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A B S T R A C T

This work aims to investigate feasibility of using non-standard miniaturized tensile specimens (MTS) to
characterize total elongation and formability behaviour of dual phase steels: to establish the scaling rules
for MTS to predict a range of mechanical properties of steels obtained through rapid alloy prototyping (RAP)
in the laboratory. Accurate measurement of these properties using miniature specimens allows the formability
behaviour of materials produced using RAP, a process which can produce lab scale samples of < 100 grams.
This allows the effects of multiple compositions and thermomechanical processing parameters on formability
to be evaluated. For this study, the ability of miniature tensile specimens to characterize ductility, forming
limits and r-values has been compared to properties measured using standard sized tensile specimens for the
dual phase steels, DP600 and DP800. 5 different tensile specimens were investigated, with gauge lengths
varying from 80 mm to 5 mm and samples were taken at different orientations to the rolling direction. Total
elongation was evaluated against slimness ratio for each tensile sample using the Bertelle–Oliver method and
good correlations were obtained, despite specimen thicknesses being below the critical value, and the tensile
strength of DP800 exceeding the limit stated for the method. Forming limit curves (FLC) were predicted
using the Keeler–Brazier method, based on tensile data obtained using the standard and non-standard tensile
specimens These curves compared favourably to experimentally obtained FLCs, however the curve predicted
using the miniaturized tensile specimen over-predicted the major strain. The anisotropy of the rolled sheet
steels was characterized from r-values obtained from tensile tests performed at different orientations to the
rolling direction. Values obtained from the miniature tensile test were comparable to those obtained from
standard tests within the range of scatter. The results obtained through this study provide confidence in
using the miniature tensile specimens to predict the formability of heterogeneous alloys such as DP steels,
manufactured using the RAP process.
1. Introduction

Dual-phase (DP) steel refers to a category of high-strength low-alloy
(HSLA) steel with two phases: a ferrite matrix and a dispersed second
phase of martensite [1] and it was first patented in USA in 1968 [2].
The development of DP steel was started in the 1970s, driven by the
demand of automotive industry: approximately 74% of the steels used
in the automotive industry are DP grade at present [3]. DP steels have
contributed to the structural integrity of automotive structures due to
its high strength in thin sections. This allows crash-worthiness to be
maintained whilst reducing the weight of components, thus improving
performance and reducing fuel use. The mechanical properties of these
steels are strongly dependent both chemical composition and thermo-
mechanical processing. The wide application of DP steels has led to
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much interest into the effects of residual elements and processing on
the final product properties as well as how to develop new similar steel
grades more efficiently.

To manufacture new steels, or variations of existing steel, the tradi-
tional route is to use vacuum induction melt (VIM) cast with a scale
of 25 to 60 kg. Rapid alloy prototyping (RAP) is a new process to
develop steels using small amount of materials, 20 to 140 g, at the lab
scale [4], with a target of 100 compositions being made and tested
per week. Compared to VIM, RAP accelerates the process and gives
more flexibility, which are critical to the laboratory scale development.
Zhu et al. proved that the replication of the industrial DP800 product
within the lab can significantly reduce the turn-around time for product
development: 72 tensiles or 20 hole expansion tests could be completed
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Table 1
Chemical composition of DP800 and DP600 (% weight).

C Si Mn P S Ni Cu Cr Fe

DP800 0.136 0.249 1.77 0.011 0.0027 0.018 0.024 0.558 Balance
DP600 0.098 0.244 1.705 0.015 0.004 0.023 0.018 0.548 Balance
within around two weeks [5]. A combination of rapid alloy prototyping
techniques, such as high-throughput experimentation, combinatorial
synthesis, and additive manufacturing can also be used to develop and
evaluate new DP grades effectively. Wen et al. manufactured intensive
dual-phase steels through laser additive manufacturing method and the
expected stress value has been achieved for the materials made [6]:
the tensile strengths along the scanning direction and the transversal
direction were in the range of 850 to 1000 MPa.

However, small amount of materials raises a question: the stan-
dard tensile specimen, e.g. ISO/EN A80, is too large to be extracted
from a strip manufactured through the RAP process [7]. Instead, a
non-standard miniaturized tensile specimen (MTS) must be used. This
requires to design a non-standard MTS, which could be used not only
for the dual phase steel but also for unknown materials manufactured
by the RAP process in future. The comparisons of yield strength, tensile
strength and the uniform elongation between standard specimens and
non-standard MTS were previously studied [7]. However, the effects of
using a sub-sized tensile specimens on total elongation measurements
for these steels is not documented.

Bertella–Oliver equation has been wildly used to compare the elon-
gation measurements between different test piece dimensions [8]:

𝑒𝑓 = 𝑒0𝐾
−𝛼 , (1)

where 𝑒𝑓 , 𝑒0, 𝐾 and 𝛼 denote the total elongation, specific elongation
the percentage elongation for unit gauge length and the unit cross
ectional area), the slimness ratio (gauge length over the square root
f cross-section area) of the test piece and the material constant,
espectively. A number of investigations have focused on determining
he values of 𝑒0 and 𝛼 in Eq. (1) for different materials under different
onditions. Yang et al. investigated miniatured tensile specimens by
arying the bar’s gauge length (3 to 25 mm) and thickness (0.2 to
mm) to determine the size effect on 𝑒𝑓 for A588 steel [9]. This study

ound that the specific elongation 𝑒0 and the material constant 𝛼 are
66 and −0.6 in the 𝐾 range 0.5 to 6. Xu et al. studied the validity
f Oliver’s rule for high strength pipeline steel X65, X70, X80 and X90
nd the material constant values 𝛼 were determined [10]. Takeda et al.
tudied the relationship between the total elongation and the tensile
pecimen thickness (0.2, 0.5, 1.2 and 2.0 mm) with a fixed gauge length
20 mm) for industrially pure iron [11]. The results indicated that a
oor correlation between 𝐾 and 𝑒𝑓 was found for the given range of

𝐾 values. This is due to the increase in stress triaxiality as specimen
thickness decreased. Hanlon et al. studied the size effect of 22MnB5
alloy [12] for a range of standard tensile specimens. The standard
specimens used were: ISO/EN A80, ISO/EN A50, JIS5, ASTM50 and
ASTM25, with thicknesses ranging from 1 to 4 mm. Different values of
the material constant 𝛼 (0.4, 0.65 and 0.9 respectively) were used to fit
the total elongation data. A spherodized 4130 steel (tensile strength >
1500 MPa, thickness 3.2 to 12.95 mm, gauge length 25 and 50 mm)
was adopted to study the relationship between the total elongation
and cross-sectional area/thickness [13]. In both these cases, there was
a relatively poor fit to the elongation data and this may have been
because for these alloys, the strength was above the 700 MPa: the upper
limit for the Bertella–Oliver method [14].

This study focuses on whether MTS can be used to predict 𝑒𝑓 values,
comparable to those obtained from full size standard tensile specimens.
The study will also investigate the effects of specimen size on the
hardening exponent obtained for DP steels. This will help to understand
how reliable MTS can be in evaluating the ductility and formability of
steels made using the RAP process. To answer the following question
2

are the main tasks and novelties of this work:
1. Is the Bertella–Oliver equation valid for dual phase steels, espe-
cially for the strip with a thinner thickness (>2 mm) and a higher
tensile strength (>700 MPa), is compared to the standard [14]?

2. What are the specific elongation values and material constants
for DP600 and DP800 steels, if the Bertella–Oliver equation is
valid for them? These have never been reported before, accord-
ing to the authors knowledge. Will the alignment of the specimen
with respect to the rolling direction be important and how does
it affect these constants?

3. How accurate are the non-standard MTS in measuring elongation
and formability properties of the material obtained from RAP
routine?

The outline of paper is as follows. The materials and methods are
introduced in Section 2. Section 3.1 and Section 3.2 aim at determin-
ing specific elongation and material constant for DP600 and DP800,
respectively. These constants were compared in Section 3.3. These three
sections will answer the question 1 and 2, which are raised above.
In Section 3.4, the performance of designed non-standard miniatur-
ized tensile specimens, proposed to be used for RAP, on predicting
total elongation 𝑒𝑓 , forming limit curves and plastic strain ratio in
Section 3.4.1, Section 3.4.2 and Section 3.4.3, respectively. This sec-
tion will answer the question 3. Main conclusions are summarized in
Section 4

2. Materials and methods

2.1. Materials

DP600 and DP800 steels were used for this study as they are
widely used. Table 1 and Fig. 1 show their chemical composition and
engineering stress strain curves, respectively. It is to be noted that
DP800 could be more challenging in terms of the specimen size effect
on 𝑒𝑓 due to its ultimate tensile strength being above the Standard’s
upper bound of 700 MPa to apply Bertelle–Oliver equation [14]. The
microstructure of both DP grades have a relatively soft Ferrite matrix,
with a dispersion of much harder Martensite islands. The volume frac-
tions of each phase were determined using multiple scanning electron
microscope (SEM)images, such as those shown in Fig. 1. The image
analysis software, ImageJ, was used to measure Ferrite volume fractions
of 70% and 77% for DP800 and DP600.

2.2. Geometries

Tensile specimens with five different dimensions were designed
and manufactured. The dimensions of these specimens include three
standard bars: ISO/EN A80, ISO/EN A50 and ASTM25 and two non-
standard MTS namely: Mini1 and Mini2, respectively. Table 2 shows
the detailed dimensions of the tensile specimens. Fig. 2 showed the
definitions of the variables showed in Table 2. The samples were
manufactured from commercially available DP800 and DP600 final
product. Therefore, the thickness of the tensile bars are constant:
1.2 mm and 1.6 mm for DP800 and DP600, respectively. A80, A50,
ASTM25 and Mini1 test pieces were made through computer numerical
control (CNC) machining and Mini2 test pieces were manufactured by
electrical discharge machining (EDM) methods to minimize deforma-
tion, prior to testing. The surface roughness of the bars is small enough
to conduct tensile test without influencing the results [7]. The tensile
bars were taken from similar region of the sheet to reduce potential
variability associated with sample location. For all the specimens, the
slimness ratios are less than 25 and the aspect ratios (width/thickness)
are smaller than 20, which comply with the limit values to adopt

Bertelle–Oliver equation according to the standard.
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Fig. 1. Engineering stress strain curves and typical microstructure of the adopted dual-phase steels in this work: DP800 and DP600. DP800 has higher ultimate tensile strength
due to its higher martensite phase ratio. The dashed line denotes the upper bound stress (700 MPa) to apply Bertelle–Oliver equation.
Table 2
Tested tensile bar dimensions. 𝐿𝑡 , 𝐿𝑐 , 𝐿𝑜 , 𝑏0 , 𝑅 and 𝑎0 denote the total length of test piece, parallel length, gauge length, original width of the parallel length of a flat test piece,
the shoulder radius and the thickness of the bar, respectively. No. denotes the number of the tests for each dimension and material.

𝐿𝑡 𝐿𝑐 𝐿𝑜 𝑏0 𝑅 𝐿𝑜∕𝐿𝑐 𝐿𝑜∕𝑏0 (𝐿𝑐 -2𝑏0)/𝐿0 𝑎0 𝐾 No.
(mm) (mm) (mm) (mm) (–) (–) (–) (–) (mm) (–) (–)

A80 DP800 260 120 80 20 25 0.67 4 1 1.2 16.33 2
DP600 1.6 14.14 2

A50 DP800 200 75 50 12.5 15 0.67 4 1 1.2 12.91 6
DP600 1.6 11.18 6

ASTM25 DP800 76 32 25 9 6 0.78 4.17 0.8 1.2 9.32 10
DP600 1.6 8.07 6

Mini1 DP800 60 12.5 10 3 3 0.8 3.33 0.65 1.2 5.27 14
DP600 1.6 4.56 6

Mini2 DP800 41 9 5 2 1.5 0.56 2.5 1 1.2 3.23 37
DP600 1.6 2.80 12
Fig. 2. Definition of 𝐿𝑡 , 𝐿𝑐 , 𝐿𝑜 , 𝑎0 , 𝑏0 and 𝑅 showed in Table 2.
2.3. Methods

2.3.1. Tensile test and microstructure analysis
Tensile tests were conducted on a Tinius-Olsen H25KS uniaxial

tensile machine. The machine has a 25 kN force capacity with an
accuracy of ±0.5% of applied load from 2 to 100% of the load cell
capacity and ±1% down to 1% of the load cell capacity. The strain
was captured by a video extensometer (XSight 9MPX). A fixed cross-
head velocity of 1 mm/min was used for all bars where a strain rate
3

sensitivity test was reported in previous research [7]. Before testing, the
outlines of the bars were checked by a profile projector Shadowgraph
to ensure that the gauge sections were within specified tolerances. The
averaged width and thickness values, measured at 3 locations in the
gauge length section, were adopted for subsequent calculations. The
microstructure analysis was conducted using a JEOL 6010 Scanning
Electron Microscope using a 20 KV accelerating voltage and Secondary
Electron Detector.
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2.3.2. DP800 plastic strain ratio (r-value) measurement
Specimens with dimensions of A80, A50, ASTM25 and Mini1 were

adopted to determine size effect on the DP800 r-values. Identical tensile
machine, compared to that in Section 2.3.1, was used to conduct the
experiment. Different strain rates were used: the strain rates for Range
2 and 4 are 2.5 ×10−4 1/s and 6.7 ×10−3 1/s, which according to
standard [15]. Variable strain rate intends to minimize the variation of
the test rates during the moment when strain rate sensitive parameters
are determined and to minimize the measurement uncertainty of the
test results. Range 2 and 4 are defined as the range in the plastic region:
from the start till post yield strength (after lower yield strength) and the
stage between lower yield strength and the fracture point. The r-values
were calculated through the following equation:

𝑟 =
−𝜖𝑤

𝜖𝑤 + 𝜖𝑙
, (2)

here 𝜖𝑤 and 𝜖𝑙 denote the width and length strains.

.3.3. Specific elongation and material constant determination
There are usually two methods to determine the values of 𝑒0 and 𝛼

n Eq. (1). Method I is to fit all the existing experimental data based on
ifferent specimens (different 𝐾 values) [9,16] and thus to determine
hese constants. Method II involves replacing the specific elongation by
sing one of the existing results (𝑒𝑟𝑒𝑓𝑓 and 𝐾𝑟𝑒𝑓 ) as a reference, to find
he value of material constant [11,12]:

𝑓 = 𝑒𝑟𝑒𝑓 .𝑓 (

𝐿𝑟𝑒𝑓 .
√

𝐴
𝑟𝑒𝑓 .

𝐿
√

𝐴

)�̂�

= 𝑒𝑟𝑒𝑓 .𝑓 (𝐾
𝑟𝑒𝑓 .

𝐾
)�̂� .

(3)

he specific elongation determined through Method II (𝑒0) equals
𝑟𝑒𝑓
𝑓 /(𝐾𝑟𝑒𝑓 )�̂� . The values of 𝑒0, 𝛼 (determined through Method I) and
0̂ �̂� (determined through Method II) may be different.

In this work, Method I and II were both used based on the tensile
est results of five different dimensions. Method I is straightforward.
he following steps were introduced for Method II (A80 as the reference
eometry):

1. Calculate A80 specimen as 𝐾𝑟𝑒𝑓 ,
2. Calculate the averaged 𝑒𝑓 based on A80 specimens’ tests as 𝑒𝑓 𝑟𝑒𝑓

(if multiple tests were conducted based on A80 bars),
3. Calculate other specimen’s (A50, ASTM25, Mini1 and Mini2) 𝐾

and 𝑒𝑓 values (if multiple tests were conducted based on A50,
ASTM25, Mini1 and Mini2 bars),

4. Determine �̂�𝑖 and 𝑒𝑖0 between the other specimen and the refer-
ence dimension by using equation:

�̂�𝑖 =
𝐿𝑛(𝑒𝑓 𝑖) − 𝐿𝑛(𝑒𝑓 𝑟𝑒𝑓 )
𝐿𝑛(𝐾 𝑖) − 𝐿𝑛(𝐾𝑟𝑒𝑓 )

, (4)

𝑒0
𝑖 = 𝑒𝑟𝑒𝑓𝑓 ∕(𝐾𝑟𝑒𝑓 )�̂� , (5)

where 𝑖 denotes the other specimens dimensions, e.g. A50,
ASTM25, Mini1 and Mini2,

5. To average �̂�𝑖 (and 𝑒𝑜
𝑖) as the material constant (and specific

elongation) �̂� (and 𝑒𝑜) based on A80 in the 𝐾 range from 𝐾𝑚𝑖𝑛𝑖2

to 𝐾𝐴80.
6. By using the determined �̂�, 𝐾𝑟𝑒𝑓 and 𝑒𝑓 𝑟𝑒𝑓 values, the predicted

𝑒𝑓 can be obtained if 𝐾 is given.

2.3.4. Strain hardening exponent and forming limit curve
In this work, Keeler–Brazier formula was used to determine the

forming limit curves [17]:

𝜖1 =
{

𝐹𝐿𝐷0 + 𝜖2(0.784854 − 0.008565 × 𝜖2) 𝜖2 ≤ 0, (6)
4

𝐹𝐿𝐷0 + 𝜖2(0.027254 × 𝜖2 − 1.1965) 𝜖2 > 0,
where 𝐹𝐿𝐷0 is:

𝐹𝐿𝐷0 =
𝑛

0.2116
(23.25 + 356.1 × 𝐶1), (7)

here 𝐶1 is:

1 =
{

𝑡 𝑡 ≤ 0.0118,
0.0118 𝑡 > 0.0118,

(8)

here 𝜖1, 𝜖2, 𝑛 and 𝑡 stand for major strain, minor strain, strain hard-
ning exponent and plate metal thickness, respectively. The thickness
f DP800 sheet is 1.2 mm and 𝑛 values were determined through
ollomon strain-hardening equation [18]:

= 𝑘𝜖𝑛𝑝 , (9)

here 𝑘 is strength coefficient, which is defined as the true strength at
true strain of 1.

. Results and discussion

.1. 𝑒0 and 𝛼 determination through Method I

Fig. 3 shows the log–log plots of the relationship between 𝑒𝑓 and 𝐾
or DP600 and DP800 steel for all tensile specimens 𝐾 ∈(2.8 14.14) and
(3.23 16.33) for DP600 and DP800 respectively. 𝐾 = 4.52 and 5.65

dashed lines in Fig. 3 (a) and (c)) are the standard tensile specimens’
values based on the ASTM E8/E8M [19] and ISO-6892-1 [20],

espectively.
Firstly, for both steels, based on the mean 𝑒𝑓 value, good fits

minimum 𝑅2 > 0.97) of 𝑒𝑓 are achieved for specimens taken parallel
o the rolling direction (RD) and traverse to the rolling direction (TD)
o the rolling direction for both DP600, Fig. 3(a) and (b) and DP800,
ig. 3(c) and (d). Good fits indicate that the Bertelle–Oliver equation
s valid for both DP600 and DP800 steel, despite the UTS of DP800
eing higher than the rule’s upper bound (∼700 MPa) and the strip
hickness is less than the minimum specified (2 mm). Therefore, the
0 and 𝛼 values were determined for DP600 and DP800 according to
itting expressions, as showed in the figure. Secondly, it is worth noting
hat for DP600, the specimen’s orientation has little effect on 𝑒0 and

values as these constants’ divergences between RD-bar and TD-bar
re 9.6% and 0.8%, respectively. However, the tensile bar’s orientation
lays a role for DP800 on these constants: the divergences of them
etween RD-bar and TD-bar are 21.1% and 71.1%, respectively. This
s due to that the fact that for high strength steel is typically harder
nd less ductile than lower strength steels, and as a result, it can be
ore sensitive to variations in the orientation of the test specimen.
he microstructure of high strength steel, DP800 for instance, is highly
nisotropic, meaning that its properties are more sensitive to tensile
ars orientation. Thirdly, the results indicated that the RD-bar is more
uctile than the TD-bar, which is true for both DP600 and DP800. This
s due to the presence of elongated martensite islands, the morphology
f which are strongly influenced by processing. For tensile tests with the
oading direction transverse to rolling direction (TD-bar), the principle
tress acts across the elongated grains, resulting in a larger number of
errite/martensite interfaces being favourably orientated for cracking
han for a sample pulled in the rolling direction (RD-bar). Also, since
P steels are processed through hot and cold rolling, some anisotropy
ay be present in terms of metallurgical texture.

Furthermore, although a linear relationship was obtained between
og(𝐾) and log(𝑒𝑓 (mean)), a significant scatter was observed in the
easured 𝑒𝑓 values for the DP800 Mini2 specimens (𝐾=3.23). Less

catter was observed in the similar sized DP600 Mini2 specimen (𝐾=2.8)
n the Mini2 specimen the necking region is relatively small compared
o larger specimens and this smaller region will be more sensitive to less
omogeneous microstructures. It is generally accepted that measured
ailure characteristics of less ductile materials show higher levels of ex-
erimental scatter (often quantified via Weibull statistics assuming the
eakest link hypothesis). Therefore, for the less homogeneous and less
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Fig. 3. The relationship between total elongation 𝑒𝑓 and tensile specimens’ slimness ratio 𝐾 for DP600 and DP800. (a) DP600 RD-bar, (b) DP600 TD-bar, (c) DP800 RD-bar and
(d) DP800 TD-bar. The values of 𝑒0 and 𝛼 can be determined by the fitting trend-lines’ expression.
Table 3
DP600: material constant �̂� calculated through method II for both RD-bar and TD-bar. Ref.G and Std. stand for the reference geometry and
standard deviation.

Ref.G �̂�𝑖→𝑅𝑒𝑓.𝐺
𝐿 �̂�𝐿 Std. �̂�𝑖→𝑅𝑒𝑓.𝐺

𝑇 �̂�𝑇 Std. 𝐾 range

A80

�̂�𝐴50→𝐴80 −0.2192

−0.3011 0.0685

−0.2600

−0.3313 0.0581

(11.18, 14.14)
�̂�𝐴𝑆𝑇𝑀25→𝐴80 −0.3833 −0.3962 (8.07, 14.14)
�̂�𝑀𝑖𝑛𝑖1→𝐴80 −0.2833 −0.3546 (4.56, 14.14)
�̂�𝑀𝑖𝑛𝑖2→𝐴80 −0.3185 −0.3143 (2.8, 14.14)

A50

�̂�𝐴80→𝐴50 −0.2192

−0.3309 0.1187

−0.2600

−0.3643 0.0995

(11.18, 14.14)
�̂�𝐴𝑆𝑇𝑀25→𝐴50 −0.5015 −0.4944 (8.07, 11.18)
�̂�𝑀𝑖𝑛𝑖1→𝐴50 −0.3001 −0.3794 (4.56, 11.08)
�̂�𝑀𝑖𝑛𝑖2→𝐴50 −0.3353 −0.3235 (2.8, 11.08)

ASTM25

�̂�𝐴80→𝐴𝑆𝑇𝑀25 −0.3833

−0.3385 0.1355

−0.3962

−0.3688 0.0986

(8.07, 14.14)
�̂�𝐴50→𝐴𝑆𝑇𝑀25 −0.5015 −0.4944 (8.07, 11.18)
�̂�𝑀𝑖𝑛𝑖1→𝐴𝑆𝑇𝑀25 −0.1851 −0.3137 (4.56, 8.07)
�̂�𝑀𝑖𝑛𝑖2→𝐴𝑆𝑇𝑀25 −0.2841 −0.2708 (2.8, 8.07)

Mini1

�̂�𝐴80→𝑀𝑖𝑛𝑖1 −0.2833

−0.2921 0.0880

−0.3546

−0.3171 0.0698

(4.56, 14.14)
�̂�𝐴50→𝑀𝑖𝑛𝑖1 −0.3001 −0.3794 (4.56, 11.08)
�̂�𝐴𝑆𝑇𝑀25→𝑀𝑖𝑛𝑖1 −0.1851 −0.3137 (4.56, 8.07)
�̂�𝑀𝑖𝑛𝑖2→𝑀𝑖𝑛𝑖1 −0.4000 −0.2206 (2.8, 4.56)

Mini2

�̂�𝐴80→𝑀𝑖𝑛𝑖2 −0.3185

−0.3345 0.0486

−0.3143

−0.2823 0.0471

(2.8, 14.14)
�̂�𝐴50→𝑀𝑖𝑛𝑖2 −0.3353 −0.3235 (2.8, 11.08)
�̂�𝐴𝑆𝑇𝑀25→𝑀𝑖𝑛𝑖2 −0.2841 −0.2708 (2.8, 8.07)
�̂�𝑀𝑖𝑛𝑖1→𝑀𝑖𝑛𝑖2 −0.4000 −0.2206 (2.8, 4.56)
ductile DP800 material, a greater level of experimental scatter would
be expected. Fractographic analysis of the failed tensile specimens was
conducted to determine the possible reasons for this phenomenon, as
showed in Fig. 4. The results indicate that for DP800 cases with higher
𝑒𝑓 values, e.g., Fig. 4(a) and (b), there is little evidence of cracks due
to martensite at the fracture surface. Fig. 4(a) and (b) correspond to
higher ductilities and a greater final reduction of the specimen cross
sectional area. For the cases with lower 𝑒𝑓 values, e.g., Fig. 4(e) and (f),
cracks associated with martensite can be seen. These cracks appear on
a plane, normal to sheet thickness and are consistent with the location
of Martensite bands observed in the figure. Failure at Martensite has
been observed and these cracks have led to the earlier fracture of these
MTS cases. The smaller necking region in Mini2 specimens renders
them more prone to experimental scatter in ductility measurements for
5

less homogeneous and less ductile materials. More work may need to
be conducted, electron backscatter diffraction (EBSD) and multiscale
modelling for instance, to further understand the failure mechanics of
the miniatured samples of advanced high strength steel (AHSS), as the
work did for duplex stainless steel (DSS) by Dong et al. [21].

3.2. 𝑒0 and �̂� determination through Method II

The specific elongation and the material constant were calculated,
based on different geometries, through Method II, which has been
introduced in Section 2.3.3. Table 3, Table 4, Tables 5 and 6 showed the
material constant and specific elongation values for DP600 and DP800,
respectively. By using the calculated specific elongation and material
constant values, the trend lines were plotted in Fig. 5.
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Fig. 4. Scanning Electron Microscope (SEM) images to show the fracture surface of DP800 Mini2 specimens with different 𝑒𝑓 values. The cracks were found in the bars with small
value of 𝑒𝑓 .
3.3. Material constants comparison between Method I and II

Fig. 6 shows the comparison of the specific elongation and material
constant obtained from Method I and Method II for DP600 and DP800
steels. For both specific elongation (𝑒0 v.s. 𝑒0) and material constant
(𝛼 v.s. �̂�), the value differences are observed. The main reason for
this difference is due to the methods used to calculate these constants.
Method I is to fitting all the 𝑒𝑓 data in a larger 𝐾 range, however,
Method II is to use two existed 𝑒𝑓 and 𝐾 to first calculate material
constant and then determine the specific elongation. These constants
are based on a limited range of 𝐾 value. The range is decided by
the reference geometry and another existed 𝑒𝑓 result, which used to
calculate constants.

The differences open a question: which set of specific elongation and
material constant values can predict 𝑒𝑓 more precisely? Figs. 7 and 8
show the comparison of 𝑒 between the predict value and the actual
6

𝑓

value for DP600 and DP800, respectively. The 𝑒𝑓 prediction values (𝑦-
axis) were made base on method I and II and the actual 𝑒𝑓 values
(𝑥-axis) are experimental results. The results show that for DP600,
the results indicate that the differences in 𝑒𝑓 predicted by Method I
is less than 5% across the whole 𝐾 range. This is true for both RD
and TD bars. In terms of the percentage difference in 𝑒𝑓 predicted by
Method II, by using reference 𝑒𝑓 , 𝐾 and �̂�, for the standard specimens,
𝐾 ∈ (11.18, 14.14), the percentage is less than 4% which is similar
to the percentages predicted by using Method I. However, it is also
noticed that by using this method to predict 𝑒𝑓 , larger percentage
differences, although still less than 10%, may arise for the smaller 𝐾
value specimens. Similar to DP600, for DP800, the predicted 𝑒𝑓 values
obtained by using Method I give small percentage differences across
the whole 𝐾 range. The T-bar produces larger percentage differences
which echoes the previous results.
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Table 4
DP600: specific elongation 𝑒0 calculation through method II for both RD-bar and TD-bar. Ref.G and Std. stand for the reference geometry and
standard deviation.

Ref.G 𝑒0
𝑖→𝑅𝑒𝑓.𝐺
𝐿 𝑒0𝐿 Std. 𝑒0

𝑖→𝑅𝑒𝑓.𝐺
𝑇 𝑒0𝑇 Std. 𝐾 range

A80

𝑒0
𝐴50→𝐴80 43.9709

55.2928 10.0177

43.2127

52.6511 8.0013

(11.18, 14.14)
𝑒0

𝐴𝑆𝑇𝑀25→𝐴80 67.9066 61.9855 (8.07, 14.14)
𝑒0

𝑀𝑖𝑛𝑖1→𝐴80 52.1040 55.5174 (4.56, 14.14)
𝑒0

𝑀𝑖𝑛𝑖2→𝐴80 57.1897 49.8886 (2.8, 14.14)

A50

𝑒0
𝐴80→𝐴50 43.9709

60.6320 18.4954

43.2127

58.8256 14.1251

(11.18, 14.14)
𝑒0

𝐴𝑆𝑇𝑀25→𝐴50 86.9200 76.0823 (8.07, 11.18)
𝑒0

𝑀𝑖𝑛𝑖1→𝐴50 53.4476 57.6439 (4.56, 11.08)
𝑒0

𝑀𝑖𝑛𝑖2→𝐴50 58.1895 50.3634 (2.8, 11.08)

ASTM25

𝑒0
𝐴80→𝐴𝑆𝑇𝑀25 68.2371

63.5685 23.3643

70.6651

67.4204 18.5705

(8.07, 14.14)
𝑒0

𝐴50→𝐴𝑆𝑇𝑀25 93.9841 92.1758 (8.07, 11.18)
𝑒0

𝑀𝑖𝑛𝑖1→𝐴𝑆𝑇𝑀25 39.8901 56.5203 (4.56, 8.07)
𝑒0

𝑀𝑖𝑛𝑖2→𝐴𝑆𝑇𝑀25 52.1626 50.3203 (2.8, 8.07)

Mini1

𝑒0
𝐴80→𝑀𝑖𝑛𝑖1 52.4257

54.3304 11.0123

61.7803

57.1992 8.7373

(4.56, 14.14)
𝑒0

𝐴50→𝑀𝑖𝑛𝑖1 54.4909 65.4069 (4.56, 11.08)
𝑒0

𝐴𝑆𝑇𝑀25→𝑀𝑖𝑛𝑖1 41.8114 56.2309 (4.56, 8.07)
𝑒0

𝑀𝑖𝑛𝑖2→𝑀𝑖𝑛𝑖1 68.5934 45.3785 (2.8, 4.56)

Mini2

𝑒0
𝐴80→𝑀𝑖𝑛𝑖2 56.1653

57.7658 4.5958

55.7863

53.1017 3.9565

(2.8, 14.14)
𝑒0

𝐴50→𝑀𝑖𝑛𝑖2 57.7078 56.6185 (2.8, 11.08)
𝑒0

𝐴𝑆𝑇𝑀25→𝑀𝑖𝑛𝑖2 53.1442 52.0205 (2.8, 8.07)
𝑒0

𝑀𝑖𝑛𝑖1→𝑀𝑖𝑛𝑖2 64.0458 47.9814 (2.8, 4.56)
Table 5
DP800: material constant �̂� calculated through method II for both RD-bar and TD-bar. Ref.G and Std. stand for the reference geometry and standard deviation.

Ref.G �̂�𝑖→𝑅𝑒𝑓.𝐺
𝐿 �̂�𝐿 Std. �̂�𝑖→𝑅𝑒𝑓.𝐺

𝑇 �̂�𝑇 Std. 𝐾 range

A80

�̂�𝐴50→𝐴80 −0.1763

−0.2090 0.0247

−0.4846

−0.4478 0.0838

(12.91, 16.33)
�̂�𝐴𝑆𝑇𝑀25→𝐴80 −0.2309 −0.5489 (9.32, 16.33)
�̂�𝑀𝑖𝑛𝑖1→𝐴80 −0.2250 −0.3777 (5.27, 16.33)
�̂�𝑀𝑖𝑛𝑖2→𝐴80 −0.2037 −0.3800 (3.23, 16.33)

50

�̂�𝐴80→𝐴50 −0.1763

−0.4478 0.0402

−0.4846

−0.4480 0.1155

(12.91, 16.33)
�̂�𝐴𝑆𝑇𝑀25→𝐴50 −0.2702 −0.5953 (9.32, 12.91)
�̂�𝑀𝑖𝑛𝑖1→𝐴50 −0.2378 −0.3497 (5.27, 12.91)
�̂�𝑀𝑖𝑛𝑖2→𝐴50 −0.2083 −0.3623 (3.23, 12.91)

ASTM25

�̂�𝐴80→𝐴𝑆𝑇𝑀25 −0.2309

−0.2274 0.0335

−0.3962

−0.4110 0.1899

(9.32, 16.33)
�̂�𝐴50→𝐴𝑆𝑇𝑀25 −0.2702 −0.5953 (9.32, 12.91)
�̂�𝑀𝑖𝑛𝑖1→𝐴𝑆𝑇𝑀25 −0.2193 −0.2091 (5.27, 9.32)
�̂�𝑀𝑖𝑛𝑖2→𝐴𝑆𝑇𝑀25 −0.1893 −0.2906 (3.23, 9.32)

Mini1

�̂�𝐴80→𝑀𝑖𝑛𝑖1 −0.2250

−0.2091 0.0373

−0.3777

−0.3305 0.0823

(5.27, 16.33)
�̂�𝐴50→𝑀𝑖𝑛𝑖1 −0.2378 −0.3497 (5.27, 12.91)
�̂�𝐴𝑆𝑇𝑀25→𝑀𝑖𝑛𝑖1 −0.2193 −0.2091 (5.27, 9.32)
�̂�𝑀𝑖𝑛𝑖2→𝑀𝑖𝑛𝑖1 −0.1544 −0.3853 (3.23, 5.27)

Mini2

�̂�𝐴80→𝑀𝑖𝑛𝑖2 −0.2037

−0.1889 0.0244

−0.3800

−0.3546 0.0438

(3.23, 16.33)
�̂�𝐴50→𝑀𝑖𝑛𝑖2 −0.2083 −0.3623 (3.23, 12.91)
�̂�𝐴𝑆𝑇𝑀25→𝑀𝑖𝑛𝑖2 −0.1893 −0.2906 (3.23, 9.32)
�̂�𝑀𝑖𝑛𝑖1→𝑀𝑖𝑛𝑖2 −0.1544 −0.3853 (3.23, 5.27)
m
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3.4. Miniaturized tensile specimens’ performance

3.4.1. Performance on predicting 𝑒𝑓
Non-standard miniaturized tensile specimens, Mini1 and Mini2,

were original designed for the RAP process. It is important to know
if the 𝑒𝑓 values obtained from non-standard MTS and standard test-
pieces are comparable. Table 7 shows the 𝑒𝑓 value comparison between
experimental result (𝑒𝑒𝑥𝑝𝑓 , obtained from standard tensile specimens)
nd predicted 𝑒𝑓 results based on Mini1 (𝑒𝑝𝑟𝑒−1𝑓 ) and Mini2 (𝑒𝑝𝑟𝑒−2𝑓 ).
rror1 % and Error2 % stand for the 𝑒𝑓 differences in percentage. The
esults indicated that most of the errors are under 10% as shown in
he table. Along with the previous work [7], a comparison of yield
trength, tensile strength and the uniform elongation between MTS and
he standard tensile specimens, shows that these mechanical properties,
btained using the miniaturized tensile specimen designs in this paper,
dequately represent bulk material properties. This gives more confi-
ence in the further use of MTS as part of the RAP process for steel
trip products. For the non-standard dimension Mini2 designed for RAP,
ttention should be paid in terms of prediction to the total elongation
7

alue 𝑒𝑓 due to this large divergence range. s
3.4.2. Performance on predicting FLC of DP800
This section and the following section both focus on predicting the

formability of DP800 from small scale samples, produced using the RAP
process. DP800 is a high strength steel, yet accurately characterizing its
formability is important for designing automotive components where
strength is important. Furthermore, here DP800 is used as a test ma-
terial to see is the process can be used to predict the formability of
materials from small scale samples. If successful, this provides confi-
dence in using the method to evaluate the formability of new alloys,
developed using the RAP method. Fig. 9 showed the values of strain
hardening exponent (𝑛) and strength coefficient (𝑘) based on A80 and
Mini1. The results showed that the 𝑛 value predicted through Mini1 bar
is larger than that predicted by A80 bar. The over predicted 𝑛 value

eans DP800 is ’more ductile’ through Mini1’s prediction. Compared
o the previous research [22], the dashed line in Fig. 9(a), Mini1’s 𝑛
alue is still higher. This is mainly due to the designed non-standard
iniaturized Mini1 predicted a relative lower value of ultimate tensile

trength (∼10%) [7] and also may due to the mini bars may experience
reater deformation before necking occurs due to the geometry of the
pecimen. However, the reported strength coefficients are similar, as

howed in Fig. 9(b).
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Table 6
DP800: specific elongation 𝑒0 calculation through method II for both RD-bar and TD-bar. Ref.G and Std. stand for the reference geometry and standard deviation.

Ref.G 𝑒0
𝑖→𝑅𝑒𝑓.𝐺
𝐿 𝑒0𝐿 Std. 𝑒0

𝑖→𝑅𝑒𝑓.𝐺
𝑇 𝑒0𝑇 Std. 𝐾 range

A80

𝑒0
𝐴50→𝐴80 32.2341

35.3765 2.4032

58.8341

54.2091 12.9239

(11.18, 14.14)
𝑒0

𝐴𝑆𝑇𝑀25→𝐴80 37.5415 70.4161 (8.07, 14.14)
𝑒0

𝑀𝑖𝑛𝑖1→𝐴80 36.9344 43.6529 (4.56, 14.14)
𝑒0

𝑀𝑖𝑛𝑖2→𝐴80 34.7960 43.9334 (2.8, 14.14)

A50

𝑒0
𝐴80→𝐴50 32.2341

36.4831 3.7466

58.8341

55.4055 17.0131

(11.18, 14.14)
𝑒0

𝐴𝑆𝑇𝑀25→𝐴50 40.9849 84.6674 (8.07, 11.18)
𝑒0

𝑀𝑖𝑛𝑖1→𝐴50 37.7275 41.6658 (4.56, 11.08)
𝑒0

𝑀𝑖𝑛𝑖2→𝐴50 34.9858 43.0304 (2.8, 11.08)

ASTM25

𝑒0
𝐴80→𝐴𝑆𝑇𝑀25 37.5415

37.3309 2.8089

76.3455

59.9172 24.1920

(8.07, 14.14)
𝑒0

𝐴50→𝐴𝑆𝑇𝑀25 40.9849 92.1758 (8.07, 11.18)
𝑒0

𝑀𝑖𝑛𝑖1→𝐴𝑆𝑇𝑀25 36.5830 35.7604 (4.56, 8.07)
𝑒0

𝑀𝑖𝑛𝑖2→𝐴𝑆𝑇𝑀25 34.2141 42.8954 (2.8, 8.07)

Mini1

𝑒0
𝐴80→𝑀𝑖𝑛𝑖1 36.9344

36.0225 2.1716

47.6043

44.3046 5.6832

(4.56, 14.14)
𝑒0

𝐴50→𝑀𝑖𝑛𝑖1 37.7275 45.4374 (4.56, 11.08)
𝑒0

𝐴𝑆𝑇𝑀25→𝑀𝑖𝑛𝑖1 36.5830 35.9686 (4.56, 8.07)
𝑒0

𝑀𝑖𝑛𝑖2→𝑀𝑖𝑛𝑖1 32.8452 48.2080 (2.8, 4.56)

Mini2

𝑒0
𝐴80→𝑀𝑖𝑛𝑖2 34.7960

34.2103 0.9674

42.7818

41.5646 2.0835

(2.8, 14.14)
𝑒0

𝐴50→𝑀𝑖𝑛𝑖2 34.9858 41.9024 (2.8, 11.08)
𝑒0

𝐴𝑆𝑇𝑀25→𝑀𝑖𝑛𝑖2 34.2141 38.5268 (2.8, 8.07)
𝑒0

𝑀𝑖𝑛𝑖1→𝑀𝑖𝑛𝑖2 32.8452 43.0477 (2.8, 4.56)
Fig. 5. The relationship between total elongation 𝑒𝑓 and the tensile specimens’ slimness ratio 𝐾 for DP600 and DP800. (a) DP600 RD-bar, (b) DP600 TD-bar, (c) DP800 RD-bar
and (d) DP800 TD-bar. The modified material constants can be determined based on different reference geometries.
Fig. 6. The comparison of specific elongation (a) and material constant (b) obtained from Method I and II for DP600 and DP800 steel.
8
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Fig. 7. The comparison of material constant obtained from method I and II for DP600. (a) RD-bar and (b) TD-bar.
Fig. 8. The comparison of material constant obtained from method I and II for DP800. (a) RD-bar and (b) TD-bar.
Table 7
The comparison of total elongation between the experiment results (𝑒𝑒𝑥𝑝𝑓 ) and the predicted results based on Mini1 (𝑒𝑝𝑟𝑒−1𝑓 ) and Mini2 (𝑒𝑝𝑟𝑒−2𝑓 )
for both RD-bars and TD-bars. Error1 % and Error2 % stand for the 𝑒𝑓 differences in percentage.

Steel Dimension RD-bars TD-bars

𝑒𝑒𝑥𝑝𝑓 (Mean) 𝑒𝑝𝑟𝑒−1𝑓 Error1 % 𝑒𝑝𝑟𝑒−2𝑓 Error2 % 𝑒𝑒𝑥𝑝𝑓 (Mean) 𝑒𝑝𝑟𝑒−1𝑓 Error1 % 𝑒𝑝𝑟𝑒−2𝑓 Error2 %

DP600
A80 24.60 21.56 12.37 21.56 12.37 21.70 25.25 16.38 25.26 16.39
A50 25.90 23.68 8.57 23.68 8.57 23.07 26.6 15.3 26.6 15.3
ASTM25 30.50 26.98 11.55 26.98 11.55 27.10 28.58 5.46 28.58 5.46

DP800
A80 19.70 21.34 8.31 21.34 8.33 15.20 15.07 0.86 15.81 0.81
A50 20.53 22.13 7.76 22.13 7.77 17.03 16.5 3.14 16.51 3.1
ASTM25 22.43 23.27 3.76 23.27 3.78 20.68 18.77 9.55 18.72 9.51
Fig. 9. The comparison of strain hardening exponent and strength coefficient based on A80 and Mini1. (a) strain hardening exponent and (b) strength coefficient. The predicted
𝑛 value through Mini1 is higher than that predicted by A80, however, the predicted strength coefficients are similar. The dashed line denotes the reported 𝑛 value in the work
of [22].
Fig. 10 shows the forming limit curves of DP800 based on strain
hardening exponents of A80 and Mini1. The results showed that the
FLC based on Mini1’s prediction is upper to that predicted by standard
A80 dimension and other previous research. This is due to the larger
𝑛 value for Mini1’s prediction, which makes DP800 a ’more ductile’
steel compare to what it should be. Therefore, attention should be given
9

whilst the miniaturized non-standard Mini1’s results used to predict the
formability of DP800 strip obtained from the RAP routine.

3.4.3. Performance on predicting r-value of DP800
Fig. 11 showed the relationship between r-value and the tensile bars’

orientation. Four tensile bars’ dimensions, both standard bars (A80,
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Fig. 10. Forming limit curves (FLC) of DP800 this work (solid lines) and previous research (dashed lines). Tensile tests results (black and red circles), based on A80 and Mini1
ars were also added. The predicted FLC by using Mini1 (in red) is upward offset to the FLC predicted by A80 (in black) and FLCs in the previous work. Cardoso (2015), Khallabad
2022), Affronti (2018), Schimid (2019) and Finamor (2021) denote the references of [22–26], respectively, in this work.
Fig. 11. Experimental results of DP800 r-value based on A80, A50, ASTM25 and Mini1 tensile specimens. All r-value results obtained from different size of specimens give same
rends: 𝑟45◦ > 𝑟90◦ > 𝑟0◦ , even for the non-standard miniaturized specimen Mini1.
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50 and ASTM25) and non-standard miniaturized bar (Mini1), were
elected and therefore four groups of data were obtained, as showed
n figure. There data obtained from standard dimension tensile bar
how a similar r-value trend: 𝑟45◦ > 𝑟90◦ > 𝑟0◦ . This trend was similar
o the previous limited research, which has been discussed in details
n the work of Zhang et al. [27]. For the results obtained by Mini1,
t echoes the trend predicted by the standard bars, although some
catters are observed. This scatter is also observed in the predictions
y the standard bars. In terms of the magnitudes of r-value, the results
redicted by Mini1 are in a similar range compared to those predicted
y the standard bars. This is true for all the orientation. It is worth
entioning that the Mini1 design is valid to predict Interstitial Free

IF) steel’s r-value [28]. This will give more confidence to use Mini1
10
esign for the RAP routine strip to predict synthetic DP800 r-value as
ell as evaluating anisotropy in similar materials produced through the
AP process.

. Conclusions

The work presented in this paper investigates the ability of char-
cterizing the mechanical properties of DP steels using miniaturized
ensile specimen of a sized suitably for manufacture using small scale
AP samples. Specifically, the ductility, forming limit and r-values have
een evaluated against those measured from full sized standard tensile
pecimens. The conclusions of the work are:
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1. The Bertelle–Oliver equation can be used to accurately correlate
the total elongation, 𝑒𝑓 , to test-piece’s slimness ratio, 𝐾, for
all specimen sizes studied for both DP600 and DP600. This is
despite the sheet thicknesses being less than the critical value
of 4 mm specified by the standard. Furthermore, the tensile
strength of DP800 exceeds the maximum value of 700 MPa, spec-
ified for the Bertelle–Oliver method. This provides confidence
in using this method to predict total elongation for other similar
materials, developed using RAP. However, some caution must be
used when using the smallest tensile specimen, Mini2, as there is
significant scatter in the 𝑒𝑓 values obtained. For this and similar
alloys, the slightly larger Mini1 sample would be more suitable.

2. The coefficients for the Bertelle–Oliver equation were evaluated
for both DP600 and DP800 tensile specimens tested both along
and transverse to the rolling direction. For DP600 the constants
e0 and alpha varied little between those obtained in each di-
rection. However, test-piece orientation had a more significant
effect on the values of these constants for DP800, indicating that
orientation has more influence on the total elongation behaviour
in the higher strength, lower ductility steel.

3. For DP800, the strain hardening exponents, 𝑛, were obtained
from tensile curves calculated from the A800 and Mini1 spec-
imen. These values were used to estimate forming limit curves
using the Keeler–Brazier method. Due to a higher strain hard-
ening exponent, the FLC estimated from the Mini1 tensile data
exhibits a higher value of major strain than that estimated from
the A80 data. However, when comparing to previous studies,
both methods over predict major strain however, the trend is
similar. Furthermore, when plotting data points for tensile tests
on the FLC plot, these occur at lower values of major strain.

4. The anisotropy of DP800 has been characterized using both
standard tensile specimens and Mini1. Some scatter is observed,
but the trend in r-values obtained at 0◦, 45◦ and 90◦ to the rolling
direction is similar.

The overall objective of this research was to be able to gain confidence
in the ability to predict the forming behaviour of heterogeneous alloys
such as dual phase steels, from total elongation, 𝑒𝑓 , from small scale
tensile tests, such as those manufactured from RAP samples. The results
show that despite the miniature specimens exceeding the limits speci-
fied for the Bertelle–Oliver rule, total elongation from these specimens
can be used to extrapolate values that would be obtained from standard
tensile bars, allowing an assessment of ductility of 40 g of materials
produced by RAP. Furthermore, estimates of forming limit curves and
anisotropy can be made using this method, with levels of confidence
similar to those obtained from full-sized standard tensile specimens.
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