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Current status and development trend of advanced structural materials
technology in aerospace field

ZHANG Guoging', TENG Chaoyi™

(1. National Key Laboratory of Advanced High Temperature Structural Materials, AECC Beijing Institute of Aeronautical
Materials, Beijing 100095, China; 2. Beijing Key Laboratory of Aeronautical Materials Testing and Evaluation, AECC Beijing
Institute of Aeronautical Materials, Beijing 100095, China; 3. Key Laboratory of Aeronautical Materials Testing and Evaluation,
Aero Engine Corporation of China, Beijing 100095, China)

Abstract: Advanced materials technology is the forerunner in the development of high-tech aerospace equipment and the key
foundational technology supporting the modern industry. It has penetrated into all aspects of national defense construction, national
economy and social life, and has become a technological highland and national defense focus that countries all around the world are
competing to develop. This article focuses on analyzing the current technological status and development trend of the advanced
structural materials in the aerospace field, elaborating on the aspects of high-performance polymer and their composites, high-
temperature and special metal structural materials, lightweight high-strength metals and their composites, and advanced structural
ceramics and their composites. The analysis results show that the current development and production of aerospace structural
materials in China still face various difficulties, such as too much follow-up research and imitation, lack of independent innovation,
severe technological blockade, and technical bottlenecks need to be broken. Meanwhile, the prospects for future research and
development are proposed, and the significance of establishing the complete technology system of production-learning-research-
application is highlighted.

Key words: structural material; composite material; polymer material; superalloy; lightweight high-strength metal; structural

ceramic
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Table 2 Development history of materials selection for aero-engine turbine blades

[31-33]

Performance indicator Turbine blade
Generation _wei ;
Thmst weight  Turbine front Structure Material
ratio temperature/K
1 4-6 1300-1500 Solid blade Directional superalloy
2 7-8 1680-1750 Hollow blade cooled with firm- 1" single-crystal superalloy, directional
cooling superalloy
3 9-10 1850-1980 Hollow blade cooled with composite 2" single-crystal superalloy
cooling
4 12-15 2100-2200 Cast-cool dual-wall blade Intermetallic compound,

3" single-crystal superalloy
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Hydrogen-related environment and its effect on superalloys: a review

—targeted for potential aero-engine application

ZHENG Liang*, LI Zhou, WANG Xuqing, ZHANG Guoqing

(Advanced High Temperature Structural Materials Laboratory, AECC Beijing Institute of Aeronautical Materials, Beijing 100095,

China)

Abstract: With the proposal of the "dual carbon” goals, using hydrogen as zero-carbon alternative fuel has become an important
trend of the aviation industry in the future. In recent years, the hydrogen-fueled aero-engines have garnered significant attention.
Superalloys are the most widely used materials in the hot section components of gas turbine engines. The purpose of this review is to
provide reference for the research and development of superalloys for hydrogen-fueled aero-engines future use by understanding the
effects of hydrogen-related environment on superalloys currently across various fields. Internal/external hydrogen environments,
hydrogen permeation( charging ) methods, measurement of hydrogen concentration/distribution or stable existence temperature, the

influence of hydrogen on tensile strength, the impact of hydrogen on creep/stress rupture and fatigue properties, and the fracture
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mechanism of hydrogen embrittlement are described. The degradation factors of mechanical properties of superalloys with different
composition, manufacturing process, original microstructure, alloying degree and different application fields under hydrogen-related
environment are summarized. In general, mechanical properties tests in the external hydrogen environment exhibit more significant
hydrogen-assisted mechanical degradations than that in internal hydrogen environments. Superalloys with higher alloying degree
exhibit more pronounced hydrogen embrittlement, while the tendency of properties decrease( creep/rupture, fatigue and tensile) in
hydrogen at elevated temperature is much less than that at room temperature. The prospects for the mechanical performance
evaluation of current superalloys in hydrogen-related environments for hydrogen-fueled gas turbine and the development of new
alloys suitable for hydrogen environments are provided. Hydrogen-fueled gas turbine aero-engines may encounter cryogenic
temperature hydrogen environment for liquid hydrogen storage, hydrogen environment for cooling, high-temperature/high-pressure
hydrogen environment for gas compression, and the impact of combustion products—water vapor(humid) at elevated temperature.
Diffusion or permeation of hydrogen in superalloys, the embrittlement and corrosion of alloys in high-pressure hydrogen
environments, oxidation and corrosion behavior in high-temperature humid environments, as well as the degradation and protection
mechanism for alloys and coatings in the aforementioned multiple coupling environments shall be concerned. It is necessary to
establish hydrogen combustion environment experimental facility that closely simulates service conditions to conduct research on the
impact of hydrogen-related environment on superalloys and their components. It is also essential to establish a mechanical
performance database and standards for currently used key materials in hot section components such as turbine blades and disks for

hydrogen related environments, and properly develop new high-temperature structural materials suitable for hydrogen combustion

conditions, which will provide support for the application of hydrogen fueled gas turbine aero-engines.

Key words:

distribution; TiAl alloy; hydrogen embrittlement index (HEI)
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Table 1 Hydrogen charging process paralllll;:tei';l high pressure gas-phase and relative efficiency on superalloys

Process parameter Penetration efficiency

No  Alloy Ref
H, pressure/MPa  Temperature/°C Time/h H content/x10"°  Penetrated depth/mm

1 A286 100 270 300 67 >2.0 [27]

2 IN718 100 270 200 93 >3.0 [61]

3 PW1480 104 350 360 =530 >3.0 [22]

4 Waspaloy* 103 25 <2 — [37]

5 IN718 * 95 25 <2 — [60]

6 TiAl 0.1 25 <2 — [46]

7 Haynes188* 34.5 25/650 <26 — — [41]

*External hydrogen sample is directly placed in a high-pressure hydrogen environment for mechanical properties test without pre-

charge hydrogen; No4 and No5 are tensile properties; No7 is low cycle fatigue
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Table 2 Hydrogen charging process parameters in electrochemical liquid-phase and relative efficiency on superalloys

Process parameter

Penetration efficiency

No Alloy Temperature/ Solution Current denszity/ Charging H Penetrated Ref
C (mA-cm ) time/h content/x10"° depth/pm
8 IN718 25 0.5mol - L H,SO, +1 g/L thiourea 590 2 — 17.0 [49]
9 IN718 80 1 mol NaCl aqueous 7.7 168 — 140 [52]
10 IN718 80 1 mol NaCl aqueous, 7.7 168 — 140 [51]
H,0 : D,0=3 : 2
11 IN718 25 3%NaCl aqueous +3 g/L NH,SCN 1 4, 16 — — [34]
12 IN718 25 5% H,S0,4 aqueous +3 g/L NH,SCN 40 4 13 — [62]
13 GH3535 25 5% H,S0,4 aqueous +200 mg As,O; 160 96 20 140 [38]
14 Single crystal 25 5% H,S0O,4 aqueous + 1 g/L Na,P,05 100 6 2.3 294 (23]

(SX) superalloy
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Table 3  Effect of hydrogen related environment on room temperature tensile properties of superalloys
(the numbers of Tables 1, 2, and 3 are consistent )

Strain  Tensile strength/MPa Elongation/%
No Alloy State 5 ) - HEI/% Ref
rate/s Air Hydrogen Air  Hydrogen
1 A286 980 °C/1 h+780 C/8 h, AC 56x10" 1095 1070 25 23 8 [27]
59*  31* 47*

2 IN718 1065 °C/1 h+760 “C/6 h+ 5.0x10° 1375 1278 33*  9.6* 71* (61]
650 °C/10h, AC

3 PWAI1480 1288 °C/4 h WQ+1080 °C/4 h, - 1120 1001 2.9 0.38 86.8  [22]
AC+875 C/32h, AC 3.0% 2.7* 12.9%*

4 Waspaloy 1040 °C/4 h OQ+845 “C/4 h, - 1375 1130 25 65 74 [37]
AC+760 C/16 h, AC (He gas ) 32%  7.5% 76.6*

5 IN718 1065 °C/1 h+760 °C/6 h+ 5.0x10° 1375 1306 33 11.9 64 [60]
650 C/10h, AC

6 y-TiAl As-cast 1.0x10° 537 471 21 16 24 [46]

8 IN718 Additive manufacturing ( as-deposited ) 5.56x10° 1078 897 26.6 19.4 27 [49]

9 IN718 1040 °C/1 h, 15 °C/min FC+ 10° 1200 1120 23 12.5 46 [52]
774 C/6 h, AC

10 IN718 1040 °C/1 h+800 °C/120 h 1.6x10° 685 (09,) 653 (G0,) 67 68 0 [51]

11 IN718 954 °C/1 h, 20 °C/min, 10° 864 789 52 39.5 24 [34]
ACto 500 °C, FC

12 IN718 1032 °C/2h, WQ+ 10" 1230 1020 45 12 73 [62]
780 C/8h, AC

13 GH3535 1177 C/40 min, WQ 8.33x10 ° 805 545 67 40 40.3  [38]

14 SX superalloy 1290 °C/2 h+1310 C/2 h+ 1x10* 1032 (op,) 1002 (o,) 154 4.1 737 [23]

1320 C/4 h+1330°C/4h AC+
1140 C/5h, AC+870 C/24h, AC

*HEI calculated from the reduction in area ( % ) , while the rest HEI value calculated from the fracture strain/elongation ( % ) ;

No4, No5 and No6 are external hydrogen experiments, while the
and external hydrogen experiments respectively for comparison
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rest are internal hydrogen tests; No2 and No5 conduct internal
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Table 4 Hydrogen embrittlement index of tensile at room temperature of different types of superalloys
No Alloy Alloy type Alloying degree HEly/%
1 PWA1480 Ni-base/ SX High 87
2 Waspaloy Ni-base/ wrought Mid high 74
3 IN718 Ni-Fe based/ wrought Mid 44%*
4 GH3535 Ni-Mo based/ wrought Mid 40
5 A286 Fe-based/ wrought Low 8

* Average HEI value from IN718 with different heat-treatments or additive manufacturing processes
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Table 5 Tensile properties at room temperature in air, external hydrogen and internal hydrogen environments for IN718 alloy

[61]

Hydrogen environment

Tensile properties

No Sample state
Pressure/MPa H content oy/MPa Op, 10, airs wl% Wi/ Wair
a H free — — 1375 — 33 —
b External H 0.7 — 1389 1.01 32 0.96
12 — 1375 1.00 20 0.61
95 — 1306 0.95 12 0.36
c Internal H 0.7 6x10°° 1361 0.99 17 0.52
11 28x10° 1293 0.94 12 0.36
100 93x10° 1278 0.93 10 0.30

"External H: room temperature, <1 h tensile; Internal H: 270 °C/200h hydrogen charge
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Table 6 Creep and stress rupture properties of Ni-based superalloys in H, and He gaseous environments 7

Gaseous environment Creep/rupture condition Time to creep/h Stress rupture property
Atloy Gastype  Pressure/MPa Temperature/C  Stress/MPa  0.5% 1.0% 2.0% Life/h /% W%
Waspaloy  He 34.5 678 606.7 9.0 21.0 363 58 7.5 13.1

H, 34.5 678 606.7 75 125 19.0 251 5.4 12.1
Astroloy He 34.5 678 792.9 38 175 49.0 8738 5.5 13.0

H, 34.5 678 792.9 35 18.0 37.0 596 6.5 13.0
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Fig. 6 SEM morphologies of tensile fracture surface of hydrogen charged sample vs brittle phase fracture surface of hydrogen free
superalloys (a) overview of fracture surface of hydrogen charged sample [27]; (b)high magnification of facet in Fig.6(a) [27];

(¢)fracture surface of large blocky primary B-NiAl(river pattern, without slip trace )in non-hydrogen charged superalloys[m;

(d)fracture surface of large blocky primary a-Cr(river pattern, without slip trace )in non-hydrogen charged superalloys[m
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Fig. 7 Four kinds of characteristics on facet of tensile fracture surface of IN718 alloy hydrogen charged specimensm]
(a), (b)facet, with slip trace, nano micropores and cracks on fracture surface;
(¢) nano-voids along traces and potential coalescence to form cracks; (d)saw-teeth shaped features along traces



24 o= M

B i %44 %

I EE U RS SR AR, VIR BE B AL B N 2 S ik BE
PRI, 7 T8 A 48T A 23 B U AL 7, Lo i 22wk
TR T IR BEEL, e 2T o W B8 )™ i 118 T I3 7 Wy
RN RIS SRS S BA g A RE
R PR B RS TR R SR T, S A1,
WEW LR TR ARMBR, A5T 2R ER
XTI, A2 o A S L >R s AR,
T TR 2R A B A VR BT AL, AR A R
5K 6(a)FE 6(b) . & 7 W FRRIE—2K

{HAS 7 2 S, 78 HELP HLEE v, & 76 I+
WA O B I R R A AR IR B 1T AR AR B P
FERE, T A iz B L W RS IR AR I O AT
1, 5ICEMEE L, HARTE 4R A 0 T Ak, 2L
B IR R, B R AR Ty, e 2 S e Y e I i R A
AR BERS A, BAVEREARTE A & . XA 24808 S iR
HEM T, BEAE S H K R A5 68 0 R 75
10% Vi L, I vl “208” froh “ 380
PEREREAR” S AT,

HEDE HLIA N S & AR T 25 & 9 B, JF
FE A B TR B B i IX e A= MEPE W 2, S ik 24
B TC T B A ) ELIE BB IR R . e
G4, TS vy 8 Fl MC Rfb i) —fh
S FAH, BT IESE T2 e, AR S —
AR S XHHNES A REE = T y RS GhE,
DL S0 B 22 b T R A X SR v i e 1 B
(hydrogen trapping) """, I FMBIAUL AT L3

(a-2)

18 ym 50

BRI A3 ), R LR RS2 B 42 Ti. Zr, HE,
Nb Fl Ta (702, X 26702 5 AR BT Bk & A
1k, i LT VAR 1AL, T R A 4 A I
Ni RHETE R UL, S Fer i [ v e b L e
ik S RO PRAR S, B 2R A S ik 5
TEEMEM I N R, JE 8 T AU R A
5 R T DALY LT A 5 AT 5 2 A
Witk IN718 &4V Ab BOK B IR T A DUTER
JF HET (&0 S WA, 1 A DO AR AR i 2
%51 A 4 HEL {5 7, 454 HEDE #li.
43 TUREMESHRNE

FEYE ) 0BT AR T U0V A R i R (AU
BF ) i 2 LA BRI 1, BT R 9T b LT AR A i
TV B R A A A A A . R A
(APT) BN S BT RS 7 SR04 07 B, R
JH B F 4 R AE 050 A O BF 5T AE 58 4 4 Y
O A BT RIS . APT BORE S i 4 it Pt 4
Z, 53 ARG 3 T il 2 S B B AT
I % 4% SR 3 B — 5 BB, I TSR JH APT 254 25
LA 4 G ST e LIRS . U4k, A BFSTR
FAG K — B T FiiE (NanoSIMS ) AT 2k 8 T &
T B[R 7 2507 IN718 4 4 6-Ni;Nb Fl NbC
{1 434 (P 8 ), 334t 2 A A O S ) 39 5
S EARESIRZ " EIES: T
Ni;Nb B 4L, ifif NbC FIX FiRAR 5 v (1030 AL HE A 5
A, 5 R ENEEIS TN E —E MR 2, X7

H (@3) 2D

200 30 200
H (b-3) 2p

800 20 200

K8 ST IR MBS INTIS 44 5-NisNb Fl NbC AR — UK B 7 i oA el "
(a)Ni;Nb; (b) NbC; (1) "WKHLFA%; (2) H KBS F43Hi; (3)D KBS T4 A [l

Fig. 8 Mapping 'Hand ’D by NanoSIMS from an area containing 8- Ni;Nb and NbC phases in hydrogen charged IN718 alloy

[51]

(a)Ni;Nb; (b) NbC; (1) secondary electron(SE )map; (2) secondary ion map of 'H; (3 )secondary ion map of D
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Fig. 9 Comprehensive consideration factors of hydrogen induced mechanical degradation of superalloys
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Research progress on dimensional accuracy control technologies of complex

thin-walled superalloy investment castings for aero-engines

CUI Jiayul, WANG Donghongl, XIAO Chengboz, SHU Dal*, SUN Baodel*,
GUAN Bang', DING Zhengyi'

(1. Shanghai Key Laboratory of Advanced High-temperature Materials and Precision Forming, School of Materials Science and
Engineering, Shanghai Jiao Tong University, Shanghai 200240, China; 2. Science and Technology on Advanced High Temperature
Structural Materials Laboratory, AECC Beijing Institute of Aeronautical Materials, Beijing 100095, China)

Abstract: Superalloys are predominantly employed to crucial aviation hot-end components such as turbine rear casings, diffusers,
and pre-swirl nozzles. The investment casting technology supersedes “casting + welding” forming approaches, which reduces the
number of parts and processing procedures, offers improved reliability and mass reduction. Therefore, investment casting is a pivotal
technology for aviation component manufacturing. However, the casting of complex thin-walled components encounters challenges
with dimensional accuracy, impacting engine aerodynamic performance and assembly precision, which has become a bottleneck
problem restricting the manufacturing quality of key structural components of aero-engines in China for a long time. This article
reviews the current advancement in the dimensional accuracy control for superalloy investment castings at home and abroad. A
forward-looking analysis and discussion on development trends are conducted, particularly focusing on digital and intelligent
technologies. There is an urgent need to build a digital twin platform for investment casting in the future and to develop more

advanced accurate, quantitative and intelligent prediction methods for dimensional deformation and die profile design theory.
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Fig. 3 Deformation of shell-alloy system (a)scanning data of dimensional change in shell-alloy system for a ring-to-ring typical
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simulation of shell and casting’s dimensional deformation during alloy pouring and cooling solidification for turbine rear casing
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Progress of refractory high entropy alloys

WU Hao', YU Jiashi”, JIA Zhigiang', ZHANG Long', CHEN Hao'

(1. Xi’an Noble Rare Metal Materials Co., Ltd., Xi’an 710201, China; 2. Xi’an Surface Material Protection Co., Ltd., Xi’an
710200, China)

Abstract: The current research status of refractory high-entropy alloys(RHEAs) is reviewed, the composition design of RHEASs is
described, and the effects of metal elements and non-metal elements on the structure and properties of RHEAs are summarized. In
addition, the microstructure and mechanical properties of RHEAs under different preparation methods are described, and the
strengthening mechanism of RHEAs matrix composites is discussed. The future development of RHEAs is prospected, and the
following suggestions are put forward for its future research direction: enhancing of RHEAs by multiphase synergistic effects
through the interface design between different phases; designing and optimizing the composition of RHEAs to develop RHEAs that
are easy to process at room temperature; quickly screening the composition and microstructure of RHEAs by combining with high-
throughput calculation methods; regulating and controlling the microstructure and structure of RHEAs by additive manufacturing
technology; carrying out the configuration design of RHEAs matrix composites to balance the strength and plasticity of RHEAs
matrix composites.

Key words: refractory high entropy alloys; composition design; preparation method; microstructure; mechanical property
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Fig. 2 Schematic diagram of oxidation mechanism of Y-contained and Y-free alloys a
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Phase composition and mechanical properties of RHEASs prepared by smelting

Mechanical properties

RHEAs Phase composition Temperature/  Yield strength/ Ultimate % Ref
C MPa strength/MPa
TizZr; sNbVA] s BCC 25 899 245 [67]
TiZrHfNbTa BCC 25 1064 > 50 [68]
TiZrHfNbTaW,) s BCC 25 1135 >50  [68]
TiZrHfNbTaW,, 5 BCC 25 1278 >50  [68]
TiZrHfNbTaW, BCC 25 1726 20.7 [68]
TaMog sNbZrTi, sAlj BCC 25 1319 1533 25.1 [69]
TaMo, sNbZrTi, sAly ;Sip; BCCH+silicide 25 1467 1679 262 [69]
MoNbVTa, BCC 25 1344 9.5 [70]
MoNbVTa, BCC 1000 786 29.2  [70]
MoNbTaW BCC+FCC 800 1630 24 [71]
(NbMoTiVSig, ) g95Lags BCC+silicidetLa 25 1929 2157 15.28 [49]
precipitatesteutectic structure
CoCrMoNbTi, , BCC+Laves 25 1905 5.07 [72]
CoCrMoNbTig 4 BCC 25 1771 4.62 [72]
NbTaTiVW BCC 25 1420 ~1800 20 [73]
NbTaVW BCC 25 1530 ~1700 12 [73]
HfMoTaTiZr BCC 800 1045 1446 19 [74]
HfMoNbTaTiZr BCC 800 1007 1489 23 [74]
HfZrTiTa BCC 25 1140 1337 20.7 [75]
TisoNbsoCrioVyg BCC 800 45 60 >50  [76]
Tisy 4Nbyg 6CrigVoNijsAly  BCC+o phase+Ti,Ni 800 285 395 > 50 [76]
TiZrHfNbMo BCC 25 1719 1803 10.1  [77]
TiZrHfNbMoTa BCC 800 1007 23 [74]
22 HRIAS JIEAT PR RS MR A B The s . SIERAR L,

Ky AR G A R A N IOk, Tl BRI & 4
IR, SRIGAE T T AT Ry AR BESS, W UL be 4

B A G A 1A A LN, EAT T
ji 8 RN, A9 AR 4 T LR RS AR 40 4
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17 7L ORI, WA A 4 1 B 4 BUR R AG, T
HAEWM A SR A S5 A CL 0 %4t
R, N AEMBHEA AR, BAtMARIGEHEAR
B N T il % RHEAs B9 55, @0 Aly,CrNbVMo
RHEAs™ | NbTaTiV RHEAs™” . TiNbTa,sZrAl,
RHEAs™" 7 Il /& — #0001 4 1 4 (19 RHEASs
LA 5 U B B E AEE SR 4, Guo 257 R b
K 1f 4 NbTaTiV RHEAs 7 % & T J& I} 58 & R
1370 MPa, ff £ ZK 5| T 23%, 5155 ) RHEAs
AH EELA B A

XFF M ARG A T, BRI be sl T. 5B 800
RHEAs 1 2URI Pk A S K i 3 e ™
it 18 3 3 7% 3k B B[R] AT LA JE #E NbMoTaWVCr
RHEAs 21215 Ty ;s BEERES BRI RE K, Bk
SEPRLAR N, BT HAE SRR, A 4 0 AR
SEHEANE /N, BREE 40 h i, A& 4 R e tE 12
VERE, BEASESE " BESE T ey IR X MoNbTaW

RHEAs A4V 5 M RERI R, BB IR T+, &4
(R BE | IR EE Y34 5, 2000 °C BRE5HT, A4
JE IRFREE Hy 1314 MPa, B4 5~6 MPa-m'”,
EAE™ BT T RESSIREE AN O N %] TiVNbTa
FI2EPERERI A, A4 AE 1100 °C Beghnt B R AT
MZRG J12EMeRe, BEReas iR, B8 RET N
Y P ) 98P T 2 SR O K5 O N &
ST A AR RN, P ERRL T A4
(RYEYE  BRIESHE T AEAS B & 520 RHEAs 1Y F1 244
fit, Shkodich 2% SR HI & AEERES (1388 r/min ) A
HL A5 B T he 45 7 1% & L T TaTiNb, TaTiNbZr
TaTiNbZrX(X=Mo. W) RHEAs, 5 R & BRI e
SEEM, EWRPUERER R T 30%, &2 50H
TR M AR 405 20 % RHEAs (AHZL A & F12%
PEfE, 25T LU, By ARA 4 k6 45 79 RHEAs
A EAG L5 ) 2 IR RN e R R, [R] A e LA 1)
FEJEVE

R 2 MAKIBEH % RHEAs M4 R )5 RE
Table 2 Phase composition and mechanical properties of RHEAs prepared by powder metallurgy

RHEAs Phase composition Temperature/°C  Yield strength/MPa  Ultimate strength/MPa  &/% Ref
WTaMoNbVCr BCC+Laves+oxide 25 3416 3834 5.3 [85]
Co.05Hfy ,sNbTaW, 5 BCC-+carbide 1200 792 >50  [53]
Co.05Hfy ,sNbTaW, 5 BCC-+carbide 1400 749 >50  [53]
MoNbTaTiV BCC+FCC 25 2208 3238 24,9 [86]
WNbMoTaV BCC 25 2612 3472 8.8 [87]
MoNbTaW BCC 25 1314 >25  [83]
TiVNbTa BCC+FCC 25 1506 33.2 [84]
AlMog sNbTa, sTiZr BCC1+BCC2 1000 964 1012 40 [88]
AlMoysNb (TaW ) (sTiZr BCCI+BCC2 1000 1080 1132 26.7 [88]
TiNbTa, sZr BCC 25 1310 >2000 30 [81]
TiNbTag sZrAly , BCC 25 1500 >2000 18 [81]
CrMoNbWTi BCC+FCC+HCP 25 4345 >15  [89]
Nb,sMo,sTaysW)s BCC-+carbide 25 2460 3016 16.8 [90]
TigNb,3Mo,;Tay; W, BCC-+carbide 25 2377 3340 26.3 [90]
WTaMoNb BCC 25 1217 1449 3.8 [91]
WTaMoNbSi, 75 BCCH+silicide 25 2483 2732 1.6 [91]

2.3 iEHFHE

BB 35 A )1 e B i T, TR
HLBKPE B 1 = 4B [ 1 R 2 2
{7 2 e e 3 32 T, A
S RIORS R B 22 3R B R F Y . 4w s bt

il 3 o P H A IR RS B | e v A R AR A, ]
DAARAS A7 B [ A (A AH FIRE A 2 B 20 21, 36 IR IR
SR A AR A o HR, s A il R
TG PR — Bl EERE R IR (directed
energy deposition, DED) ', 4341 Fi 31 H4 4 i 7
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R (wire arc additive manufacturing, WAAM ) | #%
i1 1§ i JE (laser engineered net shaping, LENS) | i
FeIE AT (laser metal deposition, LMD ) | 3G H&
7 (laser cladding, LC) %5 ; 53 —Fh & My AR R I 4
A (powder bed fusion, PBF) "™, 434 i F L X 15
1k (electron beam selective melting, EBSM ) F1{#{ '
i X ¥4 1k (selective laser melting, SLM) . H 1,
DED J& H Hif F i A il He R 2 —, B #RAER
fi | B R O R R B R BRI, 1T
BA AR . Kunce 45> SR LMD #i % 1)
TiZrNbMoV RHEAs H1 BCC. NbTi, #H A K & Zr ¥t
HIALR . Li % R LC 4 T ORI WA R
) W,NbMoTa RHEAs, £ 4 Hi BCC %54 114 B AH [#]
WKL AL, BT LC Ay PR HEBE BRI, & 4 iR R
PN E UG R 519 RHEAs AR R, Zhang
47 R LC J7 ¥ 4t TiZINbWMo RHEAs i
2, A& WRE e H BCC Ml B-Ti,W ., UTIE 4L,
233 800 °C 1B kU5, BAMAEEE K 1300HV 5. Zhang
Y s i SLM AR AR T B H— BCC £5H 1y
NbMoTaW RHEAs, H TP & [ i L3, 514
75 121 £ ) RHEAs A Lt, SLM il & ¥ RHEAS /i
LR A /)N, LA R R ) S ARRE R A 1 R
Zhang % 58 T SLM #l 4 MoNbTaW RHEAs
AT FAT R, G5 R FR, SLM T80T Dk m T
AR PR A AN S I, BT

3 HERERSeEESMHEER
AL

% T HE— 4R T} RHEAs (97221 B, BHIT A
B S 7 A A TP B A IR 5 A R B B R
BN A 0 7 5 A A A R
P A 7 S T A Ao BT A I
RS RE I AL A, 244 422 B SR TR, (428
Yt s et 4 MR T A A SR AL, RN
S8 B RHEAs A4 PERE . Ahmes — ey
LR SLRS, T HLK Z 5031 T RHEAs (95 5t b
T 1 AR PR, B A R R B B 5 42 SR, L HL R
B FH LA v WO B 8 L R Tt 8 Y A O M
W AR (e 4 B B AL . BUILH  SE A5 ) 1
SMINES MR, 4 41 m iR R AR B B
TRt 5 e beae
30 ShygEHREReE

710, TiO,. Y,05. ALO; % 4l /1N & AL ) W k:
£ RHEAs 1 REHS 7= A= AL 0k B AL, 388 5 /N

kL RS AR 5 1S Orowan 00 >4 55 RHEASs %
TR R AR O Zong 451 S BRI A
BT Ress ARG & TN 1 % (B4 70,
) RHEAs(WMoNbTaV-1Zr0,) , il 5% % W, ZrO,
B AL & 4 SRR STE T 31.5%, Jit iR i
PUPL o B AR A R 2 A4 = T 69%. 62.5% F
32.3%. KGR ZrO, 7 WMoNbTAV RHEAs
S A BICR B T R TR 2 A R v R Y A=
o, B R AL RO s B A AR SR AL HL ]
ZrO, i Stk A K 32 5 T i B 5E 4L A Orowan 5%
fera e Y e 4" R, Zeo, R
AR N TR AL R AL, A AR B AR T A A AR A Y i
RS2 8, YA a2 RIS 0, SR R
A A, IF W SRR BN, SR BB 43 A ) ZrO, kL
S BHAFOLA5 T AL, R L 45 7E T AL A B R R
TELE h A AL S B, 4R B AR A Y T
PO Y ZeO, R 3 Ak T SRR, SEL
By T A BRI, AR 2 AR S 5 A,
i A B 3 21y, DT 38 85 52 6 AR s B, i
EAAFHRIRE T A B A S A e SR AE
RHEAs HU s T ALyOy AN 1 78 & 7 Ak 57k 8 o3
i, difb & 4 0 sk R, i H. ALOs 5 1AZHY Orowan
AL S BOA 4 R ] e Y, Wang
4190 3ot ALO,-RHEAs %8 i R 25 L (10 3 4L 57 ik
BT TS, ALO; 34k HINbTaTiZrV RHEAs 7E%
T RN R I T s A AT LA 51975 98 4 (solution streng-
thening, o) . [A] B 5% 1k (interstitial strengthening,
o) « At 5 4L (grain boundary strengthening, oy, ) il
R L5 4L (dispersion strengthening, o,)4 #7); 7E%
I T 04 Oiss 0o 0, HUBRAL TTHR FEAE 53531 36% .
47%. 3% F 14%; T 76 800 C JE 45 I , oy, 0.
g M o, BISRACTTHR LLAE 20500 27% | 64% . 2% FI
7%, T WL, 224 35 B AR Lh At AN [ st AL AL ) 9 53 R L 7]
BT B,
32 HMiEEEREHES

AL Y445 ZrC, HFC, NbC, TaC Fl TiC %4
BN R, | R | RO B A AR
Guo % """ SR LI R 7 B A C T K 1B 26 B
Moy sNbHf, sZrTi RHEAs 7, JE 37 52w A B8 Ak £k
Yk (& & Zr, HE /DR Nb, Ti 0 BA R
MG TR B, 53R L, &4 PR AT 38 B A
IBPERAT H R . Wei &1 SR I T B
T 11 MoNbRe, sW(TaC ), RHEAs & & # #}, TaC
(7R A & & AR i T 2 41 4F (Mo, Nb, W,
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Cleavage fracture 10 pym
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27.04 70.75
18.66 4.32
54.31 24.93
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s,

Energy/keV

K4 WMoNbTaV-1Z10, % IR %400 SEM  (a), BSE(b) & F EDS (¢ )45

Fig. 4 SEM-BSE images and EDS results of the room temperature compression fracture of WMoNbTaV-1ZrO,

[105]

(a)SEM image of fracture; (b)BSE image of fracture; (¢ )EDS of the particles marked in Fig.4(a)

Ta) ,C ALY A, A 4 14 5% 5 1 AE 88 % 24 745 3 42
T, 5 W EETHS 65 F 3L R SR A ik S e b P iive
sRik, A M B R B E R MR T BCC
SRR R AL, BB R A SRy T
PREEF AR B4 T JFAL(Nb, Ti) (N, C)Fl Ti,04 34
5% Cr, sMoNbWTi RHEAs & & H K, = AE Bk s i 72
FIAZSHY N, O JCERIFTE = i be sl B P s By
B ISR AR HLY A T BCC JE 4k, A MRS H
i HL %] RHEAs A e, 2630 H 40 5 1Y 5 IR T TR i 3
(4033 MPa) FIfi i (11.57 GPa), I H7E 1400 °C B}
WERELA 53 24 R (e IR5E . 572 MPa) . Liu
b NS o) 7 I8 B4 5 v 4% T IR TiC/RHEAS
BAMERL, ZAFRE B A 2 IR R 4 5
(>3000 MPa), Has A5 I PR 41 it ot AL AT L
Bk, Fu 25" SR 45 B ek v B e Ti-
C-O kL 4 55 fiY 37 %80 NbTaTiV RHEAs £ 8 & 4
B, Hod Ti-C-0 ki J& i NbTaTiV RHEAs {4
5 C IR (WG ER ) JFAL R NI I, % AR RE = IR
Y JE R 5E BE RN BT PSR BE 4> Bk 1.76 GPa I
2.27 GPa, [FlAH7E R (1000 °C) N EA T
8 (U IR 5 EE 685 MPa) ; (NbTaTiV) g/ Ti-C-
O 5 G M kI SO 25 #8450 75 1400 37 5 SRR RN 43 A
TE iy B oKL P T Y Ti-C-O Uk, 24 Bk A
5IARAE AR}, Orowan ML 5 51, 24 Wik
4/ H 5 FEAARSEAR B, W & AR B UIBLA, thF Ti-C-
O Jopr A, 5 5 v, N i I A A RHIR SR AR AL
#EZ A Orowan HLHI N F 14,

33 RUYEERESHEE S

RALPI X RHEAs Y5 Ak — e nl 9 B F i 1%
TN | 5 ALK FI Orowan SRALAN o 4%
¥y 40 /N, Orowan 5L 5 £ S ;
MR B i 2T A NERIR IR, (74 SR A Ak
T A 280 Ky 2 BB ALHLAR . Tian 2™ SR
LU T 1Al 28 T A AL 3858 TiZrHINbTa B &
BRE, ARk BCC 3R R FCC A AL ¥ A 41
A, HZS R U (1000 °C) 3 B 4 B R AL B &
G, 43 95k %] 2125 MPa 1 350 MPa, H %
B MK (>19.3%) . Smeltzer %" 58 I
ML A 41k & T N 82 MoNbTaW RHEAS,
JRA A B B2 A E AR A (Mo, W) (Nb, Ta)N 7
R T A AR, ORI R A FE, A 4
BT E VERI A B 8 . Wang 2™ x4 i1k
& Wi RHEAs #E47 T 1000 °C 1B K b3, 5 441
BE T M 5 B R 4 5 43 0l K #1238 MPa il
18.8%. HHil, ALY T RHEAs J12£ERE AR IR
R, JRHR A AR U A R AL A sk
AW HIBLIEA fRlE— 2050

4 REKRESR

RHEAs HA /&5 B A0 5 i o 4 0 e 1 B AR
FETE, AE R — AR RS MM R E AT S R A% T
b Ak T AR SR A W AR 0 R TR . SR,
H1 T RHEAs il 8¢ AR = L il 8 T2 BLE, Hl
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(1) HHi, X RHEAs & 4702 M/E FPLETA IR
AR, JCH R Z A oA 4 R R AL AL B 5
Lo A RHEAS 38 7 & &y WUR S22 A1, i i
AR Z [ R AR, 2 AP RS % RHEAs /2
RARIEEMHR T Z—,

(2) RHEAs [ 0 58 5 76 & & T PR R
Ifl. SR, RHEAs AU IR PER 22, MELIZE R T
AT T, Bk, Bt IHiik RHEAs 847, 5
3K RHEASs 1= i B F 28 30 4iE Ji 1k =22 [) 1 -, F
K E RSN T K RHEAs J& 2 Y,

(3) KRZB&T RHEAs WWF SR 4R 2 it &4
WA RR T L -250 - RE G R, X S5 4 L5338 7
SRR SR AR BEAT 4 FUIM T, A B A AR
4. YEiliE, RHEAs f180A T A RE & &4 6
A, X S AL Gt A0 R ME DL 5 P A
RHEAs (45 5 PERE . 0 A0 39 44 il 1 25 A o il
TR, i RHEAs 57 A 515 K i Bcdie 122,
O H T A9 RHEAs A2 RO 25 ¥, 46 4 F
8 R AT AR I B o

(4) 38R IE AL RS ] B PRI 4= RHEAS,
M FL 28 0 00 A A L 2340/ 5 B, 384 0 ol 5 ) &
RHEAs HIAFFEAT AL F 01 By BL, 3504 i 1 1o A v
P4 P TR 1 AT 5 R 5 4 ) 25 AR 22 B 72 [ A oy AR
WIRA . anfer ) FH S A1 il i 2 R 6 RHEAs 2041 545
AT, YA E AR I S 2 —

(5)7F RHEAs H 7S i P 25 338 i AH 1T AR 2 555
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Research progress and development tendency of ultra-high
strength aluminum alloys

XING Qingyuanl’z*, ZANG Jinxinl’z, CHEN Junzhoul’z, YANG Shoujiel’z, DAI Shenglongl’z*

(1. Aluminum Alloy Institute, AECC Beijing Institute of Aeronautical Materials, Beijing 100095, China; 2. Beijing Engineering
Research Center of Advanced Aluminum Alloys and Applications, Beijing 100095, China )

Abstract: Ultra-high strength aluminum alloy has achieved extensive application in the nuclear, aerospace, and aviation industries
because of its high specific strength and low density. The fifth generation of ultra-high strength aluminum alloy has been produced,
and in comparison to the fourth generation’s 600 MPa level, its ultimate strength has been consistently redefined and increased from
650-700 MPa to 750 MPa or even 800 MPa. This paper reviews the history of the research on aluminum alloys with ultra-high
strengths and introduces the current state of development both domestically and internationally. The key issues and recent research
development are further explored, including computer simulation, thermal deformation, heat treatment, homogenization, melting,
and casting, as well as composition design. Finally, combined with the development needs of future equipment and domestic
technology status, it is pointed out that in-depth study of basic theory to solve the problem of comprehensive performance matching,
the promotion and application of special materials in specific application scenarios are the development trend and important direction
of ultra-high strength aluminum alloy.

Key words: ultra-high aluminum alloy; Al-Zn-Mg-Cu alloy; ingot metallurgy; high alloying
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5 B AL E VLB 9 600 MPa, 3% A5 HE T+ & 650~
700 MPa JZ LA I

21 22 DIk, LR Mg T “20-207 3F
Rl BI ALY S48 o A £ AR YRR AIR 20% . [7]
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HIRAERHLAY 30%~31% F [ %) 27%~28%. T LA
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JEE i A AR ST B it AR £ & St E R
i, RAGEMR T EESMRE . Zn & i Zn/Mg H |
Cu/Mg FL%5%F Al-Zn-Mg-Cu 4 4 5 FE ) BR B 5% 0,
AT & T — R 58 B & en A 4, 41 7A60,
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e BE M 600 MPa., 700 MPa % i [i] 800 MPa & &,
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HFEA, WG TEARIRSGRET, BEma a4

£ 1 RREKS Al-Zn-Mg-Cu-Zr & &M 3 Bk g

Table 1 Main properties of Al-Zn-Mg-Cu-Zr alloy extrusions with different compositions

[4-8]

Composition Condition R,/MPa Rpy,/MPa Al%
7A60 T6 734 733 8.3
Al- (7.8-8.2) Zn- (2.2-2.4) Cu- (1.9-2.1) Mg

T77 737 715 9.9
7A95 T6 728 718 9.3
Al- (8.6-9.8) Zn- (2.0-2.8) Cu- (1.4-2.0) Mg

T77 764 749 7.2
7A96 T77 810 796 7.0
Al- (9.8-11.2) Zn- (1.2-2.1 ) Cu- (1.6-2.4) Mg ’
7A34 T6 778 767 9.1
Al- (11.0-12.6 ) Zn- (0.8-1.4) Cu- (2.0-3.2) Mg

T77 792 774 8.6
Al- (15.9-16.2) Zn- (1.2-1.6) Cu- (2.9-3.1) Mg T77 810 799 34
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FETEAN [ B OHT H0 P 910, SR ARG IR A B 1) i 28 Ak
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R
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23 B A M S A (grain boundary precipitates,
GBPs) 1 11 B2 43 %5 LA Je &t ok 3 AT DL UE A o e
(precipitation-free zones, PFZs ) 2 [a] i) JiE flz i 7 Eb,
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(stress corrosion cracking, SCC) . f S X i 43 2
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[&] J& o (intergranular corrosion, IGC ) F13¢ 7% Ji& b
fiE (exfoliation corrosion, EXCO) , #l % 19 Al-
11.2Zn-3.0Mg-1.3Cu-0.2Zr # 5 5 55 & 4 TR 1
P B AR AR 551 7) ik 827.9 MPa Fil 8.1%, &
AR VR FE 126.9 pm, 3755515 EA 221"
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Table 2 Properties of Al-Zn-Mg-Cu-Zr-Ti alloy extrusions with different gradient compositions

[16-18]

IGC, maximum Compressive strength

iti R, /MP Al%
Alloy composition m/MPa o depth/um EXCO grade at 250 °C/MPa
Al-9.1Zn-1.95Mg-1.14Cu-0.2Zr-0.85Ti 724.6 13.0 11645 EA 211.5
Al-8.54Zn-2.45Mg-0.86Cu-0.196Zr-0.23Ti ~ 725.5 7.4  156.89 EB 3204
Al-10.2Zn-2.59Mg-0.92Cu-0.184Zr-0.34Ti  738.5 9.2 13574 EB 3574
H T TR U S EHLAVERENGE DT AT B[R, Gl i W45 A 5 Ak | A7 H sk AL Fn A0

FAE—ERRE RS, B 65 A 4Bz 3%
¥, BRI EELEPALE 08 5 (SctZr, Cr+Yb.,
Gd+Y . Er+Cr F1 Cr+Pr 55 ), 7£ & 2 1l & 4 10 7

rn R AT 2, IR B TG 4 1 ) A M RE A ol
fit . Zhang S5WF5Y T Sc+Zr —JCE A A 4L xt
A1-9.0Zn-2.8Mg-2.5Cu & 4 2L M RE Y52 i, 45
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1.6Cu-0.14Zr & 44T Gd+Y —JnE A ME &1k
WF5E, % PR AN 0.13%Gd+0.07%Y Al LA %L BH
1k 15 el v I R I A R R R, 0o P A
JIT il £ ) SREL AP RE R Gd A Y 5 2 A3
T g, FLPTR s B | e AR B | A 3 4 S
T 11.49%. 14.61% #1 63.11%"™ . Fang #5587
Er+Cr —J0R A MA &5t Al-8.5Zn-2.4Mg-2.1Cu-
0.16Zr £ 4 4L 2L g 52 i), &5 SRR 0 . a3
0.28%FEr+0.17%Cr, [FJAF AT LAt 40l A48 i, 25
R 35% FE AT AR P BT RS B | it RS B | e o | 2

) B R0 R A7 06 ol o B4 0] A 43 ) AT 3k 743.9,

728.1 MPa. 9.2%. 30.8. 22.4 MPa-m'?, 43 5l # &5
T 5.7%. 6.5%. 3.4%. 24.2%. 105.5%>, Wang %
W5 T CrtPr — o0 & & & & 1k X Al-8.6Zn-
2.5Mg-2.1Cu-0.16Zr & 4 L LRI RE (152 1, 45
T BN 0.1%Cr+0.14%Pr 1] DL W40 K 9% &
Cr. Pr i Al Zr %i ¥ F1 &% Zr i) PrCr,Aly, 9K HUAH,
SR P A R, DR B DU/ BE R AR
F I M, HAE/ N B A 0 3 6
PFZs I i, $2 T+ SCC. 1GC. EXCO 1:RE, 1 11 JE
DT THEEM 7.8 MPa - m'? #2712 17.6 MPa - m'”,
IGC fe RIEEM 146.4 pm [% = 104.2 um, EXCO 14
e EB 427+ % EA 7Y

bR T EEEICR TG ST R B n
VO 51k, W FEE XY oR & ST £
PR AAKZEFG LTS5 7 TR R T 5T, i i i i
Jin 56 K B B R JE T R Y 28 AT A% 33 HIL I A

Orowan 5& fL AL, LA S BA M AR IE i hn « JLAnT %
NLES ", R PRI R B 5 Jo 25 W2 38 o 1 1R
Y1 it AR 2 9 T i T R 0 A L N e AL
FE RN G K RH IR R AR, DA i A48 K o 1]
TR ZE R AR T & 40 BE, PRI 3L 0WF 5T H AT i
ﬂ‘[ﬁcﬁ%%}l@/l\fﬁ, T I 1 22 [n) R B2t — 20 F 9T T
2527

2 BHESHAUEAR

R T VR EAS | A PR SR ERE R R
SR A TR, IR IR B EE I T L 2
KA AR AT | 255 38 Bl i 25 oK . (HU, B
SRS B G B R R AR (213.0%), ik
N ) BRI B R, RS TTER
Zn, Mg Cu AT Bl Z i), 53 sl RO Fgse
WAPERS . M2, FEF2EE RN G 4
Y5 T I ) e KPR AR, Li S5 X8 A 4 5 i L AL
PRFNZ A R R AT T 400, XS R T T R S5
ek >

H AT, B T 68 T 2S8R Wik, o
9% 2 02 [l SRR E B AL AN A 4 51 A B Ty T
o Horp, BOE AR SE X g iR i AT
AL EAET RS RS TR IS S, TR E
ARG, G S H % (direct chill, DC) -3 £ 451
(% DC #%it) T. 280t S5k, mishgs|
N U E A FE AT % 3% (middle frequency electro-
magnetic field, MFEC) ., {4 B8, ##% 3% (low frequency
electromagnetic field, LFEC) Fl# 7 3% (ultrasonic
field, UF)55 )5 1, AR SEPR s, e AN () 4y 28
Yy, okt AL A% S0 ) 1 [R] e, ARG i A 2
U/ 5 A R B, AT AR A5 A v PN AR i Y DC
PEEE

Xu A58 T £G4 IC R Zn, Mg, CuXf Al-
Zn-Mg-Cu-Sc-Zr & & i PE e sz e, & I BE &
Zn, Mg, Cu F it 3, ki 8k, WA %
Ity it 1) RS A, SR RARRS 225 Zn B R HE IR
A G SR GURIE (F B2 A S R
Rk 1520 . Zhang %538 1 U L4 RIS
Y45 A 5 Bk, £ % Al-10Zn-2.3Mg-2.4Cu-Zr &
&A% 45 (4200 mm), 5% T LFEC X DC ¥t 7%
WP 3L 5 5 5 SR RS2 ), R LAE LFEC
T, SERTE S T PR, R B R e, TR
FEAG, SRR B o, WO EE | B N T | B T
fit i) . WA, R3] Ak (7 1),
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Fig. 1 Microstructures of LFEC and DC billets™

H, T JEAUE AR M5 | AR % W]
FEIIG IS 22 8, Han . A0 He FAE geialal vk, SUEs
PLESR AT LATE— R B L R AAR, [ A iR A4
G55 TR R A f 230 K, T B R AR Ak
2 = WERAME 5 T MFEC #1 LFEC Ve R85 5 19 A%
W AEAE— B R PR, UF e Y I Bl 3
PR, WSS I B T7E TR T A B i
SR, HE)RRBEZ IR, AT A R i bR R,
A R A B A B T R A () SR T

5 —J7 T, BT b B T R AR S A B
REREXEE, B THASIMBRERS, R DC %
il £ 1 B 4E 2P AR KR TG, 34950 1A
Ab BT DA i T A A e A, A7 80T PR O,
Tbr. BT, B ERA SN T2
MR ZHrmiR K E . W — R
TE 400 °C /&Aq, LIMEE ALZe BL 7 AOAT i s 55 — 4%
B 7E 2 #443 M7 (differential scanning calorimeter,
DSC ) 55—~ W #4535 BRHIT, 78 43 1 T 9 IR0
A (T A 5 58 =it — b 32 =R, RrlRgH
1% S A%

Huang S5 0F 58 T ¥ 50 @ & &k A &b
B NI HR AT R RS2 ), I R B DX AL
¥1594 (400 °C/12 h+475 °C/24 h), 1694 (475 °C/
24 h) #5TA0TF N HRGE R AR B R A
i), P N AT B T AR T R ST, B LT A 2
FE ARS8 Xu 5T T AL-9.0Zn-2.1Mg-
2.0Cu-0.1Zr i =58 40 & 4 (TAS6) 5 5E fE 3 51 kit
PR 2 AR, & BLFE 380 °C T, AlZnMgCu
] AL,CuMg FH¥%7% ; 75 470 °C F, AlZnMgCu FH¥%
BEAZ RIS X Fh 22 55 F BT Zn fl Cu gt &
R4 A 2 S R BN 5 [RI,  4 BE 2 9 185 i R
HL SRR S ALZnMgCu AR AT 5 R AR Y
BT SRR XS LA SR ) 5 Zn M 9R Al-Zn-Mg-
Cu REEMNBESMBLLSALTF R TS, 45

! (a)LFEC; (b)DC

R B Zn Ik Cu HHEMY 7037, 7056, 7097 4
285k =R IS AEAE TR (410 °C/8 h+465 °C/6 h+470 C/
36 h)J, HAHN FELFTEN a(Al) Fl Mg(Zn,
Cu, Al), tHEEAR MY, HE Zn & Cu & /Y 7095

AEadMALHEE, GEHAN EEHFEN
a(Al) , Mg(Zn, Cu, Al),#.0(ALCu)H LK K

#R43 19 T(AIZnMgCu) AHIEAS a1, BB SR T

/D) T(AIZnMgCu) #, & Zn Ik Cu & &5 &%
A SIS A B A S 2 A AR X A i 32

SR B R v 2k Y AR R
X} 7136 #E R R G S ALV AL T A M5 k&
M, 7136 F A EHESHEBAHERZ R a(AD+T
LA RRE DL S SHHIAETE, B & 43T 462 C/
24 h G SIAk, B T ARFEAS g, 510 )Y
FEA X FR A AR — 25 M VR AR B, B a2
ik 450 °C/24 h+470 °C/24 h W54k, BT D
K8 B AlLCuyFe HHAR B, ALCu %5 o Ath #H 3% A< [1]

v BV Bk 22 s A X ALL(9.7-10.4) Zn-(1.8-2.3)
Mg-(1.0-1.6) Cu-(0.12-0.14) Zr & 4 42 T T 3L
RIS A IR T 205, 5501, SR 400 C/
4 h+467 °C/30 h T2 AR5 #55¢ b Yo fm i B 2
T, b SAR B R b, B & BB AT B R
SR/ Ay AR SR A, 2 P RE AT 2 B

E&%BSJO

3 MTHIFAR

ARTEH ARl = 2 AR S e PR P O A
{14 2 22 B, H AT LSS S R R AR S — A,
P v SR L, P AN R BU R 5 b, R[] 52
FEES ST O A, EE IS BE | A R A
AR UCBC G R I AT I . BR T AL G0 0105
1, BT R SR AR S B IR T R AR B R 4
FALL S5, WA T e, BIF5E 5 48 B U 2R e 1
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BALREAEAIL], I8 A RN TR, 345G 3E 1Y
PIMTTZZ8 A,

M W &1 XF Al-12Zn-2.4Mg-1.2Cu-0.3Zr-0.05Ni
B R A I AR R PR T T RIS, T
T 25 75 1 W AR MR N AR R AR BUE TE AR
BERY, B E TR AL A RINORG B 5 B T ARE S i
(@1 O) Rt S (A ) FE R 42 R . Sun
530 10 X R 5 5 Al-Zn-Mg-Cu-Zr & 4 75 #UE 4 i
FE P 3 HUS G BE AT Zener-Hollomon 2 4§ i A8 R 13
HYRIESR A BR: TR, OIS RE (Q) L AR S AL
W (o) I FOLEE 5 E (p ) A, IR B 107
B EHEAUAE ; Y In Z 8w, FEEEARHLEI S 3h
A, N BE B (20~ 5°) B Ak M & S, T e
A In Z WIRRAR, FBLRAUAILHI 2 87 1) Sl A T4
AR T AT LY LS PSR LR IZN
LB A TREE R &R, (B 2L 3 A R4 i o
S 7, Tang %5 41 X 5 3R Al-Zn-Mg-Cu-Zr
G4, A IFEAE T — AR A FRS R | AL
i BT R A ) T AR R SO AN RS 4 T R
B X 2 B BoINAR Y 5 OWL 2H 2R A8 R R S Rk
TR HSEmR, BF9E R B : 45 TG 26 T4 ] P45 i
A A AT A 1Y 58 55 T A Ze> Cu> Mg >
20", I3t RIE T Zn B TR A I o
A HALE R . Sk, Khan %8 4H X Al-Zn-
Mg-Cu £ 4 7E {5 W 228 28 R 45 S 56 v A iR A7 o FF
JR T RIFE, 3 M B i 7 A S R N ST R S
WA (I 5 R 4.0x10 7 s ), H A v 78 3o 4% 50k
P, B A KBRS 5 55 12 30), A E 07 B B0 5 3
I A R AR ARG A, 2 A RIS AN E] 5.0x107 s
B, R AT H AN A BB BT FLAZ 5, = BUR IR
GRAERRIE

ARG AL m R A & AR T2
WL T — @ S B Fde =, (HBlE A B s G
A SRR &, RS & LB
FARBIN B E] T — R, TR
PETt, MR A A8 H T SR KA G, .
ELHRIARTE b i S B ML TE R 5 HF RS
T B i 5 e L B 8P rh B e AR T o AR
WEEE . Tt PR EIE R, AR
“HHEHRE 7 SR AL HEOR, (AR RCRTE
TEARR o ey - & i AR T2 2 R, S 30 B8 a8 1Y) A%
T, BOAE WA SGERE S TR ST, 45
H:ff1 8% % (equal channel angular-pressing, ECAP) Fl
155 He 411 %% (high pressure torsion, HPT ) 4§55 I #4 A%
ARG AE

Wang “5:fF 58 T ECAP X i# 5 48 J& Al-Zn-Mg-
Cu &4 124 PR e S AL S AR A RE IR, TR 55 2 B
B4l ECAP J&, M I3 3] i Xk, 441
B N 90~ 300 pum 5 B V) HF — 48 2 55 W 5T Y]y
— NS AR, 3 X e SO 2 AR -3
T T NG N TR 1 £ N W B A AN TR K F e ]
¥R BE L, ECAP RAL AT L 40k 41 21, v /b
Al,CuyFe AH 5 L, [RIEE AT LA R 46 %0 T6 AbFER E] 5
AMIFFT IR Y, B Al-Zn-Mg-Cu 44 ECAP
I EARRNT 20 mm'™*Y L TS KA % ECAP
Xof R R A A A ik M BE Y S BT SY 2R B, ECAP
A LA RUEE T6 A ek e, HARE Sk, ik
R PR X A B R T
ECAP J& W13 51 4 f AL 4L R Rk i, e it 175
W 25 1 52 2 B AL A R . Duchaussoy
W58 T HPT F Al-Zn-Mg-Cu & 4 R UL TEHT H .
AR R R4 i =2 [) ) &2 20 L O 2R S Lt g
SEAT R RENA, B TR A R R [ I AT AR O S
K G fioRE R H 55 90 K ST TE AR 45 BB 4T R 2
A SR AR A oA A 4 O OB, IR i RV 5
Ak 29 59 T8 A% UUTE AT X 5 4 1k BE 42 T 1) R Bk T
#kC. ECAP I HPT 43 B4R WK A5 40
JEE R 4R TR AR S 3, LA RIS DN, Ak
FESEBG 2 AESE B B, Al £ R T AR Ak L3
H, R B BAE, e R R A,

BRIz A, A 2 T X A e o B 4 Y 4% 1)
Sk, D 2R n U] G R A8 R TS
OEBEHNE A ST REERA S SNENS
2 1) SR AT R B, B RIE AR 4 4 UR T i
Al S R, 8 4 5E {11031<112>Brass 414
o 2 T LU — s P B 4% i) S L VIR
VF &g T AT XS A 8] 805086 & Al-Zn-Mg-Cu-Zr-Sr
MRS A 2B M AR T RE RIS, 45
F K. Al-Zn-Mg-Cu-Zr-Sr 4 4 18 J1 241 i F it
P E (IGC fil EXCO) b ¥ #7745 10 S vk, @ 5
ECAP 1 LA 800035 45 ) S 1, R4 THA & 0998
P 5 BLAN, 83 TR 4 AR T T LA BB T
FI/INFf B S o5 L, DT 2 0 i 462 %) B 28R HE A
Ky, B A ) AR RE AL A R Dok R 5 H
W& ECAP 2 FUEZEARIE, XI5 il 75 168 il
EAE S =EF N T A

4 BALEBHEA

— &, IR G SR PR BEEOR AL



66 o= M

B W %44 %

[ RS PR B o [ A BT DA S AR
G AR AT I i RN SRR AR A AR, S S B RO
HOE A . Bl R R RS A A A SRR Ok
g, R v A A BE A BB D I R IR, Bk
BELBE Hb [ 58 A, P B S A FREE, J2
T AR R 5 WL T A B i
VAR B — 2 [ IR R A DSC YA — AN I A
VAR5 L BRI, 56 R [ G 1 i v U R R A
U, 3 T2 — B SR P DA S JORG f 42 0k (— 21
W) o BR T DGR E TR B0 TR A ORI G, A 2
HEOEE T AT TEMAsuamse, Wit
BU TR RS, VPRI BT T THRE R 5
[ 95 i [ XS AN [) A BE 143 19 Al-Zn-Mg-Cu-Zr-Sr i
R A A BT R A AL SR RE I R, BT A R R
B Mg F1 Cu 57 2 AH 558 i R, 12 3 TR+ e 3]
VA A B o i, S, WU TR - e 1 1)
B 4o B R BRI A R O T AR AR T AR Y R R
PR T T RN 5 5 e ) 13, T T U R e
ﬁﬁd. IE](% [48-52] .

e TR A B A P RO R R A R, FLE
SRR L, M EL T [ T2, B XTI b B
WF 58 TAEAH X 0T &2, 32 B4 5 4% 48 19 5 9 B 5%
(T6), WHAFRL (T7X), =ZH}# (T77, RRA), VA
1 B S IERT R (T6+T6 ), JHA/A FIAE A5G At
%1 (heating aging treatment, HAT / cooling aging
treatment, CAT)%, Horr, JESE R A E0OZ B A A
T

L5510 T6 AbBE T LAUMEAS G 4 KA I (5 5,
T7X AR S 0GR A s i, 3 4 T+ 4 B i okt
PERE. TS T TR (120 °C/24 h) I
WL (110 °C/8 h+160 °C/14 h) ¥} 7056, 7095 &
SR SR PERER SCC BB (K B, BIFSEIE S
7056 & 4 7E LT L 7095 & 4 HAT /NP
MPS R SF | B 20 MPs %5 )3 F1 B & (5 i, {1
HEEL A I GBPs 155 411 SCC MU &1 s 48
X2 B R 5 () 7095 A 4 MPs 1Y FH 16 2 B & F
7056 A 4, FLALWTSE 5 A 1) GBPs i & K&K SCC
ORI T77 A EWATF T6 A TTX 216, 425+
A AT e 4 R, ST BRI/ NG BE Bk . TEie
A B R T2, #2 B AE B SR A 40 B A PR 1Y [+
B, S Ui S 40 B RN S T A5 25 A PERE . B3 e A
BA%T % 700 MPa 2% Fl1 800 MPa 2 5 i 1 & 4 B¢
FEM B T 2R AT R I T RERIHEE, #
JE T 700 MPa 2 R Eh A & iR Te T.20, JF
AL TR T77 T.45: 135 C/12h F, &4

B R\ Rpgos A 53 5 7] 3K 728, 718 MPa Fl 9.3%,
120 °C/24 h+190 °C/5~15 min+135 C3h T, &4
B Ry Rpoo A 535 AT 3K 764 749 MPa Fll 7.2%; AN
] FAEGE 2 — . = S &5 A R G T77 T2,
Lo T77 T2 8 =R SR = T — 2
BRI A A, B AR AR, ROk T W
PR S Ie R, BEST BT T 800 MPa 24 i 54
FRA A WSSO HR AT ok« TR 2 R i T+ A
K BEMN ST ER,GPT . GPTTIXAE 110 C F
4% 96 h AT BEAR RS , SR AR XK ) 33+ s
PRIR BRI AL T 25 (110 °C/24 h), Ry Rpgas A 51
BT 5 808, 785 MPa 5 6.9% ",

FEBT BB A T 25 5 1, TR R T R i
5o HEFENEMFFE T =ik Al-11.88Zn-2.85Mg-
1.00Cu-0.13Zr & 45 1 SR I 3% T2, F9E K I
AHELTF 120 °C/16 h FRGL &Y, AR LT (80 C/
8~28 h+120 C/4~16 h) H1 [ —ZETRL AT A7 H 5 %%
& GP X, fif G i 50rb i N AR/ NTREL ' AH 1R
B, I 25 FEAIR PRZ 19 56 B, 5 BN BT I, (HL
EWET AR Lio 257
Al-8.35Zn-2.5Mg-2.25Cu-0.14Zr 4 4> HAT Fl CAT
TRYAT AT O AL RETT R R W (B 2),
B B 28 i B BE (final aging treatment, FAT)
(160~220 °C) & T 180 °C B, ¥ J3F Fifi i #4 5ak %
(20~80 C/h) ByRERTHE I, 24 FAT & F 180 C
R, 8 A0 AR I 5 P 23 U s 24 o o Akt 3
FIRREAIR TGN, 5 FAT J656; 5 T6(120 °C/24 h)
I, £ HAT(100~ 180 °C, 20 “C/h) &b FRJS 1 R,
Rpoos A 53 HEE T 1.6%. 4.5% F1 14.1%, HAT A
25 AR I ROHT R B, Bl FAT (38 i AN 15
RIPFRAR, A0/N0T AR TR, AR E 22 m AR 7
A MRS B R RS T HAH ; HAT AR BRI (A1 4% T6 4k
PR 4 2 80% ., CAT AbBEZ B H LAY 52 i B
4, WAl T6 AbH T 456 24 90%, TE AR REFE Y [H]
B, $5 s 1 AR RE | TR Do AN AR PR, W TR
PATR AR Tl £ HL A T S Q] o) i A o s 1R
%) B 2R A B o0 T A AR TR I T A AE AR A
FIME, BREE,

5 IHEVEEENTE

Wt A4 B RSP Bt SEAILE AR KT (9 AN 1y
fim, SERER TBC hAZ G S gl 108
e 1) SR T S ML B A AU SRR S B I AR 45
(77 HEATRF ST, 7T LS B REAR & A R A Y ]
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Fig. 2 Process diagrams of HAT and CAT

i, e JEPRMIE Y . B SRR A A LA
BRI K Jre DA e 7L 11 1 FH 44 86 77 2 A 4D A 1)
o Pk B A 2O AR A, B o N T S
TR N AU RESCHK, S I SE B3 T ARF 4 21
PEREII LT BT

FERUR & R B IS 1 SN T T, Liu S84 %)
Al-9.2Zn-1.7Mg-2.3Cu & 4 W BF 55 & B n M & &
5 Zn Mg FRIEME(S Cu FRERALR), N
] /4 Mg & & FF 52 ) A1 5 AH 28 B (0+n, S+ ak
0+S+n), HFEAEFM AT, TR EIAT 1
AlZr—a( Al)—>Al;Fe,—n—a-AlFeSi—Al,Cu,Fe—
0—Al;Cu,MggSis " . Zhang %5 L) {37 5t 55 BE 1 Ky 5
BZH, X Al-Zn-Mg-Cu & 4 W) sh A 45 i ad R ik
TR oA, R T o A o AL T A% A AR KA
L IFITE T B AR . Liu %24 CALPHAD
B RN ARG, RGBT mAT 59
L DOVERT H 85 B | FEAR Lo X i B4k m AHAE K Y
YRR F12% L B AbAPERE BRI, JF 25 A L iR 2
SIS R T (1 — BeHE S L Johannes 45 3 T 5%
7 SRS, X Al-Zn-Mg-Cu DUIC R B AH
FE A ) 22 e R UEATIIFSY, RINFE A Cu JTCE UK
JE FEAK, 0 37 7 (face-centered cubic, FCC) 4%
F&) 6 1) FCC/BCC (A 0> 37. 5, body-centered cubic,
BCC) IR MM b AT 6 2%, J12# e Re bl fl Tk
R+ RoF 22 (6,) B #2484k, %) Al-Zn-Mg-Cu 47T
ZASMELH TR EEE X, Li%mns
—VEJFE T, #1587 Mg, Zn ., Cu U F/E A1Z3(111)
(1107 XFFRATUAR: AR A L AR TR B X it A
FE AR T, & B b AL %) W7 24 BE N T P 5k S Bl
Mg BYDE e AT I AR, J5 Bl Zn A9 2 B T 4k 2%
%, HeJa Bl Cu i S AT I 386, (B IR 2 AR
B, AL AT AT R A O R AL, JRRRARA 4
BUBMERE . Curle ZEFFTHR L T —FhIE TH7 HIAR
B4 N Al-Zn-Mg-Cu & 4 b B e IR 5 7 A9 £k

[55-56]

(a)HAT; (b)CAT

PR AL, IES5 G 7075 Fil 7178 & 4 5 x5
TR HERPEEAT 1 BAIE

HV1g = 9.03x 2 s +150 (1)
YSts = 25.16 x £ +382 )
HV173 = 11.33x 2., + 132 3)
YS(Zr)re = 65.74x 2 +180 @)

1 HVag. YSren fare. 53 51K T6 754 4 i |
Joi} IR R L U0 UE R AL BT 42 B HV s furos® A
T73 25 F WS IRERBE . YRR AL 4080 YS(Zr) 7
K85 Zr 1 Al-Zn-Mg-Cu & 4 75 T6 75 F 1 Ji I 3%
JE TR AL T AR

TR PR 3 Fe 7 W43 240 2P R DG T,
Lian ZE44 8 T 56T AR G BIL A2 ST A, F1F
B P AR ] UE B LA PS4 I ok T 2 S0
S BTN T 7 FhOR [ 2R 5 4 5 3 75
fr, FOMAR 220K 10.83 MPa'™ . 7644 &35
T, Park 25| 11 7 4EAUAR I 5 48 T 2580, M HF
KT VR 25 I R T 7 FR S A 4 1
SEVERE, ITIE— BB A A T, 107 B
S TR R, TR 4 4 B B 3 4T
JEHEY . Tuan ZE3ET =R EAAL BER ARG A A H
BRI, 07 th 5 125 MEREAR DG Y T AN T B AF /R
SRR A, LASREE AL H AR, TS T hLAL
BRI A ST RS, (L T SR A A
BF% " Vahid 678 7075 4 4 YL 148 1 BT A
BG4, A LT DS Ak 0 3 S
TKHEBEST 4 4 ORAL B T 2 E A7 Ak, T H& 4
() 12 M AR T Li SR S APl
R R R A B () 11 AR SRy 1%, FH L
T I & =R B AR A 4, IF DL Al-Zn-Mg-Cu & &1k
F 3R B Ak F bR, R FHIZ 1 38 1 v S &
THRE R RS A SR
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W35 () ER A SRR H LR SR
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1 i) S P A58 () 5 7 — Ty T o AR 1 g ok — 2
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Research progress on low-temperature properties of common structural materials

ZHOU Junjian, ZHANG Xuexi, QIAN Mingfang, LI Aibin, GENG Lin’

(School of Materials Science and Engineering, Harbin Institute of Technology, Harbin 150001, China )

Abstract: With the rapid development of low-temperature fields such as deep space exploration, polar scientific research, low-
temperature storage and transportation, the service conditions for low-temperature structural components are becoming increasingly
stringent. Therefore, low-temperature materials have gradually become a research hotspot in the world. This article mainly
summarizes the low-temperature performance and related mechanisms of common structural materials such as low-temperature
steel, aluminum alloy, titanium alloy, aluminum matrix composites and resin matrix composites. The effects of different crystal
structures, alloy types, alloying elements and other factors on the mechanical properties of structural materials such as low
temperature strength, plasticity and toughness, and the mechanism of low temperature deformation, strengthening and toughening
are concluded. The application and prospect of different grades of low-temperature structural materials in different fields at home and
abroad are also briefly introduced. The future research prospect of low-temperature materials is put forward.

low temperature properties; steel; titanium alloy; aluminum alloy; aluminum matrix composites; resin matrix
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Table I Room temperature and low-temperature tensile properties of low-temperature steels **!

Steel 7/C op/MPa 61/% T/°C oyo/MPa 6+/% Ref

Q235 (F) 25 491.3 26.5 -60 561.7 22.7 [8-9]
16Mnq (F) 25 616.0 25.0 —60 688.0 229 [8-9]
14MnNbq (F) 25 653.3 253 —60 721.0 233 [8-9]
1Cr18Ni9Ti 25 800.0 53.0 —196 1540.0 24.0 [10]
Fe-Cr-Mn-N 25 945.0 54.4 —100 1258.6 40.0 [11]
Fe-Mn-C 25 901.0 54.0 —163 1125.0 45.0 [12]
Fe-Mn-C-Al 25 795.4 75.0 —196 1340.4 67.6 [12]
Fe-Mn-Cr-N 25 668.0 68.0 —196 1365.0 62.0 [12]
Fe-18Cr-8Ni 27 >600.0 65.0 -253 >1700.0 >25.0 (13]
Fe-20Mn-4Al 25 660.0 58.0 —196 1196.5 77.4 [14]
Fe-27Mn-4Al 25 678.1 49.0 —-196 1173.0 68.0 [14]

Note: F refers to Ferrite.

F 2 RIRANE S AEIR T by © s
Table 2 Room and low-temperature impact properties of low-
temperature steels *% 12 14151718

Steel T/C Ayl TIC Anll  Ref

Q460 (F) 25 58 —60 22 [8-9]
Q960 (F) 25 81 60 28 [89]
25Cr2NidMoV (F)  —50 236 -160 85 [18]
Fe-Mn-C 25 290 —163 150 [12]
Fe-Mn-C-Al 25 253 -196 149 [12]
Fe-Mn-Cr-N 25 234 -196 128 [12]
Fe-Cr-Ni-Mo 25 150 -120 70 [17]
Fe-20Mn-4Al 25 150 -196 110 [14]
Fe-27Mn-4Al 25 320 -—196 180 [14]
Fe-Mn-Al 25 207 —196 102 [15]

Note: F refers to Ferrite.
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Table 3 Low-temperature steels developed in several coun-
tries and their impact work at various temperaturesm

Steel Country T/°C A]

09MnNiDR (F) China -70 =60
08Ni3DR (F) China -100 =60
06Ni9DR (F) China -196 =100
15MnNiDR China —45 =60
45Mn24Cr4CuDR China -196 =80
SL5N590 (F) Japan -130 =34
SL5N440 (F) Japan -110 =17
X12Ni5 (F) Europe -120 227
12Nil4 (F) Europe -100 =40

Note: DR refers to steel used for low-temperature containers.
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& 42 R 5% 7T L 56 38 5 A B R MRk 6 2 M,
N A58 12— A5 WAL IG s L W B | 5 2 FL A A
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Fig. 1 Typical applications of low-temperature steel in China

(a)antarctic scientific research station( Mount Taishan Station );

(b)very large gas carrier(VLGC)
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Table 4 Room and low temperature mechanical properties of

o [26-29]
common titanium alloys

Titanium alloy 7/°C o /MPa o/MPa 6/%
Ti-5Al1-2.5Sn 25 850 795 16
(o, rolled sheet ) -253 1700 1590 7
Ti-5A1-2.5Sn (o) ELI 20 760 710 17
—253 1540 1440 15
Ti-8Al-1Mo-1V (o+f ) 20 1030 970 16
—253 1750 1620 2.4
Ti-2A1-2.5Zr (a+B) 20 530 430 =20
—253 923.5 795.8 =38
Ti-3A1-2.5Zr (a+B) 20 580 480 34
—253 1190 — 13
CT77 (ot+f) 20 =950 =850 =16
—-253 =1400 =1300 =14

Ti-6Al-4V 20 960 890 12
(o+B, rolled sheet )

-253 1770 1700 4

Ti-6Al1-4V ELI 20 970 915 14
N .

(o+p, forged billet ) 953 1650 1570 1

Note: ELI refers to "extra low interstitial"
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Fig.2 Tensile stress-strain curves and twin morphology of TA7 ELI and TC4 ELI alloys at =196 °C

[30-34]

(a)TA7 ELI; (b)TC4 ELI; (1 )tensile stress-strain curve; (2 )twin morphology after tensile test
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Table 5 Room and low temperature mechanical properties of aluminum alloys[

3, 42-49]

Aluminum alloy T/°C o,1/MPa 01/% 7/°C op/MPa 5,/% Ref
Al-Cu-Li (T8) 25 589.9 10.1 -196 729.8 11.4 (3]
Al-Cu-Li (O) 25 211.7 12.8 -196 328.8 27.2 (3]
AA2219 (Al-Cu, T6) 25 381.0 25.6 -160 482.0 29.0 [42]
2024 (Al-Cu, O) 25 182.3 22.7 -196 287.4 33.6 [43]
Al-Cu-Mn 25 147.0 23.6 -196 254.0 39.2 [44]
Al-Cu-Mn (W) 25 304.8 <30 -196 413.0 34.2 [45]
Al-4.5Mg-0.4Mn 25 288.0 24.0 -196 428.0 42.0 [46]
Al-1.2Si-0.4Mg 25 226.0 24.0 -196 335.0 36.0 [46]
5083 (Al-Mg, O) 25 323.4 19.0 —268.8 557.1 32.0 [49]
5083 (Al-Mg, HI13) 25 335.5 14.0 —268.8 591.6 29.0 [49]
6061 ( Al-Mg-Si, T6) 25 2282 19.2 -120 2483 24.9 [47]
7075 (Al-Zn, W) 25 343.7 <25 -196 4379 >25 [48]

Note: T6 and T8 refer to solution heat treatment; O refers to annealed state; H113 refers to work hardening state; W refers to

solid solution treated state.
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Fig. 3 EBSD grain orientation maps of O- and T8-state Al-Cu-Li alloys after tensile test at 25°C and —196°C

[3]

(a)O-state; (b)T8-state; (1)25°C; (2)—196°C
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Table 6 Room and low temperature mechanical properties of

. . . [55-58]
aluminum matrix composites( AMCs)

AMCs T/C  oy/MPa 5% Ref
5%B4C/6061A1 25 388.7 12.0 [55]
-196 490.4 15.8
SiC/Al 25 289.1 (ay,) 7.5 (oy)  [56]
-196 3535 (o) 9.3 ()
15%B,C/6061A1 25 350.0 0.5 [57]
( Al-Mg-Si) —75 404.0 1.2
15%B,C/7075A1 25 3220 6.0 [57]
(Al-Zn) ~100 350.0 8.4
8.2%AIN/Al 25 251.0 13.6 (58]
-196 469.0 7.1
82%AIN/Al-IMg 25 317.0 9.7 [58]
-196 519.0 5.6
8.2%AIN/Al-5SMg 25 485.0 7.6 [58]
-196 611.0 5.7
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Fig. 4 Fracture morphologies of B,Cp/6061A1 composite at 25 °C and —196 € (a)tensile fracture at 25 °C; (b)tensile
fracture at =196 °C; (c)particle fracture at =196 °C; (d )interfacial debonding at =196 °C;
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Table 7 Low temperature performance of commonly used resins

[65-66]

Resin Density/ (g+cm ™) 7/°C o,/MPa E/GPa 5%
Epoxy resin 1.2-1.3 25 55-130 2.75-4.15 2-2.5
-196 160 6-8 4.0
Poly-ether-ether-ketone ( PEEK ) 1.27 25 105 3 60
-196 156 5 5.5
Poly-ether-imide ( PEI) 1.3-1.32 25 100 32 50
—-196 192 6.1 5.4
Poly-carbonate ( PC) 1.2 25 100 3 55

—196 160 5 8.0
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Table 8 Density and mechanical properties of reinforcing fibers "
Fiber Density/ (g+cm™) o,/MPa E/GPa 31%
Carbon fiber 1.47-1.83 2-8 300-900 0-2
Kevlar fiber 1.45 3-4 130-180 2-3
E glass fiber 2.5 3.45 73 3-5
S glass fiber 2.49 4.6 86 3-5
Al,0O; fiber 3.2 2-3 200-350 <1
F O SRR AR ST A RLE SRR 1025 bR T
Table 9 Room and low temperature mechanical properties of typical resin matrix compositesw'm]
Resin matrix composite  7/°C Transverse o,/MPa  Longitudinal o,/MPa  Transverse £/GPa  Longitudinal £/GPa  Ref
Carbon fiber/epoxy 23 <30 2249.3 <9 <120 (67]
—196 >45 2253.7 >12 >160
Kevlar/epoxy 23 — 1400 — 80 [68]
-196 — 1400 — 100
Carbon fiber/MBI 25 583 >1900 10.8 — [69]
—-130 48.1 <1500 13.4 —
Glass fiber/epoxy 25 — 428.1 — 14.9 [70]
-60 — 438.2 — 15.7
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Research progress of molecular dynamic calculation on titanium
alloys for aero-engine

MI Guangbao', SUN Ruochen', WU Mingyu'’, TAN Yong'?, QIU Yuehai'’, LI Peijie’, HUANG Xu'

(1. Aviation Key Laboratory of Science and Technology on Advanced Titanium Alloys, AECC Beijing Institute of Aeronautical
Materials, Beijing 100095, China; 2. National Center of Novel Materials for International Research, Tsinghua University, Beijing
100084, China)

Abstract: With the improvement of thrust-to-weight ratio and other properties of future aero-engine, the high temperature
mechanical property and structural stability of titanium alloy components are required. The limitation of traditional experiments in
time and space scale has become increasingly prominent, and it is difficult to deeply study the microscopic transient phenomena and
mechanisms. Moreover, the molecular dynamics(MD) calculation method takes the atomic/molecular model as the calculation
object, on the basis of Newton classical mechanics and empirical parameters, the calculation efficiency is greatly improved
compared with the quantum calculation method. Therefore, MD has become an important method to optimize the process parameters
and calculate the microstructure properties of aero-engine titanium alloy. Based on an overview of the basic principle of MD
computing space and time scale advantages, this paper reviews the relevant domestic and foreign achievements in the study of
molding, microstructure characterization and performance testing of aero-engine titanium alloys by MD method in recent years, as

well as representative conclusions that contribute to the improvement of high temperature resistance of aero-engine titanium alloys.
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Finally, the future prospect is discussed based on the demand for MD computing technology for aircraft engine titanium alloys, thus

pointing out the challenges faced on the following aspects, including high-throughput composition design based on MD computing

method, training molecular force fields for mature titanium alloy systems, and introducing the new ReaxFF(Reactive Force Field)

into the study of combustion mechanisms.

Key words: titanium alloy for aero-engine; molecular dynamics; molecular force field; numerical calculation
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NAET, TBC TR, RZAERARN AT, TBC 34,

4]

VRS BT 7 B M B I 5 2 B E %
SHHLT TR B BLR TR 032 — VR AR

6 HEEHHIEITH MD itE

MD 7Rk & @it F it A EEN ., —
J7 18, MD 333 ¥ % 53 F 713 (7 [l 45 3 37 AN ]
A TCENAHEAE A, KiF@Ei T 248 s
S T AR 5 — i, e ka7
Yy S b, 8 A A KA A AL 2 AR (an
AHALRN . Ak RE L 2Nk L B EE A RLAE ), figiE il
T H B BGE RS S ERE TR U IS SR, AR,
WA MD 3R R TE Ti 2/ Ti-Al B2 2 & bk
R ERH

EA et Ry . Bk R MD i
XK HER G 2B AIGR IR T om B | SRR IL
Botk, #F55 Al, V. Ta,Re,Fe, Ir TEEGEILE LUK
AT R X HER 2 AR e L 22 AL AT RE | 25 P i BE
MR RS IR T 2 TIAIND A4
B BRI AT R, & I Nb ot R £ A yiy B2
im S A A 45 12 3, JFA 50 T 5 U0 B9 B .
Nikonov % ™ £ T MD #5¢ T Ot Be45 Ti-Nb &
S IF R, AN, F SR T MD X Ti-v
A Z " TioNi-Cr-A1™" | Ti-ALNb £ & & 3F i &
4% LI AICoCuFeNi-(Cr, Ti)™ | (TiZrHf),qp_,
Cu,™ . Ta-Ti-V-Zr-X(X=Hf or W) " | Zr-HE-Ti-Al-
Co-Ni-Cu"™ | Nb-Ti-V-Zr"" | V-Ti-Ta-Nb""* 255 4
BN ITHEIES %

TELALLA SR P45 J7 T . Gao %5 I i MD
5% 1T Ti-Al B EEARE b A1 sR AN 8581 12241 1Y
R, % PR 2446 #0281 (exponential parameter, 6) )
0K I T 2149 43 41 B Ti-Al & 4 ) 3 K 3] 1000 B
(XF R TR B B BAE Ti-AlL 2R E S HEL), 5517
S S T T I, I HL A3 A BREON A 4 1 SR A B A
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ORI A B . An 2% FI I MD BFSE T
J2 B A TiAE 5 TiCu SUR 24 K 2 6 bR S
SEVEREREIA, KB TR S/ R R B AE, 2
A Jek 4 S A L VR A v O P P 5 [l 2
JEE Kt AR BB A TS AL 1 1 S0 T LA Z W AT, T
Yl 2 9B A I ML 9 5% 00 B & . Somesh %57
FH MD #F5E T o-Ti FIR A Si i i) o-Ti 11
FAb TR, KPS AT LAY Ti R F5 O 43
2 18] 0 L B B LA B O (94 B, M98 T o-Ti 7E 7S
I BB A AL BE J1, IF 48 R Bk A 4 R T 4B 2
Si J5 T 1 LAB 5 A 4 () En iR A e R

TEEKFE S A WO T, B3 45 2 AL Sk . £ 2R
W Al T ik Bk A 4 e R . Wei % FILFT MD
WFFE T 8-Ti,C B 4% Ti-6A1-4V 1Y & i A4k P Bk
[, & BRI EALS, © AL TiC Al LIRS
SERTBAZAE L T 7= A R R 2, R
FIF Tio, MK L. T4 I MD BF5E T 48 2
FHRHCEL ) R4 2 47 BB 0 ek S BRI g 2
BERUSEIE, R X A7 B A TR AT LA A5 2
SRR T 22 (¥ g, T ARk e B, OF
Lt 25 2 JEL T (84 I T 14 A . Tang 25 1
MD HF5E T Ti-f7 B4 90K 5 A bHkk b 7 BB LA
BRI BN 12 VERE RS, % BT BRI B T 0
A I AL SRR A, TR 5 T bRH
FVERE. EIRIOBFTLE R R MD A B TS 4
AL

% MD 522 4, REASSTBLAR A 4o B
R AR S) D TR e
TEALE % 30 1 I P T, 2 e 450 SR R S g 1
wmAVETL, T T A4kt & N V., Al Si, C X Ti-
V-Cr R4k &4 12 PERE M S B ; Zacharia 25
5 ok N2 B 4% (artificial neural network,
ANN) 285 B F00 T Ti-6A1-4V 2548k 4 4 IR 19 %
. Niw 261 SR ANN . 5307 40 3 (5] 1  H84%
1] f LRI I D A 25 T Bk 4 11 B AR %
TGIRLEE . %5 AME D oL F3RI (0 8 F y i , Li %1
A& Li 21 43 i 4F X Ti-Nb-Zr-Ta-Si 4 4 A
I Ti-xMo-4A1-4Zr-3Nb-2Cr-1Fe £ 4 1 B 5 T 300
LU PR T A B AR

MD 507 5 HL A5 5 . D S AR I,
HAEAK A 4 WAV 7 THT (R 45 70 T — Wik HLg
b X I — B AN AT S R B M S G, W
S 2 S R B A TE 0 TR 15 AN 448, DRI HE LA
BATE A A A 0 FEL A 1 2 R0 5 A
S BLAE S PE ST S50 22 R, T DL o

ol 22 Bl E (198K 5 4 o BEAT BN 2R VAl
HEXT

7 $KA4H ReaxFF 5 EAM higFH .k

71 EAM H37

53T 1300 T4 AR AR R R R B AR
HER/N, T AT MD B EERZ —,
TN R AL, B T MD 1Rz
FRCREAEE . BHRTE T A 40 MD i
1 43+ 71 3% Fh 25 A0 $5 « Lennard-Jones(L-J) 7137 .
Tersoff 71 3% . ReaxFF JZ [ 3% . EAM(embedded
atom method ) JJ %% . B JEAE EAM J13% 77 1, i%
KR 1308 T 2RV 3, H RN 4 )8 I+
T H A, [R5 7 B
T T BT A R AR, H
Hi 2k & 4 1 EAM & MEAM J 5 8 & 528 T
Ti-AINb" ' TiALN™ . Ti-AI™™ . Ti-Fe-
C[m] . Ti—Co[m] . Ti—Cu—N[m] . Ti—FeUm . Ti-Hf-Nb-
Ta-ZrmS] . Ti_N/C[IIG] . Ti-Ni-VUm . Ti_o[us] CTi-
Pd™” | Ti-Pt"™” | meta-Ta-Hf-Zr-Ti " % 50 £ 1A &
P S5 . DM ZS R shALE Y Ti-Al & & 4 1,
B Zope %" SH I A LU 5 M Sk BB T &
T Al o-Ti F1 y-TiAl B E 255 EAM 113, %713
BE 8 A7 RTINS AR 25 4, I P B AR
F e, P A T b A 4 4 vh A g L R T
T 722 O RE . B Kim 251 T 2NN-
MEAM 5 & T Ti-Al-Ni 135, % 135 1E 454 |
SME A 2E AR PR, R T 5 S0
O — MR RN 2 PR AR A R R A — B
I JLAE, IR E A5 N AR 4RI & T 3E T Ti-Al-
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A 41 ReaxFF Je v 15 HLASBUAb 2% ) i
e ss, HItE TR+ 1. BAR HATfE b
1A% BE#X AF (software for chemistry and materials,
SCM) & it & th 3 & H T4k & 4 FF & 1Y) ReaxFF
13, (AL ReaxFF E VLI EJE Ti T2 XA
UGB X FF . Kim %" F R T C-H-O-N-S-
Mg-P-Na-Ti-CI-F TR KR 1Y 13, FEM T &8
Ti J& TiO, 19 Cl, } HCI Z| iy )z W A48, Fr 15435
55 H A R AT — 8k
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B, LR AT S AN ™ A SHOR G A ™ ke R e S ATy
o UG SN AR EEAE S i R A R
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A RAFIAEE , FT ReaxFF J13%A) MD £ 4]
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Foo AERATT IR RO ™ 57 i IR, R 7552
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1 (phase-field method, PFM ) % "> 314 1 A
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Research progress in manufacturing technology of aviation

composite propeller blade

WU Jiayu, YANG Jinshui*, CHEN Dingding, GUO Shujun, YIN Changping

(Department of Material Science and Engineering, College of Aerospace Science and Engineering, National University of Defense

Technology, Changsha 410073, China )

Abstract: Propeller propulsion technology plays an important role in aviation field. Composite materials have the characteristics of
high specific strength, high specific modulus, high damping, designability and so on. The use of composite material propeller blades
can further improve the performance of propeller in terms of mass reduction efficiency, propulsion efficiency, corrosion resistance,
noise reduction. Composite material propeller blades have become the general trend. Based on aircraft propeller blades and rotor
blades, this paper aims to perform a brief review of the research achievements of aviation composite propeller blades at home and
abroad, classifies and expounds the material systems, structural design and molding processes of aviation propellers. The key
technical problems and the simulation research on manufacturing process of propeller at home and abroad are summarized. Finally,
the future development direction of domestic composite propellers from the aspects of improving the material system, optimizing the
structure design, deepening the process research and strengthening the engineering application of numerical simulation technology
are concluded.

Key words: composite material; propeller blade; composite propeller; molding process
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Table 1 Maximum displacements of aluminum propeller and composite propellerm

Maximum displacement/mm

Propeller

X-direction Y-direction Z-direction
Aluminum propeller 0.1784 0.5025 0.3250
Composite propeller 0.0819 0.0723 0.0293
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Fig. 1 Airfoil and structure of Dowty propeller blades

(a)comparison of orthodox blade section with ARA-D;

(b)section of composite propeller blade
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Table 3 Comparison of basic performance data between honeycomb and PMI foam

[33]

) Density/ Compression Tensile strength /MPa  Shear strength /MPa Shear modulus/MPa
Material (kg+m”)  strength /MPa L W L W
Nomex honeycomb ~ 49.5 2.07 1.31 0.69 48 24

66 3.45 1.86 0.97 63 32
99 7.41 2.55 1.38 90 41
148.5 12.89 3.48 2.41 117 62
PMI foam 52 0.8 1.6 0.8 24
75 1.7 22 1.3 42
110 3.6 3.7 2.4 70
205 9.0 6.8 5.0 150
PU foam 50 0.3 — 0.23 2.4
200 2.9 — 0.7 10
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Table 4 Characteristics of several composite paddle forming processes

Molding method Advantage

Disadvantage

Mould pressing  High product accuracy, efficiency and yield

RTM Capable of forming large and complex components in
one go
Autoclave Uniform pressure and temperature distribution, low

molding porosity and consistent product quality

For large size paddles, the moulds are costly to make and
transport, and difficult to open and close

High design requirements for materials, moulds and
processes, high resin content of products

High costs and long period
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Fig. 2 Transition of interference from blade tip to
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Table 5 Peel strength of sandwich structure of core materials with different ROHACELL models

[53]

ROHACELL Density / (kg+m~) Peeling strength/ (N +mm «mm ') Failure position Surface resin absorption/ (g+m )

71WF 70 35.7
71RIST 76 28.8
71 RIMA 72 3.5

Foam 550
Foam 280
Foam <50
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Advancement in enhancing composite performance
of heterocyclic aramid fibers

LUO Longbol’z*, LYU Junwei'”, ZHAI Wen’, ZHANG Dianbo’, LIU Xiangyangl’z*

(1. College of Polymer Science and Engineering, Sichuan University, Chengdu 610065, China; 2. State Key Laboratory of Polymer
Materials Engineering, Chengdu 610065, China; 3. CNGC Institute 53, Jinan 250031, China)

Abstract: Heterocyclic aramid refers to a type of para-aramid containing aromatic heterocycles(usually benzimidazole units) in
the main chain, which has excellent properties of lightweight, high strength and modulus, high thermal resistance and good solvent
resistance. Compared to the typical aramid fiber II , heterocyclic aramid exhibits superior mechanical properties and has been
practically applied in the fields such as aerospace and bulletproof protection in China. However, similar to other organic fibers, the
composite performance of heterocyclic aramids with resins is relatively low due to their inert surface, which limits their application
in the field of advanced composite materials. This article from two aspects of surface modification and structural design, the design
ideas, technical means and research results to enhance the composite performance of heterocyclic aramids in recent years are
summarized, and the development trend of its application in the field of advanced composite materials is forecast, so as to provide
assistance and reference for the interface design and improvement of interfacial adhesion of organic fibers.

Key words: heterocyclic aramid fiber; resin-based composite material; direct fluorination; interlaminar shear strength
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)" (a)SEM images of the stiff-flex-

ible interlocking porous microstructure( AF-PU-10) constructed on the surface of heterocycle aramid fiber; (b)rigid and flexible in-
terlocking porous microstructure and epoxy resin covalent binding diagram; (¢ )interlaminar shear strength(IFSS) and
toughness( Gic) of modified heterocyclic aramid/epoxy resin
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(a)morphology of the unmodified sample( AF ) after being pulled

out of the resin; (b)morphology of single coordination Cu” ( AF-1) after being pulled out;
(¢)morphology of multi-coordination Cu” ( AF-2) after being pulled out
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Microstructures and mechanical properties of AMed CoNi-base
superalloy based on EBM

LI Longfei*, YU Yao, YAN Chunlei, FENG Qiang

(State Key Laboratory for Advanced Metals and Materials, University of Science and Technology Beijing, Beijing 100083, China)

Abstract:  Additive manufacturing provides a new way to develop high-performance superalloys and components. A v '-
strengthened CoNi-base superalloy suitable for additive manufacturing was developed, and a crack-free block material was prepared
by optimizing the parameters of electron beam melting( EBM ) technology. The experimental results show that the lowest porosity of
the alloy is about 0.14% when the scanning speed is 2000 mm/s. The microstructures of the as-printed CoNi-base alloy are columnar
grains growing along the <001> direction, the average grain width is about 235 pm, and the volume fraction of y’ phase is about
30%. After hot isostatic pressing and solution aging treatment, the porosity of the alloy is further reduced to about 0.09% with
unobvious change of columnar grains. The average size of y' phases is about (70+18) nm with the volume fraction of about
(3243.6) %. The results of room temperature tensile tests show that the additive manufactured y'-strengthened CoNi-base superalloy
exhibits excellent strength and ductility, showing a good potential of industrial application.

Key words: CoNi-based superalloy; additive manufacturing; cracking susceptibility; microstructure; mechanical property
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#* 1 CoNi ZEmih &l ARy U1 70%0/%)
Table 1 Chemical composition of CoNi-based superalloy
powder(atom fraction/% )

Ni Cr ANHTi+TatNb W Mo C B Co

32.1 13.8 10.6 23 25 0.18 0.056 Bal

200 um

Bl 1 CoNi ZEm i & a M ARBIES
Fig. 1 Morphology of CoNi-based superalloy powder

1.2 KWHE

S % M Qbeam Lab200 Hi, 1 o T BN 4%,
TAEH RN 60 kV, BUEHKE FEH+0.2 mm, 5 5X
TR, AR RIER: A B R 90°, A AS AR
FEA 1000 °C, AT LA/ ING 4 RN 7, S0P
aumy A, # 2 o EBM BRI T2 28, kAt
FET A= 1 PR

#2 EBM BT ZS%
Table 2 Process parameters in EBM procedure

Scanning speed / Linear energy /

Sample (mm-s) Current /mA (Jomm™2)
1 1500 10.75 43
2 2000 14.33 43
3 2500 17.92 43
4 3000 21.5 43
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AREIFHEGHEE T AFTENZ CoNi EE R A4S MHAHLUESR  (a)1500 mm/s; (b)2000 mm/s; (¢)2500 mm/s; (d)3000 mm/s

Fig. 2 Metallographic of CoNi-based superalloy samples at different scanning speeds  (a) 1500 mm/s;
(b)2000 mm/s; (¢)2500 mm/s; (d)3000 mm/s
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Fig. 4 Cross-sectional macrostructures of as-printed CoNi-based superalloy sample
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Table 3  Tensile properties of CoNi-based superalloy at room temperature

Alloy Category Orientation YS/MPa UTS/MPa EL/%
This study As-printed XY 772 1199 35.6
This study As-printed XY 770 1181 35
This study EBM-+HIP+SHT Xy 812 1192 34.9
This study EBM-+HIP+SHT Xy 820 1185 32
SB-CoNi-10"*" As-printed z 593 1281 332
SB-CoNi-10"*" HIP+SHT z 518 1183 32
SB-CoNi-10"*" HIP+SHT z 525 1185 35.7
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Flow behavior and microstructure evolution of FGH9S alloy formed
by vacuum powder forging
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(1. School of Metallurgical and Ecological Engineering, University of Science Technology Beijing, Beijing 100083, China; 2. AECC
Hunan Aviation Powerplant Research Institute, Zhuzhou 412000, Hunan, China; 3. Beijing GAONA Material and Technology
Co., Ltd., Beijing 100081, China; 4. Zhuzhou Wanrong New Material Technology Co., Ltd., Zhuzhou 412000, Hunan, China)

Abstract: The high temperature deformation behavior of vacuum powder forging FGH95 alloy was studied by Gleeble-3800
thermal simulation testing machine. The hot compression test was carried out at the deformation temperature of 1090-1170 °C and
the strain rate of 0.01-10 s . The flow stress-strain curves under the corresponding conditions were obtained. The effects of
deformation conditions on the microstructure evolution of vacuum powder forging FGH95 alloy were analyzed by EBSD. After
considering the influence of temperature, strain rate and strain on the flow behavior of the alloy, the Arrhenius equation was selected
to establish the constitutive model of vacuum powder forging FGH95 alloy, and the parameters of vacuum powder forging FGH95
alloy were obtained. The relationship between material parameters and strain was fitted and the obtained constitutive equation was
verified.The results show that the flow stress of FGH95 alloy prepared by vacuum powder forging process decreases with the
increase of temperature and increases with the increase of strain rate. The size of recrystallized grains in the deformed microstructure

decreases with the increase of temperature and increases with the decrease of strain rate. The error between the predicted value and
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the experimental value of the flow stress of the vacuum powder forging FGH95 alloy is 6.33%, and the predicted value is in good

agreement with the experimental value.

Key words: FGHO95 alloy; high temperature deformation; constitutive model; dynamic recrystallization
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Design and verification of pressure curve for anti-gravity
casting of nickel-base superalloy

SUI Dashan', MA Jinyuan', XU Yuan', WANG Di’, DONG Anping’, SUN Baode’

(1. Institute of Forming Technology & Equipment, School of Materials Science and Engineering, Shanghai Jiao Tong University,
Shanghai 200030, China; 2. School of Materials Science and Engineering, Shanghai University of Engineering Science, Shanghai
201620, China; 3. Shanghai Key Laboratory of Advanced High-temperature Materials and Precision Forming, School of Materials
Science and Engineering, Shanghai Jiao Tong University, Shanghai 200240, China )

Abstract: In view of the shortage of conventional design methods of pressure curve in the anti-gravity precision casting and taking
the structural characteristics of the casting with variable cross-sections into account, automatic calculation of cross-sectional areas
was implemented for the casting and gating system by the secondary development of CAD software, and quantitatively describing
the variable feature of cross-sections of casting was realized. Based on Bernoulli and flow conservation equations, the relationship
between the filling pressure and the rising speed of metal liquid level was deduced. A new design method of pressure curve based on
the automatic calculation of cross-sectional areas of the casting was proposed. The simulation results of anti-gravity casting for
nickel-based superalloy demonstrate that, compared with the pressure curve of the conventional design method, the new curve can
reduce the peak value of filling speed from 0.611 m/s to 0.439 m/s at the minimum cross-sectional area, the falling range of which is
28.15%. It meant that the new method can effectively avoid the shock and splash of liquid metal, meanwhile, shorten the filling
time, then the filling process is fast and stable. The hydraulic experiment and pouring experiment show that the new pressure curve
has a smoother filling liquid level and can effectively avoid casting defects. Therefore, it proves the effectiveness of the new pressure

curve design method and provides a basis for rational design of anti-gravity pressure curve.
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Characteristics of microstructures and mechanical properties of
3 GPa ultrahigh strength maraging steel

GENG Rumingl*, CUI Yongen"z, WU Bings, LI Yans, WANG Chunxul*, LI Yong1

(1. Institute of Special steels, Central Iron and Steel Research Institute Co., Ltd., Beijing 100081, China; 2. Key Laboratory of
Advanced Forging & Stamping Technology and Science, Ministry of Education of China, Yanshan University, Qinhuangdao
066004, Hebei, China; 3. China Academy of Space Technology, Beijing 100094, China)

Abstract: The miniaturization and lightweight development of aerospace systems have raised higher requirements for the strength
and ductility of power shaft materials. In order to develop maraging steel with the strength exceeded 3 GPa, an experimental
maraging steel with high contents of Co, Ni, and Mo elements was designed. Its chemical composition is 4Ni-15C0-9Mo-0.86Ti-
0.35Al-Fe. Through the high-temperature and large-scale plastic deformation with forging ratio greater than 10, the grains were
refined as much as possible. Combining with pre-stretching deformation and cryogenic treatment followed by aging treatment, the
tensile strength of the experimental steel reached 3.076 GPa, with the elongation at break of 5.5%, exhibiting excellent strength and
plasticity. The analysis and characterization of the microstructures indicated that the lath martensitic microstructure with high
dislocation was formed in the experimental steel, and obtained extra fined grains with the average grain diameter of 0.47 um. TEM
and 3DAP results show that a large number of Ni;(Mo, Ti) precipitates is distributed in the matrix, with the average precipitate
diameter of 6-7 nm. Precipitation strengthening, grain refinement strengthening and dislocation strengthening are the main
strengthening mechanisms, which ensure an ultrahigh strength over 3 GPa of the experimental steel, while the extremely fine
submicron grains also ensure the good ductility of the steel.

Key words: maraging steel; 3 GPa ultra-high strength steel; precipitations; strengthening mechanisms
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Table 1 Chemical composition of 00Ni14Co15Mo9Ti steel(mass fraction/% )

Ni Co Mo Ti

Al C Fe
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Fig. 2 Equilibrium formation of phases of 00Ni14Co15Mo9Ti steel during cooling process
(a)change of phase formation; (b )partial enlarged view
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Table 2 Compositions of equilibrium phases in 00Ni14Co15Mo9Ti steel(mass fraction/% )

Phase Temperature/°C Ni Co Mo Ti Al Fe

Laves 480 4.48 4.37 45.65 0.04 0 45.46
Ni;Ti 480 77.37 0 0 21.39 0 1.24
FCC-L12 480 78.63 1.06 0.08 15.35 3.71 1.17
MU D85 420 3.99 4.14 59.10 0 0 32.77
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Fig. 4 Mechanical properties of 00Ni14Co15Mo9Ti steel and some reported ultrahigh strength steels
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steel; (d)mechanical properties summarization of some reported ultrahigh strength steels(low-alloy ultrahigh strength steels
secondary-hardening ultrahigh strength steelsm], maraging steels
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Fig. 6 TEM characterization of matrix microstructures and precipitates in 00Ni14Co15Mo9Ti steel

(a)matrix microstructure;

(b)dark field morphology of precipitates; (¢ )high resolution transmission image and fourier transform image
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Fig. 7 3DAP analysis results of 00Ni14Co15Mo9Ti steel ~ (a)distribution of each element;
(b)distribution of clusters; (¢ )composition of cluster elements
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Table 3 Quantitative statistics of cluster compositions

Atom fraction%

Distance/nm Fe Ni Al Co Mo Ti
0.50 48.72 27.93 0.19 11.54 8.77 2.63
0.70 47.53 28.57 0.22 11.93 8.92 2.54
0.90 48.87 28.73 0.16 10.76 8.32 2.92
1.10 47.37 29.08 0.24 10.97 9.59 2.51
1.30 45.86 28.66 0.23 11.92 9.82 3.29
1.50 46.21 30.74 0.11 9.89 9.37 3.58
1.70 44.74 29.75 0.22 8.05 12.53 4.70
1.90 42.17 35.22 0.43 8.26 10.00 3.91
2.10 46.07 32.58 0.00 7.87 11.24 2.25
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Fig. 8 Strengthening mechanism analysis
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Precipitation behavior of secondary a phase and mechanical properties of high
strength TBY titanium alloy

HU Ming, QIU Jianke , LEI Xiaofei, ZHANG Jinhu, DONG Limin, YANG Rui

(Shi-Changxu Innovation Center for Advanced Materials, Institute of Metal Research, Chinese Academy of Sciences, Shenyang

110016, China)

Abstract: The precipitation behavior of secondary a phase and mechanical properties of high strength TB9 titanium alloy were
investigated during single aging and duplex aging. The alloy phase constitution was analyzed by XRD, and the microstructure was
observed by optical microscopy and scanning electron microscopy. The evolution characteristics of the microstructure with aging
temperature were mainly analyzed. The room temperature tensile properties and fracture toughness were tested. The research results
indicate that during single aging, secondary o phase exhibits serrated and layered precipitation. With increasing aging temperature,
the size of o phase increases, and the content of layered o phase increases. The strength at 430 °C aging is lower and the plasticity is
higher. The strength at 470 °C aging is the highest. With increasing aging temperature, the strength first increases and then maintains
at the similar level. During duplex aging, most of secondary o phases precipitate in a serrated shape within the grains. With
increasing aging temperature, the size of a phase increases, the tensile strength first increases and then decreases, reaching a
maximum of 1542 MPa. The tensile strength of duplex aging is significantly higher than that of single aging, which is mainly due to
the combined strengthening effect of second phases near grain boundaries and intragranular o phases with serrated shape.

Key words: TB9 alloy; secondary o phase; microstructure; mechanical property
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Fig. 1 Initial microstructure of TB9 alloy
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Table 1

TBY & <Ak I Z
Heat treatments for TB9 alloy

Sample Heat treatment

760 °C/1 h/'WQ+430 “C/10 h/AC

2 760 °C/1 /WQ+450 °C/10 /AC
3" 760 °C/1 WYWQ+460 °C/10 h/AC
4 760 °C/1 YWQ+470 C/10 /AC
5 760 °C/1 /WQ+480 °C/10 W/AC
6" 760 °C/1 h/WQ+430 °C/10 h/AC+450 °C/10 h/AC
7' 760 °C/1 h/WQ+430 °C/10 h/AC+460 °C/10 h/AC
8" 760 °C/1 h/WQ+430 °C/10 h/AC+470 °C/10 h/AC
9" 760 °C/1 h/WQ+430 °C/10 h/AC+480 °C/10 h/AC

58 Zeiss Axiovert 200MAT, 4 OM K& 54 19 72
Ry KA WSS AT O | O, BEJS R R
TN 5%HE ., 10%HNO; F1 85% 7K (1R F43%k)
FY B, B IRES R 298 10 s, SEM 45 B-5h
Zeiss Merlin Compact, SEM £ it il £ 3 18 5 i &
OM i AH A . A, R SEM FL 45 11 EDS i#47
TCR T -

& H XRD XA AT YA 73 B . XRD i
A4 1 WA T 5 AT T, B 24 fif FH 2000 5 AP 4R
AT Bt . XRD i 55 &l 5 5 RIGAKU D/Max-
2500PC, KA Ko, FHHHEE 4 (°)/min, FH A
VLl 30°~90°,

SR LT 7 BB IR IS HLUEA T 2 R A ) 4 1 RE
M, #4854 SHIMADZU AG-Xplus TSE504D,
BN T2k M10 Frifehifiilrt, i 540 5 mm,
PR 25 mm. ARG EPR GB/T 228.1—2010, Pk
BEN T 05N 1 V05 N L ez 7 s T 1

R W H 98 55 MLIEA T 2 R W R4 ) B ik, iz
#% 15}y INSTRON 8872, M3at R F = 5 25 il b v
B, H4lE GB/T 21143—2014 FrufEM .
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Fig. 2 XRD patterns of single aged TB9 alloy
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Abstract: Flaw tolerance performance of TC4 alloy was investigated for helicopter transmission systems design. The impact pit
flaws and scratch flaws were investigated by fatigue specimens with same flaw depth for flaw tolerance design, and high-cycle
fatigue S-N curve tests were conducted. The results show that both scratch flaws and impact pit flaws significantly reduce the fatigue
limit of the TC4 titanium alloy. The scratch flaw has a higher flaw influence factor( Ky, ) of 2.29 compared to the impact pit flaw’s
Kpayw value of 1.75 under the same flaw depth conditions. Fracture surface analysis provided laws of the fatigue crack initiation and
propagation associated with these flaws. Scratch flaws mainly exhibit multiple sources, with crack initiated at the root of the scratch,
while the characteristics of fatigue crack initiation for impact pit flaws vary with the applied stress. Multiple sources are observed

under high stress lever, with crack initiated on the surface of the pit, while under low stress, the crack initiates at a subsurface of the pit.

Key words: titanium alloy; flaw tolerance; scratch; impact pit; fatigue
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Fig. 1 Axial fatigue specimens of TC4 alloy  (a)with scratch flaw; (b)with impact pit flaw; (¢ )without flaw
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Flaw type S-N curve Flaw depth/mm Fatigue limit/MPa Kiaw
Scratch 1g N=8.901-2.0631g ( 0pps,—223.3) 0.25 231.7 2.29
Impact lg N=8.753-1.6481g ( 0,,,-290.9) 0.25 302.5 1.75
Smooth 1g N=9.449-2.0781g ( gyp—491.5) — 530.0 _
800 « Smooth T LR, GnIEl 3 Fis o SR BB 9 57 AL 1) 23
e Scratch o " N N 4T
00 . . Impact pit UL BT TR A - 30, B 115 € 0 5 B 22 AR AR, %
o OO T Fungeune 7 ELECT R (51, 295 P L 35
S so0f
¥
o 4001
3001
200
104 105 108 107
N{/cycle

K2 TCA Bf 4 A Hbailhe S-N gk
Fig. 2 S-N curve of TC4 alloy specimens with flaws
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Fig. 3 Macroscopic morphologies of fatigue fracture of TC4 alloy

specimens with scratch flaw  (a)o=230 MPa, N=8.11x 10°
cycles; (b)o=300 MPa, N=1.22x10" cycles; (c)o=350 MPa,
N=4.2x10" cycles; (d)g=500 MPa, N=7x10° cycles
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Fig. 4 Morphologies of fatigue fracture of TC4 alloy speci-
mens with scratch flaw (6=230 MPa, N=8.11x10° cycles)

(a)fatigue source; (b)fatigue source at high scope;
(¢)fatigue crack growth area; (d)fracture area
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Fig. 5 Macroscopic morphologies of fatigue fracture of TC4 alloy

specimens with impact pit flaw  (a)o=300 MPa, N;=9.59x10°
cycles; (b) 6=400 MPa, N=2.05x10° cycles; (c) =500
MPa, N=1.05%10" cycles; (d)o=550 MPa, N;=3.8x10" cycles
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Table 3  Fracture analysis results of fatigue specimens of TC4
alloy with scratch flaw and impact pit flaw

Flaw type o/MPa  Crack initiation position E?gctll(]/mm
Scratch 230 Root of scratch 6.3

260 6.1

350 7.2

500 5.0
Impact pit 300 Sub surface of pit 6.1

400 6.0

450 Surface of pit 6.0

600 4.0

N=3.8x10" J&)

Fig. 8 Features of fatigue bands and secondary cracks in the
late stage of fatigue crack growth (6=550 MPa,
N=3.8x10" cycles)
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Fig. 9 EDS figure of crack source at subsurface of TC4 alloy
specimen with impact pit flaw (=300 MPa, N;=9.59x10° cycles )
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Table 4 EDS result of crack source at subsurface of TC4 alloy
specimen with impact pit flaw (6=300 MPa, N=9.59x 10° cycles)
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Fig. 10 Fatigue fracture source zone of TC4 alloy with im-
pact pit flaw  (a) high stress level; (b)low stress level
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Fatigue crack propagation behavior of high strength titanium alloy

WANG Huan, XIN Shewei, GUO Ping, QIANG Fei, ZHANG Lei, QIAO Zhongli, ZHAO Yongqing*

(Northwest Institute for Nonferrous Metal Research, Xi’an 710016, China)

Abstract: High strength Ti-5A1-3Mo-3V-2Zr-2Cr-1Nb-1Fe(Ti-5321) alloy is a new type of high strength tolerance titanium alloy
designed and developed to meet the demand of high performance titanium alloy for new generation aircraft in China. Ti-5321 alloy
with equiaxed microstructure(EM ), basket-weave microstructure(BW) and fine basket-weave microstructure (F-BW ) was obtained
by forging and heat treatment, and the tensile properties and fatigue crack growth behavior were studied. Fatigue crack propagation
mechanisms in Paris and unstable propagation regimes were revealed by analyzing the microstructures and fracture morphology
using optical microscopy (OM) and scanning electron microscopy (SEM). The results show that the samples with EM, BW and
F-BW exhibit the excellent fatigue crack propagation resistance with the tensile strength of 1200 MPa. The sample with F-BW
presents the highest fatigue crack propagation resistance in Paris and rapid growth regimes, while the sample with EM presents the
lowest fatigue crack propagation resistance. In F-BW, the crack mainly propagates through and along a phase. Crack tends to
propagate across colony oriented for (1011 ) <1210> pyramidal slip and propagates along colony oriented for (1010)<1210>
prismatic planes.

Key words: Ti-5321 alloy; fine basket-weave microstructure; fracture morphology; fatigue crack growth mechanism
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178 o= M

B W %44 %

% 57 ALY R HR LI Z I/ GB/T 6398—2000
(&R RLE 97 M8y R Ry ) brife, 78
MTS Landmark Servo Hydraulic Test System (¥ 1]
MRSEEe RS0 ) FkAT, RAARAE CT alk, BARGT
mE 2 Frs . 9255 2880y A LR O
] . 7E MTS 370.10 % J& 9% 55 ok 4% AL DL B J7 L
R=0.1 Tl 2~3 mm KB 55 ML, SR )5 FakAT
9 57 LY R AR . % 57 A AP R L
RS AK SCE, NI E R A 0.1, 955 HECK T a,
BB PG R N, A P 25 AH S50 coD M
FMATEHLRG A s R4

) 62.5 .
« =t > 2-412.5
A
o
(90)
4
N
Lt o
N
i
n
N~
A
i
v
LDT
ot
—
f
B2 o7 e e py B h e

Fig. 2 Compact tension specimen for fatigue crack growth
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Fig. 3 Typical microstructure morphologies in Ti-5321 alloy obtained by forging and heat treatment at different temperatures
(a)equiaxed microstructure(EM ) obtained at 810 °C; (b)basket-weave microstructure(BW ) obtained at 870 °C;
(¢), (d)fine basket-weave microstructure (F-BW ) obtained at 890 °C
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Microstructure ~ YS/MPa ~ UTS/MPa  El/% RA/%
EM 1225 +10  1285+19 1622 51£3
BW 1210+13 1248+16 12+1 48+l
F-BW 1173£12 1206£15 1242 4244

HEURRE TP A SR O 7 FE 1200 MPa LA I,
X SRR E T XA 56 UG KV BT AR A
oo FHEIATT HH R K, 7R 5 22 B [ I IR A 31 )2
B, URECGR AR R, R RS S R
IRV T2 R A DX (3615 e 2 Ak B £ AT R HL
i

B 4 f Ti-5321 & 4 =M 4121AY Paris X A1
Ty JB DX 55 480 e % (da/dN )RR BLAR IX.
BRGNS R TS AK AR fRh 4R . 5% 57 Tk
BIFRR <15 Hz, B 1 H R=0.1, 45 J15@ IR 3
il AK 7F 15~47 MPa -m'” Z AR}, =R 400 A
I 55 2480 R AL TRRZSY BB Bt . BEE AK (Y3
i, =R ZUIR P 55 R Ay R R R T
W OT HAY R TRRRY R B, TS R
R M= B 58 EM > BW > F-BW, Hi, EM
B % 57 8L R Rt 1, F-BW % 57 409 i

S 52
2.3 Ti-5321 & HAA QKT RITH

Kl 5 o0 Ti-5321 & 4 — FhHL R 4] 40 55 440
R S RN Y 22 LT T NS e i S R AR, AR
5 72 W0 1 RT3, % W7 10T g Ry = A X
T 24 E01X | Paris X FIRFRY R IX . AFELLHY
T CIE SRS A . Bl 5(a-1) & 20K
FER) 22 OB TS5, W 1 R 1148k 748, H. Paris [X.
S 3 e XA B 0 2200, 7E Paris X A AT LA
o i B R IO i 98 55 DL ek, H DSyl ip

B O R AR RN AL VL o 2 55 D1 SCZ iy it 2L

_ 107 L gw

» = EM

5 = F-BW

O 103

e 10

E

%\ 10—4

3 SN

) A‘:b
(\c}e@ 47 MPa-m'2
\f

107

10 15 20 25 30 35 40 45 50 55 60
AK/(MPa-m'?2)

Bl 4 Ti-5321 4252 MR L 20K A0 M 4 20 55
WAy R Lk

Fig. 4 Fatigue crack growth rates during increasing AK tests
for Ti-5321 alloy with EM, BW and F-BW
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Fig. 5 Macroscopic fractographs and crack geometries of Ti-5321 alloy in different microstructures
(a)EM; (b)BW; (¢ )F-BW; (1)macroscopic fractographs; (2 )crack geometries
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Fig. 6 Microscopic fractographs of da/dN fractured sample with F-BW in Ti-5321 alloy  (a)AK=20 MPa * m'?;
(b)AK=30 MPa » m'"%; (¢)AK=40 MPa » m'"*; (d) AK=50 MPa  m'"”
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Fig. 7 Crack path/prior B grain boundaries interaction in F-BW of Ti-5321 alloy ~ (a)SEM of crack path; (b)IPF map of B grains
for rectangle in Fig.(a); (c)misorientation angles between adjacent B grains of Fig.(b);
(d)correlation between crack deflection angles and misorientation angles
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Fig. 8 Crack path/colonies microstructure interaction in F-BW of Ti-5321 alloy

(a)SEM images of crack path; (b)IPF map of a

phase; (c)schematic illustration of crack path/lamellar microstructure interaction
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AL IR X HE M R IR SRR AISilOMg 5%
TR TR 14 BE AU 32 I

A, FREH, % BT, RTH, HAe, TR

(1. PRBHFET R BHAARE, ThFH 110158; 2. FREBMERE A BAFSERT, PLH 110016)

FE: RO R R KRR (laser powder bed fusion, LPBF ) #: /il 2l % AISi10Mg & 4 #E 5, #F5% 130 °C/4 h 154
AR 236 C/10 hiR K AL 540 °C/1 h [EVEAL I =Fh AL BT 2% AISi10Mg & 4R F A HOW A 2L 2, DL &
PULI S AISi10Mg 54 752 il ~400 °C. 14 TRLEE 0 Y P ik R BORI B T3 i s A . 2 SRR ] iU 35 48
SR ERIR A Si UKL, T59R 1 B8 SE3& 1 LRGSR EE L 2L 3B KO, RRIRIE S RESE 2 %, BRIE Si BRI 51 43 A5
e AR WAL TR R B HeR Si ik, RSTTE 1~3 um; 2853 HUb 32 5 AISi10Mg &4 B3y B BES O
THATENZS o 1B KALHS A LS TEZIER S 400 °C IUBEZIK BB 1.64x10 °~2.1x10° C ', FHHFHR N 179.6
Wem ' K, PEREOL T80 BRI A A PR

K4 A: AISi1OMg; WO AR RIG Rl PR THOMZE ) ; P PP RE

doi: 10.11868/j.issn.1005-5053.2023.000174

FESZES: 0436 SCHEEFRIZAD: A XEHS: 1005-5053(2024)02-0184-08

Effect of heat treatment on thermophysical properties of
laser powder bed fusion formed AlSi10Mg alloy

QIN Yanli', JIA Yugi', ZHANG Hao’, NIDingrui’, XIAO Bolyu’, MA Zongyi’

(1. College of Science, Shenyang Ligong University, Shenyang 110158, China; 2. Institute of Metal Research, Chinese Academy of
Sciences, Shenyang 110016, China)

Abstract: The AlSil0Mg alloy samples were successfully prepared by laser powder bed fusion( LPBF ). The effects of three kinds
of heat treatment process, namely 130 “C/4 h aging treatment, 236 “C/10 h annealing treatment, and 540 °C/1 h solid solution
treatment on the microstructure of the AlSilOMg samples were investigated. After heat treatment, the evolution of coefficient of
thermal expansion( CTE) and thermal conductivity of the AlSi10Mg alloy in the temperature range from room temperature to 400 C
was examined. The results show that spherical Si particles are precipitated within the aluminum matrix, while the complete network-
like eutectic silicon structure is retained after aging treatment. After annealing, the network-like silicon structure is disappeared
completely, and spherical Si particles are uniformly distributed within the matrix. After solution treatment, large blocky Si particles
with the sizes from 1 um to 3 pm appear. The thermal properties of the AlSil0Mg alloy have been improved significantly after heat
treatment compared to the as-printed state. In particular, the CTE of alloy subjected to annealing is 1.64x10 ° ' to 2.1x10 > G

within the temperature range from room temperature to 400 °C, the average thermal conductivity is 179.6 W - m' <K', the
performance is superior to ageing and solution treatments.

Key words: AlSil0Mg; laser powder bed fusion; heat treatment; microstructure; thermophysical property
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Fig. 1 AlSil0Mg alloy powder (a)micromorphology; (b)particle size distribution
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Table 1 Parameters of heat treatment process

Heat treatment Parameter Equipment

As-built No heat treatment —
Aging 130 °C, 4h, air cooling DHF-4-3 aging oven
Annealing 236 °C, 10h, air cooling DHF-3-5 high-temperature furnace

Solid solution 540 °C, 1h, water cooling DHF-3-5 high-temperature furnace

XRD-7000 %! X 5f 2k 117 4 % (XRD) 7€ 10(°) /min
PR SR AT 25 A T R S R A T A 3T o

{5 H] UNITHERM 1000 A7 3% i [ A ] - A% 5y
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BE 5K BE AR fR AL, 75 B RE G 10 22 M JI K R 40
AL/Ly, 833X (DR E IR E] 400 °C A4 k
i a.
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Lo - AT
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OM EZ 7 H i 224/ RO I b 2 A9 A8 KLU
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Fig.2 Microstructure of AlSil10Mg alloy (a)XOZ section of as-fabricated sample; (b) XOY section of as-fabricated sample;
(¢)XOY section of ageing sample; (d).XOY section of annealing sample;
(e)XOY section of solid solution sample; ( f)magnified morphology of Fig.(e)
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Fig. 3 XOY sections of AlSil0Mg powder, as-built alloy and alloys heat-treated in different conditions
(a)XRD patterns; (b)magnified patterns within range of 37.5°-39.5° of 20 in Fig.(a);
(c)magnified patterns within range of 45.5°-49.5° of 20 in Fig.(a)
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Fig. 4 Microstructures and EDS analysis of XOZ sections of LPBF AlSi10Mg alloy
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Thermal stability of AlI-Cu-Mg-Ag hub forgings

LEI Yue"”, ZANG Jinxin'’, XING Qingyuan'”’, HAO Min"?, CHEN Gaohong"’

(1. AECC Beijing Institute of Aeronautical Materials, Beijing 100095, China; 2. Beijing Engineering Research Center of Advanced
Aluminum Alloys and Applications, Beijing 100095, China)

Abstract: The room temperature tensile properties and elevated temperature tensile properties of peak aged Al-Cu-Mg-Ag hub
forgings after different heat exposure temperatures and heat exposure time were tested, and the thermal stabilities of the forgings at
different temperatures were compared and analyzed. The results show that Al-Cu-Mg-Ag forgings exhibit good thermal stability.
After exposure at 150 °C for 1 to 100 h, there were no significant changes in room temperature tensile properties and elevated
temperature tensile properties. Short time heat exposure at 150-200 °C for 1 h does not reduce the overall performance, but the
strength of Al-Cu-Mg-Ag forgings decreases with the increase of heat exposure temperature and the extension of heat exposure time.
After 100 h of exposure at 200 C and 250 C, the room temperature yield strength remains 61.1% and 37.2 %, and the room
temperature tensile strength remains 77.8% and 60.8%, the elevated temperature yield strength remains 61.6% and 42.8%, and the
elevated temperature tensile strength remains 67.5% and 47.6%, respectively. The main precipitates of Al-Cu-Mg-Ag forgings are Q
phase and 0’ phase. Under the experimental conditions of K=1 and R=0.1, the room temperature fatigue limit after 200 “C/10 h heat

exposure is 278 MPa, which is 10.6% lower than the fatigue limit of 311 MPa before heat exposure.

Key words: Al-Cu-Mg-Ag; thermal stability; elevated temperature performance; fatigue performance; residual strength
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Fig. 2 Effect of thermal exposure on room temperature and elevated temperature tensile properties of Al-Cu-Mg-Ag forgings
(a)room temperature; (b)elevated temperature; ( 1)yield strength and tensile strength; (2 )elongation and reduction of area
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Fig. 3 Percentage of residual strength after thermal exposure of Al-Cu-Mg-Ag forgings

(a)room temperature residual strength;

(b)elevated temperature residual strength; (1)yield strength; (2 )tensile strength
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Fig. 4 Effect of 200 °C/10 h thermal exposure on
fatigue properties of Al-Cu-Mg-Ag forgings

#2200 °C/10 h #AREEXT Al-Cu-Mg-Ag 9% 55 1 BR (1 5 1
Table 2  Effect of 200 °C/10 h heat exposure on fatigue limit
of Al-Cu-Mg-Ag forgings

Material condition  Stressratio K;  Fatigue limit/MPa
Original state 0.1 1 311
After 200 °C/10h 0.1 1 278

P4 ST A8 19.8%, B 6 4 Al-Cu-Mg-Ag
BRSO, WIE 6 FTLIE H,
200 °C/10 h #45 F& 1y 5 1Y 5 15 P 7 11 20 20 T8
B AE Ak, 35 5 BV T DT 2R 2 i BT AR TR A R
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Fig. 5 SEM microstructures of Al-Cu-Mg-Ag forgings before and after heat exposure

(a) PAFEFERT; (b)200 °C/10 h R

(a)before thermal exposure;

(b)after 200 °C/10 h thermal exposure

# 3 AR 200 °C/10 h BT JS Al-Cu-Mg-Ag #2145 S T
Table 3 Recrystallization area fraction of Al-Cu-Mg-Ag for-
gings before and after 200 “C/10 h heat exposure

Recrystallization area Deformation area

Condition fraction/% fraction/%
Original state 18.3 81.7
After 200 °C/10h 19.8 80.2
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Fig. 6 Tensile fractographs of Al-Cu-Mg-Ag forgings before and after 200 “C/10 h thermal exposure
(a)before thermal exposure; (b)after 200 °C/10 h thermal exposure;
(1)room temperature tensile fractograph; (2 )elevated temperature tensile fractograph
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Fig. 7 Schematic diagrams of tensile fracture
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(a)room temperature tensile fracture; (b)elevated temperature tensile fracture
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5 1) () HiL 50 575 S e 45 00 O 4 PRI B AT S BRE o
& 8 A LI 1, Al-Cu-Mg-Ag & 4 & {41y =8
5 A Q AHAT 040, H Q FHF 0740 5 3k B
BN KRR, FiE TR 8(a) FIE 8(b) 14
T QATEAT S BE A PRI UE [110] J5 1A

(b-1)
O'phase Q phase
Q
o Q 100 nm
(b-2)
(002)
(111)
(000)
(220)
(002)

(a) IREREEAT; (0) ARFR5;

(DAL (2)FFTBE A
Fig. 8 Microstructures of Al-Cu-Mg-Ag alloy near the (110) direction before and after thermal exposure of 200 °C/10 h
(a)before thermal exposure; (b)after thermal exposure; (1)microstructure; (2 )diffraction spots
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0BT HAH Y A B B ARA IR KR . SR EE RS
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PR, Wk 4 s, R 4 TLIE M, 7
PR TR, Q FAT O/ AH 1 L T AL BUFE 27%, Q A
AT 0 F RS/, KARFE 100 nm LAPY, S48 7E
6 nm AN . £t 200 °C/10 h i, Q A AT 04 1Y B
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Sh A B ALAR B AL AL (9 BROR B AR T AR,
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Table 4 Effect of 200 “C/10 h thermal exposure on size of precipitated phase

Condition Precipitate phase Area fraction/% Length/nm Width/nm

Q phase 11% 11-95 2-6
Original state

0’ phase 16% 16-110 11-26

Q phase 10% 16-121 5-20
Exposure 200 C/10 h

0’ phase 14% 21-131 16-42
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