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The anisotropic material behaviour of a recrystallized AA2198 Al-Cu-Li alloy in T3 and T8 conditions
was assessed by proportional loading of uniaxial-tension specimens in rolling (L), transverse (T) and
diagonal (D) orientations. The width and longitudinal strains were measured to quantify plastic anisotropy.
Notched-tension samples were tested in L and T directions. The material showed weak anisotropy in
terms of stress strain curves and a moderate plastic anisotropy, consistent with its texture obtained by
EBSD. An anisotropic Bron-Besson type material model was identified using this data base and a micro
shear-only (SO) test. The model succeeded in predicting the behaviour of micro specimens for proportional
tension-only (TO) loading and non-proportional load path changes including ‘shear to tension’ (ST) as well
as ‘tension to shear’ (TS) tests. The non-proportional loading was achieved using a newly designed cross
shaped sample. It was loaded in one direction, unloaded and subsequently loaded in the orthogonal
direction till fracture. The average stretch to fracture of both alloys measured by a four point frame optical
extensometer decreased by 29 % and 16 % for T3 and T8 respectively for the ‘shear to tension’ experiment
compared to the proportional TO experiment. The average stretch to fracture of ‘tension to shear’ tests
was reduced by 10 % for 2198T3 and hardly reduced for 2198T8 compared to the stretch to fracture of the
SO tests, but subject to strong scatter. FE simulations showed local accumulated strain to fracture values
that were similar for all loading histories for the T8 condition (0.73 − 0.84). Lower strain to fracture values
were found in T3 condition (0.45 − 0.73), despite the enhanced macroscopic ductility in tension. This
was attributed to larger less localized plastic zones, especially for the ST test. The ductility scatter was
attributed to necking and damage development in tension that can affect strain localization, associated
fracture path and ductility, as observed by DIC and fractography.

Keywords: Al-Cu-Li alloy, plastic anisotropy, characterization, non-proportional load path change, ductile fracture

1 Introduction
Aluminium alloys have been widely used and their performance has been improved to meet the
demands in aerospace industry for a long time (Ehrström and Warner 2000; Warner 2006). The
latest Al-Cu-Li alloys are increasingly used for their high specific strength and excellent damage
tolerance. The third generation of Al-Cu-Li alloys (i.e. 2198, 2098 and 2050) have successfully
balanced the toughness and strength after optimizing the Cu/Li ratio. While partly sacrificing
the advantage of Li addition, which is the increase in modulus and the decrease in density, it
led to an increase in strength potential and thermal stability (Warner 2006). Among this third
generation, 2198 Al-Cu-Li alloy exhibits a good combination of static tensile properties, damage
tolerance, formability and good properties after friction stir welding (Chen 2011; Le-Jolu et al.
2010). AA2198 in various heat treatment conditions has been studied in (Deschamps et al. 2013;
Nayan et al. 2019) and an anisotropic plastic behaviour has been found (Chen 2011; Nayan et al.
2019). This anisotropy is particularly strong for the fibrous material (Chen et al. 2011).
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Ductile fracture at high stress triaxiality (i.e. above 1) has been widely studied over the
last decades and the governing damage mechanisms have been identified as void nucleation-
growth-coalescence (Pineau et al. 2016). More recent studies have focused on the fracture at low
stress triaxiality and complex relationships between strain to fracture and stress triaxiality have
been found by (Bao and Wierzbicki 2004). Phenomenological models have been applied and
attempted to fit the experimental behaviour in terms of strain, stress triaxiality and the Lode
parameter (Bao and Wierzbicki 2004). However, strain to fracture is an ambiguous definition and
difficult to measure especially in regions where strains are highly localized, not to mention the
strain definition during complex non-proportional load path changes.

Mechanisms under proportional loading at low stress triaxiality are not as clear as at high
stress triaxiality yet. By using the void cell simulation in continuum micromechanics framework
for dilatant plasticity, Torki and Benzerga (2018) investigated the process of void-mediated failure
inside a shear band and captured the essential features of sub-cell deformation: a. void-induced
strain localization; b. void rotation; c. void elongation. Gross and Ravi-Chandar (2016) performed
a shear experiment via in situ scanning electron microscope on a sheet specimen of Aluminum
alloy 6061-T6. Second phase particles on the free surface were seen to break, debond or rotate
and pre-existig voids were suspected to have a minimal influence on the deformation of this
material under shear. No severe damage and/or failure were found on the surface region of nearly
zero triaxiality even the local strain reached up to 1.

With the aim of studying the damage evolution inside the bulk of the material during complex
load path changes, advanced techniques as three-dimensional (3D) synchrotron imaging are
necessary to perform in situ experiments. 3D synchrotron laminography is suited to image
the regions of interest in flat samples (Helfen et al. 2012). In order to achieve high resolution
observation, samples need to be miniaturized with dimensions of the regions of interest in the
order of 1 mm3. Roth et al. (2018) investigated the interior damage mechanism of a ‘smiley’ shear
specimen via in situ laminography of a dual phase steel. Tancogne-Dejean et al. (2021) analysed
the same specimen geometry for a 2024 alloy with the same technique. They both observed the
void nucleation on intermetallic particles, rotation and growth. The debonding or failure of the
brittle particles was normal to maximum principal stress direction.

Concerning small samples, there is a doubt if the limited grain number in miniaturized
sample is still able to guarantee the homogeneous mechanical fields and good repeatability of the
macroscopic sample behavior. Gorji et al. (2021) performed different uniaxial tension, notched
tension, central hole and in plane shear tests on a steel alloy for both 2 mm thick macro-samples
and the miniaturized 0.1 mm thickness micro-samples. They found that the plasticity obtained
from micro-samples matched the one from conventional macro-samples but failure strain slightly
reduced in the miniaturized samples due to the deleterious effect of surface roughness that is
substantial for the micro-samples.

Most engineering structures, especially thin sheet, usually undergo load path changes during
manufacturing and/or forming followed by in service loading. Xavier et al. (2015) found that
non-proportional strain paths of an interstitial steel sheet showed significantly smaller limit strains
than the proportional path based on the values from the forming limit curve. The macroscopic
effect of pre-load has been investigated for some complex load path change experiments. In order
to achieve load path change experiments, some research groups conducted the pre-straining of the
raw sheet and then the specimens were cut from the deformed sheet as virgin ones before turning
to the second loading (Tarigopula et al. 2009; Abedini et al. 2018; Madi et al. 2020). Tarigopula
et al. (2009) conducted the uniaxial tension pre-strainings to 1 %, 4 % and 8 % on raw sheet of dual
phase steel and shear specimens were machined from the deformed region then they were tested
till fracture. At the macroscale, the deformation at fracture under shear only decreased for the 8 %
pre-strained samples: the macroscopic strain to fracture was reduced by about 30 % compared to
the tests without pre-loading. The effects of the 2 %, 4 % to 6 % pre-strainings were studied using
tensile bars for a high-strength steel (Madi et al. 2020). They found a decrease in both ductility
and toughness with increasing prestrains. The ductillity can decrease pronouncedly even with
only 2 % pre-straining. Abedini et al. (2018) performed shear tests after uniaxial and bi-axial
preloadings using a Mg alloy ZEK100 and they found that the global displacement at fracture for
both prestrain conditions decreased by around 20 % compared to proportional shear tests. Other
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groups designed special geometries for the load path change (Papasidero et al. 2015; Gerke et al.
2019; Brünig et al. 2021). Papasidero et al. (2015) applied torsion-tension test on an axisymmetric
tube specimen of AA2024 T351. Macroscopically, the global displacement to fracture of tension
tests conducted after pre-torsion was reduced by 10 % compared to the proportional tension test.
Remarkably, the global rotation to fracture in torsion tests conducted after pre-tension loading
decreased nearly by 30 % compared to the proportional torsion test. Gerke et al. (2019) designed a
suitable cruciform X0-specimen on Aluminum alloy 6082 T6. The different stress states and
load paths were achieved by controlling the ratio of bi-axial displacements. Brünig et al. (2021)
investigated the complex shear and tension load path changes using an H shaped geometry made
of the same 6082 T6 Aluminum alloy. Non-proportional loadings including different extents of
shear pre-straining followed by tension and different tension pre-strainings followed by shear
were conducted. A remarkable displacement reduction was found due to pre-straining. The
higher the pre-strain was, the higher the reduction in ductility. However, the knowledge on
damage mechanism under non-proportional load path change was not clearly identified by only
observing fracture surfaces.

The present work has several objectives:
• To characterize the plastic behavior including the plastic anisotropy of the material in two
different heat treatment conditions.

• To design a suitable miniaturized sample geometry for a ‘shear to tension’ or ‘tension to shear’
load path change in an in situ imaging environment for another study (Kong et al. 2022).

• To study the effect of sample miniaturization on test repeatability.
• To identify the effect of a load path change on ductility.
• To fit a macroscopic anisotropic plasticity model using proportional loading tests and assess its
predictive capabilities for non-proportional loading and associated mechanical fields under these
conditions.

In this paper, the material microstructure is characterized first in terms of grain size and
texture, as well as particle and void content. The strain measurement using an optical extensometer
is detailed. The anisotropic material model is shortly recalled and the parameter identification
procedure explained. In terms of mechanical test results, the microhardness profile through the
sample thickness are given and stress strain curves for different loading directions of smooth
and notched samples are then gathered for the two heat treatment conditions. The results of
repeated testing of small samples for proportional shear loading or tension loading are shown.
They are then compared to ‘shear to tension’ or ‘tension to shear’ load path change results. The
non-proportional tests use a specially designed cross shaped sample. Strain fields before fracture
obtained by DIC and FE simulations as well as fractography are given. In the modelling part of
the paper, the anisotropic plasticity model is first identified using the database of the smooth and
notched tensile samples and the small shear sample. The identified model is used to predict the
stress-stretch responses for the non-proportional loading paths. The results are subsequently
discussed.

2 Materials and methods

2.1 Materials and microstructures
AA2198 was developed by Constellium. The alloy has a slightly lower copper content compared
to AA2098 and also has some other minor chemistry adaptations (Ag, Zr,...) to optimize toughness.
Table 1 gives the chemical composition limits for AA2198 alloy. In this work, two different

Cu Li Zn Mn Mg Zr Si Ag Fe
wt.% 2.9 − 3.5 0.8 − 1.1 ⩽ 0.35 ⩽ 0.5 0.25 − 0.8 0.04 − 0.18 ⩽ 0.08 0.1 − 0.5 ⩽ 0.01

Table 1 Nominal chemical composition limits of 2198 alloy (wt %).

tempers of recrystallized AA2198 aluminum-copper-lithium alloy sheets with a nominal thickness
of 2 mm were supplied by Constellium. The two different heat treatment conditions (T351 for
naturally aged and T851 for artificially aged) are studied. They are referred to as ‘R’ (recrystallized
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materials). The alloys are obtained by cold rolling followed by industrial finishing treatment:
solution heat treatment, water quench, stretch and either naturally aging (T351 condition), or
artificial aging to obtain T851 temper. The materials will be referred to as 2198T3R and 2198T8R.
In the following, the rolling direction is noted as L, the long transverse direction as T and short
transverse direction (thickness direction) as S, whereas D stands for the diagonal direction (45°
between L and T in the sheet plane).

Micrographs of grain structure were obtained from electron back-scatter diffraction (EBSD)
analysis in a FEI Nova nanosem 450FEG with the EDAX-TSL Hikari camera using a step size of
0.5 µm and an acceleration voltage of 15 kV. A representative grain structure for 2198T8R is
shown in Figure 1 (a). Large pancake shaped grains can be found in the L-T plane. The grain size

(a) (b) (c)

Figure 1 (a) Inverse pole figure indicating the 3D grain structure of 2198T8R sheet material via EBSD (the crystal
orientations are given with respect to the normal of each plane), (b) Pole figure of 2198T8R and (c) 2D
section of 2198T8R from high resolution 3D X-ray laminography in the L-T plane.

was measured by using a mean linear intercept method on EBSD data as 82 µm in L, 80 µm in T
and 20 µm in S directions. A moderate texture is found in the inverse pole figure Figure 1 (b).
This moderate texture is consistent with the moderate anisotropic plasticity for this material as
will be seen in the following. 2D sections from Synchrotron Radiation Computed Laminography
(SRCL, Helfen et al. (2005)), which was performed at European Synchrotron Radiation Facility
(ESRF) ID19, for the undeformed material 2198T8R is shown in Figure 1 (c) where the matrix
appears in grey and intermetallic particles in white. The voxel size was 0.72 µm. The mean
intermetallics content is 0.34 % and the initial porosity is very limited (less than 0.04 %) compared
to other aerospace aluminium alloys (Morgeneyer et al. 2009; Tancogne-Dejean et al. 2021).

2.2 Mechanical testing

A series of experiments was performed to characterize the mechanical behavior of both alloys
(2198T3R and 2198T8R). Specimens were designed for different stress states varying from low
triaxiality to more elevated levels of triaxiality and from proportional to non-proportional
loadings.

2.2.1 Specimen geometries: macro and micro specimens

All specimens were manufactured from 2 mm thick raw sheet by the means of electrical discharge
machining (EDM). Macro specimens of 2 mm thickness including (a) uniaxial-tension (UT), (b)
notched-tension samples (NT2) with a notch of 2 mm radius were designed for proportional
loadings at elevated triaxiality in Figure 2. The UT samples were loaded in L, T and D directions
and the NT sample in L and T direction. A series of 1 mm thick micro specimens were tested to
generate a shear state shear inspired by Roth and Mohr (2018) including (c) shear-only (SO) loaded
in L direction, (d) tension-only (TO) loaded in T direction and (e) cruciform sample geometry
were especially designed for non-proportional loadings: ‘shear to tension’ (ST) or ‘tension to
shear’ (TS), see Table 2. The original geometry was miniaturized to be able to image the region of
interest at micrometric spatial resolution by 3D Synchrotron laminography imaging (Morgeneyer
et al. 2021). The vertical and horizontal offset of the region between both notches in Figure 2 (f)
have been calculated and optimized by finite element simulations. The offset is necessary to keep
the triaxiality levels around the notches small and to let the sample fail from the shear zone. The
idea of the present work is to load the sample also in the direction normal to the shear ligament
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Figure 2 Macro specimen geometries with 2 mm thickness: (a) Uniaxial-tension (UT), (b) Notched-tension (NT2)
and micro specimen geometries with 1 mm thickness: (c) Shear-tension cruciform for non-proportional
loadings, (d) Shear-only (SO), (e) Tension-only (TO) samples and (f) the detailed geometry of the region of
interest (ROI).

Specimen Cross head velocity (µm/min) Loading directions
Uniaxial-tension (UT) 384 L, T and D
Notched-tension (NT2) 200 L and T
Shear-only (SO) 300 L
Tension-only (TO) 300 T
Cross sample 300 shear in L, tension in T

Table 2 Macro and micro specimen loading conditions.

to achieve a load path change. It should be noted that due to the shift of the notches the tensile
loading state may be slightly different to the one obtained by classical notched tensile samples
with aligned notches: Some local shear loading may be induced during tension due the offset of
the notches. This will be measured by the four-point extensometer as explained in the following.

2.2.2 Loading machine setup

All mechanical tests were carried out at room temperature. Macro tension tests (UT and NT2)
were conducted on a servo-hydraulic testing machine. Classical extensometers were used to
measure gauge length change both in longitudinal and width directions for UT at strain rate
of 10−4 s−1. Notch opening displacements on both the left and the right side were measured
for NT2 specimens and the cross head velocity was set as 200 µm/min. Micro specimen tests
including proportional loadings (SO, TO) and non-proportional loadings (ST, TS) were performed
on a dedicated electromechanical loading device for in situ laminography testing with 5 kN load
cell (ME-Meßsysteme KD40s, Morgeneyer et al. (2021)) in Figure 3, where cross heads pulled or
unloaded at a speed of 5 µm s−1 during both loading and unloading, see Table 2.

Figure 3 Experimental set up: 1⃝ Flat sample on 2⃝ Loading
machine. Optics: 6⃝ camera 4⃝ telecentric lens and
3⃝ light source. The signal of load cell is connected
to 5⃝ signal conditioner.
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2.2.3 Optics setup for strain measurement for micro specimens

In order to measure deformation in the region of interest (ROI) of the complex micro specimens
and to avoid being influenced by machine elastic deformation, an optical setup was used to
measure the deformation in the region of interest by an optical flow technique (digital image
correlation, DIC). In addition, the measurement was used to compare the experiments with finite
element simulations. A fine random speckle pattern was deposited by airbrush on the micro
specimen surface to measure the displacement fields. The average speckle size was about 15 µm
and can be seen in Figure 4 (a). Surface images were continuously captured at a frequency of
2 Hz. The detector size is 2048 × 2048 pixels (Basler acA2040 25g) with optic lens (SILL TZM
0420/3.0-C telecentric lens) resulting in a physical pixel size around 1.87 × 1.87 µm. Based on the
commercial software 𝑣𝑖𝑐2𝐷 − 6 (Correlated Solutions), the displacement field was measured with
subset size set as 55 pixels (102 µm) and step size as five pixels (9 µm). The Hencky strain field
was obtained with filter size of 15.

Macro measurement Instead of utilising the local displacement of two points as traditional
extensometer for uniaxial tensile experiments, a 4-point-frame optical extensometer, shown in
Figure 4 was introduced to measure tension stretch in both vertical and horizontal directions as
well as the shear angle in the ROI and to obtain an average macro measurement in the reference
frame. The same 4-point-frame measurement was applied in numerical simulations to compare to

(a) (b) (c) (d)

Figure 4 4-point-frame optical extensometer on (a) reference and (b) deformed images for image correlation and the
same 4-point-frame is chosen in (c) initial and (d) deformed steps from finite element model to compare
experiment with the simulation. The shown displacement field was calculated by VIC2D locally.

experiments.
The relative displacement was obtained from the correlation results of optical images at each

step. The displacement field was generated using bi-linear interpolation functions corresponding
to the four selected material points. The region of interest is mainly under simple shear state,
according to the specific geometry, when vertical shear load is applied. The deformation gradient
𝐹𝑖 𝑗 is the derivative of the deformed configuration position vector 𝑥𝑖 with respect to the reference
configuration position vector 𝑋 𝑗 (Belytschko et al. 2000). In order to remove the rigid body
rotation term, R can be written by polar decomposition as the product of a rotation tensor R and
a symmetric right stretch tensor U:

𝐹𝑖 𝑗 =
𝜕𝑥𝑖
𝜕𝑋 𝑗

= 𝑅𝑖𝑘 ·𝑈𝑘 𝑗 . (1)

Tension stretch 𝑈11 and the absolute value of shear stretch 𝑈12 were chosen as the tension and
shear local measurements respectively:

U =

[
𝑈11 𝑈12
𝑈12 𝑈22

]
. (2)

Accumulated equivalent strain measurement Damage is accumulated during the complex
non-proportional loading path. It is thus important to define an accumulated strain to estimate
the strain to fracture under complex loading paths. The logarithmic strain (Hencky strain or true
strain) provides the correct measurement of the final strain when deformation takes place in a
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series of increments, taking into account the influence of the strain path and is defined as

𝛆 =
1
2 log (F⊤ · F). (3)

Onaka (Onaka 2010; Onaka 2012) confirmed that the measure is appropriate especially for large
simple shear strain. During the load path change, the equivalent strain needs to be cumulative to
estimate an effective strain. The work-conjugate equivalent strain was defined in terms of the
adopted constitutive model (Abedini et al. 2018). Butcher and Abedini (2017) pointed out that the
difference between the work-conjugate strain and the accumulated equivalent strain is negligible
when strain is less than 0.8. The present work aims to compare the experimental results from
DIC with the FEA ones and offer an appropriate measure during complex load path change. The
equivalent strain is defined as

εcum =
∫ √︂

2
3𝑑𝛆 : 𝑑𝛆. (4)

However, the information in thickness direction lacks in the 2D image correlation. The third
component ε𝐼 𝐼 𝐼 is computed assuming plastic incompressibility ε𝐼 + ε𝐼 𝐼 + ε𝐼 𝐼 𝐼 = 0, where ε𝐼 , ε𝐼 𝐼 ,
ε𝐼 𝐼 𝐼 are the eigenstrains. Hence, the accumulated equivalent strain increment is calculated as

Δε2𝑑
cum =

√︂
2
3 (Δε

2
𝐼 + Δε2

𝐼 𝐼 + Δε2
𝐼 𝐼 𝐼 ) =

2√
3

√︃
Δε2

𝐼 + Δε2
𝐼 𝐼 + Δε𝐼Δε𝐼 𝐼 . (5)

2.3 Numerical simulation
The finite element method was applied to fit an anisotropic plasticity model and predict the stress
response under different non-proportional load paths. The macro UT samples were meshed as
single element of the quadratic hexahedral element (c3d8). Due to geometry symmetry, an eighth
of macro NT2 sample was meshed, while half thickness of the micro sample series was meshed.
Micro specimens were meshed using tetrahedra elements (10 nodes and 4 Gauss points), whereas
macro specimens were meshed with hexahedral elements (20 nodes and 8 Gauss points). For
computation efficiency in model calibration, the coarse mesh size is 200 µm. After the model was
optimized, the fine mesh size varied from 30 µm to 100 µm illustrated in Figure 4 (c-d). Due to
the geometry symmetry in thickness direction, only half sample was meshed (0.5 mm) with 17
elements in this direction. For brevity, the mesh convergence study on stretch-stress from 200 µm
down to 10 µm is shown in Appendices A. A mixed displacement-pressure updated Lagrangian
formulation was applied for the tetraedral element (c3d10) to account for large plastic strain and
incompressibility especially for the micro specimen series (Al Akhrass et al. 2014; Taylor 2000).
All simulations are performed using the finite element software Z-set (Besson and Foerch 1997).

2.3.1 Anisotropic model

The material under study presents an anisotropic plastic behaviour that cannot be represented
by a simple quadratic yield surface such as the one proposed in (Hill 1950) as this model is
unable to satisfactorily describe yield anisotropy and Lankford coefficients simultaneously in all
directions. To overcome this difficulty, the yield function proposed by Bron and Besson (2004)
was used in this work. This phenomenological yield function was developed to represent the
plastic anisotropy of the aluminum alloy. It is an extension of the functions given in (Barlat
et al. 1991; Karafillis and Boyce 1993). Plastic anisotropy is represented by 12 parameters in the
form of two fourth order symmetric tensors. Four other parameters influence the shape of the
yield surface uniformly. The model is based on the definition of an equivalent stress function
𝜎 = (𝛼1𝜎

𝑎
1 + 𝛼2𝜎

𝑎
2 )1/𝑎 of the stress tensor 𝝈 with 𝛼2 = 1 − 𝛼1 where

𝜎𝑎1 =
1
2 ( |𝑆

2
1 − 𝑆3

1 |𝑎 + |𝑆3
1 − 𝑆1

1 |𝑎 + |𝑆1
1 − 𝑆2

1 |𝑎), (6)

𝜎𝑎2 =
3𝑎

2𝑎 + 2 ( |𝑆
1
2 |𝑎 + |𝑆2

2 |𝑎 + |𝑆3
2 |𝑎) . (7)
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Above, 𝑆1
1 , 𝑆2

1 and 𝑆3
1 (resp. 𝑆1

2 , 𝑆2
2 and 𝑆3

2) are the eigenvalues of a modified stress deviator
s1 = L1 : 𝝈 (resp. s2 = L2 : 𝝈 ) where the fourth order tensors L1,2 have the following form using
Voigt notation:

L𝑘 =
1
3

©«

𝑐LL
𝑘

+ 𝑐SS
𝑘

−𝑐SS
𝑘

−𝑐LL
𝑘

0 0 0
−𝑐SS

𝑘
𝑐SS
𝑘

+ 𝑐TT
𝑘

−𝑐TT
𝑘

0 0 0
−𝑐LL

𝑘
−𝑐TT

𝑘
𝑐TT
𝑘

+ 𝑐LL
𝑘

0 0 0
0 0 0 3𝑐TL

𝑘
0 0

0 0 0 0 3𝑐LS
𝑘

0
0 0 0 0 0 3𝑐ST

𝑘

ª®®®®®®®®®®¬
. (8)

The yield surface is expressed as Φ = 𝜎 − 𝑅(𝑝) where 𝑅(𝑝) corresponds to the flow stress
expressed as a function of the accumulated plastic strain 𝑝 , that is

𝑅(𝑝) = 𝑅0 +𝑄1(1 − 𝑒−𝑏1𝑝) +𝑄2(1 − 𝑒−𝑏2𝑝) . (9)

Parameter 𝑅0 is set to the normalised yielding stress in rolling direction (L) for each material.
𝑄1, 𝑏1, 𝑄2 and 𝑏2 are four parameters that mainly control hardening. Plastic anisotropy is only
controlled by 12 components in L𝑘 (four parameters 𝑐LS1,2, 𝑐ST1,2 are set to 1). 𝑎 and 𝛼1 influence the
shape of yield surface.

2.3.2 Strategy for parameter identification and model prediction

The identification of the various material parameters including five hardening parameters and 10
anisotropic parameters was performed using different experimental data. Macro uniaxial-tension
(UT) tests in L, T and D loadings, notched-tension (NT2) tests in L, T loadings and micro
shear-only (SO) test in L loading were chosen to calibrate hardening and the anisotropy model.
The identified model is used to predict the micro tension-only (TO) and two non-proportional
loadings ‘shear to tension’ (ST) as well as ‘tension to shear’ (TS) in comparison with experimental
results.

Step 1 – Optimization of macro UT tests For the optimization of the computation time,
single element calculations were carried out to calibrate with uniaxial-tension (UT) tests. Young’s
modulus 𝐸 was set as 74 GPa and the Poisson’s ratio was set to 0.3. First, the plastic hardening
parameters (𝑅0, 𝑄1, 𝑏1, 𝑄2 and 𝑏2), the anisotropic parameters (12 components 𝑐𝑘𝑖 in Lk) and yield
surface parameter, 𝑎 (𝛼1 was set to 0.5), under uniaxial-tension state along L, T and D directions
were adjusted. Ranges of permitted parameter values were chosen. Besides, four parameters 𝑐LS1,2,
𝑐ST1,2 are set to 1 as the yield function is optimized for thin sheets. The nominal stress 𝐹/𝑆0 and
width reduction Δ𝑊 /𝑊0 versus engineering strain Δ𝐿/𝐿0 in loading direction are chosen to
calibrate the parameters on experimental results.

Step 2 – Optimization of macro NT2 and micro SO tests This step aimed at optimizing
parameters to fit plasticity for different stress states and higher levels of strain: higher stress
triaxiality of notched-tension (NT2) and nearly zero stress triaxiality of shear-only (SO) tests. To
achieve this aim, two 3D calculations simulations were added to the optimization to calibrate
the parameters on experimental results. Starting from the parameters obtained from step 1,
all parameters are calibrated again with comparison between nominal stress 𝐹/𝑆0 and notch
opening displacement (NOD) for NT2, shear stretch 𝑈12 for SO. In addition, these tests allow to
identify the material hardening at more elevated strain levels.

Step 3 – Prediction on micro TO and non-proportional tests The parameters obtained
from step 2 are applied to predict the other loading conditions on micro specimens including
tension-only (TO) and particularly non-proportional loadings: ‘shear to tension’ (ST) and ‘tension
to shear’ (TS). These predictions using optimized parameters are compared with experimental
results in terms of nominal stress 𝐹/𝑆0 versus shear stretch𝑈12 or tension stretch𝑈11.
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3 Results

3.1 Mechanical testing results

3.1.1 Vickers hardness test results

The hardness of the 2 mm thick sheets (2198T3R and 2198T8R) was identified by an automatic
hardness tester HZ30-4 (Presi). The force (0.1 kgf) with Vickers indenter was applied along two
different lines through the sheet thickness (S). The testing points were distributed along two
columns with 50 µm distance to avoid the effect of previous indent as illustrated in Figure 5 (b).
The vickers hardness (Hv) profile along the thickness direction is shown in Figure 5 (a). Artificially
aged alloy 2198T8R exhibited a higher hardness (average 164 Hv) than naturally ageing alloy
2198T3R (average 119 Hv). For each alloy, an obvious hardness reduction of 10 % near the middle
thickness of raw sheets was found.
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Figure 5 Micro hardness test: (a) Vicker’s hardness profiles of average value through the thickness direction and
(b) Position of the testing points along two lines.

3.1.2 Proportional loading experiments

Proportional loading results including those of macro specimens of (a) uniaxial-tension (UT) in L,
T, and D directions, (b) notched-tension (NT2) in L and T directions as well as micro specimens
of (c) shear-only (SO) in L direction and (d) tension-only (TO) in T direction are presented in
Figure 6 for 2198T3R and Figure 7 for 2198T8R respectively.

2198T3R Figure 6 (a) shows the experimental curves in terms of the nominal stress 𝐹/𝑆0 and
width reduction Δ𝑊 as a function of engineering strain Δ𝐿/𝐿0 for macro UT tests in L, T and D
directions. The curve of nominal stress versus notch opening displacement (NOD) is exhibited in
(b) for macro NT2 specimens in L and T directions. The maximum nominal stress of macro UT
and NT2 reached 382 MPa and 402 MPa, respectively. A moderate plastic anisotropy is found
for this alloy. The width reduction was indeed about −0.3 times the longitudinal strain and
thereby different from the value for the isotropic case which would be −0.5, as indicated in
form of a dotted line in Figure 6 (a). The yield stress in L-loading is slightly higher, which can
be explained by the pre-straining in rolling direction (L) during manufacturing. The nominal
stress versus shear stretch of micro specimens SO and tension stretch of TO are presented in
Figure 6 (c-d) respectively. The maximum stress levels of SO and TO are 260 MPa and 394 MPa.
Repeated testing results are shown for the small samples to investigate repeatability in terms of
plasticity and stretch to fracture. The scatter in shear stretch to fracture𝑈 SO

12 was low and ranged
from 0.124 to 0.125 and the tension stretch to fracture𝑈 TO

11 varied from 1.180 to 1.195. The grey
zone indicates the scatter range from minimum to maximum found values.

2198T8R The tests for artificially aged alloy 2198T8R in the same layout as Figure 6 are shown
in Figure 7. The maximum nominal stress level of macro specimens UT is 497 MPa and NT2
is 540 MPa. 2198T8R exhibits a higher stress level but less ductility than naturally aged alloy
2198T3R. The same moderate plasticity anisotropy is seen as well. The width reduction was
also about −0.3 times the longitudinal strain. For micro specimens of 2198T8R in Figure 7 (c-d),
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Figure 6 2198T3R proportional loading experimental results: (a) uniaxial-tension (UT), (b) notched-tension (NT2),
(c) shear-only (SO) and (d) tension-only (TO). In (a) and (b), three symbols represent three loading
orientations respectively. Repeated testing results are shown for SO and TO samples.

the maximum nominal stress of SO and TO are 322 MPa and 512 MPa respectively. The shear
stretch to fracture scatter of SO (𝑈 SO

12 ) was low and ranged from 0.132 to 0.137 and the tension
stretch to fracture of TO (𝑈 TO

11 ) ranged from 1.105 to 1.130 shown by the scatter bar (grey) for
repeated testing. For the TO test an increased scatter in ductility was found compared to the T3
condition. This might be linked to the higher stress levels that might lead to a stronger sensitivity
to microstructure governed damage nucleation. As the samples are small, they may or not contain
numerous particle clusters or weak grain boundaries (Rousselier et al. 2017), which may make
them prone to the influence of statistics and may have an effect on the macroscopic ductility
scatter.

Between two heat treatments of the alloy T3R and T8R, obvious ductility reductions were
seen in macro UT ((Δ𝐿/𝐿0) 𝑓T3R = 0.16 versus (Δ𝐿/𝐿0) 𝑓T8R = 0.08), NT2 (NOD𝑓

T3R = 1.0 versus
NOD𝑓

T8R = 0.5) experiment as well as the micro TO (𝑈 𝑓 −𝑇 3𝑅
11 = 1.19 versus 𝑈 𝑓 −𝑇 8𝑅

11 = 1.12)
experiment. The artificially aged alloy T8R presents a higher stress level than natural ageing one
T3R, which probably is one of the causes of the ductility reduction. Interestingly, the ductility of
micro SO test remains close and even stretch to fracture of T3R (𝑈 𝑓 −𝑇 3𝑅

12 = 1.124) is less than
that of T8R (𝑈 𝑓 −𝑇 8𝑅

12 = 1.135). The fact that the ductility in shear is so similar between the two
heat treatment conditions could be explained by the shear sample geometry that is designed to
localize strain in a shear band from the beginning of the test onward. This is different compared
to the larger, more homogeneous plastic zone of other sample geometries that may benefit
form hardening in the T3 condition and lead to bigger plastic zones and associated macroscopic
ductility in T3 condition. Another reason for the similar ductility in T3 and T8 condition in shear
could be the relatively low stress levels achieved in shear compared to tensile stress states that
may lead to less damage nucleation (Petit et al. 2019).

The macroscopic material behaviour is summarized for both heat treatment conditions in
Table 3 in terms of yield stress, UTS, engineering strain at the end of uniform elongation and
Lankford coefficient. The Lankford coefficient is defined as ratio of the true thickness strain over
the true sample width strain: 𝐿𝑘 = 𝜖width/𝜖thickness. The thickness strain was obtained by the
assumption of incompressibility.
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Figure 7 2198T8R proportional loading experimental results: (a) uniaxial-tension (UT), (b) notched-tension (NT2),
(c) shear-only (SO) and (d) tension-only (TO). Here three different symbols represent three loading
orientations respectively. Repeated testing results are shown for SO and TO samples.

2198T3R 2198T8R
YS UTS YS/UTS UE 𝐿𝑘 YS UTS YS/UTS UE 𝐿𝑘

L 290 389 0.745 18.0 0.49 476 504 0.944 7.3 0.48
T 258 386 0.668 18.3 0.50 441 497 0.887 8.7 0.50
D 257 380 0.676 22.1 0.52 435 490 0.888 9.0 0.52

Table 3 Room temperature tensile properties of tested materials (2198T3R and 2198T8R) along L, T and D directions.
(YS: yield strength for 0.2 % plastic strain (MPa), UTS: ultimate tensile strength (MPa), UE: uniform
elongation (%), 𝐿𝑘 : Lankford coefficient for a plastic deformation of 5 %.

3.1.3 Non-proportional tests

Two different types of non-proportional load path change tests on micro cross specimens were
performed by loading, unloading and turning the sample by 90°: shear loading in L direction
followed by tension loading in T called ‘shear to tension’ (ST) test and tension loading in T
followed by shear loading in L called ‘tension to shear’ (TS) tests are presented in Figure 8 for
2198T3R and Figure 9 for 2198T8R respectively.

2198T3R The curves in terms of nominal stress versus (a) shear stretch 𝑈12 and (b) tension
stretch 𝑈11 from two loading periods of ‘shear to tension’ (ST) are presented in Figure 8. The
cross specimen was loaded to around 𝑈12 = 0.06, which was half of monotonic SO shear stretch
to fracture (𝑈12 = 0.124). Subsequently, it was unloaded before applying tension loading till
fracture. The four initial points were tracked to measure stretch via an optical extensometer
during different loading paths, see Section 2.2.3. The shear part of the ST-test showed a similar
curve as the monotonic SO test that is also plotted for comparison. The nominal stress of tension
after shear reached 450 MPa, and the stress at yielding is higher than for the proportional test
due to the hardening during the shear loading. In addition, the tension stretch𝑈11 started with
an initial shift of 0.025 on the tension curve as there was a slight tension stretch during shear
loading. The tension stretch to fracture of the ‘shear to tension’ tests ranged from 1.122 to 1.143
with an average value𝑈 ST

11 = 1.130, which was reduced by 30 % compared to the average stretch
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Figure 8 2198T3R non-proportional loading experimental results: (a) shear period and (b) tension period of ‘shear to
tension’ (ST) loadings, (c) tension period and (d) shear period of ‘tension to shear’ (TS) loadings.

to fracture value of TO tests 𝑈 TO
11 = 1.185. This reduction would be even higher if the initial

tension stretch shift during shear loading was not taken into account. The curves of the ‘tension
to shear’ (TS) load path change are shown in Figure 8 (c) and (d). The specimen was loaded in
tension first till 𝑈11 = 1.11 then unloaded, and it was loaded in shear till fracture. The nominal
stress versus tension stretch𝑈11 and shear stretch𝑈12 are shown in (c-d) respectively. During the
tension period in (c), the stress level of non proportional load TS was very repeatable compared
to the proportional TO dashed curve in black. The specimens were unloaded at near maximum
stress level around 400 MPa. When the samples were turned and loaded in shear, see (d), the
stress level decreased to 220 MPa mainly due to thickness reduction effect during tension loading.
The initial offset of shear stretch is due to the shear stretch induced during tension loading. This
is mainly due to the fact that the two notches are not aligned. A large scatter zone (blue) of shear
stretch to fracture 𝑈 TS

12 was found and ranged from 0.1 to 0.126, whose maximum value was close
to the monotonic SO shear stretch to fracture 𝑈 SO

12 scatter. The average value of stretch to fracure
in shear was reduced by about 10 % compared to the average stretch to fracture value for the
monotonic test. The pre-tension test thereby seems less detrimental than the pre-shear test.

2198T8R The same two types of non proportional loadings are presented in Figure 9 for for
2198T8R. (a) Shear period and (b) tension period of stress – stretch curves for ‘shear to tension’
(ST) are shown. The specimens were loaded in shear loading in L to𝑈12 = 0.06− 0.08 for repeated
tests and then unloaded. Tension loading in T was applied again till failure. Maximum stress
levels reached 600 MPa on tension loading after shear loading, which is higher than that of
monotonic TO test (512 MPa). The strain to fracture of ST varied from 1.084 to 1.105 while the
scatter of TO ranged from 1.105 to 1.130. The average value of stretch to fracture for the ST test
was 1.098, which represents a reduction of around 16 % compared to the average value of stretch
to fracture for TO (1.117). Here if the tension stretch shift in pre-shear loading was neglected, the
reduction would be even higher.

The results of the ‘tension to shear’ load path change (TS) are shown in Figure 9 (c-d). The

Journal of Theoretical, Computational and Applied Mechanics

��
March 2023

��
jtcam.episciences.org 12

��
31

https://jtcam.episciences.org


Kong et al. Plasticity and ductility of anisotropic AA2198 recrystallized in T3 and T8 condition: simulations and experiments

Shear to tension

0 0.05 0.1 0.15
0

200

400

600 D
uctility

scatter

(a)

Shear stretch𝑈12

St
re
ss

𝐹
/𝑆

0
(M

Pa
)

EXP SO4(L)
EXP ST4(L)
EXP ST5(L)
EXP ST6(L)

1 1.02 1.04 1.06 1.08 1.1 1.12
0

200

400

600 D
uctility

scatterm
onotonic

D
uctility

scatternonproportional
(b)

Tension stretch𝑈11

St
re
ss

𝐹
/𝑆

0
(M

Pa
)

EXP TO6(T)
EXP ST4(T)
EXP ST5(T)
EXP ST6(T)

Tension to shear

1 1.05 1.1 1.15
0

200

400

600 D
uctility

scatter

(c)

Tension stretch𝑈11

St
re
ss

𝐹
/𝑆

0
(M

Pa
)

EXP TO6(T)
EXP TS4(T)
EXP TS5(T)
EXP TS6(T)

0 0.05 0.1 0.15
0

200

400

600 D
uctility

scatterm
onotonic

D
uctility

scatternonproportional

(d)

Shear stretch𝑈12

St
re
ss

𝐹
/𝑆

0
(M

Pa
)

EXP SO4(L)
EXP TS4(L)
EXP TS5(L)
EXP TS6(L)

Figure 9 2198T8R non-proportional loading experimental results: (a) shear period and (b) tension period of ‘shear to
tension’ (ST) loadings, (c) tension period and (d) shear period of ‘tension to shear’ (TS) loadings.

specimens were loaded in tension in T direction to 𝑈12 = 1.05 − 1.06, which is about one half of
the fracture stretch under monotonic tensile loading (TO). They were unloaded and then loaded
in shear in L direction. The maximum stress levels of shear loading after tension were 300 MPa,
which slightly decreased compared to the monotonic SO group. This stress reduction mainly
resulted from the thickness reduction effect (cross-section reduction) due to pre-tension loading.
The strain to fracture scatter (blue) of TS 𝑈 TS

12 was large and ranged from 0.117 to 0.157, see
Figure 9 (d). The average shear stretch to fracture value of the TS load path change was similar to
the average value of shear stretch to fracture of the monotonic test, but the scatter of the shear
stretch to fracture of the load path change was a lot stronger than for the monotonic test. The
origins of scatter in ductility will be discussed in more detail in Section 4.2 using fields obtained
by DIC and fractography.

The shear and tension stretch to fracture under different loading paths are gathered in Table 4
for both materials.

Proportional𝑈 TO
11 Non-proportional𝑈 ST

11 Proportional𝑈 SO
12 Non-proportional𝑈 TS

12
2198T3R 1.180 − 1.195 1.122 − 1.143 0.124 − 0.125 0.100 − 0.126
2198T8R 1.105 − 1.130 1.084 − 1.105 0.132 − 0.135 0.117 − 0.157

Table 4 Stretch to fracture under different proportional and non proportional loading conditions for the micro
specimens of both materials.

3.1.4 Fracture paths and surfaces under different loading conditions

Macroscopic fracture features include the fracture path and fracture surface. The macroscopic
fracture path can be identified as flat path or slant path through the sample thickness while the
fracture surface can be regarded as rough surface or smooth surface. The fracture paths under
different loading conditions will be shown in the following for both 2198T3R and 2198T8R. The
corresponding results for the last strain field before fracture measured by DIC are also given.
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Microscopically, different types of features are observed on the fracture surfaces. They can be
divided into four main types:

1. large dimples with sizes larger than 10 µm that are initiated at the coarse precipitates,
2. sub-micrometer dimples that are initiated at dispersoid particles down to nanometer scale,
3. typical shear feature void sheeting that consists of a cluster of sub-micrometer dimples and
4. flat regions without voids.

The fractography of four loading conditions TO, ST, SO and TS at various magnifications are
exhibited in Figure 10, Figure 11, Figure 12 and Figure 13 respectively, obtained by scanning
electron microscopy (SEM).

Two detectors are utilized: secondary electron (SE2) and backscattered (HDBSD). The first
focus on the fracture shape and more precise relative positions while the latter distinguishes the
different phases (i.e. matrix and particle). The applied detector is noted as its abbreviation in the
signal A of each image.

2198T3R Figure 14 shows the accumulated equivalent strain field at the last step both obtained
by the 3D FE simulations and also by surface DIC.

The final fracture path of broken micro specimens for four different loadings of the alloy is
also given. There is a good agreement between simulations and DIC measurement in terms of the
shape of the localized region and also its magnitude. The shapes of the notches are also well
reproduced. It can be seen in Figs (a) and (e) that some shear strain is induced during proportional
tension loading. Two tension fracture paths of 2198T3R are seen in Figure 14 (b) tension-only
(TO) and (d) ‘shear to tension’ (ST). The proportional loading failed with a flat crack through the
thickness. However in the sheet plane (L-T plane) the crack had an angle of 110° and superposed
well with the strain field before failure. In contrast, the crack was slant through the thickness for
the ST sample as can be seen in Figure 11 (a). In other words, there is a clear change in fracture
plane due to pre-shear. The accumulated equivalent strain level reached only less than 0.45 for
both tension fracture groups, but it should be noted that the maximum strain typically occurs at
middle thickness of specimen, as known from FE simulations.

The shear fracture planes of 2198T3R are exhibited in Figure 14 for (f) shear-only (SO) and (h)
‘tension to shear’ (TS). The fracture paths were oriented parallel to shear loads and located at the
maximum strain regions for both shear loading conditions in (e) SO and (g) TS. The strain field of
the SO test was highly localized up to a magnitude of 0.8 while the field of TS has a wider shear
band with maximum value as 0.6 due to the deformed notch from tension preloading. As FE
results showed, the strain field of proportional loading SO slightly varied along the thickness
direction but the maximum strain region of the non-proportional loading TS is situated in the
middle plane due to the pre-tension straining. Figure 12 (a) and Figure 13 (a) show the smoother
shear fracture surfaces than tension fractures.

Figure 10 (b) exhibits the macroscopic rough fracture surface for the proportional loading
TO. Large dimples of size up to 20 µm are shown in (c), which are linked to the intermetallic
particles. Broken particles and particle decohesions from the matrix are also found. Locally
sub-micrometer dimple features are observed as well in (d). Figure 11 presents the SEM images of
non-proportional loading ST. A relatively smooth surface and grain-shaped steps are shown in
Figure 11 (a). On the microscopic scale, the steps of grain-shaped features are shown at higher
magnification in (c-d), and these could correspond to the cracks during the pre-shear loading.
Some dimples with medium size 1 µm are found and part of them is considered to be initiated on
the grain boundaries.

SEM fracture surface images of two loadings that end with shear are shown in Figure 12 of
shear-only (SO) and Figure 13 of ‘tension to shear’ (TS). Both fracture surfaces under proportional
SO and non-proportional TS are macroscopically smooth. On the microscopic scale, the elongated
dimple cluster is oriented normal to the loading direction in Figure 12 (d). The presence of
dispersoids, supposedly Al3Zr (Nayan et al. 2019), less than 100 nm in diameter are probably the
initiation sites of these ductile dimples. For the non-proportional group TS, a flat crack-like
feature of 100 µm in length is observed at mid-thickness and it is suspected as the damage from
tension pre-loading in Figure 13 (b). The rest area of the fracture surface is closer to the shear
damage mechanism as proportional SO loading with void sheeting. Some intermetallic particles
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(a)

(b)

(c) (d)

Figure 10 Fractography via scanning electron microscopy (SEM) of 2198T3R under tension-only (TO): (a-b) Macro-
scopic rough fracture surface with (c) large dimple that initiated to the intermetallic particles and
(d) medium dimples with size down to 2 µm, some of which probably initiated to the grain boundaries.

(a)

(b)

(c) (d)

Figure 11 Fractography via scanning electron microscopy (SEM) of 2198T3R under ‘shear to tension’ (ST):
(a) Macrosopic slant fracture path in T-S plane and relative smooth fracture surface, microscopic
fracture features like (b) large dimples and (c-d) grain-shaped steps with medium dimples.
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(a)

(b)

(c) (d)

Figure 12 Fractography via scanning electron microscopy (SEM) of 2198T3R under shear-only (SO): (a) Macroscopic
smooth fracture surface, (b-c) Flat fracture surface and (d) Elongated ductile dimple cluster that initiated
on the dispersoids.

(a)

(b)

(c) (d)

Figure 13 Fractography via scanning electron microscopy (SEM) of 2198T3R under ‘tension to shear’ (TS): (a) Macro-
scopic smooth fracture surface, (b) A flat crack-like feature is observed near middle thickness plane,
(c) Intermetallic particles are elongated, broken and decohered, (d) Deformed intermetallic particles,
medium dimples features including the void sheeting shear feature.
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(a) (b) (c) (d)

Tension-only (TO) Shear to tension (ST) Shear-only (SO) Tension to shear (TS)

(e) () (g) (h)

(i) (j) (k) (l)

Figure 14 2198T3R: (a-d) accumulated equivalent strain on the surface before fracture obtained by 3D FE simulations
(e-h) accumulated equivalent strain fields from DIC at last step before fracture and (i-l) Fracture path of
proportional tension-only (TO), non-proportional ‘shear to tension’ (ST), proportional shear-only (SO) and
non-proportional ‘tension to shear’ (TS) loadings.

are elongated and decohered as shown in (c-d).

2198T8R The same layout of accumulated equivalent strain field of last step before fracture
and fracture path of 2198T8R are presented in Figure 15. Fracture paths match well with their
maximum strain locations as 2198T3R. Similar to the global tension stretch reduction, the local
strain level on surface of 2198T8R shows lower strain values as well than the material in T3R
condition. It shows a lower strain value around 0.40 compared to 0.45 of 2198T3R in TO. For
shear dominated cracks shear-only (SO) and ‘tension to shear’ (TS), the cracks are oriented
parallel to the loading direction as shown in T3R. For the sake of brevity, the fractography of
2198T8R result is given in Appendix B. Conclusions are similar to those of T3R condition.

3.2 Identification of material parameters and optimization

Based on the strategy detailed in Section 2.3.2, the model accounting for plastic anisotropy was
identified by using calibrations with proportional loadings macro uniaxial-tension (UT) in L, T
and D directions, notched-tension (NT2) in L,T tests and micro test shear-only (SO) in L. The
five optimized hardening parameters are given in Table 5 and the ten anisotropic parameters
are shown in Table 6 for each material. The fits of numerical simulations using the optimized
parameters with experimental results are given in Figure 16 for 2198T3R and Figure 17 for
2198T8R.

The macro UT stress-strain curves of experiment (point) and simulations (full line) in three

Material 𝑅0 𝑄1 𝑏1 𝑄2 𝑏2
2198T3R 217.2 18.370 578.855 166.561 10.909
2198T8R 450 41.645 749.659 98.278 25.551

Table 5 Optimized parameters for plasticity hardening.
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(a) (b) (c) (d)

Tension-only (TO) Shear to tension (ST) Shear-only (SO) Tension to shear (TS)

(e) () (g) (h)

(i) (j) (k) (l)

Figure 15 2198T8R: (a-d) Accumulated equivalent strain on the surface before fracture obtained by 3D FE simulations,
(e-h) Accumulated equivalent strain fields from DIC at last step before fracture, (i-l) Fracture path of
proportional tension-only (TO), non-proportional ‘shear to tension’ (ST), proportional shear-only (SO) and
non-proportional ‘tension to shear’ (TS) loadings.

Material 𝑎 𝛼1 𝑐TT1 /𝑐TT2 𝑐LL1 /𝑐LL2 𝑐SS1 /𝑐SS2 𝑐TL1 /𝑐TL2 𝑐LS1 /𝑐LS2 𝑐ST1 /𝑐ST2
2198T3R 6.160 0.5 1.084/0.767 1.058/0.790 0.702/0.853 0.901/0.712 1/1 1/1
2198T8R 15.9 0.5 1.192/0.720 1.219/0.772 0.867/1.343 1.070/1.155 1/1 1/1

Table 6 Optimized parameters for plasticity anisotropy.

directions were fitted and exhibited in Figure 16 (a). The macro NT2 stress versus displacement
curves in L, T are presented in (b). Plasticity model simulations fit well with experimental results.
The micro SO stress – shear stretch curve from simulation agreed well with one representative
experimental test in (c) despite a small mismatch near yield point. The width reduction is also
well fitted.

The same tests and numerical results as above are shown in Figure 17 for 2198T8R. There are
good agreements in (a) macro UT and (c) micro SO tests between numerical and experimental
results. Less than 2 % stress difference is found in NT2 in both L, T directions is found in (c),
which is due to the less weight set in macro NT2 tests than in UT tests during the optimization of
plasticity parameters.

3.3 Prediction results of tension only and non-proportional loadings

The model with optimized parameters was used to simulate the small specimens under tension-
only (TO) and non-proportional loadings including ‘shear to tension’ (ST) and ‘tension to shear’
(TS) to predict and compare with the experimental results in Figure 18 for 2198T3R and Figure 19
for 2198T8R.

2198T3R predictions (full line) not only fit well the TO experimental result (dashed line), but
also in both loading periods of non proportional loadings ST and TS in Figure 18. In Figure 19 (d)
the nominal stress drop at the very end of the shear load is not predicted correctly. This can be
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Figure 16 2198T3R calibrated FE simulation results (full line) with experimental groups: (a) uniaxial-tension (UT),
(b) notched-tension (NT2), and (c) shear-only (SO).
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Figure 17 2198T8R calibrated FE simulation results (full line) with experimental groups: (a) uniaxial-tension (UT),
(b) notched-tension (NT2) and (c) shear-only (SO).

explained by the fact that some damage development may occur in the experiment at high strains
which is not accounted for in the simulation.

On the other hand, a good agreement between predictions and experiments is obtained
as well for 2198T8R in Figure 19 except 2.4 % maximum stress over-prediction in micro TO
compared to the average experimental data. Consider that the model is identified using macro
tension tests (UT and NT2), experimental result of micro TO can be effected by specimen size. It
is believed that the mechanical fields predicted by the 3D FE simulation can be used to interpret
future in situ testing results in terms of strain, stresses and, in particular, stress triaxiality.

3.4 Local accumulated strain to fracture
In previous sections, the stretch to fracture was investigated. This corresponded to a rather
macroscopic measurement on the sample scale in analogy to measurements with extensometers
for more standard samples. The purpose of this section is to investigate the local accumulated
strain to fracture found in simulations at the point when failure occurred in the experiment.
The difficulty in determining the fracture location lies in the fact the the points of maximum
strain are not necessarily the failure locations as they may have experienced plastic deformation
under compression. This is particularly true for points in the notch during shear. Here points of
maximum strain that did not undergo compression were chosen. Figure 20 shows the accumulated
strain at fracture fields for the T3 and the T8 conditions at mid-thickness. The fracture point in
simulations was chosen as the average stretch to fracture found in experiments. Zooms of the
notch region are also shown and the location in which the strain to fracture was determined are
highlighted. For the tension dominated loading paths (TO and ST), the locations are typically
closer to the notch root, whereas for the shear dominated loading paths, the locations are further
away from the notch and on the shear band. The region of elevated strain levels are larger for the
T3 condition than for the T8 condition which is attributed to the stronger work hardening of the
T3 condition. Despite of the enhanced macroscopic ductility of the T3 material in tension, the
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Figure 18 2198T3R optimised FE prediction results (full line) with experimental groups: (a) shear period and
(b) tension period of ‘shear to tension’ (ST) loadings, (c) tension period and (d) shear period of ‘tension to
shear’ (TS) loadings.

local strain to fracture values are lower, which can be explained by the larger plastic zones and
the more homogeneously distributed plastic strain for the T3 condition.

Figure 21 shows the evolution of accumulated strain at the fracture location as a function of
stress triaxiality (a) for the T3 condition and (b) for the T8 condition for all loading histories.
For the T3 condition, similar strain to fracture values are found for the SO, TS and TO samples
(0.57 − 0.73). Stress triaxiality is close to zero for the shear part and in the order of 0.5 for the
tension part. The strain to fracture is surprisingly even higher for the TO samples than for the SO
sample. For the ST experiment a low strain to fracture value of 0.45 was found. This is attributed
to the fact the a large plastic zone is developed and that the high strain regions shifts from
the shear zone closer to the notch root. For the T8 condition, higher local strain to fracture
values can be found than for the T3 condition, which is consistent with the more localized strain
distribution. Similar strain to fracture values can be found for all loading paths ranging from 0.73
to 0.84 for T8. Seen the result of the SO and TO sample, the effect of stress triaxiality on strain to
fracture seems very limited for this material. The ST sample yields the highest strain to fracture
for the T8 material whereas it achieved the lowest value for the T3 material. This is due to the
large plastic zone for the T3 condition compared to the T8 condition.

In summary, the local strain to fracture values show different insight compared to the
macroscopic ductility. The T3 material does not appear more deformable on the local scale than
the T8 material. This may explain the similar stretch to fracture values for the shear sample for
the T3 and T8 condition. Here, a very localized shear region is generated due to the sample
geometry. In contrast, for the tension dominated test, a larger plastic zone develops for the T3
condition and the test yields higher macroscopic stretch values than the T8 condition while the
local strain to fracture is similar or even lower compared to the T8 material.
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Figure 19 2198T8R optimized FE prediction results (full line) with experimental groups: (a) shear period and
(b) tension period of ‘shear to tension’ (ST) loadings, (c) tension period and (d) shear period of ‘tension to
shear’ (TS) loadings.

4 Discussion

4.1 Suitability of the plasticity model for load path change

The constitutive model with Bron-Besson anisotropic yield condition succeeded in predicting the
mechanical behaviors of two alloys for non proportional load path change tests. In this model,
flow stress only contains the isotropic hardening part not kinematic part although Deschamps
et al. (2013) found a Bauschinger effect (tension – compression) for a similar alloy provided as a
6 mm thick sheet. In the present work, shear and tension loadings do not reach the compression
yielding point. In addition, the data base lacks compression data to optimize since buckling
often occurs for thin sheet specimen under compression. Due to the lack of compression data
and the fact that at the chosen strain levels no Bauschinger effect was seen, the present model
identification is considered as suitable to predict mechanical fields during the load path changes
that can then be used to interpret the strain and damage seen in in situ laminography tests (Kong
et al. 2022).

4.2 Load path change effect on ductility

Compared to proportional loading tension-only (TO) loading, an obvious reduction of ductility is
found for non-proportional ‘shear to tension’ (ST) for both materials. The average stretch to
fracture of non-proportional ST reduced 29 % and 16 % for the alloy in T3R and T8R condition
respectively compared to the proportional TO test result. Brünig et al. (2021) also found 33 %
displacement reduction from experimental results between tension-only and shear (45 % failure
displacement of shear only)-followed-by-tension based on an H-shaped cross sample in aluminium
alloy 6082T6. These reductions suggest that pre-shear loading might nucleate damage before
tension, which can be identified from in situ experiments (Kong et al. 2022). In addition, pre-shear
loadings harden the material and lead to a higher yield stress, which also could be the cause of
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Figure 20 (a-d) Accumulated equivalent strain fields on the middle-thick plane for 2198T3R under proportional
tension-only (TO), ’shear-to-tension’ (ST), shear-only (SO) and ’tension-to-shear’ (TS) loadings. (e-h)
Accumulated equivalent strain fields on the middle-thickness plane for 2198T8R under TO, ST, SO and TS
loadings. The fracture points to estimate strain to fracture are indicated by the black arrow and red circle.
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Figure 21 Evolution of local accumulated equivalent strain versus stress triaxiality of the selected fracture points
under different loading paths for (a) 2198T3R and (b) 2198T8R.

ductility reduction if brittle damage nucleation processes are at play (Petit et al. 2019).
On the other hand, for two loadings that end with shear: shear-only (SO) and ‘tension to shear’

(TS), the reduction varies from 0 % to 20 % strongly as a function of the extent of pre-tension
loading. Two TS tests (TS2, TS3) were chosen to discuss here: TS2 and TS3 were loaded in tension
till different levels of tension stretch: 𝑈𝑇𝑆2

11 = 1.05 and𝑈𝑇𝑆3
11 = 1.06, see Figure 8 (c), and then they

were loaded in shear till failure at 𝑈𝑇𝑆2
12 = 0.126 and 𝑈𝑇𝑆3

12 = 0.109 in Figure 8 (d). The stress
level of TS is lower than that of proportional SO because of the thickness reduction during the
pre-tension period. The local accumulated equivalent strain fields on pre-tension end of both
tests are shown in Figure 22 (a)(d). The highly strained region of test TS3, that was more loaded
in pre-tension than TS2, is larger than that of TS2. It means that the higher pre-loading in tension
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Figure 22 2198T3R accumulated equivalent strain fields of (a)(d) tension end and (b)(e) shear end periods from two
tension-followed-by-tension (TS) tests TS2, TS3 and their (c-f) fracture paths.

resulted in more detrimental effect on stretch to fracture. The strain fields show two shear bands
with different width at (b) shear end before fracture in Figure 22. The maximum strain level
reached 0.80 on surface of TS2, whose values (both shear stretch and local strain level) are close
to proportional shear-only (SO) test. On the other hand, the test with higher pre-load (TS3)
generated a wider shear band with lower maximum strain around 0.60 on specimen surface. It
is suspected that strain is less localized but more widely distributed in shear band due to the
deformed geometry of two notches. In pre-tension load in Figure 8 (c), the TS2 was loaded to the
maximum stress while the TS3 was loaded after maximum stress point. The force drop in the
latter TS3 is likely to be linked to the necking effect. Brünig et al. (2021) found a strong scatter as
well (from 0 % to 47 %) for ‘tension to shear’ load path change experiments using a H-shaped
cross sample. This ductility reduction sensitively relies on the applied pre-tension extent and the
subsequent local thickness reduction effect.

4.3 Specimen size effect

In this study, the model with optimized parameters using the macro-test dataset succeeded
in predicting the experimental results of micro 1 mm thickness samples except micro TO of
2198T8R with 2.4 % maximal stress over-prediction. In order to discuss this conclusion, a 2×
magnified tension-only (TO) specimen with 2 mm thickness was manufactured and tested. The
stress level of macro TO specimen coincided with the numerical prediction shown in Figure 23.
The numerical simulations give a same stress – stretch curves for both dimensions. The slight
stress drop could be explained by the limited number of grains in the ligament or by lower
hardness in the middle plane for micro TO sample. On the other hand, the strain to fracture of
macro TO was well within the range of micro TO ductility scatter. The identification is proved
to be specimen size independent. Gorji et al. (2021) compared specimens with a size ratio of
20:1 with thickness 2 mm and 100 µm, and they found that the plasticity obtained from micro
experiments matched those obtained from conventional macro experiments whereas the ductility
was slightly reduced in micro experiments. They declared the differences are small within the
range of uncertainty and concluded that the model identified on micro-experiments validates the
results of conventional macro-experiments.
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Figure 23 2198T8R Nominal stress-tension
stretch curves of tension only (TO)
specimens with scaled macro 2 mm
thickness and micro 1 mm
thickness.
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5 Conclusion

The microstructure of the material was characterized in terms of grain size, texture and particle
as well as void volume fraction.

Concerning the mechanical testing of the material in T3 and T8 heat treatment conditions, the
following conclusions can be drawn:

• Uniaxial tensile tests were performed on the full thickness (2 mm) samples in L, T and diagonal
directions and in L and T directions for notched tensile samples.

• The material in both heat treatment conditions showed a moderate anisotropy, particularly in the
width reduction during tensile testing.

• A small 1 mm thick cross shaped sample was designed to be able to perform ‘shear to tension’ or
‘tension to shear’ load path changes in a 3D in situ imaging environment for another study (Kong
et al. 2022). The loading was first performed in one direction followed by unloading and rotation
of the sample by 90° and reloading up to fracture.

• A four point optical extensometer based on DIC was defined to measure stretch in tension
and shear. The aim was to be unaffected of any rigid body rotations and to synchronize the
experiment with 3D finite element simulations.

• Shear, tension as well as ‘shear to tension’ and ‘tension to shear’ experiments were carried out
using the small samples.

• As expected, the yield strength of the T8 condition was about twice the one of the T3 condition.
The ductility during tensile testing and notched tensile testing was about half for the T8 condition
compared to the T3 condition. Interestingly, the shear-stretch to fracture measured during shear
experiments was very similar for both materials.

• The ‘shear to tension’ load path change led to a reduction of tension stretch at fracture of 29 %
and 16 % for T3 and T8 respectively.

• The ‘tension to shear’ load patch change did not lead to a significant reduction in shear stretch to
fracture but increased substantially the scatter in shear stretch to fracture for both heat treatment
conditions.

• The fracture plane of the ‘shear to tension’ load path change sample was slant though the sample
thickness and the crack was straight in the sample plane, indicating the pre-shear affected the
failure mode as it was different from the one of the TO sample.

• Fractography revealed micrometre sized dimples for the tension loading, grain related flat zones
and very small shear dimples linked to dispersoid particles under shear loading.

Concerning the simulations using the anisotropic finite element model and isotropic hardening,
the conclusions are:

• The model was fitted using data obtained on the uniaxial tensile and notched tensile samples
loaded in different directions as well as the small shear sample. A good fit is obtained in terms of
stress train curves as well as in terms of width strains for the uniaxial tension samples.

• The load patch changes are predicted using the model with identified parameters. A good
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prediction of the stress-stretch curves was achieved and it is assumed that the predicted mechanical
fields give a good estimate of the reality.

• The local accumulated strain to fracture values were attained in different regions close to the
notch for the different loading paths.

• For the T8 condition, similar local strain to fracture values were found for all loading paths
(0.73 − 0.84).

• For the T3 condition lower local strain to fracture values were found (0.45 − 0.73), despite
the enhanced macroscopic ductility. This was attributed to larger plastic zones and more
homogeneously deformed ligaments. This led to a low strain to fracture value for the ST test
(0.45).

The damage development during load patch changes should be investigated in more detail
by 3D imaging to identify the role of damage on ductility reduction during the load path
changes (Kong et al. 2022).

Journal of Theoretical, Computational and Applied Mechanics

��
March 2023

��
jtcam.episciences.org 25

��
31

https://jtcam.episciences.org


Kong et al. Plasticity and ductility of anisotropic AA2198 recrystallized in T3 and T8 condition: simulations and experiments

Appendices

A Mesh convergence
Mesh convergence analysis was conducted on shear-only (SO), tension-only (TO) and ‘shear
to tension’ (ST) simulations with element size varying from 10 µm to 200 µm. The curves of
engineering stress versus stretch are exhibited in Figure A.1 (a-d). The force error stands for the
difference between the actual stress and the reference stress 𝐹10 from the fine mesh 10 µm on the
chosen points (𝑈12 = 0.08,𝑈11 = 1.11). The error versus element length is shown in Figure A.1 (e).
It is concluded that simulations have been converged with the element size down to 50 µm since
the error is less than 0.2 %.

Figure A.1 Nominal stress versus stretch curves from
simulations in 2198T8R for various mesh
sizes, from 10 µm to 200 µm under (a)
shear-only (SO), (b) tension-only (TO) as
well as (c) shear period and (d) tension
period of non-proportional ‘shear to
tension’ (ST). (e) Mesh convergence.
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B Fractography of 2198T8R
The fractography of four loading conditions TO, ST, SO and TS at various magnifications are
exhibited in Figure B.2(a), Figure B.2(b), Figure B.3(a) and Figure B.3(b) via SEM. The features are
similar as described for 2198T3R in Section 3.1.4.
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(a.1)

(a.2)

(a.3)

(a.4)

(a) Fractography under tension-only (TO): (a.1-2) Macroscopic rouge fracture surface with (a.3) large dimple that
initiated to the intermetallic particles and (a.4) medium dimples with broken particles.

(b.1)

ST

L

(b.2)

(b.3)

(b.4)

(b) Fractography under ‘shear to tension’ (ST): (b.1) Macroscopic slant fracture path in the T-S plane and relative
smooth fracture surface, microscopic features like (b.2) large dimple that initiated to the (b.3) intermetallic particles
and grain-shaped steps with medium dimples that initiated on the grain boundaries and (b.4) submicro dimples with
the broken intermetallic particles.

Figure B.2 Fractography via scanning electron microscopy (SEM) of 2198T8R.
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(a.1)

(a.2)

(a.3)

(a.4)

(a) Fractography under shear-only (SO): (a.1) Macroscopic smooth fracture surface, (a.2-3) flat fracture surface and (a.4)
elongated ductile dimple cluster that initiated on the dispersoids.

(b.1) (b.2)

(b.3) (b.4)

(b) Fractography under ‘tension to shear’ (TS): (b.1) Macroscopic smooth fracture surface, (b.2) shear fracture feature,
(b.3) elongated intermetallic particles and (b.4) flat-like fracture feature with void sheeting features of submicro dimple
cluster.

Figure B.3 Fractography via scanning electron microscopy (SEM) of 2198T8R.
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