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Abstract 

Strain rate is essential in study of the physics of fluids and solids undergoing deformation. State-of-art high strain 
rate tests have mainly been in macro-scale with an upper limit of 108 s−1. A graphene-based layered system is 
proposed to conduct nanometer-scale high strain rate testing. The process is investigated by molecular dynamics 
simulations. Accelerated single ion or group of ions are used to impact on the proposed system to generate ballistic 
or plate-like impact scenarios. The effects of impact energy, shape of impact absorber and the impaction location 
are investigated. The graphene layer is the key of the proposed system to spread the load and protect the sample. 
The results indicate that ion group and single ion impacts produce strain rates of 5.0–5.2 × 1011 s−1 and 0.9–1.2 × 
1011 s−1, respectively. Ion group impact produces a more significant signal than single ion impact on the sensing 
nano-layer in the system. The ultimate strength of an Al-Cu alloy sample during ion impact is estimated to be 215 
MPa to 251 MPa, significantly lower than predicted by the Johnson–Cook model because of the rapidly increased 
temperature and melting in the sample. The results demonstrate new possibilities for understanding high strain rate 
effects at nano-scale.  

Keywords: Graphene; focused ion beam; high strain rate; nano-cluster; piezo; impact.  

  



± 

− 

1. Introduction 
Strain rate is of critical importance in the physics of fluids and deformable solids. Strain rate sensitivity or strain 
effect must be considered when investigating the behaviors of metals [Xue and Wierzbicki, 2009; Groh et al., 2010; 
Suo et al., 2013], polymers [Williams et al., 2015], ceramics [Wananuruksawong et al., 2015], nanomaterials and in 
astrophysics [Cohen et al., 2000].  

Experimental tests play an important role in accessing the strain rate sensitivity of materials. Over the past century, 
various tests have been invented to investigate the mechanical responses of materials at different strain rates. 
Commonly adopted high strain rate tests have included the split-Hopkinson pressure bar (SHPB) [Liu et al., 2013; 
Chen et al., 2014], the plate impact test [Liu et al., 2014] and the pressure-shear plate impact test [Klopp et al., 
1985]. These high strain rate testing schemes are mainly designed for macro-scale behavior and the strain rates are 
limited to 104–105 s−1 [Liang et al., 2016] for the miniaturized SHPB bar test and 105–107 s−1 for the pressure-shear 
plate impact test [Ramesh, 2008].  

As nanoscience and nanoengineering advance, new mechanical testing techniques are emerging to gain information 
about material properties at nano/micro level. Existing methods include nano-indentation [Bufford et al., 2014] and 
starching [Akono et al., 2012], quantitative nano-mechanical mapping [Lo et al., 2015] and compression tests on 
micro/nano-sized pillars [Bei et al., 2008] or beams [Chen et al., 2015] fabricated using a focused ion beam. These 
tests are usually conducted for strain rates in the range between 10−6 to 103 s−1. The strain rate effect is especially 
vital because the interactions at nanometre scale, such as during the interaction of nano-particles [Chen et al., 2014; 
Liang et al., 2016], are more violent due to local thermal shocks [Rezazadeh et al., 2011; Xiong and Tian, 2011] or 
strong mechanical collision [Mochalin et al., 2012] of particles. Development of the testing schemes at higher 
strain rates and smaller scales will benefit the advance of science in these fields.  

In this study we propose a nanometer-scale ion impact test to achieve ultrahigh strain rate loading of samples with 
nanometer sizes. This test scheme utilizes existing ion acceleration techniques such as the focused ion beam (FIB), 
and the strongest 2D nanosheet, graphene. First developed in the mid-1970s, use of FIBs has been reported in 
various applications [Wirth, 2009]. The FIB can be used to accelerate ions to the energy of 5–30 keV and impact on 
the sample. Such impact cannot be used directly to create high strain rate loading since high localized energy at the 
impact site would result in the sputtering damage of materials [Adams et al. 2000, 2001; Picard et al., 2003]. 
Therefore, the key in such testing is that a very strong material, for example graphene as proposed here, is required 
to withhold the accelerated atoms near the impact site and transfer their impact energy to a distributed loading. 
Experimental testing of chemical-vapor-deposited high-integrity graphene sheets suggests a tensile strength of 
about 90–100 GPa [Lee et al., 2008; Lee et al., 2013]. Even functionalized graphene with a large number of defects 
is reported to have strength over 20–30 GPa [Cao et al., 2015]. These extraordinary mechanical properties make 
graphene ideal for the proposed task.  

The process and feasibility of the test is investigated using molecular dynamics (MD) simulation. MD simulation is 
an ideal tool for studying the behavior of nano-materials at high strain rate [Narayanan et al., 2015] and has been 
widely used in studies related to ion impact. Aoki et al. used MD to study the impact damage characteristics of 
large argon ion clusters [Aoki et al., 2003]. MD has also been used to determine the surface ripple orientations from 
the asymmetry of ion impact craters [Hossain et al., 2011], the production of defects in graphene under ion 
irradiation [Standop et al., 2013] and the interactions between ion, metal (Pt) and graphene [Standop et al., 2013].  

The present study investigates two different testing scenarios as demonstrated in Sec. 2: impact by a group of ions 
and by single ion. The strain in the testing samples due to the impact of ions with different impact energy is 
investigated and strain rates are found in the order of 1011–1012 s−1. The risk of the sample being damaged is also 
evaluated by the critical bond stretching in the graphene. This study demonstrates that using ion bombardment as 
an ultra-high strain rate loading technique on nano-scale samples is feasible with the aid of graphene sheets. The 
proposed test presents new possibilities for better understanding of the strain rate related behaviors, especially those 
of emerging nano-materials. 

2. Concept of the Nano-Impact Test and Simulation Scenarios  

The proposed experimental setup for ion impact testing is based on a nano-film system as demonstrated in Fig. 1. 
To be concise, it is defined that the x axis direction in the coordinate space is the vertical axis and the direction of 
impact is the x axis direction. The horizontal planes (or directions) are defined as the planes parallel to the y-z plane 
in the coordinate space. As demonstrated in Figs. 1(a) and 1(b), the proposed system contains five layers from top 
to bottom: (i) a layer of metal (Pt) as the energy absorber, (ii) a layer of graphene, (iii) a layer of samples, in this 
case an aluminum  alloy cluster, (iv)  a  layer of graphene and (v)  a  layer  of materials with strain-sensing 
properties, such as piezo material (polyvinylidene fluoride, PVDF, is used here because of its high flexibility). 



The absorber is used to resist the penetration of the impacting ion and absorb the impact energy by converting it 
into movement of multiple atoms in the absorber layer. The graphene sheet between the absorber and the sample 
layer is critical  for the system as its high strength and tensile stiffness restrict the movement of 

Fig. 1. The concept of (a) high-density (HD) and (b) low-density (LD) ion impact and the corresponding setup of 
MD simulation for (c) HD and (d) LD cases. Color code for atoms: dark purple = platinum (Pt), yellow = 
aluminum (Al), green = copper (Cu), gray = carbon (C) light purple = fluoride (F), blue = calcium (Ca), white = 
hydrogen (H). 

 

the atoms in the absorber layer and spread the pressure on the sample layer. The graphene layer between the sample 
and the sensing material layer is optional but is included here to spread loading on the sensing layer. The sensing 
material at the bottom is used to convert the strain applied by the sample into signals that can be recorded and 
analyzed to understand the material behavior of the sample. 

Considered here are two impact scenarios which produce different loading pro- cesses. As shown in Figs. 1(a) and 
1(c), the first scenario is referred as the high- density ion impact, where a pulse containing n ions is accelerated and 
impacts on a region on the adsorbed surface with an area of Ai. So there is 1 ion per Ai/n  area. 

When Ai is relatively large in relation to sample size and Ai/n is small, the loading is similar to a plate impact 
[Grote et al., 2001]. It is expected that the impacted area will compress down the sample in a near-uniform way. 
Therefore, in the simulation setup as shown in Fig. 1(c), a representative volume element is taken from the 
impacted area and simulated with periodic boundary condition in horizontal directions. The other scenario (Fig. 
1(b)) is where a single atom impacts on the Pt. The strain and energy transfer vertically down to the sample and 
sensor beneath the impact site. As shown in Fig. 1(d), a circular affected area is taken from the layered system. As 
the kinetic energy dissipated horizontally beyond this affected area is minor, only this affected area is simulated and 
the edges of the simulated area are considered be constrained. In order to simulate the experimental setup in SHPB 
compression tests where the sample can expand horizontally, an array of replicated samples is designed and the 
sample in the center of the circular affected area is used in the analysis. The second situation can be seen as an 
analogy of a ballistic impact [Bandaru and Ahmad, 2015]. On the basis of the density of impact energy imposed on 
the impact area, the group ions and single ion impact are defined as high (energy) density (HD) impact and low 
(energy) density (LD) impact  respectively.In summary, the HD impact produces a nano-scale plate impact [Grote 
et al., 2001] where a group of closely spaced ions impact on a large area over the absorber like a plate. In LD 
impact, a single ion hits the absorber layer on one point resulting in a ballistic impact which affects a circular area 
around the impact point [Bandaru and Ahmad, 2015]. 

 

3. Method 

The atomic interaction is modelled by the COMPASS force field (condensed-phased optimized molecular potential 
for atomistic simulation studies) [Sun, 1998], which is the first ab initio force field that was parameterized and 



validated using condensed phase properties. This force field has been proven to be applicable in describing the 
mechanical properties of metal [Bunte and Sun, 2000], sp2 carbon [Duan et al., 2007] and polymers [Liu et al., 
2015]. In the COMPASS force field, the total potential energy, E, is expressed as [Sun, 1998]: 

(3.1) 

where b and b’ are the lengths of two adjacent bonds, θ and θ’ are the adjacent twobond angles, φ is the dihedral 
torsion angle, and χ is the out-of-plane angle. The total potential energy can be divided into three categories, 
namely (i) contributions from each of the internal valence coordinates (i.e., , and 

); and  (ii) cross-coupling terms between internal coordinates (i.e., ,

); and (iii) nonbonded interactions (i.e., the van der 

Waals energy,  , and the Coulomb electrostatic energy, )). It should be noted that the vdW energy 
is represented by a sum of repulsive and attractive Lennard-Jones terms. 

Construction of the model for HD impact starts by creating the continuous PVDF and two graphene networks 
within a periodic simulation box with A = 1, B = 3.4 and C = 3.3 nm in the x, y and z directions respectively. A 
cylindrical aluminum nano-cluster 1.78 nm in height, 1.658 nm in width and with 2.00% of copper. substitution is 
created and inserted into space between the two graphene layers. A cuboid (A = 5, B = 3.4, C = 3.3 nm) of 
platinum nano-clusters, with dimensions closely matching the B and C length of the box, is then created and 
inserted into the simulation box which is placed on top of the sample and graphene. Then 81.25 nm of empty space 
is created in the x-direction between the top of the platinum layer and the bottom of the PVDF layer to cut off their 
interaction and provide space for ion and sputtered atoms. This structure is then relaxed using MD simulation and 
the coordinates of the bottom layer of PVDF chains are constrained. To construct the model for LD impact, the 
relaxed HD simulation box is multiplied in the y and z directions to create a layered structure 11.45 nm in length 
and 10.04 nm in width. The periodic condition is then removed and the dangling bonds in the graphene and PVDF 
networks are balanced by hydrogen. The coordinates of atoms with horizontal distance to the center of structures 
larger than 5.00 nm are constrained. 

MD simulations for the HD impact model are started by an initial geometry optimization process (using the 
conjugate-gradient method) followed by 80 ps of isothermal–isobaric ensemble (i.e. constant temperature and 
constant pressure ensemble) at 298 K and 0 pressure to find the optimal box size in the A and B directions. With 
the optimal box size, the structure is subjected to a canonical ensemble (i.e., constant volume and constant 
temperature) simulation process for 15 ps and a target temperature of 298 K followed by a microcanonical 
ensemble (i.e., constant volume and constant energy) simulation process of 7.5 ps to confirm the stabilization of 
temperature and strain in the system. After these steps the relaxed structure is used to construct the LD impact 
structure and the canonical and microcanonical ensemble processes are repeated on the LD impact structure. 

The impact process begins with the introduction of ions with high initial velocity in the x direction into the HD and 
LD systems. The process is simulated by microcanonical ensemble with a time step of 0.1 fs. The microcanonical 
ensemble is used because the impact process is too rapid (less than 2.5 ps) to allow temperature exchange with the 
environment. The coordinates, velocity and forces on the atoms are then analyzed to obtain strain. The strain of the 
sample is calculated based on the average distance between two layers of atoms in the middle of the sample, each 
of which is 0.51 nm from the centre of the sample in the x direction. The strain in the PVDF layer is calculated 
based on the distance between the atoms at the top surface of the PVDF layer and the average coordinates of the 
bottom layer of PVDF and the average initial thickness of the PVDF layer. The standard deviation of the strain 
calculation due to variation in atom positions in each layer is estimated based on the Bienaym´e formula as: 

(3.2) 

where σ is the standard deviation and the subscripts l1 and l2 denote the atoms in the top and bottom layers (in 
sample or PVDF) based on the strains which were calculated. 

4. Results and Discussion 

4.1. Interaction between impact ions and energy absorber 



Figure 2 shows the deformation of the system after ion impact. The start time 0 ps is set to the point when the 
vertical distance between the impact ions and absorber is within 0.5 nm (measured by atom coordinates). Figures 
2(a) and 2(b) show the (−0.58, 1, −0.58) orthographic view of the system at 0.135 ps. The velocity of Pt atoms in 
the absorber layer is indicated by their colors. The change of color from red to green or blue indicates that both the 
HD and LD impact heavily agitate the Pt atoms near the impact point. With the HD impact, a large percentage of 
the Pt atoms is agitated whereas with the LD impact, only a small portion of the Pt atoms gains significant increase 
in velocity.  

The process of LD impact is shown in Figs. 2(f)–2(h). The local behavior at the impact site is quite similar to that 
with the HD impact, with the kinetic energy propagating more quickly in the vertical and 45◦ angle directions. This 
directional 

Fig. 2. Deformation and energy transfer in the system and change of atom velocities in absorber (Pt) within (a) (−1, 
1.73, −1) orthographic view of the HD system at 0.135 ps after impact, (b) (−1, 1.73, −1) orthographic view of the 
LD system at 0.135 ps (c)–(e) (0, 0, −1) orthographic view of MD of the HD ion system at 0.135 ps, 0.735 ps, 
1.485 ps respectively and (f)–(h) (0, 0, −1) orthographic view of the LD system at 0.135 ps, 0.735 ps, 1.485 ps, 
respectively. The color bar represents the velocity of atoms in the adsorber (Pt) layer. 

preference in the transfer of kinetic energy is due to the face-centered cubic crystal structure [Shins et al., 2001] of 
Pt used in this study. In this crystal structure, 90◦ and 45◦ movements of atoms result in vertical or diagonal one-to-
one atom collision while in other directions there are one to multiple atom collisions. The one-toone atom collision 
results in more kinetic energy and higher velocity being passed to subsequent atoms in the direction of the 
collision, based on the conservation of momentum. In Figs. 2(f)–2(h), it can be seen that the deformation of the top 
graphene layer and the sample with LD impact is less significant than that in Figs. 2(c)–2(e) with HD impact. 
Figures 2(c)–2(e) demonstrate deformation processes after HD impact. In Fig. 2(c), the impact increases the speed 
of the local atoms to above 1 nm/ps or 1 km/s. The impact propagates downwards in the absorber layer in vertical 
direction and at 45◦. At 0.735 ps, the entire layer of Pt is agitated. The vertical movement of the graphene is 
relatively uniform. At 1.485 ps, the kinetic energy is distributed relatively evenly in the entire absorber layer and a 
uniform plastic deformation is applied to the sample. When the sample is deformed and compressed, the sensor 
layer (PVDF) supporting it is also deformed (discussed in Sec. 4.2). The sample and the sensing layer for the HD 
impact are subjected to relatively uniform deformation; therefore, the loading can be treated as a one-dimensional 
compression. It can be seen that in both impact cases, a certain amount of Pt atoms are sputtered after impact and 
some of these sputtered atoms redeposit on the surface of the absorber. This result is consistent with experimental 
observation of redepositing of sputtered atoms [Chen et al., 2015] during FIB milling where ion bombardment is 
used to remove material and carve features on the sample surface. 

4.2. Strain and strain rate in sample and sensor layers 

In Sec. 4.1, the sample and the sensor layers for the HD impact are subjected to relatively uniform deformation; 
therefore, the loading can be treated as a one-dimensional compression. The strain in the sample εs is calculated 
based on the change of coordinates between two layers of atoms with about 0.5 nm distance to the center of the 
sample as 



 (4.1) 

where xg1(t) and xg2(t) are the x coordinates of atoms in these two layers in the sample at time t after impact, t0 is 
the starting time of the impact as defined in Sec. 4.1. The change of strain in the sample and the sensor layers are 
shown in Fig. 3. As indicated in Fig. 3(a), after 0.4 ps the sample undergoes a significant increase in strain in a 
nearly linear manner. The sample has undergone plastic strain of more than 30% within 0.4 to 0.8 ps. Interestingly, 
increasing the impact energy from 5 keV to 6.8 kev produces almost identical strain in the sample during the 

 

(a) (b) 

Fig. 3. (a) Sample and (b) sensor (PVDF) strain versus time under HD ion impact with different 
energy at 5 keV and 6.8 keV. Error bars represent 1 standard deviation. 

 
Table 1. Time span of the first increase of sample strain caused by ion impact and the corresponding 
peak strain and strain rate. The strain rate is determined by linear curve fitting of the strain during the 
time   span. 

Impact scenario Strain increase       Peak strain Strain rate 
time span (ps) (ps−1 or 1012 s−1) 

1. HD-5 keV 0.30–0.96 28.81% ± 0.24% 0.50 
2. HD-6.8 keV 0.30–0.96 27.50% ± 0.25% 0.52 
3. LD-5 keV 0–0.42 2.43% ± 0.15% 0.09 
4. LD-6.8 keV 0–0.60 6.55% ± 0.21% 0.12 
5. HD-5 keV-sphere* 0.50–1.01 28.92% ± 0.51% 0.64 
6. LD-5 keV-L2 0.23–0.89 12.29% ± 0.11% 0.20 
7. LD-5 keV-L3 0.53–0.89 4.77% ± 0.16% 0.13 
∗sphere indicates the use of spherical shape absorber. 

initial strain wave (0.4 to 0.8 ps). The differences lie in the period from 0.8 ps to 2.5 ps. There, 6.8 keV of impact 
causes the sample strain to further increase after 0.8 ps whereas 5 keV impact does not. This further deformation is 
likely due to the reflected strain wave from the sensor and absorber layers. The strain rate and peak strain for 
different impact scenarios are summarized in Table 1. The scenarios of HD and LD impact with 5 or 6.8 keV ions 
(1-4 in Table 1) are discussed in this section and scenarios 5 and 6-7 are addressed in sections 4.2 and 4.3 
respectively. As shown in Table 1, the strain rate for HD impacts reaches about 0.5 × 1012 s−1.  

In the sensing layer, the strain is calculated by 

(4.2) 

where xp1(t) and xp2(t) are the x coordinate of atoms in the top and bottom layers of the PVDF chains in the sensor 
layer respectively. As shown in Fig. 3(b), noticeable PVDF strain begins from about 0.9–1.0 ps, indicating a 0.5–
0.6 ps travel time for the strain wave to pass from the sample to the sensor layer. From 1 ps to about 1.4 ps, the two 
impact energies also have similar sensor strain. This is consistent with the sample strain. However, it is evident that 
from 1.4 ps to 2.5 ps, the 6.8 keV impact causes a reflected wave or bounce-back, decreasing the strain from 0.02 
to −0.03. This bounce-back further compresses the strain as shown in Fig. 3(a). In contrast, the strain slowly 
increases to 0.035 due to inertia and then drops back to zero in the 5 keV impact case, resulting in no further 
sample deformation. It is found that the sample strain is around 10.6 times the sensor strain in the HD impact.  



As stated in Sec. 4.1, the LD impact applies a 3D deformation on the top graphene layer and the sensor layer. The 
strain in the sample can still be approximated as uniaxial compressive since the radius corresponding to the 
curvature of the deformed graphene is large compared to the sample diameter (as shown in Fig. 2(g)). The sample 
strain, calculated using Eq. (4.1), is plotted in Figs. 4(a) and 4(b). One difference between LD impact and HD 
impact is that the sample strain begins to rise very quickly, within 0.1 ps, in LD impacts. The reason for this 
difference could lie in the degree of lateral confinement of the absorber layer. In HD impact, the lateral expansion 
of Pt is strictly confined due to the periodic boundary [Thompson and Troian, 1997], whereas in LD impact the 
confinement is due the dynamic stiffness of the surrounding Pt atoms. Without the strict confinement, the Pt atoms 
beneath the impact point move downward within 0.11 ps and cause small deformations on the sample. It can be 
clearly seen from Figs. 4(a) and 4(b) that 

Fig. 4. (a, b) Strain of the sample and radial (c, d) strain and (e, f) force distribution of sensor (PVDF) vs time under 
LD impact of 5 keV and 6.8 keV ions, respectively. The dotted lines in (c,d) indicate the location of the signal 
pattern while the arrows in (e, f) indicate the transfer force in the PVDF layer. The error bars in (a, b) represent 1 
standard deviation. The radius is the distance from the center of the impact point in the x-y  plane. 

increasing the impact energy increases both the magnitude and duration of the initial strain wave. The linear fitted 
(for the initial increase curve) strain rate for LD 5 keV and 6.8 keV are 0.09 1012s−1 and 0.1212s−1 respectively, 
as shown in Table 1. Because of the 3D deformation, the response of the sensor layer needs to be analyzed radially.  

The radial distributions of the strain and force are computed as 

(4.3) 

(4.4) 

where r is the projected distance (in horizontal planes) between the atoms and the impact point, n is the number of 
atoms in the summation, F is the resultant force on each atom and F is the average force between r to r + dr. In Figs. 
4(c)–4(f), the radial strain and force distribution at different times are plotted. In terms of strain, the occurrence of 
more regions with strain greater than 0 in Fig. 4(d) than Fig. 4(c) indicates that higher impact energy causes more 
compressive deformation on the sensor layer. The most significance strain signal pattern (as marked in Figs. 4(c) 
and 4(d)) introduced by the impact for both cases lies within 1.5 nm radius, which is approximately immediately 
beneath the sample. The signal patterns begin at about 0.5 and 0.6 ps for 5 keV and 6.8 keV impacts respectively, 
indicating approximately 0.4–0.5 ps travel time for the strain to pass from sample and sensor. This is consistent 
with the case of HD impact. The signal patterns Fig. 4.3.-c and d exhibit different characteristics: for 5 keV, a small 
negative (tensile) strain pattern is detected first when the sample is subjected to compression, after which a positive 
(compressive) strain pattern is detected when the sample bounces back and undergoes tension. Finally, a negative 
(tensile) strain pattern is detected again when the sample is again subjected to compression. In the case of the 6.8 



keV impact, the signal pattern appears as a rapidly alternating compression and tension. These alternations indicate 
that the sample is vibrating globally during loading. 

This vibration could be due to energy dissipation in lateral directions. As demonstrated by the arrows in Figs. 4(e) 
and 4(f), the magnitude of forces acting on the surface of the sensor layer shows that forces are transferring in the 
lateral (radial) direction over time for both cases. The magnitude of force can be seen as representing the potential 
energy. It can be seen that a higher impact energy (6.8 keV) increases the force/energy passed to the sensor layer. 
Also, the force/energy is transferred more quickly in the radial direction.  

As addressed earlier in Sec. 2, the critical component of these findings is the graphene between the absorber and 
the sample, without which the sample can sustain very high local deformation or damage by sputtered Pt atoms. 
The high strength and stiffness of sp2 bond in graphene [Lee et al., 2008] provides good protection for the samples. 
However, the graphene may be subject to severe deformation and risk of penetration due to the high velocity of the 
Pt atoms. The risk 

Fig. 5. Bond stretching at critical deformation of the top graphene layer during HD impact with (a) 5 keV and (b) 
6.8 keV ion at 0.165 ps and 0.185 ps respectively and during LD impact of (c) 5 keV and (d) 6.8 keV, at 0.225 ps 
and 0.138ps, respectively. The color bar represents the percentage of bond stretching (negative indicates bond 
compression), while bonds with greater than 16% stretch are colored black. Light purple indicates the location of 
samples under the graphene sheet. 

is indicated by bond stretching in the graphene layer. Figure 5 presents the bond stretching (∆Lb) in the graphene at 
the most critical condition after impact. Past studies have shown that graphene can sustain at least about 16–17% of 
stretching before breakage [Liu et al., 2007]. Therefore, in Fig. 5, ∆Lb greater than 16% has been colored black to 
indicate the potential risk of breakage in the graphene. With LD impacts at 5 keV and 6.8 keV (Figs. 5(c) and 5(d)) 
the risk of breakage is very low, with 0 and 1 bond stretched beyond 16%, respectively. Higher proportions (1.79% 
for 5 keV and 0.54% for 6.8 keV) of over-stretched bonds are observed in the HD impacts (Figs. 5(a) and 5(b)) due 
to the higher energy density. Fortunately, the locations of these potential breakages from HD impact do not appear 
on the sample, indicating low risk of sample damage. It is interesting to see that 5 keV HD impact causes more 
critical bond stretching of graphene than 6.8 keV. The reason could be that the diagonal one-to-one collision is 



more significant under 5 keV impact, with the result that the critical deformation of graphene occurs at the far end 
from the sample (Fig. 5(a)). Without the support of the sample at these critical points, as in the case of 6.8 keV HD 
impact (Fig. 5(b)), the graphene undergoes more deformation under 5 keV HD impact. In general, the risk of 
graphene breakage is at a very low level (<2%). 

Overall, HD impact produces relatively uniform compression on the sample layer and can create very large plastic 
deformation on the samples. Another merit of the HD impact is that the signal is more significant and easier to 
analyze. However, experimental generation of the pulse of a group of ions may require a very strong ion source 
[Volkert and Minor, 2007] and a special “shutter” [Chen et al., 2012] to regulate the arrival time of different ions. 
LD impact can be achieved easily by regular FIBs [Volkert and Minor, 2007] as the common operating beam 
current around 0.028 nA to 28 nA corresponds to large gaps between the landing of sequential ions. However, 
sensing and analyzing the signal experimentally may need to be done statistically with signal integration [Sarkar et 
al., 2013] because each impact causes only a small signal pattern on the sensor layer. 

Because it results in very large sample deformations, 31.25% and 51.20% for 5 keV and 6.8 keV ions, respectively, 
HD impact also gives an indication of the ultimate strength of the sample. The maximum stress the sample bears 
during HD impact can be considered the ultimate strength, which is 215.60 MPa and 250.90 MPa for 5 keV and 6.8 
keV, respectively. These results are marginally higher than the static ultimate strength of Al-Cu alloy, which is 150 
− 210 MPa [Yi et al., 2001], but are significantly lower than the recorded ultimate strength of Al-Cu alloy at strain 
rate 102 − 103/s, which is 350–400MPa [Valiev et al., 1991; Smerd et al., 2005]. The widely used Johnson–Cook 
flow stress model has been proven successful in describing the strain rate effect in metal for test results in the 
literature [Johnson and Cook, 1983]. However, the ultimate strength predicted for the HD impact using the 
Johnson–Cook flow stress model is unrealistically high at 1.68–1.72×1010 MPa. The limited dynamic strength 
improvement in HD impact is likely due to excessive agitation of the atom. The thermodynamic temperature of the 
sample rises 1170– 1470±101K due to the impact, and the sample is thus likely to subjected both to melting and to 
mechanical stressing, which reduce the ultimate strength. The results here suggest that at very high strain rate 
material strength might not increase with strain rate due to impact-induced melting. 

Fig. 6. Deformation and energy transfer for sphere-shaped platinum. (a) Is a 3D view of sphere platinum under HD 
impaction of 5 keV at 0.135 ps after impaction. (b)–(d) Show 2D views of the sphere platinum system at 0.135 ps, 
0.735 ps and 1.485 ps respectively. The color bar represents the velocity of atoms in the Pt layer. 

4.3. Using nano-particles/-clusters as energy absorber 



One way to reduce the risk of graphene breakage in HD impact is to use nanoparticles/-clusters as the energy 
absorber. Figure 6 demonstrates that the use of nano-particles/-clusters can also produce a high strain rate 
compression on the sample similar to that produced by the nano-film absorber shown in Figs. 2(c)– 2(e). However, 
the movement of the atoms in impacted nano-clusters is different from that with the nano-film absorber. When the 
ion impacts on the middle of a 2.85 nm nano- Pt cluster the entire cluster explodes, as shown in Fig. 6(d). A hollow 
tube is formed at the center of the exploded cluster. The graphene is driven downwards by the exploding cluster, as 
shown in Fig. 6(c). Due to the spherical shape of the clusters, the middle part of the sample experiences more 
compression at the beginning of the explosion. 

As shown in Fig. 7(a), significantly reduced bond stretching for nano-cluster absorption is observed compared to 
that of the nano-film absorber in Fig. 5(a). 

 

(a) 
 

(b) 
Fig. 7. Critical deformation and bond stretching on the top graphene sheet of a sphere platinum system and 
comparison of the sample strain. (a) Critical deformation of the bond expansion of sphere platinum system under 5 
keV at 0.318 ps. (b) Comparison of sample strain in HD ion impact system under 5 keV and sphere platinum 
system under the same impaction energy. 

The reason is that the spherical shape of the cluster eliminates energy transfer to the far end of the graphene due to 
the diagonal one-to-one collisions of Pt atoms, as mentioned in Sec. 4.2. In contrast, energy is primarily transferred 
vertically down to the sample. The strain of the sample for the nano-cluster absorber is very similar to that of the 
nano-film absorber. Two minor differences between cluster and nano-film absorption are (1) the earlier starting 
point and higher strain rate (0.64×1012s−1 in Table 1) of the sample due to more intense vertical energy transfer, 
and 2) the larger standard deviation due to the blending of graphene for the nanocluster absorber. Although nano-
cluster absorption can reduce the risk of graphene breakage, a limitation is that the impact position needs to be 
precisely controlled. Ions landing between adjacent nano-clusters will result in direct penetration of the graphene. 

4.4. The effect of impact location in LD impact 

In the HD impact, when the entire absorber and graphene compress down uniformly onto the sample, the impact 
location does not make a significant difference in the loading process. With LD impact, however, as shown in the 
impact process in Fig. 2, the impact has a strong correlation with the sample immediately beneath it. There is a 



chance that the ion does not land exactly on top of a sample (L1 in Fig. 8), but at a gap between samples (L2 and 
L3 in Fig. 8). Figure 8 shows the impact locations in two LD impact tests with the impact ion landing between two 
samples (L2) and between four samples. 

The strain in the sample indicated in Fig. 8 is shown in Figs. 9(a) and 9(b), which show that an impact in the gap 
between samples can also occasion significant strain and a high strain rate (Table 1) in the sample. In contrast to 
the impact 
 

 

Fig. 8.   Different impact locations under LD impact of 5 keV. 

exactly on top of the sample (Fig. 4(a)), where an immediate response of sample strain occurs, impact on L2 and 
L3 results in about 0.25 and 0.6 ps of delay before the strain in the sample begins to rise. Impact at L3 causes a 
longer delay because the impact point is a greater distance from the edge of the sample. This distance is 0.9 nm and 
1.6 nm for L2 and L3 respectively, almost proportional to the delay time. Interestingly, impact at either L2 or L3 
generates much higher peak strain and strain rate (12.23% and 0.2 × 1012 s−1 for L2 and 4.77% and 0.13 × 1012 
s−1 for L3, respectively, in Table 1) than impact at L1 (2.43% and 0.09 × 1012 s−1, in Table 1) during the first 
strain increase. This effect is due to a combination of the vertically transferring energy and the diagonally 
transferring energy. On the basis of Fig. 8 and with the thickness of the absorber layer being 5 nm, the vertically 
transferring energy and the diagonally transferring energy reach the top graphene layer at around 1.8 − 2.5 nm from 
the center of the sample, resulting in overlap of the load passed to the sample. 

As discussed in Sec. 4.2, LD impact leads to significant signal patterns within only about a 2 nm radius beneath the 
sample. The radial distribution of strain and force of the PVDF layer beneath the sample in Fig. 8 is indicated in 
Fig. 9(c)– 9(f). As shown in Sec. 4.2, there is a 0.4–0.5 ps delay between the strain signal in the sample and in the 
sensor layer. It can be seen that there is no significant signal pattern in Figs. 9(c)–9(d). The reason is that the energy 
transfers to multiple samples simultaneously, resulting in interference to the sample signal. However, it 

Fig. 9. (a, b) Strain of the sample in Fig. 8 and radial (c, d) strain and (e, f) force distribution of sensor (PVDF) vs 
time beneath the sample under LD impact of 5 keV ions at L2 (a, c and e) and L3 (b, d and f) respectively.The error 
bars in (a, b) represent 1 standard deviation. The radius is the distance to the center of the sample in the x-y  plane. 



can be seen that the higher sample strain (Fig. 9(a)) for L3 corresponds to greater compression strain and higher 
forces in the sensor layer (Figs. 9(d) and 9(f)). The results here shows that the presence of a clear signal pattern on 
the PVDF layer can be used to distinguish whether the impact is on top of a sample or not. 

 

5. Conclusions 

A nano-film based layered system is proposed for conducting HD and LD ion impact tests to impose an ultra-high 
strain rate in the order of magnitude of 1011-12 s−1n nano-sized samples. HD impact produces large plastic strain 
up to 51%, with relatively uniform compression deformation. As a result, the signal of the HD impact on the 
sample layer is significant and easy to analyze. LD impact generates lower sample strains, 2.43% and 6.7% for 5 
keV and 6.8 keV, respectively. 3D deformation is generated on the sensor during LD impacts and the signal pattern 
can be analyzed in a radial manner. The HD impact carries a higher risk of penetrating the graphene, which can be 
mitigated by using nano-particles as the absorber. The ultimate strength of the Al-Cu alloy sample during ion 
impact is found to be 215–251MPa, indicating limited dynamic strength improvement due to melting in the sample. 
The impact location is found to have a significant effect on the sample strain and the strain signal on the sensor 
layer. Impact occurring between two samples reduces the peak strain to half, whereas impact occurring between 
four samples doubles the peak strain due to the overlap of vertically and diagonally transferring energy. The results 
here shed new light on the use of ion impact as a loading method for studying high strain rate related behavior at 
nano-scale. 
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