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ARTICLE INFO ABSTRACT

Keywords: We utilize elevated temperature physical vapor deposition (PVD) techniques to design metal/MAX multilayered
Multilayers nanocomposite thin films with alternating nanoscale metallic (Nb, Ti) and MAX phase (TiAlC) layer thicknesses.
Nanocomposite These metal/MAX nanolaminate architectures attempt to exploit a unique hierarchical topology - as interfaces
I;/I‘fg( phase between the layers are expected to be in direct competition with the internal interfaces within the MAX layers, to
Microcompression drive their tunable macroscopic mechanical behavior. Two metal/MAX nanolaminates — Nb/Ti>AlC and Ti/
Nanoindentation TipAlC — were deposited. The Nb/Ti2AlC metal/MAX system showed highly diffused layer interfaces with distinct

TEM Ti — rich and Nb-Al - rich layers, with the presence of MAX phase alongside TiC and other Ti-Al and Nb-Al
intermetallic phases. The Nb/Ti2AlC system possessed a layered architecture, though the MAX phases were not
found to be continuously present in each alternating layer. The second Ti/Ti»AlC system showed a non-lamellar
nanocomposite microstructure and the formation of mixed Ti,;1AIC, phases (a mix of n = 1, 2), and no indi-
cation of layering. Diffusion occurring between the metal/MAX layers in both cases, likely due to the elevated
temperatures during the deposition process, is speculated as the likely cause of these resultant microstructures.
The mechanical properties of both systems were evaluated using micromechanical (nanoindentation and micro-
pillar compression) techniques, which demonstrated high strengths for both systems (Nb system: yield and
instability strengths of 4.88 + 0.1 GPa and 5.57 + 0.03 GPa, Ti system: yield and instability strength of 5.61 +
0.28 GPa and 6.21 + 0.25 GPa). This work highlights the promising mechanical properties of metal/MAX
multilayered depositions and summarizes the challenges in PVD synthesis of metal/MAX multilayered
nanolaminates.

1. Introduction

Multilayered materials have seen growing attention as a systematic
design of materials with favorable mechanical and chemical properties,
for applications in extreme temperatures, mechanical loading, and
environmental conditions [1-4]. With advances in deposition tech-
niques (e.g., physical vapor deposition (PVD) and chemical vapor
deposition (CVD)), microstructural characterization, and micro-
mechanical testing, more and more research is focused on exploring
novel multilayered nanocomposite designs [3,5-13]. In particular met-
al/ceramic multilayers have gained interest recently due to their

promising mechanical, physical and chemical properties, making them
useful in a wide range of temperatures, mechanical loadings, and envi-
ronmental conditions [14-18]. One primary scientific interest stems
from the large difference in strength and ductility between their con-
stituent phases. However, compared to metal/metal multilayered sys-
tems that show significantly higher strength and ductility relative to
their non-layered counterparts [19-21], metal/ceramic nanolaminate
systems have demonstrated limited improvements in their mechanical
properties. In general, the mechanical properties of metal/ceramic
composites have lower strengths when compared to their ceramic
component and a lower ductility than the metal component [14,17,22,
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23], likely due to the unfavorable transmission of dislocations between
the metal and ceramic layers, and a high lattice friction stress on most
slip systems of the ceramic component at low homologous temperatures
[4,5,24,25]. The ceramic component in these multilayers can be either
amorphous [4,5,17,25,26] or crystalline. Better overall material per-
formance, such as higher strength, high work hardening and formability,
has been observed in the case of crystalline metal/ceramic multilayer
systems, such as Al/TiN [27-30] and Cu/TiN [31]. Such improvements
in strength and ductility in the crystalline metal-ceramics nanolaminates
has been ascribed to plastic co-deformation mechanisms [32], which
become operative as the bilayer thicknesses are reduced to a few
nanometers [29,33].

In this work, we build upon these ideas by utilizing alternating
metallic and MAX phase depositions to design a metal/MAX multilay-
ered nanocomposite with layer thicknesses reduced to the nanoscale.
MAX phases represent a novel class of intrinsic layered solids, where
M, 1X;, layers are interleaved with pure A-group element layers (see
Fig. 1). The MAX phase family of ceramic materials consist of laminated
ternary carbide or nitride materials with the general formula M, 1AX,
where n = 1, 2, or 3, M is an early transition metal; A is an A-group
element (a subset of groups 13-16); and X is C and/or N [34-37]. The
intrinsic internal layering in the MAX phases offers several unique and
advantageous features, which can be exploited for enhanced strength
and toughness in a multilayered composite. For example, they exhibit
fully, and spontaneously reversible stress-strain hysteresis loops when
cyclically loaded in compression, both at the macro- and micro-scales
[35,38]. Thus, our efforts to incorporate MAX phase and metal layers
into a nanolaminate architecture in this work attempts to exploit a
unique hierarchical topology — as interfaces between the layers are ex-
pected to be in direct competition with the internal interfaces within the
MAX layers, to drive the tunable macroscopic mechanical behavior. A
computationally generated model of the proposed hierarchical
metal-MAX nanocomposite system is shown in Fig. 1a and b, and the
internal layering of the Ti;AlC MAX phase layer is detailed in Fig. 1b,
highlighting the Ti-C layers interfaced with Al layers.

The synthesis and subsequent microstructural and micro-mechanical
characterization of two metal/MAX nanolaminates — Nb/Ti»AlC (the Nb
system, Fig. 1c) and Ti/TiAlC (the Ti system, Fig. 1d) — are detailed in
this work. Ti»AlC was chosen as the ceramic MAX phase component of

(C) Nb System

Ti System

Ti
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MAX TiL,AIC

Fig. 1. (a) Computational model of Ti,AlC MAX phase and metal Nb multilayer
with the MAX basal planes parallel to the metal/MAX interface. (b) Internal
layering of the Ti»AIC MAX phase unit cell. Schematic of the two metal/MAX
nanolaminates — (¢) Nb/Ti>AlIC and (d) Ti/Ti»AlC — discussed in this work.
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the metal/MAX nanolaminate system due to its ease of deposition, prior
success in thin film synthesis using direct current (DC) magnetron
sputtering PVD [36], and having been well-studied for various appli-
cations in literature [39-41]. For the metallic layer, two metals were
investigated: Nb and Ti. Niobium was chosen due to its high melting
point and its ability to be deposited using PVD under similar deposition
temperatures (800°C-1000 °C) [21]. Titanium was chosen also explored
as the metallic layer, to investigate the effect of having the same element
(Ti) in both the metallic layer and the early transition metal “M”
component of the MAX phase which may impart a further diffuse nature
to the metal/MAX interface which can be advantageous for crack tip
blunting. PVD was chosen due to its unique advantages in depositing
metal/metal and metal/ceramic multilayered laminate architectures
[21,31] such as, precise control over both density and length scales of
deposition, where the individual layer thicknesses can vary from 2 nm to
~10 pm, the ability to induce epitaxy in the deposited layers, which in
turn can help to tune specific interface configurations between the MAX
and the metal phases, and flexibility due to the individual control of the
elemental fluxes. For Ti;AlC MAX phase, successful PVD deposition has
been observed at temperatures as low as 550 °C [42,43], however higher
temperatures of 700 °C-900 °C [44] are generally recommended to
encourage the textured epitaxial growth of MAX phase TiAlC [42,
44-47]. Thus, in this work, we explore and discuss preliminary in-
vestigations to synthesize epitaxial hierarchical metal (Nb, Ti)/MAX
phase (Ti2AlC) multilayered nanolaminates at elevated temperatures
and their resulting microstructures and mechanical properties.

2. Materials and methods

Nonlaminated Ti>AlC thin films (Fig. 2) were deposited in a hybrid
sputtering-evaporation PVD chamber (AJA International, Inc., Scituate,
Massachusetts) at the Center for Integrated Nanotechnologies (CINT) at
Los Alamos National Laboratory (LANL) from elemental targets of Ti, Al,
and C sputtering targets of commercial purity at 900 °C. DC magnetron
sputtering of the targets involved 80 W, 20 W, and 300 W of power for
the Ti, Al, and C targets, respectively. The chamber base pressure was
~2.67 x 1078 mbar, similar to other reports in literature [45,47-51].
The total film thickness was measured to be ~520 nm.

For the multilayered deposition of the Nb system, the Ti;AIC MAX
phase was deposited using the same conditions as described above, and
the Nb layers were deposited at 300 W. Alternate layers of 30 nm thick
Ti>AlC and 30 nm thick Nb were deposited onto the (1120) (i.e., the a-
plane) of a sapphire Al,O3 single crystal substrate. The deposition rates
were ~0.25 nm/s for Ti3AlC and ~0.22 nm/s for Nb. The total film
thickness for this system is approximately 680 nm as measured through
post-deposition TEM micrographs. For the multilayered deposition of
the Ti system, the deposition was conducted in the same chamber and
under similar conditions as the Nb system, except that a lower deposi-
tion temperature of 800 °C was used. The deposition rate was ~0.25
nm/s for TioAlC and 0.09 nm/s for Ti. The total film thickness for this
system was ~4.28 pm as measured using post-deposition SEM
micrographs.

Deposited films were characterized with x-ray diffraction (XRD)
using a RIGAKU X-ray diffractometer to identify the presence of Nb and
Tio,AlC MAX phases in the deposited layers. Both Bragg-Brentano (BB-
XRD) diffracted beam and grazing incidence (GI-XRD) parallel beam
XRD were used to identify some of the phases present in the film. Due to
the high substrate signal when performing BB-XRD on the Ti system
deposition, GI-XRD was used and reported here to minimize the signal
coming from the substrate and allow for a larger fraction of signal to
come from the film. To examine the local structure and composition,
cross-sectional TEM samples of the as-deposited films were prepared
using FEI Scios dual-beam focused ion beam (FIB) equipped with Ga™
source. The samples were then investigated using JEOL JEM 2100F-AC
STEM/TEM coupled with energy dispersive spectroscopy (EDS).
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Fig. 2. (a) Brightfield TEM and (b) HR-TEM micrographs showing the microstructure of (non-laminated) Ti,AlIC film deposited on an a-plane sapphire with columnar
growth. The broadened diffraction spots in the SAED pattern suggests that the Ti»AlC is highly textured in (a). The HR-TEM micrograph in (b) shows the atomic

layered structure of the Ti»AIC MAX phase along the (1010) orientation as evidenced by the FFT pattern.

Hardness and modulus measurements were conducted using a dia-
mond Berkovich tip (manufacturer Synton-MDP, Switzerland) using two
nanoindentation instruments — the Hysitron Triboindenter™ and the
KLA Nanoindenter G200™. For the Nb system, tests in each machine
consisted of 10 s (loading) — 10 s (hold) — 10 s (unloading) cycle to
maximum depths of 200 nm and 400 nm. Tests using the KLA Nano-
indenter G200™ were performed with and without continuous stiffness
measurements (CSM) [52-54] to check for fatigue related effects due to
the CSM dynamic loading [55]. To evaluate the thermal stability of the
metal and MAX phase layers of the Nb system (Figs. 3-8), samples were
exposed to annealing temperatures of 1000 °C for 1 h, and then allowed
to cool down to room temperature. This temperature corresponds to
1.36(Tm)al, 0.46(Ty)Nb, 0.65(Th)Ti, 0.36(Th)c, where Ty, is the homol-
ogous temperature for the corresponding phase. Hardness and modulus
measurements were conducted before and after the thermal treatments.

—MetalMAXNb ~ § g g 8
System G e S g:
—Nonlaminated & z 5 =
Ti2AIC =
=

= s -
= .8
=] 2
r-]
g
<
2
[%]
s —_
- g _
== =)
= < s z
N £ (=7 o
= = 5
T 3 £
£ _ g = 5
s| g < g s = g
2| 5 z 5] g ¢ =

< z i T % 3

3 s &

Ti,AIC,
N AN, ,
10 20 30 40 50 60 70 80 90

2Theta (°)

Fig. 3. X-Ray diffraction of two specimens; nonlaminated Ti,AIC MAX phase
thin film (gray) and the Nb/Ti,AlC metal/MAX system deposited with (tar-
geted) alternating 30 nm layers of Ti,AlC and Nb layers (red) onto Al,03 (1120)
substrate. The presence of MAX phase Ti,1AIC, peaks suggest a promising
deposition, though there are additional peaks of mixed Nb-Al phases which also
suggest the presence of intermetallic phases. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 4. A cross-sectional TEM micrograph of the as deposited metal/MAX
nanolaminate along with the SAED patterns. The solid white circle corresponds
to the region where the associated SAED was taken. The well-defined randomly
distributed diffraction spots in the SAED pattern acquired from a region
enclosed by a dashed white circle indicate the polycrystalline nature of the
deposited multilayers.

For the Ti system (Figs. 9-11), only room temperature tests were con-
ducted using the KLA Nanoindenter G200™ to target displacement of
500 nm at 0.05 s~ ! strain rate with CSM (2 nm amplitude and 45 Hz
frequency).

Micropillars were fabricated using a FEI Scios DualBeam SEM/FIB
equipped with Ga® source. For the Nb system, five micropillars were
fabricated and had an effective height-to-diameter ratio of 1:1.17
(~0.68 pm: ~0.8 pm). The micro-pillars were fabricated in such a way
so as to ensure that the film-substrate interface is visible during the in-
situ SEM experiments. This arrangement allows for accurate measure-
ment of the pillar height and compression strain, as well as correcting for
the elastic deformation of the single crystal Al,O3 substrate and any
associated pillar sink in effects using the procedures described in
Ref. [56]. In-situ testing was conducted using two different in-situ
nanomechanical testing devices. For the Nb system, micropillars were
compressed using the Alemnis Standard Assembly Nanoindenter™ with
a constant loading and unloading rate of 2 nm/s to prescribed dis-
placements of 50, 70, and 100 nm using a conductive diamond flat
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Fig. 5. (a) A dark-field STEM image of the Nb system near the Al,O3 substrate
with (b) an associated EDS compositional profile. Layer pinch-off can be
observed in the STEM image and a high intensity is observed in what is ex-
pected to be the Nb layer, supporting the presence of Nb-Al intermetallic
phases previously observed in the XRD measurements.

punch indenter. For the Ti system, eleven micropillars were fabricated
with a height-to-diameter aspect ratio of 1.4:1 (~4.28 pm: ~3 pm)
which were compressed using a Hysitron PI-85 Picoindenter with a
constant loading rate of 10 nm/s to varying total strain levels using a
conductive diamond flat punch indenter. For the Ti system, the
continuously captured image scans were recorded as a video file during
the test (see Supplementary videos V1).

We note that the above micro-pillar height-to-diameter ratios (1:1.17
and 1.4:1 for the Nb and Ti systems respectively) are lower than the ideal
ratios (2:1 to 3:1) needed to ensure a uniaxial stress state in the pillar
[57]. These lower ratios were necessitated due to the small (~680 nm)
film thickness of the Nb system thin film. Fabricating the recommended
2:1 to 3:1 height-to-diameter aspect ratios would require a significantly
smaller pillar diameter of ~340 nm or even smaller, which can lead to a
number of issues such as enhanced taper in the pillar, possible pillar size
effects due to decreased dimensions, increased relative ratio of the FIB
damaged volume in the pillar that can adversely affect the experimental
results, enhanced misalignment issues during the tests etc. Hence the
pillar aspect ratios were kept similar (1:1.17 vs. 1.4:1) so that the results
between the Nb and Ti systems can be compared to one another.

Factors such as the misalignment between the top of a micropillar
and the indenter tip, friction between the indenter tip and the top sur-
face of the micropillar, micropillar taper and edge round-over, micro-
pillar base filet, etc.can cause deviations from the perfect ideal uniaxial
test. Effects of taper can be minimized through careful pillar fabrication.
Corrections such as substrate effects and pillar sink-in can be accounted
for by various equations [56,58], though these corrections affect the
effective strain, rather than the effective stress levels and general
deformation of the thin film in question. Other aspects such as friction,
substrate effects, misalignment, pillar base fillet have also been dis-
cussed both in observed in modeling and simulations [57,59] and
combined experimental/modeling [12,56,60]. For hard and highly
elastic substrates such as the Al;O3 single crystals used here, we do not
expect any plastic deformation at the stress and strain levels used in this
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work. The experiments and values shared here in this work are for
comparative studies for other thin films with similar complex micro-
structures and pillar parameters.

3. Results
3.1. Non-laminated Ti>AIC thin film

To ascertain the parameters for MAX phase deposition, a (non-
laminated) Ti,AlIC MAX phase thin film was deposited on a single crystal
Al,03 (1120) plane (see Materials and Methods). This deposition was
characterized with XRD (Fig. 3, gray) with distinct TiyAIC peaks at
12.85°, 26.15°, 71.6° which corresponds to (002), (004), and (019).
Some of these phases were also observed via TEM investigations as seen
in Fig. 2. It should be noted that we also see distinct peaks of TizAlCy
MAX phase at 19.25°, 44.55° corresponding to (004) and (106) in Fig. 3,
indicating that the film is not phase pure Ti>AlC. Brightfield TEM mi-
crographs in Fig. 2a reveal the columnar growth of the film. Selected
area electron diffraction (SAED) taken at the film and substrate interface
(Fig. 2a, top left) reveals well defined diffraction spots corresponding to
Al,03 for the [0001] direction as well as signatures of a polycrystalline
film. Additionally, from the SAED pattern, the position of the (1120)
reflection confirms that the film was deposited on the (1120) plane of
Al;03. The ring patterns and the broadening of associated diffraction
spots in the SAED pattern acquired from a region of the film indicate the
textural nature of TizAlC. Indexing of the polycrystalline diffraction
rings match well with 312 and 211 Ti,;+1AlC, MAX phase. The subse-
quent high-resolution (HR) TEM analysis coupled with the FFT analysis
reveals the stacking of basal planes of MAX phase TioAlC along the (
1010) direction. All of these combined suggest that we are able to suc-
cessfully deposit MAX phase Ti>AlC via DC magnetron sputtering PVD.

3.2. Nb system: microstructural characterization

XRD profiles obtained from the multilayered deposition of alternate
layers of Nb and TiAlC (the Nb system) are shown in Fig. 3 (red curves).
Distinct peaks of MAX phases Ti»AlC and Ti3AlCy have been identified,
suggesting the presence of MAX phase in the deposited film [45,46,49,
61,62]. The presence of NbyAly intermetallic phases were also identified,
signifying the presence of Nb, though no peaks corresponding to pure Nb
could be identified [63-66]. TiC was also detected with distinct peaks
noted. Preliminary SEM imaging (not shown here) suggested the pres-
ence of a multilayered architecture.

TEM investigations of the local microstructure and phases present in
the Nb system are shown in Figs. 4-6, which appear to consist of discrete
alternating layers exhibiting high interface roughness. The blurred in-
terfaces in these figures may indicate the occurrence of diffusion, most
likely during the PVD deposition. Fig. 4 shows the microstructure of the
as-deposited Nb-metal/MAX multilayered structure deposited on the a-
plane Al;Os. The corresponding SAED pattern acquired from the sub-
strate/film interface (indicated by a solid white circle) confirms the
same orientation of the substrate as evident by a (1120) reflection
(indicated by a black arrow) of sapphire substrate. Moreover, the well-
defined and randomly distributed non-Al,O3 diffraction spots in the
SAED pattern suggests that the film deposited is highly polycrystalline,
which is further confirmed by the SAED pattern acquired from a region
enclosed by the dashed white circle in the film. This corroborates the
XRD profile shown in Fig. 3, red, where several diffraction peaks reflect
the polycrystalline nature of the sample.

To examine the atomic constituents of the deposited layers, a line
EDS scan was performed across the dark-field STEM image as shown in
Fig. 5. The AlyOs substrate can be identified as the darkest layer
component on the far left, which is in good agreement with the Al-signal
in the EDS profile. The Al profile drops down to zero at the substrate/
film interface. The EDS line profile corresponding to Al reaches its
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Fig. 6. (a) HR-TEM images of the as deposited Nb composite system showing the signature of Ti,AIC and Nb,AIC MAX phases. The FFT patterns are consistent with
the (1010) orientation of the MAX phase. (b) shows the presence of TiC and Ti»AlC phases adjacent to each other. (c) shows the atomic layered structure of the Ti,AlC

MAX phase. (d) shows the planar faults in the Ti»AlC MAX phase.

minimum value in the Ti-rich regions and its maximum value in the Nb-
rich regions. From the EDS profile the subsequent alternating bright and
dark layers were identified to be NbyAly and Ti-rich regions. To extract
the approximate composition of the NbyAly intermetallic, several EDS
line scans were performed in the NbyAly regions, and the extracted
compositions analyzed, showing an increased concentration of Al in the
Nb-rich regions, while a low concentration of Al exist in the Ti-rich re-
gions. Furthermore, there is a consistent higher concentration of 4:1 of
Al compared to Nb present in the Nb-rich regions. The results indicate
that instead of pure Nb, the as-deposited sample consists of an inter-
metallic NbyAly compound, probably NbAl3 as identified from the XRD
profiles in Fig. 3. The average individual thicknesses of the NbyAly and
Ti-rich layers were measured to be 32.2 + 0.7 nm and 29.5 + 0.8 nm,
respectively.

As previously observed in both brightfield TEM (Fig. 4) and STEM
(Fig. 5) micrographs, the morphology of the film consists of extensively
diffused layers with distinct Ti — rich and Nb-Al - rich regions. To gain
some insight of some of the phases present in the film, the local structure
and phases were examined using HR-TEM (Fig. 6). These investigations
confirm the presence of both the Ti;AlIC and Nb;AlIC MAX phases in local
isolated regions of the sample. The FFT analysis is consistent with the
{1010} orientation of TiAlC MAX phases. Further HR investigations in
Fig. 6b shows that the atomic layered structure of the TipAIC MAX phase
and the extracted ‘c’ lattice constant (1.38 nm) are in excellent agree-
ment with reported values of the Ti»AlC lattice constant (1.36 nm) [40,
62]. In some regions the TiC phase also has been observed adjacent to
the TiAlC MAX phase as indicated by the FFT patterns in Fig. 6¢. Planar
faults in the Ti;AlC MAX phase can also be identified in Fig. 6d. Earlier,
Fig. 5 presented Ti- rich regions which lacked Al within the layers which

suggests that Tip 1 1AIC,, is likely not present throughout entirety of the Ti
- rich layers. Considering the HR-TEM micrograph in Fig. 6d and the
XRD measurements (Fig. 3), it is likely that the Ti - rich layers consist of
patches of Tiy,1AIC, and TiC. Meanwhile, the Nb-Al - rich layers likely
consist of mixed Nb,1AIC, and NbyAly phases as observed in Fig. 6a.

3.3. Nb system: nanoindentation and micropillar compression

To evaluate the thermal stability of the deposited thin films, nano-
indentation modulus and hardness measurements were conducted using
a Berkovich indenter before and after annealing at 1000 °C for 1 h on
both the Nb composite system as well as the (control) Ti,1AIC, MAX
phase thin film (Fig. 7). The as-deposited indentation modulus (254.1 +
14.0 GPa) and hardness (10.78 £+ 1.36 GPa) for the non-laminated
TisAlC thin film are similar to those seen in other literature (modulus
240-277 GPa, hardness ~10.1-11.87 GPa [40,80,81]), which indicates
a successful deposition of the high density MAX phase specimen. The Nb
composite system shows higher elastic modulus (292.5 + 8.9 GPa) and
hardness (16.02 + 0.42 GPa) values in comparison to the MAX phase
TioAlC are observed (Fig. 7a and b), which is to be expected due to the
presence of the stiffer and harder TiC component in the multilayers [82,
83]. The improved properties of the Nb system can be attributed to (a)
the composite architecture of the system, (b) the smaller nanocrystalline
grain sizes of the components which can lead to substantial grain-size
strengthening [84-86], as well as (c) the rough interlayer interfaces
(as seen in the TEM images in Figs. 4-6) and incoherent interfaces that
may be present within the film. Furthermore, there is no apparent
thermal destabilization within the nanocomposite as there is no signif-
icant change in the hardness or reduced modulus after exposure to high
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Fig. 7. (a) Indentation modulus and (b) hardness of the Nb system before and
after exposure to high-temperatures of 1000 °C. All indents were performed at
room temperature. (c) Indentation hardness across 9 different regions spread
throughout the film surface shows the non-homogeneous nature of the depos-
ited film.

temperatures. This thermal stability suggests that the diffusion process
was mostly completed during the deposition process itself.

Fig. 8 shows engineering stress-strain curves obtained from micro-
pillar compression experiments conducted on the Nb composite system;
two representative tests are shown to demonstrate repeatability of the
results. The relevant plastic properties, such as 0.2 % offset yield stress,
and stress at instability in these pillars are summarized in the table in
Fig. 8 (inset). The Nb system demonstrates a high yield stress of 4.88 +
0.1 GPa, which is several times higher than values reported for TiCy and
TiC composites (0.15-2.27 GPa) [87-89]. The material hardens slightly
after yielding to an instability stress of 5.57 + 0.03 GPa over a strain of
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Fig. 8. Two representative engineering stress — strain responses from micro-
pillar compression experiments on the Nb system. Inset: a table of the 0.2 %
yield stress and instability stress. Inset bottom. Snapshots of the micropillar
deformation captured before, during, and after the compression tests. The tests
show consistency with the yield stress being within expectations of a rule — of —
mixtures approximation (considering Hall Petch strengthening mechanisms).

~1 %. The engineering stress-strain curves after the instability point are
marked by dotted lines indicating that the stress state is no longer uni-
axial, and hence no quantitative analysis is possible beyond this point.
SEM images of the micro-pillars taken at strains of 0, ~0.08, and ~0.15
are shown in Fig. 8b, c and d, respectively. Slip across the layers appears
to be the main mode of deformation with slip being impeded by the
nanolaminate layers as observed by the step-like slip trace seen in the
snapshots at 0.08 and 0.14 strains.

3.4. Ti system: microstructural, nanoindentation, and micropillar
compression

The Ti system was deposited with a similar procedure using alter-
nating layers of Ti and Ti2AlC at 900 °C (Fig. 9a). Fig. 9b shows the
background subtracted GI-XRD profiles from the Ti system showing
distinct substrate peaks that can be identified and indexed with GI-XRD.
Distinct peaks for MAX phase Ti>AlC are observed at 36.3°, 39.7°, and
62°, as well as a possible peak for TizAlC; at 73°. There is also a single
peak for Ti at 38.35° which suggests that the presence of elemental Ti in
the system. Other noticeable peaks at 40.75° and 42.1° correspond the
closest to TisAl and TiAls respectively, suggesting that Ti-Al in-
termetallics are also present. As observed in the Nb system, diffusion is
possible due to the high temperature of the deposition process, which
can lead to the formation of Ti-Al intermetallics. Presence of TizAl, TiAl,
and TiAl; intermetallics have also been reported in literature during the
deposition of Ti;AlC MAX phase [91].

Brightfield TEM micrograph (Fig. 10a) of the as-deposited Ti system
thin film reveals a loss in layers despite the layered deposition. SAED
(Fig. 10b) of the yellow encircled region shows randomly distributed
diffractions spots signifying a randomly oriented polycrystalline film.
Indexing of the polycrystalline rings in the SAED match with both Ti,AlC
and Ti3AlC, phases of MAX phase with families of {1014}, {2023} and
{1011}, {1012}, {2026}, respectively. Tilting the specimen to the
diffraction spot indexed to correspond to Ti2AlC {0004} (highlighted in
the red circle) and taking a dark field TEM micrograph (Fig. 10c) with
respect to this plane illuminates the corresponding grains. From
Fig. 10c, the grain size distribution for grains of TiAlC {0004}
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Fig. 9. (left) Schematic of the (targeted) layered deposition of the Ti system from elemental Ti, Al, and C targets. (right) GI-XRD of the deposited film on top of Al;03
(10 1 2) substrate. The presence of Ti and Ti,,AIC, suggests a promising deposition on the Al,O3 (10 1 2) substrate, though there is also the presence of Ti—-Al

intermetallic phases as well.

Fig. 10. Brightfield TEM micrograph (a) of the Ti/Ti,AlC alternating deposition at 900 °C. SAED (b) of the yellow encircled region shows randomly distributed
diffractions spots signifying a randomly oriented polycrystalline film. Tilting the specimen to the diffraction spot indexed to correspond to Ti>AlC {0004} (high-
lighted in the red circle) and taking a dark field TEM micrograph (c) with respect to this plane illuminates the corresponding grains. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

orientation within this local region shows a large spread of 83.2 & 50.6
nm.

Berkovich indentation measurements on the Ti system reveal an
indentation modulus of 214.8 + 9.8 GPa and an indentation hardness of
11.1 + 1.2 GPa (Fig. 11a). These values are lower compared to the re-
ported values in literature for the 211 and 312 Ti,,1AIC, (n = 1,2) MAX
phases (modulus ~ 277-297 GPa, hardness ~ 13.5-17.5 GPa, see
Table S1 [45,92,111]). Furthermore, micro-pillar compression experi-
ments on the Ti system show brittle fracture and catastrophic failure at
an instability stress of (6.21 + 0.25 GPa) shortly after reaching yield
stress (5.61 + 0.28 GPa) (see Fig. 11b and Supplementary video V1).
Post deformed images of the micropillars taken to a stress level prior to
complete failure reveal crack propagation from the top surface of the
micropillar, down the side of the micropillar following a jagged
columnar grain boundary (Fig. 11b, inset).

4. Discussion
4.1. Partially diffused layered microstructure of the Nb system
With the diffusion that has occurred between the layers — likely due

to the elevated temperatures during the deposition process — it is chal-
lenging to identify the phases present and their volume fraction within

the film of the Nb system. Multiple phases are observed in the XRD
pattern in Fig. 3, however without introducing a standard reference into
the deposition, it is difficult to extrapolate the phase fractions from the
XRD peaks. Furthermore, from the SAED taken from the overall film in
Fig. 4, the randomly distributed diffraction spots make it difficult to try
to confirm the phases present in the sample. There is no particular
texture observed nor phase that can be particularly identified from the
SAED pattern. From the EDS line scan in Fig. 5, we can get an idea of the
distribution of the elements along the line profile; however, it is difficult
to confidently use this to identify the various phases and their volume
fraction present in the film. Similarly, while we can get an idea of what
some expected phases may be present in the film from the XRD (Fig. 3),
it is challenging to quantify the volume fraction of the phases without
using a technique such as precession electron diffraction. Through the
HR-TEM micrographs (Fig. 6), we can identify some of the phases pre-
sent and get an estimate of their volume fraction in the local region,
however these are very local investigations which may not accurately
represent the entirety of the film.

From the STEM investigations (Fig. 5), we observed a lower number
of counts of Al in what was expected to be the MAX phase layers as
compared to the expected Nb layer. A possible explanation is that Al has
diffused through the system at these elevated deposition temperatures
(900 °C), which can be explained if we consider the properties of Al and
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Fig. 11. (a) Representative nanoindentation load-displacement responses of
the Ti system. Inset table shows measured values of modulus and hardness from
the nanoindentation measurements. (b) Representative engineering stress-
strain responses of the Ti system from micro-pillar compression tests. Four
representative tests, one stopped at a lower strain level and others at higher
strain levels, are shown in order to demonstrate the repeatability of the results.
Insets show a table of the calculated 0.2 % yield stress and instability stress
values, and snapshots of the micropillar deformation before and after
compression to engineering strain of ~0.03, prior to catastrophic failure.

its bonding between the atoms in the Ti;AlC MAX phase. It is known that
in the 211 MAX phase family the ‘A’ layer element (in our case Al in
TipAlIC) has a metallic bond with the layer of ‘M’ element and an ionic
bond with the ‘X’ element [40,67]. In addition, the ‘M’ and ‘X’ element
are directionally covalently bonded in an octahedral connected at the
octahedra edges to form a layer with other MX octahedra. The ‘A’
element layer resides in between the layers of MX octahedra. In the
TioAlC MAX phase, the ‘A’ component is Al and TiC is the MX octahedra.
We hypothesize that the low melting point of Al (~660 °C) and the weak
bond between Ti-Al (compared to the mixed covalent-ionic-metallic
bond of TiC [68]) allowed for the diffusion and movement of Al between
the TiC grain boundaries. This Al diffusion out of the MAX phase in our
system may be similar to the leeching of Al to form MXene using hy-
drofluoric acid [69-71]. Moreover, similar phase separation of Al from
the MAX phase has also been reported in literature at high temperatures
above 1300 °C and high pressures above 3 GPa [72,73]. We suspect the
high temperature associated with the Nb deposition is likely the main

Materials Science & Engineering A 910 (2024) 146905

culprit in allowing the movement of Al atoms. And thus, instead of the
expected Nb/Ti;AlC nanolaminate, the system stabilizes in the inter-
metallic phases of Nb and Al at these elevated temperatures. Such in-
termetallics have been shown to generally possess good oxidation
resistance, high melting points, and relatively high hardness [74]
compared to their individual components, although with limited
strength and toughness over a wide range of temperatures [75-79].

In summary, the TEM results indicate that the as-deposited nano-
laminate consists of various phases such as Ti3AlC and NbyAIC MAX
phases, TiC and an intermetallic NbyAly compound. The lamellar ar-
chitecture was observed to have varying thicknesses. The Nb-rich re-
gions (estimated average thickness of 32.2 + 0.7 nm) was found to
consist of both the Nb,AIC and NbyAly phases, and the Ti-rich regions
(estimated average thickness of 29.5 + 0.8 nm) was found to consist of
both the Ti,AlIC and TiC phases. The XRD results mentioned earlier in
Fig. 3 are consistent with these observations.

4.2. Micro-mechanical properties of the Nb system

Table S1 compares the mechanical properties observed in the Nb
system to the reported literature values of TipAIC, TiC, NbyAly, and
NbyAIC synthesized by various techniques from indentation and
compression measurements [83,90-107]. From this table, the upper and
lower bounds (isostress and isostrain values) of modulus and hardness of
the Nb system are estimated to 293.3 GPa and 288.7 GPa for modulus
[90,95,98,99,102] and 16.71 to 14.04 GPa for hardness respectively (for
more details on this approximation, see the supplementary informa-
tion). Our measured values of modulus (292.5 + 8.9 GPa) and hardness
(16.02 + 0.42 GPa) for the Nb system fall within these ranges. Inter-
estingly the yield strength of the Nb system (4.88 + 0.1 GPa) is signif-
icantly higher than the reported values in literature for any of its
individual component parts. For example, TiCx and TiC composites have
been reported to have yield strengths varying from 0.15 to 2.27 GPa
[87-89] and NbyAly alloys and composites exhibit yield stresses as high
as 1.01 GPa [90,94,103] (see Table S1). This discrepancy in the yield
strength values may be related to differences in the measured and actual
volume fraction of phases present in the sample especially considering
the heterogeneity of the deposition observed in Fig. 7c. As observed in
the TEM investigations and SAD pattern in Figs. 4 and 6, there is a high
probability of multiple phases and grains present in the layers. Another
possibility is the difference in grain size reported in literature versus the
Nb system. Most of the grain sizes reported in Table S1 are in the pm
range, whereas the Nb system shown in Figs. 3-8 possess grain sizes
ranging from 29.5 to 32.2 nm (single grain through the layer thickness).
Thus, a combination of grain size strengthening (expected yield strength
and hardness are 4.82 GPa and 6.76 GPa, respectively), and confined
layer slip (expected yield strength are 2.07 GPa and 6.2 GPa, respec-
tively) may explain the enhanced yield strength and hardness of the Nb
system.

4.3. Loss in layered microstructure in the Ti system

As observed in the BF-TEM of the microstructure (Fig. 10a), we
speculate that, similar to the Nb system, diffusion has led to the degra-
dation of the multilayered architecture and a complete loss of layering in
the Ti system. However, for the Nb system, there is an immiscibility
between Nb and Ti which serves to allow the system to retain some
layered distinction. With the Ti system, there is no such immiscibility, so
the species are able to diffuse extensively throughout the layers. The
metal Ti layer essentially functions as excess Ti in the system at the high
deposition temperatures of 800 °C — which is 0.48 T, of Ti and 1.26 T,
of Al - resulting in the formation of binary phases of Ti-Al (i.e. TizAl and
TiAl3) and ternary phases of Ti-Al-C (Ti2AlC and Ti3AlCy) as seen in
both the GI-XRD profiles (Fig. 9) and the SAED rings (Fig. 10).

As mentioned earlier, PVD deposition of MAX phases requires high
deposition temperatures (>700 °C), especially if the goal is to obtain
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textured epitaxial growth. Unlike multilayered nanocomposites depos-
ited at room temperatures, especially immiscible systems such as Ag/Ni,
Cu/TiN, and Mg/Nb multilayers [31,108,109], such high temperatures
can result in significant diffusion within the metal/MAX nanolaminate
structure. For example, in the Nb/Ti;AlC metal/MAX system (Fig. 1c,
[4-6]) these higher temperatures are speculated to have caused Al
(melting point of ~660 °C) to become mobile and diffuse through the
system, potentially diffusing out of the MAX phase system [72,73]. As
shown in Figs. 4-6, this diffusion leads to the formation of unexpected
phases (impurities) in the layered system, such as NbyAly intermetallic,
Tip1AIC, and Nbp1AIC, MAX phases, and TiC. Similarly in the
Ti/TiAlC metal/MAX nanolaminate, such high temperatures are spec-
ulated to cause the Ti—Al-C species in the system (Fig. 1d, 9 and 10) to
stabilize in potentially a higher phase order of Ti, 1 AIC, (n = 2, 3 etc.)
MAX phase such as the 312 system. Additionally, such diffusion in the Ti
system results in a microstructure of mixed MAX phases that lack any
multilayered nanolaminate architecture.

A possible alternative explanation for the loss in the layered micro-
structure observed after the depositions may be attributed to errors
during the PVD process itself, in which certain magnetrons may have
been switched on and/or off in the wrong sequence. This unlikely sce-
nario is included only for the sake of completeness and for covering all
possible explanations.

Our observations and analysis from the TEM investigations on both
the Nb system and Ti system’s microstructure highlight the need to
effectively block/mitigate interlayer diffusion occurring at the elevated
deposition temperatures of 800-900 °C in order to successfully synthe-
size textured epitaxial Nb,Ti/TipAlC metal/MAX multilayered nano-
laminates using PVD. Textured growth has been reported and reduced
deposition temperatures have been observed [42-44,110], however
elevated temperatures are still recommended to achieve a higher degree
of epitaxy. An alternate approach for obtaining textured (nonlaminated)
MAX phase Ti>AlC and Tj3AlCy growth is through a two-step process; an
initial step of low temperature deposition followed by post deposition
heat treatment [44,92], although the success of this two-step process in
depositing alternating metallic and MAX phase multilayers is yet to be
explored. Diffusion is expected in the two-step deposition process as well
since the heat treatment in the second step would require high tem-
peratures above a minimum of 550 °C [42], and enhanced textured
growth above ~700 °C [44].

Another strategy is to add a third layer that can act as a diffusion
barrier. For example, a thin AlyO3 interlayer diffusion barrier deposited
via atomic layer deposition (ALD) may serve as effective barrier layer, as
has been reported elsewhere [12]. Alternatively, some reports also
suggest the deposition of a TiC seed layer [45,111] or deposition of
elemental constituents followed by post deposition heat treatment [42,
44,92] to increase the success and epitaxial growth of the MAX phase in
systems involving Ti and C.

4.4. Micro-mechanical properties of the Ti system

From supplementary videos V1, this brittle failure observed is similar
to what has been reported in bulk compression experiments of poly-
crystalline Ti;AlC MAX phase [91,112,113]. The yield strength values of
our Ti system in Fig. 11b are considerably higher than those reported for
similar systems in literature for 211 as well as 312 Ti,1AlC, MAX phase
[114,115] (the highest value for yield strength reported is 1.26 + 0.05
GPa with fine grained (4.2 pm) Ti>AlC with impurities [91]). However
our values are still lower than ~9.2 GPa which would be expected from a
grain size strengthened extrapolated yield strength of the Ti»AlC system
[91]. We hypothesize that the lower values may be attributed to two
main factors. First, as evidenced by the XRD measurements, this system
may possess trace Ti and Ti-Al intermetallic phases. It is difficult to
accurately predict an expected modulus or hardness without a clear
understanding of the volume fractions of the various phases. Secondly,
large porosities can be seen in the micropillars (see inset SEM
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micrographs in Fig. 11b), which can lead to appreciable deterioration of
the mechanical properties of the thin film [46,116].

5. Conclusion

In this work, we report the multilayered deposition of metal/MAX
phase thin films utilizing Nb or Ti as the metal component and TiAlC as
the MAX phase component at elevated temperatures (900 °C and 800 °C,
respectively). While the depositions were partially successful with the
observation of MAX phases (as indicated by XRD and TEM), both de-
positions possessed unwanted microstructures that were heavily
affected by diffusion due to the elevated temperatures during the
deposition process, leading to a deterioration of the expected layered
microstructure. In both systems, the thin films were composed of a mix
of MAX phase, intermetallic, and/or carbide phases.

For the Nb system we found the following:

Distinct layers of Nb-rich and Ti-rich regions were identified with
mixed phases. We speculate that the diffusion of Al atoms from the
MAX phase, driven by the high temperature depositions, led to the
formation of NbyAly intermetallics, TiC, and a combination of
Ti3AlCy and TizAlC MAX phase within the various layers.

The indentation modulus (292.5 + 8.9 GPa) and hardness (16.02 +
0.42 GPa) values were within expected ranges calculated from
composite theory.

Micropillar compression experiments demonstrated a high yield
strength (4.88 + 0.1 GPa), speculated to be largely in part due to the
nanocrystalline nature of the film grains leading to a grain size
strengthening effect.

For the Ti system, we report the following:

The high temperature multilayered deposition of Ti and Ti,AlC led to
a complete loss of the multilayered architecture and, rather, a
mixture of binary and ternary phases of Ti-Al (TizAl and TiAl3) and
Ti-Al-C (Ti2AlC and Ti3AlCy).

The yield (5.61 + 0.28 GPa) and instability (6.21 + 0.25 GPa)
strengths reported here for this system are among the highest re-
ported for similar systems in literature [91,115,117], however, they
are still lower than expected from composite theory.
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