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a b s t r a c t 

Ternary layered MAX phase materials have excellent corrosion and oxidation resistance. However, their 

applications are limited by low hardness yet poor crack resistance, due to weak M–A metallic bonding 

and poor crack resistance stemming from their extremely high plastic anisotropy with ultrahigh c/a ra- 

tio ( > 4). In this work, we demonstrate significant improvements in both hardness and crack resistance 

when the grain size of MAX phases is reduced to nanoscale. Nanocrystalline Cr2 AlC MAX coatings with 

grain size ranging from 0 to 100 nm were successfully fabricated using a controllable PVD-based two- 

step bottom-up strategy. Remarkable improvements are achieved in both hardness and toughness, with 

hardness (15.5 GPa)/record-high strength (8.53 GPa) and toughness/plasticity peaking at a grain size of 

15.8 nm near the critical value. Such unusual hardening-toughening effect at nanoscale stems from ho- 

mogeneous deformation mode transitions with synchronous Hall–Petch hardening. Transmission electron 

microscopic observations proved that both pyramidal and prismatic slip, which are unlikely to operate 

at microcrystalline regime at room temperature, are completely active at nanocrystalline regime, un- 

locking the key 〈 c 〉 -axial plasticity. As grain size further decreases approaching the critical value, a dy- 

namic grain refinement-induced secondary sub-shear banding mechanism is triggered, which further ex- 

tends the homogeneous deformation stage. These findings provide a simple route to fabricate advanced 

MAX phase corrosion-protection coatings with superior mechanical properties for extreme condition 

applications. 

© 2025 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

The MAX phase (Mn + 1 AXn , n = 1–4), initially proposed by Bar- 

oum [ 1–3 ], represents an emerging class of ceramic materials 

here M-sites are occupied by early transition metals such as Ti, 

r and V, A-sites by group 13–16 elements like Al, Si and Sn, and

-sites typically by carbon or nitrogen [ 4 , 5 ]. Crystallized in a close-

acked hexagonal (hcp) structure with alternating metallic and ce- 

amic bonds stacking along the 〈 c 〉 -axis, the MAX phase has hybrid

erits of both ceramics and metals, renowned as “machinable ce- 

amics”. Due to outstanding resistance to oxidation, corrosion, and 

adiation [ 6–10 ], Al-based MAX phases demonstrate significant po- 
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ential as protective coatings. Particularly, in highly oxidizing or 

orrosive environments, the Al atoms at the A-site diffuse to the 

urface and form a dense alumina scale that impedes further oxy- 

en diffusion, making MAX phases suitable candidates for applica- 

ions in marine and nuclear energy sectors. 

Despite favorable properties, the load-bearing capacity of MAX 

hases is strictly limited. On one hand, bulk MAX phases typically 

how disappointingly low mechanical strength (below 1.4 GPa) 

 11–13 ], attributed to extremely easy dislocation sliding along the 

etallic-bonded M–A basal plane. On the other hand, the excep- 

ionally pronounced structural and elastic anisotropy, imparted by 

he huge c/a ratios, results in significant deformation anisotropy 

 14 ], leading to inferior resistance to cleavage along basal planes, 

ften manifested by kink-banding [ 15 ] and ripplocation [ 16 , 17 ]. 

Numerous efforts have been attempted to improve the hard- 

ess/strength of MAX phase, including second-phase strengthen- 

ng [ 18 ], solid-solution strengthening [ 19 ] and grain refinement 
Materials Science & Technology. 
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 20 ]. However, introduction of a second phase generates more het- 

rogeneous interfaces, potentially degrading corrosion resistance 

 21 ], while solid solutions may promote impurity phase forma- 

ion. Grain refinement, on the other hand, presents a promising 

pproach to strengthen and promote plastic deformation ability of 

AX phases without inducting second-phase impurities that sac- 

ifice their anti-corrosion properties. Moreover, Yu et al. [ 22 ] re- 

orted that reducing grain size in single crystalline (SC) hcp-Mg 

ncreases critical resolved shear stress (CRSS) across all slip sys- 

ems and reduces plastic anisotropy significantly. The CRSS ratio 

etween basal and non-basal slip systems (CRSSbasal /CRSSnon-basal ) 

ecreases from 100 to 2 as grain size is reduced to ∼100 nm, fa- 

ilitating 〈 c 〉 -axial plasticity at room temperature. Liu et al. [ 23 ]

lso observed large plasticity actuated via pyramidal slip in Mg 

ingle crystal through in-situ nano-compression tests. Similar phe- 

omenon was further reported in polycrystalline (PC) Mg by Zheng 

t al. [ 24 ]. These findings suggest an unusual size effect that grain

efinement in materials with high structural anisotropy enhances 

oth hardness and plasticity. Given the same hcp structure of MAX 

hase, promoting hardness and plasticity via reducing grain size 

own to ultrafine and even nanometer level is highly encouraged. 

et, significant differences in structure still exist between metal Mg 

nd MAX phases. Firstly, MAX phases have hybrid complex lattice 

n M–X layers and simple lattice in M–A layers. Secondly, MAX 

hases own much larger c/a ratio (e.g., c/a = 4.0 for Cr2 AlC, com- 

ared to c/a = 1.633 for Mg). It’s possible that grain refinement in 

AX phases could lead to disparate effects on mechanical behav- 

ors. 

Nevertheless, to our best knowledge, systematic investigations 

n mechanical behaviors of nanocrystalline (NC) MAX phases can 

ardly be found. The grain size of bulk MAX phases reported in 

iteratures generally falls within the microscale regime [ 11 , 25 ]. The 

eal effects of ultra-refinement of grain size on the mechanical 

roperties of MAX phases, and the maximum hardness/strength 

f MAX phases remain open questions. The challenge lies in dif- 

culties in fabricating nanograins through conventional processes 

uch as sintering [ 19 , 26 ] and hot-press (HP) [ 27 ], which require

igh temperatures to enable sufficient atomic mobility for the crys- 

allization of the long-period ternary structure. Recent work has 

uccessfully produced NC MAX phase coatings utilizing both one- 

tep [ 28 ] and two-step [ 29 , 30 ] sputtering-based bottom-up strat-

gy. However, the one-step fabrication of MAX phase coatings 

t high temperatures makes it difficult to precisely control the 

rain growth process, resulting in challenges in regulating both 

he grain size and the associated stress in the MAX phase coat- 

ng. Moreover, the two-step method facilitates the production of 

igh-purity MAX phase coatings, effectively preventing the intro- 

uction of impurity phases that can lead to defects and weak in- 

erfaces. The NC Cr2 AlC coatings prepared by two-step method 

chieving an ultrahigh compressive strength of nearly 5 GPa—four 

imes higher than previously reported coarse-grained 211-MAX 

hase, while maintaining a large strain-to-failure of over 12.5 % 

 31 ]. 

To address the fundamental issues mentioned above, herein 

e continue to prepare NC Cr2 AlC coatings with grain size span- 

ing the entire nanometer regime, through controlled crystalliza- 

ion from the sputtered amorphous nanolayered (ANL) Cr-Al-C pre- 

ursors. The study focuses on two key aspects: (i) the upper lim- 

ts of hardness and plasticity in MAX phases, and (ii) the defor- 

ation mechanisms in NC MAX phases. Results indicate a two- 

tage size-dependent transition in mechanical behaviors, driven by 

witches in dislocation slip and shearing mechanisms as grain size 

ecreases from micrometer to nanometer scale. Transitions occur- 

ing between 100 nm and 15.8 nm enable uniform plasticity, al- 

owing simultaneous enhancement of toughness and hardness be- 

ore the onset of Hall–Petch breakdown. 
a

171
. Experimental 

.1. Sample preparation 

A two-step bottom-up fabrication strategy, based on hybrid PVD 

eposition, was employed to synthesize NC Cr2 AlC MAX phase 

ith precise control over grain sizes. First, ANL Cr-Al-C precur- 

ors were deposited onto Ti-6Al-4V substrates by a hybrid arc- 

puttering technique within a home-made deposition system. A 

igh-purity aluminum target (99.9 %, 400 mm × 100 mm × 7 mm) 

nd a chromium target (99.9 %, Ф 128 mm × 15 mm) served as 

he sputtering and cathode arc sources, respectively. Prior to de- 

osition, the substrates were ultrasonically cleaned in acetone and 

thanol for 30 min, followed by placement in a rotary holder in- 

ide a vacuum chamber, which was then evacuated to a base vac- 

um degree of 4.0 × 10−3 Pa. To ensure contamination-free sur- 

aces, an Ar+ iron etching process was performed. During depo- 

ition, the Cr and Al target powers were maintained at 0.9 and 

.1 kW, respectively, while an Ar-CH4 gas mixture was introduced 

s the working gas. Notably, no external heating was applied dur- 

ng deposition. Following the deposition of the ANL precursors, the 

amples were subjected to high-vacuum annealing under a pres- 

ure of 2 × 10−3 Pa to promote crystallization into the NC Cr2 AlC 

AX phase. The annealing temperatures and durations were ad- 

usted incrementally, from 500 °C-0.4 h, 500 °C-0.5 h, 600 °C-0.5 h, 

50 °C-1 h, to 700 °C-1.5 h. A uniform heating rate of 10 °C/min 

as applied for all samples. After annealing, all samples were nat- 

rally cooled down to ambient temperature. 

.2. Mechanical tests 

Instrumented nanoindentation test were performed using an 

TS-G200 nano-indenter, equipped with a Berkovich diamond tip, 

o evaluate the mechanical properties of the coatings. The hard- 

ess ( H ) data was obtained in continuous stiffness measurement 

CSM) mode with a maximum indentation depth of 700 nm. Hard- 

ess values were derived in accordance with the Oliver and Pharr 

ethod [ 30 , 32 ], by averaging data over an indentation depth range

f 40 0–50 0 nm—less than 1/10 of the coating thickness—to mini- 

ize surface and substrate effects [ 33 ]. At least nine indents were 

erformed for each sample to eliminate random errors. The strain 

ate sensitivity ( m ) was determined experimentally by calculating 

he slope of the double-logarithmic plot of hardness ( H ) versus 

train rate ( ε ), as expressed by: 

 = ∂ log ( H) 

∂ log 
(
ε 
) (1) 

here strain rate ( ε ) is derived from the loading rate ( P ): 

 = P 

2 P 
(2) 

here P represents the applied load and P = d P /d t is the loading

ate. Nanoindentation tests were conducted at six different strain 

ates: 0.0 02, 0.0 042, 0.0125, 0.02, 0.029 and 0.04 s−1 , using load- 

ontrolled mode. A constant load of 20 mN was applied for all 

ests, with a holding time of 10 s to mitigate the creep effect. 

The crack resistance, i.e. fracture toughness, of the coatings was 

ssessed via an indentation-based quantitative method. Severe lo- 

al deformation was induced using a cube corner diamond tip, 

oaded at 100 mN during nanoindentation, to assess the toughness 

f each sample. In addition, uniaxial micro-compression tests were 

onducted by Hysitron Ti-950 nanoindenter equipped with a 10 

m flat punch diamond tip, operated at room temperature. Cylin- 

rical micropillars with a diameter of approximately 1 μm and 

n aspect ratio of 1:2 were fabricated via focused ion beam (FIB) 
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illing (Helios G4 CX), employing a low milling current to mini- 

ize tapering of the micropillars. Considering the loading capabil- 

ty and actual loading conditions, the annealed samples were com- 

ressed to 600 nm, under displacement control mode at a strain 

ate of 2.5 × 10−3 s−1 . Prior to testing, all samples were polished 

ith a diamond polishing agent to remove surface defects and re- 

uce friction between the indenter and the coating surface [ 34 ]. 

.3. Structure characterization 

The phase structure of the Cr-Al-C coatings was analyzed us- 

ng X-ray diffraction (XRD, D8-Advance Brucker) with Cu K α
 λ = 1.5418 Å). The microstructure characteristics of the pristine 

amples, as well as those subjected to cube corner indentation 

nd micropillar compression, were comprehensively examined us- 

ng scanning electron microscopy (SEM) and transmission elec- 

ron microscopy (TEM, Talos-F200x) with selected-area electron 

iffraction (SAED). In-depth atomic structures were investigated via 

igh-resolution TEM (HRTEM) technique. To ensure the integrity of 

he deformed micropillar structure during TEM sample preparation 

nd prevent any undesired deformation, a protective layer of car- 

on and platinum was deposited around the deformed micropillar. 

his approach effectively preserved the microstructure during fo- 

used ion beam (FIB) thinning. TEM specimens were prepared at 

n operating voltage of 3 kV to minimize beam-induced damage 

nd maintain the fidelity of the microstructural observations. 

. Results 

.1. Structure and phase characterization 

Fig. 1 (a) depicts the synthesis process of NC Cr2 AlC coatings. 

recursors with nanolayered structure were first prepared using a 

ybrid PVD deposition technique. Owing to the nanoscale multi- 

ayered structure of the precursors, the diffusion distances of Cr, 

l, and C atoms were significantly reduced compared to conven- 

ional bulk MAX phase fabrication methods, facilitating a much 

ore controllable crystallization process. Crystallization was then 

chieved under much milder heating conditions, which can be as 

ow as 500 °C. Fig. 1 (b) shows the XRD patterns of the as-deposited

nd annealed Cr-Al-C coatings at various temperatures and dura- 

ions. In the as-deposited sample, apart from the peaks attributed 

o the Ti-6Al-4V substrate and a broad peak at 64 °—suggestive 

f the possible presence of nanocrystalline structures—the Cr-Al-C 

oating exhibited a characteristic amorphous signature, evidenced 

y a broad diffraction hump centered around 42 °, which is consis- 

ent with the amorphous state prior to annealing [ 35 ]. The emer- 

ence of distinct diffraction peaks upon annealing indicates the on- 

et of crystallization, with the progressive increase in peak inten- 

ity correlating with grain growth as annealing temperature and 

ime are elevated. This crystallization behavior was further corrob- 

rated by TEM analysis. In all samples annealed for 500 °C-0.4 h 

nd 650 °C-1 h, the diffraction peaks correspond exclusively to the 

r2 AlC phase, as indexed by the Cr2 AlC standard reference pat- 

ern (PDF #29-0017), except for the presence of minor peaks of the 

r5 Al8 impurity phase in the sample annealed at 700 °C for 1.5 h. 

n general, the Cr2 AlC MAX phase coatings produced in this study 

xhibit high phase purity across most annealing conditions. In ad- 

ition, the three prominent peaks of the NC Cr2 AlC MAX phase 

oating align well with the PDF card, suggesting no pronounced 

referential orientation in the coating structure. 

TEM studies provided detailed insights into the microstructures 

f the Cr-Al-C coatings. The bright-field (BF) image in Fig. 1 (c1) re- 

eals the nanolayered (NL) structure of the as-deposited coating, 

ecorated with a few nanograins. The alternating bright and dark 
172
ayers correspond to C-containing Al-rich and Cr-rich domains, re- 

pectively. The diffuse halo in the SAED pattern confirms the amor- 

hous nature, with superimposed diffraction spots indicating the 

resence of nanograins, consistent with the XRD results. Such ANL 

tructure with small interlayer thickness facilitates interdiffusion, 

romoting MAX phase nucleation at low temperatures. Following 

nnealing at 500 °C for 0.4 h, crystallization from the ANL precur- 

or is confirmed by the BF image in Fig. 1 (c2). With higher anneal-

ng temperatures and longer times, equiaxial crystals grew coarser, 

s seen in the BF image and discrete diffraction rings of the 700 °C 

or 1.5 h sample in Fig. 1 (c3). The HRTEM image and FFT pattern 

n Fig. 1 (c4), taken from Fig. 1 (c3), reveal the typical long-period 

tomic stacking of 211-MAX phases. Grain size distributions for 

amples annealed at 500 °C for 0.4 h, 500 °C for 0.5 h, and 700 °C
or 1.5 h are shown in Fig. 1 (d), with average sizes of 10.99, 15.84,

nd 99.85 nm, respectively, confirming their nanocrystalline na- 

ure. Grain sizes ( d ) calculated from XRD using the Scherrer equa- 

ion, listed in inserted table in Fig. 1 (d), are in close agreement 

ith TEM measurements for grain sizes below 100 nm, but tend 

o overestimate at larger sizes. Grain sizes of the samples are de- 

ermined as 11 nm, 15.8 nm, 24.4 nm, 36.5 nm and 99.9 nm for 

nnealing at 500 °C for 0.4 h, 500 °C for 0.5 h, 600 °C for 0.5 h,

50 °C for 1 h, and 700 °C for 1.5 h, respectively. For simplic- 

ty, the grain size of the as-deposited ANL sample is regarded as 

 nm, despite the presence of some nanograins. High-temperature 

nnealing also relieved residual stresses from the deposition pro- 

ess. Overall, the NC Cr2 AlC coatings exhibit equiaxial structures, 

early free of residual stress and preferred orientation, with the 

btained grain sizes spanning the entire nanoscale regime. 

.2. Hardness and strength 

Fig. 2 (a) illustrates the hardness results of the ANL and NC 

r2 AlC as a function of the reciprocal square root of grain size. 

o provide a comprehensive comparison across the nanoscale-to- 

icroscale range, hardness data for micro-grained Cr2 AlC from 

revious studies [ 36–42 ] have also been included. The hardness 

f Cr2 AlC exhibits a very strong grain-size dependence, with three 

istinct regions identifiable in Fig. 2 (a) based on linear fitting. In 

icrocrystalline (MC) regime (part Ⅰ ), Cr2 AlC shows a relatively low 

ardness ( < 7 GPa, based on literature), followed by a sharp in- 

rease as grain size decreases, resulting in an extremely high Hall–

etch coefficient of 159.3 GPa nm1/2 . For NC Cr2 AlC (part Ⅱ ), the 

ardness values fit well within the Hall–Petch trendline, doubling 

ompared to MC Cr2 AlC, and increasing from 13 GPa to 15.46 GPa 

s grain size reduces from 100 nm to 15.8 nm, with a Hall–Petch 

lope of 16.22 GPa nm1/2 . As grain size decreases below 15.8 nm 

part Ⅲ ), a negative slope is observed, indicating Hall–Petch break- 

own, and a corresponding drop in hardness. With this regard, 

he maximum hardness of 15.46 GPa should be achieved at grain 

izes close to 15.8 nm. Notably, the critical grain size for Hall–

etch breakdown in Cr2 AlC is significantly smaller than that of 

cp-Mg [ 24 ], but lies between values observed for fcc and bcc met- 

ls [ 43 , 44 ] and pure ceramics [ 45 ]. This suggests that Cr2 AlC MAX

hases exhibit mechanical behavior that deviates from traditional 

cp-Mg, displaying hybrid characteristics of both cubic metals and 

eramics. The sharp change in the Hall–Petch slope from the MC to 

C regime also indicates a transition in deformation mechanisms. 

Cr2 AlC coatings with grain size of 99.9 and 15.8 nm were se- 

ected for micropillar compression tests. Fig. 2 (b) compares the 

ompressive strength of NC Cr2 AlC with microcrystalline MC 211- 

AX phases (M = Ti, Cr, V) from the literature [ 19 , 20 , 31 , 37 , 46–

1 ]. The results show that the strength of NC Cr2 AlC is at least 

our times greater than that of MC 211-MAX phases. With a grain 

ize reduction to 15.8 nm, the maximum compressive strength 

f Cr AlC reaches 12.8 GPa, approximately ten times higher than 
2 
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Fig. 1. (a) Schematic of fabricating NC Cr2 AlC MAX phase via a PVD-based bottom-up method. (b) XRD spectra of all samples. Bright-field TEM morphology of (c1) as- 

deposited ANL sample, (c2) sample annealed at 500 °C-0.4 h, (c3) sample annealed at 700 °C-1.5 h and (c4) the corresponding HRTEM image, with inserts showing corre- 

sponding electron diffraction patterns. (d) Results of statistical grain size distribution of measured directly from TEM images. 
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C 211-MAX phases. It is also worth noting that the compressive 

trength of 88 nm Cr2 AlC (5.3 GPa) [ 31 ], measured at a strain of

.125, is lower than the 7.6 GPa observed here for the 99.9 nm 

ample at a strain of 0.3. 

.3. Toughness and plasticity 

The toughness of coating was evaluated through crack resis- 

ance under sharp indentation. Cr2 AlC coatings with grain size of 

9.9 nm, 36.5 nm, 15.8 nm and 11 nm were selected for cube cor- 

er indentation tests. Fig. 2 (c1–c4) shows the distinct cracking be- 

aviors under a constant load of 100 mN. The stress intensity fac- 
173
or KIC , commonly used as a fracture toughness indicator, was cal- 

ulated using the equation developed by Lawn, Evans and Marshall 

 52–54 ]: 

IC = α

(
E 

H 

)1 / 2 
P 

c3 / 2 
(3) 

here α is an empirical constant (0.0032 for cube corner inden- 

er), and c is the radial crack length from the indent center [ 55 ].

he results indicate that KIC first increases and then decreases as 

he grain size decreases from 99.9 nm to 11 nm, with the high- 

st value of 3.13 MPa m1/2 occurring at 15.8 nm. This suggests that 

oth toughness and hardness peak at a grain size of 15.8 nm. 
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Fig. 2. (a) Hardness as a function of grain size d (nm) and d−1/2 (nm−1/2 ) of NC Cr2 AlC MAX phase. For comparison, hardness of MC Cr2 AlC from literature [ 36–42 ] are also 

included. Two different linear fitting results are plotted. (b) Plot of engineering strength of the current work and data from literature [ 19 , 20 , 31 , 37 , 46–51 ]. SEM micrographs 

of cube corner nano-indents and calculated fracture toughness of sample (c1) 99.9 nm, (c2) 36.5 nm, (c3) 15.8 nm and (c4) 11 nm. (d) Engineering strains of NC Cr2 AlC and 

MC MAX phase from literatures [ 31 , 37 , 47 , 48 , 51 ]. (e) Fitting and hypothetical strain rate sensitivity index m of ANL Cr-Al-C and NC Cr2 AlC as a function of grain size. 

n

0

t

[  

N

h

a

t

4

4

i

i

t  

p

l  

2

0

t

S

a  

i

a  

F

s

t

u

s

m

a

f

f

s  

c

l

w

H

d

r

t

s

i

t

c

d

4

N

t

t

s

a

c

i

h

fi

(  
Additionally, the compressive engineering strains of the 99.9 

m and 15.8 nm samples, subjected to micro-compression, were 

.3 and 0.31, respectively. These values are significantly higher 

han those reported for MC Cr2 AlC and Ti2 AlC in the literature 

 31 , 37 , 47 , 48 , 51 ], as shown in Fig. 2 (d). This demonstrates that

C MAX phases, particularly at 15.8 nm, exhibit a substantially 

igher strength-plasticity product than their MC counterparts, 

ligning with the superior toughness observed in the cube corner 

ests. 

. Discussion 

.1. Strain rate sensitivity 

To better understand the mechanical behaviors of Cr-Al-C coat- 

ngs, the strain rate sensitivity (SRS) index m , a parameter reflect- 

ng deformation mechanism, was measured. The relationship be- 

ween m and grain size is displayed in Fig. 2 (e). The ANL sam-

le exhibits a negative m value, which is typically seen in metal- 

ic glass [ 56 , 57 ]. For NC Cr2 AlC with grain sizes from 100 nm to

4.4 nm, the m values are positive but extremely low, ranging from 

.0086 to 0.0023. As the grain size decreases to 15.8 nm, m rises 

o 0.0113, still indicating weak strain rate sensitivity. Generally, the 

RS m value increases as grain size decreases, as seen in fcc met- 

ls like Cu [ 58 ], and hcp metals like Ti [ 59 ] and Mg [ 60 ], due to

ncreased dislocation impediments caused by GBs. In NC materi- 

ls, the increase in m is often attributed to active GBs motion [ 61 ].

or MAX phases, a significant increase in m was expected due to 

trong impediment of basal slip by GBs, as suggested by the ul- 

rahigh Hall–Petch slope in Fig. 2 (a). However, the actual m val- 

es of NC Cr2 AlC remain much lower than those of NC Cu (grain 

ize = 31–42 nm, m = 0.032−0.038) and Ti (grain size = 76 nm, 
174
 = 0.163). This suggests that dislocation slip in NC Cr2 AlC is not 

s hindered much by GBs. The deformation mechanisms deviate 

rom the conventional dislocation-mediated mechanisms typical of 

cc and hcp metals. Given that the m values are far below 0.5 (GBs 

liding) [ 62 ] or 1 (Coble creep) [ 63 ], the role of GB activity is ex-

luded. Thus, two major factors: dynamic recovery and extra dis- 

ocation multiplication, should be attributed to the low m value, 

ith limited contributions from GB activities. 

When the grain size further decreases to 11 nm, where the 

all–Petch relationship breaks down, the m value jumps by one or- 

er of magnitude to 0.204, indicating significantly enhanced strain 

ate sensitivity. This is likely attributed to the increasing GB ac- 

ivities such as sliding. Though, the m value remains below 0.5, 

uggesting additional factors influence the deformation mechanism 

n NC Cr2 AlC. Overall, the m values of NC Cr2 AlC are substan- 

ially lower than expected values if deformation was governed by 

onventional basal slip and GB activities, as depicted by the grey 

ashed curve in Fig. 2 (e). 

.2. Deformation mechanisms for 99.9 nm Cr2 AlC 

For deeper understanding of the deformation mechanisms of 

C Cr2 AlC MAX phase, we examined the microstructural evolu- 

ion under indentation. Fig. 3 shows the cross-sectional view of 

he cube corner indentation on the 99.9 nm Cr2 AlC sample. As 

hown in Fig. 3 (a), the overall deformed structure remains intact 

nd free of cleavage cracks. Notably, no cracks are observed in the 

onstricted surfaces (core and ridge regions) directly beneath the 

ndenter ( Fig. 3 (b, c)). Severe plastic deformation in these regions 

as led to significant grain refinement, as evidenced by bright- 

eld (BF) images and corresponding electron diffraction patterns 

 Fig. 3 (b1, b2)). On the edge of the indent ( Fig. 3 (d)), intergranu-
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Fig. 3. TEM characterization of cube corner indent of 99.9 nm Cr2 AlC. (a) Full view of the indented structure. (b) Core region under the tip, (b1, b2) inserted SAED taken 

from corresponding less and severe deformed areas. (c) Ridge region of the indented area. (d) edge region showing intergranular cracks formed due to GB sliding, rotation 

and extrusion indicated by yellow arrows. e HRTEM image of constricted surface showing a well-regulated featureless amorphous layer. 
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ar cracks are seen, attributed to grain sliding and extrusion to the 

ree surface, corresponding to the “stone-like” pile-up morphology 

 Fig. 2 (c1)), which is consistent with GBs activity-mediated defor- 

ation previously reported in NC Mo [ 43 ]. These results suggest 

hat dislocation-mediated plasticity, assisted by GB activities, gov- 

rns the deformation of 99.9 nm Cr2 AlC. Consequently, the ob- 

erved grain refinement eliminates the possibility of dynamic re- 

overy as a factor causing the low strain rate sensitivity ( m ). Ad- 

itionally, an unexpected amorphous layer with thickness of about 

0 nm is witnessed, as shown in the HRTEM image in Fig. 3 (e). 

In this regard, extra dislocation mechanisms appear to be re- 

ponsible for the reduced m . We examined dislocation types us- 

ng the g •b criterion under two beam BF imaging. Fig. 4 (a1–a3)

hows a basal dislocation (highlighted by a yellow oval), visible 

nder g = [10 ̄1 3] and g = [10 ̄1 0], but invisible under g = [0 0 01].

his is as expected because basal slip is the prior sliding system in 

cp MAX phase, especially in coarse grain. Interestingly, Fig. 4 (b1–

3) reveals the discovery of non-basal dislocations, visible under 

 = [10 ̄1 1] and g = [10 ̄1 2], but invisible under g = [11 ̄2 0], being

rismatic dislocations with a Burgers vector b = 1/3[0 0 03]. Fur- 

hermore, Fig. 4 (c1–c3) shows evidence of pyramidal dislocations, 

hich are visible under g = [10 ̄1 1] and g = [10 11 ] but invisible

nder g = [10 ̄1 0]. Hence, the b of pyramid slip is determined to

e 1/3[ ̄1 2 ̄1 3]. These results show that all-system slip (ASS), includ- 

ng basal, prismatic and pyramid dislocations, are completely ac- 

ive in NC Cr2 AlC. To our best knowledge, the observation of non- 

asal slip in MAX phase at room temperature has been rarely re- 

orted previously, due to the extremely large difference in critical 

esolved shear stress (CRSS) between basal and non-basal slip. For 

cp-metal Mg, with a c/a ratio ∼1.6, CRSS /CRSS ≈102 . 
non-basal basal t

175
iven that Cr2 AlC has a c/a ratio more than twice that of Mg, the 

lastic anisotropy should be even greater, meaning that the activa- 

ion of non-basal slip should be even more difficult. However, plas- 

ic anisotropy of single crystalline Mg was reduced from 102 to 2 

y decreasing its grain size to nanoscale reported by Yu et al. [ 22 ],

nd here in polycrystalline Cr2 AlC, where the increase in CRSSbasal 

ith decreasing grain size far exceeds that of CRSSnon-basal , as in- 

icated by the higher Hall–Petch coefficient in the MC regime 

 Fig. 2 (a)). Similar phenomenon has been observed in polycrys- 

alline Mg when the grain size was reduced from 59.7 μm to 

50 nm [ 24 ]. Note that no twinning was observed. The activation 

f non-basal dislocations as a secondary slip system increases total 

islocation sliding movement, thereby reducing the thermal com- 

onent, which is key to the lowered m value. Finally, the ASS oper- 

tion satisfies the von-Mises criterion, enhancing the homogeneous 

lasticity of Cr2 AlC. 

.3. Deformation mechanisms for 15.8 nm Cr2 AlC 

As the grain size approaches the critical range (15.8–11 nm), 

he indentation pile-up morphology gradually transforms from 

stone-like” ( Fig. 2 (c1)) to “step-like” ( Fig. 2 (c3, c4)), indicative 

f shear banding. Our TEM analysis reveals distinct deformation 

echanisms in the 15.8 nm Cr2 AlC ( Fig. 5 ). The cross-sectional 

iew in Fig. 5 (a) shows that the post-indentation structure re- 

ains largely intact, except for a minor FIB-induced hole. Enlarged 

iews ( Fig. 5 (b1, b2)) unveil that a regulated featureless outer layer 

ith thickness about 20 nm has formed on the constricted sur- 

ace. The HRTEM image and corresponding FFT diffraction pat- 

ern ( Fig. 5 (b4)) confirm the amorphous nature of this outer layer, 
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Fig. 4. Two beam bright-field images for deformed 99.9 nm Cr2 AlC coating showing basal dislocation visible under (a1) g = [10 ̄1 3], (a2) g = [10 ̄1 0], (a3) invisible in 

g = [0 0 01]; prismatic dislocation visible under (b1) g = [10 ̄1 1], (b2) g = [10 ̄1 2], (b3) invisible in g = [11 ̄2 0]; and pyramidal dislocation visible under (c1) g = [10 ̄1 1], (c2) 

g = [10 ̄1 ̄1 ], (c3) invisible in g = [10 ̄1 0]. 
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ontrasting with the crystalline subsurface region ( Fig. 5 (b3)). On 

he free surface, material piles up through shear steps ( Fig. 5 (c1)) 

ather than intergranular cracking seen in the 99.9 nm sample. Fur- 

her analysis indicates that shear steps form through shear banding 

 Fig. 5 (c2, c3)), attributed to extreme grain refinement. 

At the grain size near critical value, where CRSSGB /CRSSdislocation 

atio is minimized, deformation is coordinated by dislocations and 

B activities. When deformation starts, CRSSdislocation is still lower 

han CRSSGB and dislocation slip dominates, causing further grain 

efinement. When the grain size is reduced to below the critical 

alue, CRSSGB decreases to trigger the second-stage GB-dominated 

eformation, which is actuated through collective shearing of dis- 

rdered GBs atoms, forming glass-like shear banding as shown in 

ig. 5 (c3–c5). The observation agrees on a previous enlightenment. 

uan et al. [ 43 ] reported similar glass-like transition in refractory 

etal Mo when grain size reaches a certain critical value, coinci- 

ent with the Hall–Petch limit here. Such critical grain size could 

herefore correspond to an “amorphous limit” size. 

Note that the formation mechanism of the amorphous-like 

hear band differs from that of the completely amorphous surface 

ayer. Interestingly, an amorphous surface layer is also observed in 

he 99.9 nm sample ( Fig. 3 (e)), where deformation is dominated 
176
y dislocation slip. This suggests that the formation of the surface 

morphous layer is less dependent on grain size. Both the inte- 

ior and surface regions experience severe strain, but the key dif- 

erence lies in the surface frictional interaction with the diamond 

ndenter. The surface amorphous layer forms as a result of long- 

ange atomic diffusion, facilitated by frictional heating during in- 

entation. This heat dissipates rapidly through the diamond inden- 

er, creating a supercooling condition to preserves the metastable 

morphous state. In contrast, this thermal-assisted diffusion does 

ot occur in the bulk, making such amorphous surface layer spe- 

ific to surface friction conditions rather than a universal feature of 

r2 AlC plastic deformation. Yet, these phenomena indicate strong 

morphization tendency of Cr2 AlC. This is well supported by the 

act that Cr-Al-C ternary system has good glass formation ability 

GFA) according to the Inoue three empirical formulae [ 64 , 65 ]: (1)

t least three elements, (2) atomic size differences > 12 % and (3) 

arge and negative mixing enthalpy, given that the atomic radius 

ifferences between Cr-C, Al-C and Al-Cr are 50 %, 44 % and 12 %, 

espectively, while the mixing enthalpy of Cr-C, Al-C and Al-Cr is 

36, −61 and −10 kJ/mol, respectively. 

Therefore, deformation-induced amorphization is energetically 

avorable. Atomic-resolution images and corresponding FFT pattern 
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Fig. 5. TEM characterization of cube corner indentation for 15.8 nm Cr2 AlC coating. (a) Overall cross-section view. (b1) Detailed view of constricted surface region showing a 

well-regulated featureless layer, and (b2) corresponding HRTEM image, detailed HRTEM & FFT diffraction patterns confirm (b3) the totally amorphized zone of the featureless 

surface layer and (b4) crystalline inner region. (c1, c2) Detailed view of free surface region on the edge showing a bunch of shear steps compose of typical shear bands, (c3) 

corresponding HRTEM image of the shear band, further enlarged HRTEM & FFT diffraction patterns of (c4) band edge showing distorted MAX phase lattice and (c5) band 

core showing its amorphous-like nature. 

Fig. 6. Schematic for deformation mechanisms switch of Cr2 AlC MAX phase during grain refinement. Red and light blue arrows stand for dominant dislocation and GB 

mechanisms, respectively. 
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n Fig. 5 (c3, c5) reveal that the shear band core comprises grain 

efinement-induced amorphous regions separated by ordered lat- 

ice fragments. Such nanocomposite structure prevents strain local- 

zation [ 66 ] in main-shear banding, but favors deformation via sub- 

hear banding, sustaining uniform plastic deformation after the 

rimary dislocation-dominated process. Consequently, the 15.8 nm 

r2 AlC demonstrates improved crack resistance compared to the 

9.9 nm sample, and the observed glass-like behavior also explains 

he low m value. According to the above analyses, the deformation 

echanism transition in Cr2 AlC is illustrated in Fig. 6 , featured by 

he anisotropic basal slip-dominated process at coarse grains, to 

SS operation-induced homogeneous deformation at nano-grains, 

o dislocation-shear banding two-stage at grain size approaching 
177
ritical value, and to totally GB-dominated mode below critical 

alue. We propose that this strong grain size-dependent mecha- 

ism transition may be applicable to other MAX phases and mate- 

ials with strong crystalline anisotropy. 

.4. Stress–strain response behaviors 

The discussions above have established that NC Cr2 AlC MAX 

hase deforms uniformly via ASS and coordinated collective GB ac- 

ivity ( Fig. 6 ). To verify this scenario, the stress–strain response in 

niaxial compression was investigated. As shown in Fig. 7 (a), the 

ngineering stress–strain curves for 99.9 nm and 15.8 nm Cr2 AlC 

xhibit well defined elastic–plastic stages. But the plastic behav- 
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Fig. 7. Results from uniaxial compression tests. (a) Stress–strain curves of uniaxial compression for 99.9 and 15.8 nm Cr2 AlC. Detailed structure of compressed micropillar 

of 99.9 nm Cr2 AlC, (b) overall view in SEM. Yellow dashed box indicates FIB sectioning area. (c) TEM cross-section image. Post-mortem TEM analyses showing (d) severe 

intragranular plastic deformation in limited surface region, and (e) GBs sliding, rotation & grain extrusion without much straining of grain interior of free surface region. 

Structures of deformed micropillar of 15.8 nm Cr2 AlC, (f) SEM overview. (g) TEM cross-sectional view showing clear shear banding in a cap-like plastic region. The inserted 

SAED patterns were taken from interior and exterior of the shear band. (h) High-magnitude image showing details structures of the shear band. FFT diffraction patterns 

shows (h1, h3) crystalline and (h2) disordered features inside the shear band. 
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ors of both samples are significantly different. The 99.9 nm Cr2 AlC 

isplays serrated flow characterized by numerous small pop-ins 

t a plateau around 7.5 GPa, after yielding at 3.9 GPa. Each pop- 

n event corresponds to intergranular crack formation at the mi- 

ropillar surface, as seen in the post-mortem image ( Fig. 7 (b)). 

s strain increases to ∼0.3, steeper pop-ins correspond to major 

rack formation, yielding a final compressive strength of 7.64 GPa. 

he constant flow stress after yielding, along with the increas- 

ng micropillar diameter, suggests a decrease in true stress, indi- 

ating stress concentration and strain localization. In contrast, the 

5.8 nm Cr2 AlC sample not only shows higher yielding strength, 

ut also demonstrates smoother stress–strain response at the post- 

ielding stage. The engineering stress continues to rise and reaches 

n ultrahigh compressive strength of 12.8 GPa at a strain of 0.31. 

his results in an increase of 7.64 GPa in yield strength, twice that 

f 99.9 nm sample (3.7 GPa), suggesting a much stronger restraint 

n stress concentration, driven by enhanced homogeneous defor- 

ation through continuous sub-shear banding. It is also corrobo- 

ated by the absence of pop-in events of the stress–strain curve, 

temming from plastic deformation jointly governed by GB slid- 

ng and dislocation slip. The results will be confirmed by the post- 

ompression TEM results. 

.5. Deformed structure evolution under compression 

Further analysis of post-mortem structures was conducted to 

upport the previous discussions. As shown in Fig. 7 (b), multiple 

ntergranular cracks are visible on the side and top faces of the 

9.9 nm Cr2 AlC micropillar, corresponding to the serrated flow ob- 

erved in the stress–strain curve ( Fig. 7 (a)). TEM analysis ( Fig. 7 (c,

)) confirms that these intergranular cracks result from grain ex- 

rusion at the free surface, while the constricted surface region 

 Fig. 7 (d)) primarily undergoes intragranular plastic deformation. 

his behavior aligns with the indentation observations, although 
178
B sliding, rotation, and extrusion are more pronounced in uni- 

xial compression due to the increased number of free surfaces. 

n contrast, the 15.8 nm Cr2 AlC micropillar shows no intergranu- 

ar cracks. Instead, multiple sub-shear bands are evident ( Fig. 7 (f)). 

ost-mortem TEM observation reveals arch-shape shear banding 

egions at the top of the pillar ( Fig. 7 (g)). SAED patterns (inserts

n Fig. 7 (g)) and atom-resolution images ( Fig. 7 (h)) reveal that 

he shear band compose of extremely refined structures contain- 

ng crystalline fragments and disordered zone, in good agreement 

ith the analysis in the case of indentation. Therefore, the above 

stablished mechanisms are universally applied to describe the de- 

ormation process under both gradient and uniaxial straining con- 

itions. 

.6. Hardening and toughening 

The hardness of PVD coatings is influenced by factors such as 

ensity, crystallographic orientation, residual stress and grain size. 

n this study, all samples are dense, with negligible preferred ori- 

ntation and residual stress. Therefore, the impact of grain size on 

he hardness of NC Cr2 AlC is isolated. Two discrete hardness-grain 

ize scaling relationships are identified in this work, according to 

heir different Hall–Petch coefficients as grain size declines from 

icroscale to nanoscale. In MC regime, the Hall–Petch coefficient 

eaches an unprecedentedly high value of 159.3 GPa nm1/2 , far sur- 

assing previously reported values for ceramics [ 45 ] and metals 

 67–69 ]. This suggests strong impediment of basal dislocation by 

Bs in the MC regime, where deformation is governed by basal 

lip. In the NC regime, where non-basal slip becomes active, the 

all–Petch coefficient decreases to 16.22 GPa nm1/2 , still a signif- 

cant value. This indicates that the increase in CRSS for non-basal 

lip is much slower than that for basal slip during grain refine- 

ent, contributing to the massive Hall–Petch hardening observed 

n NC Cr AlC. 
2 
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Additionally, NC Cr2 AlC coatings exhibit large strain tolerance 

 > 0.3) and a maximum compressive strength of ∼12.8 GPa, result- 

ng in an exceptional strength–plasticity product. This is supported 

y high toughness, as measured through indentation tests. Our 

nalyses reveal that the enhanced toughness in refined grain size 

s attributed to diversified energy-dissipation routes, which evolve 

s grain size continuously decreases from MC to NC regime, ap- 

roaching the critical threshold. 

In the MC regime, basal slip is the primary energy dis- 

ipation mechanism. Due to the high plastic anisotropy 

CRSSbasal /CRSSnon-basal ), MC MAX phases are prone to cleav- 

ge cracking along basal planes. Grain refinement drastically 

educes this plastic anisotropy. As grain size enters the NC regime, 

ll slip systems, including prismatic and pyramidal, are acti- 

ated, satisfying the von Mises criterion. This leads to isotropic 

eformation and total suppression of cleavage cracking. 

At grain sizes near the Hall–Petch limit, plasticity becomes even 

ore isotropic as CRSSnon-basal and CRSSbasal get closer. Moreover, 

he ratio of CRSSGB /CRSSdislocation is also remarkably reduced, lead- 

ng to synergistic deformation dominated by both dislocations and 

B activity. A dynamic two-stage deformation process emerges. 

nitially, dislocation-mediated plasticity through uniform ASS still 

ominates. As grain refinement continues, deformation surpasses 

he Hall–Petch limit, shifting from a slip-dominant type to an 

morphous-like GB-dominant type. This transition enables delo- 

alized plastic flow at the GB-dominant stage, sustaining homoge- 

eous deformation for longer periods. 

. Conclusions 

In summary, we successfully fabricated dense, equiaxial, ran- 

omly orientated and almost stress-free NC Cr2 AlC MAX phase 

oatings, with grain sizes ranging from 11 nm to 100 nm by a 

ottom-up approach consisting a hybrid PVD deposition and sub- 

equent annealing process. The mechanical behaviors and under- 

ying deformation mechanisms under both indentation and uni- 

xial compression were systematically studied, revealing distinct 

ize-dependent behaviors. A two-stage Hall–Petch relationship was 

dentified in NC Cr2 AlC MAX phase. In the MC regime, deforma- 

ion is dominated by basal slip, with a high Hall–Petch coeffi- 

ient due to the strong resistance of GBs to basal dislocations. 

s grain size decreases to the NC regime, all-system slip includ- 

ng prismatic and pyramidal slip becomes active, reducing the 

all–Petch coefficient and promoting metal-like uniform plastic- 

ty. Further refinement toward the critical grain size (11–15.8 nm) 

eads to a shift from slip-dominated to GB-dominated deforma- 

ion, initiating a secondary deformation stage characterized by 

morphous-like sub-shear banding, which prolongs homogeneous 

eformation and enhances energy dissipation. These result in har- 

onized hardening and toughening mechanisms, leading to the 

aximum hardness (15.5 GPa), strength (12.8 GPa) and tough- 

ess (3.13 MPa m1/2 ), as well as superior strain-to-failure (0.31) 

t a grain size of 15.8 nm. The current study unravels a unique 

all–Petch hardening–toughening effect in the highly anisotropic 

AX phase, significantly enhancing its load-bearing capacity and 

xpanding its potential applications. The interesting findings also 

stablish connections between the mechanical behaviors of crys- 

alline and amorphous states in MAX phases, bridging ceramics 

nd metals at the finest size scale. 
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