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Effect of Ion Irradiation Introduced 
by Focused Ion-Beam Milling on 
the Mechanical Behaviour of Sub-
Micron-Sized Samples
Jinqiao Liu1, Ranming Niu1 ✉, Ji Gu2, Matthew Cabral1, Min Song2 & Xiaozhou Liao1

The development of xenon plasma focused ion-beam (Xe+ PFIB) milling technique enables site-
specific sample preparation with milling rates several times larger than the conventional gallium 
focused ion-beam (Ga+ FIB) technique. As such, the effect of higher beam currents and the heavier ions 
utilized in the Xe+ PFIB system is of particular importance when investigating material properties. To 
investigate potential artifacts resulting from these new parameters, a comparative study is performed 
on transmission electron microscopy (TEM) samples prepared via Xe+ PFIB and Ga+ FIB systems. 
Utilizing samples prepared with each system, the mechanical properties of CrMnFeCoNi high-entropy 
alloy (HEA) samples are evaluated with in situ tensile straining TEM studies. The results show that HEA 
samples prepared by Xe+ PFIB present better ductility but lower strength than those prepared by Ga+ 
FIB. This is due to the small ion-irradiated volumes and the insignificant alloying effect brought by Xe 
irradiation. Overall, these results demonstrate that Xe+ PFIB systems allow for a more efficient material 
removal rate while imparting less damage to HEAs than conventional Ga+ FIB systems.

The rapid development of micro-electromechanical systems (MEMS) and nano-electromechanical systems (NEMS), 
which utilize materials at the micron scale and below, has resulted in a growing number of potential applications in 
electronic devices1. Mechanical properties are of particular importance for applications in M/NEMS as efforts seek to 
improve the functionality and reliability of advanced electronic devices. Continuing efforts have focused on under-
standing how the mechanical properties of these materials change with decreasing dimensions2–6. To facilitate this 
understanding, in situ straining transmission electron microscopy (TEM) is commonly used to test the mechanical 
properties7–10 and observe deformation mechanisms11–17 of small-sized samples. In situ straining TEM allows for simul-
taneous structural characterisation and mechanical property testing13,15,18, providing opportunities for building direct 
relationships between microstructure, deformation mechanisms, and mechanical properties of small-sized materials.

Sample preparation is of particular importance when studying small-sized materials in the TEM19. 
Traditionally, these TEM samples are prepared using a focused ion-beam (FIB) with a gallium ion (Ga+) source 
to thin samples from bulk to ~100 nm20–26. Despite technological advances, the material removal rates of Ga+ FIB 
systems have remained too low for researchers hoping to increase sample preparation efficiency27. To help facili-
tate more efficient sample preparation, researchers have developed FIB systems with alternative ion sources such 
as the Xe+ plasma FIB (Xe+ PFIB)27. As an alternative to Ga+ ions, Xe+ PFIB systems utilize inert Xe gas as the 
milling media resulting in material removal rates around six times larger than for Ga+ mills27, which enables the 
preparation of samples with larger dimensions. On the other hand, Xe+ PFIB induces a thinner amorphous layer 
on the sample surface compared to the Ga+ source20,27,28. Further, the low reactivity of the chemically inert Xe gas 
has enabled sample preparation of materials that are sensitive to many other types of ions20,28.

Sample preparation utilizing FIB techniques unavoidably introduces ion irradiation in materials that 
may potentially alter the microstructures and consequently the mechanical properties of samples5,6,22,29–33. 
Experiments demonstrate that Ga+ irradiation results in amorphization of a material surface5,6,30,34 which in turn 
increases their strength30 and hardness5. Additionally, ion penetration into materials will also introduce defects 
that may affect mechanical properties. For example, He+ irradiation tends to induce nanobubbles31,32,35–39 that 
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enhance the ductility32 and sometimes even leads to superelasticity37. Some studies have explored the effects 
of Ga+ and He+ irradiation on the microstructures and mechanical properties of materials5,30–32,34–39. However, 
little effort has been made to understand how Xe+ affects the microstructures and mechanical properties of 
sub-micron-sized samples. Given the advantages of the PFIB technique, an investigation on the effects of Xe+ 
irradiation is essential for obtaining credible mechanical properties of prepared samples.

In this paper, we used the equiatomic CrMnFeCoNi HEA40–42 as the model material to explore the effects of 
ion milling on the characterisation of small-sized materials. High-entropy alloys (HEAs) have attracted consider-
able interests in recent years due to their superior mechanical properties and potential structural applications43. 
The CrMnFeCoNi HEA is one of the most promising HEAs that exhibits an excellent combination of strength 
and ductility especially at cryogenic temperatures40–42,44 as well as potential technological relevance for M/NEMS 
applications. The microstructure and mechanical properties of both Ga+ and Xe+ prepared small-sized dog-bone 
shaped HEA samples were investigated and compared by quantitative in situ straining TEM.

Methods
The CrMnFeCoNi HEA with an equal atomic ratio for all five elements utilized in this work was prepared by 
arc-melting of a mixture of pure metals (purity > 99.99 wt.%) in a Ti-gettered high-purity argon atmosphere. Details 
of the alloy preparation can be found in ref. 25. Energy dispersive x-ray spectroscopy (EDS) elemental mapping was 
conducted in a Zeiss® EVO 50 scanning electron microscope (SEM). The results show homogeneous chemical com-
position distribution, excluding any potential effect of chemical inhomogeneity on experimental results. A square 
piece with an edge length of ~10 mm and a thickness of ~3 mm was cut from a bulk sample, polished using silicon 
carbide (SiC) grinding paper followed by colloidal silica suspension until no obvious scratches were visible under 
an optical microscope. Electron backscatter diffraction (EBSD) was utilized to identify a large grain of ~130 μm in 
width with its surface perpendicular to a <001> zone axis. A lamella with dimensions of 100 × 7 × 4 μm3 was cut 
from the grain and lifted out with an FEI® Helios G4 UXe dual-beam PFIB SEM. This lamella was utilized to prepare 
multiple in situ samples to ensure that all single-crystalline dog-bone shaped samples were of similar dimensions 
and the same crystallographic orientation. Dog-bone shape patterning of two sets of samples was conducted using 
FEI® Helios G4 UXe dual-beam PFIB SEM and Zeiss® Auriga Ga+ FIB SEM, respectively, with relevant sample 
preparation parameters presented in Table 1. The pre-tilted angles and beam currents were chosen based on a series 
of trial thinning tests to minimise taper angles and irradiation damage to samples. There was slight variation in 
current density of FIB and PFIB due to the design of the two microscopes, but the minor difference can be com-
pensated by adjusting the aperture size45. Thermal effects due to heating during FIB milling contribute little impact 
to conductive materials46. Xe+ PFIB has a larger collision energy than Ga+ FIB due to the higher atomic number of 
Xe, which in turn contributes to the high milling rate of Xe+ PFIB. Given the above conditions, it is reasonable to 
assume that with identical processing parameters and similar Gaussian beam profiles, the only variable between the 
two sets of samples was the ion source used for sample preparation. The prepared dog-bone shaped samples were of 
gauge dimensions ~1,500 × 300 × 60 nm3 as determined via SEM utilizing a 5 kV electron beam with a beam current 
of 1.8 μA. Previous work has indicated that the electron beam has no detectable effect on the mechanical properties 
of metallic materials, which is different from materials with covalent or ionic bonds47. In total, three samples were 
prepared using each ion source with a >7 μm gap between neighbouring dog-bone shaped samples to avoid possible 
redeposition during ion milling. A wall was also utilized to separate the Xe-prepared samples from Ga-prepared 
samples to minimise contamination of samples from the other ion source.

SEM and EBSD imaging were conducted using FEI® Helios G4 UXe dual-beam PFIB SEM. In situ TEM tensile 
experiments and detailed structural characterization was carried out using a JEOL 2100 TEM operated at 200 keV. 
The tensile experiments were performed using a Hysitron PI95 Picoindenter® specimen holder with a displacement 
control rate of 2 nm/s, which is equivalent to a strain rate of 10−3 s−1. Tensile deformation was achieved by pulling the 
end of one sample with a homemade diamond tensile gripper. Figure 1 shows an SEM image of a tensile dog-bone 
shaped sample with a schematic of the tensile specimen gripper. Selected area electron diffraction patterns indicated 
that the sample axial direction or the tensile loading direction was ~2° away from an exact <001> orientation.

Results and Discussion
The load–displacement was recorded during in situ tensile experiments then converted to true stress–strain 
curves. True stress–strain curves for two Xe+ fabricated samples and three Ga+ fabricated samples are shown in 
Fig. 2a,b, respectively. For post-mortem TEM observation, the first Xe+ fabricated sample (Xe#1) and the third 
Ga+ fabricated sample (Ga#3) were not strained to fracture. The Xe+ fabricated samples had a yield strength of 

Technique

Xe+ PFIB Ga+ FIBProcessing Stage

Rough Milling
Equipment Xe+ PFIB SEM Xe+ PFIB SEM

Current 30 kV, 1 nA 30 kV, 1 nA

Precise Patterning

Equipment Xe+ PFIB SEM Ga+ FIB SEM

Current 30 kV, 30 pA 30 kV, 25 pA

Pre-tilted angle ±2.3º ±2.2º

Polishing
Equipment Xe+ PFIB SEM Ga+ FIB SEM

Current 5 kV, 30 pA 5 kV, 50 pA

Table 1. Parameters used in Xe+ PFIB and Ga+ FIB milling.
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~1.9 GPa and a ductility of >20% (not yet fractured at ~20% for sample Xe#1), while the Ga+ fabricated samples 
exhibited a high yield strength of ~2.4 GPa but a significantly low ductility of ~3%. Note that bulk coarse-grained 
CrMnFeCoNi high-entropy alloys are typically very ductile at room temperature with a ductility between  
40% – 60% but their yield strength is in the range of only ~170 MPa (grain size ~155 μm) – ~400 MPa (grain size 
~6 μm)40–43,48,49. The significantly increased yield strength and the relatively large elastic strain of the as-prepared 
Xe+ fabricated and Ga+ fabricated samples were mainly the result of small-size effects on mechanical proper-
ties7,50,51. However, the consistency of the mechanical behaviour of the samples and the large difference in the 
strength and ductility between the Xe+ fabricated and Ga+ fabricated samples indicate that the ion sources used 
in sample preparation significantly affected the mechanical properties of the resulting small-sized samples. On 
the other hand, further investigations are needed to determine which ion source produces samples that possess 
mechanical properties closer to the intrinsic properties of the material, as either preservation of ductility3,52 or 
ductility-to-brittle transition53 may occur as dimension decreases.

To understand the reasons for the distinct mechanical properties of the Xe+ fabricated and Ga+ fabricated 
samples, detailed microstructural characterisation was conducted. Figure 2c–j present snapshot TEM images 
from videos (see Supplementary Information) acquired during the tensile straining processes of sample Xe#1 
(Fig. 2c–f) and sample Ga#2 (Fig. 2g–j). Dislocations were observed before straining in both samples (Fig. 2c,g). 
The true stress–strain data in Fig. 2a,b of the two samples presented serrated pre-yielding curves, or microplas-
ticity54. The previous research55 suggests that this phenomenon is caused by the “cleaning-up of pre-existing 
dislocations” through the motion and disappearance at the surface of ion-irradiation-induced dislocations, which 
exist at shallow surface regions of the samples at low-stress values and that this process imposes perturbations 
to the linear stress–strain curves at early stages of the deformation. Local dislocation motion during the “elastic” 
deformation process at locations annotated by digits 1–4 and 6–8 in Fig. 2d,h were observed at true strain values 

Figure 1. SEM image of a < 001 > -oriented single crystalline CrMnFeCoNi dog-bone shaped tensile sample. A 
schematic illustration of the tensile diamond gripper is superimposed on the image. The two arrows indicate the 
tensile loading direction (F) and a <001> direction of the specimen.
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of 4.8% and 4.6% for samples Xe#1 and Ga#2, respectively (see Supplementary Information for videos). Yielding 
occurred only when the stress was large enough to trigger large dislocation motion.

Following yielding, further deformation for all samples occurred mainly via the single-arm dislocation 
source-controlled plasticity as large quantities of single-arm dislocation sources were seen active and operating 
(see Supplementary Information for videos), which is consistent with the source truncation mechanism56,57. An 
example of a single-arm dislocation, which is annotated by 5, in sample Xe#1 is shown in Fig. 2e,f. A magnified 
image of the dislocation is shown in the inset of Fig. 2e,f where the yellow dots indicate the pinned end of the dis-
location and the short yellow lines show the instantaneous positions of the dislocation line (arm). The difference 
in the short line positions in Fig. 2e,f suggest the motion of the dislocation. Another example of similar disloca-
tion activities is observed in sample Ga#2, as shown in Fig. 2i,j, in which a single-arm dislocation is marked by 9 
and its magnified images are presented in the inset.

Although all samples share the same plastic deformation mechanism, the number of dislocation activities 
in the two types of samples differ. The Ga+ fabricated samples exhibited fewer dislocation activities than the 
Xe+ fabricated samples (see Supplementary Information for videos), indicating that it is more difficult to acti-
vate dislocations in Ga+ fabricated samples, which leads to higher strength but poorer ductility compared to 
Xe+ fabricated samples. Ion implantation of impurity elements during FIB processing likely contributes to the 
observed dislocation behaviour. It is well-known that impurities in materials exert a locking effect on dislocation 
activities58–60, reducing the mobility of dislocations and naturally the number of activated dislocation sources. The 
strength of this locking effect depends on the concentration and the type of impurity elements58. In our study, the 
concentration of impurity elements should not contribute significantly to the variation in the mechanical proper-
ties of the two types of samples as the concentration of both elements were too low, and the EDS analysis was not 
capable of capturing the minor difference in the concentration between Xe+ and Ga+ ion penetration. Therefore, 
the type of impurity elements is likely the major contributor to the difference in the locking effect. Different 
types of impurity elements exert different strength of locking effect due to differences in their electroactivity and 
size misfits with base atoms58. For example, it has been reported that phosphorus is more effective than oxygen 
at locking dislocation activities in silicon crystals because phosphorus has a higher electroactivity and similar 
size to silicon atoms than oxygen. In turn, this results in stronger electrostatic interactions with acceptor sites at 
dislocation cores58. Similarly, because Ga+ is more electroactive and has a similar radius to the elements in the 
high-entropy alloy than Xe+ plasma, it is reasonable to expect that implanted Ga+ ions exert a stronger locking 
effect on dislocations than Xe+ ions, and this accounts for the greater difficulty to activate the dislocation sources 
of Ga+ fabricated samples.

Representative microstructures before and after fracture for the two types of samples are presented in the 
TEM images in Fig. 3. Both sample preparation techniques resulted in an amorphous layer at the surface, which 

Figure 2. True stress–strain curves of the FIB/PFIB-fabricated samples and sequential snapshot TEM images 
extracted from in situ tensile test videos. (a,b) show true stress–strain curves of Xe+ fabricated and Ga+ 
fabricated samples, respectively. (c–f) present snapshot images of the Xe#1 sample at strain values marked by c–f 
in (a). (g–j) display snapshot images of the Ga#2 sample at strain values indicated using letters g–j in (b). Some 
defects in the snapshot images are marked with digits 1 to 9. Defects 5 and 9 are further magnified in (e–f) and 
(i–j), respectively.
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is a common phenomenon for materials processed by FIB milling30,31,61. For thickness measurement of the amor-
phous layers, the samples were oriented horizontally in the TEM to ensure the measured thickness was compara-
ble. The thickness of the amorphous layers was ~3.9 nm (Fig. 3a) and ~4.6 nm (Fig. 3b) for the Xe+ fabricated and 
the Ga+ fabricated samples, respectively. Since the gauge widths of the samples were ~300 nm, the volume fraction 
of the amorphous layer at the gauge region was ~2.6% and ~3.0% for the Xe+ fabricated and the Ga+ fabricated 
samples, respectively. As a result of the minor variation in the volume fractions, the amorphous layers likely con-
tribute little to the distinction of the mechanical properties between the two sample groups.

In the region immediately beneath the amorphous layer, where ion implantation damage typically occurs30, a 
high density of nanotwins and stacking faults (SFs) can be observed in deformed Ga+ fabricated samples (Fig. 3d), 
but not in deformed Xe+ fabricated samples (Fig. 3c). Formation of a high density of nanotwins/SFs (the average 
twin/SF spacing in Fig. 3d was only 4.3 nm) strengthens materials but also makes them brittle62.

Major factors that affect the propensity of deformation twinning include crystal structure, grain size (or sam-
ple size for single crystals), crystallographic orientation, strain rate, temperature, applied stress, and stacking fault 
energy (SFE)63. As the two types of samples have the same sample size, the same crystallographic orientation 
(relative to the stressing direction), and the same deformation conditions, the only two factors that could have led 
to the significant variation of the deformation twinning propensity are the applied stress and SFE of the samples. 
Higher applied stress usually benefits the activation of deformation twinning63 which in turn leads to further 
strengthening. Alloying of the material caused by Ga+ implantation could alter the SFE of the HEA, which has 
been reported for other alloying elements, and therefore promote deformation twinning64,65. Conversely, Xe+ 
plasma introduces an insignificant alloying effect since Xe+ is an inert gas.

To estimate the depth of the damaged zone resulting from ion implantation, Monte Carlo simulations were 
carried out using the SRIM software package66 to calculate the trajectories of Xe+ and Ga+ implanted into the 
CrMnFeCoNi HEA. While SRIM calculations present the sum of single events that do not include dynamic devel-
opments caused by effects of neighbouring atoms, composition changes by preferential sputtering and implanta-
tion and deposition of the FIB projectiles66, they are good enough to explain the effects of different types of ion 

Figure 3. TEM images of Xe+ fabricated (first row) and Ga+ fabricated (second row) samples. (a,b) The sample 
surface before tensile deformation showing the thickness of the amorphous layer. (c,d) Fracture regions of the 
two samples after tensile deformation. The double arrows in (c,d) indicate the loading direction.
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sources on the depth of the damaged zone. Other simulation methods, such as the TRI3DYN code67, are available 
for a more comprehensive outcome. The results of SRIM calculations are shown in Fig. 4a–d. Incident angles of 
0° and 87.8° were utilized in the simulations to imitate the experimental conditions. Other parameters used in 
the simulations include the ion energy, which was set to 30 keV for consistency with experimental conditions, as 
well as the total number of ions, which was set to 20,000 to permit adequate calculation. In both situations, Xe+ 
introduced a much smaller affected volume (depth of ion range ~25 nm at normal incidence angle and ~13 nm at 
87.8°) than Ga+ (depth of ion range ~38 nm at normal incidence angle and ~20 nm at 87.8°). This affected volume 
consists of two parts: the amorphous structure in the surface layer and the damaged zone immediately beneath 
the amorphous layer. Since the damaged zone, which is rich in dislocations and point defects, hardens materials30, 
it is reasonable to believe that Ga+ FIB milling leads to a more significant hardening effect than Xe+ PFIB milling 
but that it also lowers the ductility.

Conclusions
Comprehensive investigation and comparison of the effects of Xe+ PFIB and Ga+ FIB on the microstructure and 
mechanical properties of a high-entropy alloy have been carried out using in situ tensile straining TEM, detailed 
microstructural characterisation and Monte Carlo simulations. The results indicate that samples prepared with 
Xe+ PFIB present improved ductility but less strength than those prepared with Ga+ FIB. This is because the Xe+ 
PFIB processing produces a smaller damaged zone immediately beneath the amorphous layer, and exerts an 
insignificant alloying effect to materials. In addition, the introduction of Ga+ to the high-entropy alloy during the 
FIB milling process results in a locking effect on dislocation motion and a reduction of the SFE of the material. 
Both factors result in a strengthening of the materials but also embrittle it, while such effects are considerably 
absent in Xe+ prepared samples. Together with the fact that Xe+ PFIB is several times more efficient in mate-
rial removal rate than Ga+ FIB, the Xe+ PFIB technique clearly demonstrates a superb alternative for specimen 
preparation for nanomechanical experiments dealing with HEAs. Further investigation is needed to validate the 
superiority of Xe+ PFIB in other material systems. On the other hand, Ga+ FIB can be used to prepare small-sized 
specimens when a further strengthening of materials is essential.

Figure 4. The SRIM66 predictions for ion trajectories showing the penetration depth of Xe+ and Ga+ into the 
CrMnFeCoNi high-entropy alloy at an accelerating voltage of 30 kV. (a,b) Xe+ PFIB and Ga+ FIB, respectively, 
with the normal incidence angle (0°). (c,d) Xe+ PFIB and Ga+ FIB, respectively, with a grazing incidence angle 
of 87.8°.
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Data availability
In situ tensile straining TEM videos for sample Ga#1, Ga#2, Xe#1 and Xe#2 are available in the supplementary 
information. All other data included in this study are available upon request by contact with the corresponding 
author.

Received: 20 March 2020; Accepted: 19 May 2020;
Published: xx xx xxxx

References
 1. Vijayan, S., Aindow, M., Jinschek, J. R., Kujawa, S. & Greiser, J. TEM Specimen Preparation for In Situ Heating Experiments Using 

FIB. Microsc. Microanal. 23, 294–295 (2017).
 2. Jiang, Q. K. et al. The effect of size on the elastic strain limit in Ni60Nb 40 glassy films. Acta Mater. 61, 4689–4695 (2013).
 3. Uchic, M. D., Dimiduk, D. M., Florando, J. N. & Nix, W. D. Sample dimensions influence strength and crystal plasticity. Science 305, 

986–989 (2004).
 4. Uchic, M. D., Shade, P. A. & Dimiduk, D. M. Plasticity of Micrometer-Scale Single Crystals in Compression. Annu. Rev. Mater. Res. 

39, 361–386 (2009).
 5. Bei, H., Shim, S., Miller, M. K., Pharr, G. M. & George, E. P. Effects of focused ion beam milling on the nanomechanical behavior of 

a molybdenum-alloy single crystal. Appl. Phys. Lett. 91, 1–4 (2007).
 6. Kiener, D., Hosemann, P., Maloy, S. A. & Minor, A. M. In situ nanocompression testing of irradiated copper. Nat. Mater. 10, 608–613 

(2011).
 7. Wang, Y. B. et al. Super deformability and young’s modulus of gaas nanowires. Adv. Mater. 23, 1356–1360 (2011).
 8. Lin, Q. et al. In-situ high-resolution transmission electron microscopy investigation of grain boundary dislocation activities in a 

nanocrystalline CrMnFeCoNi high-entropy alloy. J. Alloys Compd. 709, 802–807 (2017).
 9. Chen, Y. et al. Determination of Youngs Modulus of Ultrathin Nanomaterials. Nano Lett. 15, 5279–5283 (2015).
 10. Dehm, G. Miniaturized single-crystalline fcc metals deformed in tension: New insights in size-dependent plasticity. Prog. Mater. Sci. 

54, 664–688 (2009).
 11. Wang, L., Zhang, Z. & Han, X. In situ experimental mechanics of nanomaterials at the atomic scale. NPG Asia Mater. 5, e40 (2013).
 12. Han, X. et al. Low-temperature in situ large-strain plasticity of silicon nanowires. Adv. Mater. 19, 2112–2118 (2007).
 13. Wang, L. et al. In Situ observation of dislocation behavior in nanometer grains. Phys. Rev. Lett. 105, 1–4 (2010).
 14. Zhou, H. et al. In-situ observation of dislocation dynamics near heterostructured interfaces. Mater. Res. Lett. 7, 376–382 (2019).
 15. Sun, S. et al. Atomistic Mechanism of Stress-Induced Combined Slip and Diffusion in Sub-5 Nanometer-Sized Ag Nanowires. ACS 

Nano 13, 8708–8716 (2019).
 16. Choi, W. S. et al. Dislocation interaction and twinning-induced plasticity in face-centered cubic Fe-Mn-C micro-pillars. Acta Mater. 

132, 162–173 (2017).
 17. Imrich, P. J., Kirchlechner, C., Kiener, D. & Dehm, G. In Situ TEM Microcompression of Single and Bicrystalline Samples: Insights 

and Limitations. Jom 67, 1704–1712 (2015).
 18. Minor, A. M. & Dehm, G. Advances in in situ nanomechanical testing. MRS Bull. 44, 438–442 (2019).
 19. Kiener, D., Motz, C. & Dehm, G. Micro-compression testing: A critical discussion of experimental constraints. Mater. Sci. Eng. A 

505, 79–87 (2009).
 20. Giannuzzi, L. & Smith, N. TEM Specimen Preparation with Plasma FIB Xe + Ions. Microsc. Microanal. 17, 646–647 (2011).
 21. Young, R. J. & Moore, M. V. Dual-beam (FIB-SEM) systems techniques and automated applications. in Introduction to Focused Ion 

Beams: Instrumentation, Theory, Techniques and Practice 247–268 (Springer US, 2005).
 22. Volkert, C. A. & Minor, A. M. Focused Ion Beam Microscopy and Micromachining. MRS Bull. 32, 389–399 (2007).
 23. Pekin, T. C., Allen, F. I. & Minor, A. M. Evaluation of neon focused ion beam milling for TEM sample preparation. J. Microsc. 264, 

59–63 (2016).
 24. Chen, Z. et al. Facilitation of Ferroelectric Switching via Mechanical Manipulation of Hierarchical Nanoscale Domain Structures. 

Phys. Rev. Lett. 118, 1–7 (2017).
 25. Hasan, M. N. et al. Simultaneously enhancing strength and ductility of a high-entropy alloy via gradient hierarchical microstructures. 

Int. J. Plast. 123, 178–195 (2019).
 26. Yu, Q. et al. The nanostructured origin of deformation twinning. Nano Lett. 12, 887–892 (2012).
 27. Ernst, A., Wei, M. & Aindow, M. A Comparison of Ga FIB and Xe-Plasma FIB of Complex Al Alloys. Microsc. Microanal. 23, 

288–289 (2017).
 28. Burnett, T. L. et al. Large volume serial section tomography by Xe Plasma FIB dual beam microscopy. Ultramicroscopy 161, 119–129 

(2016).
 29. Xiao, Y., Maier-Kiener, V., Michler, J., Spolenak, R. & Wheeler, J. M. Deformation behavior of aluminum pillars produced by Xe and 

Ga focused ion beams: Insights from strain rate jump tests. Mater. Des. 181, 107914 (2019).
 30. Kiener, D., Motz, C., Rester, M., Jenko, M. & Dehm, G. FIB damage of Cu and possible consequences for miniaturized mechanical 

tests. Mater. Sci. Eng. A 459, 262–272 (2007).
 31. Wang, Y. C. et al. Helium Ion Microscope Fabrication Causing Changes in the Structure and Mechanical Behavior of Silicon 

Micropillars. Small 13, 1601753 (2017).
 32. Ding, M. S. et al. Radiation-Induced Helium Nanobubbles Enhance Ductility in Submicron-Sized Single-Crystalline Copper. Nano 

Lett. 16, 4118–4124 (2016).
 33. El-Awady, J. A., Woodward, C., Dimiduk, D. M. & Ghoniem, N. M. Effects of focused ion beam induced damage on the plasticity of 

micropillars. Phys. Rev. B 80, 104104 (2009).
 34. Tang, L. J., Zhang, Y. J., Bosman, M. & Woo, J. Study of Ion beam damage on FIB prepared TEM samples. Proc. Int. Symp. Phys. Fail. 

Anal. Integr. Circuits, IPFA 1–4 (2010).
 35. Han, W. Z., Ding, M. S. & Shan, Z. W. Cracking behavior of helium-irradiated small-volume copper. Scr. Mater. 147, 1–5 (2018).
 36. Wang, Z. J., Allen, F. I., Shan, Z. W. & Hosemann, P. Mechanical behavior of copper containing a gas-bubble superlattice. Acta Mater. 

121, 78–84 (2016).
 37. Han, W. Z. et al. Helium Nanobubbles Enhance Superelasticity and Retard Shear Localization in Small-Volume Shape Memory 

Alloy. Nano Lett. 17, 3725–3730 (2017).
 38. Ding, M. S. et al. Nanobubble fragmentation and bubble-free-channel shear localization in helium-irradiated submicron-sized 

copper. Phys. Rev. Lett. 117, 1–5 (2016).
 39. Yang, Y., Frazer, D., Balooch, M. & Hosemann, P. Irradiation damage investigation of helium implanted polycrystalline copper. J. 

Nucl. Mater. 512, 137–143 (2018).
 40. Gludovatz, B. et al. A Fracture-Resistant High-Entropy Alloy for Cryogenic Applications. ChemInform 45, 1153–1158 (2014).
 41. Otto, F. et al. The influences of temperature and microstructure on the tensile properties of a CoCrFeMnNi high-entropy alloy. Acta 

Mater. 61, 5743–5755 (2013).
 42. Gali, A. & George, E. P. Tensile properties of high- and medium-entropy alloys. Intermetallics 39, 74–78 (2013).

https://doi.org/10.1038/s41598-020-66564-y


8Scientific RepoRtS |        (2020) 10:10324  | https://doi.org/10.1038/s41598-020-66564-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

 43. George, E. P., Raabe, D. & Ritchie, R. O. High-entropy alloys. Nat. Rev. Mater. 4, 515–534 (2019).
 44. Gludovatz, B., George, E. P. & Ritchie, R. O. Processing, Microstructure and Mechanical Properties of the CrMnFeCoNi High-

Entropy Alloy. Jom 67, 2262–2270 (2015).
 45. Giannuzzi, L. A. & Stevie, F. A. Introduction to focused ion beams: Instrumentation, theory, techniques and practice. Introduction 

to Focused Ion Beams: Instrumentation, Theory, Techniques and Practice (Springer US, 2005).
 46. Wolff, A. et al. Modelling of focused ion beam induced increases in sample temperature: a case study of heat damage in biological 

samples. J. Microsc. 272, 47–59 (2018).
 47. Shan, Z. In situ TEM investigation of the mechanical behavior of micronanoscaled metal pillars. Jom 64, 1229–1234 (2012).
 48. Miracle, D. B. & Senkov, O. N. A critical review of high entropy alloys and related concepts. Acta Mater. 122, 448–511 (2017).
 49. Zaddach, A. J., Scattergood, R. O. & Koch, C. C. Tensile properties of low-stacking fault energy high-entropy alloys. Mater. Sci. Eng. 

A 636, 373–378 (2015).
 50. Chen, Y., An, X. & Liao, X. Mechanical behaviors of nanowires. Appl. Phys. Rev. 4, 031104 (2017).
 51. Zhu, T. & Li, J. Ultra-strength materials. Prog. Mater. Sci. 55, 710–757 (2010).
 52. Kiener, D., Grosinger, W., Dehm, G. & Pippan, R. A further step towards an understanding of size-dependent crystal plasticity: In 

situ tension experiments of miniaturized single-crystal copper samples. Acta Mater. 56, 580–592 (2008).
 53. Mompiou, F. et al. Source-based strengthening of sub-micrometer Al fibers. Acta Mater. 60, 977–983 (2012).
 54. Maaß, R. & Derlet, P. M. Micro-plasticity and recent insights from intermittent and small-scale plasticity. Acta Materialia 143, 

338–363 (2018).
 55. Wang, Z. J. et al. Sample size effects on the large strain bursts in submicron aluminum pillars. Appl. Phys. Lett. 100, 1–4 (2012).
 56. Oh, S. H., Legros, M., Kiener, D. & Dehm, G. In situ observation of dislocation nucleation and escape in a submicrometre aluminium 

single crystal. Nat. Mater. 8, 95–100 (2009).
 57. Nix, W. D. & Lee, S. W. Micro-pillar plasticity controlled by dislocation nucleation at surfaces. Philos. Mag. 91, 1084–1096 (2011).
 58. Sumino, K. & Imai, M. Interaction of dislocations with impurities in silicon crystals studied by in situ x-ray topography. Philos. Mag. 

B Phys. Condens. Matter; Stat. Mech. Electron. Opt. Magn. Prop. 47, 753–766 (1983).
 59. Stach, E. A., Hull, R., Bean, J. C., Jones, K. S. & Nejim, A. In Situ Studies of the Interaction of Dislocations with Point Defects during 

Annealing of Ion Implanted Si/SiGe/Si (001) Heterostructures. Microsc. Microanal. 4, 294–307 (1998).
 60. Yensen, T. D. Effect of impurities on ferromagnetism. Phys. Rev. 39, 358–363 (1932).
 61. McCaffrey, J. P., Phaneuf, M. W. & Madsen, L. D. Surface damage formation during ion-beam thinning of samples for transmission 

electron microscopy. Ultramicroscopy 87, 97–104 (2001).
 62. Lu, L., Chen, X., Huang, X. & Lu, K. Revealing the maximum strength in nanotwinned copper. Science 323, 607–610 (2009).
 63. Zhu, Y. T., Liao, X. Z. & Wu, X. L. Deformation twinning in nanocrystalline materials. Prog. Mater. Sci. 57, 1–62 (2012).
 64. Gallagher, P. C. J. The influence of alloying, temperature, and related effects on the stacking fault energy. Metall. Trans. 1, 2429–2461 (1970).
 65. Sandlöbes, S. et al. The relation between ductility and stacking fault energies in Mg and Mg-Y alloys. Acta Mater. 60, 3011–3021 (2012).
 66. Ziegler, J. F. & Biersack, J. P. The Stopping and Range of Ions in Matter. in Treatise on Heavy-Ion Science 93–129 (Springer US, 1985).
 67. Möller, W. TRI3DYN - Collisional computer simulation of the dynamic evolution of 3-dimensional nanostructures under ion 

irradiation. Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. with Mater. Atoms 322, 23–33 (2014).

Acknowledgements
The authors are grateful for the scientific and technical support from the Australian Centre for Microscopy 
and Microanalysis (ACMM) as well as the Microscopy Australian node at the University of Sydney. R.M. Niu 
is grateful for the financial support from China Scholarship Council (SCS). The authors are grateful to Dr. Vijay 
Bhatia from ACMM for his technical support with SEM and FIB. This work was supported by the Australian 
Research Council (project ID: DP190102243) and the Open Foundation of State Key Laboratory of Powder 
Metallurgy at Central South University.

Author contributions
Ranming Niu and Xiaozhou Liao conceived the study. Ji Gu and Min Song oversaw melting, casting and rolling of the 
CrMnFeCoNi alloy. Jinqiao Liu and Ranming Niu performed the experimental work. Ranming Niu conducted Monte 
Carlo simulations. Jinqiao Liu, Ranming Niu and Matthew Cabral discussed and analysed the experiment results. 
Jinqiao Liu wrote the main manuscript text and all authors reviewed and commented on the whole manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-66564-y.
Correspondence and requests for materials should be addressed to R.N.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-66564-y
https://doi.org/10.1038/s41598-020-66564-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effect of Ion Irradiation Introduced by Focused Ion-Beam Milling on the Mechanical Behaviour of Sub-Micron-Sized Samples
	Methods
	Results and Discussion
	Conclusions
	Acknowledgements
	Figure 1 SEM image of a < 001 > -oriented single crystalline CrMnFeCoNi dog-bone shaped tensile sample.
	Figure 2 True stress–strain curves of the FIB/PFIB-fabricated samples and sequential snapshot TEM images extracted from in situ tensile test videos.
	Figure 3 TEM images of Xe+ fabricated (first row) and Ga+ fabricated (second row) samples.
	Figure 4 The SRIM66 predictions for ion trajectories showing the penetration depth of Xe+ and Ga+ into the CrMnFeCoNi high-entropy alloy at an accelerating voltage of 30 kV.
	Table 1 Parameters used in Xe+ PFIB and Ga+ FIB milling.




