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AlSi10Mg is a near-eutectic aluminum-silicon alloy. AlSi10Mg has good
properties, such as its low density, high specific strength, and good electrical
and thermal conductivity. AISi10Mg can also be manufactured by selective
laser melting (SLM). Because of its high silicon content, good flowability at
high temperatures, and Al1Si10Mg can be additively manufactured without rapid
cooling-induced rupture. With this project, we published neutron results on
Materials Science and Engineering: A, 856 in 2020. Part of the results supported
by this program together with Prof. Huang's group's other work was published
on reference [59]. We trained undergraduate and graduate students to obtain
knowledge on neutron diffraction for mechanical behavior study.

After the midterm report, we further applied different treatments to find better
heat treatments to enhance the hardness. In this final report, our results show
that the T5 heat treatment is better than T6. The samples after TS heat treatment

have higher hardness than those after the T6 heat treatments.

Keywords: AlSi10Mg; Aluminum alloy; Heat treatment; Additive
manufacturing; Selective laser melting (SLM); Mechanical

properties
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 1: #AIEY SLM 48 & & 302 chpicd B ¥ 4802, 3]

As-built Heat-treated
Material Heat treatment Details Ref.
(HV) (HV)
AlSi7 AA 300°C — (0.1-168 h) 92 45 [4]
AlSi7TMg T2 300°C—-3h 124-133 76-78 [5]
AA 165°C - 0.01-60 h - 115-150 [6]
SHT + AA 535°C-1-8h - 60-115 [6]
165°C —(0.01-60) h
SHT + AA 535°C-1-8h - 63-115 [6]
180°C — (0.01-60) h

AlSil0Mg - - 140-150 - [7]
- 127 - [8]
- 106-112 - [9]
Annealing 300°C-2h 132 88 [10]
SHT 530°C-6h 132 60 [10]
SHT 520°C—(1-4)h 110 62-68 [11]
SHT + AA 520°C—1h 110 75-79 [11]

160°C — (6-12) h
SHT + AA 520°C—-4h 110 94-96 [11]

160°C — (6-12) h
SHT + AA 520°C—-1h 125 100-103 [12]

160°C - (6-7) h
AlSil2 - - 135 - [13]




- - 110 - [14]
Annealing 300°C-3h 145-150 105-115 [15]
Annealing 450°C—-6h 135 65 [16]
- - 119 - [17]
AlSi12/TiB, - - 142 - [17]
AA-2024 - - 111 - [18]
AA-7075 AA 150°C-6h 160 170 [19]
SHT 470°C-2h 160 100 [19]
SHT + AA 470°C—-2h 160 115 [19]
150°C-6h
SHT + AA+ AA 470°C—1h 80 150-170 [20]
110°C-5h
150°C -14 h
ScalmalloyRP AA 325°C-4h 105 177 [21]
Al-Sc-Zr AA 300°C — (0.1-168 h) 40 115 [4]
Al-Mg-Sc-Zr AA 300°C—-12h 110-135 160-170 [22]
- - 86-94 - [23]
Al-3.60Mg-1.18Zr AA 400°C - 0.5-144 h 275 320-410 [24]
Al-3.66Mg-1.57Zr AA 400°C —0.5-144 h 300 360-420 [24]
# 2:LPBFed 4% & & & TO w {5 i 4 (3 ¥ 325%)[2]
Alloy Heat treatment Sy (MPa) UTS (MPa) Ef (%) Ref.
AlSi10Mg As-built 264 452 8.6 [25]
540°C—-1h,180°C-2h 277 332 5.8
AlSi10Mg As-built 226 429 4 [26]
550°C—1h,180°C-2h 270 321 9
AlSi7Mg As-built 257 398 7.6 [27]
540°C —1h, 160°C -4 h 256 306 4.7
AlSi10Mg As-built 275 406 38 [28]
540°C —1h, 160°C -8 h 236 288 9.3




AlSi10Mg As-built 270 446 2.1 [29]

535°C—-1h, 190°C-10h 164 214 11
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tr:t:zm Alloy | #i8% :ﬁ UTS(MPa) | Sy(MPa) | Ef(%) | Ref.
160°C 4hr 411 309 4.8 [2]
160°C Shr 342 268 0.9 [2]
T5 AlSil0Mg 170°C 1.5hr 442 309 5.3 [2]
175°C 1hr 440 310 4.4 [2]
200°C 2hr 473 263 7.8 (2]
i3 540°C — 1
h, 2 180°C— | 3hr 332 277 5.8 [25]
2h
i3 550°C 1
h, P2 180°C— | 3hr 321 270 9 [26]
2h
T6 | AlsiloMg
i3 540°C — 1
h, ®»160°C— | Ohr 288 236 9.3 [28]
8h
i3 535°C 1
h, E»<190°C— | 11lhr 214 164 11 [29]
10h
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Fig. 14. Ageing curves of LPBFed AlSi10Mg alloy upon holding at 120 °C, 140 °C, 160 "C and 180 °C. Reproduced from [168].
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Form Designation Alloy Constituents and heat-treat-ability Key Properties

= +‘K)‘F——{“H
N \on H Excellent corrosion resistance & workability
High thermal & electrical conductivity
+ @ ‘@ ‘—[Non-ﬂ‘l} [Moderate strength & good workability ]

2

Special

T

Low solidification shrinkage, good fluidity, good
weldability, & high corrosion & wear resistance

-
7
2
1

TTTTTT?TT

High strength & toughness

N
o]
2]
4]
(o]
-]

Low corrosion resistance - unweldable

23
'A
”
1
z
=
5

+ @ .\'on-H]} [Lo“'ermeltiug point
. Moderate to high strength, good weldability and
-+ Non-H : A ?
corrosion resistance
z < : : > | Hiah formability & weldability, excellent
Mg - 3 ) )
=51 +@ HE corrosion resistance, moderately high strength ]
Very high strength, excellent fatigue resistance —
Zn-Mg +@ @@ B ] [ highest ageing potential
Otherwise: Sn, Ni, Si, Fe,Li —[\'on—lﬂ] [Depending on the alloying element used ]
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3tk % (open-cell structure)[3] - @ 5 3“4 & £ 5 B # R
Apie A g EHHH > FIE T R YRR R i E
[38] -

V- BEFEITEBUELEL AR o5
ERET G CAE O T 0 1 H &P ¢ (thermal
history) k f 2 f&#uid% L 2 3 B bR ¥ NipdHR SR 2
*[3,39] o d EF T G AR EE S P IR E RS T
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T b £ fodfde i 5 ok 2 [40] 0 @ (B E R s 5 E-i# (103~108
K/s)[41] > i& @ A 2 Jw-] i [42] 2 & 5 ¥ 4 484P (metastable
phase)[43] » 4] 6 #77m o Ttk eim ] Bt E B E e
W T PR A B (25, 43]
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EEPHERPI U DT o
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Liquid (L)

Temperature °C
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a+Si

o
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o
E]
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©
o
=1
E
@
/ Time
—l

wt.% S’I

AlSi10

15 20
Silicon (wt %)

%

B 7:ALlSi - ~4a B¢ AISil0 ch# 7 5 7 4 BI[45] ~ & TTT Bl %

5 [47]

Bl 8 A IEHEL B UL # S AAGO6L ¥ 4374 2 B bicka e ] [46]
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ftendiI, A B R FIR p Yoo 23 g 1Y AE(MESi)F 2 [2]0
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4
B Sitgdifenz B4t M@Sitr i chg £ @ 2 MgSi 7
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Pl P AT B o A M BAEL ba 2 0 T RARL A
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FRJEAEE £ F 0 R EF AN oo T BFIR K p A F

BaE Tt s A~ Bt s it % [49] 0

H
R

%1 LPBF-ed 48 & & HL e T a3 > 3 Siour s £ 5%
Zfﬁtij\ﬁ: —‘L“Emz&}* LY B;Zo:fﬁigjg’;,gé‘gzi'i_g%ﬁ%:«
TE = ﬁé £ $ _ﬁ—‘ pe AlSllz E&’:/{EE it E";A’EE'# BEB AISI7Mg 'f\-"

!

AISilOMg & 4 - @ {5 # A2 % LPBF-ed 48 & £ 30 g & 14 >
X S HAT AOTEERTORT NSRS U B R G R B
oo F i) fr s s dhi (AF A2 s BB EFE{-T B
t2) [2] -

LAR-F -(45) L & Y > B A AN G w2 3 e
Mg,Si 4p > 47 i B 5 ¢ i 4F fo % 18 (Super-Saturated Solid
Solution, SSSS) Mg/Si /i + B # ~ G-P % ¥*(Guinier-Preston zones,
G-P zones) ~ B (3 & {445k » coherentneedles) ~ B (L% &
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H 45k /95 0% & 0 semi-coherent rods/laths) B (2235 & M 4F K,
incoherent platelets)[2, 50] -

UAZEL O ERMT R4 L L LB H
(as-built) ¥ & e 5 H 5w & o #e & (elongate cellular) & £4F P
o EREF R B R LB R BH51] oW 9 T o BB T6
BIL () R+ A L R RJR) S 0 R A bR DR L RS
ey A R AR AR T T T SRR AR P R
B 10 #75% o @ B 11 A1 &7 B AIE S H i 8 AR o

Eutectic Si

o

Al matrix:

<

As-built
Bl 9: #/EJL% AISilOMg % 5 SEM RFl(a) fa# R &4 (b) %

BB e Bk

Si particle

\\‘

T

-

L

- 500°C-2h+180°C-6h
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Bl 10: # ST (FR+4 1 prx)ié AlSi10Mg 4 & SEM Bl(. 500°C-
2h + 180°C-6h) [51]

Almatrix  Al-Si eutectic Fine Si particles Ostwald ripening Coarse Si particles
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Engineering stress (MPa)
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Fine melt pool (FMP), coarse melt pool (CMP), and heat affected
zone (HAZ) are generally observed in the additive manufactured
AlISi110Mg alloys. In this study, we demonstrated that the yield
strength can be estimated by the combination of the sizes and volume
fractions of FMP, CMP, HAZ together with the second-phase
hardening. Two different AIS110Mg alloys fabricated via powder bed
fusion (PBF) process were prepared to examine the lattice strain
evolution of constituent phases during uniaxial tensile loading via in-
situ neutron diffraction measurements. The horizontally-built (Hz-
built) exhibited a much better yield and tensile strength as well as
elongation compared to the vertically-built (Vt-built) AISi10Mg alloy.
The stress partitioning from Al matrix to reinforcement Si was
obtained during plastic deformation regime in both alloys. However,
a greater capability of enduring high load of Si and a load transferring
back to the ductile Al matrix found in the latter period of plastic
deformation are responsible for better tensile properties in the Hz-
built AlISi10Mg alloy. We reported empirical strength quantification
based on the sizes and ratios of fine melt pool (FMP), coarse melt pool

(CMP), and heat affected zone (HAZ) together with the possible
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failure mode to prevent early fracture in the additive manufactured

alloys.
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well as elongation compared to the vertically-built (Vt-built) AlSi10Mg alloy. The stress partitioning from Al
matrix to reinforcement Si was obtained during plastic deformation regime in both alloys. However, a greater
capability of enduring high load of Si and a load transferring back to the ductile Al matrix found in the latter
period of plastic deformation are responsible for better tensile properties in the Hz-built AlSi10Mg alloy. We
reported empirical strength quantification based on the sizes and ratios of FMP, CMP, and HAZ together with the
possible failure mode to prevent early fracture in the additive manufactured alloys.

https://www.sciencedirect.com/science/article/abs/pii/S0921509322013405

FAFATRE A REPREIB AT FER G
PR RARHS TR S AR A AR AR EIFALE
e 3 BEEE A 4T HE o i E aE 2 B e, T L SR T s i
e B A AR TIP3 SR T HEET T AR B AL g
E R R U e Y

48



SFE i)

huuunu

High-entropy alloys

e

15, 182 Naw-cuinte

g
Dusd bt k‘-m e
b i

S, 1o
Lt 2 Ade
S ey i o2
Oy abey anlanl wwm,
Divr ¢ e plusiey U
b B S, 4, 47 (5]
e shginn s 2078, 14, 10 [4]
- .—am.hn-.- Aira M. 304, 100, 30 [3]

-:(a Mcrponne e dcbmutan Mevwaratic W13, &3 { p
oot futtice. sty S e, 213,101, 32(1]

= ; i
14 (2016 2018 2020 zokz 2024
/ Year \

Additive manufacturing

Eagincerieg strew (MPa)

(&) wt-anisoTAY

0
V5. 851 MPs

[ w

lumﬂnllm

By,

Principal strengthening fadmo
Marer. Chovorr, 2022, 184, 11
Transient phase-deives cyclic dek‘omaaueuo

Marerials 2022, 18, 777.[45]
Ehml history cn phase stability and intemal nsu° I\

J Alloys Compd. 2021, 837, 157555[44]\
\dmoanovng elments-taitored meckasical pmpmmc N
Sci. Rep 2021, 11:9610 [43]
°Mk~mmr@ induoed lattice sctivities
/_,,m&me Mamgfacruring 2020, 38, 101322 (42}
Q) Bioactive glass.induoad better boae growth
Int. J Mol. Sci. 2020, 21, 7438 [41]
3 tmplants-enhasced collxgmn’g\‘h(ed mhmu\u\
Mater, Chew. Pips. 2019, 230, 83 [40]
ormnsim phase-tansble mechimical properties ',
Insermertalixcs 2019, 109, 60 (39) |
ovhauc asjsotropy “
Aater. Sei Eng. 4 2010, 762 138085 [38) |

a5}

Hone volume (%)

Ti Ta

49

ress (MPa)

Crlemed calcried conprenion
1000 [ [Tas

S

Bane aren fraction (%)
¥

¥ s 3

THoAI4Y T 2deys 120 days.



I Metallurgy

__Rod

Fe addhtom om NiALmdaced pha ey [« ]

-

T T T — T
2018 2020 2022

=2 Year

i
Crach Growth Rate. 6N (mecycic)

e
° R T P |

- = '1 0 100 20 00 400 5
Applied Stress (MPa) Balk srain (%) Temp (C)

Z AT R Y 3 s enT AR RIBE
e bR AT RBAT T, ERBENLES E S ApE
WA~ HEE AR M PN B

M2 47 .

SBT3 E LA 2022 354 4

o
VIN|P
Y|
olfu [a
e|lE
Authors Title Publication |u |m|g
al
mlb [e
rife
e ler|s -
lir
Huang, E-Wen; Lee, Soo Yeol; Wang, 2|1
Mechanical Behavior of High-Entropy Alloys Focusing on
Huamiao; Jain, Jayant; Liaw, Peter K; Yang, 0|&
Tensors: An in situ Neutron Diffraction Investigation
Wen-Chi; Chin, Hsu-Hsuan; Yi, Yu-Tsen; 2=
From Room to Elevated Temperature
Tu, Shang-Yi; AN}
Unearthing principal strengthening 1|2|t%
Chae, Hobyung; Luo, Mao Yuan; Huang, E- Materials 1
factors tuning the additive 1|0|f%
Wen; Shin, Eunjoo; Do, Changwoo; Hong, Characteriza| 8
manufactured 15-5 PH stainless 112|M:
Soon-Ku; Woo, Wanchuck; Lee, Soo Yeol; tion 4
steel 6(2|fE

50



=N
50 |0
1| |%
Luo, Mao-Yuan; Lam, Tu-Ngoc; Wang, Pei- |Grain-size-dependent 1(2|5+
Te; Tsou, Nien-Ti; Chang, Yao-Jen; Feng, |microstructure effects on cyclic Scripta VA [IES
Rui; Kawasaki, Takuro; Harjo, Stefanus; deformation mechanisms in Materialia 412\
Liaw, Peter K; Yeh, An-Chou; CoCrFeMnNi high-entropy-alloys 52|47
9f |t
1
Huang, E-Wen; Lee, Wen-Jay; Singh, Materials 0|2|#%
Machine-learning and high-
Sudhanshu Shekhar; Kumar, Poresh; Lee, Science and 0(0|E8
throughput studies for high-entropy
Chih-Yu; Lam, Tu-Ngoc; Chin, Hsu-Hsuan; Engineering 6|2[2
materials
Lin, Bi-Hsuan; Liaw, Peter K; . R: Reports 4218
5
2
Lam, Tu-Ngoc; Wu, Yu-Hao; Liu, Chia-Jou; |Transient Phase-Driven Cyclic 7| [HH
0
Chae, Hobyung; Lee, Soo-Yeol; Jain, Jayant; [Deformation in Additively Materials 7 |5
2
An, Ke; Huang, E-Wen; Manufactured 15-5 PH Steel 7| |E
2
iz
2
Lam, Tu-Ngoc; Luo, Mao-Yuan; Kawasaki, |Tensile Response of As-Cast 1| |45
0
Takuro; Harjo, Stefanus; Jain, Jayant; Lee, [CoCrFeNi and CoCrFeMnNi High- [Crystals 5| [##
2
Soo-Yeol; Yeh, An-Chou; Huang, E-Wen;  |Entropy Alloys E:A
2
E
Chen, Shi-Wei; Huang, E-Wen; Chiu, Sung- 2|7
Mao; Reid, Mark; Wu, Cheng-Yen; Diffraction-based residual stress mapping of a stress frame [0| &k
Paradowska, Anna M; Lam, Tu-Ngoc; Wu, |of gray iron via vibratory stress relief method 2|
Yu-Hao; Lee, Soo Yeol; Lu, Shao-Chien; 2|77
PN
1 A
Lam, Tu-Ngoc; Lee, Andrew; Chiu, Yu-Ray; |Estimating fine melt pool, coarse  |Materials 412 "
Kuo, Hsuan-Fan; Kawasaki, Takuro; Harjo, |melt pool, and heat affected zone  [Science and 3|0 %
Stefanus; Jain, Jayant; Lee, Soo Yeol; effects on the strengths of additive [Engineering 9(2 -
5i
Huang, E-Wen; manufactured AlISi10Mg alloys TA 6(2
£
1
#

51




1
Lam, Tu-Ngoc; Chin, Hsu-Huan; Zhang,

1(2|%%
Xiaodan; Feng, Rui; Wang, Huamiao; Tensile Overload-induced Texture "

8|0
Chiang, Ching-Yu; Lee, Soo Yeol; Effects on the Fatigue Resistance of |Acta Materialia 4

5(2|4
Kawasaki, Takuro; Harjo, Stefanus; Liaw, |a CoCrFeMnNi High-Entropy Alloy i

8|2
Peter K;

5

AP RARAENGFELE HAERAPAERY
T RPERYE D T RV EMT ARG R G A
PR R A R S B 2T R 3. AT RAS N Wi r
% o]

I~y

1990 & % >k Wideng B & £ bR FAE o ¥
Froebd 2 [2] o 48 & % i3 (Additive Manufacturing > 7 £ Layered
Manufacturing) > & J1 % e = AR kW IE A R K K
Yoy S IR E R [3,71]eR * A ME G 2 RET R

Bl T R D R T R K (R R A
TR R R d“%%ﬂ% Wk g
TP AZEHE kAT A EA* 3D § 3+ (Computer

Aided Design, CAD)H-7] » FIpt $304F fead Al i 24 £ % )L f6
- AR S N AW e BRI BN TR R
§§’§%ﬁ%@ﬁﬁﬁﬁ@%$@? B RAE g A
AR ARR R B0 g & AT R e Al [72]

AR v RRARAERE U A REe- H A
5o ASTM F42 £ R ¢ Bl e & = 28 1 B 5 % f

(Powder-bed fusion) ~ E 4% it € U f# (Direct energy deposition) ~ %k

7% 4 (Binder jetting) ~ # & % i (Sheet lamination) ~ 424 %

52



(Material extrusion) ~ + ##f % (Material jetting) 2 2 £ & & ¥ it
(Vat photo-polymerization) e 2 ® > (2 =58 % 3t £ B A W&
i 2 gt 73] -

EEBMAE UBERY B AN R B R R
Fasten B9 2 A ST uER G SRR S
#F o R ENGBEMLIRY REABE(RF AT HA) S
- Rk REREG ARG HT A ERMET ST
Pl B Wi = VE F 5 A A REE I 0 4oR) 29 47

VIR

LASER SCANNER

-—v CHAMBER
¥

i ROLLER/RAKE

mm

COMPONENT

h
POWDER BED

POWDER DELIVERY
SYSTEM

B 29: EF T B4 1 WARRI[39]

I ~HBTHEPM LA
Arrapd o T wT

. 08k s ALK S LB 2002 2 ¥

I

2. %

[332

B

P

il ,{;’ﬁ-— ’

\\\xy

RA W AL Y- RPN



S N R I ARE - S
IR EREAT o

2
T
L
£
e
\

-3
oy
e

A
)
S
R0\

*_.

T
I

TN
1—\
(w
|
il
=
;\‘\

T

R
/4
“

P

jpa|
Y

B Y N N E SRR T =

c 4 | mEE (B4 2t E 2 FEST ’b&ﬁﬂfﬁ‘r‘t‘-—??,ﬁo

2 | SR | FE | AP RLFEE R ARETR -

v

(4| ERgE | A AP F LY IMAELE o

S| 23 | § | B IR

R FET [P L[ ERTELES

54




