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a b s t r a c t 

Mechanical properties of nanoscale multilayer coatings are to a large extent governed by the number of 

interfaces and their characteristics. While for a reduced layer thickness, increasing strength and toughness 

values have been reported, properties degrade for layer thicknesses of just several nanometers. Here, we 

report on an entirely overlooked phenomenon occurring during the indentation of nanolayers, presum- 

ably explaining the degradation of properties. Nanoindentation, commonly used to determine properties 

of hard coatings, is found to disrupt and intermix the multilayer structure due to the deformation im- 

posed. Detailed electron microscopy studies and atomistic simulations provide evidence for intermixing 

in an epitaxial transition metal nitride superlattice thin film induced by nanoindentation. The formation 

of a solid solution reduces the interfacial density and leads to a sharp drop in the dislocation density. Our 

results confirm that plastic deformation causes the microstructure instability of nitride multilayer, which 

may further improve our understanding of multilayer strength mechanisms. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

It is well-established that the intrinsic length scales of materi- 

ls determine their performance [1] . In multilayer thin films, re- 

ucing the thickness of a single layer can increase the number 

f interfaces and enhance their hardness and toughness. Accord- 

ng to this, numerous efforts have been devoted to design novel 

ultilayers with a small bilayer thickness in order to acquire su- 

erior mechanical properties for potential applications. In general, 

ultilayer structures with a bilayer-period thickness of just a few 

anometers showed the best combination of hardness, toughness, 

nd elastic modulus [2-9] . For instance, the results of Kim and Lin 

t al . indicate that TMN (transition metal nitride) CrN/AlN super- 

attice coatings with several nanometer bilayer periods exhibit a 

.6 times higher hardness value compared to their single-layered 

ounterpart coatings [ 10 , 11 ]. Among the multilayer coatings, the 

ombination of rs -TMN (rock-salt transition metal nitride)/ rs- TMN 

ith an epitaxial superlattice structure shows excellent mechani- 

al properties [ 5 , 11 , 12 ]. The outstanding mechanical properties of
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he epitaxial superlattice coating are attributed to different effects, 

ncluding interface coherency strains and the modulus difference 

 2 , 5 , 13 , 14 ]. 

However, the beneficial effect of reduced bilayer thicknesses on 

echanical properties is not observed for any layer spacing. It has 

een reported that, similar to nanocrystalline metals [15-20] , the 

ardness and toughness of the multilayer coating decrease again 

hen the bilayer-period thickness is reduced below a certain crit- 

cal value, being on the order of a few nanometer [ 2-9 , 11 ]. For

MNs multilayer, the current understanding for this degradation 

f properties is that component intermixing already occurs during 

he thin film deposition and annealing process [ 3 , 21-24 ]. Thereby 

he interface density, coherent stress fields and differences in shear 

odulus diminish, explaining the reduced strength levels mea- 

ured. This explanation actually suggests that the thin film synthe- 

is process limits the maximum achievable mechanical properties. 

However, large-scale component intermixing can be frequently 

bserved also by severe plastic deformation [25-28] . One may 

hus ask whether the deformation of the multilayer coating during 

anoindentation, usually used to evaluate the mechanical proper- 

ies of multilayers (hardness and elastic modulus, etc.) may also 

rigger component intermixing and decrease of the mechanical 
c. This is an open access article under the CC BY-NC-ND license 
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roperties. If so, the measurement itself would affect the property 

o be measured, which may make the experimentally determined 

echanical strength far lower than the intrinsic theoretical proper- 

ies. Nevertheless, this important issue remains uncertain and has 

ever been addressed before. Since the bilayer thickness of mul- 

ilayer films below the peak strength is only a few nanometers, 

etecting potential small-scale structural and composition varia- 

ions is quite challenging. Clarifying this issue is however manda- 

ory to develop an even stronger multilayer structure. Modern ad- 

anced transmission electron microscopy (TEM), cross-sectional fo- 

used ion beam (FIB) cutting, and large-scale atomistic simulations 

llow probing the atomistic origin of material properties and pro- 

ide the possibility to address such fundamental questions. 

In this work, the cross-sectional TEM specimen were prepared 

rom the region beneath the indented superlattice thin film (with 

 bilayer period thickness of 2.5 nm) using FIB milling. Spherrical- 

berration (C S )-corrected high-resolution TEM (HRTEM) was ap- 

lied to characterize the possible structural and chemical compo- 

ition changes from the nanoscale to the atomic-scale. Combining 

EM experimental observations at multiple-scales, we find com- 

ound intermixing in an rs -TiN/ rs -AlN SL (superlattice) beneath the 

ndenter tip, while the SL remains intact in the unaffected region. 

his indicates that the SL intermixing process is triggered by the 

eformation imposed by the indenter. Together with atomistic sim- 

lations, this intermixing mechanism is validated and explored in 

etail. Linking the atomistic insights of our study with the macro- 

copic mechanical properties of the coating and understanding the 

ntermixing process could contribute to designing even stronger 

oatings in the future. 

. Methods 

.1. Material fabrication 

The TiN/AlN superlattice thin film (~ 1.5 μm total film thick- 

ess, TiN ~1.7 nm, AlN ~0.8 nm) was synthesized using an AJA In- 

ernational Orion 5 lab-scale deposition system equipped with a 

omputer-controlled shutter system. The reactive magnetron sput- 

ering process was carried out at 700 °C (substrate temperature) in 

n Ar/N 2 mixed gas atmosphere with a total pressure of 0.4 Pa 

nd an Ar/N 2 flow ratio of 7 sccm / 3 sccm. To avoid intermix-

ng of the two-layer materials via excessive ion bombardment, we 

pplied a rather low bias potential of –40 V (floating potential ~

20 V) to the MgO (100) substrate, just enough to obtain a dense 

oating morphology. The three-inch Ti and two-inch Al target were 

C-powered setting constant target currents of 1.0 and 0.5 A, re- 

pectively. Further details can be found in Ref [29] . 

.2. Material characterization 

The nanoindentation was performed with an Ultra Micro Inden- 

ation System (UMIS, Fischer-Cripps Laboratories) equipped with a 

ube corner diamond tip using a maximum load of 150 mN. The 

aximum load depth is about 1.7 um. The nanoindentation was 

arried out at a constant indentation strain rate and indents were 

eparated from each other by at least 50 μm. Here, a total of 5 

anoindentation experiments at different positions were carried 

ut. The FIB cutting position is chosen near the indenter tip, and 

utting is along the < 100 > direction of the SL (as seen in Fig.1 c).

) A protective layer of platinum with a thickness of about 2 μm 

n the area of interest was deposited. Two 6 μm deep trenches 

ere made on either side of the selected region by coarse milling 

t a current of 1 nA, after which the exposed vertical faces of the 

pecimen were coarsely polished by the ion beam using a current 

f 500 pA.) An ion beam is used to cut off the entire bottom end
2 
nd the vertical part. Finally, transferred and welded to a copper 

EM grid for fine polishing ( ± 2 ° using a current of 50 pA). 

A 300 kV field emission TEM (JEOL ARM300F) equipped with 

ouble C S -corrector was used in this study. The high-angle an- 

ular dark-field (HAADF) images in the STEM (Scanning TEM) 

ode use the probe convergence semi-angle of ~24 mrad. The 

TEM −HAADF images were taken by an annular dark-field im- 

ge detector with the inner semi-angle larger than 64 mrad. Two 

indowless Energy-dispersive X-ray spectroscopy (EDXS) detectors, 

ach of which has an active area of 100 mm 

2 , are equipped on a

icroscope, which are very close to the specimen with a high solid 

ngle (1.7 sr). 

A 200 kV field emission TEM (JEOL2100F) equipped with an 

mage-side C S -corrector was used in the HRTEM study, which 

emonstrates a resolution of 1.2 Å at 200 kV. The aberration co- 

fficients were set to be sufficient small under which the HRTEM 

mages were taken under slightly over-focus conditions (close to 

he Scherzer defocus). The quantitative determination of the in- 

erplanar spacing was carefully carried out by fitting intensity line 

rofiles using a Gaussian function taken from the < 100 > direction. 

The point spectra of electron energy-loss spectrum (EELS) 

hown in Fig.3 were recorded under TEM mode with a camera 

ength of 25 cm with a dispersion of 0.2 eV per channel. The spec- 

ra were processed in Digital Micrograph (DM version 3.42). Firstly, 

he background was subtracted using the power-law model. For 

omparison, the spectra were then aligned to the N-K edge’s on- 

et to examine the variations of N-K and T-L edges, such as the 

hemical shift and shape change. 

STEM-EELS spectrum images were acquired using a dispersion 

f 0.2 eV per channel, a collection semi-angle of 10 mrad, and a 

onvergence semi-angle of 2.5 mrad. The images were aligned to 

he Ti-L 3 peak and processed in DM. In the end, an energy differ- 

nce map (E Ti-L 2 -E Ti-L3 ) is obtained using the energy of the Ti-L 2 
ubtracting that of the Ti-L 3 , which can be used to distinguish the 

olid solution and layered region (shown in Fig. 3 b). 

For the dislocation density in Fig. 9 e, a total of 15 HRTEM im- 

ges of different regions (recorded at 60 0-80 0KX) are counted. 

ere, 5 HRTEM images are selected from each region (as- 

eposited, deformed SL and solid solution). In [001] zone axis, the 

islocations are located along the (200) and (020) lattice planes or 

220} lattice planes, respectively. All dislocations that only insert 

220} lattice planes or {200} lattice planes are counted and desig- 

ated as edge dislocations. For detailed statistical methods, please 

efer to our previous work in Ref. [30] . The dislocation density was 

btained according to the following formula, ρ = N / A , where ρ is 

he dislocation density, N is the number of dislocations, A is the 

rea. 

.3. Molecular dynamic simulations 

MD simulations were performed using LAMMPS [31] and an Al- 

iN MEAM potential [32] . The simulation box was created with 

tomsk [33] with initial dimensions of 17.85 nm for the x, y and 

 axis and contains 592704 atoms. The layer thickness is according 

o the synthesized films and stacked along the z axis. Prior to the 

ndentation, the energy of the cell was minimized until a differ- 

nce of 10 −5 eV was reached. As timestep 0.1 fs was chosen. The 

ndenter was modeled by the LAMMPS fix indent and has spherical 

hape with a radius of 3.5 nm. This LAMMPS fix creates a virtual 

bject exerting forces on atoms which decay with distance from 

he indenter center. From its starting position above the surface of 

he cell, the indenter was moved at a constant rate of 0.28 Å/ps in

egative z direction. Every 500 time steps a snapshot of the atom 

ositions, i.e., coordinates of each atom at the x, y, and z positions, 

long with forces, velocities and energies was taken. 
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Fig. 1. a, Typical HRTEM image of the as-deposited rs -TiN/ rs -AlN SL. b, Selected-area electron diffraction pattern of as-deposited SL. c, SEM top view of the indented SL. d, 

Cross-sectional low magnification STEM HAADF image of the indented SL with some cracks visible. 
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To track the state of intermixing in different regions during the 

ndentation, the number of the atoms of the two metal species 

as counted for fixed volumes distributed in the simulation box. 

t each time step the relation between Al and Ti was calculated 

llowing monitoring the transition from multilayer to an inter- 

ixing. The occurring dislocations were tracked using the DAX 

34] function of OVITO [35] applied to the fcc nitrogen sub lat- 

ice (as the transition metal and nitrogen atoms sit on two inter- 

enetrating fcc lattice, the function only runs on N atom sub- 

attices). 

.4. DFT calculation 

We used density functional theory (DFT), implemented in the 

ienna Ab initio Simulation Package (VASP) to estimate the barri- 

rs for diffusion governing the intermixing process [ 36 , 37 ]. GGA- 

BE [37] was employed for the electron-electron exchange and cor- 

elation potential. The potentials used for the element Ti treat 

emi-core states Ti ( [Ne]3s 2 3p 

6 3d 

2 4s 2 ) as valence. Ion-electron 

nteractions were described using the projector augmented wave 

ethod [38] with a plane-wave energy cutoff of 500 eV. Super- 

ells with 64 and 216 lattice sites yielded energies differing less 

han 1meV/at., hence a supercell of 64 atoms (a 2 × 2 × 2 super- 

ell of conventional rock-salt structure) was used as a defect-free 

iN and AlN. For these cubic supercells, a Monkhorst-Pack k-point 

esh [39] of 10 × 10 × 10 was used for Brillouin zone sampling 

ith a Methfessel-Paxton [40] smearing of 0.2 eV. 

The energy difference between an initial and a transition state 

f a jump needs to be determined to calculate its jump frequency. 

ach initial state was completely relaxed with respect to inter- 

al coordinates, volume, and shape. We quantitatively determined 

he transition state with the saddle point along the minimum en- 
3 
rgy diffusion path by a nudged elastic band (NEB) [41] method 

s implemented in VASP. The jumps between the initial and fi- 

al states in both interstitial and vacancy-mediated cases are sym- 

etric, hence we optimize the number of images by assuming the 

ransition state in between. Hence, we tested five images versus 

hree images versus single image NEB calculations for both inter- 

titial and vacancy-mediated TiN barriers. Finding a good agree- 

ent (varying number of images lead to barrier height variations 

ithin 0.01eV) for the remaining systems we performed a single 

mage NEB calculation 

. Results 

.1. Superlattice intermixing during nanoindentation 

The coating used here is an rs -TiN/ rs -AlN superlattice deposited 

n a MgO (100) substrate, where the AlN layer thickness is ~0.8 

m, and that of the TiN layer is ~ 1.7 nm. The overall morphol- 

gy of the as-deposited SL can be seen in the Supplementary Fig. 

. The HRTEM image ( Fig. 1 a) clearly reveals that in the SL struc-

ure, the layer with the bright contrast is AlN, while the layer with 

he dark contrast is TiN. Moreover, the as-deposited TiN/AlN SL 

 Fig. 1 a) exhibits a well-defined epitaxial SL structure with a thin 

lN layer stabilized in the rock-salt structure and a certain orienta- 

ion relationship ({100} TiN /{100} AlN ). Selected-area electron diffrac- 

ion (SAED, Fig. 1 b) with the superlattice spots also confirms that 

he periodic SL has a fully epitaxial growth of the cubic structures, 

ndicating the excellent quality of the thin film. Fig.1 c shows a top 

iew of the indent and the position of the FIB prepared cross- 

ectional TEM lamella. A low magnification image (STEM-HAADF, 

ig. 1 d) illustrates the overall morphology of the indented cross- 
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Fig. 2. a, Cross-sectional HAADF image of the indented SL. b, Overall EDXS mappings (Ti and Al K-peak signal) taken near the contact with the indenter, as indicated by the 

red frame in Fig.1 d. c, d, Atomic-resolution HAADF and elemental mapping (EDXS) near the contact region with the indenter. 

s

t

u

a

p

i

f

s  

e

s

e

a

i

F

i

p

d

i

m

(

a

t

c

v

e

F

t

p

w

l

a

fl

t

A

fi

f

m

s

F  

d

l

m

a

v

t

T

F

t

t

r

a

t

(

c

r

d

s

f

s

c

H

3

s

A

~

m

F

s

i

c

b

i

b

ection. From the residual impression (i.e., V-shaped) of the indent, 

he indent depth was measured to be about 800 nm. 

When focusing on very small scales of a few nanometers, an 

nexpected intermixing phenomenon can be detected. The high- 

ngle annular dark-field (HAADF) image in Fig. 2 a shows the mor- 

hology of the indented coating near the surface of the residual 

mpression (see the red frame in Fig. 1 d). At positions further away 

rom the surface (~ 250 – 300 nm), the TiN/AlN SL structure is 

till visible, as can be seen in the inserted image in Fig. 2 a. How-

ver, when moving closer to the surface of the residual impres- 

ion, starting at ~150 nm away from the surface, the deposited lay- 

red morphology of the SL cannot be detected anymore. Instead, 

 homogeneous single-phase area has formed around the residual 

mpression. The elemental mapping over a large area (shown in 

ig. 2 b) also clearly points towards a rather homogeneous chem- 

cal composition towards the surface imprint region, without any 

eriodic chemical features of Ti or Al appearing. This strongly in- 

icates that the deformation imposed by nanoindentation induces 

ntermixing of the SL multilayer structure. In addition to the low 

agnification TEM observation of the side position of the indenter 

 Fig. 2 a), we also performed HR-STEM/HRTEM observations in the 

rea right below the tip of the indenter (as seen in Supplemen- 

ary Figs. S2). Similarly, solid solutions with homogenous chemical 

ompositions are still found in these areas. 

Furthermore, local atomic-resolution STEM-HAADF/EDXS obser- 

ations unambiguously corroborate that multilayer intermixing (el- 

ment intermixing) has taken place during the indentation process. 

ig. 2 c shows the atomic structure image (STEM-HAADF) along 

he cubic [100] projection close to the surface of the residual im- 

ression, exhibiting a homogeneous distribution of image contrast, 

hile the layered features remain absent (a HAADF image with a 

arger field of view is shown in Supplementary Fig. S3). Further, 

tomic-scale elemental mapping displayed in Fig. 2 d exactly re- 

ects that superlattice intermixing has occurred at the area close 

o the indenter tip. Careful inspection of the mapping reveals that 

l and Ti atoms reside at identical atom column positions, which 

nally confirms the formation of a cubic Ti 1-x Al x N solid solution 

rom the superlattice structure. Quantitative evaluation of the EDXS 

apping reaches an atomic ratio between Ti and Al of 2:1 in the 

olid solution region (the EDXS quantitative result is obtained from 
4 
ig. 2 b and 2 d), which is consistent with the atomic ratio in the as-

eposited SL, i.e., 1.7 nm (8 atomic layers of TiN)/0.8 nm (4 atomic 

ayers of AlN). Therefore, we conclude indentation induces the for- 

ation of a homogeneous single-phase Ti 0.66 Al 0.33 N solid solution 

round the contact surface region. Moreover, the lattice constants 

ary accordingly. 

In addition, the intermixing phenomenon also changes the elec- 

ronic structure. Theoretical calculations revealed the influence of 

MN alloying on electron density and chemical bonds [ 2 , 42-44 ]. 

ig. 3 a experimentally shows core-level EELS spectra recorded from 

he solid solution (the surface region) and the deformed superlat- 

ice regions (away from the surface region). The close comparison 

eveals that for the solid solution region, (i) the N-K (second peak) 

nd Ti-L edges slightly shift to a higher energy position; (ii) the in- 

ensity of the first peak of the N-K edge is also relatively increased; 

iii) the gap between L 2 and L 3 peaks slightly changes. The gap 

hanges in Ti-L 2,3 edge allows further mapping of the solid solution 

egion around the indenter. Fig.3 b displays the map of the energy 

ifference �E = E T i 
L 2 

- E T i 
L 3 

, which demonstrates the distribution of the 

olid solution region near the surface. Despite the small energy dif- 

erence, it is still possible to visualize its distribution. As can be 

een, the created solid solution zone is mainly located around the 

ontact region of the indenter. This analysis is consistent with the 

AADF observation in Fig. 2 a. 

.2. Molecular dynamic simulations 

The nanoindentation induced superlattice intermixing is further 

ubstantiated by extensive molecular dynamic (MD) simulations. 

lthough the maximum indentation depth simulated by MD is only 

5.0 nm, the simulation still sheds light at the initial stages of the 

icrostructural changes of the superlattice during the contact. In 

ig. 4 a, for shallow indentation depths, the MD simulation only 

hows the deformation of the contact layer without any noticeable 

ntermixing behavior. When the indentation depth continues to in- 

rease ( Fig. 4 b), the elemental intermixing in the first two bilayers 

ecomes obvious. The quantitative measurement results (as seen 

n 4d) indicate how the number of Al/Ti atoms in the evaluation 

oxes evolves with indentation depth. Similar to the experiments, 
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Fig. 3. a, EELS taken from near the surface region (solid solution) and region away from the surface, i.e., superlattice. Enlarged N-K and Ti-L edges are inserted. b, Mapping 

of the energy difference ( �E) between Ti-L 3 and Ti-L 2 . �E on the surface green area is approximately 4.9 eV and far away from the surface red area is approximately 4.7 eV. 

Fig. 4. a b, Cross-sectional view of the TiN/AlN superlattice near the indenter obtained from MD simulation (after 7.5 and 20 ps respectively). c, Snapshot of region next to 

the indenter tip (after 20 ps), where positions a,b,c,d are used for quantitative measurements (with a volume of 2 ̊A × 2 ̊A). The colored rectangles represent the positions 

where the atom distribution is calculated (positions a-d ). d, Quantitative measurements indicating how the number of Al/Ti atoms changes with indentation depth. Solid 

lines represent the number change of Al atoms while dashed lines denote the number change of Ti atoms. 
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D simulations reveal that the intermixing behavior largely de- 

ends on the distance from the indent. According to the atomic 

atio variations of the four analyzed volumes during nanoindenta- 

ion ( Fig.4 d, profiles), the obvious intermixing behavior requires at 

east an indentation depth of more than 3 nm, reflected in the in- 

reasing Ti and decreasing Al atom numbers. For position b (near 

he interface) or position d (near the indenter), the intermixing is 

ore obvious than in the analyzed volume c (away from the in- 

erface) or a (away from the indenter), but gradually diminishes 

hen moving further away towards the unaffected volume. There- 

ore, our MD results demonstrate that intermixing can occur in the 

s

5 
ffected volumes around the indenter tip, which agrees well with 

he experimental observations. 

.3. Superlattice intermixing mechanism 

After demonstrating that intermixing occurs, the question is, 

ow it happens during nanoindentation? Previous studies indi- 

ate that intermixing of nitride layers could occur at elevated 

emperatures 31, 32, 33, 34, 35 . Howev er, these thermally -driv en diffu- 

ion phenomena only appear near the interface and no large-scale 

olid solution formation has been reported yet. Contrary, the ob- 

erved intermixing is similar to bulk mechanical alloying observed 
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Fig. 5. a, TEM-BF micrograph presenting a cross-sectional overview of the imprint surface region. b, TEM-BF shows the deformed SL away from the imprint surface position. 

c, Enlarged BF image of the deformed SL. d, STEM-BF and EDXS maps at the deformed SL, with local Ti-K/Al-K maps shown on the right-hand side. e, The line profile is 

taken from the white rectangle in d . 
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ue to severe plastic strains applied, e.g., during ball milling, draw- 

ng, rolling, and torsion 

24, 25, 26, 36, 37, 38, 39 . These pr ocesses wer e 

ound to allow for a complete dissolution of the minority phase 

ithin the matrix, and the solubility can exceed the equilibrium 

alue, i.e., forming a supersaturated solid solution even in an im- 

iscible system 

24, 25, 26 40 . However, the equivalent strains applied 

n the SPD process are huge compared to those realized by the 

ube corner indenter (i.e., ~ 20%). 

Nevertheless, the observations clearly indicate that the forma- 

ion of Ti 1-x Al x N solid solution is related to the imposed plastic de- 

ormation. A perfect solid solution is only obtained closely around 

he residual impression of the indenter, while moving towards 

he unaffected volume, the amount of the solid solution gradu- 

lly reduces (supplementary Figs. S4). In this transition region a 

eformed TiN/AlN SL structure appears (as roughly indicated in 

ig. 5 a, deformed SL). The deformed SL exhibits a significant wavy- 

ike structure (see Fig. 5 b) compared to the as-deposited coating. 

his waviness or fragmentation of the perfect as-deposited layers 

ould be initiated by imposed deformation during nanoindentation, 

s the required dislocation motion can easily create steps along 

he interface. Given the extremely small thickness of the multi- 

ayer structure, these steps might be of similar height (i.e., a Burg- 

rs vector amounts up to 30 % of the layer thickness), thus easily 

isrupts or fragments the SL. As shown in Fig. 5 d, a small piece

f AlN is “broken” from the AlN layer and displaced “into” the TiN 

ayer region. Such a tiny piece can be easily dissolved by the Gibbs- 

homson effect, similar to the process of dissolving nanoscale clus- 

ers into the matrix during SPD [ 25 , 45 , 46 ]. Thus, accompanied by

he SL deformation, the intermixing of species is largely enhanced. 

To further understand the intermixing process, we utilize EDXS 

o map elemental distribution in the deformed SL region, and DFT 

alculation to evaluate the migration barrier. In some positions of 

he deformed SL, the distinct SL structure is disrupted. The EDXS 

apping ( Fig. 5 d) indicates that a pronounced intermixing has al- 
6 
eady occurred there, but likely with different mixing capabilities 

or the different species. This is clearly demonstrated in the EDXS 

ine profiles ( Fig. 5 e), where Al atoms migrate across the layer, but 

i atoms do not, further proved by our atomic-scale EDXS map- 

ing in supplementary Figs. S5. Such profiles are obviously differ- 

nt from those taken from the undeformed SL (supplementary Fig. 

6), where no noticeable chemical intermixing is observed. 

The EDXS result ( Fig. 5 d) suggests that the Al atom migra- 

ion distance is larger than that of Ti. This observation is sup- 

orted by the calculated migration energy barriers for Al in TiN 

nd Ti in AlN. DFT results of the energy barrier variation with 

ressure in the case of Al in TiN, for two migration mechanisms, 

amely interstitial- and vacancy-mediated mechanisms are shown 

n Fig.6 a. Regarding Al migration in TiN (are shown in Fig.6 a), 

he vacancy-mediated migration is more prominent in the low- 

ressure condition, however, with an increase of the pressure (af- 

er ~ 14 GPa), the interstitial-mediated mechanism comes into play. 

lso, considering the formation energy of vacancies and intersti- 

ials in TiN (see left panel of Fig. S7), vacancies are the favored de- 

ect. For Ti migration in AlN (shown in Fig.6 b), the energy barrier 

xhibits a very low value (~1 eV) for the interstitial mechanism. 

owever, the energies to form a point defect in AlN are very high: 

2.89 eV and 7.64 eV for the Ti interstitial and Al vacancy, respec- 

ively (Fig. S7, right panel). Consequently, defects are expected to 

e very scarce and presumably make Ti migration in AlN very dif- 

cult. Al migration in TiN (vacancy mediated) is thus expected to 

e facilitated compared to Ti migration through AlN. 

However, from a kinetic perspective, diffusion coefficients at 

oom temperature are negligible and the diffusion distance is sig- 

ificantly smaller than the layer thickness (as seen in supple- 

entary discussion). Hence, the intermixing process is most likely 

aused by the applied deformation driving atomic displacements 

uring the nanoindentation process. The imposed deformation may 

s well activate Ti atoms (with higher energy barriers) to also mi- 
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Fig. 6. a DFT calculations of the migration energy barrier for aluminum (Al) in titanium nitride (TiN). b DFT calculations of the migration energy barrier for titanium (Ti) in 

aluminum nitride (AlN). The blue and yellow solid lines show the pressure dependence of the energy barrier for interstitial- and vacancy-mediated mechanisms, respectively. 
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Fig. 7. a MD simulations showing that the number of dislocations at 7.5 ps. b MD 

simulation showing that the number of dislocations at 20 ps. Note that the disloca- 

tion network under the indenter with the green, red, and blue curved lines repre- 

senting the dislocations. c, The development of the dislocation length (green line) 

during the indentation sequence in the MD simulation. Dislocations appear prior to 

any intermixing, and the intermixing occurs after 11 ps (from the result in Fig. 4 d). 

The black line represents the indentation depth during the calculations. 

e

m
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m

c

c

f

r  

i

c

h  

s

rate into the AlN matrix and eventually to form a uniform single- 

hase Ti 1-x Al x N solid solution (as seen Figs. 2 a-d). 

. Discussion 

.1. Interface deformation-driven intermixing 

When excluding enthalpy, the pressure increases the “intrinsic 

esistance” to atomic mixing (as DFT calculations show, Supple- 

entary Figs. S8). However, the enthalpy contribution of the inter- 

ace during plastic deformation can act as a driving force for the 

olid solution formation and might be large enough to overcome 

he positive intermixing enthalpy of solid solution [26] , in particu- 

ar in the case of a small bilayer period with a high density of in-

erfaces. Our MD simulation shows no apparent intermixing behav- 

or in the early contact of the indenter, and this stage presents a 

ower dislocation density (as seen in Fig. 4 a and Fig. 7 a). When the

islocation density is further increased (as the indentation depth 

ncreases, and so the strain in case of the spherical indenter), in- 

erface intermixing occurs (as seen in Fig. 4 b and Fig. 7 b). The

elationship between dislocation density and intermixing behav- 

or is clearly shown in Fig. 7 c. Thus, the MD result suggests that

he interface intermixing phenomenon is strongly related to the SL 

lastic deformation, in agreement with the experimental results. 

o rationalize the driving forces for the intermixing phenomenon 

e simply consider the total energy change of the system in the 

ollowing. 

The total energy of rs -TiN/ rs -AlN, E SL 
T 

, per unit (sur- 

ace/interface/section) area in one bilayer period can be expressed 

s: 

 

SL 
T = t 1 · E 

AlN 
s + t 2 · E 

T iN 
s + t 1 · E 

AlN 
b + t 2 · E 

T iN 
b + E 

T iN/AlN 
I 

(1) 

 s is the strain energy density (per unit volume), E b is the bulk 

chemical) energy density (per unit volume) and E T iN/AlN 
I 

is the in- 

erface energy. t 1 and t 2 are the layer thicknesses of TiN and 

lN, respectively ( t 1 = 0.8nm and t 2 = 1.7nm). Since the formed 

olid solution contains no interfaces, the total energy of cubic 

i 1-x Al x N, E T iAlN 
T 

, per unit (surface/interface/section) area in certain 

hickness (2.5 nm) can be expressed as: 

 

TiAlN 
T = ( t1 + t2 ) · (E 

T iAlN 
s + E 

T iAlN 
b ) (2) 

hen E T iAlN 
T 

< E SL 
T 

, the lower total energy of the solid solution fa-

ors the intermixing process of the superlattice. However, for a 

iven stress state, the elastic strain energy difference between the 

uperlattice and the solid solution is negligible (see Appendix 1 ). 

herefore, reduction or relaxation of the elastic strain energy can- 

ot be the main driving force for intermixing. If so, plasticity 

ould not be a prerequisite for intermixing, what is neither ob- 

erved in the experiment, nor in the MD simulations. 
7 
However, plastic deformation will greatly increase the interface 

nergy of the SL. The TEM observations demonstrate that defor- 

ation of the SL induces an evolution from a coherent interface 

 Fig. 8 a) to an incoherent-like interface ( Fig. 8 b), associated with

any misfit dislocations (as seen in the following section) and 

onsiderable interface steps. Accumulation of these interface dislo- 

ations may further explain the segmented appearance of the de- 

ormed superlattice. These distortions are also visible in the FFT, 

esulting in a broadening of the reflection spots ( Fig. 8 b). Such an

mperfect crystallographic match at the interface significantly in- 

reases the interface energy. For instance, the rs- TMN/ rs -TMN co- 

erent interface energy is usually less than < 20 meV/ ̊A 

2 , while the

emi-coherent w -AlN/TiN(001) interface energy is already ≈180 
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Fig. 8. a, HRTEM image showing the interface structure of the as-deposited SL. b, HRTEM image showing the interface structure of the deformed SL (after indentation). The 

location of the image Fig. 8b is shown in supplementary Fig. S9 Inserted images of a and b show fast Fourier transform (FFT) results of HRTEM images of the as-deposited 

and the deformed SL. 
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2 [ 47–49 ]. Thus, the plastic deformation imposed by the 

ndenter causes a sharp increase of the interfacial energy, which 

an act as a main driving force for superlattice intermixing. Es- 

ecially for small bilayer periods, a single-phase structure can be- 

ome quite beneficial as deduced from the simple total energy bal- 

nce. According to Equation 1 , reducing the thickness of TiN and 

lN increases the fraction of the interface energy to the total en- 

rgy of the SL, while from these energetic considerations intermix- 

ng should become increasingly difficult for thicker bilayer-period 

oatings. 

.2. Effect of intermixing on dislocation behavior and strength 

So far, three strengthening mechanisms are applied to describe 

ariations in hardness or strength of multilayer coatings, i.e., the 

all-Petch-like strengthening relationship based on dislocations 

iling up at the interface [ 50 , 51 ], the confined layer slip (CLS)

echanism [52-54] and the interface barrier strength (IBS) mecha- 

ism [ 8 , 13 , 55 ]. Most of these models explain the hardness/strength

ccording to the relationship between dislocations and inter- 

aces and the respective changes if the layer volumes become 

onfined. 

For nanoscale rs -TMN/ rs- TMN superlattice coatings, the me- 

hanical strength usually increases as the bilayer period thickness 

ecreases [ 2-4 , 6 , 9 , 11 ]. This is rationalized by the interface bar-

ier strength (IBS) mechanism, i.e., hindering dislocations cross- 

ng the interface and dislocation pile ups. For a smaller bilayer- 

eriod (less than 3~4 nm) the hardness of the multilayer coating 

ecreases. Currently this softening is attributed to the composition 

ixing during the deposition process. However, our high-spatial- 

esolution elemental analysis clearly shows that even for the su- 

erlattice with a thickness of only 1.7 nm/0.8 nm, no apparent 

nterface chemical intermixing and diffusion occur (as confirmed 

y the elemental profiles recorded from the undeformed SL region, 

upplementary Figs. S6). Therefore, this phenomenon is not neces- 

arily coupled to strong interface chemical intermixing and inter- 

iffusion during deposition. 

Based on our intensive study, the strength reduction of nano- 

cale multilayers is somehow related to deformation triggered in- 

ermixing. After indentation, three distinct regions are identified, 

.e., a solid solution region around the residual imprint, the de- 

ormed SL, and the unaffected as-deposited SL further away from 

he indenter ( Fig.9 a). The dislocation distribution between them 

iffers significantly, as seen in Figs. 9 b-d. The dislocation density 

 Fig.9 e) in the deformed SL is quite high (7.2-13.4 ×10 13 /c m 

2 ), 
8 
hile in the solid solution region, it is relatively low (1.0-2.8 

10 13 /c m 

2 ), close to the value of the as-deposited SL (0.9-1.9 

10 13 /c m 

2 ). 

We consider that dislocation densities at the imprint surface 

nderwent a variation from a high value to a low value, as the 

tructure transformed from the SL to the solid solution (as seen 

n schematic Fig.9 f). For the SL, the interface is the source for nu- 

leation and emission of many dislocations. The SL interface itself 

oses the dominant resistance to slip transfer across the interface 

56] . However, relative to the multilayer, the solid solution forma- 

ion reduces the dislocations’ nucleation ability (ascribing to the 

isappearing of the interfacial structure) on the one hand. The cre- 

tion of the uniform single-phase solid solution also increases the 

igration ability of dislocations on the other hand (as analyzed 

n Appendix 2 ), which causes many dislocations (generated in the 

tage of multilayer deformation) to migrate. These migrations in- 

lude dislocation migration to the surface (annihilated on the sur- 

ace), the internal multilayer structure region, and form sub-grain 

rain boundary, etc. In the end, a much lower dislocation density 

n the solid solution region than in the deformed multilayer region 

esults, as shown in Fig.9 e. 

Since the solid solution region has a lower interface density and 

igher dislocation migration ability, it is a relatively soft region. 

s known, nanoindentation measured hardness of a material is of- 

en driven by the expansion of the plastic zone. The MD simula- 

ion results show that a solid solution is formed when the load 

epth is only about 3 nm ( Figs.4 ). This indicates that under signif-

cant actual load conditions (i.e., the load depth of ~800 nm) both 

he solid solution and the multilayer may participate in the coat- 

ng’s plastic deformation. Thus, in our experiment (under a load of 

50 mN), the resultant hardness depends on the constraint abil- 

ty of the harder multilayer structure area to the softer solid so- 

ution area. At the indenter tip area, an apparent plastic deforma- 

ion behavior is observed, i.e., the film/substrate interface sinking. 

t the indented regions, solid solution region accounts for a large 

ortion of the total residual area (as seen in Supplementary Figs. 

2). Consequently, the harder multilayer regions have weaker con- 

traints on the softer solid solutions. We believe that the solid so- 

ution formation may improve the plastic flow under its indenter 

nd lower the measured hardness accordingly. Meanwhile, consid- 

ring that the interface energy acts as the main driving force for 

ntermixing, a smaller bilayer-period SL facilitates alloying through 

he deformation. Therefore, for smaller bilayer-period TMN coat- 

ngs, the effect of solid solution behavior may be more significant, 

hich may easily lead to a decrease in its hardness. This might ex- 
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Fig. 9. a, HAADF image showing the distribution of solid solution and deformed multilayer regions. A locally enlarged HAADF image taken from the deformed multilayer is 

inserted, clearly showing its different morphology. b, c, d, Typical HRTEM images recorded from the as-deposited SL, deformed SL and the solid solution area. The location 

of the image Fig. 9a, 9c and 9d are shown in supplementary Fig. S9. e, Dislocation density statistics from the respective regions. f, Schematic illustrations of the layered 

structure evolution and dislocation density change from the as-deposited SL to the deformed multilayer and to the solid solution region. 
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lain the hardness/strength reduction in multilayer coatings when 

he bilayer period becomes extremely small (as seen in Fig.10 ). 

Furthermore, our work significantly improves the understand- 

ng of the structural stability of complex nitride coating systems, 

uch as ceramic-like Ti 1- x Al x N or Cr 1- x Al x N, where the spin- 

dal decomposition phenomenon [57-59] is the controlling mech- 

nism to obtain superior high-temperature mechanical strength. 

nder practical working conditions, hard-coating tools withstand 

igh mechanical and thermal loads. However, the current re- 

earch considers only the temperature effect on structural mod- 

fications but hardly the deformation effect, which is generated 

n service. Our research points out that deformation may trig- 

er the reverse process of spinodal decomposition, i.e., superlat- 

ice intermixing. Therefore, it also raises uncertainty about the 

trength of such complex nitride coatings under the actual load. 

eformation-driven intermixing process (weaken the strength) and 

emperature-induced spinodal decomposition process (enhance the 

trength) will compete. Therefore, it requires further verification of 
9 
he structural changes under high mechanical and thermal loads 

or such complex nitride coatings. 

. Summary 

Atomic-resolution structure and chemical composition analysis 

nambiguously reveal that nanoindentation cause intermixing in 

 nitride superlattice coating with small bilayer thicknesses, fur- 

her validated by MD simulations. The observed formation of the 

i 1-x Al x N solid solution can be clearly related to the plastic defor- 

ation of the TiN/AlN SL imposed by nanoindentation. A single- 

hase solid solution is only observed near the indenter tip, while 

oving further away from the tip, a heavily distorted SL struc- 

ure followed by a perfect unaffected SL multilayer structure can 

e observed. It is suggested that the coherent interfaces of the 

uperlattice are progressively destroyed during deformation as in- 

erface dislocations accumulate. This causes a substantial rise of 

he interfacial energy, which provides the main driving force for 
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Fig. 10. A summary of hardness values plotted against the bilayer period thickness for various rock-salt/rock-salt nitride superlattices, including the present TiN/AlN (2.5 nm 

bilayer thickness of AlN + TiN). 
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ultilayer intermixing. The intermixing causes a drop not only in 

he interface fraction but also in the dislocation densities (com- 

ared with the deformed multilayer region). Thus, our findings ra- 

ionalize the mechanism responsible for the currently not well- 

nderstood strength mechanism in superlattice hard coatings with 

he finest bilayer thicknesses [ 2-9 , 11 ]. 
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ppendix 1 

For rs -TiN/ rs -AlN in the stage of elastic deformation, the su- 

erlattice interface will maintain a coherent state. Therefore, the 

hange of total energy will depend on the strain energy. The strain 

nergy density E s corresponding to the two-dimensional bi-axial 

tress state for cubic materials can be expressed as: 

s = 

1 

( σ11 + σ22 ) · ε = M ε 2 = 

σ 2 

(3) 

2 M 

10 
or (001) growth plane: 

 ( 100 ) = c 11 + c 22 − 2 c 12 
2 

c 11 

(4) 

Thus, M 

T iN 
[ 100 ] 

= 670 GPa, M 

AlN 
[ 100 ] 

= 451 GPa and M 

T i 0 . 66 A l 0 . 33 N 

[ 100 ] 
= 603 

Pa (elastic constant from the Ref. [60] ). Here, assuming that SL 

nd solid solution are under the same stress state, then the energy 

ifference is very small. For example, if bi-axial stress of 20 GPa is 

ntroduced, the difference in strain energy in one period (2.5 nm) 

etween superlattice and Ti 1-x Al x N is only 4.6 meV/A 

2 . This means 

he driving force for the superlattice intermixing process is insuffi- 

ient if only strain energies are considered. 

ppendix 2 

When an interface restricts the motion of a dislocation, the dis- 

ocation at a distance x from the interface is repelled by shear 

tress, i.e., dislocation critical migration stress on glide planes at 

ngle θ with the interface normal, given by the following formula 

13] : 

= 

α�Gb cosθ

2 x 
(5) 

here b is the magnitude of the dislocation Burgers vector, ɑ is 
1 
4 π for screw dislocations, and 

1 
4 π (1- ν) for edge dislocations and ν

s the Poisson’s ratio. �G is the shear modulus difference between 

s -TiN and rs -AlN. When the intermixing initiates, the modulus dif- 

erence between the two layers becomes smaller and eventually 

anishes with formation of the homogenous solid solution. Thus, 

he shear stress required for the gliding of the dislocation across 

he interface can be significantly reduced. Further, nitride alloying 

lso alters the ‘inherent’ dislocation glide ability. The alloying has 

he potential to lower the resistance to shear and favors dislocation 

lide by modifying the electronic (high valence electron concentra- 

ion) effects and bonding characteristics [ 43 , 44 ]. Therefore, forming 

 solid solution changes the dislocation migration ability (increas- 

ng) and the dislocation density (reducing), which ultimately af- 

ects its yield strength [ 8 , 13 , 53 ]. 

https://doi.org/10.1016/j.actamat.2021.117004
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