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Abstract: This work investigated the feasibility of using a miniaturised non-standard tensile specimen
to predict the post-necking behaviour of the materials manufactured via a rapid alloy prototyping
(RAP) approach. The experimental work focused on the determination of the Lankford coefficients
(r-value) of dual-phase 800 (DP800) steel and the digital image correlation (DIC) for some cases, which
were used to help calibrate the damage model parameters of DP800 steel. The three-dimensional
numerical simulations focused on the influence of the size effect (aspect ratio, AR) on the post-
necking behaviour, such as the strain/stress/triaxiality evolutions, fracture angles, and necking
mode transitions. The modelling showed that although a good correlation can be found between
the predicted and experimentally observed ultimate tensile strength (UTS) and total elongation. The
standard tensile specimen with a gauge length of 80 mm exhibited a fracture angle of ∼55◦, whereas
the smaller miniaturised non-standard specimens with low ARs exhibited fractures perpendicular
to the loading direction. This shows that care must be taken when comparing the post-necking
behaviour of small-scale tensile tests, such as those completed as a part of a RAP approach, to the
post-necking behaviours of standard full-size test specimens. However, the modelling work showed
that this behaviour is well represented, demonstrating a transition between the fracture angles of
the samples between 2.5 and 5. This provides more confidence in understanding the post-necking
behaviour of small-scale tensile tests.

Keywords: dual-phase steel; aspect ratio; necking modes; fracture angle; rapid alloy prototyping

1. Introduction

Dual-phase (DP) steels are used widely in the automotive industry, and 74% of the
steels used in the field are DP grade [1]. The application of DP steels can increase passenger
safety due to their high tensile strengths, even in thin sections, and also can contribute
positively to environmental factors, such as weight, fuel consumption, and carbon foot-
print, thanks to their lightness. The first patent for dual-phase steel was filed in the USA
in 1968 [2] and achieved further development in the 1970s: it formed a new category of
high-strength low-alloy (HSLA) steels with a higher level of tensile strength that presents an
‘unusual’ good ductility [3]. Hayami and Furukawa first used the expression ‘dual-phase
steel’ to emphasise the heterogeneous microstructure, compared to the mild steels thought
to be single-phase [4]. The term ‘dual phase’ refers to the ferrite and martensite phases, and
this combination presents better mechanical properties: a higher tensile strength (enabled
by the martensite) and a higher ductility, compared to ferritic–pearlitic steel. The main
chemical elements of DP steel are C (0.06–0.15 wt%, strengthening the martensite), Mn
(1.5–3 wt%, causing solid-solution strengthening in ferrite), Cr (to retard pearlite or bainite
formation), and Si (to enhance ferrite transformation) [5]. Although more than 50 years
have passed since it was invented, researchers are still trying to optimise its chemical com-
position and thermomechanical processes to achieve better mechanical properties and push
its performance to the top-right corner of the ‘Banana (steel strength ductility) diagram’.
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Rapid alloy prototyping (RAP) provides an approach to developing and characterising
new alloy variants without the need to produce large quantities of material. Recently, big
progress has been reported to further increase the RAP speed by reducing the material to
20–140 g casts per composition with a target of 100 compositions being made and tested per
week [6]. The 20–140 g of the material requires the re-design of a miniaturised specimen as
the material is not enough to manufacture the standard bars, as shown in Figure 1.

(a) Standard (ISO-A80)   (b) Non-standard     (c) 200g RAP strip        (d) 40g RAP strip

Figure 1. (a) Standard [7] and (b) non-standard [8] tensile specimens and the strips (c,d) obtained
from the rapid alloy prototyping routine. The miniaturised non-standard tensile specimen is a better
choice due to the limited amount of rapid alloy prototyping materials.

The RAP strips were produced by the authors’ group. To investigate the validities
of the outcomes obtained from the designed miniaturised non-standard bars, tensile tests
were conducted. The yield strength, tensile strength, uniform elongation, and total/fracture
elongation can be compared directly [8]. However, the post-necking behaviour usually
cannot be easily observed. This stage is important as the degradation of the material can
result in different necking and failure modes. Therefore, the influence of the size effect on
the post-necking behaviour has attracted the researchers’ attention.

The size effect is usually represented through the aspect ratio (AR), which is the ratio
of the tensile specimen’s parallel width to its parallel thickness in most of the studies. On
the contrary, some researchers have defined the AR the other way around: the ratio of
its thickness to its width [9]. Kohyama et al. studied the size effects (AR) on the tensile
properties of austenitic stainless steel experimentally. Two types of bars, with parallel
width values of 1.2 and 2.4 mm, were manufactured. Different AR values were achieved by
varying the bars’ thickness. The results showed that the specimens’ fracture angles vary
from 55° to 90° as the AR varies from 0.1 to 0.8 [9]. Tvergaard investigated the necking
modes with different AR values through a full three-dimensional numerical analysis. This
work focused on the influence of the AR on the necking mode transition: diffuse necking
and localised necking [10]. The results indicated that the critical AR values for the necking
mode transition are between three and six. It is worth noting that, even for the large
AR dimensions, which are present in the case that localised necking is dominant, the
diffuse necking may still occur just after the stress reaches the tensile strength. It is hard to
observe as the time window is small. McClintock and Zheng studied the strips’ fracture
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angles by using cold-finished steel. The results suggested that 55° and 53° are the fracture
angles for isotropic and anisotropic materials [11]. Mikkelsen developed a non-local
continuum model, which made the post-necking behaviour become mesh independent.
The relationship between the AR and the necking mode (diffuse necking and localised
oblique necking) transitions was discussed [12]. Later, Mikkelsen studied the post-necking
behaviour for a uniaxial tensile test specimen with a rectangular cross-section based on
the developed approximate enhanced 2-D plane stress finite element model [13]. This
newly developed model has computational advantages compared to the traditional 3D
models. Mikkelsen compared the predicted results from the model to the previous ones,
as well as to the research, and they matched: the oblique localised necking mode, the two
crossed localised necking modes, and the diffuse necking mode occur at ARs = 16, 10, and 7,
respectively. Kwame studied the failure behaviour of pure titanium through the tensile test
(the tensile bars’ thickness is 1.6 mm) [14]. The results indicated that the shear stresses are
acting optimally when they are acting along a 45° to the fracture line and are concentrated
in the localised necked region before failure.

However, there is little research about the size effect on DP steel’s post-necking
behaviour, i.e., the necking mode transitions or the stress triaxiality evolution. More
importantly, determining whether the designed miniaturised non-standard tensile bars
used for RAP are representative enough to predict the mechanical properties through
the large tensile specimens, especially for the post-necking behaviour, is also the central
question of this work. This work is organised as follows: the numerical setup is introduced
in Section 2, which includes the selected materials, the simulation domain, the solver, the
mesh sensitivity test, and the boundary conditions. The experimental setup is presented in
Section 3. The experiment and the modelling results are discussed in Sections 4.1 and 4.2.
We finish with some concluding remarks.

2. Numerical Setup
2.1. Materials

Dual-phase 800 (DP800) steel was selected due to its wide application in the automotive
industry, as discussed in Section 1. The dual phases refer to the ferrite and martensite and
the typical microstructure, as shown in Figure 2.

Figure 2. Typical microstructure of DP800 steel. The ratio of martensite phase to ferrite phase is about
3:7 for DP800 steel.

The phase fraction ratio of the ferrite to the martensite was determined using image
analysis of multiple SEM images. The darker ferrite and the lighter martensite regions
were first thresholded using ‘Image J’ (version 1.53e) analysis software, and the areas of
each were measured after performing an image calibration step. The ratio of the martensite
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phase to the ferrite phase is about 3:7 for DP800 steel. The final rolled strip material was
supplied by Tata Steel. The chemical composition of DP800 is shown in Table 1.

Table 1. Chemical compositions for dual-phase 800 steel (% weight). The data were given by Tata Steel.

C Si Mn P S Ni Cu Cr

0.136 0.249 1.77 0.011 0.0027 0.018 0.024 0.558

2.2. Geometries

Five tensile specimen geometries were selected: three of them with dimensions based
on the International Organization for Standardization (ISO)’s standards of ISO 6892-1 [7]
(with gauge lengths of 80 and 50 mm: hereafter denoted as A80 and A50, respectively) and
standard ASTM E8/E8M from the American Society for Testing and Materials (ASTM) [15]
(with a gauge length of 25 mm, hereafter denoted as ASTM25). The other two geometries,
named Mini1 and Mini2, are designed miniaturised non-standard specimens, which will
be used to test small amounts of the materials obtained from the RAP routine. The gauge
lengths for Mini1 and Mini2 are 10 and 5 mm, respectively. These five tensile test specimens’
dimensions are identical to our previous research [8]. All the specimens have the same
thickness (1.2 mm) as they were manufactured from a final rolled strip from the plant. To
save time on computation, only the gauge length region was simulated, as performed by
the previous researcher [16]. The aspect ratio (AR) is defined as the ratio of the parallel
width to the parallel thickness. Detailed information related to the dimensions (simulation
domains) and the corresponding AR has been summarised in Table 2. The drawings and
photos of tensile specimens are showed in Figure 3.

ISO EN/A80

ISO EN/A50

ASTM25

Mini1

Mini2

Lt   Lc   Lo b0

a0

R

(a)                                                   (b)

Figure 3. CAD drawings (a) and photos (b) of different tensile test specimens. Lt, Lc, Lo, b0, R, and a0
denote the total length, the parallel section length, the gauge length, the original width, the shoulder
radius, and the original thickness of the test piece, respectively.
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Table 2. Tested tensile bar dimensions. Lt, Lc, Lo, b0, R, and a0 denote the total length of the test piece,
the parallel length, the gauge length, the original width of the parallel length of a flat test piece, the
shoulder radius, and the thickness of the bar, respectively. The slimness ratio (K) and the aspect ratio
(AR) are defined as Lo√

a0·b0
and b0

a0
.

Lt Lc Lo b0 R Lo/Lc Lo/b0 (Lc−2b0)/L0 a0 K AR No. of Sample
(mm) (mm) (mm) (mm) (n/a) (n/a) (n/a) (n/a) (mm) (n/a) (n/a) (n/a)

A80 260 120 80 20 25 0.67 4 1 1.2 16.33 16.7 6
A50 200 75 50 12.5 15 0.67 4 1 1.2 12.91 10.4 6
ASTM25 76 32 25 6 6 0.78 4.17 0.8 1.2 9.32 5 6
Mini1 60 12.5 10 3 3 0.8 3.33 0.65 1.2 5.27 2.5 6
Mini2 41 9 5 1.5 2 0.56 2.5 1 1.2 3.23 1.67 6

2.3. Numerical Setup

The elastic properties are defined through Young’s modulus (207 GPa) and Poisson’s
ratio (0.29). The plastic properties were defined through the proof stress and its corre-
sponding plastic strain. Both the elastic and plastic properties were calculated through
the benchmark uniaxial tensile tests. In this study, the stress strain data were estimated
through Johnson–Cook method [17]:

σ = [A + Bεn][1 + Clnε̇∗][1− T∗m], (1)

where σ and ε are the proof stress and the equivalent plastic strain, and ε̇∗ = ε̇/ε̇0 is the di-
mensionless plastic strain rate for ε̇0 = 1.0 s−1. T∗ is the homologous temperature. A, B, n, C,
and m are material constants. For this work, the tests were conducted at room temperature,
and, according to previous research [8,18], DP800 steel is not a strain rate-sensitive material
within the strain rate range of the current experiment. Therefore, Equation (1) can be
modified as follows:

σ = A + Bεn, (2)

The anisotropic behaviour was determined by the Hill48 model [19].
The Hill48 model uses the yield stress ratio (Rij) to define yield behaviour. For a thin

plate, the Rij values can be calculated through the following equations:

R11 = 1, (3)

R22 =
1√

r0
r90(1+r0)

+ r0
(1+r0)

, (4)

R33 =
1√

r0
r90(1+r0)

+ 1
(1+r0)

, (5)

R12 =

√
3(r0 + 1)r90

(2r45 + 1)(r0 + r90)
, (6)

R13 = 1, (7)

and
R23 = 1, (8)

where r0, r45, and r90 denote the R-values at 0, 45, and 90 degrees of the rolling direction.
Determination of the DP800 R-values is also one of the aims of this study, as the previous
research on DP800 R-values is limited, which may be because DP800 is not a ‘traditionally’
forming steel/alloy. The results of this part of our work are discussed in Section 4.1.

The ductile damage model was adopted to model the fracture behaviour. The detailed
theory of the ductile damage model can be referred to in the Abaqus manual [20]. Briefly,
for the ductile damage model, both the damage initiation and the evolution need to be
defined. The damage initiation was defined through the fracture stain, the triaxiality, and
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the strain rate. The criterion for damage initiation is met when the following condition
is satisfied:

wD =
∫ dε̄pl

ε̄
pl
D (η, ˙̄εpl)

= 1, (9)

where wD is a state variable that increases monotonically with plastic deformation. ε̄pl ,
ε̄

pl
D , η, and ˙̄εpl denote the equivalent plastic strain, the equivalent plastic strain at the onset

of damage, the stress triaxiality, and the equivalent plastic strain rate. For the damage
evolution, the displacement at failure, ūpl

f , needs to be defined. Due to the mesh sensitivity
around elements with reduced stiffness, a stress-displacement response is used [21]. During
the damage evolution, the effective plastic displacement, ūpl , can be defined through the
following equation:

ūpl = Lε̄pl , (10)

where L is the characteristic length of the element. In this work, a linear evolution of the
damage has been used. After ūpl

f is defined, the damage variable increases according to:

d =
ūpl

ūpl
f

. (11)

This indicates that when the effective plastic displacement reaches the value of ūpl
f , the

material stiffness will be fully degraded (d = 1). Inverse modelling was conducted to
determine the damage initiation (the values of fracture stain, the triaxiality, and the strain
rate) and evolution (the value of displacement at failure) parameters. The results of this
part of the work are discussed in Section 4.2.1.

The boundary conditions were defined as follows: one end of the GL is fixed, and a
displacement was applied through a reference point, which is coupled with the other end
of the GL. The numerical simulations were conducted by using the Abaqus/Explicit solver.
It is worth pointing out that a new advance in modelling the fracture of viscoelastic solids
has been presented recently by Thamburaja et al. [22] and Sarah et al. [23]. Compared to
the local damage criterion, the proposed non-local damage criterion showed its advantage:
the results are independent of the mesh density, element type, and orientation. The flow
curves, the force-displacement curves, and the crack propagation were also well predicted.
Additionally, mesh-independent methods, such as the extended finite element method
(XFEM), for example, were also discussed and well-reviewed by the researcher, such as
the work completed by Rege and Lemu [24]. One of the main objectives of this work is to
investigate the fracture angle variation, which depends mainly on the stress distributions.
Therefore, a traditional mesh sensitivity test was conducted because the post-necking
behaviour is sensitive to meshes in the necked region. Because it is hard to predict the
necking/fracture region, the mesh was refined all along the PW (x-axis), GL (y-axis), and
THK (z-axis) directions. Since the damage feature is not symmetrical, the full gauge length
is adopted. Four meshes were selected, and the details are presented in Table 3.

Table 3. Details of the four selected meshes. PW, GL, and THK stand for parallel width, gauge length,
and thickness of the tensile specimen, respectively.

Mesh 1 Mesh 2 Mesh 3 Mesh 4 Increasing Ratio

No. div. of PW (-) 11 21 41 81 ∼2
No. div. of GL (-) 31 61 121 241 ∼2

No. div. of THK (-) 3 5 9 17 ∼2
Total element. No. (-) 1023 6405 44,649 331,857 -

Total node. No. (-) 1536 8184 51,240 357,192 -
Error of necking strain (-) 1.87 × 10−2 1.07 × 10−2 8.02 × 10−3 0 -

Error of stress at necking strain (-) 4.22 × 10−5 3.15 × 10−6 2.73 × 10−6 0 -
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Mesh 3 was selected, ensuring good precision at a reasonable computational cost.
Figure 4 shows the mesh details and the coordinate system.

dx

dy

dz

G
au

ge
 le

ng
th

 (
G

L
)

Parallel width (PW)

Thick
ness

 (T
HK)

P
ul

li
ng

 d
ir

ec
ti

on

Figure 4. Mesh of the computation domain and definitions of the coordinate system, PW, GL, THK,
dx, dy, and dz.

Table 4 shows the detailed dx, dy, and dz values of Mesh 3 for different dimensions of
the specimens.

Table 4. In detail, specimen’s dimensions and element edges for Mesh 3.

PW dx GL dy THK dz
(mm) (mm) (mm) (mm) (mm) (mm)

A80 20 0.488 80 0.661 1.2 0.133
A50 12.5 0.305 50 0.413 1.2 0.133
ASTM25 6 0.146 25 0.207 1.2 0.133
Mini1 3 0.073 10 0.083 1.2 0.133
Mini2 2 0.049 5 0.041 1.2 0.133

3. Experiment Setup

In order to determine the yield stress ratios (Ri,j), which are used to define the anisotropic
behaviour during the simulations, tensile tests were conducted to determine the plastic strain
ratios (R-value) of DP800. Three standard tensile bars were adopted: A80, A50, and ASTM25,
respectively. The Tinius Olsen H25KS tensile machine (with a maximum applied force of
25 kN) was used to record the applied forces and to calculate stresses later on, and a video
extensometer (XSight 9MPX) was used to capture strains during the test (Figure 5).

The video extensometer records the pictures with a pre-set frequency. A post-processing
step is required to allow the program to calculate the strain distribution of each frame
whilst conducting digital image correlation (DIC) analysis. The strain rate followed the
standard [7], and the strain rates for Range 2 and 4 are 2.5 × 10−4 L/s and 6.7 × 10−3 L/s.
Range 2 is defined as the range in the plastic region from the starting yield strength to
the post-yield strength (which is a lower yield strength). Range 4 is defined as the stage
between the lower yield strength and the fracture point. Once the experiment has been
completed, the R-values are calculated using the following equation:
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r =
ln(1 + eW,Eng)

ln(1 + eW,Eng) + ln(1 + el,Eng)
, (12)

where eW,Eng, and el,Eng denote the strain along the parallel width and pulling directions.

Video Extensometer

Uniaxial Tensile Machine

Specimen

Figure 5. Tinius H25KS tensile machine and XSight 9MPX video extensometer.

4. Results and Discussion
4.1. Experimental Results

Table 5 shows the previous work (from 2007) compared to the DP800 R-values and the
measured R-values of A80, A50, and ASTM25 in the current work.

Table 5. Research compared to DP800 R-value measurement from 2007.

Lead Author Ref Dimension THK
(mm) r0 r45 r90

Walp [25] ISO-A80 1.5 0.63 - -
Cardoso [26] ∼ISO-A50 1.2 0.579 1.077 0.696
Cardoso [27] ∼ISO-A50 1.2 0.516 1.237 0.711

Beres [28] Nakajima 1 0.65 0.77 0.72
Zaman [29] Gauge length 42 cm 1 0.7 0.97 0.82

Kim [30] Gauge length 42 cm 1 0.7 0.97 0.82
Almeida [31] ∼ASTM25 - 0.955 0.978 0.897

Unlu [32] - - 0.71 0.88 0.83
Current work - ISO-A80 1.2 0.74 1.32 1.01
Current work - ISO-A50 1.2 0.75 1.14 1.03
Current work - ASTM25 1.2 0.97 1.23 0.93

The results show that the measured DP800 R-values are located within the range of
the previous research. The measured R-value trends show that r45 > r90 > r0, and this
also agrees with the previous research. The reasons for this distribution were discussed by
Tasan et al. [33]: that sharp deformation bands nucleate at ferrite grains and propagate in
the softest route within the microstructure with angles of 45–50 to the loading direction. In
this work, the average values of A80, A50, and ASTM25 for 0°, 45°, and 90° were used for
calculate the yield stress ratios of Rij in Equations (4)–(7).

4.2. Modelling Results
4.2.1. DP800 Damage Model Calibration

Since the full shape of a tensile curve is dependent on the elastic, plastic, and failure
mechanisms, the tensile parameters were optimised using an inverse modelling approach,
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during which the model parameters for hardening and damage are design variables in
the optimisation problem of minimising the error between the predicted tensile curve and
those obtained from a typical A80 test piece. This optimisation was performed using a
downhill simplex algorithm in the commercially available Isight software (version 2022),
using Abaqus as the finite element solver.

This method allowed the parameters to be found such that the simulated tensile curve
resembled the experimental curve for DP800, as shown in Figure 6.

However, upon close inspection, the onset of material failure immediately after the
UTS does not correlate well, and the results show that, for DP800 steel, it is hard to match
the uniform elongation point (UTS point), the stress strain damage curve, and the fracture
strain at the same time. This is likely due to the fact that the damage is distributed less
uniformly during tests, whereas the model assumes that damage is purely a function of
plastic strain and homogenous across the gauge section. This would be particularly evident
in dual-phase steel, such as DP800, in which failure occurs at the interface between the
ferrite and the martensite, with the latter phase being far more brittle. Figure 6 shows the
engineering stress strain curves’ comparison of the experiment (raw data in black) and
the modelling (in red) of DP800 based on the A80 dimension. The lower figure shows
that although the necking point of the modelling occurs later than that of the experiment
(18.78% and 14.5% respectively), the stress increase is 0.5% for the modelling, and the
decrease is 4.2% for the experiment during this period (a strain of two [14.5%, 18.78%]). It
is believed that this stage has little effect on post-necking behaviour.

Further validation was conducted through comparisons of the digital image correlation
(DIC) and the modelling results, as shown in Figure 7a–d and Figure 7e–h, respectively.

(a) 

(b)

Figure 6. The engineering stress strain curves comparison between the experiment (raw data in black)
and modelling (in red) of DP800 based on A80 dimension; (a): the whole range of the stress strain
curve and (b): the enlargement of Zone A.



Materials 2023, 16, 1458 10 of 18

(a) 0                (b) 15.76           (c) 18.4               (d) 19.7      

(e) 0                (f) 15.78           (g) 18.75             (h) 19.33   

Figure 7. The plastic strain distribution comparisons between the digital image correlation (a–d) and
modelling (e–h) of frames with different engineering strains based on A80 specimen. Both plastic
strain distribution and magnitude are matched.

The plastic strain was measured and calculated in the vicinity of the necking zone of
the tensile bar throughout the tensile test. The results show that, at first, the tensile bar
was deformed uniformly until the stress reached the ultimate tensile strength (UTS). The
strain then started to concentrate in the necking zone. As the test continued, the strain
concentrated along a cross-shaped structure, as shown in Figure 7e,g. After this, one of the
cross-shaped bands became saturated, and the plastic strain continued to concentrate along
the other band, which triggered the final fracture of the bar, as shown in Figure 7d,h. The
results increase confidence in the numerical simulation’s prediction.

4.2.2. AR Effect: Necking and Fracture Strains

The engineering stress strain curves for A80 (AR = 16.7), A50 (AR = 10.4), ASTM25
(AR = 5), Mini1 (AR = 2.5), and Mini2 (AR = 1.67) are shown in Figure 8.

The results show that the necking starts at a similar strain for the standard specimens
where AR ∈ [5, 16.7]. As the AR value reduces below this level, the necking starts earlier;
however, since the tensile curve is relatively flat in this region, the UTS remains similar, as
shown in Figure 9a.

As the engineering strain increases beyond this point, the stress decreases most rapidly
in the samples with the largest AR (A80 and A50). Therefore, although the onset of necking
occurs earliest in the sample with the smallest AR, the total elongation is the greatest for
this specimen, as shown in Figure 9b. This trend of the fracture strain increasing as the AR
decreases can be explained by applying Oliver’s Law [34]. This law relates the total (or
fracture) elongation to the slimness ratio and the ratio of the gauge length to the square
root of the cross-section area of the gauge section, with larger elongation values occurring
with small slimness ratios. Figure 8 shows that this increase in the total elongation is due to
an increase in the post-necking strain, as opposed to the uniform elongation.
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1 0 1 5 2 0 2 5 3 0 3 5
5 0 0

5 5 0

6 0 0

6 5 0

7 0 0

7 5 0

8 0 0

8 5 0

S t r e s s - s t r a i n  c u r v e s
 A 8 0
 A 5 0
 A S T M 2 5
 M i n i 1
 M i n i 2

N e c k i n g  p o i n t s
 A 8 0
 A 5 0
 A S T M 2 5
 M i n i 1
 M i n i 2

F r a c t u r e  p o i n t s
 A 8 0
 A 5 0
 A S T M 2 5
 M i n i 1
 M i n i 2

Str
es

s (
MP

a)

S t r a i n  %  ( m m / m m )
Figure 8. The engineering stress strain curves comparison for A80 (AR = 16.7), A50 (AR = 10.4),
ASTM25 (AR = 5), Mini1 (AR = 2.5), and Mini2 (AR = 1.67).

(a)                                                                               (b)

Figure 9. (a): AR effect on the uniform elongation and UTS. (b): AR effect on the uniform and
total elongations.

Table 6 shows the comparison between the simulation and the experiment of the
uniform elongation (eU) and the total elongation (e f ).

Table 6. The comparison between the simulation and the experiment of the uniform elongation (eU)
and the total elongation (e f ). UB and LB stand for upper and lower bounds, respectively.

eFE
U Mean eEXP

U Exp. Bounds Mean Discrepancy Bounds Discrepancy eFE
f Mean eEXP

f Exp. Bounds Mean Discrepancy Bounds Discrepancy
(n/a, %) (n/a, %) (n/a, %) (n/a, %) (n/a, %) (n/a, %) (n/a, %) (n/a, %) (n/a, %) (n/a, %)

A80 18.78 14.4 UB: 15.5 23.3 UB: 17.47 19.33 19.7 UB: 19.8 1.94 UB: 0.51
LB: 13.6 LB: 27.58 LB: 17.6 LB: 10.66

A50 18.72 14.5 UB: 14.7 22.5 UB: 21.47 19.68 20.5 UB: 20.7 4.17 UB: 0.98
LB: 13.9 LB: 25.75 LB: 17.0 LB: 17.07

ASTM25 18.72 15.1 UB: 15.9 19.3 UB: 15.05 20.72 22.7 UB: 23.4 9.56 UB: 12.93
LB: 14.1 LB: 24.68 LB: 21.3 LB: 2.8

Mini1 17.4 15.3 UB: 15.9 12.1 UB:10.92 26.9 25.8 UB: 26.5 4.09 UB: 2.71
LB: 14.9 LB: 14.37 LB: 22.4 LB: 13.18

Mini2 15.72 13.8 UB: 14.1 12.2 UB: 10.31 34.68 27.4 UB: 30.5 20.99 UB: 12.05
LB: 12.5 LB: 20.48 LB: 25.4 LB: 29.35

The results indicate that the modelling results correlate well with the experimental
values for the total elongation for all of the specimens, except for Mini2. The hardening
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and damage parameters of the model were obtained by minimising the error between the
experimental and predicted tensile curves for the A80 specimen, and, therefore, a good
correlation is expected for this sample. The modelling shows that the material parameters
predict the total elongation of the smaller specimens well, with the exception of Mini2,
which has a much smaller AR (1.67 vs. 16.7). The reason for this is that the post-necking
behaviour of the small specimen, in terms of the stress triaxiality, the accumulation of the
plastic strain, and the fracture angle, is very different from the large specimen. This is
discussed in more detail below. The discrepancy between the predicted and experimentally
obtained uniform elongation is described in detail in Section 4.2.1 and is due to how the
damage parameters are characterised.

4.2.3. AR Effect: Stress Triaxiality Evolution

Stress triaxiality, η, is defined as the ratio of the mean (hydrostatic) stress to the
effective stress and is an important parameter when considering a material fracture. The
evolution of stress triaxiality along the most necked zone varies in each tensile specimen,
as shown in Figure 10.

1 0 1 5 2 0 2 5 3 0 3 5

0 . 3 3
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Figure 10. The stress triaxiality evolution for A80 (AR = 16.7), A50 (AR = 10.4), ASTM25 (AR = 5),
Mini1 (AR = 2.5), and Mini2 (AR = 1.67).

The simulation results show that, prior to necking, the triaxiality value remains a
constant value of 1/3, as the specimens were under uniaxial tensile conditions. At the
onset of necking, the triaxiality increases in all specimens. This is due to the necked region
behaving as a small notch, which deepens as the test continues. The triaxiality initially
increases at a lower strain for the smaller specimen than the larger standard specimens. This
is due to the deformation occurring more readily on both the thickness and width directions
in the smaller specimen because of the lower aspect ratio. For the larger specimens, the
large width-to-thickness ratio creates plane strain conditions in the width direction in
which little transverse strain can occur. As the samples continue to deform, this constraint
will result in a higher hydrostatic stress (negative pressure) across the specimen’s width,
which results in the triaxiality increasing more rapidly in the larger specimens. For the
smaller samples with a low aspect ratio, deformation in both the thickness and width
directions occurs more readily, resulting in a slower increase in the hydrostatic stress and,
thus, a slower increase in the triaxiality. The differences in the deformation in the width
and thickness directions during necking for both the A80 and Mini2 specimens are shown
in Figure 11.
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4.2.4. AR Effect: Necking Modes

As previously mentioned, the aspect ratio of the specimen’s gauge section affects the
stress distribution and, hence, the accumulation of plastic strain in the necked region. These
differences can be highlighted by comparing the necked regions of the specimens with the
largest and smallest aspect ratios: A80 and Mini2, respectively.

Figure 11a shows how the equivalent plastic strain (PEEQ) evolves from the onset of
a neck through to the failure point, with intermediate regions at 50% of the post-necking
period (PNP) strain and 75% of the PNP strain. Figure 11b,c show the isolines of the evolu-
tion of specimen displacement in the width direction (x, U1) and specimen displacement in
the thickness direction (z, U3), respectively, over the same post-necking period.

(a) 

(b) 

(c) 

        18.78         19.05        19.18        19.33                         15.72                25.2                    29.98               34.68
(Necking)  (50% PNP)  (75% PNP)  (Fracutred)              (Necking)       (50% PNP)        (75% PNP)      (Fracutred)
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Figure 11. The evolutions of the equivalent plastic strain (PEEQ) (a), the x (U1) displacement (b), and
the z (U3) displacement (c) for ARs = 16.7 (A80) and =1.67 (Mini2).
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For both samples, the PEEQ becomes non-homogenous at the onset of necking, with
higher values occurring at the neck location. However, as deformation continues, the
PEEQ concentrates in bands at approx. a 57° to the applied load in the larger specimen.
These bands occur in both orientations forming a cross-shaped structure. As deformation
continues further, the strain at one of these bands becomes dominant, and eventually,
failure occurs at this angle to the applied load. In this case, localised necking is dominant,
resulting in a shear-type fracture. For the smaller tensile specimen, with an AR = 1.67, these
distinct deformation bands do not form during necking, and failure occurs perpendicular
(90°) to the loading direction. For this specimen, the necking is diffuse as deformation can
occur more readily in both the width and thickness directions, and fracture is more ductile.

4.2.5. Fracture angle

The fracture angle is defined as the angle between the loading and parallel width
directions. Figure 12 shows both the predicted and typical experimentally obtained fracture
angles for the DP800 tensile specimens with different AR values.

8 mm                                            6 mm                                   4 mm                                  2 mm                               2 mm

   

(a) A80  (AR=16.7)                      (b) A50  (10.4)                 (c) ASTM25  (5)                   (d) Mini1 (2.5)                      (e) Mini2 (1.67)

(f) A80  (AR=16.7)                      (g) A50  (10.4)                 (h) ASTM25  (5)                   (i) Mini1 (2.5)                      (j) Mini2 (1.67)

Figure 12. The fracture surfaces of DP800 tensile specimens with different AR values. The fracture
angle (the acute angle between the pulling direction and the fracture surface plane) increases as the
AR value is decreased; (a–e): experiment and (f–j): modelling.

For both the experimental and modelling results, changes in the fracture angle were
observed as the aspect ratio of the gauge length changed, with fracture angles close to
55° for specimens with a large AR and 90° for specimens with a low AR. Multiple tensile
tests were performed, resulting in a measure of the scatter for the fracture angle of the
experimental samples. For intermediate AR values, the fractures consisted of regions of
failure at a 90° to the loading direction and regions at an angle of ∼55°. This can be seen
in Figure 12.

Both the predicted and experimental fractures for this study and for previous studies
on different alloys are shown in Figure 13.
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Figure 13. Fracture angle vs. aspect ratio for different steels. For DP800, the transition AR values are
located between 10.4 and 5 for the experiment and 5 and 2.5 for the modelling. In the legend, Pham
(2018), Kohyama (1991), and Li (2016) are the references of [9,35,36], respectively.

For this figure, an average fracture angle is used for which the failure mode consists of
regions of different fracture angles, such as those observed for the A50 tensile specimen.
The range of different fracture angles observed for equivalent tensile specimens can be seen
in Figure 14.

(a) A80                                                                                       (b) A50

Figure 14. Broken A80 (a) and A50 (b) tensile specimens’ appearances. The fracture angles of the A50
bars present a large deviation.

This range of results explains the high standard deviation obtained for the experimen-
tally observed fracture angle for the A50 and A80 tensile specimens. This variability may be
due to the inhomogeneity of fracture, whereby the final fracture will be dependent on the
location of crack initiation. Additionally, the morphology of the dual-phase microstructure
may influence the location of crack initiation and, hence, the final fracture. Finally, although
the tensile specimens are aligned carefully in the tensile test machine, slight variabilities in
alignment may exist, which may affect fracture. For the specimens with a low AR (ASTM25,
Mini1, and Mini2), the fracture angles were consistently at a 90° to the loading direction.
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The experimental results indicate that the critical AR at which the mode of fracture
changes from a perpendicular fracture to an angled one, is approximately five. This value
agrees with the analytical result obtained by Hill [37]. For the modelling work, the critical
value of the AR falls in the range of 2.5–5. It is also observed that the transition in the
fracture angle for DP800 is sharp compared to the other steels, such as 10Cr-2Mo. This is
likely due to the relatively high strength of the dual-phase steel.

5. Conclusions and Future Work

This work aimed to investigate the tensile specimen size effect on the post-necking
behaviour of dual-phase 800 steel for standard tensile specimens down to miniaturised
non-standard specimens through both experiment and modelling. The main conclusions
are summarised as follows:

1. The variation in the R-value with the orientation to the loading direction followed
a similar trend as in previous studies: r45 > r90 > r0 for all standard tensile bars.
Although there was some variation between the different specimen sizes, no clear
trend was observed, and the differences were minimal. This is likely due to slight
differences in the microstructure as a result of different thermomechanical processing.

2. A good correlation could be found between the predicted and experimentally ob-
served UTS and total elongation; however, the drop in stress during the post-necking
period was difficult to capture. This is likely due to the progressive failure of the
material, which is not well captured by the model.

3. The stress triaxiality at the notch increased earliest for the specimens with the lowest
AR. The triaxiality increased later for the specimens with a larger aspect ratio (the
ratio of parallel width to thickness, AR) value, but this triaxiality then increased more
rapidly. This is due to the higher constraint of strain in the width direction for larger
ARs, which results in a higher hydrostatic stress and, hence, a higher triaxiality.

4. The fracture angle and dominant necking modes are dependent on the AR. The stan-
dard A80 test piece exhibited a fracture angle of ∼ 55◦ (localised necking dominant),
whereas smaller specimens with a low AR exhibited fractures perpendicular to the
loading direction (diffused necking dominant).

The results indicate that care must be taken when comparing the post-necking be-
haviour of small-scale tensile tests, such as those completed as part of a rapid alloy proto-
typing program, to those of standard full-size test specimens, as post-necking behaviour is
highly dependent on test piece’s AR values. The current model developed more confidence
in understanding the post-necking behaviour of small-scale tensile tests. Future work may
focus on comparing the predicted results, i.e., fracture angles, through different damage
models, such as nonlocal damage criterion.

Author Contributions: Conceptualisation, L.Z. and W.H., S.G.R.B. and N.P.L.; methodology, L.Z.,
W.H. and S.M.; software, L.Z. and W.H.; validation, L.Z., W.H. and S.M.; formal analysis, L.Z. and
W.H., S.G.R.B. and N.P.L.; investigation, L.Z., W.H. and S.M.; writing—original draft preparation, L.Z.
and W.H.; writing—review and editing, L.Z. and W.H.; funding acquisition, S.G.R.B. and N.P.L. All
authors have read and agreed to the published version of the manuscript.

Funding: Rapid Alloy Prototyping Prosperity Partnership project (EP/S005218/1—ACCELERATING
ALLOY DEVELOPMENT THROUGH DELIVERING NOVEL PROTOTYPING SOLUTIONS).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank EPSRC for funding the Rapid Alloy Prototyp-
ing Prosperity Partnership project (EP/S005218/1—ACCELERATING ALLOY DEVELOPMENT
THROUGH DELIVERING NOVEL PROTOTYPING SOLUTIONS), which made this work possible.
The authors would also like to thank the Welsh Government, the European Regional Development
Fund (ERDF), and SMART Expertise Wales for funding the Materials Advanced Characterisation



Materials 2023, 16, 1458 17 of 18

Centre (MACH1) where the work was carried out. Additionally, the authors would like to thank our
reviewers for their work, which contributed to this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lesch, C.; Kwiaton, N.; Klose; F.B. Advanced High Strength Steels (AHSS) for Automotive Applications-Tailored Properties by

Smart Microstructure Adjustment. Steel Res. Int. 2017, 88, 1700210. [CrossRef]
2. Yu, X. Optimisation of the Microstructure and Mechanical Properties of DP800 Strip Steel. Master’s Thesis, Swansea University,

Swansea, UK, 2005. [CrossRef]
3. Hong S.C.; Lee K.S. Influence o f deformation induced ferrite transformation on grain refinement of dual phase steel. Mater. Sci.

Eng. Struct. Mater. Microstruct. Process. 2002, 323, 148–159. [CrossRef]
4. Bollo, B.; Jarmai, K. Vehicle and Automotive Engineering, Proceedings of the JK2016, Miskolc, Hungary; Springer International

Publishing AG: Cham, Switzerland, 2017; pp. 407–423
5. Tasan, C.C.; Diehl, M.; Yan, D.; Bechtold, M.; Roters, F.; Schemmann, L.; Zheng, C.; Peranio, N.; Ponge, D.; Koyama, M.; et al. An

Overview of Dual-Phase Steels: Advances in Microstructure-Oriented Processing and Micromechanically Guided Design. Annu.
Rev. Mater. Res. 2015, 45, 391–431.

6. Farrugia, D.; Brown, S.; Lavery, N.P.; Cameron; P.; Davis, C. Rapid Alloy Prototyping for a range of strip related advanced steel
grades. Procedia Manuf. 2020, 50, 784–790. [CrossRef]

7. BSI British Standards. Metallic Materials—Tensile Testing Part 1: Method of Test at Ambient Temperature; BSI British Standards:
London, UK, 2009.

8. Zhang, L.; Harrison, W.; Yar, M.A.; Brown, S.G.R.; Lavery, N.P. The development of miniature tensile specimens with non-standard
aspect and slimness ratios for rapid alloy prototyping processes. J. Mater. Res. Technol. 2021, 15, 1830–1843. [CrossRef]

9. Kohyama, A.; Hamada, K.; Matsui, H. Specimen size effects on tensile properties of neutron irradiated steels. J. Nucl. Mater. 1991,
417, 417–420. [CrossRef]

10. Tvergaard, V. Necking in tensile bars with rectangular cross-section. Comput. Methods Appl. Mech. Eng. 1993, 103, 273–290.
11. McClintock, F.A.; Zheng, Z.M. Ductile fracture before localized necking in a strip under tension. Int. J. Fract. 1993, 64, 191–200.

[CrossRef]
12. Mikkelsen, L.P. Post-necking behaviour modelled by a gradient dependent plasticity theory. Int. J. Solids Struct. 1997, 34,

4531–4546. [CrossRef]
13. Mikkelsen, L.P. Necking in rectangular tensile bars approximated by a 2-D gradient dependent plasticity model. Eur. J. Mech.

A/Solids 1999, 18, 805–818. [CrossRef]
14. Kwame J.S.; Yakushina E.; Blackwell P. Examining Failure Behaviour of Commercially Pure Titanium During Tensile Deformation

and Hole Expansion Test. J. Mater. Appl. 2020, 9, 32–37 [CrossRef]
15. ASTM International. Standard Test Methods for Tension Testing of Metallic Materials; ASTM International: West Conshohocken, PA,

USA, 2013. [CrossRef]
16. Appuhamy, J.M.R.S.; Ohga, M.; Kaita, T.; Fujii, K.; Dissanayake, P.B.R. Development of Analytical Method for Predicting Residual

Mechanical Properties of Corroded Steel Plates. Int. J. Corros. 2011, 2011, 385083. [CrossRef]
17. Johnson, G.R.; Cook, W.H. A constitutive model and data for metals subjected to large strains, high strain rates and high

temperatures. In Proceedings of the 7th International Symposium on Ballistics, The Hague, The Netherlands, 19–21 April 1983;
pp. 541–547. [CrossRef]

18. Cadoni, E.; Singh, N.; Forni, D.; Singha, M.K.; Gupta, N.K. Strain rate effects on the mechanical behavior of two Dual Phase steels
in tension. Eur. Phys. J. Spec. Top. 2016, 225, 409–421. [CrossRef]

19. Hill, R. A theory of the yielding and plastic flow flow of anisotropic metals. Proceedings of the Royal Society of London. Ser. A
Math. Phys. Sci. 1948, 1033, 281–297. [Google Scholar]

20. Dassault Systemes Simulia Corp. Abaqus/CAE User’s Manual; Dassault Systemes Simulia Corp.: Providence, RI, USA, 2014.
21. Hillerborg, A.; Modeer, M.; Petersson, P.E. Analysis of crack formation and crack growth in concrete by means of fracture

mechanics and finite elements. Cem. Concr. Res. 1976, 6, 773–781. [Google Scholar]
22. Thamburaja, P.; Sarah, K.; Srinivasa, A.; Reddy, N. Fracture of viscoelastic materials: FEM implementation of a non-local & rate

form-based finite-deformation constitutive theory. Comput. Methods Appl. Mech. Eng. 2019, 354, 871–903.
23. Sarah, K.; Thamburaja, P.; ; Srinivasa, A.; Reddy, N. Numerical simulations of damage and fracture in viscoelastic solids using a

nonlocal fracture criterion. Mech. Adv. Mater. Struct. 2020, 27, 1085–1097.
24. Rege K.; Lemu H.G. A review of fatigue crack propagation modelling techniques using FEM and XFEM. First Conference of

Computational Methods in Offshore Technology (COTech2017). In IOP Conference Series: Materials Science and Engineering; IOP
Publishing: Bristol, UK, 2017; Volume 276, p. 012027. [Google Scholar]

25. Walp, M.S. Impact Dependent Properties of Advanced and Ultra High Strength Steels. SAE Trans. 2007, 116, 30–43. [CrossRef]
26. Cardoso, M.C.; Moreira, L.P. Forming Limit Analysis of DP600-800 Steels. Int. J. Mater. Metall. Eng. 2019, 9, 1123–1130.
27. Cardoso, M.C.; de Pereira, A.M.; da Sliva, F.R.F.; Moreira, L.P. Experimental Analysis of Forming Limits and Thickness Strains of

DP600-800 Steels. Appl. Mech. Mater. 2016, 835, 230–235.

http://doi.org/10.1002/srin.201700210
http://dx.doi.org/10.1002/srin.201700210
http://dx.doi.org/10.1002/srin.201700210
http://dx.doi.org/10.1016/S0921-5093(01)01359-4
http://dx.doi.org/10.1146/annurev-matsci-070214-021103
http://dx.doi.org/10.1016/j.promfg.2020.08.141
http://dx.doi.org/10.1016/j.jmrt.2021.09.029
http://dx.doi.org/10.1016/0022-3115(91)90113-L
http://dx.doi.org/10.1016/0045-7825(93)90049-4
http://dx.doi.org/10.1007/BF00015771
http://dx.doi.org/10.1007/BF00015771
http://dx.doi.org/10.1016/S0020-7683(97)00039-5
http://dx.doi.org/10.1016/S0997-7538(99)00113-8
http://dx.doi.org/10.32732/jma.2020.9.1.32
http://dx.doi.org/10.1098/rspa.1948.0045
https://doi.org/10.1016/0008-8846(76)90007-7
https://doi.org/10.1088/1757-899X/276/1/012027
http://dx.doi.org/10.1140/epjst/e2016-02638-3


Materials 2023, 16, 1458 18 of 18

28. Beres, G.; Tisza, M. The Effect of Tensile Strength on the Formability Parameters of Dual Phase Steels. Veh. Automot. Eng. Proc. JK
2016, 2016, 197–204. [CrossRef]

29. Zaman, S.B.; Barlat, F.; Kim J. Deformation-induced anisotropy of uniaxially prestrained steel sheets. Int. J. Solids Struct. 2018, 134,
20–29. [Google Scholar]

30. Kim, H.; Barlat, F.; Lee, Y.; Zaman, S.B.; Lee, C.S.; Jeong, Y. A crystal plasticity model for describing the anisotropic hardening
behavior of steel sheets during strain-path changes. Int. J. Plast. 2018, 111, 85–106. [CrossRef]

31. Almeida C.O.L.; Lima, L.H.L.; dos Pereira, M. S. Springback comparison between DP600 and DP800 steel grades. Mater. Res.
Express 2020, 7, 016598. [CrossRef]

32. Unlu, A. Aksen, T.A.; Esener, E.; Firat, M. Predictive modeling based on angular variations of yield stress ratios and lankford
parameters for DP800 steel. In Proceedings of the 10th International Automotive Technologies Congress, OTEKON 2020, Virtual,
6–7 September 2021.

33. Tasan, C.C.; Yan, D. Zambaldi, C.; Shanthraj, P.; Roters, F.; Raabe, D. Integrated experimental–simulation analysis of stress and
strain partitioning in multiphase alloys. Acta Mater. 2014, 81, 386–400. [Google Scholar]

34. Oliver, D.A. Proposed new criteria of ductility from a new law connecting the percentage elongation with size of test-piece. Proc.
Inst. Mech. Eng. 1928, 115, 827–864. [CrossRef]

35. Pham, Q.; Oh, S.; Kim Y. An efficient method to estimate the post-necking behavior of sheet metals. Int. J. Adv. Manuf. Technol.
2018, 98, 2563–2578. [Google Scholar]

36. Li, C. E, D.; Yi, N. Analysis on fracture initiation and fracture angle in ductile sheet metal under uniaxial tension by experiments
and finite element simulations. J. Mater. Res. 2016, 31, 3991–3999. [CrossRef]

37. Hill, R. The Mathematical Theory of Plasticity; Oxford University Press: Oxford, UK, 1950. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1016/0008-8846(76)90007-7
https://doi.org/10.1016/j.ijsolstr.2017.10.029
http://dx.doi.org/10.1080/15376494.2020.1716414
http://dx.doi.org/10.1088/1757-899X/276/1/012027
https://doi.org/10.1016/j.actamat.2014.07.071
http://dx.doi.org/10.4028/www.scientific.net/AMM.835.230
https://doi.org/10.1007/s00170-018-2399-6
http://dx.doi.org/10.1016/j.ijsolstr.2017.10.029
http://dx.doi.org/10.1016/j.ijplas.2018.07.010

	Introduction
	Numerical Setup
	Materials
	Geometries
	Numerical Setup

	Experiment Setup
	Results and Discussion
	Experimental Results
	Modelling Results
	DP800 Damage Model Calibration
	AR Effect: Necking and Fracture Strains
	AR Effect: Stress Triaxiality Evolution
	AR Effect: Necking Modes
	Fracture angle


	Conclusions and Future Work
	References

