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Suppression of hydrogen embrittlement for Al-Zn-Mg
alloys processed by high pressure torsion

Masaki TAKEDA'*, Yafei WANG?, Hiro FUJITHARA?, Hiroyuki TODA?
Yoshikazu TODAKA?®, Nozomu ADACHI®, Akihisa TAKEUCHI*, Masayuki UESUGI* and Yuantao XU?®

Al-Zn-Mg alloys exhibit a high degree of sensitivity to hydrogen embrittlement, a phenomenon that is exacerbated
by their high strength. Recent studies have revealed that the interfaces of 7-MgZn, are susceptible to debonding due
to elevated hydrogen concentrations. It has also been reported that such interfacial debonding can be suppressed by
dispersing Mn-rich dispersoids and/or T-Al,Mg;Zn; precipitates. In this study, we have confirmed that the afore-
mentioned prevention method for hydrogen embrittlement also has efficacy in the case of Al-Zn-Mg alloys being
made extremely strong, and we have adopted the high pressure torsion technique for achieving such ultra-high
strength. Preparation of Al-Zn-Mg alloys containing Mn was undertaken, with the alloys exhibiting either solely the
n-phase or a combination of the #-phase and the T-phase. Processing of the alloys was conducted using the HPT
method. The tensile strength of the Al-Zn-Mg alloy processed by the HPT process was shown to have been im-
proved, whereas the fracture strain was found to have been significantly increased by suppressing hydrogen embrit-
tlement via the dispersing of both Mn-rich dispersoids and T-phase. The rationale underpinning the efficacy of Mn-
rich dispersoids and T-phase in suppressing hydrogen embrittlement will be examined through hydrogen
partitioning analyses.
(Received April 2, 2025  Accepted September 17, 2025)
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Fig. 1 Vickers hardness - shear strain maps for Al-Zn-Mg alloys
processed by HPT.

503

A A & O bTze —T7, pbt & /Mo D~ & BRI L
OIS, B L Oy +TH & y+T/Mnb DL Tld, Kuramoto
SEOWAEH D L RIEHIHMMAET 4 > T (1 um B
) BEBAFET HIEEWHEAA LD SN, 2O L0,
n+TH &g+ T/Mn b CTIRAKERICIC X 23~ 5 BBEESH
SN2 LD 95,

3.2 HPTINLIC KB DEHRTFDEAL

Fig. 4 |Z¥ 52 5 X OGS XA CT CRIZE S 7z, HPTN
THiB X IR N=10, 60D HPTHIL% L 724+ T/Mn
M ORENIRO R T B & O Hok F D 22/ 534 % 7R 970 HPT
INIHICIE, D8k & ISR T AL EMHRTE L, 20K
7L, EEANC A L 7oK B ELEEFE T L 72 0T
H2%, ZoET7IE, FEFBN=108 L 60 DHPTI L%
it L7230k CUIEREER T & §°, HPTINTAZ X - TR L
122D SRR, HPTHLLE T Ly
o CTHLAIS MM 5 D3 L, MEzmEN=108 L O
60 O HPT I L% Jifi L 723K CIZHPT JI LEF O BTHIIZ X 0 47
WL AR L CHEPDICES LT\ b HPTILH], BLO
[H# [ EN =108 & U'60 DHPT N L % Jifi L 72 50k o 43§k 1
ORFEGZE R D &, BRI X CT CHE S N LEE
1 um PL D5 HORF OEFE 7 281E, £ 2110.49% (Fig. 4
(a)), 037% (Fig.4(b)), 0.13% (Fig. 4(c)) TH o720 —h,
FEGI X B CT CEIEE S N7 BIERE 1 om A O 53 HORLF
RFE =, ZNE10.28% (Fig. 4(d)), 0.09% (Fig.4(e)),
0.06% (Fig. 4(f)) T& > 720 HPTHIT.O[alHE [l o> BN £k
WV, R E 2015 wm BLE DG HCR - OEFE S 213 LT
5 bbb Fig.5121%, Fig.4(a) ~ (¢) TBIgIN:
GIHIORLF ORIAE L BRVEE & OBIfRE R T o BRIEEEIE, Wadell
pze L7z A v CsEm L2 HPTIILHT B £ O Hliz [
¥N=10, 60D HPTHIT. % jifi L 72 50RHAER O 43 Bk 7 0 F3Y
I, 21070, 0.74, 0.77CH Y, [aldx o B0
PPN T A7 MO RE 5kl TSl S 4, iAo
WIRIZ 72 BT D30 20 % Fig. 612 2/K#ED B /3 fifiE % & O
X#ECT & & S RFED B SEM TR L 7243 Bk 1~ ok
AT %R o HPTINLHT 3B X OEEEEN=10, 60D HPT
TN % i L 72 5B B o 4 Bk 7 ol KIER X, e
303 um, 11.5um, 72 um T V), BEEEOIE IR T

1000 nV=5)9 nMn (N=10)

Ll K

=T (V= 5)19

N+T/Mn (N = 10)
750

wn
=
o

N+T/Mn (Before HPT)

Engineering stress, o/ MPa
51
o

0 L L L L PO T T [
Engineering strain, & (%)
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Zn-Mg alloys processed by HPT.
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(b) Material n/Mn

(c) Material n+T 19

(d) Material n+T/Mn

Fig.3 Tensile fracture surfaces for material (a)y, (b)y/Mn, (c)n + T, and (d)5 + T/Mn. Hydrogen induced quasi-cleavage cracks are indicated by dotted

lines.

HPT . . i § i
<$(ﬂ} "' . " _"_ : - (b) - .—li‘:,"".“k\" __:\_‘
. o Bl g t CACY A RO
W8 agae ) Agg e & e GRS,
AR I N wwggp*
i.;i e s ht R
."g ‘i ._" 5 . . :
" i-;'a .
e 8
.§ 2 I v :-::
g @K (O] @ °
.2
2 4 ) 1 2
g o e A
. o, T .
. ° ° .
e e Aot
) RN ‘ 8 %
q %" )
’ %; Q}—Tler—- L
Before HPT (¥ = 0) N=10(y=370) N=60 (y=2218)
Mparticle Mpore

Fig. 4 Volume-rendered particle and pore image with different applied shear strain during the HPT process. (a)- (c) and (d)- (f) have been captured by
means of the X-ray microtomography and the nanotomography techniques, respectively.
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Fig. 5 Sphericity as a function of equivalent diameter of dispersion

particles in material # +T/Mn. Note that the microtomography
images are used.
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Fig. 6 Equivalent diameter distribution of particles in material 7 +
T/Mn, which was obtained by combining the data obtained by all
the three measuring instruments (i.e. the microtomography, the
nanotomography, and the SEM).
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5HEEMnE, B X USSEM & TEM TEIE S v/ Mn R 4%
ILEWICHBE SN - MnE 22 L5 &, HEBLZEETE S
WMn D% RO,

%3, Matuo H HSAl-Mn A A 412D TR 72 Mn O -1 [
FEOTIM (014 mass%) % H\72*, SEM, TEMIZXL D
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Table 1 Hydrogen trapping energy and trap site density for each trap site
of material # + T/Mn processed by HPT.

Trap site Trap Energy, Trap site density,
Ebi ti 5
(eV/atom) (site/m”)

Edge dislocation 0.17% 9.33%10%

Screw dislocation 0.08 ) 9.33x 107

Vacancy 029 773 % 10%

GB 0.23-027 2 1.28 % 10%

Interior of AlyCu,Mn; | 0.24 3.00 X 10%

Coherent interface

of 7. MeZn 0.08-0.35 ** 3.86 % 10™ (total)
- 2
Interior of Al{Mn 0.50 2 2.68 x 107
Semicoherent interface 36) 26
X

of 5-MgZn, 0.56 1.59%X10
Igfzhi/rlegnztlimerface 0.35-0.60 *° 6.16 % 10%(total)

- 2
Interior of T-ALMg;Zn; | 0.60 * 2.36%x10%
Interior of Al;;Mn;Zn, 0.87 7 5.06%10%

FERE S L7 Mn R &8 L& W13 AlyyCuyMns, AlgMn, B & O
Al MnsZn, D3FEFETH 1), 2N o OFEGFIE, ThEh
1.76 X107, 1.04X 10" 1.28X10° Th o720 I b EZILHE
DFRTFENS, 3HEHOMnREEMALA Y 272 Mn
BEHEELZEZSH, FNFN285X10, 2.69%10°, 8.82
X10  mass% T o720 TND5, WHHEEHFETX %\ Mn
1222%10 2 mass% T B2 L1 b0 SOMIAED LD
& ERLEW &I LB L T2 2IAHZZA, +T1/
Mn# 2B\ TMnlZ & 2587 % K FEME LB ks R 28 72 =
ExEZDE AL EDIbO—EDHEI,
Al MnyZn, 5 OKFEREA T AV F =R BV EBIILE
WeELTHBMLTYwD L0 EHEIN D, Fig. 7 T,
AlyMnyZn, & LT SN MnE 2 L S 872 L Z D y/Al
FEOKENT v 7 A4 FOKFEIZE L EEEEZRT. Mn
BT 1X10 7 mass%, FESETHIX10°%D & EI2HA
RIFEIETLTWAEZ Edbhb, $4bb, MELEE
BETE 222X 10 " mass% DMn D H 5, A7z &by
B, KOO T = 7 —VEOREEAR (02um) LFO
FIRFE L THBMLTWAEHETLONZUTHL, 72
720, MET % Al MnyZn, DERE G FIZ01% L FTH D,
TEMEIZEDOMEF % 0.5X0.5%0.1 um, FLT-H A X% B EE
0.1umTT AT M0 ERET 5 &, HEFNIZA BT D
I OIRHEILF3IX 10 ME & 7 1), TEMIZ & 2 M AsH
ThHo7-Z & IFHBICHE v,

VB RN H & E B % 2212, HPTIN T TR b L
72 Al-Zn-Mg G &\ 2R3 2 THAT Y, Mo k& BRILEY,
72032 O OFHU & B KFEMALDBE IR OWTHEE
T 5

WS THINT P DO A% 53 ER S 72354 (n +TH), Wang &
&, HPTINLIZ X > THEES I IFRE 3 5 6l 7 TAIT R
¥ (~10nm) ApAIRHOKEEERZ KT S, MEY
WCERE L L 72 Al-Zn-Mg A& 12 B W T B Rk Ekibo
Bk R e MR L T2 —7, AR TS IS h

BEE
Volume fraction of Al Mn.Zn_, V.

I
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Fig. 7 Relationship between Mn consumed as Al;;MnsZn, particles
and hydrogen occupancy at 7/Al interface.

X912, gMICMn 2RI 5 2 & TMn A &R LAY DA
FOERESEGE (Mo, 13 & A SIS IR
L, KEMIIZ X ZENSBBENEL, 2O 0D,
R BRI L 72 Al-Zn-Mg A 41203 5 Mn R &8 ML
EYWOKENACOBGIERN AL, T LI A7 ) v
CEWbhrb, TORERD12E LT, MnReBREILE W
Tk, THATEWICHMARTH L ZEDBEZ SN 5,
Al MnsZn, FOKFEDIHAREUI I H LT As, IEHHR
HATHEBI /N S WAL, AR TR L 725 10 Vs 252
OFOFT AMETIL, KFEDRTNIBE TH LT L 722
WD D B0 72771, TV I 2w AGEOFEH THIE
&7 DARENAL R K FENe L x Z DO E/- A8 L 55 SCCT
&, L) BHOSHAIEE SRS 20, MnREEEILEw o
BEE, LB CHRA LD LSRN, T2, pICTH
A & Mn R &8 LAY & R B S & 724 (n+T/
Mn#t), #HENEBIBIEOSSA AR S, B0 Ry +T
HIZIEKIEIZI B L 72 Lo L, THTHRY okEEEH
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M OWEIHT I % TEM TEIZE L 7-5E, THOE G X1 5
ETHY, FEIZL - TEZOEEHE 5KV REM)S
Hbo @Tang S DOHED L 512, Mnuhlid B LYK
LS, WRERMEIK L, REEESEET Y,
AIFFEDT ERER T Ar 7 0 — TIT o 7278, S84 H A BT
W70, KEREIZ0TIE R V. LA ST, 4HEn s
DORFRADOWEEMEZ HETET, Mnimid ) OFEHE Mn
W7 LOMENZIER, ZORAE B L Tnb EFHES
Nbo @AIZMnZn, DT H ST & D KFE#EE T RV F =7
M) E L, BRI O ME I /AL R OKFZEE LT S
ENEZLND,

5. ¥ B
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