strains
can be converted to residual stresses using Hooke’s law, where E = 71.3 GPa is Young’s

modulus and v = 0.3 the Poisson’s ratio:
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To calculate the variation in residual elastic strains within the billet, the stressed lattice spacings,
d, were measured in the radial, hoop, and axial directions using neutron diffraction along the
billet radius approximately every 20 mm. In total, 22 measurements were made, with one
measurement corresponding to one strain component at one position, on a sample gauge volume
of 3.8x3.8x8 mm?3. Although this volume is rather large, the 3.8 mm collimator was used to
ensure a high neutron transmission of ~ 78%, and correspondingly, a reasonable measurement

time, typically 2 hours per measurement and 400,000 counts. In order to acquire the lattice
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spacings for each of the three measured strain components, both the beam orientation and the
position of the billet within the neutron chamber were varied, as shown in Figure 1. For the
radial component, the length of the beam path varied from almost zero at the billet surface to 2R
at the billet centre. For the hoop component, the beam path remained near 2R for each

measurement, whereas for the axial component, the beam path increased from almost zero at the

billet surface to 2+/2 R at the billet centre. The stress-free lattice constant (do) was also measured
using neutron diffraction; on small samples 3 mm in height and 2 mm in diameter that had been
electro-discharge (ED) machined every 20 mm along the billet radius. These measurements
indicated that do was not influenced by compositional variations along the billet radius and was
very much close to the standard lattice constant for aluminum, 4.0504 A. The measured lattice

spacings, d, were then converted to strains using do and Eq. (1)

11 Thermo-mechanical Finite Element model
The DC casting process of an AA6063 aluminum round billet was simulated using an axi-
symmetric coupled thermal — mechanical model implemented in the commercial finite element

code ABAQUS® 6.8.

I11.1 Finite element model of DC casting

The computational domain includes both the start-up and steady-state regions of the billet. The
mesh consists of 100 layers of elements, with each 11 mm-high layer containing 19 elements, for
a total cast length of 1100 mm. Due to symmetry, only one-half of the round billet was modeled.

In order to simulate the casting process, the coordinate system was fixed with respect to the



billet, and the incoming flow of liquid metal was modeled through the activation of successive
layers at a rate that corresponds to the experimental casting speed of 66 mm/min. The total
simulation time was 4600 s: 10 s per added layer plus a 3600 s cool-down period. The initial
condition was a pouring temperature of 943 K. The horizontal boundary conditions were also
moved up along the domain at a rate of 66 mm/min. These boundary conditions account for
primary cooling through the mould, air gap formation and secondary cooling at the point where

the water hits the billet and flows along its surface [??],

I11.2 Thermo-physical properties

The temperature-dependent thermo-physical properties of the AA6063 alloy (heat capacity,
latent heat, and thermal conductivity) measured by Doré et al. [%, along with the Young’s
modulus and the coefficient of thermal expansion (CTE) measured as part of the European
project EMPACT [?42%] were used in the current study. The Poisson’s ratio was assumed to be
0.3. The solidification path of the alloy, shown in Figure 2, was also taken from the work of Doré
23] assuming a solidification time of 104 s. The liquidus and solidus temperatures were 928 K

and 830 K respectively.

To properly simulate the DC casting process using finite elements, the thermo-physical
properties need to include the change in behaviour that occurs during solidification, specifically,
the effect of solidification on rheology, and the corresponding increase in Young’s modulus and
CTE that occur with increasing fraction solid. The fraction solid at which the alloy starts to
exhibit solid thermal contraction is generally considered to be close to the fraction solid for

mechanical coalescence [?°1, j.e. the point at which the solidifying material is able to develop



stress. Based on the work by Doré 2] the thermal contraction for AA6063 starts at Teoa = 903 K
in AA6063, and corresponds to a fraction solid, fscoa =0.88. In AA6061, an alloy that has a
composition close to the alloy retained in the present study, Strangeland et al.?” reported similar
values, between 0.85 and 0.92, for the fraction solid at the onset of thermal contraction. In the
model, the CTE at temperatures above Tcoal was assumed to be zero, and the Young’s modulus
was decreased as follows: from 10 GPa at Tsoliqus t0 0.1 GPa at Tcoar and to 0.01 GPa at Teoar+5K.
This variation in modulus and CTE were implemented in an attempt to ensure a low level of
stress in the metal above Tcoa While avoiding convergence issues. The variation of these two
properties as a function of temperature between the liquidus and room temperature is shown in

Figure 3.

1.3 Mechanical behavior

The mechanical behaviour of the AA6063 alloy was modeled as an elasto-viscoplastic material
with a yield stress that increases with decreasing temperature below Tcoa. The effects of strain
and strain rate on stress formation, i.e. strain hardening and strain-rate dependence, were also
taken into account. The constitutive equation governing this mechanical behaviour can be
approximated using a modified form of Ludwik’s equation [/:23.29:

. m(T)
5 =K(T)e, M| 22
o= €p : ©)

&y
where o is the von Mises equivalent stress, ¢, is the equivalent inelastic strain rate and &, is a

constant taken as 1 s, The modified Ludwik equation was used since it is well suited to describe
the transition from time independent plasticity at low temperatures (strain hardening) to time

dependent plasticity (visco-plasticity) at high temperatures % since the rheological parameters
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K(T), n(T) and m(T) are continuous functions of temperature. The first parameter is the
consistency of the alloy and has units of a stress (MPa). The second and third parameters are the
strain hardening exponent and strain rate sensitivity. In the current work, all three parameters
were taken from Gleeble experiments conducted during the EMPACT project on AA6063
material in the as-cast state [?4?°]. The variation of these rheological parameters as a function of
temperature is shown in Figure 4. At temperatures below 373 K, the mechanical behaviour of the
alloy is insensitive to strain rate as m = 0, but has considerable strain hardening. At temperatures
above 673 K, strain hardening is negligible since n = 0, but the stress response becomes highly
dependent on the applied strain rate. At intermediate temperatures (473-673 K), both strain
hardening and strain rate effects are present. Eq. (3) has been implemented in ABAQUS® using
the *PLASTIC, RATE= option with stress-strain curves provided for eight temperatures (293 K,
373 K, 473 K, 573 K, 673 K, 773 K, Tsolidus, Tcoat) and three strain rates (10°, 10, 103 /s).
Additionally, values for the static yield stress were taken from Eq.(3) using a strain rate of 10/s.
At temperatures above Tcoa, the yield stress is assumed to be equal to the yield stress given by
Eq. (3) at Tcoar. Note that ABAQUS uses linear interpolation to determine the location of the

yield surface at intermediate temperatures and strain rates.

IV Results and Discussion

IV.1 Residual Strain Measurements & Finite Element Model Validation

Figure 5 shows the temperature profile in the billet cross-section predicted by the finite element
model at the end of the casting process, along with the radial, axial and hoop stress components

after the billet has cooled down to room temperature. In Figure 5(a), the liquid pool appears
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black. As can be seen, the residual stresses are quite high for all three stress components, ranging
between —45 to +106 MPa. Furthermore, the stress distribution does not appear to vary with the
cast length except near the ends, an indication that the steady-state casting regime has been
reached. In the central part of the billet, the stresses are tensile but become compressive at the
surface. These residual stress states develop because of the fast surface cooling rates applied
during the casting process, an effect known as “skin-core” B!, which efficiently cools the surface
of the billet. The cold shell then hinders the contraction of the hot core region, leading to large
interior tensile stresses (~100 MPa). The skin-core effect has not only been observed in
solidification processes, but also during the quenching of heat treatable alloys 21, and is thought

to be one of the origins of crack formation during casting [6:3,

The residual stress predictions shown in Figure 5 pose great safety issues during sawing since the
energy released by cutting will initially tend to pinch the saw, and may lead to crack initiation
when the cutting blade reaches the interior of the billet, under tensile load. These stress
predictions can be verified by comparing the simulation results to the results obtained during the
neutron diffraction experiments. In Figure 6, the residual elastic strains predicted by the finite
element model along the billet radius are compared to the as-measured residual elastic strains.
The predicted values were taken from a row of elements at the mid-point along the billet length.
The as-measured error bars in the figure are based on the scatter in the measurements, which is a
function of the beam path-length within the billet. Beginning with the experimental data, the
following observations can be made: 1) the centre of the billet is in tri-axial tension, whereas its
surface is in compression in the hoop and axial directions; 2) the radial strain is always positive
while the other two components transition from tensile strain near the billet centre to

compressive strain at the surface; 3) the radial and hoop elastic strain measurements are almost

11



identical near the billet centre, as required due to symmetry considerations. Please note that
although the residual elastic strains in the AA6063 billet-section were measured in the radial and
hoop directions along the entire radius of the billet, the neutron beam was not intense enough to
measure the axial strain at the centre of the billet. At this location and for the axial strain, the
neutron path-length of 452 mm was simply too long for measurement in a reasonable amount of
time. The quantity provided in Figure 6 was obtained by extrapolating the results of the other
axial strain measurements to the centerline of the billet using a polynomial of degree 4. By
comparing the residual elastic strain predictions to the as-measured values, it can be seen that the
predictions agree quite well with the measured values except for the hoop strain when close to
the billet’s surface. The experimental-data observations remain valid for the residual elastic
strain predictions; it can also be seen that the axial and hoop elastic strains will be equal at the

billet surface, as expected due to the geometrical constraints.

In Figure 7, the residual radial, hoop, and axial stresses predicted by the finite element model
along the billet radius are compared to the stresses components calculated from the neutron
diffraction experiments using Eqg. (2). The error bars on the elastic strain measurement from
Figure 6 have been converted to error bars on stress using the elastic constants. Again, the error
is rather large for the axial stress. As can be seen in the figure, the agreement between the
measured stresses and the finite element predictions is quite good for the radial component but
weaker for the hoop and axial components, especially at the billet surface. Furthermore, the
locations where the predicted axial and hoop stress components change sign are also very close
to the measurement values. This transition is important for improving the industrial sawing
process, since it is at this point where the billet no longer pinches the saw but rather begins to

vibrate due to the release of tensile forces. The observed deviations in hoop and axial stresses
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near the surface are thought to be caused by non-symmetric cooling conditions during casting,
i.e. variations in the surface roughness or the cooling-water flow rate along the circumference of
the billet or by cooling boundary conditions that are not precise enough. A second deviation
visible in Figure 7 is that the radial stress should be zero at the billet surface, yet the
experimentally determined value is slightly less than zero (-1.65 MPa). This error provides a
measure of the precision that can be obtained when making residual elastic strain measurements

using neutron measurements.

IV.2 Sensitivity Analysis

As can be seen in Figures 6 and 7, the stress/strain predictions made by the finite element model
match very well against the experimental results. To the authors’ knowledge, this is the first DC
casting process model validated with residual stress/strain experimental data along the entire
radius from the centerline to the billet’s surface. With a validated model of the DC casting
process for AA6063 billets, one can perform a sensitivity analysis to determine the relative effect
of the various mechanical parameters on residual stress formation. Two model parameters have
been investigated: the temperature at the onset of thermal contraction, and the plasticity
behavior. For the sake of simplicity, the cooling conditions in the primary and secondary zones

are kept constant together with the geometry of the billet and the casting speed.

The sensitivity of the model predictions to the start of thermal contraction has been examined by
varying the temperature Tcoa. The results are shown in Figures 8-10. For this analysis, the
fraction solid for mechanical coalescence was varied from fs = 0.88 (903 K; reference case) to

both fs = 0.95 (865 K), and to fs = 0.80 (914 K). The coalescence fraction solid describes the
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fraction solid at which the material can sustain long-range tensile stresses. Numerically, the CTE
and the Young’s modulus are directly affected, as outlined in Section Il1. The plasticity behavior
is also affected since it has been assumed that at temperatures above Tcoa, the yield stress is
assumed to be equal to the yield stress given by Eq. (3) at Tcoa. The variation of the hoop
component of the residual elastic strain is shown in Figure 8 for the three simulations, together
with the values measured by neutron diffraction. As can be seen, the change in coalescence
fraction solid has only a moderate effect on the final elastic strains; all three simulations compare
well again the experimental data near the centerline of the billet while the comparison is weaker
near the billet’s surface. The corresponding hoop stresses are plotted in Figure 9, where it
appears that varying the coalescence point has a remarkably small influence on this stress
component. Note that the predictions of the radial and axial residual stress components for the

three different coalescence fraction solid are even more similar than the hoop component.

Although as shown in Figures 8 and 9, the coalescence fraction solid has little effect on the final
residual stress state, it does have an effect on the accumulation of plastic strain during the casting
process. Figure 10 shows the cooling curve for a node located in the steady-state regime (at the
centerline of the billet, and mid-way along its height), as well as the evolution in the hoop
component of the plastic strain (Figure 10a) and the hoop component of stress (Figure 10b) at
this node. What is most interesting here is that while the stress curves for the three different cases
are nearly identical, the plastic strain curves are not. In fact, the largest compressive plastic strain
is accumulated for the simulation when fscoa = 0.88 (-1.4 %), while the two other cases with fs coal
= 0.80 and 0.95 accumulate approximately 8% less plastic strain. The majority of the strain is
accumulated at high temperatures, during the initial cooling. This result demonstrates that while

the residual stresses are not sensitive to the coalescence point or the temperature at the onset of
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thermal contraction, this parameter remains important for defects that form during the casting

process itself, such as hot tearing, cold cracking, and as-cast porosity.

In order to examine the influence of the plasticity behavior on residual stress predictions, the
results from two other simulations have been analyzed. In the first simulation, the strain rate
dependency has been removed, resulting in a pure strain hardening model for plasticity
behaviour. Numerically, only the stress-strain curves from Eq. (3) for case with a strain rate of
10 st at all temperatures were input into the model. In the second simulation, the strain
hardening was eliminated by fixing the strain to 0.001 in Eq. (3), and hence a pure visco-plastic
model is obtained. The computed stress distributions for the pure strain hardening model are
presented in Figure 11 together with the measured values. As can be seen, the computed stresses
do not differ much from the computational results obtained with the full rheological model using

the parameters of Figure 4 and presented in Figure 7.

On the other hand, when strain hardening is eliminated above the yield point, the computed
residual stresses are much lower than the measured values as shown in Figure 12. At the billet
centre, the three stress components are three times lower when compared to the values obtained
using the full model or even the strain-hardening model of Figure 11. This result comes from the
fact that using a pure visco-plastic model at all temperatures reduces drastically the flow stress of

the material during the simulation.

Based on Figures 8-12, it is clear that the residual stresses in the as-cast billet are mainly affected
by the mechanical properties of the alloy at low temperatures. In other word, using a strain

hardening model and ignoring rate dependency at all temperatures is sufficient when computing
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the as-cast residual stresses. This result is consistent with both the findings of Bru et al. B4 who
showed that the residual stresses in welding are mainly affected by the low-temperature
mechanical properties as well as the findings of Dye et al. %, who examined residual stresses in
quenched Ni-based super alloys. In both previous studies, the material investigated was
quenched during cooling in order to achieve the desired final mechanical properties. The DC
casting process, with spray-water cooling on the sides for heat withdrawal can also be considered
as a quenching process. Although the residual stresses are mainly a product of the low-
temperature mechanical behaviour, the bulk distortions (pull-in, butt curl, etc) that occur due to
plastic deformation and thermal contraction, will be mainly affected by the high-temperature

mechanical behaviour including the coalescence point.

V Conclusions

A series of radial, hoop, and axial residual elastic strain values, experimentally measured on an
aluminum alloy AA6063 grain-refined cylindrical billet using neutron diffraction, have been
used to validate a thermo-mechanical that simulates the Direct Chill casting process. The
corresponding residual stresses indicate that while the billet centre is in high tri-axial tension, the
billet skin is in bi-axial compression owing to the skin-core effect. These stresses are similar to
the stress state encountered in quenching and welding.
Using this validated model, the sensitivity of residual stress predictions to input material
properties (elastic modulus, coefficient of thermal expansion, and mechanical behaviour) was
then investigated. This analysis has shown that:

1. The elimination of strain hardening has a much larger influence on the residual stress

predictions as compared to the elimination of the strain rate effects. Hence, it is the
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alloy’s low-temperature mechanical properties that are key for accurate prediction of
residual stresses associated with DC casting.

2. The temperature at the onset of thermal contraction has little influence on the final stress
distribution within the billet.

3. The temperature at the onset of thermal contraction has a significant effect on the
accumulation of plastic strain during the casting process, which will impact the initiation
of three common DC casting defects: hot tearing, cold cracking, and as-cast billet
distortions.

These conclusions might not hold for other aluminum alloys, geometries or casting recipes

especially if hot tears or cold cracks appear.
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V1l Figures

Figure 1: The configuration and associated beam pathway for radial (left), hoop (centre) and
axial (right) strain measurements. Thin lines represent the direction of the diffracting planes

whereas double arrows represent the direction of the strain components.
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Figure 2: The evolution in volume fraction solid with temperature for the AA6063 alloy %31,
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Figure 3: Young’s modulus (left scale) and coefficient of thermal expansion (right scale) versus

temperature for the AA6063 alloy 1242,
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Figure 4: Temperature variation of the consistency, K, and exponents, n and m for the AA6063

alloy in the as-cast state [242°],
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Figure 5: Temperature field within the billet after 1000 s (just prior to the start of cool-down,
and the stress fields: radial, axial and hoop after 4600 s (cool-down is complete).
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Figure 6: Comparison between computed and measured residual elastic strain components. The
experimental axial strain at the billet centre was extrapolated from the other data points, and is

thus represented by an open circle.
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Figure 7: Comparison between residual stress components computed using the FE model, and

those computed using the residual elastic strain measurements in combination with Hooke’s Law
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Figure 8: Effect of coalescence temperature on the hoop elastic strain distribution computed

using the FE model. The residual stresses obtained from the ND experiments are also provided.
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Figure 9: Effect of coalescence temperature on the hoop stress distribution computed using the

FE model. The residual stresses obtained from the ND experiments are also provided.
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Figure 10: Simulated (a) evolution in temperature and hoop plastic strain and (b) evolution in

temperature and hoop stress for a point on the billet centerline, mid-way along its length.
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Figure 11: Comparison between the residual stress predictions computed by the FE model using

a pure strain-hardening model and the values obtained from the ND experiments.
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Figure 12: Comparison between the residual stress predictions computed by the FE model using

a pure visco-plastic model and the values obtained from the ND experiments.
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