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Fig. 1. Data-driven approach for predicting the properties of high-performance aluminum-copper alloys.
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Fig. 2. Correlation matrix between hardness and thermal conductivity model inputs (a) Heatmap of

hardness feature correlation analysis; (b) Heatmap of thermal conductivity feature correlation analysis.
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Fig. 3. Evolution of model performance under exhaustive search: (a) hardness exhaustive search; (b)

Combined feature index

thermal conductivity exhaustive search.
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Fig. 4. Evaluation of the predictive performance of Lasso regression for hardness (a) and thermal

conductivity (b).
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Table 2. Comparison of key performance indicators in global exploration and local reafinement stages.
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2 T, SRHEFIP B S E (B 6(a) A1 (b)) B Joidid 4RI R B 7E m PR Re X3, FE TR I
T RUFRRME IS, ik st — P mm s XKIERE, ERFRIE S &My ZREERER, SCl T8
RIIZR G RE.



KM AP 4 JREREE” PR B A L BOCAR L T LT KA, 70 ol A 1t v 7 2 H
wy = 0.5 1) 4 HEEE W BARMIERIE S S, HRpHE IYERYIT R 3 R 4. NGEERE, W E
A EIRATF BRI B B LA VEA N T 0.766~0.771 10, BRIk ®) 0.771, &1 S BOORE R T#
JiRFER VRS 0.768. [RIS, PR Be LA A A1 3k 5 < A 52 2 B4R R 72.16~74.25 MPa, #EER
FEAET 119.10~120.96 W/ (m-K), PEREWBIE/D, RIMHBEGHILEEHERE—8tE; M2 T, BHBEK
FUASTHL T LT RAE A M ide & < BR300 70 A P2 A e B S R I i RO RE A, EL PP e 2 TP A7 AE
RHIVERERUT R R, PEILLGEE TR BT I B A R X —XS LRI 1“2/l + R/
PIBT BURIE T AR E AR s e A R AL A

® 3 BT ElR I s A i DU 2 itk BE S < )
Table 3. Four groups of high-performance alloy compositions optimized based on Gaussian refinement

strategy.

{0053 FHRARH
Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al Score

(MPa)  (W/(m-K))

11.18 048 066 451 040 0.09 028 001 060 0.01 81.79 73.38 120.18 0.771
12.08 047 058 440 036 0.08 030 001 081 0.01 80.90 73.36 119.99 0.768
11.26 049 056 440 034 0.08 029 001 083 0.01 81.73 72.16 120.96 0.768
11.82 048 071 445 037 0.0r 030 001 071 0.01 81.06 74.25 119.10 0.766

T4 BRHBOCIRL T8 T7 R AR DY 2 = 1t BE e sy
Table 4. Four groups of high-performance alloy compositions from single-stage large-scale Latin

hypercube sampling.

fi FHRARH
Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al Score

(MPa)  (W/(m-K))

12.12 050 070 512 024 0.06 0.07 002 055 0.01 80.62 75.89 118.03 0.768
1348 050 063 241 033 015 0.09 001 051 0.01 81.88 69.40 122.64 0.755
12.21 036 069 451 052 010 052 002 080 0.02 80.25 74.47 117.84 0.749
10.81 045 070 483 050 0.02 024 002 137 0.02 81.03 74.93 117.13 0.744

5 RAE4-HT

X AR A AT 5, AL A BRI BRI TR T 51 A AR B AL A A IS s AT SLIE T, T
WK Aldv M AL0v IXPIAMRFEIE B T IZEE = AT P 3k 540520 L Aldy IRt ETT 2, M
SEPET A R RS A IR AR RN, R T S AR T R AR AR R R, XA
BRI AL AR N R ARSI ST #3720 7 L EEE A2 1 e B 7). SRR, ATOv /244
AT 2, EEA TERE IR, R TT ZE G ORI R A AR R 2 A R B LT R R
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TR T A R AR AR AL RX RS A OGN 1AL DI BRI R T, AR
AN S SR ARSI BT ALy AT Aldy S8 SR EVA R N ERII N e sl S A s A AT, SEEVERT T
PR SRAL IO R, T AE 20 b B 38T T R & PR TR ).

T T R BRI E (A20m) « AN 2 (A5v) e Niv Ti SRR & R R
SE I B AR RCR RO R . AR RE AT A DU E B T RS R, T T s R 2
P B SERE R LR RS R, 50k H O DU SRAFAE M Tl AR RE D . AU . IR T U S5 2 4R FE R T
LS A B RIS AL A20m SRR A B i BT IR BE D ELEAN G, SR T AR (R 2 K
L AR A A% P KE S BHAS N, T s i PR, Dy #viE SRR AL T RIFIOROIIERL. ASv B T &
<o A B S LR A (A T, ks 22 G KRR s e LR A 2 57 i, KRB ST
R THO G, BN TR SRR REAR, R PR R T R R N AR R TR
ke, RETERSRETEEER, KIULRERAL, BORREHDI AN, a8 TEissnd e
HORAE RO, RE T A T T T JoER AL SRR H T IO ol HORIFGHIN 3d LT JZ S5 OR i A% 35
s, WS m TR RAAEUN, R TIER R, RN Ti R SR 4MeER, SfEaad
RERSEIN S B ST, i A I SkEE 2 it — D T B T S I B B R, e 3 S i O R — 2D
FIPEIZ AR A20m, Abv K Niv Ti JoiR 7 HOE I b A 4% i s e 05 2 RA B T o, 3L
YRR TR B VA R ) P SO RE, TR M B JE T a4 & S S IATERE. 50 & &1 S R ERE 2
PR IR R T A BN S OM e S U AOTR BE R & RN, e Y AR AR 2L 45 RE A HH X — BRI 2 U

RE RIS e,

6 %&b

A GRS e S IAERE R U R T S AR R OT R Gemt 7T, M 73T U BRAT AR RAE-2
R RRAETR I BRI B LA SIHESE, DA e EREMI AL 5 B € R THR AL T aAT I 5%, B E AR
L

(1) BERERER & B/ MEARBHE KB R, 57 1 LA Lasso [N L RIHL &85 2] TR il 2
REEIe . IENMLL R 5555 T SR Z ARG B IR AL IR B SR, A7 2] 7 0L XRS50kt P RERE
BF BRI A AR IR RIS, B S S AR PE R B JIE #) 0.885 AT 0.847, 5
E T AZAEZRAE & e PERE TN o i) ] SEPE 52 AL RE .

(2) 3l LR AE B ELNEI B, W T R MAER AR & Al 5 S AV RE D SCH R FRRAIE. IR AR T 22 (A14v)
AR 2 (A10v) BN /137 B A IZ S 7T S & S EEIR T SR T AR
BUAME (A20m). G722 (ASv) K Niv Ti seRIEFEEER g 58T A, #msEaes
WERE, B TRAES RS 6. ACATEREZ IR I AR .

(3) $ethh “AJRh TSI RAE + JREl e iR ” rms Bow 3 ir e 5ems, el 7l & Sl e 5
SRIERERI P ERAL. THRIER R 4 HEREIEE 0.77 S TERE A Sy, HE R ELE 72~TAMPa. 7
MERAET 118~121W/(meK) X (8], SEHL T PIRTERERI MR T, R & e i o € A i it 5 PERE U
TR AL T RTAT I AR Ty 5 B0

AHETERI R BT AR AE- 2 S eI 7 HEZRAERE 2 5 3 AR BE W (R ARAG 7 T AR 17 3235 B
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HZRTAEAME S TEMEE. JaSi 7O Ea NBUF =TT — 2 8dE R SRR, ST
WA LURHAE AR TR R R s — R M - T E-VERE — R Bt A &R, BBR B — B ik iR R, T
TSSO S50 48 T BORAIE R G & AR RIPERE . S RIRRWIUE BL RN 21075, KAk
KRN, DAt — b i AR 2 AL e 70 5 N R AMA.
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R A1 SEUERERNYHAL RIS EER
Table A1 Physicochemical property parameters of alloying elements.
R Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
Al JRT 4 14 12 26 29 28 24 25 22 30 38 13
A2 nt‘/ﬁ (Miedema) 1.5 1.17 1.77 1.47 1.75 1.73 1.61 1.52 1.32 0.84 1.39
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Table A1 Physicochemical property parameters of alloying elements.

R Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
A3 HLfPE 1.8 1.2 1.64 1.9 1.9 1.6 1.5 1.32 1.6 1 1.5
A4 T 4.8 3.7 4.5 4.6 5.1 4.5 4.1 4.3 4.2 2.4 4.3
A5 TG 60 50 140 100 130 120 90 150 50 63 63
A6 J572F42 /nm 1.319  1.602 1.274 1.278 1.246 1.36 1.304 1.462 1.394 2.151 1.432
AT R )E 455.6  147.7 416.3 338.3 429.7 396.6 280.7 469.9 130.7 1644 326.4
A8 JR7Itdrie 117 136 116 117 115 118 117 132 125 192 125
A9 HITFSEATS 133.6  -21 15.7 1185 156 64.3 -20 7.6 9 -146 44
A10 4%t Ak 4.77 8.3 4.06  4.48 4.4 3.72 372 345 445 2 3.23
A1l FF—HERE 786.5 737.7 759.3 7454 736.7 652.8 717.4 658  906.4 549.5 577.6
Al12 FHARH 148 156 80.2 401 90.7 937 782 219 116 49 237
A13 FEAZ O T EE 118 1.09 073 112 113 084 079 091 125 139  1.25
Al4 R4 0.988 0.354 1.683 1.37 1.86 1.901 0.596 1.051 0.598 0.116  0.722
Al5 5O HTFIER 1.91 2.3 1.16  2.55 2.9 .33 1.26  1.81 221 292 201
A16 5 HERE 1577 1451 1561 1958 1753 1592 1509 1310 1733 1064 1817
A17 kS /kJ-mol ! 50.6 8.9 13.8 13 17.2 21 13.4 1455  7.28 8.2 10.5
A18 i (Miedema) 74 62 129 95 121 121 85 18.8 61 60 76
A19 ZeMERIIK R %L 2.6 25 11.9 166 135 4.5 21.9 8.7 303 225 231
A20 R TR 19.865 6.12  3.231 26.505 8.936 5.652 24.664 5.638 6.254  4.33  26.057
A21 THEFIRAZEF TS 90 13 66 16 72 60 63 56 18 11 75
A22 ['JHEFR d-t i 81 12 60 69 66 54 57 48 72 10 76
A23 ['JHEFK d-t At 25 95 46 37 40 52 49 58 34 93 30
RO
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Table A1 Physicochemical property parameters of alloying elements.

R Si Mg Fe Cu Ni Cr Mn Ti Zn Sr Al
A24 1%k Hd-t L2 80 11 59 68 65 53 56 47 71 9 75
A25 ['1##%)Kk H d-t e 26 96 47 38 41 53 50 59 35 94 31
A26 145k Ht-d Lfe 78 8 57 66 63 51 54 45 69 10 73
A27 8% R H t-d il 24 93 45 36 39 51 48 57 33 95 29
A28 ['JHEFK « fiFHE/R 85 73 61 72 67 57 60 51 76 15 80
A29 [1HEFK « HH 84 18 63 72 69 57 60 51 75 16 79
A30 I'HEFIK t-d it 79 9 58 67 64 52 55 46 70 11 74
A31 I'HEFR t-d At 23 92 44 35 38 50 47 56 32 94 28
A32 R 397 17.3 60 48.4 76 1153 795 456 419  6.03  26.2
A33 BEIR A 20  24.89 251 24426 26.07 23.35 26.32 25129 254 264  24.2
A34 Hrds T3 4 2 8 11 10 6 7 4 12 2 3
A35 IR 113 447  152.3  129.8 1995 279 191 120.2 1045 15.7  70.6
A36 /1075 kg 28.085 24.305 55.875 63.546 58.69 51.996 54.938 47.867 65.39 87.62 26.982
A37 % /g-cm ™3 2.33  1.738 7.874 896 8908 7.9 747 4507 7.4  2.63 2.7

A38 #'F% /J/(mol-K) 148 156 80.2 401 90.7 937 7.82 219 116 49 237

A39 JE R /°C 1414 97.72 1538 1084.6 1455 1907 1246 1668 419.53 777  660.32
A40 #A#1/107% nm? 2.002 2324 1.178 1.181 1.093 1.2 1.22  1.764 1.521 5.632 1.66
A4l JRIFH 4 2 8 11 10 6 7 4 12 2 3

A42 HEEE R 463 151 428 349  4.44 4.1 2,92 485 135 .72 3.39
A43 B5E%E/Sm™! 1.0e3  2.3e7 1.0e7 5.9e7 1.4e7 7.9¢6 6.2e5 2.5e6 1.7e7 7.7e6  3.8eT
Ad4 HEIHZE /mQ 1.0e-3 4.4e-8 9.7e-8 1.7e-8 7T7.0e-8 1.3e-7 1.6e-6 4.0e-7 5.9e-8 1.3e-7 2.6e-8

i HFE Al-A42 MBIERINB BT HRZREBAMNKASSHMRMARAF LN ELEMENTS ©ZETEMERHERE (IMET RAS, https:
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Prediction and Joint Optimization of Hardness and
Thermal Conductivity of Aluminum-Copper Alloys

Based on Machine Learning*

BU Tongtong)# LI Xia’?# LOU Chunxiang!) REN Pingjing!) DING
Shoujunl)Q) 70U YonglmT XIONG Chunming?’)
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243032, China )
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3) ( Zhongdian Tairisheng Ma’anshan Technology Co. Ltd., Maanshan 243000, China)

Abstract

To address the challenges of small-sample modeling and the difficulty of achieving a balance be-
tween hardness and thermal conductivity in aluminum-copper alloys through traditional design, this study
proposes a machine learning framework based on physical features and multi-stage screening for perfor-
mance prediction and composition optimization. The proposed framework consists of 5 sequential stages:
data preparation, physical feature construction, multi-stage feature screening, predictive modeling and
evaluation, and multi-objective composition optimization. A total of 24 aluminum-copper alloy sam-
ples prepared under the same die-casting process were collected, with hardness and thermal conductivity
as the target properties, from which a 99-dimensional physically derived feature space was constructed
using composition-weighted mean and variance descriptors of 44 physicochemical properties of 11 con-

stituent elements. To reduce feature collinearity and redundancy and improve modeling reliability under

* Project supported by the National Natural Science Foundation of China (Grant No. 52202001) and
the Natural Science Research Project of Anhui Province Education Department for Excellent Young

Scholars (Grant No. 2024AH030007).
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1 Corresponding author. E-mail: yongzou@ahut.edu.cn
The First Author. E-mail: 3471003223Qqq.com(BU Tongtong);lixiaahut@ahut.edu.cn(LI Xia)
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small-sample conditions, a three-stage feature screening strategy combining hierarchical clustering, Lasso
regularization, and exhaustive best subset search was employed to identify the core feature subsets for
predicting hardness and thermal conductivity. Based on the screened optimal features, Lasso linear regres-
sion models with L; regularization were established for hardness and thermal conductivity, respectively.
Model hyperparameters were optimized using leave-one-out cross-validation (LOOCYV), while predictive
performance was evaluated on an independent test set. Model performance was quantitatively assessed
using the coefficient of determination (R?) and root-mean-square error (RMSE), thereby characterizing
prediction accuracy and generalization capability.

The results show that the hardness model achieves a test R? of 0.885 with an RMSE of 4.79, and
the thermal conductivity model yields a test R? of 0.847 with an RMSE of 4.67, indicating good predic-
tive performance on the independent test set. Furthermore, a composition optimization strategy coupling
global Latin hypercube sampling (LHS) and local Gaussian refinement was proposed to achieve a balanced
improvement in hardness and thermal conductivity. Within the feasible composition domain constrained
by experimental boundaries, 10* candidate compositions were uniformly generated via LHS for global
exploration. Based on the equal-weight comprehensive scoring function, the top 20 high-performance
seed compositions were selected from these candidates. Using these seed compositions as local sampling
centers, another 10* new samples were generated by Gaussian resampling, and composition normalization
constraints were imposed to ensure the validity of the generated compositions. Finally, 4 groups of opti-
mized alloy compositions were screened out, all achieving a comprehensive score of 0.77. The optimized
alloys exhibit a hardness of 72~74 MPa and a thermal conductivity of 118~121 W/(m-K), indicating a bal-
anced enhancement of the 2 target properties. Overall, the proposed method combines physically derived
descriptors, multi-stage feature selection, predictive modeling, and two-stage composition optimization
within a unified data-driven procedure. This combination helps retain physical interpretability while im-
proving prediction performance under small-sample conditions and provides a data-driven approach for

the collaborative optimization of hardness and thermal conductivity in Al-Cu alloys.

Data-driven approach for predicting the properties of high-performance aluminum-copper alloys.

Feature construction

Data preparation

Physical-derived features Original features Feature space
O Samples: 24 alloys * Mean(m): composition- Nominal all Feature dimension(99):
0O Target properties: weighted average cgm ozitia;)r?s),l' 44m + 44v + 11 element
Hardness « Variance(v): composition- 1 aﬁo in ’ proportion
Thermal weighted variance elemer{tsg
Result Modelling & Evaluation Multi-stage Feature Screening
a) Fealturfa importance # Two-stage sampling a) Hardness: Lasso » hierarchical clystgring
ana.y5|s optimization b) Thermal: Lasso » Lasso regularization
b) Optimal Alloy . ¢) Evaluation (R?, » exhaustive feature
Composition Selection # Pareto-optimal alloy RMSE) combination'search

composition

Keywords: Machine learning, Aluminum-copper alloys, Feature selection, Synergistic op-
timization of properties
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