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ABSTRACT: Magnesium and its alloys are known as the green engineering material in the 21st century, but their low
mechanical properties and pool corrosion resistance limit their wide engineering application and industrialization. Severe plastic
deformation technology can simultaneously improve the strength and toughness of magnesium alloys through ultrafine
microstructure, but the corrosion resistance of ultrafine-grained magnesium alloys varies with the changes of their own

composition and microstructure, grain size, corrosion medium and preparation process. This paper summarized the recent
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research progresses on corrosion and protection of ultrafine-grained magnesium alloys after severe plastic deformation.

In the first section, summary of the corrosion behavior of magnesium alloys processed by different severe plastic
deformation techniques was introduced. Starting with the commonly used equal channel angular pressing and high-pressure
torsion, the effects of chemical composition and strain induced microstructural evolution during severe plastic deformation on
the corrosion behavior were clarified. It was found that the initial composition of magnesium alloys may play a dominate role in
the change of corrosion resistance of samples after severe plastic deformation. For pure magnesium and magnesium alloys
containing passivating elements such as aluminum or rare earth elements (AZ series, AM series, ZE series, WE series, etc.),
most processing would promote the formation of a denser protective film, which could improve the corrosion resistance of
magnesium alloys. However, for Mg-Zn based alloys without such elements like ZK60 and Mg-Zn-Ca alloys, due to the
formation of more micro galvanic couples, the refinement and distribution of second phase particles caused by equal channel
angular pressing or high-pressure torsion would accelerate the corrosion of magnesium alloys. However, multiaxial isothermal
forging could improve the corrosion resistance of such alloys, which deserved more attention. In the case of similar composition,
the effects of microstructure uniformity or the change of second phase might be greater than that of grain size and texture
evolution. Fine and uniform distribution of secondary phases after processing might be beneficial to the corrosion resistance of
magnesium alloys. Meanwhile, the strain induced non-basal textures were found harmful to the corrosion resistance according to
several literature. For magnesium alloys processed by surface severe plastic deformation techniques such as severe shot peening,
unlike the common severe plastic deformation, surface toughness became an important factor which greatly affected the
corrosion behavior.

In the second section, some potential methods to further increase the corrosion resistance of processed magnesium alloys
were also introduced. Processing proper heat treatment or surface modification of processed magnesium alloys were effective
means to further improve their corrosion resistance. Heat treatment could further regulate the microstructures after processing,
making them with more uniformly distributed fine secondary particles and with less residual stress. Compared with the
coarse-grained substrate, better corrosion resistance was often found for the coating on ultrafine-grained substrate after surface
modification via micro-arc oxidation or hydrothermal treatment, which was worthy of more research attention.

Finally, a conclusion was made in consideration of future work. The combination of proper severe plastic deformation
techniques and post modifications has the great potential to produce magnesium alloys with both high mechanical properties and
good corrosion resistance. As the currently used corrosion mediums and methods for corrosion tests are strongly depended on
different authors, especially for the simulated body fluid, at least five or six different kinds of composition were found in the
literature, making it difficult to compare different literature. Therefore, it is urgent to set a standard for the whole magnesium
section.

KEY WORDS: magnesium alloys; ultrafine-grained; severe plastic deformation; surface modification; corrosion resistance;
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Tab.1 Summary of corrosion behavior of ECAP processed magnesium alloys

Materials Route/Pass T/K Angle/(°) d/pm Tendency Ref.
AMO90 Bce/dp 548 @=110, y= 20 3+1.5 Better [18]
AMS0 Bce/4p 548+5 @=110, y= 20 ~3 Better [30]
Mg-Zn-Y-Nd Bce/4p 643 D=90 20 Better [36]
ZK60 C/16p 518 — — Worse [28]
CP Mg Cl/4p 473 D=135 3.2 Better [10]
AZ91 Bce/dp 583 D=90 1.58+0.40 Better [15]
Mg-1.5Zn-0.5Y-0.5Zr Bce/4p 653 @=90, y= 20 1.37+£0.22 Worse [37]
Mg-6Zn 493-433 — Worse

Bce/4p D=90, y=0 [38]
Mg-12Zn 473-428 — Worse
Mg-Zn-Si Bce/4p 573 =110 6+1.5 Worse [27]
WE43 Bce/4p 603 @=90, y= 20 50 Better [19]
WE43 —/12p 698-573 D=120 0.73+£0.21 Better [20]
4C+H2A 473-423 0.92 £0.47 Worse
Mg-ZKQX6000 2A+2A+1C 473-398 @=90, y=0 0.54 £0.39 Worse [34]
4C+2A+1C 473-398 0.51+£0.25 Worse
=90, y=30 6.35 Better
AZ80 R/4p 598 [35]
D=110, y=30 9.77 Better
ZE41 Bce/8p 573-548 @=110, y=30 2.5 Better [22]
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Tab.2 Summary of corrosion behavior of HPT
processed magnesium alloys

Materials N (r-n(;)i/n’l) (ga d/pm Tendency Ref.
CP-Mg 10 0.51 Better
AZ91 10 ) 6 0.10 Better [11]
AZ31 10 0.13 Better
ZK60 5 0.16 Worse
CP Mg 5 1 6 1.6 Equal [33]
CP Mg 10 2 6 0.56 Better [10]
CP Mg 0iorgta

1 [26]
Mg-1Ca 0.171+0.052 Better
Mg-2Sr 0.720+0.180 Better
Mg-Zn-Ca 10 1 2.6 ~1-3 Worse [40]
Mg57Zn0.3Ca — Same
Mg5Zn 0.5 0.2 4 — Same [39]
Mg0.3Ca — Same
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JRZumss ALLbEE (SSP ), A R FLH T2 (USRP)
AR R VB E AR (SSPD ), £ 3, d FoR

ZA NGB YR SPD N T B i 57 2 ok R
Medium F7R SCERFTF IS A BT, RU R B
Hl (Repeated Upsetting ); UNSM Wit i 40K fh 25
2 (Ultrasonic Nanocrystal Surface Modification );
FSP A+ EE#0 T.( Friction Stir Processing ) ; FSW
Mt EE 4R ( Friction Stir Welded ); MIF £ 44575
# ( Multi-Axial Isothermal Forging ); CEC {F¥#f &
( Cyclic Extrusion Compression ); CGP i J &1 [+
( Constrained Groove Pressing ); SSP Ay JE| ZUMT ALAL
PH ( Severe Shot Peening ); SPB i Jil 21 ¥ 1 il %
( Severe Plasticity Burnishing ); HRDSR Ay /& kb 22 i
%L (High-Ratio Differential Speed Rolling ); USRP
Sy R 7 R T L] T2 ( Ultrasonic Surface Rolling
Process ); WSPT Ay it AL AL #H( Warm Shot Peening );
HCEE i it /K 76 ¥F I Jik $f He ( Hydrostatic Cyclic
Expansion Extrusion ); HCEC A it /K 1 3F £ &
( Hydrostatic Cyclic Extrusion Compression ); RS 4
JiE e #5548 ( Rotary Swaging ); BPP BRI T2 ( Ball
Polishing Process ),

Fakhar 25WJf 58 T ZK60 £ RU AHYS, T
L 20 Ak L AE A 55 b s R Al 1 T 22 3 i 1 41
¥y, BRI R, Hou ZMIHFSE T4 UNSM
AbHRY AZ31B B4 4 7€ SBF A1 0.1 mol/L NaCl ¥
AT R, 5 R, AZ31B BT R 32 2
UNSM 4h B 06 , Bivani 22 EF X WE43 8645 41
WS R, 1 F 55 AR SORL RS B98N FI B3 7, FSP
AR FRREAR T A i, B TR )=
fR T A it RN 5P L Lingampalli 25125% F FSW 4
A, K ZM21 BEA SR Ak At [RIREEE S T RS
it i . Merson ZEBIHF5E T Mg-1Zn-0.2Ca #6544
if MIF ZbBRJ5, SR g b i SRR A K 45 )
AE T 5 ol P AR S 0 2D, AP RHIY JE Il R % IG . Bin
SEVORIH CGP BT, AZ31 SRS RIMTTE KM, Aok
RH R bk 22 109 A B R A A e . Liu 4502
AZ31 Fl AZ91 B Bt AT R ZUBTALAL B ( SSP) J5 Wt
UMK, 7E 3.5% NaCliFWh, AZ31 &Mk
MR Z e HIE B RS . BUR I, 5
AZ31 HEARE, HTH M KD HRAREEAE,
SSP AbBEXT AZ91 & At ik AR K. Ye
KM R IR E T2 (USRP) X AZ31B B A 4 it
ATREALEE, S5 3R], USRP fii b4k} 2 1h A B2 R
%, HA R b g b FRI 2 B S AR, R T
AZ31B TRk . Peral ZEBURIRSY T R WAL AL B YT
AZ31 B bRy, 458K, T ik
FEfar, Ay SP AL FHAE A i 22 (CR) #FIE =
FARBILERE, nTREE T SP AHH 51 1) e & 2R 1Hl
FEURE B2 B o RISl T4 S TPRAE SPOXT
AZ31 FE S PERE A oA, AR SR TH RS JE
pn L ROT FIBR A I ) A8 R ERRE , JF 98 OB R 1



118 - EN TR NN 2023 4 4 H
®k3 HMt SPDMIGHEESHEHRBERELE
Tab.3 Summary of corrosion behavior of other SPD processed magnesium alloys
Materials SPD d/pm Medium Tendency Reason Ref.
ZK60 RU 2.8 (5 pass) PBS Worse  More non-basal planes [29]
AZ31B UNSM — SBF/0.1 mo/LNaCl Equal — [41]
WE43 FSP 1.41 (6 pass) SBF Better  Fine size of second phase particles [21]
ZM21 FSW 31.27 nm 3.5wt.% NaCl Better  Fine grain [42]
ZK60 MIF 5.0+0.3 (two-step)  0.9wt.% NaCl Better — [23]
Mg-1Zn-0.2Ca MIF 29+1.6 (S5pass) Ringer solution Better Sharply e duces number of corrosion nu- [43]
cleation sites
Mg-Zn-Y-Nd  CEC 1 (4 pass) SBF Better Homogeneous microstructure [36]
AZ31 CGP 1.6 (3 pass) Hank's solution Same  — [44]
AZ31 0103 Better Compact passive film could form quickly
on the nanostructured surface layer
SSP 3.5wt.% NaCl i o [12]
AZ91 0.120 Same The size and distribution of B-phases kept
unchanged
AZ31B USRP <1 Swt.% NaCl Better Surface roughne‘ss, smooth surface, surface [13]
morphology, residual compressive stress
AZ31 WSPT <4 Ringer's solution Worse Surface roughness, grain size and residual [31]
stresses
AZ31 SSp 11+2 0.9wt.% NaCl Worse  Higher surface roughness [32]
AZ31B SPB . Swt.% NaCl Better Dramatically reduged grain size and strongly [14]
basal-textured grain orientation
AZ91 HCEE 125 3 5wt.% NaCl Better Grain r'eﬁnement, compressive residual str'esses, [16]
the existence of the second phase particles
AZ91 HCEC - 3 5wt.% NaCl Better Grgm refinement, compressive remdugl stresses, [17]
existence of the second phase particles
Mg-2Zn-2Gd  MAF 0.7 SBF Better ~ Formation of apatite layer [45]
ZK60 MIF 50403 0.9wt.% NaCl Better e formation of the homogencous fine- )\,
grain fully recrystallized microstructure
LA143 ACCB — 3.5wt.% NaCl Better  Grain refinement [25]
7X40 ECAP+RS  10£5.5 0.9wt.% NaCl Better  Chemical purity and phase composition [46]
Mg-4Zn-18i ECAP+BBP 33 SBF Better Similarity in grain size and induced com- [27]

pressive residual stresses

H T BEARJE 3 2 . Bagherifard ZE52 05815, R
FUIE LA 3 S S5ORE 2 T RELRES B 3 i, FRAIG T RE A Y
Femimt il Pu ZEUIRTST R, AZ31 DL,
FH T ARz R ST S 35 /N R 21 A 6 T A R B ]
[ B AR AR I T S, A PR S AR
Siahsarani 2517173 1) SR i 3R K 906 202 ik % 1%
(HCEE ) I KIEAEE (HCEC) W52 T AZ91
e ol K = = B T v A AN e B A il S p o a3 B
AERN IVE, AZ91 BEE 4 T it i 25 i v

Trivedi Z™IHF5E T Mg-2Zn-2Gd 54478 MAF /il T
S BT i, B R AR U T AR KA BT AR
K, WL T A A B — R . Merson 2P
FEA3H, MIF S5 ZK60 8644 Momas tanik , 1
T RAPE S, AR T 5 AR R SE R A A
PIsp, IR SE 7865 &R E A B 5 B~ 2 1
e, $m T A RHR SR b, (HIR R 25 AN
B— e X EaYsifb)Z . Mineta ZEPLR ] 2SI

JEHE (ACCB) 5% LA143 $:4647154, B ACCB
PEIR AL YE 22, T S A2 B A, HC i s ok e
PEE, AT BIAEGIK SRR i AR 5 4 A AR i Ab
PLHIE WG AL )28 BT 45 v e Pk 1 2538 o

FAN, BB WG 2 FIB A I ARG &
FHAEYAH 4R IE . Vinogradov 510 ZX40 B4 4 7E
B S BT R (ECAP) FIEE B3 IR itk
FIRAZAIE T 20, K gi R W, B4 4 BAART
JE b TR, (AR AN, Ramesh 2P0
Mg-4Zn-1Si FTES—4 ECAP IS A ERIDEHIIR
BT L, HAFRE R T, 78 ECAP 435t
oy A% 15 | 1 ARSI 5 R R BB B B AEAE A i B T o
PEREAR, ANERMOE S B T 543 0 T 55 m A K AR 47
FETE O IORELRE B, R i A T S b PR AR v

i DL B9 SCHR AT 20, 5 ECAP 1 HPT Jin 12510,
RAR L EEA 4 0L MR 2 i FL R ik iy R &K
P EEITETE ) AZ 2 Mg-RE 2464, k£
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ECAP Fl HPT Il T M ph PR T FE 0 Meg-Zn 25 4,
W ZK60224F1 Mg-Zn-Cal™ 54, FIH] MIF £ AR ik
12 BRI TR, &4 Wik 2] TR T K,
GHARMEA T 20T, LHIEX FHE ECAP X
HPT /il TJ5 o3k S Th it i ik (6 5 4 o AT AR U Y
Sy T, SCHRR[2911 14735948 2 1 Al B g 4 X it

PP AR, X5 ECAP I T3/ SCHk[22]19 45
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2.1 #AbE

SPD il T2 J Y #A Ak BEAT BE 23 75 5% A% N ) FI 2R —
FERLT B4 73 A1 B2 B 45 6 RO WOUL A F) , HEThT2m 5
GRIM ML, R4 FIH TSR SCEP R X SPD
TN A L X 40 it B 5 < T ok 1 4 52 ) 23 A

x4 #HAEX SPD INITEHE &M RN
Tab.4 Effects of heat treatment on corrosion resistance of SPD processed magnesium alloys
Materials SPD Treatment Medium Tendency Reason Ref.
ZK60 ECAP Agedat453K for8h 3.5wt.% NaCl  Better Reduction of stress and better film protection [28]
AZ31 CGP Annealing at 473 K for 15 and 30 min Hank’s solution ~ Same — [44]
ZK60 HRDSR Pre-SS+ post annealing at 523K Hank’s solution Better Uniform precipitate particle distribution [47]

Li 22858 W], %F ECAP il T.14 ZK60 K& i
EATHI AN FRS , 19 25 T 5 A N 1 B9 1 o 1 3505 1)
PRI A B, B 35ORE o A T ek MR A ECAP BE S f
FFEE T, Bin ZE4F ] CGP N T AZ31 B4 4 HF5E
FW 552 A S A B 2 R APRE i A 12 0 40 00 ) S okt
., Choi ZHIFE M, ZK60 B4 4 7E 24 HRDSR
e A B (BUE R KB ) SN T 2T,
e T B m AER0E T 0 B A SR U 2t 4 o HLATF T
&, X TFUUTE Y R A A H4 A 9 I T RE S, HRDSR
ZJE BYAR K T2 A B AR T A & 1 5 e %6 (ELX
T F A o UKL 43 A AS 28 ST BORE i, 1B A R ok
TE BRI (s BE 43 A, S BOLE i A T B85 ol i
X, DTN A 4 0 o

2.2 FREMRE
S S e G S R T TN

P TORES A DL ST R RSN, X AT R TR
T—MIT Z AR T . Bl A IR A A S5 A
JT 2 [) B i — 23 BH £ J2 ok AR 37 LS 4 T Ho A2 J8 ol 2R
B2, T4k, X SPD N TG @4l mEE S &
PR e PERFIE W% 5. % 5, LSP #yniothd
5 AL ( Laser Shock Peening ); SFT /15 of JBE 482 40 F
( Sliding Friction Treatment ); WA 7R 7KiE & ( Water
Annealing ).

EREAER AT, HINEL (MAO) & —Ff
SR TARPER A H AR A B R . B
b BTGB H 77 A 1 B s v R v AR TR 86 S 5 4
FI , SR AR DSR4 R A AR o EE R B
BREZE . XA B TR 53R A TR . FIE s
SERECE, JFEA RIS | ek Pl e A
T o e 4 2 SRR, RE AR A oK SR M R 5 R B A
TR T, IRFN 7 k4 Jm AR ) H 5. kb, MAO

£ 5 FREMMEX SPD MIGH#EEmhER SN

Tab.5 Effects of surface modification on corrosion resistance of SPD processed magnesium alloys

Materials SPD Treatment Medium Tendency Reason Ref.
Mg-Zn-Si ECAP Ball burnishing SBF Better Sm_nlarlty in grain size and induced compressive [27]
residual stresses.
AZ91D ECAP MAO 3 5wt.% NaCl Better The. higher ‘compactness and thickness of the 48]
coating, the finer -phase.
Refinement of alloy microstructure, MAO
AZ80 LSP MAO SBF Better bio-coating with HA and K2TiF6 additions. [49]
CP Mg SFT MAO SBF Better  Grain refinement and the MAO process. [50]
Uniform size and distribution of micro-pores;
AZ91D ECAP MAO 3.5wt.% NaCl Better  high-energy defects raise the driving force to form [51]
the MAO coating.
Me-27n-Mn- Uniformly  distributed fine secondary-phase
Cf—Ce ECAP WA Hanks' solution  Better  particles. Thick, compact and free of penetrative [52]

cracks coatings.
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EVERE. 25 LTA, W RIZSETIEE AR S MAO
T MG, TR SR & | e 45 v )
UFG BB 4

SEBR b, ARRLARAR S A BE SRR I d R R RN
TWOREE A TE 2 S A S 7 kA T AR L, 5
TEROIN A b e i v ) ik L T BB 5 85 S IR AN TR) o 5T
KL, O I AR A2 5 A A TE S N4 A B R
A A ) B LR 5 55 R B A7 A A T r i AR
AY, TR AN S EE A A R IR U | LI AT
T2 o R, RN A EE A 4 P A7 119 55 R Bl
REMEHE IN MAO )2 W B A7 B, A FF MAO
WERIE R, Y2 EE | s, NnEmss 4
TRl o Jiang ZEUSURI ] ECAP T 25 7E M8 40 &
AZ9ID BER AR FR A RMINARZ, BT
B0 R PR = BEERFE AA FTT MAO TE AL, 28
UFG %64 FMRZEEE . H80E, &5 7 EEm
fit it . Xiong 2R HBOE shdi ik (LSP) Wikh
P, RIS R FMORELL (MAO) J7VETE AZ80 55 4
Fmhl g T EEEYS)Z. LSPIMAO B &54YRZE
mFHASYS LSP [H4lfk 28 Z e, v
DAAE Hf [B] 40 o 5 | RS 1) 32 468 DX 350 3808 i B AR
— 7, MERZE B S B RIE A R, =
S0 o i Ak 2 RIS T %, 55— T, 40 AR
RGFREAR T I B 7 (Cl) Weregem, et T
FUBEBL A, W R T LW . Cao ZEPY
VR s R4 AL EE (SFT) 5 MAO HZh &, 543 T
feft R 1 FG-MAO % )2, 5 CG-MAO H i R HIE
PR R AN EA B Ak, SR, FG J2A J1 e
TR MAO WRIZMIE R, HEA S WA e
MERMERE . Fit, PR FG-MAO FEfLEA
F AR ko . Ma ZEBER R (MAO) T2,
WM AEHL B4 AZ91D BEA 4 ECAP il &1
UFG S64 PIER T AR, M2 T, fkidife
BT HL T B 1 1 S22 LA R/ INR e A 2450 B AL
LB A BCR I /D, UFG B4 412 MOS0 I A s B
PR . 7E 3.5% NaCl i RS, 4 ECAP Jin T4k
FE AN AZ91D &4 R MAO 132 i s

AR 2 T ) A8 IO U 2 AR T e T A

BN EE A SO A L R, T Ak fb
S MRS Am, PR TR, BERELR T
A FRL AR IR 2 B kN, A B Ay, iR ek
G UKL A 43 A1 AN 28 BT 7 A ) I 25 F, 3 R R L
MG, HEARMONEL TR 2T mECE A e, hT
AN EE S S W RIZUEA AR, N KB B = R
GG, Pem T EARIRSh T, fEdE TR )E R BUE R
J&, K, SPD MG MEES 4R MAO IR )2 1Y
LT =

WA BTN 5K T B0 88 PR AR T 5 A A 2R 1T,
RALES o Song ZP2%F Mg-2Zn-Mn-Ca-Ce &4 % 1
SEEIEMABTE (ECAP ) FI/KIR K AHSE A 10 T2 14k,
SERRW], ECAP N TR A & Aikbidi/h, fh A%
i, AT AR KGR KPR TS B SR 3 ) SR A TR 2 i
AR AR, REE, B TRAEEENR, REN
WAz RS L, A iR 2 T S
B, FEAK AT v 5 Ramesh?WF 58 T Mg-Zn-Si
B4 475 ECAP 5 BB M A I L 20N L5 By i
P, BT AR RS AL, DLt R g [ e 5k Ay
FERE T, ARk R i 3 5

2.3 Hfth4bE

B, IR Ry IRk il 28 68 20 i 6 B 2 5 b Rkl
R R B 2, H B R A R B SCRERA T
Uk, FE 6,

Torabi Z:*5YR ] CEC+ECAP+FE #H%5 & 177
%, aRlEAIREA AR SRR HA. Zn 1 Mg KR,
Xy AR A YHEAT T 4. T abi i, FEAmi
THE M, s T REAAEIER, H 5k
AHE AR, FE, ARWNTR F L, Witk
S EARI 45T . Straumal Z5PR AL F TR T
2, 1E WE43 iy K R EEPOKREZE, BRI R4
B EARRE S, IR R il S R AR, AfZE
DURRURIN 2 R L A8 T2 X6 4 1R e o078 T A o (99 A
A RCPERE . 54l WE43 1k, HPT Jin T.J5 A &4k
YA S T RS P R R, Herh TiO, el ik
FEELA B g 1)l Achel B N bk
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Tab.6 Corrosion of UFG Mg based composite via powder consolidation

Material SPD Treatment Medium Tendency Reason Ref.
The grain refinement, hydrox-
0, 0, 0, )
Mg-HA CEC+ECAP+FE - Wh7e 3 Wi%, and 10wt.% HA Hank’s Better  yapatite particles work like [53]
and heated up to 400 C solution .
reinforcement,
3 wt.%, 7 wt.%, and 15wt.%Zn Hank's The grain refinement, modif-
Mg-Zn  CEC+ECAP+FE and heated up to (400+2) C solution Better ying zinc percentage. [54]
‘Wet chemical deposition process, com-
WE43  HPT posites with a different proportion 0.9wt.% NaCl Better The oxide in metals [55]

OfAle}, ZnO, T102 and Mgo
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