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Abstract: We presented a theoretical study for the structural, mechanical, and thermophysical proper-
ties of the precipitates in 2xxx series aluminum alloy by applying the widely used density functional
theory of Perdew-Burke-Ernzerhof (PBE). The results indicated that the most thermodynamically
stable structure refers to the Al3Zr phase in regardless of its different polymorphs, while the formation
enthalpy of AlsCu;MggSi is only -0.02 eV (close to zero) indicating its metastable nature. The uni-
versal anisotropy index of AY follows the trend of: Al,Cu > Al,CuMg ~ Al3Zr_D0p =~ AlyyCu,Mng
> AlzFe ~ AlgMn > Al3Zr_DO0,3 ~ Al3Zr_L1; > Al;CuyFe > Al3Fe;Si. The thermal expansion coef-
ficients (TECs) were calculated based on Quasi harmonic approximation (QHA); Al,CuMg shows
the highest linear thermal expansion coefficient (LTEC), followed by AlsFe, Al,Cu, Al3Zr_L1, and
others, while Al3Zr_DO0j; is the lowest one. The calculated data of three Al3Zr polymorphs follow the
order of L1, > D0,3 > D0y, all of them show much lower LTEC than Al substance. For multi-phase
aluminum alloys, when the expansion coefficient of the precipitates is quite different from the matrix,
it may cause a relatively large internal stress, or even produce cracks under actual service conditions.
Therefore, it is necessary to discuss the heat misfit degree during the material design. The discrepancy
between a-Al and Al,CuMg is the smallest, which may decrease the heat misfit degree between them
and improve the thermal shock resistant behaviors.

Keywords: aluminum; mechanical property; anti-compressibility; precipitates; thermal expansion

1. Introduction

2xxx series aluminum alloys are widely used in spacecraft parts, engine pistons, air-
craft structures, missile components, propellers, aircraft skeletons, etc. The 2xxx series alu-
minum alloys mainly include Al-Cu, Al-Cu-Mg, Al-Cu-Mg-Mn-Zr alloys, etc., which could
be strengthened by heat treatment, and thereby the hardness and strength will be further
improved after solutionizing treatment and the following artificial aging treatment [1-3].
The 2xxx series aluminum alloy, in particular, keeps good performance at high temperatures
and is commonly used in weldable forgings and structural parts.

During artificial aging treatment of 2xxx series aluminum alloys, etc., a succession
of precipitates is developed from the supersaturated solid solution of x-Al. 6-Al,Cu,
is obtained from the supersaturated solid solution, and then goes through the GP zone
(Guinier-Preston zone), then the metastable 8”, " and finally the §-Al,Cu phase; S-Al,CuMg
undergoes a similar process to 8-Al,Cu [2]. Zr and Mn are also frequently used to improve
the strength of the alloys by forming intermetallics such as Al3Zr, Al,pCupMng, and AlgMn.
Particularly, Si and Fe elements are impurities in aluminum alloys, which exist as AlsFe,
AlgFQzSi, A15Cu2Mg85i6, and A17CU2FG.

For 6-Al,Cu and S-Al,CuMg phases, a lot of experimental work has been conducted
to reveal their microstructures, mechanical and physical properties. Kairy et al. [4] claimed
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the hardness of the 2xxx series alloy can be increased with Sc and Zr additions. The fine
spherical Al3(ScZr) effectively retards the recrystallization process, which benefits the
high-temperature mechanical property of aluminum alloys. Actually, the ground state of
Al3Zr has a tetragonal DOy3 structure, while the L1; structure can be stabilized by Cu or
Mn [5]. AlppCuaMn; is a kind of common dispersoid in 2xxx series aluminum alloys, which
is formed during the homogenization [6].

The high temperature mechanical strength of aluminum alloys can be improved by
fine and uniformly distributed AlgCuyMnj particles [7]. AlogCuyMnj has an orthorhombic
structure with the space group of Bbmm [8]. Shen et al. [9] reported the atomic arrangement
of the AlpgCuyMnj structure; and the optimized lattice parameters were estimated as
1=2398 A, b=1254 A, and c = 7.66 A. Huang et al. [10] reported AlgMn is less steady than
AlzFe or AlzFe;Si from the energetic point of view. Zhu et al. [11] found a high-strength
die-cast aluminum alloy by optimizing the synergistic strengthening of Q-AlsCu,MggSig
and 6-Al,Cu phases, the yield strength of 225 MPa and elongation of 4.3% were obtained.
For the Al;CuyFe phase, Tian et al. [12] reported the bulk, shear and young’s moduli are
107.8, 74.5, and 181.7 GPa, respectively.

Although many investigations associated with precipitates have been performed in
previous experimental and theoretical work, most of them are mainly focused on the
structures and mechanical strength. To date, little information is available about the ther-
modynamical stability, anisotropic mechanical property, temperature dependence thermal
expansion, and thermal capacity due to the difficulties of experiments. Based on the impor-
tance of precipitates in 2xxx series aluminum alloys, the properties mentioned above should
be investigated and discussed to reveal the intrinsic behavior of the 2xxx series aluminum
alloys. In this paper, we will perform a comprehensive study on these properties of the
precipitates using first-principles calculations based on the density functional theory (DFT).

2. Model and Computational Method

The crystal structures of precipitates considered in current paper are shown in Figure 1,
which include AlzCu, AlzCuMg, A13Fe, Al3FEQSi, Al5CU2MggSi6 ’ A17Cu2Fe, A16Mn, A120Cu2Mn3 ’
and AlzZr. All these phases are built by their conventional crystal state, and the crystal
structures and lattice parameters are shown in Table 1. This work was carried out by
using the Cambridge Sequential Total Energy Package (CASTEP) code based on density
functional theory (DFT) [13,14]. The criteria for convergence were 108 eV /atom for total
energy, and 1074 eV/ A for Hellmann-Feynman forces, respectively. The Broyden-Fletcher-
Goldfarb-Shannon (BFGS) algorithm is applied to optimize the crystal structure including
lattice parameters and atomic fractional coordinates. The ultrasoft pseudo—potentials
(USPPs) were used to represent the interactions between the ionic core and valence elec-
trons. A plane-wave basis set with Ecyt of 500 eV was used. The exchange and correlation
relationship of Perdew-Burke-Ernzerhof (PBE) was applied for calculations [15]. For k-
space, summation the 0.3 A1 for all phases with Monkhorst-Pack scheme in the first
irreducible Brillouin zone [16] has been used. The valence electrons were considered as
3sz3p1, 3d104¢1, 2p63s2, 3523p2, 3d54s2, and 43‘24p64c125s2 for Al, Cu, Mg, Si, Mn, and Zr,
respectively. In order to study the mechanical response of the crystals to external stress, the
elastic properties are determined using the stress—strain relationship by deforming the unit
cell using lagrangian strain modes based on Hooker’s law [17].

In order to calculate the thermal expansion coefficient (TEC), the Helmholtz free energy
was given by F (V, T) = E¢s(V) + Fyjpy (V, T) + Fepe (V, T) [18]. The Egs refers to total energy
with ground-state obtained directly by DFT calculation at 0 K. The vibrational free energy
(Fyip) was calculated by means of the quasi-harmonic approximation (QHA) based on the
empirical Debye model [19,20]. F,, is the electron thermal excitations at finite temperature
and can be calculated by Mermin statistics F,j, = E;, — TS¢.. Using isothermal curves
(F (V, T) — V), the equilibrium volumes (V) at different temperatures can be obtained from
the Birch-Murnaghan equation of state (EOS) [21]. Finally, the volumetric TEC A (T) can be

determined by A = Vlo (%)
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where E(V) is the total energy, By, Vj, and Ej refer to the equilibrium bulk modulus, volume
and energy, and By is the pressure derivation.

/'(T?k\ { &5;‘%
/.,’f of | A°
I | @ , °
T‘- ) ¢
e 0 g 08
° | N, ¥
v L

AlsCuMgsSis Al;CusFe

¢

o o
Ang le =
AlgMn L é\"é‘j —© AlzoCuzMns
AlZr DO
[001] RSN i T

[010] QA ©@Cu @Mz ©Si @Fe ©zr ©@Mn

Figure 1. The unit crystal cells of second phases in the 2xxx series aluminum alloys.

Table 1. Theoretically calculated crystal structure, equilibrium lattice parameters (V in A3,a,b,cin
A), formation enthalpies (eV/atom) and cohesive energy (eV/atom) of second phases of 2xxx series
aluminum alloys.

Crystal Parameters

Phase Crystal Structure Space Group \%4 AH Ecoh D
a b c
AC . . /MM 1798(1795%) 6.04 (6.039 6.04 (6.039 4928 (493 —0.151 (~0.164 & —40(—3.89% 019 019%)
etragona. . . . .
2t gon 6.063P7 599 ) 6.063b7 5.99 ) 48720 481¢) —0203b —0203¢) 3995 _399¢)
9.319 7.147
a,
AL Onthorhombi v 2682 (268.1 % 4027 (4'[226 401 (9326 9.25b, (71423 7151, —0.17 (~0.186 _35(=335% 016 013%)
rthorhombic a o - . .
2CuMg 270.89) 3'84901 ;1;]5 920 9289, 716% 7214, _025b —025¢) _346P —346°)
: 9.27¢) 7.12€)
AlgFe Triclinic P63/MMC 108.2 (1082 f) 536 (5.357 ) 5.36 (5357 f) 4354 (4.354 ) ~0.16 (—0.154 f) -53 033
AlgFeySi Cubic FD-3M 12249 (1225 8) 10.701 10.701 10.701 —0.423 (—0.402 f) —64 0.33
Al5CuyMggSig Monoclinic PM 385.8 10479 (10.423 1 4016 (4.033 1) 10.529 —0.02 (—0.121) -35 013
i i i )
Al;CuyFe Tetragonal P4/MNC 590.5 6324 (6336, 6324 (6336, 14763 (1487, —0.266 (—0.298)) —4.6 0.14
6.338)) 6.338)) 14.83))
AlgMn Orthorhombic CMCM 4314 6.468 (6.499 k) 7.544 (7555 ) 8.841 (8.872 K) —0.195 —47 0.14
4020 (40183, 4020 (40183, 17.332 (17.3482, —0.489 (~0.5172,
AlyZr_DO, Tet 1 14/MMM 280.1 . a 457b 015 (0152
341203 clragona / 4015b) 4015b) 17.454b) ~0459b) S1(614%,4577) 0155
AlZr_D0y, Tetragonal 14/MMM 1418 3.963 3.963 9.032 —0.464 (—0.4631) —5.1 02
) 4109 (4111 ™, m m —0.461 (~0.4631, _
Al3Zr L1, Cubic PM-3M 694 2057 2000) 4109 (4111 ™) 4109 (4111 ™) Coas ™ oy 5.1 018
AlpygCuyMng Orthorhombic BBMM 2337.3 24089 (23.98 9) 12,601 (12.54 9) 7.700 (7.66 9) —0.181 (~0.156 9) —4.64 0.19

a,¢,d £ j,m p,andq gre the theoretical data from Refs. [22-29], and [9], respectively. beilnando are the experi-
mental data from Refs. [30-35], respectively. 8 The Inorganic Crystal Structure Database (ICSD ID: 422341). ¥ Exp.
data from Refs. [36,37].

3. Results and Discussion
3.1. Mechanical Properties

Table 1 listed the equilibrium lattice parameters, formation enthalpies and cohesive
energy of precipitates in 2xxx series aluminum alloys. The optimized lattice parameters
are in good agreement with the references. The thermodynamic stability usually requires
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the formation enthalpy and cohesive energy to be negative. This work provides the calcu-
lated formation enthalpies of —0.151, —0.17, —0.16, —0.463, —0.02, —0.266, —0.195, —0.489,
—0.464, —0.461, and —0.181 eV /atom for Al,Cu, Al,CuMg, AlsFe, Al3Fe;Si, AlsCuy;MgsSie,
Al;CuyFe, AlgMn, AlsZr_DO0,3, Al3Zr_D0y, AlsZr_L1,, and AlygCuy;Mns, respectively.
Therefore, the most thermodynamically stable structure refers to Al3Zr phase regardless of
its polymorphs, while AlsCu;MggSis behaves the value of —0.02 eV (close to zero) indicat-
ing its metastable nature, which may decompose after high-temperature artificial aging.

The second order elastic constants were calculated and listed in Table 2, and the
corresponding polycrystalline bulk and shear moduli are given in Table 3 calculated by
Reuss and Voigt methods [38], respectively; the real polycrystalline values are estimated by
Hill’s average [39]. For Al,Cu and Al,CuMg, Cy1, Cp, and Cz3 are over 100 GPa, which
are much higher than other elastic constants, indicating their strong anti-compressibility
along principal axes. Especially, Al,Cu shows the same stiffness along the a- and b- axes,
both of which are weaker than that along the c- axis, while AL, CuMg is stiffer along the
b- axis compared with the a- or ¢- axis. The tabulated elastic modulus (Cy4) of both Al,Cu
and Al,CuMg is significantly small. This corresponds to the shear mode and indicates
their relatively small shear modulus (~43 GPa as shown in Table 3). AlzFe, AlsFe,Si, and
Al;CuyFe show much higher elastic constants of Cq1, Cp2, and Cz3 (over 200 GPa), implying
these phases are very hard to be deformed. Al;Cu;MggSig is an exception; all elastic
constants are much smaller than others, implying its soft nature. Actually, Al;Cu,MgsgSig
is a mechanically unstable phase since it disobeys the well-known Born-Huang stability
criterion [40,41]. For Mn-based phases AlgMn and AlgCuy;Mnj3, AlgMn shows better anti-
compressibility along the principal axis than Al,gCu;Mnjs, while the shear or complex mode
corresponding to Cy4 or C1p and Cp3 of AlgMn are much smaller than that of Al)gCuyMns.
Al3Zr usually has three kinds of polymorphs; the calculated results of both D0y and L1,
phases are very similar to other references as listed in Table 1, while for the D03 phase,
the reference calculation results are dispersed from 201 to 284 GPa by taking C;; as an
example [42]. To our knowledge, most precipitates of the 2xxx series aluminum alloys have
not any experimental values, our study may provide valuable data especially for Al3Fe,Si,
AlgMn, etc.

Table 2. Theoretically calculated elastic constants (C;; in GPa) for second phases of 2xxx series
aluminum alloys.

Phase Cn Cr2 Ci3 Cxn Cx3 Cs3 Cy Ces
AbCu 150.2 (150.3 > 97.4 (86.1% 59.1 (62.6 > ) ) 211.3 (171.7 > 345 (294 413 (455%
2 179.7 > 163.8 <) 72,7 78.2°<) 75.7%14.7 ) 170.2 > 246.7 €) 28.0 33.8°) 447 37.3°)
Al CuM 124.7 (156.4 © 225(33.4% 66.5 (62.6 © 150.5 (175.9 ¢ 40.4 (17.7% 126.6 (168.8 412 (43.7¢% 32,6 (50.7 ¢
2Luvlg 115.9 ¢ 133.6 ©) 3534 42.1°¢) 4684 49.9°¢°) 174.19 138.8 ©) 38.7 9 58.0¢) 153.14 145.2¢) 50.9 ¢ 39.0 ©) 26.6 4 37.7¢)
AlzFe 2132 (211°f) 100.0 (93 f) 76.7 (73 1) - - 228.8 (228 ) 413 (39 57.4 (59 f)
AlzFe,Si 288.2 89.8 - - - 93.2 -
AlsCu,MggSis  126.8 (146.3 8) 39.7 (42.8 8) 30.8 (33.3 8) - - 126.3 (123.3 8) <0 <0
Al;CuyFe 225.0 (206 1) 50.7 (50.6 ) 52.6 (65.7 1) - - 217.8 (194 1) 99.5 (80.9 1) 86.5(71.1 1)
AlgMn 200.3 36.0 71.3 229.7 51.6 171.4 48.1 67.4
AlLZr DO 2034 (2843 % 65.6 (678" 43.1(58.8% ) ) 204.0 (1759 * 83.0 (792 % 101.4 (97.2%
S 206.7  201.3 ¥) 52.37 70.5%) 50.7 7 49.1%) 182.6 1 196.7 %) 81.47 80.8%) 75.91)
AlzZr_D0y, 183.2 (185.96 1) 87.4(85.34") 42,0 (43.131) - - 203.7 (202.08 1) 89.0 (901 126.0 (125.221)
173.6 (182.8 ™ 65.4 (65.2 ™ 69.2 (70.1™
AlZr L1, 179 7) 66™) - - - - 69 ™)
AlyCuyMng 138.0 69.6 81.0 177.5 73.0 150.4 24.6 46.8

a,cdefghijklmandn gpe the theoretical data from Refs. [22-28,42-44], and [45], respectively. b Exp. Data from
Ref. [46].

Based on the values of the Voigt-Reuss-Hill approximation shown in Table 2, the
Young’s modulus and Poisson’s ratio can be calculated by E = 9BG/(3B + G) and
o = (3B — 2G)/(6B + 2G), respectively. Generally, the mechanical moduli of precipitates
of 2xxx series aluminum alloys are similar to previously reported values. As shown in
Figure 2, the variation trend of bulk, shear, and Young’s muduli shares a similar tendency,
in which AlzFe;Si behaves the highest values. Bulk modulus, for instance, which is de-
rived from 63.5 to 155.9 GPa, has the trend of: AlzFe,Si > AlzFe > Al;CuyFe > AlgMn =~
AlsZr = AlpCuyMns > Al,Cu > Al,CuMg > Al5CupyMggSig. All iron-based compounds of
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AlzFe;Si, AlzFe, and Al;CuyFe have a large bulk modulus, which is more or less smaller
than BCC-iron (~174 GPa [47]). Young’s modulus usually reflects the plastic deforma-
tion ability of bulk materials; this work proves the ultrahigh anti-deformation nature of
Al;CuyFe. For three polymorphs of Al3Zr, the Young’s modulus of D0p3 and D0,; phases
are similar (~196 GPa), which are much higher than the L1, phase (~156 GPa), indicating
their outstanding mechanical behavior. Typically, for covalent and ionic materials, the
value of Poisson’s ratio is 0.1 and 0.25, respectively, whereas for metallic materials, the
value is 0.3 [48]. Most of second phases have the Poisson’s ratio of ~0.3, such as Al,Cu,
AlzFe, Al5CuyMggSig, and AlygCuy;Mng, indicating their advanced metallic nature. For
Al,CuMg, AlzFe;Si, AlgMn, and Al3Zr, they are dominated by a mainly covalent bond.
The brittle index of B/G is applied to analyze the ductility of phases. The higher the value
of B/G, the better the ductility of the materials. The present work indicates that Al,Cu,
AlzFe, AlsCuy;MggSig, and AlygCupyMnj are ductile phases, which are in agreement with
their advanced metallic nature. For the three Al3Zr polymorphs, the L1, phase shows
the best ductility. Furthermore, in the present work, a semi-empirical model proposed
by Chen et al. [49] was employed to evaluate the Vicker’s hardness. As shown in Table 3,
the hardness of Al3Zr_ D0,; and D03 phases is very high (~18GPa), which is comparable
to the value of Al;CuyFe; whereas AlsCuyMggSig is quite soft since its hardness is only
2.7 GPa. The common precipitates of Al,Cu and Al,CuMg show a moderate hardness of
4.3 GPa and 6.8 GPa, which are much softer than AlgMn or Al3Zr phases.

Table 3. Theoretically calculated elastic properties including bulk modulus (B in GPa) and its
pressure derivative (B'), shear modulus (G in GPa), Young’s modulus (E in GPa), Poisson ratio (¢),
and anisotropy factors (Ap, Ag and AY) for second phases of 2xxx series aluminum alloys.

B

G

Phase B’ By/Gy E o Hv Apg Ag AU
By Br By Gy GR GH
a 21 109.5 0.298
N 905994  905(994% 905994 ;f:a, (3358;3, @71 992 033
HCu b b 87.7° 471 (38.3 - b 21 b b 43 0 0.09 1.03
87.70) 87.6P) ¢ b b 47.2b, 1200/ 0272b,
108.6 €) 52.1b) 4223b) 96 10455 034
b 433 108.5 0253
b, b, 73.2(80.8° 45.6 41.1 b, b, b, 0.554
734 (809 729807 60.6 145.5 b 02b
Al,CuMg ( 4 ( d 75214, 4.639 ©330 (579 ( d 1 ;()'Zd ( d ( d 6.8 0.003 0.052 0.675%
76.06 9) 7436 9) e d d 48084 (1564 <) 11894 02374 0349)
79.48 €) 51.02d) 45.134d) 165°) 173 0254¢) .
AlF £ ¢ £ S f ¢ £ 0319 0.281
3Fe 129.6 (125F) 1205125 f) 129.6 (125 ) 4156 549 (55f) 52061f) 53431 24 140.9 31 h 43 0.0003 0.027 0350
AlgFe,Si 155.9 155.9 155.9 4.498 95.6 95.5 95.6 16 238.1 0245 133 0 0.0005 0.0052
) 58 51.8 28.8 75.0 0303
Al5Cuy MggSig 63.6(70.58)  63.4(69.78) 63.5 (70.1 8) 4439 (4458) (42.88) @368 22 (10848) ©03128) 27 / / /
109.1 91.0 213.6 0173 -
Al CuyFe 109.1 109.0 078y 442 913 90.8 (7a5h) 12 as17h) 2190 19.6 0.0005 0.0027 0.0285
AlgMn 102.1 101.9 1020 (10261) 4022 67.6 64.1 65.9 15 126.6 0234 109 0.001 0.0266 0275
; 834 196.5
101.6 1014, 101.5 (120.67, 84.1 82.8 i i 0.177
Al3Zr_DO, ] ] 3977 ; - ®7.17, 12 (2106, 181 0.001 0.008 0.081
3410023 (123.91) (117.4]) 1002%) (88.41) (85.8)) k) 1541 K (0.195 k)
101.4 101.2 1 87.4 793 833 196.2 0177
Al3Zr_D0yy 019 (016} 101.3 (101.81) 311 &9l 061 121 12 o8] 0176} 181 0.001 0.0486 0513
1015 62.7 156.0 0244
AlyZr L1, 1015 1015 (104.4 ™ 4134 63.1 622 (65.3M 16 (1622 ™ (0241™, 9.8 0 0.0072 0.0723
103 1) 641 159.1 1) 02431
AlyyCuyMny 1015 100.8 101.1 4741 425 382 404 25 106.9 0324 30 0.0035 0.0533 0569

a,bcdefghijklmandn ape the theoretical data form Refs. [22-28,43,44,50-52], and [45], respectively.

The mechanical anisotropy of crystals is also characterized by using 3-D mechani-
cal modulus and anisotropy indexes. Firstly, the directional dependence of the Young’s
modulus for different crystals can be evaluated by [53]:

For tetragonal (Al,Cu, Al;CujyFe, Al3Zr_DO0,3 and D05;):

-1
E = {(114 + 124)511 + 134533 + 112122(2512 + 566> + 132 (1 — 132) (2513 + 544)} 2)

For orthorhombic (Al,CuMg, AlgMn, AlygCupyMns3):

E— 114511 + 124522 + 134533 + 2112122512 + 2112132513 + 2122132523 B
+112122566 + 112132555 + 122132544

®)
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Figure 2. Mechanical properties of second phases in the 2xxx series aluminum alloys: (a) bulk,
shear, and Young’s moduli, (b) Vicker’s hardness, and (c) Poisson’s ratio, and brittle index; the
horizontal lines refer to the typical Poisson’s ratio value (~0.3) for pure metal, and criterion of
ductility /brittleness (B/G = 1.75).
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For triclinic (AlzFe):

114511 + 2112122512 + 2112132513 + 21121213514 + 211313515 + 211312516 + 124522 + 2122132523 B
E= +2123l3524 + 21112213525 + 211123526 + 134533 + 212133534 + 211133535 + 21112132536 4)
“1‘122[32544 + 21112132545 + 21112213546 + 112132555 + 21121213556 + 112122566

For cubic (AlzFe,Si, Al3Zr_L15):
1 -1
E= {511 - 2(511 — 510 — 2544> (112122 +L%32 + 132112” 5)

For monoclinic (Al5CuyMggSig):

E— 114511 + 2112122512 + 2112132513 + 211313515 + 124522 + 2[22132523 + 21112213525
o +l34533 + 2[1133535 + 122132544 + 21112213546 + 112132555 + 112122566

]l ©)

In the above equations, I; = sinf cos ¢, [; = sinfsin ¢, and I3 = cos §. The results are
shown in Figure 3. Al,Cu and AlsCu;MggSig show significantly stronger anisotropy than
other phases, since the surface contours show a large deviation from the perfect spherical
shape, while the iron-based compounds AlzFe,Si and Al;Cu,Fe are very isotropy. As for
the three Al3Zr phases, the L1, structure shows the best isotropic nature. More direct
information can be seen from the planar projections on the (001) and (110) crystal planes in
Figure 4. On the (001) plane, Al,CrMg shows the strongest anisotropy character, while on
the (110) plane, Al5Cuy;MgSig has the extremely strong anisotropy as can be seen from the
green line in Figure 4b.

Al,Cu,Fe

00,

200
200

Al Mn ALZr L1, AlLZr DO,, AlyZr D0y, Aly,Cu,Mn,

Figure 3. The surface constructions of the Young’s modulus of second phases in the 2xxx series
aluminum alloys.

Three commonly used anisotropy indexes (Ap, Ag and AY) were calculated and
shown in Table 3, where Ag = (By — Br)/(By + Br), Ag = (Gy — GRr)/(Gy + Gg), and
AU =5(Gy/Gg) + (By/Bg) — 6. For Al,Cu and Al,CuMg [54], the calculated Ap of Al,Cu
is zero, which indicates the perfect isotropy of Al,Cu in compression, while Al,CuMg
has a high value of Ap indicating its anisotropic nature. As for shear mode, Al,Cu has a
high value of Ag, implying its anisotropic character. The universal anisotropy index of AY
follows the trend of: Al,Cu > Al,CuMg ~ Al3Zr_DO0,; ~ AlygCus;Mnj > AlsFe ~ AlgMn >
Al3Zr_D023 ~ Al3Zr_ L1, > A17Cu2Fe > A13Fe2Si.
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Figure 4. The planar projections of the Young’s modulus of second phases in the 2xxx series aluminum
alloys: (a) (001) crystal plane, and (b) (110) crystal plane.

3.2. Thermophysical Properties

The precipitation influences thermophysical properties such as thermoelectric power,
the thermal expansion coefficient, and thermal conductivity. In this part, the sound velocity
and the Debye temperature were calculated. The longitudinal, transverse, and average
wave velocities are given by [55]:

1/2  1\]"°
=55 0) v
4 _\1
= B _ —
v ( +3G>p 8)
Then, the Debye temperature is given by [56]:
_ h [3n (Nap 1/3
o =g i (5] <9>

where Op is the Debye temperature, and /1, kg and N4 are the Planck, Boltzmann and
Avogadro constants, respectively; n is atomic number; M is molecular weight, and p
is volumetric density; v}, vt and v, are longitudinal, transverse, and average acoustic
velocities, respectively. The results are shown in Table 4, the sound velocity of Al;Fe;Si is
highest among all considered phases, since it behaves the greatest mechanical moduli and
small density, and therefore, the Debye temperature of AlzFe,Si is as high as 622 K. The
Debye temperatures obey the trend of: Al3Fe;Si > Al3Zr_D0y3 > AlgMn > AlzZr_D0y; >
A17Cu2Fe > A13Fe > AlzCuMg > A120CU.2M1‘13 > AlzCu > A13ZI'_L12.

The thermal expansion is an important thermophysical character, which characterizes
the anharmonicity of crystals. At different temperatures, the Helmholtz free energy of
Al,Cu is shown in Figure 5a, based on which the volume expansion (AV/V)) and bulk
modulus can be fitted by the well-known Birch-Murnaghan’s equation of states (EOS) [57].
Figure 5b shows the volume’” expansions (AV/ V) versus temperature curve by taking
Al>Cu as an example. Then, the linear thermal expansion coefficient (LTEC) is obtained and
plotted in Figure 6. For the Al,Cu phase, the LTEC along the a or ¢ axis is also calculated,
which implies that the value of a. is much higher than that of a,. The calculated average
LTEC is ~16.2 ppm K~! from 300 to 800 K, which is similar to the experimental data
(~17.2 ppm K~ 1) [33]. For Al3Zr polymorphs, the results are plotted in Figure 6b, and our
results indicate that the L1, phase has the highest LTEC value, followed by D0,3, and
the lowest one refers to D0y,. From 300 K to 800 K, our calculated values are in extreme
agreement with the calculated data given by Saha et al. [58], although both of our curves
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are slightly higher than experimental curve [59], as shown in Figure 6b. The calculated
LTEC of three Al3Zr polymorphs follow the order of L1, > D033 > D0yy; all of them show
a much lower value than pure Al substance. Overall, all calculated average LTECs are
given in Figure 6¢; in this figure the pure Al substance is also plotted. Al,CuMg shows
the highest LTEC, followed by AlsFe, Al,Cu, Al3Zr_L1, and others, while Al3Zr_D0y; is
the lowest one; the discrepancy between a-Al and Al,CuMg is the smallest, which may
decrease the heat misfit degree between them and improve the thermal shock resistant
property, and thereby delay the initiation and propagation of thermal crack at the interface.

Table 4. Calculated sound velocities (km/s) of second phases of 2xxx series aluminum alloys; the
Debye temperatures (K) are also shown below.

Phase V] Vi Vm ©p
Al,Cu 5.812 3.114 3.478 420
AlL,CuMg 6.105 3.512 39 438
AlzFe 6.992 3.622 4.055 484
AlsFe;Si 7.7 4.499 4.989 622
Al;CujFe 6.863 4.02 4.458 532
AlgMn 7.637 4.553 5.041 557
AlsZr D0y 7.184 4.484 4.94 584
Al3Zr_DO0y 7.017 4.258 4.705 554
AlzZr_L1, 6.128 3.105 3.48 387
AlyyCuyMny 6.472 3.303 3.701 424
6320
(@) =Dk (b) )
6395 *Hh— bk |—+— 100K .
~ . ——200K _ 0031 -
% -6330 V300K S .
= ——— s >+ 400K = .
86335 500K S o
@ s L]
S . —>— 600K 2 0.02- -
@-63404 —e— 700K § -
&2 -+ 800K £ -
N-63451 v w5 ¥ v = -
g E =
6350 A—4— a4 4 a4 2 0.014 -'.
8 g ;
63554 *—e—e 9o —o—0—o "
63604 = *——w = s = —=a
T T T T T T T 000 T T T
160165170175 180 185 190 195 200 0 200 400 600 800
Crystal volume (A%) Temperature (K)

Figure 5. Dependence of the Helmholtz free energy, F (V, T), on the crystal volume under different
temperatures (a) by taking Al,Cu for example, based on which the volume” expansions (AV/ V) are
given in (b).

(a)
20
I = e
X 154
g | | st et e el
g
O — — —a,by Ozolins et al,, 2001
Jin] u
: 10 = = =, by Ozolins et al.,2001
= = -, by Mondolfo,1976
5 e -+ - - o,by Lokker et al.. 2000
- @&, by Lokker et al.,2000
0

T T T
0 200 400 600 800
Temperature (K)

Figure 6. Cont.
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o
1
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—— AlgZr_D0,,
---—- Cal.results for Al from Saha et al., 2015

- T T
0 200 400 600 800
Temperature (K)

Figure 6. Linear thermal expansion coefficients (LTECs) of second phases in the 2xxx aluminum
alloys: (a) LTEC along a or ¢ principal axis, and its average by taking Al,Cu for example, the
references [33,60,61] are also ploted in this sub-figure; (b) average LTEC of Al3Zr by considering
different polymorphs with references [58,59]; (¢) LTEC of all second phases versus temperature, and
calculated results of pure Al from reference [58].

The specific heats at constant pressure (Cp) and constant volume (Cy) are two funda-
mental parameters, which can be related by [62]:

Cp—Cy = A2V(T)TB (10)

where A refers to the volumetric TEC, V(T) and B are the volume and bulk modulus
at temperature T. The results are plotted in Figure 7; Al3CuyFe has much higher heat
capacity than other phases. At very low temperatures, all curves increase rapidly due to
the crystalline lattice vibration, and then the increasing rate reduces slowly; for Cy, the
curves tend to a well-known limit of Dulong-Petit, while for Cp the curves keep increasing
due to the work done by lattice expansion.

Based on the curves of (F (V, T) — V), the bulk modulus and its pressure deriva-
tive at different temperatures can be fitted based on Birch-Murnaghan EOS. The anti-
compressibility of the second phases of 2xxx series aluminum alloys are given in Figure 8.
At 0 K, AlzFe, AlsFe;Si, and Al;CuyFe are hard and anti-compressive, while Al,CuMg
is the softest phase; meanwhile, three AlsZr phases locate between them, which show
moderate anti-compressibility. At temperatures of 300 or 700 K, the overall sequences of



Metals 2022, 12, 2178 11 0f 16

second phases are similar; Al,CuMg shows the most compressive character. However, with
the increase of temperature, Al,Cu becomes more and more soft, and its compressibility
tends to be similar to the Al,CuMg phase at 700 K.

2504(a) — Alcu
—— ALCUMg //
200 +
2
= 150
E
3
& 100 -
| —ALZr L1,
= —— ALZr_DO,,
—— AlLZr_D0y,
0 = I 1 ' 1 ' Ll =
0 200 400 600 800

Temperature (K)

250 - (b)—— AL,Cu |
—— Al,CuMg
—— AlFe
200{ —— AlFe,Si
i e A|3C QFe _._-_-_._.__._-__________._-
o — AI9M
19
35 150 -+
£
e
> 100 -
——AlLZr L1
50 - e
o w A|3Zl'_ D022
—— Al,Zr_D0,,
O T = i | i 1 i 1 i
0 200 400 600 800

Temperature (K)

Figure 7. The specific heats at constant volume (a) or pressure (b) of second phases in the 2xxx
aluminum alloys.
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Figure 8. The anti-compressibility of the second phases in the 2xxx aluminum alloys: (a) at 0 K, (b) at
300 K, and (c) at 700 K.

4. Conclusions

Using first-principles calculations based on DFT, the structural stabilities, anisotropic

mechanical, and thermophysical properties of precipitates of the 2xxx series aluminum
alloys were investigated.

1.

The calculated formation enthalpies are —0.151, —0.17, —0.16, —0.463, —0.02, —0.266,
—0.195, —0.489, —0.464, —0.461, and —0.181 eV /atom for Al,Cu, Al,CuMg, AlsFe,
Alg,FezSi, A15Cu2MgSSi6, A17Cu2Fe, A16Mn, AngI‘_DOzg, A13ZI'_D022, AngI‘_le, and
AlppCusMng, respectively. Als;Cuy;MggSig shows thermodynamic and mechanical
unstable.

The bulk modulus of all precipitates are derived from 63.5 to 155.9 GPa, which
has the trend of: AlzFe;Si > AlzFe > Al;CuyFe > AlgMn =~ Alz3Zr =~ Aly,gCupyMng
> AlL,Cu > AlL,CuMg > Al;Cu;MggSig. The results of B/G imply that Al,Cu and
AlpgCupMnj are ductile precipitates. The hardness of AlsZr_ D0y, and D0,3 phases is
very high (~18 GPa); whereas AlsCu;MggSis shows low hardness value. The common
precipitates of Al,Cu and Al,CuMg show a moderate hardness of 4.3 GPa and 6.8 GPa.
The thermal expansion characters are also calculated based on QHA; Al,CuMg shows
the highest LTEC, followed by AlsFe, Al,Cu, Al3Zr_L1, and others, while AlzZr_D05,
is the lowest one; the discrepancy between a-Al and Al,CuMg is the smallest.

The results of compressibility indicate AlsFe, Al3Fe;Si and Al;CuyFe are hard and
anti-compressive, while Al CuMg is the softest one.
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