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Abstract: The  Cr2AlC  MAX  phase  offers  a  remarkable  combination  of  excellent  electrical  conductivity  and  hot  corrosion
resistance  in  extremely  harsh  environments.  However,  the  strong  trade-off  between  hardness  and  toughness  is  rather
limited by its nanolaminate structure for desired applications. Taking the solid solution strengthening and gradient hardening
synergy, in this work, high-purity Cr2AlC coatings with various Mo solid solutions were successfully fabricated via a hybrid
sputtering  technique  followed  by  subsequent  annealing.  Interestingly,  gradually  changing  the  Mo  concentration  in  the
(Cr1−xMox)2AlC (x =  0.05–0.24)  coating  enabled  a  hierarchical  structure  responsible  for  gradient  refinement  of  the  crystal
grain size, and the solid solution of Mo atoms at Cr sites and the gradient variation in the Mo content were confirmed via the
atomic-resolution  transmission  electron  microscopy  (TEM)  characterization.  Compared  with  those  of  the  pristine  Cr2AlC
coating,  the nanoindentation hardness and toughness values of H/E and H3/E2 for  the hierarchical  (Cr1−xMox)2AlC coating
were enhanced by approximately 26%, 12%, and 57%, respectively.  On the basis of comprehensive experiments and ab
initio simulations, the reasons behind this observation were mainly attributed to the synergistic effect of Mo occupancy with
strong  bonding  at  the  Cr  site  and  the  strengthening  of  grain  refinement  induced by  the  gradient  Mo concentration  in  the
(Cr1−xMox)2AlC coating.  These  findings  not  only  reveal  the  underlying  mechanism for  the  Mo solid  solution  in  the  Cr2AlC
coating but also offer a new concept for developing ultrahigh-strength ductility materials for the laminar MAX phase.
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1    Introduction
Mn+1AXn phases,  also  empirically  known  as  MAX  phases,  are  a
group of ternary carbide or nitride ceramics inherently composed
of  a  hexagonal  layered structure.  Here,  M represents  a  transition
metal element; A signifies an element from the group A; X stands
for  either  carbon  or  nitrogen.  In  most  cases, n typically  ranges
from 1 to 4,  corresponding to the abbreviations of  211,  312,  and
413  phases.  Various  MAX  phase  ceramics  featuring  B  as  the  X
element  have  also  been  investigated  for  their  desired  properties
[1−6]. In general, Mn+1Xn layers are interleaved with A layers along
the c-axis,  in  which  the  Mn+1Xn layers  are  composed  of  edge-
shared M6X octahedra with robust M–X bonds, whereas relatively
weak M–A bonds dominate the connections between the Mn+1Xn
layers and the A layers. This unique combination of covalent-ionic-
metallic  bonds  in  MAX  phases  endows  them  with  remarkable
properties stemming from both ceramics and metals, such as easy
machinability,  good  electrical  conductivity,  excellent  anti-
corrosion  and  oxidation  resistance,  and  outstanding  ability  to
withstand thermal shock [7,8]. Compared with bulk MAX phases,
MAX  phase  coatings  are  considered  among  the  strongest
candidates for protective components when subjected to ultrahigh-
temperature  and/or  harsh  corrosive  irradiation  environments
[9−11].

As a most important example of MAX phases, Cr2AlC coatings
have  gained  increasing  attention  because  of  the  presence  of
M-position  Cr  and  A-position  Al,  where  both  Cr  and  Al  easily
form  a  dense  oxide  layer  on  the  surface  for  protection  and  self-
healing  [12−14].  However,  the  relatively  low  hardness,  which  is
generally  less  than  15  GPa  for  Cr2AlC  MAX  phase  coatings,
strongly  limits  its  wide  application  [15].  Inspired  by  the
contribution  of  Mn+1Xn bonds  to  mechanical  properties,  the
introduction of a solid solution at the M-site has been confirmed
to increase the hardness of MAX phases. For example, Qu et al. [16]
fabricated  bulk  (Ti1−xZrx)3SiC2 MAX  phases  at  1450‒1750  °C  via
spark plasma sintering (SPS), in which the hardness was improved
to  16.3±1.1  GPa,  in  contrast  to  the  12.7±1  GPa  for  pristine
Ti3SiC2. Furthermore, compared with the original Cr2AlC coating,
the substitution of Cr with some V in the Cr2AlC matrix led to a
34.3%  increase  in  hardness  and  a  23.6%  increase  in  elastic
modulus,  which  was  accompanied  by  a  25%  decrease  in  the
friction coefficient due to the formation of lubricated phases such
as V2O5 [17]. Nevertheless, the opening challenge is still faced with
how  to  fabricate  high-purity  MAX  phase  coatings  with  M-site
solution  treatment  but  without  intermetallic  impurities  and  how
to overcome the trade-off between strength and ductility without
deteriorating other superior properties.

If  one  considers  the  unique  atomic  bonds  in  the  MAX
structure,  the replacement of  M-site Cr by the neighboring atom
of  Mo in  the  same group will  be  an alternative  solution.  Clearly,
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Mo has been frequently employed as a reinforcing phase in oxide
or  carbide  coatings  because  of  its  high  hardness  and  strong
corrosion  resistance  [18−20].  Additionally,  manipulation  of
gradient grain structures also represents a strategy for overcoming
the  strength‒toughness  trade-off  in  metallic  materials  [21].  Very
recently,  our  work  demonstrated  that  the  fabricated
(Cr0.9Mo0.1)2AlC  solid  solution  coating  significantly  increased  the
corrosion  current  density  and  electric  impedance  by  almost  10
times  in  a  3.5  wt%  NaCl  solution  [22].  The  reason  could  be  the
accelerated passivation layer rich in aluminum oxides by the Mo
solid solution on the coating surface. However, the effect of a Mo
solid  solution  on  the  mechanical  properties  of  the  Cr2AlC  MAX
phase has yet to be studied. Therefore, in this work, we fabricated
(Cr1−xMox)2AlC  MAX  coatings  with  various  Mo  concentrations
(x = 0.05–0.24) via a multitarget magnetron sputtering technique
combined  with ex  situ vacuum  annealing.  Most  importantly,
synergistic concepts evolved by introducing a Mo solid solution to
the  Cr2AlC  matrix  and  manipulating  the  hierarchical  structure
while  refining  the  grain  size  to  achieve  hardness-toughness
strengthening  simultaneously.  The  chemical  composition  and
structural  characteristics  of  (Cr1−xMox)2AlC  MAX  coatings  were
comprehensively  investigated  via  atom-resolved  transmission
electron  microscopy  (TEM)  and ab  initio simulations.  The
underlying  mechanisms  for  the  evolution  of  mechanical
properties  were  discussed  in  terms  of  microstructural  evolution
with  various  Mo  occupancies  at  Cr  sites,  as  well  as  the  parallel
existence of hierarchical structures with gradient changes in crystal
grain sizes.

2    Methodology

2.1    Coating deposition
(Cr1−xMox)2AlC  (x =  0.05–0.24)  coatings  were  deposited  on
Ti–6Al–4V  substrates  via  a  custom-made  magnetron  sputtering
deposition  system  with  multiple  targets,  followed  by ex  situ
vacuum  annealing. Figure  1 shows  a  schematic  diagram  of  the
hybrid  procedure  for  coating.  A  rectangular  Cr1.5Al  compound
target  (purity:  99.99  wt%)  and  a  rectangular  molybdenum  target
(purity: 99.99 wt%) of the same size (400 mm × 100 mm × 7 mm)
were used as cosputtering sources for Cr, Al, and Mo deposition.
Specifically, a high pulsed impulse power (HiPIMS) supply, which
has a high ionization rate and plasma density,  was introduced to
the  Cr1.5Al  target  with  a  current  of  3  A,  whereas  a  DC  power
supply  was  applied  to  the  molybdenum  target.  The  Ar/CH4

precursor  was  used  to  generate  Ar+ and  carbon  ions.  Prior  to

deposition,  the  polished  substrates  were  ultrasonically  cleaned
with  acetone  and alcohol  for  15  min each  and then put  into  the
deposition  chamber.  These  samples  were  fixed  on  a  rotational
substrate  holder  in  front  of  a  Cr1.5Al  target  at  a  distance  of
approximately  12  cm,  thereby  initiating  the  Ar+ etching  process
powered  by  a  linear  ion  beam  source  and  substantial  coating
deposition. The deposition process of the coating lasted for 3 h at
a  temperature  of  150  °C,  and  the  sputtering  current  of  the  Mo
target was changed every hour. Notably, the Mo concentration in
the (Cr1−xMox)2AlC coatings was controlled by meticulously fine-
tuning the sputtering current of the Mo target at 0.4, 0.7, and 1.0 A,
respectively.  Thus,  the  sputtering  time  for  each  layer  of  the
(Cr1−xMox)2AlC hierarchical coating is 1 h. After deposition, the as-
deposited  coatings  were  transferred  to  a  thermal  furnace  for
annealing  at  550  °C  for  5  h  to  obtain  (Cr1−xMox)2AlC  phases,
during which the vacuum pressure was maintained at 3.0×10−4 Pa.
The heating rate and cooling rate during thermal treatment were
10 and 5 °C/min, respectively. For comparison, a Cr2AlC coating
was  also  fabricated  via  the  same  procedure  but  without  an
operating Mo sputtering target.

2.2    Characterization methods
The  phase  composition  of  the  (Cr1−xMox)2AlC  coatings  was
analyzed via an X-ray diffractometer (XRD; Bruker D8 Advance,
Germany),  where  the  data  were  collected  via  a  step-scanning
diffractometer  with  Cu  Kα  radiation  (λ =  0.154  nm).  The
surface/cross-sectional  morphology  and chemical  composition of
the coatings were characterized by a scanning electron microscope
(SEM;  Verios  G4  UC,  USA)  with  an  energy-dispersive  X-ray
spectrometer  (EDS)  and  a  transmission  electron  microscope
(TEM;  Spectra  300,  USA).  The  samples  for  TEM  testing  were
specifically  cut  and  thinned  via  the  focused  ion  beam  (FIB)
technique (Thermo Scientific Helios-G4-CX, USA).

The mechanical properties of the coatings were measured via a
nano  indenter  (MTS-G  200,  KLA  Co.,  USA)  with  a  Berkovich
diamond  tip  in  continuous  stiffness  measurement  (CSM)  mode.
The maximum indentation depth was selected to be 1000 nm, and
the average values of hardness and elastic modulus were chosen at
the stabilized loading region of 500–600 nm (nearly less than 1/10
thickness of the coating) to diminish the influence of the substrate.
Furthermore,  the fracture toughness  of  the coatings  was assessed
through  nanoindentation  experiments  with  a  sharp  cube-corner
tip,  identifying  the  cracks  adjacent  to  the  indentation  region.
During this procedure, a specific load of 25 mN was applied to the
samples.

 

Fig. 1    Schematic diagram of (a) coating deposition process and (b) subsequent annealing process.
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2.3    Computational details
Structural  optimization  of  the  (Cr1−xMox)2AlC  compounds  with
P63/mmc symmetry was performed via the CAmbridge sequential
total  energy  package  (CASTEP)  [23,24],  which  uses  density
functional theory (DFT) based on the plane‒wave pseudopotential
method.  The  generalized  gradient  approximation  constructed  by
Perdew–Burke–Ernzerhof  (GGA-PBE)  [25]  was  specifically
adopted  for  the  exchange‒correlation  energy  functional.  In  this
work,  a  2  ×  2  ×  1  supercell  with  32  atoms  was  constructed.  A
10  ×  10  ×  2  Monkhorst–Pack k-point  grid  and  480  eV  cutoff
energy  were  used  in  the  calculations  of  the  elastic  constants,
charge distribution, and partial density of states [26]. Convergence
tests  revealed  that  with  these  parameters,  the  relative  energy
converged  to  better  than  10–5 eV/atom,  with  0.01  eV/Å  as  the
maximum force  per  atom.  The  elastic  properties  were  calculated
through the utilization of the finite strain methodology integrated
within  the  CASTEP  code  [27].  This  technique  allows  the
application of a set of finite uniform deformations and yields the
resulting  stresses  subsequent  to  the  optimization  of  the  internal
degrees  of  freedom.  A  maximum  amplitude  of  0.003  Å  was
selected for each of the six step strains. Pugh’s ratio B/G (the ratio
of the bulk modulus to the shear modulus) was used to determine
the brittleness or ductility of the (Cr1−xMox)2AlC compounds.

3    Results and discussion

3.1    Microstructural analysis of (Cr1−xMox)2AlC coating
Figure 2(a) shows the XRD diffractograms of the pristine Cr2AlC
coating  and  the  solid-treated  (Cr1−xMox)2AlC  coating  for
comparison.  In  addition  to  the  obvious  peak  at  71°,  which
originated  from  the  Ti–6Al–4V  substrate,  the  two  coatings
presented dominant peaks at 2θ approximately 37° and 42°, which
could be assigned to the (101) plane and (103) plane of the Cr2AlC
coating. Moreover, the other peaks at 14° and 77° were correlated
to the (002) plane and (109) plane of the Cr2AlC crystal structure
(PDF#00-029-0017).  Notably,  the  introduction  of  a  Mo  solid
solution in the Cr2AlC coating led to the diffraction peak shifting
downward compared with that in the case without Mo. Figure 2(b)
shows  the  distinct  changes  in  the  local  magnified  image  at  2θ of
approximately  42°,  in  which the peak was reduced from 42.1°  to
41.9°. The reason was probably due to the relatively larger atomic
radius of Mo (1.36 Å) than that of Cr (1.25 Å), which caused an
increase in the lattice constant and a decrease in the peak.  Weak
peaks  assigned  to  Cr5Al8 compounds  indicated  the  formation  of
small  amounts  of  impurities  in  both  the  Cr2AlC  and
(Cr1−xMox)2AlC  MAX  phase  coatings  from  the  XRD
diffractograms.  However,  owing  to  its  relatively  low  intensity,

Cr5Al8 could make rather minor or even negligible  contributions
to  the  evaluated  mechanical  properties,  as  predicted. Figure  2(c)
further  displays  the  surface  morphology  of  the  synthesized
(Cr1−xMox)2AlC  coating,  where  a  homogeneous  and  dense
structure  without  any  visible  cracks  was  clearly  visible.  These
observations  confirmed  the  successful  manipulation  of  the  high-
purity  (Cr1−xMox)2AlC  MAX  phase  coating  and  the  comparative
Cr2AlC coating.

Figure  3 shows  the  cross-sectional  morphologies  of  the
(Cr1−xMox)2AlC  coatings  and  the  corresponding  EDS  data  from
SEM  analysis.  There  was  an  increasing  trend  in  the  Mo
concentration along the growth direction of the coating. From the
inside  layer  subjected  to  the  substrate  toward  the  outer  surface
layer, the Mo concentration was 2.2, 6.1, and 10.6 at%, respectively
(Fig.  3(a)).  Moreover,  all  the  elements  demonstrated  a  uniform
distribution  in  each  separative  layer  (Fig.  3(b)),  indicating  the
facile advantages of current synthesis for M-site solid solutions in
the MAX phase. As shown in Fig. 3(c), the detailed cross-sectional
morphology of  the (Cr1−xMox)2AlC coating also revealed that the
gradual increase in the Mo concentration resulted in a remarkably
hierarchical  structure  with  refined  crystal  grains  during  coating
growth, and the thickness of the coating was approximately 4 mm.
In  addition,  such  a  coating  possessed  a  strong  adhesion  strength
without  any  spallation  or  delamination  within  the  multilayer
interfaces and the TC4 substrate.

To further analyze the changes in the concentration of Mo, an
electron  probe  X-ray  microanalyzer  (EPMA)  testing  was
employed, and the results are presented in Fig. 4. The Mo content
clearly increases with the growth direction of the coating, and the
proportions  of  Mo  atoms  in  each  layer  are  2.64%,  7.14%,  and
12.16%, which is essentially consistent with the EDS data (Fig. 3).
In other words, the corresponding material compositions for each
layer from the inner layer to the outer layer are (Cr0.94Mo0.05)2AlC,
(Cr0.86Mo0.14)2AlC, and (Cr0.76Mo0.24)2AlC.

To  gain  insight  into  the  microstructural  evolution  of  the  Mo
solid  solution  in  the  hierarchical  (Cr1−xMox)2AlC  MAX  coating,
the  atomic-resolution  TEM  characterization  was  further
conducted. Figure 5(a)  shows a  low-resolution bright-field image
of  the  cross-sectional  feature  and  the  selected  area  electron
diffraction  (SAED)  pattern.  The  observation  of  a  dense  gradient
structure in each layer was well aligned with the findings from the
SEM results,  indicating the predominant polycrystalline structure
of  the MAX phases.  Moreover,  the high-angle  annular  dark field
(HAADF) image (Fig. 5(b)) revealed a discernible reduction in the
grain  size  along  the  growth  direction  of  the  coating.  The
corresponding  mapping  EDS  results  validated  the  uniform
distribution  of  each  element  (Cr,  Mo,  Al,  and  C)  in  each
separative  layer,  which  was  consistent  with  the  aforementioned

 

Fig. 2    (a) XRD images and (b) magnified images of prepared coatings with and without Mo. (c) Surface morphologies of (Cr1−xMox)2AlC coating.
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analysis  in Fig.  3.  On  the  basis  of  the  dark-field  TEM  image
(Fig.  5(c)),  the  statistical  distributions  of  the  grain  sizes  during
coating growth were approximately 70.04, 56.86, and 37.07 nm in
each  layer.  This  observation  clearly  revealed  that  increasing  the
Mo  concentration  in  the  (Cr1−xMox)2AlC  coating  led  to  gradient
refinement  of  the  crystal  grain  size  toward  an  interesting
hierarchical  structure.  Additionally,  the  high-resolution  TEM
(HRTEM) image (Fig. 5(d)) presented a typical stacking sequence
arising from the nanolaminate MAX phase structure, where the c
lattice parameter for the (Cr1−xMox)2AlC coating at 1.326 nm was
slightly  larger  than  that  at  1.282  nm  for  the  Cr2AlC  phase  [17].
The  reason  for  this  difference  could  be  reasonably  due  to  the
substitution of larger Mo atoms for smaller Cr atoms in the M-site
of  the  MAX  phase  matrix.  Compared  with  the  SEM  and  TEM
data,  solid  solutions  with  different  Mo  concentrations  in  the
Cr2AlC MAX phase not only favored a dense structure with high-
purity  MAX phases  but  also  played  a  crucial  role  in  refining  the
crystal grain size for the hierarchical structure simultaneously.

Figure  6 presents  the  detailed  microstructural  characterization
of  the  solid-solution  alloyed  coating  by  the  advanced  atom-

2̄

resolved  high-angle  annular  dark-field  (HAADF)  technique.  As
expected,  the  crystal  structure  and  atom  arrangements  of
(Cr1−xMox)2AlC  MAX  phase  along  the  [11 0]  zones  were
unambiguously identified from the HAADF-STEM images of the
skin  layer  in  the  coating  (Fig.  6(a)).  The  contrast  intensity  of
HAADF images could be closely related to the atomic number, in
which higher atomic numbers are associated with greater contrast
intensity [28]. In other words, this distinctly nanolayered structure
was  mainly  composed  of  alternating  stacks  with  two  layers  of
(Cr,Mo)–C  slabs  and  an  interleaved  layer  of  Al  atoms,  yet  the
absence of C atoms arose from the rather weak diffraction power
in  the  STEM  image.  In  the  enlarged  view  of  the  selected  region
outlined  by  the  red  box  in Fig.  6(a),  much  brighter  and  larger
atoms  were  identified  at  the  M-site  Cr  position  in  the  Cr2AlC
matrix,  as  demonstrated  by  the  marked  area  with  yellow  arrows
and the schematic structure of the nanolayered crystal cells. Most
importantly,  since  Mo  atoms  have  a  larger  atomic  radius  and
atomic number than Cr atoms do, these distinctive brighter atoms
were confidently  elucidated as  Mo atoms without  suspicion.  The
corresponding  EDS  mapping  results  (Figs.  6(c)–6(h))  also
revealed  the  existence  of  solid-Mo  atoms  at  the  Cr  site  in  the

 

Fig. 3    (a) Cross-sectional morphology and (b) corresponding EDS results of (Cr1−xMox)2AlC coating. (c) SEM images with extensive morphology changes in each layer.

 

Fig. 4    EPMA results of (Cr1−xMox)2AlC coating.
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Cr2AlC phase.  As shown in the inserted EDS mapping spectrum
(Fig.  6(h)),  these  nanocrystalline  particulates  essentially  consisted
of  Cr,  Mo,  Al,  and  C,  namely,  Cr-36.32  at%,  Mo-11.62  at%,
Al-24.35  at%,  and  C-27.71  at%.  Furthermore,  the  molar  ratio  of
(Cr+Mo) to Al was close to 2 : 1. In this regard, the partial M-site
of  Cr  in  the  Cr2AlC  coating  was  successfully  occupied  by  solid-
solution  Mo  atoms,  confirming  the  facile  manipulation  of  the
(Cr1−xMox)2AlC  phase  coating.  Moreover,  increasing  the  Mo
concentration  could  easily  promote  the  refinement  of  the  grain
size  toward  a  hierarchical  structure.  This  unique  structure  could
be an expected strategy to overcome the strength‒ductility trade-
off  for  the  nanolaminate  MAX  phase  used  in  the  desired
application scenarios.

3.2    Mechanical properties of (Cr1−xMox)2AlC coating
To evaluate  the  dependence  of  the  mechanical  properties  on  the
microstructural  evolution  in  (Cr1−xMox)2AlC  MAX  phase
coatings,  nanoindentation  tests  were  performed  for  comparative
coatings. Figure  7 shows  the  average  hardness  (H),  elastic
modulus  (E), H/E,  and H3/E2 of  the  three  MAX  phase  coatings
assigned  to  the  Cr2AlC,  monolayer  (Cr0.8Mo0.2)2AlC,  and
hierarchical  (Cr1−xMox)2AlC  samples,  respectively.  Generally,
hardness  embodies  the  capacity  to  withstand plastic  deformation
when  the  indenter  is  depressed,  whereas  a  high  elastic  modulus
signifies  substantial  resistance  to  deformation  under  a  specified
load  [29].  Moreover,  the H/E ratio  is  frequently  employed  to
qualitatively assess the failure resistance of materials, where a high
value  indicates  the  exceptional  toughness  of  the  material,
particularly in the domain of hard coatings [30−32]. On the other
hand,  the H3/E2 ratio  represents  the  ability  of  a  coating  to  resist

plastic  deformation  [33].  Compared  with  the  pristine  Cr2AlC
coating,  both  coatings  with  a  Mo  solid  solution  revealed
remarkable  increases  in  hardness,  elastic  modulus,  and H/E and
H3/E2 values.  Specifically,  the  maximum value  of H at  16.35  GPa
was found in the case of the hierarchical (Cr1−xMox)2AlC gradient
coating,  which  was  approximately  26%  greater  than  that  of  the
Cr2AlC  coating.  Furthermore,  interestingly,  the  largest  values  of
H/E at  0.064  and H3/E2 at  0.066  were  also  obtained  in  the
hierarchical  sample,  which  were  approximately  12%  and  57%
greater  than those  of  the  pristine  Cr2AlC coating.  As  expected,  a
solid  solution  of  Mo  in  the  Cr2AlC  coating  effectively  enhanced
the  mechanical  properties.  Interestingly,  unlike  the  uniform
solid‒Mo solution coating,  tailoring the  Mo concentration in  the
(Cr1−xMox)2AlC  structure  enabled  easy  manipulation  of  the
gradient refinement of the crystal grain size, particularly naming a
hierarchical structure toward high hardness‒toughness synergy in
the MAX phase coating.

Furthermore, we carried out indentation tests with heavy cube-
corner tips to reveal  the changes in the fracture toughness of  the
coatings.  As  shown  in  the  bottom  parts  of Fig.  7,  the  surface
morphologies  concentrated  around  the  indentation  center  were
quite  similar  for  both  the  Cr2AlC  and  (Cr0.8Mo0.2)2AlC  coatings,
and no distinct variety was visible from the radial cracks, and the
crack  lengths  aligned  with  the  extension  tendency.  This  result
suggested the limited enhancement of fracture toughness by only
the Mo solid solution for the Cr2AlC coating; even minor changes
from  a  pristine  triangle  shape  to  an  obtuse  shape  were  induced
from the indentation morphology. In contrast to both pristine and
uniform  Mo  solid  solutions  at  a  fixed  concentration,  however,  a
direct  observation  revealed  that  no  cracks  surrounded  the

 

Fig. 5    TEM images of cross section of (Cr1−xMox)2AlC coating. (a) Bright-field image with corresponding SAED pattern. (b) High-angle annular dark field image with
corresponding EDS mappings. (c) Dark-field image with calculated grain size distributions. (d) HRTEM images.
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Fig. 6    (a)  Atom-resolved  HAADF  images.  (b)  Enlarged  image  of  the  labeled  area  in  (a).  (c–g)  Atom-resolved  EDS  mapping  images  and  deduced  elemental
concentrations.                        
 

Fig. 7    Mechanical  properties  and  top-view  SEM  micrographs  of  cube  corner  indents  for  various  coatings:  (a)  Cr2AlC,  (b)  (Cr0.8Mo0.2)2AlC,  and  (c)  hierarchical
(Cr1−xMox)2AlC samples.
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indentation  corner  or  radical  edges,  accompanied  by  the
appearance of a clear pile-up morphology. These in-depth results
revealed  a  significant  increase  in  fracture  toughness  in  the
hierarchical (Cr1−xMox)2AlC coatings, which is consistent with the
above variation in H/E and H3/E2 values.

C2
13

In  addition  to  the  experimental  results,  atomic-scale  first-
principle  calculations  were  further  performed  to  elucidate  the
effect of the Mo solid solution on the elastic constant (Cij), which
generally  plays  a  crucial  role  in  determining  the  mechanical
properties and structural stability of materials [34].  In the case of
the  hexagonal  Cr2AlC  MAX  phase, Cij can  be  independently
represented  by  five  constants,  namely, C11, C12, C13, C33,  and C44.
Figure 8(a) shows the applicable structural models, and the elastic
constants  were  subsequently  calculated  for  (Cr1−xMox)2AlC  with
various  Mo  concentrations,  where x was  0.0625,  0.1250,  0.1875,
and  0.2500.  As  shown in Fig.  8(b),  all  the  elastic  constants  of Cij
were positive and satisfied the mechanical stability criteria [35, 36],
particularly  where C11 >  0, C11 − C12 >  0, C44 >  0,  and  (C11 +
C12)C33 − 2 > 0.  Here, C11 and C33 were  used to  anticipate  the
stiffness  of  the  material  along  the  [100]  and  [001]  directions,
respectively.  For  all  the  pristine  Cr2AlC  and  Mo  solid  solution
samples, greater stiffness along the [100] direction than along the
[001] direction was clearly observed, implying that these coatings
were  more  susceptible  to  deformation  along  the  crystallographic
a-axis  than along  the c-axis.  On the  other  hand,  since  the  elastic
constant C44 is generally proportional to the hardness of materials
[37],  the remarkable increase in C44 for  coatings with a Mo solid
solution  revealed  the  expected  improvement  in  the  hardness  of
the Cr2AlC MAX phase coating via the substitution of Cr with Mo
at the M-site.

Figure 8(c) displays the calculated values of the bulk modulus (B),
shear modulus (G),  and Young’s modulus (Y) of the investigated
systems. Among the three modulus parameters, both B and G can

be  responsible  for  the  failure  mode  of  solids,  such  as  brittle  or
ductile failure.  During brittle failure,  materials experience sudden
fracture,  whereas  ductile  failure  involves  plastic  deformation
before  eventual  fracture.  According  to  Pugh’s  reports  [38],  the
B/G ratio could be a useful tool for identifying a material as either
brittle or ductile. Specifically, when the value of B/G exceeds 1.75,
the  material  is  dominated  by  ductile  characteristics;  otherwise,
brittle failure will be inherently displayed for B/G values less than
1.75.  Compared  with  that  of  the  Cr2AlC  phase,  an  increasing
trend in each modulus was obtained for the (Cr1−xMox)2AlC solid
solution samples (Fig. 8(c)), indicating that the partial substitution
of  Mo  for  Cr  contributed  to  the  enhanced  mechanical
performance. In addition, all the Cr2AlC coatings had B/G values
less  than  1.75,  implying  that  the  Cr2AlC  coatings  were
predominantly brittle regardless of the Mo solid solution. This was
consistent  with the intrinsic  brittleness  typically  observed in bulk
MAX  phases  [39,40].  However,  in  contrast  to  the B/G value  of
1.24 for the pristine Cr2AlC case, the introduction of a Mo solid-
solution into the MAX phase with x values ranging from 0.0625 to
0.2500  led  to  a  remarkable  increase  in B/G,  which  ranged  from
1.37 to 1.43.  Therefore,  the increase in B/G reflected the increase
in toughness in the (Cr1−xMox)2AlC systems, which was primarily
responsible for solid solution strengthening.

3.3    Strengthening mechanism of (Cr1−xMox)2AlC coating
Compared  with  both  the  pristine  Cr2AlC  coating  and
(Cr0.8Mo0.2)2AlC  coating,  high  hard- yet-tough  performance  was
clearly achieved in the hierarchical (Cr1−xMox)2AlC coating with a
refined grain size gradient. These observations could be attributed
to  two  factors.  First,  unlike  the  homogenous  structure  with  a
uniform grain  size,  the  gradient  refinement  of  the  grain  size  was
promoted  by  increasing  the  solid-Mo  concentration  along  the
growth  direction  in  the  MAX  phase  matrix.  In  this  case,  the

 

Fig. 8    (a) Structural models of (Cr1−xMox)2AlC. (b) Elastic constants, (c) elastic moduli, and (d) B/G values of (Cr1−xMox)2AlC (0 ≤ x ≤ 0.25).
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localized  stress  would  be  alleviated  for  a  more  uniform
distribution,  which  subsequently  led  to  the  prevention  of  strain
localization.  Moreover,  additional  strain  hardening  emerged
within gradient layers and in regions where the transition of grain
size might occur, ultimately suppressing the propagation path and
velocity  of  cracks  [41−44].  This  was  the  key  contribution  to  the
extraordinary  ductility  of  materials  with  hierarchical  structures.
Second,  the hardness  increase in the hierarchical  (Cr1−xMox)2AlC
coating  might  be  strongly  due  to  the  refinement  of  crystal  grain
sizes  related  to  various  Mo  concentrations  [45].  Notably,  the
correlation  between  hardness  and  grain  size  can  generally  be
described  by  the  Hall‒Petch  relationship  [46−49].  Therefore,  to
thoroughly  elucidate  the  impact  of  grain  size  on  hardness  in  the
hierarchical  (Cr1−xMox)2AlC coating,  the  hardness  distribution  of
each  layer  was  analyzed,  and  the  variation  in  hardness  values  of
each  layer,  as  a  function  of  the  inverse  of  the  square  root  of  the
grain  size,  is  illustrated  in Fig.  9.  The  fitting  result  of  the  data
aligned  with  a  single  trend  line  led  to  the  conclusion  that  the
pattern  of  hardness  fluctuation  within  each  layer  of  the
hierarchical  (Cr1−xMox)2AlC  coating  followed  the  Hall‒Petch
relationship as the grain size decreased.

Another  benefit  for  the  hardness  increases  in  the  hierarchical
(Cr1−xMox)2AlC  coating  might  be  the  variation  in  the  atomic
bonding  characteristics. Figure  10 displays  the  electronic  density
of  states  (DOS)  and  electronic  charge  density  maps  for  both
Cr2AlC  and  various  (Cr1−xMox)2AlC  systems  based  on  DFT
calculations for comparison. The mixed bonding characteristic of
Cr2AlC  can  be  deduced  from Fig.  10(a),  where  the  peak  at
approximately −2.5 eV was mainly composed of Cr 3d and Al 3p
orbitals, whereas the peaks at lower energies ranging from −15 to
−10  eV  and  from −7  to −3  eV  were  assigned  to  the  Cr  3d  and
C  2p/2s  states,  respectively.  This  result  indicated  the  strong
hybridization of the Cr 3d and Al 3p orbitals, as well as the Cr 3d
and C 2p/2s orbitals, which agreed well with other reports [50,51].
Moreover,  on  the  basis  of  the  energy  range  of  hybridization,  the
Cr‒C bonds presented a greater bonding strength than the Cr‒Al
bonds  did.  The  electrons  occupying  the  Fermi  level  are  mainly
favored  by  Cr,  suggesting  that  the  Cr‒Cr  metallic  bond  is
responsible for conducting electrons. After the introduction of the
Mo atom into the Cr site in the Cr2AlC structure, all DOSs of the
(Cr1−xMox)2AlC systems exhibited  bonding characteristics  similar
to  those  of  the  pristine  Cr2AlC  case  (Fig.  10(b)).  However,

increasing the Mo concentration enabled the hybridized peaks of
the  Cr‒C  bonds  to  shift  downward  gradually  (Fig.  10(c)),
confirming  the  increase  in  the  number  of  Cr‒C  covalent  bonds,
whereas  the  bonding  of  Cr‒Al  did  not  significantly  change  with
increasing  Mo  concentration.  Typically,  the  covalent  bonds
between  M  and  X  atoms  in  MAX  phases  endow  these  materials
with relatively high elastic moduli and strengths, whereas the weak
bonds  between  M  and  A  atoms  allow  MAX  phase  materials  to
possess a certain degree of fracture toughness. In other words, the
increase  in  the  number  of  Cr‒C  covalent  bonds  potentially
contributed  to  the  increased  hardness  of  (Cr1−xMox)2AlC
compared with that of Cr2AlC.

Figure  10(d)  further  shows  the  charge  density  maps  for
(Cr1−xMox)2AlC  coatings  with  various  Mo  concentrations
obtained via DFT calculations. The atomic positions were labeled
to  address  the  accumulation  and  depletion  of  electronic  charge.
The  scale  on  the  right  side  of  the  contour  plot  specifies  the
intensity  of  the  charge  (electron)  density,  while  the  red  and  blue
colors  indicate  high  and  low  electron  densities,  respectively.
Regardless  of  the  Mo  solid  solution,  all  the  systems  exhibited
accumulated  and  overlapped  charges  in  the  regions  around  the
Cr‒C bonds, which is the covalent bonding characteristic [52,53].
In particular, as the Mo concentration x increased from 0.0625 to
0.2500  in  the  (Cr1−xMox)2AlC  system,  the  charges  significantly
gathered around the Cr–C regions, which evidenced the increased
bonding strength around Cr–C from the DOS results. Therefore,
the  hierarchical  (Cr1−xMox)2AlC  coatings  had  better  mechanical
properties than did the homogenous Cr2AlC coating.

For  simplicity, Fig.  11 shows  the  comparative  results  of
hardness  and H/E for  several  Cr2AlC  coatings  in  this  study  and
other references. The distinct observation was that, different from
the fatal limits of hardness toughness reported in previous studies,
a higher hardness value of 16.35 GPa together with the largest H/E
value of 0.064 were simultaneously achieved by manipulating the
hierarchical  (Cr1−xMox)2AlC  coating  with  gradient  refined  grain
sizes.  In  particular,  theoretical  calculations  revealed  that  a  solid
solution  of  Mo  atoms  at  Cr  sites  in  the  Cr2AlC  MAX  phase
significantly enhances the atomic covalent bonding of Cr–C. The
increase  in  atomic  bonding  and  grain  refinement  essentially
multiplied  the  hardness  of  the  hierarchical  structured
(Cr1−xMox)2AlC  coating.  More  importantly,  tailoring  the  Mo
concentration  from  lower  to  larger  amounts  led  to  a  gradient
decrease  in  the  crystal  grain  size  from  70.04±1  to  37.07±1  nm
along  the  growth  direction.  This  hierarchically  dense  structure
with  a  refined  grain  size  increased  the  toughness  without
sacrificing the hardness simultaneously. The evidence is that both
the  hardness  and  toughness  of  the  hierarchical  structured
(Cr1−xMox)2AlC MAX phase  coating  improved by  approximately
26%  and  13%,  respectively,  compared  with  those  of  the  pristine
Cr2AlC  coating,  which  is  also  quite  beyond  the
hardness‒toughness limits reported in the literature.

4    Conclusions
In  summary,  (Cr1−xMox)2AlC  MAX  phase  coatings  were
successfully  fabricated  via  a  multitarget  magnetron  sputtering
system combined with ex situ vacuum annealing. Increasing the x
value from 0.05 to 0.24 gradually led to an interesting hierarchical
structure  with  refined  nanograin  sizes  from  approximately  70.04
to 37.07 nm along the growth direction.  Furthermore,  the atom-
resolved  TEM  characterization  clearly  revealed  the  occupancy  of
Mo at partial  Cr sites and the presence of a gradient variation in
the  crystal  grains.  The  combination  of  nanoindentation  tests
revealed  that  the  hierarchical  structure  of  the  (Cr1−xMox)2AlC

 

Fig. 9    Variation  in  hardness  of  each  layer  with  hierarchical  (Cr1−xMox)2AlC
coating as a function of inverse of square root of grain size.
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coating  exhibited  synergy  between high  hardness  and toughness.
Specifically,  the  hardness  and  fracture  toughness  values  of H/E
and H3/E2 of  the  hierarchical  (Cr1−xMox)2AlC  coating  were
approximately  26%,  12%,  and  57%  greater  than  those  of  the
pristine Cr2AlC coating, respectively. The reason for this hard-yet-
tough observation could be elucidated from two aspects. First, for

the hierarchical  (Cr1−xMox)2AlC coating,  the increase in hardness
might  be  strongly  attributed  to  the  strengthening  of  the
crystallinity  with  increasing  Mo  concentration,  as  well  as  the
increase  in  Cr–C  covalent  bonding  by  the  solid  solution  of  Mo
atoms at  the  Cr  sites  in  the  Cr2AlC matrix.  Second,  the  gradient
reduction  in  the  nanograin  size  was  the  key  contributor  to  the
extraordinary  toughness  of  materials  with  hierarchical  structures.
Consequently,  these  results  not  only  identify  the  solid  solution
strengthening  and  gradient  hardening  synergy  for  the
hardness‒toughness  trade-off  in  Cr2AlC  coatings  by  controlling
the  Mo  solid  solution  but  also  suggest  a  promising  strategy  to
develop  advanced  MAX  phase  materials  with  the  required
strength‒toughness together with other combinations of ceramics
and metals.
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Fig. 10    (a) Total density of states (DOS) and partial density of states of Cr2AlC. (b) Total density of states (DOS) of (Cr1−xMox)2AlC (0 ≤ x ≤ 0.25). (c) Enlarged view of
selected region in (b). (d) Electronic charge density maps of corresponding (Cr1−xMox)2AlC systems.

 

Fig. 11    Comparative results of hardness and H/E of Cr2AlC MAX coatings in
our work and those in Refs. [15,54−62].
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