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Abstract

This study systematically investigates the effects of different cooling methods (water cooling, oil cool-
ing, air cooling, and forced air cooling) on the microstructural evolution and mechanical properties
of 2524 aluminum alloy during the natural aging process after solution treatment. Through micro-
hardness testing, tensile experiments, SEM, and EBSD analyses, the regulating mechanisms of cool-
ing rate on grain size, dislocation density, and secondary phase precipitation behavior were elucidated.
The results show that the cooling rate has a significant influence on the hardness and mechanical per-
formance of the alloy, with strength variations following the order: water cooling > oil cooling = forced
air cooling > air cooling. After 96 h of natural aging, the water-cooled sample exhibited the highest
hardness (131.8 HV), tensile strength (442.4 MPa), and yield strength (272.0 MPa), indicating the
highest tensile properties. EBSD analysis revealed that the water-cooled specimen possessed the small-
estaverage grain size (44.38 pm), while the air-cooled specimen exhibited the largest average grain
size (57.09 pm). SEM observations indicated the presence of dispersed-free zones (DFZs) in the air-
cooled sample, corresponding to a significant reduction in strength. Overall, the cooling rate synergis-
tically regulates the mechanical properties of 2524 aluminum alloy by influencing grain size, disloca-
tion density, and the characteristics of precipitated phases. Among the tested conditions, the oil-cooled
specimen achieved the best balance between strength (428.9 MPa) and elongation (18.17%). These
findings provide a theoretical basis for optimizing the heat treatment processes and practical appli-
cations of 2524 aluminum alloys.
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1. 5|8

Al-Cu-Mg 0TI RS & SR I S sk B A R 30 E 1 e R 9% 57 R BE, TERL SR 4544
AR T T2 N H[1]-[6]. Hd 2524 F1E 402 2024 G4 R CIE R, BA SRR ST, 2k
N ML B S B A TR A R B A R, L AR LEE 3 YR T I RO A2 AT G S A (AL CuMg) L & GPB
X [7]-[12].

FESRAAH TR O RE T, A8 S S AL BB A AT N B SR . WAL R, KN ) 38U &
WRPE I AN S AL v i R AR PRI T i, IR S A A E N RO FE R nT ey S M S AL B, ik
PrisRAG[13]-[16]. Marceau 55 N[17]WF5E K, AESH RS 5% FERRTHKEEZ S5 &TRY
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i, B R R A R TR m S A A AR B AL A EE, TR S AT o VK
A SR E, m S MRINTH, AR Al-Cu-Mg & 41 /1 Mg

Tian 5 A\[3]7EXS 2524 A& AR KRR (S . B SE K IR RI, AHEEB, ¥
R R R Rl R By AR 3 5], bt S MTEALEE IR FIMTEAZ 51K . ¥ /K R PETE VA I 2
I R4 e i S B AN PR SR E, XA T S AHFEATAE3E ERRAGPE R o T 220 B 26 PRI, (R PR 2 B2
W S A, SEMRIRE R E T, Yu S A4 — Pl R KRR B, A A
A5G RST T RAE AT A LA IR, K S A8 IR AE I 28 R AL Y S ARETHL,  [RIRS o4t /N gk
B GPB [X o S5V 7K KAHEL, IR R it 75 B o 2850 T Ay B3R a2k 281 e A58 AR oy R R R
FRTFRT R, AHERE L RGN SOLIREE KT AR AALE], A iR AT A
EVEH .

HHT, KT Al-Cu-Mg REE&HIHF 2T T il K BURA 564 TR AT A, TREAS [F #1757
(WK WA RA 58 Z A R0 LU AN AL . RASCRGHA T 2524 586 S0 BB
Ja RN FEAEANATROKE A KT 8K G B RS Ty e Re A . Jd i B AR 5 ik
FLSEES . SEM A EBSD Z3#f, 7 1 ¥4 HU 0] dohn RN Ar 48 2 FE NS ZART AT A B s mm A
WFFCEE AT A 2524 454 & HACHE T 204k K T RE S FH R A S 1 -

2. SKEMHFEE

AW AL FH S I AL RS 9 Al-4Cu-1.5Mg LI 2524 864, HALZEM A FITER 1 H. ¥ 2524
BRAEAE 500°C FAGEEE 1h, SRJEBIFEAK. . 25 RIUFA B K. FERE T O K A
P A BV G R R RS A 2 2, AE 420°C~100°C I FLR VS N, KA. A, A TIRA
KA HEZE 558 260°C /sy 25°C/sw 1°C/sy 20°C/s, HBKFE T Z00E 1 iR

Table 1. Chemical composition of the 2524 aluminum alloy (mass fraction)

F 12524 BEENUERD(REDH)

a4 Si Fe Cu Mn Mg Zn Mo Al
2524 0.57 0.07 4.41 0.75 1.08 0.02 0.02 Bal.
B
(500°C/1h)

HARE K
(96h)

Figure 1. Schematic diagram of heat treatment process
E 1. AEgEREE

TE EARES R 96 h L FE A, A FH 24 PR P52 13000 AN R 4 4003 R RE A 248 FORE B2, 43 )33 AT 17 5 vl
FERILP M. R BREFE N 100 KN HEC&F 51 1HH Landmark MTS 370.10 R {HAL3E1T F7 {4
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BB, FAUEE N 2 mm/min, FHERFEAIE 2 BroR. @ UIE] W ES AL £ & S T AR
(TEM)WE IR A 200 KV i847 1) JEM-2100F MLE 454 . 81T Nano Measurer #02F I &4 Hi 41
(RS- 35) RSF R34 o A8 32 A 5494 o T S B (SEM, JEOL-IT800)KAE 2524 454 4 T i S 4L 41,
FIF Tmage) BPESEH 56 MBI EIRIAR ST B, KRR TH AR K 80041 1500410 40T B, 4R 5 H
1.0 pm. 0.5 um ENIATEEDE, &EHATHEMBERCBMER: 10% 55 ERA 90% 48, HE 20V, B
6] 10 s)o K3 R S H - A0 BE L 4 1 SO fl A7 55 (EBSD)RMI Z8 24T K, FIF OIM 34y
AT AL 45 K B L i

62
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Figure 2. Dimension diagram of tensile specimen for the 2524 aluminum alloy

& 2. 2524 SR A &M EIRERTE

3. BFR5WiL
3.1.2524 BESHEE S HF MR

F 3 R TARFEAEITT R 2524 #86 & 75 R BRI 2 0~96 h b2 A A B2 AR (b A . DU a0
77 P FEE 35) B T 2050 F 1) S K T T v, H BT SRR S AR E R 2 . BB KA >
R = A > W 15 0~8 h N, DUFA N7 IR AL SR I H I 2 (O RE AL B B, R I 81 ¥ Ak o g
FE o - E SE B BBl SO R GP X o KA P RERECE | h P H 104.7 HV FH % 1123 HY, 35K
7.6 HV; F| 8 h Wit —FIE =2 123 HV, KRR A WA KNP N 109.8 HV, HKZE8h 1
118.3HV, #K 8.5HV. A RFERIMEE G INENS, Xl 110.3HV FH & 113.3HV, X =% 5 8E
IR AR, A% RN . KA AR IR FEAE AT 4 h 38R, H7E 4~16 h Z [MAEEE AR
H, RIHEZ KA RERE . 76 8~24h P, BEBEIGHIE . KA AR RRE (A8 B #5241, 76 24 h B
Sy AEE] 129.4 HV A1 128.3 HV; AR T2 126.8 HV; SRR 119.6 HV. &
48~96 h, TEFEEIZHHE TRE. KA RFERAIEETE 96 h ’HAE] 131.8 HV, JHAREERIAERE A 131.3 HV,
A RAEREEE N 131.8 HV, 12 A EEMAEEE A 126.1 HV. HHBERT UL, A HIEREEm T 2524 45
B AT EARET RO R RIHT H AT D 55 00 P T AR o 52 1 (1004 005 R R 05 7 A K B B R B B 22 3t [
M, NS AR TS R BN BRE) Ty . TAEN R BRI AR, AT B A % Rk T R
(R, S ECE AR O RIS IR o G RN R S S T IR A TR, 0N 2524 R A Sk
AEEE T ZARAGTR AL T S0 AR A

NT DR TOA HE RN 2524 F5E SR A PEREII AN, AR SOREAS [R) VA 205803 1 K b HE 9 H SR 2L
Ja AR AT 7 R AR, BT ASPURisR B . i ARR L K A RN 2 o, AR EE T A DG SCEk b
ANREEK T RGN T U B I 1252 B . S5 REoR, A HIR N 2524 $86 & 1) S Re o m B3,
AR EEZR T IA SR AR R S8 . WNRPEIE A, AR TAEKA R R A &St
BB (442.4 MPa) 5 Jif I3 %(272.0 MPa), SR HBARIIRILECR . BEE A RS M FRAK, 3 2 7
s, A A AR BB IR 2 i T BE 2 428.9 MPa 15 398.7 MPa, JE IRSESE £ % 257.1 MPa 5 229.4
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MPa, JKARE I ST 0w T 25 kE, PIRLHRIE N 421.8 MPa, Ji AIR5RSE N 253.3 MPa. iX—HUHE ],
AR, AEMmES, SRR ES K. HFEERET, S8ERTRE N T
B SN PETR BEDIRAS T PRH AR KA I vy RSP 2SR AN K ) S ATAS SRR OB K, T
TRERAEE TR b, T R 2 5 P 2P 4 (3 T R 2 S0 B o S MR A AR i R R T3 B 3 B
iH, AfRERAE R T BOEE, MR R RS GP X% . fER KK, T4 J AL
PR, — D5 TR A A ZARAE SR R RIATH, (2 Cu A1 Mg S REVA SR TG R AR B AE Al AT, B
A8 e S R A s 5 — i TP R iR B R i R 2= 67, 23 Cu Mg 2595 R 79 8, fERE A
SR RO R PO SR BN R EL AT GP X, FEALHIE 2 FE b= AR s 2 BHASE L, i3t &
SWERS YRR . M2 T, AR Cu. Mg JRFIEREII BCRIR A R AT, TSR HL
ST EE —AH, T R T S AR [ P 5 J5 42 SR AR T st A T T
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Figure 3. Hardening curve of 2524 aluminum alloy during the natural aging stage

[ 3. 2524 o & & B AR M BV IE (LR 2%

URAh, [ O RE AN AT G 2 7 A R TR T IR VO R TR SRR, T 5 IR
B IIAL - ISR Ao SR, IXR PRSI AE 3 e 2 B 00 B, Xl e e B R 74 5 P2 A B
FF T2 AL o P KRR () B AR AR T T RE ST N DB, AT J 8 E SR IS 25bT AT
PR IR AL B R, SR A ST (BRI S, 5 g AT B AT A B, K
FRAE ) IFARFE 0 £ g om0 R R

ZREPNIR, WHIEFNS 2524 MG IERERA B . WK BE SO R AR B I VA 3]
R, G SRR IR . A SEWT ARSI R SRt fE s, AT & & PR S S iR . 1%
M S G BN AT AT N E VIR, N 2524 &< M I FEDLAL AN 5 B2 R AL B S 44 1 AR IR -

Table 2. Tensile properties of 2524 aluminum alloys
F+2.2524 SR B SHIRIRIERE

BT PLPL s E/MPa Ji IR 58 /M Pa FEAHZR /%
IK¥& 4424 272.0 17.15
A 428.9 257.1 18.17
et ENTTN
255 398.7 2294 15.51
R 421.8 253.3 15.37
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K 466 336 16 53]
HKAH 453 .4 321.2 152
WERA A 488 211 15.4 [4]

3.2. WMLBLART 2524 FRE S HFMEERTNT

N IRAS [FIA EE 2T 2524 F56 SO LRI, A4 &R T R AEH(SEM) S B 71 B
FTST(EBSD)HIA, XHKA . ik 8 KA R MOALGGEAT T R0 380 dob s KAM,
PR P BB AT R B AE, IRANIRIT T A EE R O A 45 1M RE R TR AR

4 JBTR T 2024 A SAEANRIA FIE AR (AL £ 200 £ AR, Sk kEh s R
UM BORLIR B FEIR 25 A, ZREEOTIE EEN ALCuMg (S ). BEFE A HIE R AR, 25 AR
P BB R A R AR E A AKARFEF RS AT RS N 10,03 pm, (5 LG 1.44%;  JmvA A
KEE AP RS /89.84 um), H HEE ETHE 1.87%; 254 5 XA REEF S A8 R <F 20518 9.87 um
55 8.69 um, (LI 1.78% 5 1.50%. 1X— B iiA, WA Es et i AH 1 I AR RE B RS 2T th AT H
BRERIEEM . PURAHOKE) B ZANE] T S AHTE B AL ERRTHT H, 58 2GR (Cus Mg)
TR EATERL AN B AR R, A JE SR T R 70 2 A 238 S TEAZAL i TS84 H (58 T (2 1F i o B
(s R S SR, S8 AR A A S B b FUE ST, R T A R R S5 At .

® ®
i IR o
© @

e W |ty pm

Figure 4. SEM images of 2524 aluminum alloy at 200x magnification after different
cooling rates: (a) Water cooling; (b) Oil cooling; (c) Air cooling; (d) Forced air cooling
B 4. TENSEMERE 2524 SREEHMAK 200 EH SEM Elf&: (a) K%; (b) i

&5 (o) % (d) XA

TEHE m 552000 £5) T, Qi 5 Froas, oG Es S99 oK A0/ T HAE TR SR 5 /0 A RRE . X 2
HAREE N ALCuMg #H, N 2524 FRE &M T BB . AR R4/ T A R SF 208 29 nm,
EE 1.64%. VA REER A/ AR ST I ZE 31 nm, A7 EE 2.19%, I 356 BH 350 434 o 72 VA B0 R v ok A 3
Mrithe R S MRS, EaMmpsItkegz, SEEMERMRAAY . AmmA s 7id2
FK S MHTERL, PRIILLEEVEREN T /KA 53R 18], R fE wE (R B M TR 4

VAR R B 825 A A S ] 5(o) ). SEM WER 45 R IE IR, 2R FE A7 7 5

DOI: 10.12677/ms.2025.1512229 2162 PR R


https://doi.org/10.12677/ms.2025.1512229

FEZ) 3.2 pm FITGIRECH X, 1K) LA B 4l /N thAR, 1 e B e] R K S AR BURL . 3 i B 7E SR 184
HIER T, B Cu Ml Mg J& F7E =i B 9 8 P in) i SR SR T BORIR S AH, DTS o P J 31X 3k
TSR, T R SR S AHMIAT o JEVREUH X AFTE 3 FRAR T R b B8ORS B0 AR i iRk
3 N F4(229.4 MPa)o A RFE AN /IMIT A I RSFZ08 28.5 nm, EE 1.92%, & /N T4l

LR R ENSAT I AL ZUmT 0, A RE ZRE S S MM IR SE . TS50 40, R R AT
HARAHLA] . DA EI KA BRI S A1, AR 1 A & iR . M@ 2IGhA . KA
AT AR AR TS B — e A R . A EI () MNE R S AL S TETR B IX TR, FRAK T &
SRS . AEN OB SN AR RS 5040, BEES T 2524 55 &M )1 ERE.

(a) (b)
TD TD
torp 2 o i
(c) (d)
3pm |
TD TD
toro 2 Lo o

Figure 5. SEM images of 2524 aluminum alloy at 2000x magnification after different
cooling rates: (a) Water cooling; (b) Oil cooling; (c) Air cooling; (d) Forced air cooling
B 5. FREAENEZER 2524 $8EEHK 2000 560 SEM Elf&: (a) 7K4; (b) 84;
(©) &=%; (d) K%

RIS AS[RAEI A B K G 2024 4544210 EBSD 25 ST /04T, 1T DL HYA B33 R0 ok N BL &
LA FESS = T R R . Wi 6~8 B, /K FERPE I SRR ST B/, 4 44.38 um, P35 KAM fH
90.74°, AIASEREN 1.72 x 101 m 2. JHABFERT 3 SRR 52.89 um, T3 KAM fE25 0.91°, fif
RN 1.60 x 100 m 2, KA IAFE ISP SRR SN 50.85 um, “F3% KAM {EN 0.61°, (4525 1.07 x
100 m™2; S RFER TR ERLR SRR, N 57.09 um, T KAM A%, 18 0.51°, AdlasEl 8.97 x
105 m=2, HUILFT I, BEHAHERIFIC, 2524 55620 fchr Bk SO0 H 36 R3S, 7423 5 I/
A X ATRESE RN TE VAR G R AR, bR vA 038 2R 2 1 W e P 1) PRy sl R 270 P L s AN i 9
PR L, A4 3= AR S35 RN IR BN BV AR T, 15 e 2 P RN IR T i Wi 72 HIR 6 (180N
RS JIK U - R (0 B AR ASTCRCFE FE AT 708 0804 H) I FE 45 B SRR, IS AT T TR A%
LT A7 BUHNH], e A SR LA 2 B B A R T8 R BRI SN

Zi4 EBSD 5 SEM 45 R AT LLE H, AR AR N HLURHES J) 5 M Re 2 AAFE VI R R . 7K
AR R AL A 5 NG 8 S AR AT M 3Rt T KR E R TUEALAL S, I 3RAF St (R s 5 2
(442.4 MPa). VAR EAR VA HIH RS, (HlE T A4S %A S 1.60 x 100 m 2, dki RSP FE KA 5 WA
WFEZ IR, HAH/N S AT AR EL Bl 55 5(2.19%) - DRI EAE PREFAE 3 94 B2 (428.9 MIPa) fF [ i L 48 51 (1) A2
R(18.17%), s H BRIV R AT LR A TR A SRR I B 25 B 5 i A iR 20 (1.07 % 10" m ™),
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L %

Y/ S M LLBIBEAR(1.92%), FLiRIE(421.8 MPa) 5l AHIL, (HIE(HE(15.37%)I8H R, X S5HAL
JRER RS M S A . A, SRR R R RAK, WE TP R, TR R
TCIREOHE X (2 3.2 pm Fi)o B TR 28 XITE AR LA RO AL T L S 0T s (E A, 3 8UR IR GR35
TF%(229.4 MPa), [F]B S 20 PR T .

CEA T AT AN, ¥4 H e e A dRoRL RUSE L LA B T A AL R R 2524 FR A G T
Al R ED AN 7K A ) AT R A5 5 e A7 4 3 P R S /NPT SR, BT TSR s T A A (an
V) FEMT HARKLAL 5 0 IR B X BT e, AT FRAIR T & G HOBREE . SV 5, 2524 A S AEMA A 20
NEREL T SRS PRI R AT, KA R B B e SR

NI

methods: (a) Water cooling; (b) Oil cooling; (c) Air cooling; (d) Forced air
cooling

& 6. TENAENGNEH 2524 S5 5 €/ EBSD E: (a) 7% ; (b) % ;
(c) =45 (d) K=

(a) (b)

Average grain diameter 44.88 um
02} ee g ! 02

Average grain diameter 52.89 um

Number fraction
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0.0
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© ()
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S 8
31 ©
£ £
= =
B B
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Figure 7. Grain diameter images of 2524 aluminum alloy after different cooling methods: (a) Water cooling;
(b) Oil cooling; (c) Air cooling; (d) Forced air cooling
B 7. FEIAENARER 2524 BAE SR TE: (2) Ki%; (b) #2; (o) =%; (d) g
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Z Z
0.1 0.1
0.0 - - L 0.0 - -
1 2 3 4 S 1 2 3 4 5
Kernel average misorientation (°) Kernel average misorientation (°)
(c)0.6 (d)os
Average KAM 0.51° Average KAM 0.61°
0.5
0.4
Soaf k|
g 303
503 :
'g 202
Z02F Z
0.1 0.1
0.0 . . . 0.0 P . \
0 1 2 3 4 5 1 2 3 4 5
Kernel average misorientation (°) Kernel average misorientation (°)

Figure 8. KAM images of 2524 aluminum alloy after different cooling methods: (a) Water cooling; (b) Oil
cooling; (c) Air cooling; (d) Forced air cooling

[E 8. ARIAENAREH 2524 SREEH KAM Bl: (a) 7K4%; (b) #4; (o) 245 (d) X4

4. &g

RILRGHTE T AFRA T ROKA WA SEFRG)XT 2524 56 4 R L K 125 R R
M. 454 SEM. EBSD &5 Rr#T, 7R 7 EIERNT 2524 SRR M5 A0 SRl i S An el 2 1 43 A (1)
SO R O 2R R . BT AR TE, ASCRH T BLUR R EL R

1) AHEEEELW 2524 F6 10 QRN R0 R O E 5 )2 B8 . 7KVA SRR (0 B 52 05 i
i (131.8 HV, 442.4 MPa), A5 KARFEEREA T, SRR RS MR 518, Wi BAG &ZE 1
PERE .

2) EBSD &5 3R, KA RFEM P35 bR~ /M (44.38 pm), A7 A5 B (1,72 x 100 m™2), o594
TURE AT 38 o R~ K B 5 BT £ /IN(8.97 % 1015 m2). ¥4 K 8 () IR S 30 ok 1 K 5 A gl R
B, M FBRAR T 2524 RA &R

3) SEM /34 R, K& GHA R S AN/ NIREU i, PRS00 29 nm 5 31 nm. &
ARBEAETE 3.2 um FEMITETRECH X, SR BRI

4) W HE R E R W R RST . MR RS S A AT SEBLN J 2B RE ISR A T . KRR IR
R, AR S BB A Pk, BRI R LR &1t Be .

EL£mAB
JPERH BRI, R G A EAR Tl AR PR AR N e M BR 5 S HBEAE (FERE AA23023027).
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