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Introduction
In the automotive industry, the steel is the primary material 

used, being approximately 60% of the weight of the vehicle [1,2]. 
To reduce the fuel consumption, the reduction in weight of the car 
body structure is intensively required in industry and with this aim, 
higher strength materials are being introduced [3-5]. However, it 
has been shown that these materials lead to higher springback and 
early fracture problems [6,7].

In order to reduce these disadvantages, mainly the one related 
with formability, steel makers are developing new alloys [8]. Firstly, 
after initial Martensitic steels MSS, TWIP steels were developed. 
These alloys present a similar strength compared to high or 
advanced high strength steels (ultimate strength >500MPa), but 
with greater formability of about 40%. These new alloys were of 
high interest for the stamping industry [9,10]. However, in order to 
reduce the high cost and improve the low weldability of these TWIP 
materials, recently, third generation steels were presented [11], 
where lower formability is obtained but at a lower cost.

Modern methods of manufacture of car body components such 
as wheels, suspension parts and structural components using sheet 
metal, mainly steel, involve, primarily, shearing, bending and stretch 
drawing operations. Included with these processes are the bending 
up (plunging) of flanges around punched holes, and this can result 
in rupture of the material. Various test methods are available to 
establish the suitability of the sheet metal and the hole expanding  

 
test is one of the most common methods for evaluating the edge 
strain limit of a specific material [12]. The hole expansion test is 
a deep drawing operation of a flat circular sheet with a hole in the 
centre. In order to perform the test, a conical punch is used and 
during the drawing operation the inner hole of a blank expands and 
the edge strain increases until the first crack appears. In this test, the 
limiting hole expansion ratio (HER) is obtained, which quantifies 
the amount of hole expansion obtained in a circular punched hole 
of a test piece when an expanding tool is forced into the hole. This 
information is critical in all deep drawing operations where a pre-
cut hole is expanded as well as on secondary operations where an 
edge is stretched.

Previous authors have analysed the HER of different automotive 
alloys. Larour et al. [13] and Yoon et al. [14] analysed the widely used 
Dual Phase steels (DP), Krempaszky et al. [15] and Dünckelmeyer 
et al. [16] analysed the fatigue resistant Complex Phase steels (CP), 
Pauli et al. [13], Krawczyk et al. [17] and Choi et al. [18] analysed the 
high formability Transformation-Induced Plasticity steels (TRIP), 
other authors such as Xu et al. [19] analysed the second generation 
steels Twinning-Induced Plasticity (TWIP) [20-22], up to the really 
high strength Martensitic steels (MS) analysed by Chen et al. [23]. In 
addition, lower strength automotive steels such as stainless steels 
and Extra Deep Drawing (EDD) steels were also investigated by Li et 
al. [24] and Stachoswicz [25]. Regarding the mechanical properties, 
Narayanasamy et al. [26] reported that with higher ultimate 
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Abstract

Material formability has become one of the main problems, together with the springback, when stamping high added-value components for the 
automotive industry. The pursuit of weight reduction has led to higher strength alloys which show a lower formability. Among the different formability 
criteria (e.g. necking, edge strain, fracture and radius cracks) the edge strain is starting to be a critical aspect on the process planning stage. In order to 
characterise this criteria, the hole expansion ratio (HER) is conducted under the ISO 16630 standard. In the last years, multiple authors have analysed 
the HER of different alloys and its dependency on different process variables i.e. cutting method, test speed, material strength. However, the influence 
of the springback phenomenon on the test result has not been previously analysed. In this work, the influence of the springback on the HER values has 
been analysed for a mild steel DX54D and a third generation steel Fortiform1050 with a novel measuring technique. From the obtained results, it can be 
stated that the springback has a critical influence on the characterised HER value, mainly for the third generation steel, leading to differences of about 
40% on the HER limits.
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tensile strengths lower HERs are obtained. Similarly, Yoon et al. 
[21] stated that increasing the fracture toughness, crack initiation 
at the hole edge surface can be delayed, which delays the crack 
propagation along the thickness direction and leads to increased 
HERs [17]. Analysing the influence of the chemical composition 
and the microstructure, in 2009, Narayanasamy et al. [26] showed 
that smaller amount of boron and manganese aids to have better 
HER and less amount of carbides enhance the HER. In 2014, Paul 
et al. [27] showed that higher strength differences among phases 
resulted in inferior HER.

Aimed at studying the robustness of the hole expansion test, the 
most affecting parameters of the test have been also investigated by 
various authors. It has been proved that the initial hole diameter 
does not significantly influence the hole expansion results 
[18,25,28]. In addition, increasing the thickness of the specimen 
HER increases [29]. It has been shown that the failure direction 
depends on the rolling direction and anisotropy of the material 
[15]. For specimens with laser cutting, the first primary crack 
initiated at the start position of the laser cutting process [30]. The 
manufacturing process and the surface quality of the initial hole 
have been determined as the two critical parameters that affect 
HER. Punched holes present damaged surfaces and the lowest HER 
[15]. Smoothing of the sheared edge is effective in improving HER 
[3]. Although the load of the forming punch does not affect the HER, 
its geometry is important [24,31]. The highest HERs are obtained 
with a conical punch whereas the smallest ones with a cylindrical 
punch [21,25,29]. It has been also shown that HER increases 
significantly with increasing speed [13].

Aimed at predicting the HER without having to perform 
dedicated experimental tests, some authors worked the prediction 
using the simulations and equations based on mechanical 
properties [4,20,22,32]. In 1986, Adamczyk & Michal [33] 
presented an equation to predict HER from the total elongation 
and the plastic strain ratio. In 2006, Comstock [28] improved the 
predictive capability of the relationship of Adamczyk & Michal [33] 
by including the thickness and the work-hardening ratio to the 
equation [28]. Other authors such as Sadagopan et al. [34], Chen et 
al. [35] and Chung et al. [36] have presented expressions to predict 
HER from the mechanical properties. In some works, comparing the 
experimental HER values with predicted ones, the predictions are 
observed to correctly match the experimental values [15,20,27].

Although the influence of many parameters could be analysed 
in the experimental results, there is an International Standard 
ISO 16630 [12] that establishes the procedure and parameters to 
perform the hole expansion test. It specifies to stop the movement of 
the punch the instance a crack appears through the full thickness of 
the test piece and measure the inside diameter of the ruptured hole 
in the test piece with slide calipers, or another suitable instrument 
(e.g. calibrated profile projector), to the nearest 0.05mm. As the 
ISO 16630 does not determine how to identify the first through-
thickness crack, several methods have been used in the last years. 

In 2008 and 2009, Uthaisangsuk et al. [4] and Dünckelmeyer et 
al. [16] used the maximum load recorded in the load-displacement 

curve to identify the first crack. However, in 2014 and 2015, 
Kremspaszky et al. [15] and Hu et al. [37] stated that the first-
observed through-thickness crack does not correspond with the 
maximum load and that the characteristics of the force-displacement 
curve near the maximum punch force strongly depends on the edge 
condition, the hole expansion geometry and the material behaviour 
(strain hardening, damage evolution and fracture toughness). In 
order to avoid the errors introduced by this force technique, some 
authors used artificial vision methods to identify the first crack, 
recording the test with cameras [13,18,37] or 3D DIC techniques 
[16,29]. This 3D DIC improves the test results in two aspects. Firstly, 
as it is an amplified image, it is much easier to determine when the 
first through thickness crack occurs. Secondly, 3D DIC is capable to 
obtain the deformation on the surface of the specimen despite the 
deformation happens in a 3D space due to the large rotation and 
out-of-plane displacement. This gives the capability of checking 
images frame by frame to specify the exact time when first through 
thickness crack happens and calculating HER at that time.

Under the knowledge of the authors, no study has been 
performed to analyse the influence the post cracking springback 
has on the HER measurement. Due to the springback, the diameter 
of the hole at the crack moment is reduced when the punch is 
moved out and therefore an error is introduced when the diameter 
is measured after the test. It is important to take into consideration 
this error due to the springback. In the hole expansion test, elastic 
recovery is caused mainly by two parameters: the own springback 
of the material and the effect the crack has on it. This complexity, 
leads to have difficulties in performing the inverse simulation 
by means of simulation code. Furthermore, it is known that the 
prediction of the HER depends on the accuracy of the FEM model. 
Therefore, in this work the effect of the springback is directly 
analysed experimentally. 

The main objective of the present work has been to analyse the 
influence of the springback on the HER determination. Although 
several authors [16,29] have moved to using image analysis several 
years ago to stop the tests and calculate HER, that method involves 
using 2 cameras, a DIC system and a mirror. However, the new 
online method presented in this work, enables to obtain the same 
results in a simple way using a straightforward method that needs 
a simple. Two different materials have been analysed, the mild steel 
DX54D which has low tensile strength as well as low springback and 
a Third Generation steel Fortiform1050 in which the springback is 
high due to its high strength. Then the influence of these differences 
at different tests velocities on the obtained HER values has been 
analysed. The diameter of the hole has been measured using online 
techniques and compared to the post-test measured value.

Materials and Equipment
Materials

In this work, two steels were analysed: a Fortiform 1050 and 
DX54D. On the one hand, the Fortiform 1050 is a Third Generation 
Ultra High Strength Steel and it is used to provide additional weight 
reduction thanks to its higher mechanical properties compared to 
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that of conventional Advanced High Strength Steels (AHSS) while 
keeping the same formability (similar formability to a DP780). This 
steel allows the realization of lightweight structural elements by 
a cold forming method such as stamping. On the other hand, the 
DX54D is a high formability steel used for deep drawing operations 

usually for body panels. The Fortiform 1050 has a low deformation 
and a high springback while the DX54D has high deformation 
and low springback. Table 1 lists each material’s thickness and 
mechanical properties.

Table 1:Thickness and main mechanical properties of the analysed materials.

Material Thickness (mm) Yield Strength (MPa) Ultimate Tensile Strength 
(MPa) Total Elongation (%) r

Fortiform 1050 1.2 756.15 1114.5 10.5 0.795

DX54D 0.6 153.31 309.54 27.72 1.83

In order to assure the repeatability of the hole expansion test, 
ten circular specimens of each material were laser cut. The outer 
diameters were 95mm and the inner holes were 10mm.

Equipment
In order to perform the hole expansion test, an Instron4206-

100kN universal testing machine was used. The necessary tooling 
for the test (Figure 1) was installed in the universal testing 
machine. The main components of the tooling are the main frame, 
the blank holder and the conical punch with an angle of 60°. The 
punch has a machined cylinder (10mm) at the end to achieve online 
measurements of the final diameter. The machined cylinder was of 
vital importance because it was used as a reference diameter in the 
calibration for the online measurements. After a calibration process, 
measuring the reference diameter and the final diameter of the 
hole in pixels enabled to obtain the online diameter in millimetres. 
Aimed at identifying the occurrence of cracks accurately and 
recording the test in order to obtain online images, a Logitech Carl 
Zeiss Tessar HD 1080p camera was used. 

Figure 1: Hole expansion test equipment.

Methodology
Hole expansion test: The edge strain was evaluated from the 

hole expansion test as specified in the ISO 16630 [12]. The laser cut 
holes of the sheet were expanded with the conical punch having an 
angle of 60°. In order to be able to analyse the influence of the strain 
rate on the crack behaviour, two different velocities were tested: 

0.1mm/s and 1mm/s. For each material and velocity five blanks 
were tested. 

According to ISO 16630, the test must be stopped when a first 
crack through the full thickness appears. It was observed that the 
maximum load criteria is not a suitable method to detect the crack 
instant [16,37]. For that reason, in this work the on-line camera has 
been used to identify the crack point.

Once the test is stopped and the final diameters measured, the 
hole expansion ratio λ, is computed using the following equation:

h o o( ) 100 /D D Dλ = − ×      (1)

Where Do is the original hole diameter and Dh is the average 
hole diameter after rupture [12]. 

Usually, once the crack is identified and the test stopped, the 
sample is taken out and the inner hole diameter is measured. 
However, when removing the punch, the springback of the sample 
occurs modifying the limit diameter of the test.

In order to be able to evaluate this phenomenon, two different 
methods were used in each test: the conventional offline method 
and the online method where the diameter is measured during the 
test.

Offline measurements
After each hole expansion test, the final diameter has been 

measured using an inside micrometre. Two measurements in 
perpendicular directions were made in each specimen and the 
data measured in each specimen was averaged. Finally, the average 
diameter of all blanks of each test was calculated and the HER was 
computed.

Online measurement
Regarding the online measurements, the images of the camera 

that was used to detect the first crack enabled us to measure the 
final diameters without springback. As we used a 2D camera, what 
we could see in the screen was a circumference (Figure 2a). Once 
the test is finished, frames near the failure instant are analysed 
one by one and the frame in which the crack is through the full 
thickness is identified. In that frame, the hole diameter and the 
punch diameter are measured in pixels. Finally, those pixels are 
converted to millimetres using the calibration curves.

http:// 10.31031/RDMS.2018.05.000613
http://dx.doi.org/10.31031/RDMS.2018.05.000613


467
How to cite this article:B Zubia, J Agirre, E Saenz d A, L Galdos, J Mendiguren. Study on the Influence of the Springback on the Hole Expansion Ratio 
Characterization. Res Dev Material Sci. 5(3). RDMS.000613.2018. DOI: 10.31031/RDMS.2018.05.000613

Res Dev Material Sci
                   

  Copyright © B Zubia

Volume 5 - Issue - 3

Figure 2: 

2a: 2D image

2b: Conical punch with a cylinder in its tip

2c: Punch for the calibration

2d: Figure for the calibration.

There are two main problems when using a 2D camera. On the 
one hand, it is necessary to calibrate the image in order to be able 

to convert it from pixels to millimetres. In that regard, the used 
conical punch has a 10mm diameter grow on the tip (Figure 2b). 
This diameter was the reference for converting pixels to mm.

On the other hand, even with the calibrated image, it is not 
possible to directly determine the diameter of the sheet at the 
moment of the crack as that is happening in a different z plane 
compared to the 10mm diameter tip (supposing x and y the axes 
of the image).

The procedure that has been followed in this work to be able to 
identify the diameter of the sheet goes through a second calibration 
of the conical punch. As it can be shown in Figure 2c & Figure 2d, 
a conical punch (same angle as the test punch) has been machined 
with different diameters at different depths (z planes). Then, the 
stroke of that calibration punch (without sheet sample) has been 
recorded with the camera. Next, from each image captured during 
that stroke, the diameter in pixels of the 10mm diameter of the tip 
(t) as well as of every diameter of the calibration punch has been 
measured. 

All these measurements allow the construction of a calibration 
graph (Figure 3) where the relation between the tip diameter in 
pixels (t) and the diameter of each cylinder (p) (terrace of the 
calibration punch) both in pixels and in mm (Dh) is drawn.

Figure 3: Calibration curves.

Figure 4: Online measuring methodology.

This abacus type graph allows the identification of the online 
diameter of the sheet. When the crack occurs, first, the diameter of 
the tip is measured in pixels (t). Next, the diameter of the sheet hole 
is also measured (p) in pixels (Figure 4).

Then, using the previously calibrated abacus type graph the 
correct diameter of the hole Dh can be identified. In order to facilitate 
the use of the abacus, in this work, an analytical expression has 
been fitted to the data

( )
h ( )n g pD kt f p t= =         (2)

Where Dh is the average hole diameter after rupture in 
millimeters, t is the value of the reference diameter measured in 
pixels and k and n are parameters depending on p which is the 
value of the final diameter measured in pixels.
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Results and Discussion

Figure 5: Diameter of the final holes.

Figure 6: Hole expansion ratio.

After conducting the hole expansion tests for different materials 
and velocities, the critical crack diameter (Figure 5) and the HER 
(Figure 6) were evaluated both online and offline. The following 
figures show the average value (with the standard deviation on the 
error bar) of both measuring methodologies as well as the % of 
difference between them.

It can be seen that in the case of the DX54D diameters between 
27mm and 30mm can be found and that the measurement error 
introduced due to springback is of about 3%. This difference 
increases up to a 5-6% in the case of the Fortiform 1050 material. 
This is due to the high stress state achieved in this material which 
leads to high post forming springback. The high stress state in 
the Fortiform 1050 also results in smaller final diameter. Figure 6 
shows the results in terms of HER.

From Figure 6 it can be appreciated that when converting the 
limit diameters to HER values (equation 1), differences up to 39% 
can be found on the Fortiform 1050 due to its low edge stretchability. 
In addition, one of the main characteristics of the hole expansion 

test, is the high variability between samples [15,27]. It can be noted 
from the above shown results, that variability is reduced when 
using the online method compared to the conventional offline 
method and more importantly at high test velocities.

Regarding the testing speed, higher punch speed substantially 
increases the HER values for both materials. In the case of DX54D 
the absolute HER value increases up to 10% from 0.1mm/s to 
1mm/s. Larour et al. [13] also claimed in their work that increasing 
the testing speed, resulted in greater HER. They stated that the 
slower the test, lower the HER-value because the operator has more 
time to recognize the crack through the edge visually. The faster the 
hole expansion test, the more reaction time of operator as well as 
from the testing machine play a dominant role. However, as we are 
capturing 10 images per second (10Hz), when the velocities of the 
punch are 0.1mm/s and 1mm/s, we have resolutions of 1.15x10-

2mm and 1.15x10-1mm in the diameter respectively. As far as 
Fortiform 1050 blanks are concerned, being the difference between 
diameters 0.1mm could lead to think that this difference is due 
to the resolution. Nevertheless, in DX54D the difference between 

http:// 10.31031/RDMS.2018.05.000613
http://dx.doi.org/10.31031/RDMS.2018.05.000613


469
How to cite this article:B Zubia, J Agirre, E Saenz d A, L Galdos, J Mendiguren. Study on the Influence of the Springback on the Hole Expansion Ratio 
Characterization. Res Dev Material Sci. 5(3). RDMS.000613.2018. DOI: 10.31031/RDMS.2018.05.000613

Res Dev Material Sci
                   

  Copyright © B Zubia

Volume 5 - Issue - 3

diameters (1.8mm) is bigger than the resolution, so achieving 
greater diameters with greater velocities is not a matter of the 
measurement method. One of the influencing factors it could be the 
strain rate sensitivity of the hardening behaviour. As the edge of the 
hole has higher strain rate compared to the surrounding material, 

due to the hardening difference, this can pull the “soft” material of 
the area increasing the HER. However, this hypostasis should be 
further analysed using a larger range of materials to be able verify 
its impact (Figure 7a & 7b).

Figure 7: Tested blanks

7a: Fortiform 1050 and

7b: DX54D.

Xu et al. [19] stated that in the laser cut blanks the crack always 
started at the start point of the cutting process. However, in this 
study only in 7 out of 20 samples the crack appeared in the laser 
starting point.

Conclusion
The conclusions summarized from the test results are as 

follows:

1. The springback phenomenon has been found to be 
relevant on the hole expansion ratio characterization.

2. Springback is mandatory to accurately measure HER, 
otherwise it will introduce 40% error in the case of the third 
generation Fortiform 1050 where springback is high.

3. The proposed new method has been proved to be suitable 
for taking into account the springback phenomenon with a 
simple set-up.

4. Contrary to previous authors, the observed influence of 
the test speed on the mild steel HER is not related with the 
crack identification methodology. This effect remains as an 
open question for further investigation.
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