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Optimization of Mechanical Properties in Aluminum Alloys via Hydrogen Partitioning Control

Hiroyuki Topa, Masatake YAMAGUCHI, Kenji MATSUDA, Kazuyuki SHiMIZU, Kyosuke HiIRAYAMA, Hang Su,
Hiro Funuara, Kenichi EBIHARA, Mitsuhiro ITAKURA, Tomohito TSURU, Katsuhiko NISHIMURA,
Norio NUNOMURA, Seungwon LEE, Taiki TsucHivA, Akihisa TakeucH! and Kentaro UESUGI

Synopsis

: This review reports the research activity on the hydrogen embrittlement in high-strength aluminum alloys, especially focusing on hydrogen

trapping at various trap sites and its influence on hydrogen embrittlement. We have investigated the three representative hydrogen embrittle-
ment mechanisms in high-zinc-concentration Al-Zn-Mg alloys. One of the three mechanisms is the damage evolution originated from hydro-
gen precipitated as pores. We have paid marked attention to the existence of age-hardening precipitates as the major hydrogen trap site.
Firstly, we have clarified the nanoscopic structures of a few MgZn, precipitates and their interface by means of the high-resolution TEM
technique. Such information has been utilized to perform a first principles simulation to know trap binding energy values for almost all the
possible trap sites. At the same time, detailed fracture micromechanisms and microstructure-property relationships have been investigated by
employing both the high resolution X-ray micro-tomography technique and the first principles simulation. The ultra-high-resolution X-ray
microscope, which has been realized quite recently, has also been applied. Characteristic localized deformation and subsequent crack initia-
tion and growth through deformed aluminum have been observed. It has also been revealed that hydrogen embrittlement has been suppressed
when relatively coarse particles are dispersed. /n-situ hydrogen repartitioning during deformation and fracture has been estimated by con-
sidering thermal equilibrium among the various trap sites together with the increase in trap site density during deformation. The relationship
between the in-situ repartitioning of hydrogen and hydrogen embrittlement with the three different micromechanisms are discussed to explain
realistic conditions for hydrogen embrittlement to occur.

Key words : Al-Zn-Mg alloy; hydrogen embrittlement; synchrotron X-ray tomography; first principle simulation; transmission electron microscopy.
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Fig. 1. 3D perspective views of pores in (a) 99.999 % Al and (b)
Al-5%Mg with the same hydrogen content (0.3 cc/100 g
Al). Note that only pores are extracted and shown here”.
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Fig. 2. 3D perspective views of pores in aluminum alloys'".
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Table 1. The ratio of the highest and lowest values in each
property of AA2024 alloys. Note that material with low
hydrogen content always exhibited the highest values
in all the material tests').
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Fig. 3. A series of 3D rendered images during loading representing the nucleation and propagation of cracks in Al-10.0%Zn-2.4%Mg-
1.5%Cu alloys. (a) to (d) for Low hydrogen material, (e) to (h) for Mid hydrogen material and (i) to (1) for High hydrogen
material during deformation, respectively.
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Fig. 4. Schematic illustration of hydrogen partitioning among
various trap sites that induces transformation of the
fracture pattern from ductile into brittle in aluminum
alloys.
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Fig. 5. Schematic illustration of model materials applied in the
project by which the effects of hydrogen and pores on
the mechanical properties are separated.
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Fig. 6. Potential trap sites in MgZn, crystal and trap energy
equivalent to its position in the (a) [0 0 0 1], (b) [1 -1 0 0]
and (c) [1 1 -2 0] directions®.
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Fig. 8. HRTEM observations of Al-Zn-Mg alloys subjected to aging treatments at (a) 120°C for 8 minutes, (b) 200 minutes and (c) 400

minutes after holding this alloy at room temperature for 4 days.
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Fig. 9. Possible hydrogen sites at the 1,-MgZn, interfaces with
(a) Zn, (b) Mixed A, and (c) Mixed B atomic layers®.
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indicates the solid-solution energy of the H atom at the tetrahedral site in fcc AI*.
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Fig. 17. Valence electron density map on the GB plane and low-electron-density region indicated by isosurface of electron density with
multiple hydrogen segregation (Ng=0, 6, 12) along £5(012)GB. N, is the number of H atoms segregated along GB within the
area of 4 (=0.365 nm?). Electron density is drawn from 0 (blue) to 0.045 (red) electron/A®. The isosurface level of electron
density is 0.015 electron/A>. The large (small) sphere is the Al (H) atom®.

128



IR T FILE - Q3TN I =Y 2ADFRTE, C i3t
W22 LS CTh 5, X (1) OEIHE, =LY a0
HHIZHETBHETH D, FRTOEMIZ & 32K T
x5, R (1) OF IEHIZ, KA EHEEAIZ& 5220
HIIZBET 2 TH 57, £< OELUIAKRICE > TRE
45720, n=0& L7, £7-, GNDEEIZ, DL FOHIC
5zoh3",

_-n"
Ponp =7 b @
Z 2T, pono i ZGND % &, 713 Nye-factor (1.9), »" i ¥
BALEL, bIZN—H— AT PILThH B, kI, SSDH
FEiZ, UTFoRIZEZ5h 3%,

NEY:

—z 3)
bl

Pssp =

Z 2T, pssp \ESSDEE, ¢, 13AH M MEE A, NEFHIHET
TETH 5,

X)) ~@) IS THITN A EZILRE, LU
GND - SSDEEA#3D~vy ¥V 7L, 3DKE N T v FH A4
b S UTHD oy, 3DZEMOFK L= L (20 um
BK) CAREOGEGI AT 572, ZORRIZ L TRD 2ZT
HBOUEN, 22, BXOET - F /K4 FOMNEIZET 3
JR AT A S Sy B BE % Fig 1812 /8§, %72, ZTERiI%TO
BT 9T A P OREFIREOECNEF LD EDE
Fig 19123, Fig18 & 0, HENZBIAAMSRE L 7258
W, i & ZBILORFRENEL B> TWbE T Ehb
N5, LLENS, Py TITILEF-—DKEENT v
THA PEEOKZITRERAIL, A F 7y T Eh7KE
LTy THA POHRFTREBNZ LR GH B, &

=

Hid

w‘u g K

ey it/ 107ms
1 R e 5

' ‘&

.A&'

I Q{b 2.0

A

ey S 1.5

| 1.0
'1()0 m' | 0.5

(a) Dislocation

(b) Vacancy

KB LB 7 LI = A 4D )2 M AL

5IT, &7 v ¥4 bONAERE, ZROHIHTAEL
BELTWEWI EAbhr b, ThETHEIR TS
BENZHBEED A = XL D—D L LT, ENOHES»5H
5, LU, i5fiic b5y e kE=RE, KD Ty
TIAINF=NKEL DTy T A MEERETHIC
b Sy FENARFREOENE, FUZ10 IS 5, 7
D78, BHIRBNE T 20 - 2 L ~NIL DK
BT, 00882 5 DOARFEMEAEC /2L LTE, K
NAERRINOBEN S A & 726 T LB A 5DIEAH
)Tz, BN ZBBIEOBRIZE L T, Fig18ilk
W, KD ARERRE (B2, “XRIEMa KROERE AV
NEN LTy T A P OBEGERT2LERH B,
5-3 SECHIEORREM
TFMMBHZ @& D EIRNU 72358 O 5 ERER % O B i
% Fig 201247, K1 O F#IKI1Z, AlgFe,Zn, TH -
7eo ZOWE, SRR & BRI O KRFIRE R, Th T
72.08 5 K U8 2.15 mass ppm & IFIFE LWy, SHEERINOLA
&, N & BRORABIE ORI 2 Bk IS A Reh b0
S L, SEETRIU 2260k T, MURME) 2 PR 4 5 L
7zo T3, K TIRINC & 2 HEOHIRIO Al HEM: 4 /R L T
Wh, ARG E S ORTZDE D, v Uik 1 JEH
ZARFER 79 T Eh, MRRROKRRREIZFERT TS
HE%#&7:56F 5 v 79 A b OKFRBEE DR T
L, EBO3ODOHEHFEOM TERNEL 22D EH A
S b, FEEE, wi#H O WBEE TS K B KRBT HhR %
B & SR T, 440CHBE ISR FRImz &k 5 &8
b B KEBEEY — 2 PR X Wiz, SHIE, B4 2R
TLRIZK DT 2 EEELEWR 12 & 5 HEPHIZIR %
N, X0 FEAE RS S HE I IE SR 2 3R 5 /¢t T
bHb,

1CY /10%*m* CRo"® /10%m3
35 8.0
3.0 7.0
25 6.0
’ 5.0
2.0 40
1.5 30
1.0 20
0.5 1.0
0 0

(c) Pore/nano void

Fig. 18. Hydrogen concentrations at each trap sites under different applied strains, viewed on the y-z (RD-ND) cross-section; a)
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