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Abstract The measurement of elastic strain in miniature
specimens by means of the crosshead displacement recorded
with a tensile-test machine is influenced by the elongation of
the two fillet-zones and the compliance of the testing device.
In this paper, a mathematical model for calculating the elastic
elongation of the fillet-zones of a dog-bone tensile specimen
and the machine compliance as a function of the applied load
is proposed. The subtraction of the fillet-zones elongation and
the machine compliance from the crosshead displacement
allows the calculation of the elastic elongation of miniature
specimens leading to values in agreement with strains mea-
sured via digital image correlation.

Keywords Miniature specimen - Crosshead displacement -
Fillet-zones - Machine compliance

Introduction

Nowadays, the development of new fabrication technologies
and miniaturized products which restrict the specimen dimen-
sions results in an increased use of miniaturized tests for
studying mechanical properties of materials. Additionally,
analysing miniature specimens instead of standard ones saves
material and time for both industrial and academic researchers.

Generally, tensile specimens used in miniaturized tests are
dog-bone shaped. A dog-bone tensile specimen can be divid-
ed into five zones: the parallel-zone, the two fillet-zones and
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the two grip-zones (Fig. 1). Dimensions of miniature speci-
mens deviate from ASTM standards, the parallel length of
miniature specimens being in the range from 1 mm [1] to
several millimetres [2, 3].

The knowledge of the elastic properties of materials, e. g.
elastic strain and stress, is important for engineering design
processes. Although the elastic stress of miniature specimens
can be accurately calculated from the force that is recorded by
the tensile-test machine, measuring the precise elastic strain is
challenging. The elastic strain of standard specimens can be
accurately determined by using clip-on extensometers, but this
option is difficult in miniature specimens due to their small
dimensions [4]. At present, there exist non-contacting strain
measuring systems such as laser and video extensometers [5]
but their high price and complex set-up limit their application.
Therefore, using extensometer is not a common method for
elastic strain measurements of miniature specimens.

There are two main alternatives to the use of extensometers
for determining the elastic strain of miniature specimens: the
application of Digital Image Correlation (DIC) and the mea-
surement of the strain from the crosshead displacement that is
recorded by the tensile-test machine. The DIC method con-
sists of the measurement of the strain of the specimen during
testing by comparing, pixel by pixel, images of the specimen
before and after elongation. This technique requires the use of
a high resolution camera, followed by data post-processing by
using the corresponding software. On the other hand, the
measurement of the elastic strain of miniature specimens from
the crosshead displacement does not need any extra equip-
ment and data processing. However, one drawback of using
crosshead displacement for elastic strain measurements, is that
the elongation of the fillet-zones of the specimen and the
tensile machine parts are included in the crosshead displace-
ment. Therefore, this method overestimates the elastic strain
of miniature specimens, as will be detailed further on.

Although elongation of the fillet-zones of miniature spec-
imens during tensile tests has been reported by different
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Fig. 1 Scheme of a tensile-test
machine and a dog-bone speci-
men which are modelled by five
series of springs

L e

researchers [6], most of the published investigations consid-
ered the fillet-zones as rigid items when measuring the strain
from the crosshead displacement [7]. To eliminate the influ-
ence of the fillet-zones elongation on the measured elastic
strain, Koubaa et al. [8] defined the initial length in the strain
calculation as the total length of the parallel-zone and the two
fillet-zones. The strain measured by their proposed approach
is in better agreement with the strain calculated using finite
element analysis than the strain measured by dividing the
crosshead displacement by the initial length of the parallel-
zone. However, their proposed method underestimates the
strain, since the strain in the fillet-zones is smaller than in
the parallel-zone.

A tensile-test machine is not a monolithic part and it
consists of different parts like the machine frame together with
measuring and fixturing devices. The machine components
are not rigid and they deform elastically in tension. These
elongations, which are known as machine compliance, are
included in the recorded crosshead displacement [9]. The
elastic elongation of miniature specimens is relatively small
and the machine compliance has significant effect on the
crosshead displacement. Therefore, the machine compliance
should be precisely considered when the elastic strain of
miniature specimens is to be measured from the crosshead
displacement. The ASTM standard for tensile testing of single
filament materials determines the machine compliance by
assuming the tensile-test machine and specimen as two linear
springs which are connected in series [10]. According to this
standard, the machine stiffness depends on the specimen
stiffness and dimensions. However, experimental measure-
ments of the machine stiffness reveal that the machine stiff-
ness is a function of the applied load and it is independent of
the specimen properties [11].

The present paper establishes a new method to determine
the elastic strain of miniature specimens from the crosshead
displacement, based on the calculation of the fillet-zones
elastic elongation and the machine compliance. The proposed
model for calculating the fillet-zones elastic elongation is
validated by finite element analysis. A correction method is
developed to subtract the influence of the fillet-zones elastic
elongation and the machine compliance from the recorded
crosshead displacement. This correction method is used to
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calculate the elastic strain in the parallel-zone of miniature
specimens of four different steels. Resulting values are in
good agreement with the elastic strains measured from
DIC method.

Mathematical Modelling of the Effective Parameters
on the Crosshead Displacement

A tensile-test system consists of tensile specimen and tensile-
test machine. The elastic elongation of the tensile-test system
components during the tensile test can be considered as the
elongation of a series of springs. In this paper, the tensile test
system is modelled by five springs in series: two for the
tensile-test machine, two for the fillet-zones and one for the
parallel-zone of the tensile specimen (Fig. 1).

In the current approach, each arm of the tensile-test ma-
chine is modelled by a spring with stiffness of 2K,,,. A factor 2
is included to simplify the calculation procedure so the total
stiffness of the tensile-test machine can be considered as a
single spring with stiffness K. The apparent stiffness that is
displayed by the tensile-test system (X, is calculated as:

1 1 1 2

— = 1
Kow Kn 'K, K, (m

where K, and K are the stiffness of the parallel-zone and the
stiffness of one fillet of the fillet-zones of the tensile specimen,
respectively. The total elongation of the tensile-test system is
recorded as crosshead displacement by the tensile-test ma-
chine. This recorded displacement is defined here as the
apparent elongation of the tensile specimen (A/,,,) and it
can be calculated by:

Alypy = Al + Al, +2A15 (2)

where Al,, Alp and Alare the elongation of the tensile-test
machine parts, the elongation of the parallel-zone and the
elongation of one fillet of the fillet-zones of the tensile spec-
imen, respectively.



Exp Mech (2014) 54:165-173

167

Elastic Elongation of the Fillet-Zones

In this section, a model is developed to calculate elastic
elongation of the fillet-zones. It is known that the elastic strain
can be calculated from the Hooke’s Law:

3)

g
€=—
E

where ¢, o and E are the elastic strain, the elastic stress and the
Young’s modulus of the material, respectively. The elastic
strain of one fillet of the fillet-zones (¢, at location x, which
is the distance between the boundary of the grip-zone and the
fillet-zone (Fig. 2), is determined as:

F

1= Eaw; ) (4)

where F’ and d are the applied force and the specimen thick-
ness, respectively. Here, w/x) is the specimen width in the
fillet-zone as a function of x. The function w/x) is defined as:

wr(x) = wg=2\/r=(r-x)’ (5)

where wy, is the specimen width at the boundary of the fillet-
zone and the grip-zone and r is the fillet-zone radius. Elonga-
tion of a fillet-zone is determined as:

Alf = I 5fdx (6)
’ 0

y

Fig. 2 Scheme of a fillet-zone of a dog-bone tensile specimen

Thereupon, elongation of a fillet-zone is calculated by
substituting equations (4) and (5) into equation (6), as:

rF
ap=[ LB (7)
0 We—2 ;’2—(r—x)2

The ratio of the elongation of a fillet-zone to the elongation
of the parallel-zone is:

J" dx
a7

Al, B Ip

where wp and [ are the width and the length of the specimen
in the parallel-zone, respectively. The parameter « is a geo-
metrical coefficient and it is independent of the applied force
and the material.

Machine Compliance

Elastic elongation of components of a tensile-test machine
during the tensile test can be modelled by the elongation of
a spring with stiffness K,,. It is well established that the
stiffness of a tensile-test machine (K,,,) is a non-linear function
of'the applied force and it is independent of the specimen type
and geometry [11]. The machine compliance (Al,) is defined
by the Hooke’s Law as:

Al = — )

where F is the applied force. Since K, is a function of the
applied load, it can be concluded from equation (9) that the
compliance of a tensile-test machine is a function of the
applied load. The compliance function is invariant for differ-
ent specimens and it can be used to calculate the machine
compliance at a certain value of the applied force.

Method to Calculate the Parallel-Zone Strain

The elastic elongation of the parallel-zone can be calculated
from the crosshead displacement by taking the following steps:

a) The first step is specifying the machine compliance func-
tion. In this matter, a specimen is tested by the tensile-test
machine while the reference elongation through its
parallel-zone, Alp’ef, is recorded by a direct method such
as DIC. The machine compliance, at a certain value of
force, is calculated by combining equations (2) and (8)

and substituting the corresponding values of the
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crosshead displacement (Al,,,) and the reference
elongation (A)¥) in:

Aly = Algp,—(1 + 20) ALY (10)

The geometrical coefficient, «, is computed by considering
the specimen dimensions in equation (8). Finally, the com-
pliance function (A/,) of the tensile-test machine is deter-
mined by plotting the machine compliance-force
(Al,vs.F) diagram.

b) Then, the corrected elongation of the parallel-zone (AZ)
for every tensile specimen at a certain value of the applied
load and apparent elongation is determined by combining
equation (2) and equation (8) and substituting the machine
compliance function in the following equation:

1
AlS =

P m (Alapp*Alm) (1 1)

The corrected elastic strain within the parallel-zone of
miniature specimens (g,) is expressed as:

1 Alyp—Al,
¢ = 12
=1+ 2a) ( I, ) (12)

Equation (12) is independent of the material type and it can
be determined for every tensile specimen at a certain value of
the applied load and apparent elongation.

Method

In this paper, the elastic elongation of the miniature specimens
with two different geometries and the standard specimens
were investigated. According to Table 1, in the naming of
the miniature specimens, T refers to the tensile specimen and
the next digit shows the specimen parallel length in millimeter.
The effect of the specimen dimensions on the elastic elonga-
tion was studied by analyzing the elastic strain measurement
of the T.4 miniature specimens, via DIC, and the standard

Table 1 Nominal dimensions of the standard and miniature specimens (mm)

Specimen Width Thickness Parallel Grip area  Overall Fillet
length length  radius
T.120 200 1.0 120.0  30.0x40.0 2300 15.0

T4 1.0 1.0 4.0
T3 08 08 3.0

4.0x2.0 10.0 1.0
3.5%3.0 10.0 0.5

SEM

specimens of four different steels: viz. one interstitial free steel
(IF), two dual phase steels with different fractions of ferrite
(DP1000 and DP600) and one martensitic steel (M1400). A
mathematical model was developed to correct the elastic strain
of the miniature specimens, based on the elastic strain mea-
surement of the T.4 miniature specimens from steel M 1400.
This model includes the subtraction of the fillet-zones elon-
gation and the machine compliance from the crosshead dis-
placement. The proposed correction method was experimen-
tally validated with T.4 miniature specimens from different
types of steels (DP1000, DP600 and IF) and T.3 miniature
specimens from DP1000. The key points of the experimental
procedure are given in this section.

Specimens Geometry

The dimensions of the miniature and standard tensile speci-
mens are listed in Table 1. The specimen’s axis was perpen-
dicular to the rolling direction. The dimensions of the minia-
ture specimens satisfied some of the ASTM standard require-
ments. The standard indicates that the ratio of the parallel
length to the parallel width is 4 and radius of the fillet-zone
is equal or greater than the width of the parallel-zone [12].
Also, to ensure that the specimen failure will occur within the
parallel-zone, the standard specifies a ratio of the grip width to
the parallel width equal or higher than 1.5 [13]. Miniature
specimens were machined from sheets using an electro dis-
charge machine.

Tensile Testing

For each type of material and geometry, three specimens were
tested in tension. All the standard and miniaturized tensile tests
were done until failure. Standard specimens were tested with a
“Schenk Trebel tensile-test machine”. An uniform elongation
region with initial length of 80 mm was considered as the gauge
length of the standard specimens. The strain of the standard
specimens (e), within the gauge length, was measured using a
contact extensometer.

Miniaturized tensile tests were performed using a
“Deben Microtest 5000 N Tensile Stage”. For these minia-
turized tests, the apparent strain (g,,,) was determined by
dividing the recorded crosshead displacement by the initial
length of the parallel-zone the specimen. Furthermore, the
reference elastic strain (Epmf ) of the miniature specimens was
measured by DIC technique. Before the tensile test, the flat
surfaces of the miniature specimens were ground using 1200
grit SiC papers.

The engineering strain—stress curves of the standard and
miniaturized tests, from zero to failure, of all the steels were
presented in a previous work of the present authors [14]. Since
the present research is focused on the elastic elongation of the
miniature specimens, only the elastic part of the strain—stress
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curves were presented in this paper. For clarity, in this work
the average of the measured elastic strain and stress data were
used to develop the elastic strain—stress curve.

The apparent strain rate of the standard and miniaturized
tests were calculated by dividing the crosshead velocity by the
initial length of the parallel-zone of the specimen. The stan-
dard and miniaturized tensile tests were performed at apparent
strain rate of 2x 10>s ' at room temperature with the excep-
tion of the IF T.4 miniature specimens, which were tested at
apparent strain rate of 4x 10 s~ '. The reason of testing the IF
miniature specimens at lower strain rate was that its limited
elastic elongation occurred in a few seconds. On the other
hand, the DIC method requires that a camera makes consec-
utive images of the deforming specimen in a certain time
interval, which was 6 s in the current research. Therefore, in
the case of IF miniature specimens a lower strain rate is
required to take an adequate number of images for accurate
determination of the elastic strain.

Digital Image Correlation

The Digital Image Correlation (DIC) method was ap-
plied for measuring the elastic strain of the T.4 minia-
ture specimens within the parallel-zone. DIC is an opti-
cal method that determines the elongation of an object
during the mechanical tests. With this technique a mathemat-
ical correlation analysis is used to calculate the strain of the
specimen from a series of consecutive digital images of the
specimen surface [15]. To obtain accurate results with the
DIC, the specimen needs to have a recognizable spackle
pattern on its surface.

In this research, to guarantee a proper spackle pattern, the
specimen surface was painted with a white spray and then a
random black pattern was finely created with a black spray.
An Oxford camera recorded images from the full parallel-zone
with a resolution of 1,024x768 pixels. Finally, the “digital
image correlation and tracking” toolbox of the MATLAB
code was used for strain calculations. The accuracy of the
DIC technique for determining strain depends on the mini-
mum detectable displacement, which is the spatial size of a
pixel in an image. The spatial size of a pixel can be calculated
by dividing the specimen dimension to the camera resolution
[16]. In this study, the minimum displacement that can be
characterized for the T.4 miniature specimens was given by
dividing the parallel length of the specimen (4 mm) by the
vertical resolution of the image (1024), leading to 4x10°
mm. By using this method, the minimum detectable displace-
ment for T.3 miniature specimens was 3 10~> mm. Therefore,
the detection strain limit of the DIC for T.4 and T.3 miniature
specimens was 107> (mm/mm) and only strains in the range
from 10> (mm/mm) to the yield point were determined by the
DIC technique.

Finite Element Modeling

The proposed model for calculating the elastic elongation of
one fillet of the fillet-zones (equation (7)) was validated by
finite element simulation of the elastic elongation of a fillet-
zone. Finite element simulations were done using the com-
mercial code ABAQUS 11.6-1. A 3D model of one fillet of
the fillet-zones of the T.4 miniature specimen was developed.
The elastic properties of the material in the simulation were
taken from the measurement performed on the M1400
standard specimens, with Young’s modulus and the
Poisson’s ratio of 210 GPa and 0.3, respectively. The
fillet-zone was modeled by solid element C3D8R which
is an 8-node linear brick with reduced integration and
hourglass control. As it is shown in Fig. 3(a), to simulate the
tensile test, the left side of the fillet-zone was encastered while
the right side of the fillet was elongated. The fillet-zone was
elongated by 0.02 mm. This is equal to the elongation of the
parallel-zone of the T.4 miniature specimen when it was
deformed by the elastic strain limit (0.005 (mm/mm)) of the
M1400 standard specimen.

Results and Discussion

Results on the calculation of the elastic strain based on the
proposed model and verification of this methodology are
presented and discussed in this section.

Experimental Measurement of the Elastic Strain

The elastic strain—stress (¢, —c) graphs of the standard and the
apparent elastic strain—stress (£,,,—¢) graphs of the miniature
specimens for steels M1400, DP1000, DP600 and IF are
illustrated in Fig. 4(a—e). Additionally, Fig. 4 presents the
reference elastic strain—stress (ep"’f —0) curves of the miniature
specimens that were measured by DIC.

Figure 4(a—) show that the reference elastic strain—
stress curves of the miniature specimens and the elastic
strain—stress of the standard specimens are in excellent
agreement. This confirms that the specimen geometry
has no significant effect on the actual measured elastic
elongation of material and the elastic slope of the
standard and reference miniaturized tests is independent
of the specimen geometry. Furthermore, the apparent
elastic slope of the miniaturized tests, which were de-
termined from apparent elastic strain—stress (c,,,—0)
graphs, are lower than the standard ones. This indicates
that the fillet-zones elongation and machine compliance
strongly increase the crosshead displacement within the
miniaturized tests.
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Fig. 3 a 3D model of the one
fillet of the fillet-zones with the
applied boundary conditions and

(b)

U, Magnitude

b the elastic elongation distribu- +2.000e-03
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scale is in mm) +1.667e-03
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Fig. 4 Elastic strain—stress curves of a M1400 (standard and T.4 miniature specimens), b DP1000 (standard and T.4 miniature specimens), ¢ DP1000
(standard and T.3 miniature specimens), d DP600 (standard and T.4 miniature specimens) and e IF (standard and T.4 miniature specimens) steels. The
apparent elastic strain (,,,), the reference elastic strain (e,ﬁef ) and the corrected elastic strain (g,,) of the miniature specimens were determined from the
crosshead displacement, DIC and the proposed method, respectively. The elastic strain of the standard specimens (g,) was determined by extensometer
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Fig. 5 The elongation-force curves of the one fillet of the fillet-zones of
T.4 miniature specimen from steel M1400 calculated by FEM (dashed
line) and equation (7) (dotted line)

Calculation of the Fillet-Zones Elongation and the Machine
Compliance

To evaluate the accuracy of the model developed in the
Section “Elastic Elongation of the Fillet-Zones”, the elastic
elongation of one fillet (A/) of the fillet-zones of the T.4
miniature specimen from M1400 was simulated by finite ele-
ment analysis. The distribution of the elastic elongation in the
fillet-zone is shown in Fig. 3(b) and it indicates that the elastic
strain is not uniform in this zone, contrary to the assumption of
the uniform elongation in the parallel-zone and the fillet-zones
which was done by Koubaa et al. [8]. The elongation of the
fillet-zone was computed from the finite element simulation
and the proposed model (equation (7)) and the results of the
both calculations are illustrated as the force-elastic elongation
curves in Fig. 5. The results show that the proposed mathemat-
ical model calculates the fillet elongation accurately.
Substituting the T.4 miniature specimens dimensions from
Table 1 in equation (8), the parameter « is found to be equal to
0.19 for these specimens. Furthermore, the ratio between the
elastic elongation of one fillet of the fillet-zones and the parallel-

0.254
interpolating curve
E 02 B
£ 0.
[11]
Q
& 0.154
S
5 6 IF
2 4 DP600
El DP1000
S 005-
M1400
0 2 : - )
0 500 1000 1500

Force (N)

Fig. 6 Applied force-machine compliance curve of the T.4 miniature
specimens from IF, DP600, DP1000 and M1400. The solid line is
interpolating of the M1400 miniature specimen data

displacement in the tensile testing of the T.4 miniature specimens. The
parallel-zone elongation of all the steels was the same (2x 10> mm) and
the applied forces to create this elongation were recorded

zone was determined for the standard specimens as «=0.09. The
low value of « for the standard specimens in comparison to
a=0.19 for the T4 miniature specimens shows that the fillet-
zones elongation has a much smaller effect on the crosshead
displacement of the standard specimens.

For the T.4 miniature specimens from all four groups of steels,
the reference elongation of the parallel-zone (Alp’?f) was mea-
sured by DIC. The machine compliance, at different levels of
Alp"*” , can be determined by using equation (10) and subtracting
the elastic elongation of the fillet-zones and parallel-zone of the
specimen from the crosshead displacement. The machine compli-
ance vs. applied force diagram is illustrated in Fig. 6. This figure
shows that for all the tested steels variations of the machine
compliance versus the applied force follows the same trend and
it is independent of the material type. By interpolation of the T.4
miniature specimen from M1400 data, the compliance function of
the tensile-test machine was expressed as a bilinear curve by:

0 . F<150N
A _ ) 81107 (W) F-0.0096(mm)  150<F < 450 N
2.1 % 107 (%) F-0.0678(mm) 450<F < 1200 N

(13)

Table2 Apparent elastic slope (E “ ), reference elastic slope (E ") and
corrected elastic slope (E°) of the miniature specimens and elastic slope of
the standard specimens (E * ). The relative error of apparent elastic slope
(n™P) and corrected elastic slope (1 °) were calculated based on the
elastic slope of the standard specimens. In this table, the elastic slope and
relative error are given in GPa and percentage, respectively

Specimen E EY E“P PP E° n°
T.4 M1400 203 204 55 73 204 0.5
T.4 DP1000 212 212 51 76 235 10
T.3 DP1000 212 215 50 76 220

T.4 DP600 202 200 98 52 187 7
T4 IF 173 188 88 96 165 5
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For forces lower than 150 N, the machine compliance is
insignificant and its value is assumed zero.

For all the studied steels, the contributions of the fillet-
zones elongation and the machine compliance to the cross-
head displacement of one T.4 miniature specimen are illus-
trated in Fig. 7. In this figure, the elongation of the parallel-
zone was determined by using DIC method and its value is
equivalent (2x10> mm) for all the specimens. Also, the
elastic elongation of the fillet-zones and the machine compli-
ance were determined by using equations (7) and (10), respec-
tively. Figure 7 shows that the elongation of the fillet-zones is
equivalent for all the steels and as it was discussed in the
Section “Elastic Elongation of the Fillet-Zones”, the ratio of
the elongation of the one fillet of the fillet-zones to the
elongation of the parallel-zone is independent of the material
type. It can be recognized that stronger specimens deform
elastically up to a higher load and thereby the machine com-
pliance, which is function of the applied force, is larger for
these specimens. This figure also indicates that, for all the
steels, the machine compliance forms the main contribution
on the crosshead displacement and its influence on the elastic
strain measurement should be precisely considered.

Validation of the Proposed Model

The correction procedure to calculate the elastic strain in the
parallel-zone of the miniature specimens was developed by
inserting the machine compliance function (equation (13)) and
the o value, 0.19 for the T.4 miniature specimens and 0.14 for
the T.3 miniature specimen, in equation (12). Then the
parallel-zone strain of the miniature specimens at different
levels of the crosshead displacement and the applied force
were calculated. As it can be seen in Fig. 4(a—e) the corrected
strain—stress (g,°—0c) graphs of the miniature specimens and
the strain—stress (¢, —o) graphs of the standard specimens are
in good agreement and both miniature and standard geome-
tries show the same elastic slope.

For each type of steel, elastic slope of the standard speci-
mens (E°) were measured from standard elastic strain—stress
curves and presented in Table 2. Also, apparent elastic slope
(E“P), reference elastic slope (E'?) and corrected elastic slope
(E®) of the miniature specimens were determined from appar-
ent elastic strain—stress curves, reference elastic strain—stress
curves and corrected elastic strain—stress curves, respectively
(Table 2). The relative error of apparent elastic slope (")
and corrected elastic slope (1) were calculated based on the
elastic slope of the standard specimens. Although the relative
error of apparent elastic strain is around 50-96 % the relative
error of corrected elastic strain is less than 10 %. These results
show that this model can be considered as a reliable method
for calculating the elastic strain of the miniature specimens
from the crosshead displacement.

SEM

Conclusions

Elastic strain measurement of the miniature specimens (via
Digital Image Correlation) and the standard specimens, for
different types of steels (M1400, DP1000, DP600 and IF),
showed that the specimen geometry has insignificant influence
on the actual measured elastic strain of the materials. However,
measurements recorded with the crosshead displacements on
the miniature specimens displayed higher strain as a result of
the effect of the elastic strain of the fillet-zones and the machine
compliance. In this paper, a mathematical model for the calcu-
lation of the elastic strain in the fillet-zones and the machine
compliance is proposed, which allowed the calculation of the
elastic strain from the crosshead displacements. The mathemat-
ical model is experimentally evaluated for miniature specimens
from different types of steels and different dimensions. For
each type of steels, the calculated elastic strain and the strain
measured on the standard specimens are in good agreement and
consequently the proposed model can be used for calculating
the elastic strain of the miniature specimens from the crosshead
displacement.
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