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a b s t r a c t 

Nanoindentation on crystalline materials is generally believed to generate a three-dimensional plastic 

zone, which has a semi-spherical shape with a diameter no larger than a few times the indentation 

depth. Here, by observing nanoindentation on aluminum in situ inside a transmission electron micro- 

scope, we demonstrate that three-dimensional plasticity dominated by regular dislocations triumph as 

the contact size upon yielding increases above ∼100 nm. However, when the contact diameter is less 

than ∼50 nm, a narrow and long (hereafter referred to as “one dimensional”) plastic zone can be created 

in front of the tip, as the indenter successively injects prismatic dislocation loops/helices into the crys- 

tal. Interestingly, this one-dimensional plastic zone can penetrate up to 150 times the indentation depth, 

far beyond the prediction given by the Nix-Gao model. Our findings shed new light on understanding the 

dislocation behavior during nanoscale contact. The experimental method also provides a potentially novel 

way to interrogate loop-defect interactions, and to create periodic loop arrays at precise positions for the 

modification of properties ( e.g. , strengthening). 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Quantitative mechanical measurements using nanoindentation 

r atomic force microscopy (AFM) are powerful in probing crys- 

al plasticity at the nanoscale. The displacement burst (or “pop- 

n”) [1–6] offers useful information regarding the nucleation and 

ropagation of dislocations involved in initial yielding. In nanoin- 

entation testing, the stress distribution produced by the indenter 

s not uniform, with the stress level decreasing rapidly with in- 

reasing distance from the local region under the indenter, gener- 

ting a three-dimensional hemispherical stress field [7] . As a result, 

he nucleation and propagation of dislocations in the hemispher- 

cal region produce a corresponding plastic zone. Such a three- 

imensional plastic zone (3D PZ) has been repeatedly verified 

y numerous experimental characterizations of dislocations using 
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ommercially available indenters [8–10] . However, this picture is 

nlikely to hold when the indenter tip has an extraordinarily small 

ize, such as a diameter less than ∼20 nm. Recent atomistic simu- 

ations [11–13] and experimental results [14–16] suggest that the 

lastic zone then consists of prismatic dislocation loops (PDLs), 

ropagating deep into the crystal. Compared with regular dislo- 

ations, dislocation loops (including both PDLs and helical loops) 

ave some special characteristics. First, since the Burgers vector of 

 PDL is perpendicular to the loop plane, the size and slip path of a

DL are strongly confined by a prismatic slip tunnel. The PDL can 

nly glide along one slip direction, as described by Ashby et al. 

17] . Second, the glide of prismatic loops involves no dislocation 

ntersection and reaction. Therefore, the stacked dislocation loop 

an preserve its configuration throughout the test and penetrate 

o a large depth below the surface. By contrast, regular disloca- 

ions can easily change their line length and slip plane by cross- 

lip, so that they spread as “flames” to form roughly a hemispher- 

cal distribution. The PDLs may thus lead to a distinctly different 

lastic zone, in terms of its make-up and morphology. There is a 

https://doi.org/10.1016/j.actamat.2022.117944
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2022.117944&domain=pdf
mailto:dg_xie@xjtu.edu.cn
mailto:zwshan@mail.xjtu.edu.cn
https://doi.org/10.1016/j.actamat.2022.117944
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Fig. 1. The experimental setup for in situ nanoindentation. (a) Schematic illustration showing mechanical testing setup. (b) The bright field TEM image of the tungsten 

indenter and the single crystalline Al plate with nearly pristine interior. The inset is the diffraction pattern of the Al specimen ( [002] zone axis and indention direction 

along [220]). (c) SEM images showing aluminum samples. Side view (left) and top view (right) of a typical Al plate. the plate thickness was measured to be ∼500 nm. (d) 

SEM images showing side view (left) and top view (right) of a typical as-prepared tungsten tip, the FIB fabricated tip radius ranges from 8 to 150 nm. 
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ressing need to explore what happens in this case, especially for 

anoscale mechanical tests such as in the atomic force microscopy 

AFM) based nanoindentation [18–20] . An understanding of this 

cenario is also important for developing appropriate plastic me- 

hanics models for nanoscale asperity contacts. 

In situ testing inside a transmission electron microscope (TEM) 

s an informative technique to reveal the dislocation evolu- 

ion during nanoindentation. To this end, previous experiments 

 15 , 16 , 21 , 22 ] have attempted the use of a nanoscale indenter, but

he shape/size of the indenter tip was not well defined. Here we 

mploy an in situ TEM nanoindentation experimental setup ( Fig. 1 ), 

ith indenter tips that have a well-defined spherical apex. The tip 

adius ranges from 8 to 150 nm, to cover the size regime of inter- 

st. Flat single crystalline aluminum plates offer am ple sam ple vol- 

me to accommodate dislocation generation and propagation dur- 

ng nanoindentation. Moreover, to meet the “pristine crystal” as- 

umption in the nanoindentation, the aluminum plates were well 

nnealed to remove most, if not all, preexisting dislocations before 

ngaging the tip, so that all the observed dislocations are freshly 

enerated and their subsequent evolution is undisturbed by pre- 

xisting defects. In the following, we will show that the plastic 

one transitions from 3D to 1D, depending on the contact diam- 

ter: when the contact diameters were larger than ∼100 nm, a 

ully developed three-dimensional plastic zone (3D PZ) consisting 

f regular dislocations was observed. When the contact diameter 

as less than ∼50 nm, we demonstrate a novel one-dimensional 

lastic zone (1D PZ) consisting of one single PDL array extending 

long the indentation direction up to 150 times of the indentation 

epth below the contact surface. In between these two sizes, the 

lastic zone is a mixture of the 1D and 3D types. Our results from 

olecular dynamics (MD) simulation further corroborate that the 

tress field generated by the indenter as well as other dislocations 

n the pile-up is a decisive factor in pushing the leading disloca- 

ions. 

. Experiments and methods 

Sample preparation: A single crystal pure aluminum 

99.9995%) disk was incised into 1.5 × 2 × 0.5 mm 

3 rectan- 
2 
ular plate, which was then mechanically polished to ∼100 μm in 

hickness and electrochemically thinned to a few microns. After 

he thinning, the aluminum plates were attached to the sample 

older using conductive epoxy with high-temperature compati- 

ility. Before curing the epoxy, the orientation of the aluminum 

lates was carefully adjusted such that the indentation direction 

ill be precisely aligned along [110] in the ensuing tests. Then, 

ectangular plates with thickness of ∼500 nm were fabricated us- 

ng focus ion beam (FEI Helios600), and the end surface was also 

olished flat with its normal aligned with the loading direction. 

efore nanoindentation tests, the aluminum plates were annealed 

t 400 °C for at least 30 min in vacuum to remove lattice defects 

nd obtain an approximately pristine interior. 

In situ TEM nanoindentation experiments : The in situ TEM 

anoindentation experiments were performed with Hysitron PI95 

CR Picoindenter in a JEM-2100F transmission electron microscope 

operated at 200 kV). The indenters were made from a tung- 

ten rod by using the focus ion beam to machine one end into 

 pyramidal tip with the spherical apex (radius = 8 to 150 nm). 

e used displacement control at the loading rate of ∼2 nm/s 

uring indentation, and the resultant evolution of dislocation was 

ecorded as movies with a Gatan 830 (SC200) CCD camera at frame 

ate = 10 fps. 

Method of nanoindentation MD simulation : Atomic 

odel of FCC Al with orientations — x : [ ̄1 1 ̄2 ] , y : [ ̄1 11 ] ,

 : [ 110 ] — was constructed. The dimension of the model was 

0.4 nm × 70.6 nm × 304.0 nm. The number of atoms was 

1,387,224. The embedded atom method (EAM) potential for Al 

23] was used to describe the interatomic interactions. The lattice 

onstants and elastic constants were estimated as a = 4.05 Å, 

 11 = 114, C 12 = 61.6, and C 44 = 31.6 GPa, which agree with

he experimentally determined values of a = 4.05 Å, C 11 = 114, 

 12 = 61.9, and C 44 = 31.6 GPa. Before starting indentation simula- 

ions, the models were first equilibrated using Parrinello-Rahman 

PT ensemble method [24] for 50 ps at an in-plane normal stress 

f 0 Pa at simulation temperatures of 300 K to release the in- 

lane stresses. The z position of the spherical indenter with radius 

 sim 

= 8 nm was controlled to move along an axis perpendicular 

o the model surface at 6 m/s. During the simulations, the center 
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Fig. 2. Three-dimensional plastic zone (3D PZ) formed with the indenter tip radius of 150 nm. (a) The load-depth curve. The red line represents Hertzian fitting result. 

The upper right inset shows the TEM image of the indenter tip. (b) Bright-field image showing the dislocation structure before the indentation. (c) The frame extracted from 

indentation video at the peak load, as marked on the load-depth curve just before the pop-in, showing purely elastic response to the loading. (d) The dark-field image taken 

with [ ̄2 00 ] diffraction vector showing the dislocation structure after the indentation. 
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f mass of the atomic slab model was fixed and the x and y 

imensions of the slab model were relaxed such that the normal 

tress was 0 Pa in these directions. The following repulsive force 

as assumed to act between the indenter and the slab model: 

 ( r sim 

) = −K ( r sim 

− R sim 

) 2 ; r sim 

< r c , where r sim 

denotes the dis-

ance of the atoms in the target material to the centroid of the 

pherical indenter tip, K denotes a force constant, which was set 

o 10 eV/ ̊A 

3 , and r c denotes the potential cut-off distance, which 

as set to 0.63 nm. 

. Results and discussion 

.1. Three-dimensional plastic zone (3D PZ) 

Fig. 2 and Movie S1 show the typical results from the in situ 

anoindentation test with an indenter tip radius of 150 nm, which 

s valid down to a depth of ∼105 nm, under displacement control 

ode at the loading rate of 2 nm/s. Fig. 2 a is the quantitative data

btained during the nanoindentation, with the insert to show the 

nitial shape of the indenter tip. The plot shows a clearly defined 

ingle pop-in event at the peak load of 118 μN with the inden- 

ation depth h pop-in of 21 nm. As shown in Fig. 2 b, the plate has

 “pristine crystal” interior and the indentation direction is along 

he [220] crystalline direction. Before the pop-in the whole sample 

emained pristine without generating any dislocations underneath 

he indenter, even at the peak load just before the pop-in ( Fig. 2 c).

ssuming isotropic elasticity, the elastic contact between a rigid 

pherical indenter and a flat surface can be expressed by the well- 

nown Hertzian contact model, the load P is related to indention 

epth h [25] by 

 = 

4 

3 

E ∗R 

1 / 2 h 

3 / 2 (1) 

here R is the top radius of an indenter, E ∗ is the reduced elastic 

odulus which can be obtained from 

1 

E ∗
= 

1 − ν2 

E 
+ 

1 − νi 
2 

E i 
(2) 

here E i is the indenter modulus and E is the specimen modulus. 

i is the indenter Poisson’s ratio and ν is the specimen Poisson’s 

atio. 

The load-depth curve predicted by the Hertzian theory us- 

ng the tip radius of 150 nm is also plotted in Fig. 2 a with

he red line. The experimental data fit well with the Hertzian 

odel, indicating a purely elastic response before the pop-in event. 

herefore, it is reasonable to apply the Hertzian elastic contact 

odel to estimate the maximum shear stress underneath the 

ndenter: τmax = 0.465 P/ ( πRh pop-in ), where P is the critical load and
3 
 pop-in is the critical indentation depth. By plugging measured val- 

es into the equation, we estimate the critical shear stresses for 

op-in can reach 5.5 ± 0.8 GPa. The pop-in is accompanied by the 

eneration of numerous regular dislocation lines underneath the 

ndenter, expanding in various directions. Meanwhile, the indenter 

ushed downward to the displacement of 250 nm within approx- 

mately 5 ms (estimated from the data acquisition rate set at 200 

oints/second). Fig. 2 d presents the dark-field postmortem char- 

cterization taken with [020] diffraction vector. A region of high- 

ensity dislocations was developed just below the contact location. 

e can observe that the dislocations are mainly contained in a 

emispherical zone, as outlined in Fig. 2 d. The hemispherical plas- 

ic zone confirms the picture of 3D PZ generated using commer- 

ially available indenters, as mentioned earlier. The radius of the 

one of high-density dislocations is approximately 3 times larger 

han the residual indentation radius. This value is close to that pro- 

osed by Durst et al. [26] , who empirically assumed the radius of 

he plastic zone should be 1.5 to 2.5 larger than the contact radius. 

.2. Three-dimensional plastic zone plus one-dimensional plastic zone 

3D + 1D PZ) 

Using a smaller tip can result in the emission of dislocation 

oops. The high-density dislocation region is then accompanied 

y a long extending loop array. As shown in Fig. 3 and Movie 

2, an indenter with the tip radius of ∼25 nm (valid down to a 

epth of ∼14 nm) was used to engage on the aluminum surface 

long the same crystallographic direction [ 220 ] . The corresponding 

uantitative mechanical data ( p-h curve) is shown in Fig. 3 a; only 

ne yielding event can be clearly defined at the time t p . Before 

he yielding point, we only observed an expanding semi-ellipse- 

haped strain contour that expands with increasing load, indicating 

 purely elastic deformation without dislocation emission, and the 

pplied load follows the Hertzian elastic curve. The stress drops at 

he peak load of 22 μN relate to the generation of abundant dislo- 

ations loops and regular dislocations ( Fig. 3 b). This peak load cor- 

esponds to the critical shear stress for yielding of 9.3 ± 2.0 GPa. 

uch a high stress is sufficient for the dislocation to nucleate ho- 

ogeneously within the perfect lattice, although the effects of ox- 

de film on the high stress could not be completely excluded. Un- 

ortunately, at the high stresses the dislocation generation pro- 

esses are too fast to be caught by the camera. The bright-field 

mage of Fig. 3 c clearly shows the distribution of the resultant dis- 

ocations. One single loop array extended to ∼2.7 μm beneath the 

ndenter, comprising of a coaxial stack of prismatic/helical disloca- 

ion loops led by two individual PDLs. Morphologically, such a long 

xtending plastic zone consisting of dislocation loops has the ap- 

earance of a one-dimensional plastic zone (1D PZ). In addition to 
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Fig. 3. Three-dimensional plastic zone plus one-dimensional plastic zone (3D+1D PZ) formed during in situ indentation with a tip of radius of 25 nm. (a) The load- 

depth curve , with the red line referring to the fitted curve using the Hertzian elastic model (b) Dark-field images taken with [ ̄2 00 ] diffraction vector showing the evolution 

of dislocation configuration with increasing indentation. The sample exhibited obvious elastic stress field contrast underneath the indenter at time t p , corresponding to peak 

load as marked on the load-depth curve. (c) Bright-field image taken after indentation, showing dislocation configuration below the indent. 
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his, near the indented surface, there is also a hemispherical vol- 

me of jammed regular dislocations (3D PZ). 

.3. One-dimensional plastic zone (1D PZ) 

With the indenter tip radius going further down, the indenta- 

ion becomes more inclined to generate individual loops. The 1D 

Z thus becomes dominating. Fig. 4 and Movie S3 show the results 

rom such an indentation experiment using a tip with an apex ra- 

ius of ∼15 nm (valid depth for this measured radius is down to 

10 nm) and a corner angle of 60 °. The P-h curve includes four 

isplacement bursts, marked as P1-P4 in Fig. 4 a. At the beginning 

f indentation, a nano-asperity on the indenter surface first con- 

acted with the aluminum substrate, resulting in minor fluctua- 

ions just above the force noise floor in the load response. After 

hat, the load increased elastically to about 7.5 μN (indentation 

epth = 8 nm), followed by a major pop-in. In the ensuing loading, 

wo other pop-in events happened, as indicated in Fig. 4 a. 

By correlating these displacement bursts with the microstruc- 

ural evolution in the movie, as shown in Fig. 4 c-d, the first two

isplacement bursts (P1-P2) can be related to the generation of 

DLs that pile up in a row along [220], which is the slip direc-

ion of dislocations in aluminum, while in the third displacement 

urst P3, a few loops are emitted first and then some regular dis- 

ocations follow, and the ensuing fourth displacement burst (P4) 

nly generates regular dislocations. Fig. 4 d shows a full picture of 

islocations remaining under the indenter after indentation. There 
4 
re three different types of dislocations, i.e. the PDLs mainly in the 

orm of single loops, the helical loops with each one involving two 

r more loops, and the regular dislocations. These different dis- 

ocations are generated through transition stages: in the middle 

f P3, the individual PDLs first transition to helical dislocations, 

hich further transition to regular dislocations at the end of P3. 

s shown in Fig. 4 d, the leading loop slips to a depth of 3400 nm

efore the gliding stops, even though the indentation depth is as 

mall as 22 nm at the moment of P3. The penetration depth is 

50 times the indentation depth, and thus far beyond the predic- 

ion by the Nix-Gao model, where all the generated dislocations 

re contained in a hemisphere with a radius comparable to the in- 

ent radius [ 8 , 9 , 27 ]. The behavior of PDLs has been hypothesized

efore and has also been observed in some other types of experi- 

ents, such as the growth of a spherical particle in a solid matrix 

 28 , 29 ]. However, ours is the first time to directly observe what ac-

ually happens underneath a nanoindenter. The one published by 

ee et al. [16] used an inverse indenter rather than a normal in- 

enter tip. 

.4. Configuration of the one-dimensional loop array 

In a PDL array, the position of a loop is determined by the equi- 

ibrium between the repulsive force exerted by other loops and 

he lattice friction. The repulsive force between loops ( P rz ) is short- 

anged [30] , decreasing fast with the inter-loop spacing z following 

he relation P rz = br 3 G/ (1 − ν) z 4 , where G is the shear modulus, b
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Fig. 4. The formation of one-dimensional plastic zone (1D PZ) during in situ indentation with a tip radius of 15 nm. (a) The load-depth curve, with the red line 

referring to the fitted curve using the Hertzian elastic model. Four yielding events are indicated by arrows P1 to P4. (b) The dark-field images taken with [ ̄2 00 ] diffraction 

vector, showing the interior structure before the indentation. (c) Dark-field images of the dislocation configuration after each corresponding yielding event as indicated at 

the depth-load curve; the diffraction vector is [ ̄2 00 ] . (d) Overview image stitched together using four images, showing the dislocation structure below the indenter after 

indentation. 
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s the magnitude of the Burgers vector, r is the loop radius, and ν
s Poisson’s ratio . The experimental observations indicate that the 

pacing between loops is comparable with their diameters. Con- 

equently, the repulsive force that a loop feels from the loops far- 

her than its third neighbor is almost negligible (the repulsive force 

rom the first and second neighbors accounts for 94% of the sum). 

his means that the spacing between two loops is largely dictated 

y the nearest two or three loops. Another conclusion from the 

bove analysis is that when the glide of a dislocation loop in an 

rray is driven by the elastic stress field of the previous one, dislo- 

ation motion can be easily transferred onwards. Specifically, when 

 new dislocation loop is emitted from the indentation site and 

queezed into the row, a net repulsive stress between loops will 

e generated to push the nearest loop forward, which in the same 

ay continues to push the next one. This action is repeated like a 

oving wave that propagates from the tail of the loop array to the 

eading loop. In this way, although the indentation stress field only 

rovides a high driving stress in a small hemispherical volume, 

he plasticity can be transmitted over a long distance, enabled by 

he re-lay of dislocation loops constituting the array. Therefore, al- 

hough the elastic stress field imposed by the indenter is only able 

o drive regular dislocations to a distance comparable to the con- 

act size, the glide of dislocation loops in an array can be sustained 

ver a long distance. This explains our observation that the dislo- 

ation loops marched on like a group towards the deep interior of 

he aluminum crystal. Also derived from the force-chain mecha- 

ism is that the high stress around the indenter is not sustained 
5 
nless/until the movement of the loop array is blocked by obsta- 

les or heterogeneous dislocation nucleation sets in. 

Moreover, the lattice friction stress ( τ0 ) can be extracted from 

he equilibrium configuration of PDLs. Xin et al. suggested that the 

onfiguration of the loop array is determined by the balance be- 

ween the repulsive interaction between loops and the lattice fric- 

ion stress ( τ0 ) opposing dislocation movement [31] . For an ar- 

ay of N + 1 coaxial dislocation loops with diameter d, the first 

eading loop is numbered 0 and the following loops is numbered 

 = 1 ∼ N ( Fig. 5 a). If we define a normalized loop position: ζi =
 �Z i ) /d ( i = 1 ∼ N ) ζi = (�Z i ) /d (i = 1 ∼ N) , where �Z i represents

he distance between loop i and the loop 0 . When the loop dis- 

ance is large relative to the loop size, ζi can also be expressed as 

ollow: 

i = 

(
3 π

4 d 

) 1 
4 

{ 

4 
3 

[
N 

3 / 4 − ( N + 1 − i ) 
3 / 4 

]
+ 

1 
2 

[
N 

−1 / 4 + ( N + 1 − i ) 
−1 / 4 

]
+ 

1 
48 

[
( N + 1 − i ) 

−5 / 4 − N 

−5 / 4 + 

]
} 

(3) 

here the scaled loop size: 

 = 2 π( 1 − ν) τ0 d/ Gb (4) 

For the three sets of loop arrays with their average loop diam- 

ter of 33 nm, 60 nm, and 30 nm, respectively, the normalized 

oop position between each loop and the corresponding loop 0 was 

easured, as shown in Fig. 5 b. We can then fit Eq. (3) for the mea-

ured loop positions, to obtain the scaled loop size d̄ . By insert- 
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Fig. 5. Configuration of coaxial prismatic dislocation loops and the fitting results. (a) TEM image of a set of PDLs in an array, ζi is used to represent the position of loop 

i from the first leading loop (normalized by average loop diameter d). (b) the normalized loop position for each PDL. The lines represent the fitting results using the Eq. (1) . 
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Fig. 6. The relationship between the indent contact radius and loop ra- 

dius/types. The size of the points represents the initial indenter tip radius. When 

the contact diameter is smaller than ∼50 nm, PDLs are favorable; closed helical 

loops are more favorable otherwise. The indent contact radius is measured directly 

from in situ video frames just before the yielding events. 

a

d

g

ng reasonable parameters for aluminum ( ν = 0.35, G = 26 GPa, 

nd b = 0 . 28 nm) into Eq. (4) , the lattice friction stress τ0 can

hus be calculated as 1.22, 1.11 and 0.94 MPa for the three loop 

rrays, respectively. Therefore, the averaged friction stress τ0 = 

 . 10 ± 0 . 14 MPa, close to the estimated value for edge dislocations

n Al by atomistic simulation ( ∼ 1 MPa [32] , 1.6 MPa [33] ) and me-

hanical tests (0.78 MPa [34] , 1.05 MPa [35] ). 

.5. Size-dependent transition of plastic zones 

Obviously, the transition of the plastic zone morphology is 

ooted in the size-dependent transition of self-closed loops to reg- 

lar dislocations. In order to reveal the relation between contact 

izes and dislocation types, the contact diameters and loop diame- 

ers are measured from the in situ video frames immediately af- 

er yielding events in several indentation tests with various in- 

enter tip radii, assuming the measurement errors as 1 ∼2 pix- 

ls. The results are plotted as Fig. 6 , which demonstrates that the 

oop size is nearly proportional to the contact diameter, by a factor 

f ∼1.2. Besides, there are two threshold contact diameters, with 

 c1 = ∼50 nm denoting the transition from the emission of PDLs to 

he generation of helices, and D c2 = ∼100 nm for a transition be- 

ween loop generation and nucleation of regular dislocations. 

To explain the above two transitions from singular PDLs to he- 

ical loops to regular dislocations, we first need to understand the 

echanism of nucleating a PDL. Previous research has observed 

he generation of PDL near a precipitation particle growing from 

 ductile metal matrix [17] , which is supposed to be similar to the

cenario in nanoindentation (the schematic diagram of this process 

s shown in Figure S5). The underlying mechanism of PDL nucle- 
6 
tion during nanoindentation has also been studied by molecular 

ynamics (MD) simulations [ 13 , 36 , 37 ]. A well-accepted model sug- 

ests that due to the stress generated around the contact interface, 
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Fig. 7. The formation process of an individual PDL. (a) Dark-field TEM image of the single crystal Al plate before the indentation. (b) The nucleation of a half loop 

underneath the indenter, indicated by a white arrow. (c-d) Formation of a lasso-like dislocation loop attached to the half loop. (e). A new PDL is released when the two 

dislocation segments meet and react. Insets in c-e schematically illustrate the dislocation shapes in the corresponding images, compared with the glide prism bounded by 

four {111} planes. All scale bars represent 200 nm. 
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 shear loop will nucleate first and bulge out on the { 111 } plane

n response to the indentation stress field, when the shear stress 

s greatest on the adjacent { 111 } planes, the first cross-slip occurs. 

n the same way, the second cross-slip event occurs, bringing the 

egments back to the original slip plane. The lasso-like dislocation 

oop with three sides of a parallelogram and a neck is generated 

rom those two steps of cross slip processes. During the following 

lip, the screw segments of this neck attract and annihilate each 

ther, resulting in the birth of an individual PDL. Despite multi- 

le atomistic modeling to show this process [ 12 , 36-39 ], an exper-

mental demonstration is still lacking. In another nanoindentation 

xperiment, we also observed a similar process showing how an 

ndividual dislocation loop is generated near the contact interface. 

n Fig. 7 and Movie S4, the generation of a PDL can be divided

nto four transient states. In the beginning, a half loop is nucleated 

rom the contact interface and bows out in a (111) plane along the 

irection of [220] ( Fig. 7 b). In the following short period of 0.45 s,

his half loop acts as an embryonic dislocation source from which 

even PDLs are nucleated and injected into the crystal, a process 

oo fast to be observed clearly. After the emission of these loops, 

ost of the stored elastic energy has been exhausted, and the dis- 

ocation nucleation process slowed down, thus allowing for catch- 

ng some details of the next nucleation event. As shown in Fig. 7 c,

he half loop developed into a lasso-like dislocation loop near the 

ndenter. The neck of this lasso-like dislocation loop became in- 

reasingly narrower with the rising load, until it shrank to a point 

nd the dislocation segment under the neck pinched off to form 

n individual PDL ( Fig. 7 d-e). 

It is noteworthy that multiple cross-slips and the reaction of 

hear dislocation segments are involved in the generation of a PDL, 

nd both processes are highly sensitive to the local stress field. 

herefore, we suggest that our observed transitions of dislocation 

onfiguration must be related to the effect of local stress field on 

islocation nucleation. The formation of a closed prismatic loop 

epends on the symmetry of the indentation stress field. The sim- 

lation result shows that the cross slip occurs exactly where the 

orce condition changes [ 36 , 40 ]. Therefore, the symmetry of the 

ndentation stress field ensures that the two cross-slipped screw 

egments meet each other on the same slip plane, which is the 

echanism for the loop to pinch off. If they miss each other, a 

elical loop will be generated. From this point of view, the gener- 

tion of the individual closed loop is sensitive to the local stress 

uctuations. After the pinching-off of PDL, the stress relaxes and 
7

he shear loop retracts back, returning to a pristine state in the 

ndent region. As the indentation proceeds, those PDL nucleation 

rocesses repeat. With the increase of contact area, to accommo- 

ate the lateral strain, the dislocations nucleation and propagation 

re also activated in the other two < 220 > directions. The intersec- 

ion of the propagating directions provides the chances for the dis- 

ocations to meet and interact with each other, resulting in tangles 

r locks that reduce the dislocation mobility. The presence of dislo- 

ation near the contact interface can disturb the nucleation of dis- 

ocation loops, by changing the local elastic stress field to interrupt 

he closing-up of a loop or intermittently reacting with nucleated 

oops, thus leading to the creation of helical loops. As an increasing 

umber of dislocations jam up near the contact area, the forma- 

ion of individual dislocation loops finally becomes statistically im- 

ossible, and in the later stage, dislocation forest and mutual dis- 

ocation interactions (such as Frank–Read sources [12] , dislocation 

njamming [ 41 , 42 ]) are presumed to be the dominant mechanism 

f plasticity. This transition process has also been observed in our 

wn atomistic simulations: we conducted a MD nanoindentation 

imulation on a (110) surface of cuboid-shaped Al atomistic model 

sing 8 nm radius spherical indenter as shown in Fig. 8 . The dislo-

ation behavior during the nanoindentation simulation is recorded 

s a movie (Movie S5). It can be seen that with the expansion of 

he contact area and plastic zone, the structure of nucleated dis- 

ocations becomes more and more complex. Furthermore, the dis- 

ributions of resolved shear stress on the ( 1 ̄1 1 )[ 110 ] slip system 

t the elastic and PDL emission stages ( Fig. 9 a,b) were symmet- 

ic, while those after the helical loop emission stage ( Fig. 9 c,d) 

ose such symmetry, and thus the distributions clearly illustrate the 

reak-down of the symmetry of the indentation stress field at the 

eneration of helical loops. 

This picture of the dislocation evolution process has no sig- 

ificant anisotropic effects. When we change to another indenta- 

ion direction was off [ ̄1 ̄1 1 ] by about 10 °, we observed a similar 

islocation evolution process, as shown in Fig. 10 and Movie S6. 

uring this indentation experiment, only one long PDL array was 

unched into the crystal, and extended along [ 02 ̄2 ] direction that 

as the largest Schmidt factor to the indentation direction among 

ll the three possible < 110 > directions, while in the other two 

ossible glide directions ( [ ̄2 ̄2 0 ] and [ ̄2 02 ]), we only observed a

ew tiny loops at the early stage and further dislocation nucle- 

tion was suppressed due to the strain relaxation effect from the 

islocation nucleation along the preferred direction. In addition, 



Z.-Y. Nie, Y. Sato, S. Ogata et al. Acta Materialia 232 (2022) 117944 

Fig. 8. MD-simulated dislocation generation, during nanoindentation using an 8-nm radius sphere on aluminum along [220] direction. (a) Simulation model. (b) Load- 

displacement curve. (c-e) Snapshots of at different stages of the nanoindentation depth. Dislocations are detected by central symmetry parameter coloring. (f) The overview 

image of emitted dislocations. (g) The simulated formation process of a PDL. 

Fig. 9. The distributions of resolved shear stress on the (1 1 1 )[ 110 ] slip system during nanoindentation MD simulation with an indenter radius of 8 nm . (a) The elastic 

stage before dislocation generation. (b) The PDL emission stage. (c) The helical loop emission stage. (d) The regular dislocation generation stage. 

Fig. 10. The evolution of dislocation configuration when an indentation is made along the [ 1 1 1] direction of aluminum crystal. (a) Image showing the indenter and 

aluminum sample before engaging the tip. (b-d) The image series showing dislocation structure at different moments of indentation. Time labels are at the top of each 

image. 
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ven if dislocation loops were generated along the other two di- 

ections, they will meet and escape at the free surfaces after trav- 

lling a short distance after emission, and thus can only form a 

hort array of loops. As the contact radius increases, the transitions 

rom individual PDLs to helical PDLs to jammed regular dislocation 

ines were also observed, similar to the observation in indentations 

long [220] direction. 

Previous theories and experimental characterizations show a 

onsensus that the indentation only creates dislocations spread- 

ng in three dimensions, even in the early stage of the indenta- 

ion [ 8 , 21 , 43 ]. What is more, in order to measure intrinsic film

roperties, a currently well-recognized empirical rule is that the 

ndentation penetration depth must be less than 10% of the film 

hickness [44] . However, as we have observed, the plastic zone can 

xtend in one dimension to a distance of several micrometers, re- 

lized by the fast glide of an array of small PDLs in the direction

f their Burgers vector, even though the indentation depth is only 

20 nanometers. This unusual penetration ability of the disloca- 

ion arrays is of significance for thin-film mechanical testing, con- 

idering that significant back stress can be built up to induce hard- 

ning when the movement of PDLs is impeded by substrate/film 

nterface or some other obstacles. Our finding is even more im- 

ortant for applications using the atomic force microscope (AFM) 

ith a tip radius of only a few nanometers [ 45 , 46 ] because such

n extraordinarily sharp indenter tip would generate PDLs, which 

ave a high propensity to glide a large distance before piling up at 

bstacles. 

In the following, we define a penetration ability factor for dislo- 

ations, f . For an array of dislocation loops, the penetration ability 

actor is evaluated as the distance from the first leading loop to 

he indented site divided by the indentation depth (solid circles 

n Fig. 11 ). For the regular dislocations residing in a hemispherical 

one, we use the ratio between the fitted radius of this hemisphere 

nd the indentation depth to represent the propagation ability fac- 

or (hollow circles in Fig. 11 ). In Fig. 11 we summarized the results

rom a few indentation tests with tips of varying radius, to show 

he propagation ability factor for dislocations generated from dif- 

erent contact diameters in pop-in events. When the contact radius 

efore yielding is smaller than ∼80 nm, we observed that the PDLs 

rray could extend over one hundred times deeper than the pene- 
ig. 11. Dislocation penetration ability f versus the contact area. Here the dislo- 

ation penetration ability factor, as shown in the inset: is evaluated using f = L / h 

or PDLs/helices (solid circles), and f = r / h for jammed regular dislocations (hollow 

ircles), where L , r and h are marked in the inset. 
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9 
ration depth of the indenter, also ten times deeper than that pre- 

icted by the 10% empirical rule mentioned above [47] . However, 

or regular dislocations, the propagation ability factors are about 

en. With the increase of the contact diameter, the regular dislo- 

ations would expand and gradually overwhelm the PDLs, which 

ave stopped moving after the first few pop-ins. When the con- 

act radius before yielding is larger than ∼100 nm, most of the 

islocations generated during the indentation would be contained 

n a hemispherical volume with a radius ten times the indentation 

epth. This indicates that the 10% empirical criterion is only valid 

or indentations using a relatively large indenter, or when the con- 

act diameter significantly exceeds ∼100 nm. 

. Summary 

Our work raises several points that are worthy of attention 

nd have potential impact. First, we note the observed early-stage 

lasticity induced by nanoscale contact is in fact a common oc- 

urrence, considering that commercially available nanoindentation 

ips usually start with an apex/asperity radius of a few tens of 

anometers, let alone the much sharper tips used in AFM. Our ob- 

ervations therefore offer a new perspective into what could hap- 

en using the popular nanoindentation methodology. Second, our 

esults shed new light on the indenter size effect, specifically on 

he form of indentation plastic zone, bridging previous predictions 

rom atomistic simulations with experimental observations. Third, 

e found that the dislocation loops in the array can be pushed to 

ravel a long distance. The probability for them to meet other pre- 

xisting obstacles and thus cause hardening is much higher than 

hat expected from regular dislocations. This would be especially 

mportant for mechanical measurements on films with a thickness 

f a few micrometers or less, because the dislocation loops have 

he ability to reach and interact with the film/matrix interface, 

hus altering the properties being examined. One can observe ab- 

ormal size effects at very shallow indentation depth, effects that 

re not taken into account in the Nix-Gao model. Fourth, our ex- 

erimental method provides a novel way to “focus” defects so as 

o interrogate their interactions, for example, by impinging PDLs 

nto preexisting grain boundaries, phase boundaries or precipitate 

articles. One can also envision the use of a sharp indenter to im- 

lant dislocation loop arrays at desired places, one location at a 

ime, setting up a grid pattern of obstacles to moving dislocations 

n the film for strengthening or other purposes: e.g. to pattern self- 

ssembled low-dimensional nanostructures [ 27 , 48 ] 
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