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Abstract: MAX phases exhibit the merits of both ceramics and metals, including high specific
modulus and strength, remarkable chemical stability and machinability, excellent damage tolerance
and electric and thermal conductivity, etc., which make them very promising for high-temperature
applications as structural materials. So far, at least 6 reviews and 2 books have been published
summarizing the synthesis method and properties. Crystal defects have a significant influence on the
materials properties. To make the defects-engineering based materials design and exploration more
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efficient and targeted, the crystal structure and crystal defects must be understood comprehensively
and clearly. However, such knowledge on MAX phases are fragmented, insufficient and some of
them are even incorrect. In order to understand the defect characteristics and their effects on the
properties better, this paper reviews the past decade’s progress in the crystal structure and crystal
defects of MAX phases.
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Figure 1 Illustration of the location of the chemical elements comprising MAX phases in the periodic table, and
the projection of the unit cell along <1120>.

F 1 JUR MAX A8 #9304 da 14 45 4 4048
Table 1 Crystal structure data of some MAX phases

MAX Space group Lattice parameters (A)
Ti,AIC*"! P63/mme a=3.04,c=13.6
Ti;AIC,*% P63/mme a=3.08,c=1858

Nb,AIC;*! P6s/mmc a=3.13,¢c=24.12
Mo,Ga,CP% P6s/mmc a=3.03,c=18.08
Ti,Au,CP7 P3ml a=13.08, c=5438
Ti;Au,C,PY P3ml a=13.09, c=45.88
TisALC,Y R3m a=3.08,c=48.59
Nb;,ALCs " P63/mcm a=5.49, c=24.01
(Tiy5Cry3);A1C,PY P65/mme a=29,¢=1781

(Zr13V13),A1CH" C2/e a=9.17,b=528,c=13.64, a=y=90°, f=103°
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A 2 (a) Ti;AIC,. (b) M0,Ga,C P® (¢) TihAu,C PR (d) TizAw,C, P8 <1120> # 4y
HAADF-STEM & 4 # ¥ Fr . Nbj,ALCg /% (e) <0001>, (f) <1210>, (g) <0110> Fn (h) <hki0> *
B 8 X B, FATATE, (1) <0001>. (j) <hki0> # Hith & RK B FATA E . “m” Fo “o*” 47

F O E A B <0001> 77 T
Figure 2 HAADF-STEM images of (a) TizAlC,, (b) M0,Ga,C P, (c) Ti,Au,C, 7 and (d) TizAu,C, ¥
along <1120>. Selected area electron diffraction patterns along (e) <0001>, (f) <1210>, (g) <0110> and
(h) <hkiO> of Nbj,Al;C ). Convergent beam electron diffraction patterns along (i) <0001> and
(j) <hki0>. “m” and “c*’ mark the mirror and <0001> in the reciprocal space.
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3 (a) BEAAE (0001) TFof. Be/NKRERRET, FTEERE M. REMEENRIFZLT

BETHEH A LA NG BT, (b) REMELLE FH. (b) PALEERAWEREMNAFLE K

BT dats, AT NbpALCy; REERAHERE TN T EE, AT NbAIC o (¢) Z4 F A BB E

L Famt& R AL, TR R . (d) AL fd i ms = F@saEL-F% T 1/3<1010> (Nbj,AlCs
mi), UWEGEHKAR, ATIWEER (MLeks).

Figure 3 (a) Disordered carbon vacancy on (0001). Black balls and squares are carbon atoms and vacancies.
Gray and blue balls represent Nb atoms above and below the carbon layer. Carbon vacancies become ordered on
the left-hand side in (b), where the red and black hexagons outline the sub-lattice of Nbj,Al;Cg and carbon-
vacancy-disordered NbsAlC; .. The sub-lattice of carbon vacancy on the left side and right side in (c) has no
relative mismatch during the ordering process. (d) The sub-lattice of carbon vacancy on the left side and right
side are shifted by 1/3<1010> (Nb;,Al;C; lattice), as illustrated by the yellow arrows. A domain boundary forms
in the region highlighted in pink.
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Figure 4 (a) Misorientation-angle plot of as-synthesized Nb4AlC; . The inset is the distribution of the rotation
axis plotted in inverse pole figure. (d) Electron back-scattered diffraction orientation map. The 30°/[0001]
boundaries are highlighted with black lines ’?!. The order-disorder domains in the (c) as-synthesized and (d)
annealed at 1400 °C for 30 min followed by cooling in the air with a rate of 175°/s. The bright and dark regions

are Nb,Al;Cg and NbyAlC;_,. The arrow marks the domain boundaries.
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HEIE ALJZI 4f. (V1Cr10)4AlCs F1(Ti oMoy 2),AICs T Al JZ 1 de FE 9 Cre Mo .
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(Fl D AR A8 51, B F SR 8 F)U22; () TRAIN o 442 76 3 1 26 7 (48 T 3 S A0 A f 46101,

(d) TH;AIC, # 8L 8 f )0 (o) ~ () A8 KL AT #H 24T, ()~ (h) AR RGEHITSH X EAT

A TAL () R RN E R R E A B 1A 3 894 KA B = 1/3[1120]52.4.6.7 B9 48 K K € & 1/3[1210];

SHIMEKKER 1/3[2110], () THAIC, FEETEH A 4. e ABEN LT, BT LT THREE
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Figure 6 Typical dislocation configurations in MAX phases. (a) Dislocation wall in Ti;SiC,"''"), (b) dislocation
arrays (denoted as D) in Ti;SiC, piled up near the grain boundary (marked by the arrow)'*?, (c) non-regular
dislocations and dislocation networks formed by dislocation reactions in Ti, AIN!''*], (d) dislocation cells in

Ti;AlIC,"#). (e) ~ (i) Diffraction contrast analysis of the dislocation reactions'' ). The diffraction vectors used

for the imaging in (e) ~ (h) are provided at the lower right corner of each subfigure. (i) Illustration of the
dislocation reactions. The Burgers vector for dislocation segments 1 and 3 is 1/3[1120], that for 2, 4, 6 and 7 is
1/3[1210], and that for 5 is 1/3[2110]. (j) Non-basal slip dislocations (arrow) in Ti;AlC,. Black dots illustrate the
basal plane!'*¥.

(v M) J&, P Peierls—Nabarro—Galerkin MR T REEAL . 300, 60° A7) R EE I £ kg2,
XA R O s TR SRR T S AL M T I, 1/3 <1120> BUA 4 2 o0 R R AN TR A B
1/3<1010> ANAHE o BRALEE /AR ATEAS 30° AR s TIALEE o fi A 60° IR A gl 30°
RLES T3 9 — MEALET AT — S 60° ALERIA AL 60° ALE /N — A UL A —A 30° (A4
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FAT A G B T B 3 o 5 B45 2 Farber 25 AUV Joulain 25 AOIE 2 4l i 22 51 7 A4
ikt e (HIZASAEHEA B2 HSEW, M2 HEASIRH MX ZSE80W, AaiEikt. x—
UG SR VEAR AT
G F VI 1 (CRSS) A ik 5 17 A 1 A% Ak 5 F2 P 1) B B4R - Gouriet 25 N0V 8 BB AL 300,

60° F1IT] RN AEZE 0 K 1) Peierls /4358 611 MPa. 830 MPa. 680 MPa. 957 MPa. f: CRSS Mi%
mTiXeeq . Barsoum 25 NP s U . LA TisSiC, 28T MBI 78 K B4 4t i) CRSS /b
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HETEAR NN RTS8 AT MAX AR e 2 B 4s, HIET
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1To WAL BTV S BN MeX J\TIR, XML AR S K4 . Zhang % NP7 & B Nbj,AlCy
AL JE T 13<0110>UA A4, (EAEAEEATZH . 1EE X NbpALCy A FE IR FHIE 4
HAHERE [(F S () ~ (2)], RAY] Nb-Al #1E A4 2= R X MR R RA A, ATTIESE
T MAX FHA R AL ES /2 BY V) M—A P2 A o R E 6E HAST 85 7 S AR 43 B B4 3R B A6 45 1% 80 7E Nb-Al
M. (HFRERHIE, SRR OES MBS TR AN MAX A WE2E] . Guitton %5
AR 350 MPa SR RZ R T 900°C JE4 4.5% ) TiLAIN thai 23] 7 AL R i il i B [FI, 1

2% ®aU s
225 bl 3
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SEE% T3e% pess i3i% S84t 1831 -20%

Bl 7 (a) Nbj,ALCy £ HE <0110> . (b)~(d). () ~(2) A4 A REE a. PEAFELTEMLE EHET
MAEE, BHEREZE o PELHE TS T THEFERESE: (b,e)u=0,(c,g) 1/3[0110], (d) [0110], ()
1/6[0110]. (h) &% & & (L4 # HAADF-STEM R F 4 # &R r. A EBET S, 4T F, AhHx
B 1/6<1120>, (A4 A7 EE AR EE 2 R JUFA AR Lo AT B ZE 7 M i & 4% B . E# B CER[92]
Figure 7 (a) Projection of the Nb;,Al;Cy unit cell along <0110>. (b) ~ (d), (e) ~ (g) are the atomic configurations
for the slip along the o and P basal plane, respectively. The slip was introduced by shifting the part right above o
or B plane with respect to the lower part by a displacement (b,e) u=0, (c,g) 1/3[0110], (d) [0110], (f) 1/6[0110].
(h) Atomic-resolution HAADF-STEM image of a mixed type dislocation superimposed with the strain map
generated by geometric phase analysis. The Burgers circuit illustrated in (h) starts at S and ends at F, indicating a
disregistry of 1/6<1120>. The inset is the &y,strain map. The figures are adapted from Ref. [92].
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Figure 8 (a) TEM morphology of SFs in Nb;,Al;Cs. The dotted line illustrates the basal plane. (b) Statistic
histogram of the spacing between SFs. (c) ~ (f) SFs and dislocations in Ti;SiC,!"**. (¢) and (d) are recorded with
g=(0114) and g = (1210), respectively. G1, G2, and G3 denote different grains. The SF is marked by arrows.
(e) Typical bright field TEM morphologies of SFs which are bounded by partial dislocations (D) and grain
boundaries (not shown here). (f) The SFs are out of contrast and only partial dislocations are visible.

(g) Atomic-scale HAADF-STEM image of SF in Ti;AlC,. “3” represents the normal stacking of Ti;AlC,, while
“2” denotes the SF formed by the extraction of one “TiC” layer. The bright and dim dots are Ti and Al atoms.
(h) ~ (j) Formation of SF in Ti3;AlC,, where the red and blue lines are A and M plane, respectively. The
dislocations are marked by +. (k) Typical TEM morphologies of SFs in Ti,AIN;!"*", including those running
through the grain (A), bounded by partial dislocations (B), perpendicular to the basal plane (C).
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Fig. 7 (a) Inverse pole figure map of Ti,AIC with y-axis in the vertical direction. Grain boundary maps of the
as-prepared (b) and cyclically compressed sample (c). The low and high angle grain boundaries are marked by
red and black lines, respectively. (d) ~ (f) Misorientation profiles and unit cell orientations. Inserts show
magnified Schmid factor maps. The figures are adapted from Ref. [150].
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Ao A AN, A2 BIRE R 0001) EEHEE . by 2 (c) PHEEWMKKE, by, by frb, 221
HHMRRE LA LRMKKEN by Fby R &AM HA T OF 8% Tk ey H A 77 mAAE,
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Figure 10 (a) Scanning electron microscopy morphology of kink in Ti;SiC,''**). The delamination results in
cracks, as marked by the arrows. (b) TEM morphology of kink in Ti;SiC,!"'"\. The kink boundary has both tilt
(about 15°) and twist (about 2°) components. (c) Lattice fringe images showing the dislocation walls marked by
the arrows in (b). The dislocations are b, or b; type full dislocations. The length of the observed Burgers vector
is 1.54 A. (d) Illustration of dislocation configuration comprising the kink boundary'''”!. The left part illustrates
the projection of HCP lattice on (0001), where the dislocation line, observed Burgers vector (b,s) for the
dislocation in (c), by, b, andb; are shown. The right part shows possible arrangements of mixed dislocations b,
and b; in a dislocation wall. The screw components contributed by each dislocation in (D are in the same
directions. The screw components in the neighboring dislocation in @) are in opposite directions and cancel
each other. An error of the arrangement in 2 gives a net twist component in ).
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Figure 11 (a) A typical TEM morphology of hexagonal screw dislocation networks. (b) Strain dependence of the
length of hexagon’s edge and twist angle. (¢) Crystallographic directions of the diffraction vectors and Burgers
vectors. TEM dark field images are recorded with a diffraction vector (d) gy, (e) g, and (f) g3. Solid and dotted

lines illustrate the dislocations in and out of contrast, respectively. The figures are adapted from Ref. [162].
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