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Abstract: In this study, a falling weight impact test was conducted on EH690 steel specimens with
V-notches using Digital Imaging Correlation (DIC). In conjunction with scanning electron microscopy
(SEM), the plastic deformation and crack initiation processes were examined at the notch of the
specimen under different impact energies (90 J, 120 J, 135 J and 150 J). ABAQUS was used to simulate
the plastic deformation of an EH690 specimen. The results show that the strain at the notch tip
experienced some elasticity and yielding as the load increased under different impact energies. The
load remains unchanged or decreases slightly when a plastic hinge forms at the tip of the notch.
According to the microscopic images, there are three areas on the fracture surface: a fiber area,
a radiation area, and a shear lip area. With increasing deformation, a crack source forms in the
middle of the V-shaped notch and propagates to the inside and outside surfaces of the sample.
Cracks are primarily caused by ductile tears. The use of DIC to analyze the surface strain of EH690
steel specimens was verified by comparing DIC with finite element analysis. Both curves have
the same trend and the maximum error in the load-time curve is 9.42%, the maximum error in the
displacement–time curve is 5.61%, and the maximum error in the strain-time curve is 10.68%.

Keywords: falling hammer impact; DIC; V-notch; plasticity analysis

1. Introduction

With the development of marine oil and gas resources in China, the demand for
steel is increasing for offshore platforms and other marine engineering equipment. The
long service life and harsh environment of offshore engineering equipment require metal
materials with high strength, high toughness, fatigue resistance, good weldability, and
corrosion resistance against seawater [1–4].

As a high-strength low-alloy steel with high strength, good high-temperature plas-
ticity, corrosion and fatigue resistance, EH690 steel is widely used in important structural
components of offshore engineering equipment. During operation, in addition to bearing
static and quasi-static loads [5,6], these components also need to cope with medium and
low-speed impact loads such as seawater slamming and floating object impact. Offshore
platforms typically have a service life of 20–40 years, are far from land, and are difficult to
maintain. As a result, should they malfunction, huge losses will occur. Therefore, the study
of EH690’s dynamic mechanical properties and plastic deformation under low-velocity
impact loads is crucial for the safety of offshore equipment [7].

At present, research on EH690 steel focuses on corrosion fatigue [8–12], welding
performance [13,14], and quasi-static mechanical properties [15,16]. All of these studies
were conducted under quasi-static conditions. Few studies have been conducted on the
mechanical response characteristics and failure mechanisms of EH690 steel under impact
loads. The deformation characteristics of materials under impact loads are different from
those under quasi-static loads due to their proneness to local plastic deformations and
fractures.

Processes 2024, 12, 751. https://doi.org/10.3390/pr12040751 https://www.mdpi.com/journal/processes

https://doi.org/10.3390/pr12040751
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0009-0003-3226-131X
https://doi.org/10.3390/pr12040751
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr12040751?type=check_update&version=1


Processes 2024, 12, 751 2 of 14

As one of the most widely used methods for evaluating the ability of a material to
absorb energy during elastic-plastic deformation and fracture, the Charpy impact test is
widely applied in dynamic mechanical testing of steels for offshore engineering. Mad-
husudhan D et al. [17] performed a finite element simulation of the Charpy impact test
on maraging steel 300 using ABAQUS. Upon measuring the load-time curve and impact
absorbed energy of maraging steel 300, it was found that the maximum load and impact ab-
sorbed energy decreased as the impact speed increased. Cao Yuguang et al. [18] conducted
Charpy impact tests on X80 pipeline steel at varying impact speeds. X80 pipeline steel was
tested at impact speeds of 5 m/s, 5.234 m/s, 6 m/s, and 7 m/s to determine impact load
and impact absorbed energy. As the impact speed increased, the maximum impact load
and impact absorbed energy increased slightly. Kim H et al. [19] conducted Charpy impact
tests at room temperature and −50 ◦C on three types of martensitic steels. The impact
load and impact absorbed energy of steel were measured under a one-time impact frac-
ture. Under different impact temperatures, the impact load of the material increased and
then decreased as the tempering temperature increased, and the impact absorbed energy
increased. These tests were all conducted under the condition of one-time impact fracture,
and the plastic deformation of the sample during the impact process was not detailed. Due
to the limitations of contact strain measurement methods in Charpy impact testing and
the inconvenience of installing non-contact strain measurement methods on the Charpy
impact tester, the falling weight impact test is a method for testing the impact resistance of
an object by free-falling the weight upon it. During the impact process, the specimen can
be observed to undergo complete plastic deformation and crack growth. In this study, the
falling weight impact tester [20–22] was used instead of the Charpy impact tester. Utilizing
a high-speed camera and the DIC method [23–25], the strain change variation and fracture
process of the specimen were examined.

Due to its simple equipment, high measurement accuracy, and low vibration isolation
requirements [26–28], the DIC method plays an important role in the dynamic mechanical
property testing of materials [29–32]. Benoit Jordan et al. [33] measured the full-field strain
information of four bi-directional sheets of steel such as DP590 and four aluminum alloys
such as AA2024 in uniaxial tensile tests using the DIC method. It also performed uniaxial
tensile simulations using the finite element method for these eight materials. The stress-
strain curves were extracted using five different methods, compared with those measured
during the tests, and showed a 3.5% error. Sun Fei-Fei et al. [34] conducted 44 tensile tests
on S690Q high-strength steel transverse fillet welded joints at a loading rate of 0.5 mm/min,
and also measured the displacement and strain distribution using DIC and electrical
measurement methods. The electrical measurement method was found to be inadequate
for recording strain information as the sensor used in the electrical measurement method
slipped seriously during the test. S.C. Ren et al. [35] investigated the plastic properties of
A42 steel specimens in unilateral notched tensile tests at the notched tip before fracture
using the DIC method, and found that the DIC-measured stress-displacement curves are
in close agreement with the finite element solution, and that the strain clouds are similar.
Rahmatabadi Davood et al. [36] employed the DIC method to measure the strain field of
uniaxial tensile specimens and track crack growth in multi-layered Al/MgLZ91 composite
CT specimens to improve strain measurement accuracy and quality.

In this study, the impact resistance of EH690 steel was investigated using the falling
weight impact tester under low and medium strain rate impact loads, in particular the
plastic deformation at the V-notch. Through the use of a high-speed camera, the whole
process of plastic deformation and crack initiation was observed, and the plastic deforma-
tion at the V-notch of the specimen was analyzed using the DIC method. Under impact
loading conditions, the data provided in this study can be used to support structural design,
prediction, and prevention of potential material failures in EH690 steel.
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2. Experimental Materials and Methods
2.1. Experimental Materials

EH690 high-strength steel is produced by quenching and tempering (QT) process at
Wuyang Steel in China, and the corresponding chemical composition is given in Table 1.
The basic mechanical properties of the material obtained from the tensile test of the standard
material are presented in Table 2

Table 1. Chemical composition of EH690 steel.

C Si Mn P S Cu Cr Ni V Alt

0.13 0.2 1.36 0.008 0.002 0.02 0.22 0.31 0.034 0.035

Table 2. Basic mechanical properties of EH690 steel.

Yield Strength/MPa Tensile Strength/MPa Elongation at Break /GPa Impact Toughness /(%)

833.5 890 207 17.78

According to the Charpy impact test method [37], a 55 × 10 × 10 V-notch specimen
was machined by electro discharge machining (EDM) [38], as shown in Figure 1. The
hammer mass was 16.1 kg, and the impact energy was 90 J, 120 J, 135 J, and 150 J, each in
3 groups.
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Figure 1. Charpy V-Notch Specimen and Dimensional Diagram.

2.2. Experimental Methods

As shown in Figure 2, the test device consists of a falling weight impact tester, an ultra-
dynamic signal test and analysis system, and a high-speed camera. The testing machine
used is a Wance DIT falling weight impact testing machine with a maximum impact energy
of 300 J. The specimen is supported by a simple supported beam with a span of 40 mm.
Dynamic acquisition is performed with the Donghua DH5960 ultra-dynamic signal test
and analysis system. The test and analysis system uses a sampling frequency of 20 MHz.
A signal conversion is performed using the acquisition and control software in order to
determine the relationship between the impact load and the time. The high-speed camera
used in this experiment is a NAC HX-6 with a frame rate of 50,000 FPS. For light intensity
compensation, the specimen surface was irradiated with a halogen lamp cold light source.
Before the test, the surface of the specimen was subjected to speckle spraying and calibrated.
To obtain displacement and strain information from the speckle image, Ncorr [39] analysis
software was used.
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Figure 2. Digital Image Correlation (DIC) Testing System.

3. Experiment Results and Analysis
3.1. Experimental Results

Figure 3 shows the load-time and load-displacement curves under different impact
energies. Figure 3a shows that the trend of load-time curves of specimens under different
impact energies is basically the same. As impact energy increases, the peak load increases
slightly, the time to reach the peak load shortens, and the average peak load under dif-
ferent impact energies is 31 kN. Figure 3b shows that the crack arresting displacement of
specimens increases with increasing impact energy. The impact process can be divided
into five stages based on the load-time change trend. Stage 1, the load and displacement
have an approximate linear relationship, from 0 to 0.14 ms. Stage 2, the load and displace-
ment, from 0.14 ms to 0.36 ms are still in an approximately linear relationship, but the
growth rate is slightly slower than the previous stage, and the specimen displays a small
range of plastic deformation. Stage 3, the load remains essentially unchanged while the
displacement increases from 0.36 ms to 0.46 ms. The specimen produces a wide range of
plastic deformations. Stage 4, the load again increases with displacement increasing, from
0.46 ms to 0.70 ms, indicating that the material is undergoing a transient strengthening
process. Stage 5, the load decreases slowly as displacement increases, from 0.70 ms to crack
arrest. All the potential energy of the hammer head is converted into the internal energy
of the specimen.
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3.2. Results of DIC Analyses

The strain distribution of the specimen surface under different impact energies, as
obtained by DIC is shown in Figure 4. The results show that the contact position of
the hammer head is dominated by compression strain with the impact load gradually
increasing during the impact process. Both the strain field and the tensile strain increased
at the tip of the V-notch.
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According to the strain distribution area in Figure 4, the strain field is primarily
concentrated near the V-notch tip area during the impact process. The largest strain
distribution region is located 1.5 mm above the V-notch tip. To study the strain change
process when the specimen is subjected to impact loads, the strain values in the 1-1 and y
directions of the line segment are extracted as shown in Figure 5
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Figure 6 shows the strain change curve in the 1-1 direction. The results show that the
strain distribution region and strain value at the same stage are basically the same under
different impact energies. A decrease in strain value occurs as the distance from the y-axis
increases. When the measurement point is located 5 mm from the y-axis, the strain value
tends to be close to 0. The maximum strain is located at the tip of the notch tip. According
to the strain distribution under the impact energy of 150 J, the maximum strain value is
2.04% at 0.14 ms, 4.05% at 0.36 ms, 6.96% at 0.42 ms, and 10.96% at 0.66 ms. The strain
values of the corresponding stages under the rest of the impact energy are similar to 150 J.
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Figure 6. Strain Variation Curves along 1-1 under Different Impact Energies: (a) 90 J; (b) 120 J;
(c) 135 J; (d) 150 J.

Figure 7 shows the strain change curve in the y-axis direction. It is shown that the
strain distribution region and strain value at the same stage are basically the same under
differing impact energies. At 3.6 mm from the hammer head, the strain approaches 0. The
maximum strain occurs at the point of contact between the hammer and the specimen and
at the tip of the V-notch. According to the strain distribution under the impact energy of
150 J, the maximum strain values are 3.00% at 0.14 ms, 5.19% at 0.36 ms, 9.65% at 0.42 ms,
and 15.05% at 0.66 ms.
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3.3. Conclusions Macroscopic Fracture Analysis of Specimen

The macroscopic morphology of EH690 specimen under 150 J impact energy is shown
in Figure 8. The black vertical lines indicate the crack arrest positions on the surface of the
specimen under each impact energy.
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Figure 8. Macroscopic Appearance of EH690 Specimen under 150 J Impact Energy.

Figure 8 shows that there is fiber area, radiation area, and shear lip area on the surface
of the fracture specimen. Radiation and fiber zones are essentially in the same plane. The
junction between the two regions is curved. The radiation zone exhibits parallel lamellar
tearing and plastic deformation characteristics.

The results indicate that fracture initiation occurs at a central crack source in the V-
notch. Subsequently, this crack source propagates towards both the inner and outer surfaces
of the specimen, leading to the formation of a fiber zone. Upon establishing the fiber zone,
crack propagation proceeds towards the outer surface until failure of the specimen occurs,
characterized by sudden fracture and development of a shear lip.

3.4. Analysis of Micro-Morphology of Specimens

The fracture morphology under impact energies of 135 J and 150 J is depicted in
Figure 9. Figure 9a,d show the micromorphological characteristics of the crack source
area of EH690 specimens at 135 J and 150 J. There are a few shallow tearing dimples and
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slip lines visible in the figure. The dimple indicates the source of the crack, and the slip
line is oriented perpendicular to the direction of the dimple, pointing towards the upper
region of the fiber area. The results indicate that the crack initiation occurs within the
central region of the V-notch during the deformation process, subsequently expanding
rapidly in both lateral and internal directions. Therefore, shallow parabolic tearing dimples
oriented perpendicularly to the V-notch are generated within the interior region. During
the slip deformation process, a limited number of tearing dimples are specifically directed
towards these newly formed crack sources, concomitant with the development of new
crack initiation sites. The slip line is directed towards the uppermost portion of the fiber.
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Figure 9b,e show the microscopic morphology characteristics of the fiber zone of the
EH690 specimen under 135 J and 150 J. The results indicate that there are a small number
of large and deep tear dimples, and dense small dimples and tear edges surrounding the
large dimples. Dimples point toward a V-shaped notch.

The micromorphology characteristics of the radiation area of EH690 specimens at 135 J
and 150 J are shown in Figure 9c,f. Compared with the fiber area, the larger dimples caused
by tearing display a more prominent prominence. The dimples contain holes and short,
curved, discontinuous tear ridges. Upon crack initiation, the crack propagated rapidly,
and subsequent specimen propagation occurred without complete plastic deformation,
demonstrating both brittle fracture and ductile fracture characteristics.

Combining the load-displacement curve and strain distribution measured by DIC, a
comprehensive description of the plastic deformation process can be provided:

(1) As the hammer comes into contact with the specimen, the load, displacement, and
strain are linearly increasing over time.

(2) At the V-shaped notch, plastic deformation occurs within a narrow range, with a
slower rate of load increase and a faster rate of displacement increase.

(3) The V-shaped notch exhibits a wide range of plastic deformation, leading to the ini-
tiation of a plastic hinge in the specimen. As a result of this stage, the applied load remains
constant or even decreases slightly, while displacement increases at a maximum rate.

(4) As the deformation increases, the material enters the strengthening stage, resulting
in an increase in bearing capacity and a slowdown in displacement growth. A crack source
is formed at the tip of the V-notch inside the specimen, and it extends to both the inner and
outer surfaces of the specimen, forming a fiber zone.
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(5) As the crack propagates to the surface of the specimen, complete fiber formation
occurs, with a peak strain value occurring as a result. The initiation of cracks is then
apparent, resulting in a reduction in the applied load. Upon reaching a critical length,
instant fracture occurs within the crack, resulting in the development of a shear lip.

3.5. Finite Element Simulation Results and Analysis

A finite element model was developed using ABAQUS finite element analysis software,
as shown in Figure 10. The geometric parameters of the model are shown in Figure 1. The
hammer head and support are modeled as rigid bodies, with a mass of 16.1 kg for the
hammer head. There are 73,479 model nodes and 67,240 elements in the specimen mesh
of type C3D8R. Analysis step is set to Dynamic, Explicit, and analysis frequency is set
to 0.003 s. Two fulcrums are fully constrained, which enables only the hammer head to
move in the y direction, while allowing free movement in both the x and y directions and
facilitating rotation in the z direction for the specimen. Considering the global gravitational
field exerts a constant acceleration of 9.8 m/s2, the corresponding impact velocities for 90 J,
120 J, 135 J, and 150 J are imparted to the mass point of the hammer. The impact velocities
measured were 3344 mm/s, 3861 mm/s, 4095 mm/s, and 4317 mm/s, respectively.
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Figure 10. Finite Element Model of the Falling Hammer Impact.

The Johnson-Cook constitutive model is used to describe the material, and the drop-
hammer impact process exhibits negligible temperature variations. Thus, the empirical
formula can be simplified:

σ = (A + Bεn)(1 + Cln ε∗) (1)

where, σ is stress. ε is the plastic strain, ε* is the dimensionless plastic strain rate, and its
value is ε/ε0. A is the initial dynamic yield strength, B is the strain hardening index, and C
is the strain hardening factor. The model parameters involved in the simulation are shown
in Table 3 [40].

Table 3. Physical and Mechanical Properties of EH690 Steel.

ρ/(kg·m−3) E/GPa Porisson Ratio A/MPa B/MPa n C

7850 210 0.3 739 510 0.3 0.0147

Figure 11 shows the comparison between the test results and the finite element sim-
ulation results under different impact energies. The results show that the finite element
simulation results exhibit a similar trend to the test results. However, the peak load error of
9.42% is likely due to a reduction in bearing capacity resulting from crack initiation during
specimen simulation.
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Figure 12 illustrates the comparison between the DIC displacement-time curve and
the finite element results under different impact energies. The results show that the
displacement-time curve obtained from the finite element calculation is in agreement with
the DIC result, and the maximum error between the finite element and DIC is 5.61%.

Figure 13 illustrates the comparison between the strain distribution of the EH690
specimen before cracking and the strain cloud diagram obtained from finite element
analysis under different impact energies. The results indicate that the finite element results
are essentially identical to the DIC strain distribution area and size. The compression and
tension areas exhibit a saddle-shaped pattern, although the degree of concavity varies.
The finite element results and DIC strain-time curves of EH690 specimens under different
impact energies are shown in Figure 14. According to the results, it is possible to divide the
strain-time curve into 3 stages, which is consistent with the load-time division shown in
Figure 3. Finite element calculations generally match DIC test results. The error between
the DIC and the finite element analysis remains below 10.68%.
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Figure 14. Comparison of DIC and Finite Element Strain-Time Relationships for EH690 Specimens
under Various Impact Energies: (a) 90 J; (b) 120 J; (c) 135 J; (d) 150 J.

The maximum errors in the curves of Figures 11, 12 and 14 are shown in Table 4.

Table 4. Discrepancy between DIC and Finite Element Analysis for EH690 Specimens under Different
Impact Energies.

Impact Energy/J Maximum Error of
Load/%

Maximum Error of
Displacement/%

Maximum Error of
Strain/%

90 9.42 5.61 10.14
120 6.47 3.25 10.68
135 6.83 3.53 9.42
150 7.16 1.72 7.07

4. Conclusions

In this study, the impact test of EH690 steel specimens with a V-notch was carried
out using a drop hammer impact tester, high-speed camera, and DIC method. The load-
displacement relationships of the specimen under various impact energies and the strain
distribution on their surfaces were acquired. By integrating the results from DIC tests and
fracture scanning electron microscope micro-morphology analysis, the plastic deformation
of the notch upon impact was studied. The following conclusions were derived:

(1) The strain at the notch tip undergoes a brief elastic stage followed by a yield stage
as the applied load increases. The load remains constant when a plastic hinge is formed at
the notch tip. The formation of a crack source subsequently occurs at the tip of the V-notch
in the specimen, which then propagates towards both the internal and external surfaces,
resulting in the development of a fiber zone. Upon the propagation of the crack source
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to the surface of the specimen, the complete formation of a fiber zone occurs, resulting in
maximum strain and initiation of cracking at the crack tip.

(2) The fracture of the specimen can be observed through scanning electron microscopy,
revealing three distinct zones: the fiber zone, radiation zone, and shear lip zone. The fiber
zone is predominantly characterized by a limited number of shallow tear dimples, and
conspicuous slip marks are observed on the fracture surface. The radiation zone exhibits
prominent and deep tearing dimples, as well as numerous edges with tearing characteristics.
Cleavage features are also observed in the shear lip region.

(3) The ABAQUS software was employed to establish the finite element model of the
EH690 V-notch specimen subjected to impact, enabling analysis of the plastic deformation,
stress, and deformation characteristics at the tip of the V-notch under identical impact
energy as in the experimental test. The findings demonstrate a load-time curve trend
consistent within an error margin below 5%, while the maximum error for displacement–
time curve is less than 8.83%.
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