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Abstract . Corrosion -induced degradation of steel structures accounts for approximately 3%—5 % of global GDP annually, posing

severe threats to industrial safety and economic sustainability. Conventional hot-dip galvanizing (HDG) and Zn- Al alloy coat-
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ings, while widely used, suffer from limited long - term corrosion resistance and poor self - healing capability at cut edges and

damaged areas. Hot-dip Zn-Al-Mg alloy coatings have emerged as the most promising third - generation high - corrosion -resistant

coatings, exhibiting 3—10 times longer service life than traditional HDG coatings and unique cut - edge self - healing properties.

This review systematically categorized Zn-Al-Mg coatings into four systems based on aluminum content ( micro-Al, low-Al, me-

dium-Al, and high-Al) and comprehensively analyzed their microstructural characteristics, phase composition evolution, and

phase boundary behaviors. The multi - stage corrosion protection mechanism was elucidated in detail ; initial selective dissolution

of Mg-rich phases formed a protective barrier via micro - galvanic effects; intermediate Mg element released provides pH buffe-

ring to suppress localized acidification; and late-stage in-situ formation of layered double hydroxides (LDH) with excellent ion

-exchange capacity created a dense, self-healing protective film. Additionally, the dual cut-edge protection mechanism invol-

ving alkalization -induced passivation and LDH deposition was thoroughly discussed. On this basis, the research progress in engi-

neering application performance and surface quality of the coating was further reviewed. Focusing on batch hot - dip galvanizing

processes for heavy steel structures, this review critically examined key engineering challenges, including flux decomposition

and uncoated defects, excessive dross formation limiting coating thickness, and deteriorated melt fluidity with accelerated oxida-

tion. Finally, future research directions were proposed, such as micro - alloying optimization, novel flux development, and

process parameter tuning, to facilitate the large-scale industrial application of Zn-Al-Mg coatings in marine engineering, power

transmission, and infrastructure sectors.
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Fig. 1 Microstructure of the “micro-Al” (Zn-0.5A1-1.5Mg) alloy coating'®
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Fig. 2 Microstructure of the “low-Al” (Zn-2A1-2Mg) coating'*’
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Fig. 3 Microstructure of the “medium-Al” (11Al-3Mg-Zn) coating
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Fig. 4 Surface microstructure of the “high-Al” (55A1-xMg-1.6Si-Zn) coating' ™’
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Fig. 5 Schematic illustration of the multi-stage synergistic corrosion protection evolution of the Zn-Al-Mg coating
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_ERtELZEEESR, AR Al SE T, H
ISR EFmE KEW Fe-Zn- Al 328§ T3
EWERT, B NFE, B, H Al 228T
0.15%(FRENH) B, REHSRIHFE K Fe, Al HI
Bl ZMEIEER T Fe 5 Zn RFHNEY BUEE,
SEEREEIRIRE, RAT EHEERNNELH
NETHKULESRENKBLEEFGEKR, RE
REEAFNLEEBET RZRETRE AL Mg &£k
B, RBEE R Bt S At ERZHE Zn-
Al-Mg E= , B AF i B,

ZREMMNERRNEER, Mg RS HEFERD
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NESARRNEESS AR MDA ERIZIEL, REE
RZ LB MgO RERRBAHBEMLY T B
SBEFENANFA, HREBIBEESARPEE
BRAFZBANRSIRIFEARPER, T B
# Mg WEMER, BFABINN TV ERFESRER
BARES, BR N ESLEEMBERIFTT, hEFE
BYEGBRROEEEST ,RESSKSEREERE
fi LA REAEXT B 8, BB EF skt N8
B MERRERE, 7, AP Mg 2ERS,
SHRREBENTRHMU, EE X B LK T
TR, BNERE D2 MERRK, XTE—EREL
BREIT = Mg @ EFEEHN TR,

5 BE5RE

R In-Al-Mg & EEBEFEHIUE Zn B .
Al #8F0 MgZn, A0 % T BB, LI T BHE
BEMEEUR, HEBNKEMMMESNbERE
BEN, AR LEBHET Mg Al TEHBEALSHEIER.
BHA MeZn, WL BB AE T XBH pH BE P
Rz RESE T R MESEER AR ML, P EHI Al TEW
SE5NERMERTHZN LDH HEBRE, B, &
MK, ZF N HESSH T MR EN G L 5 =
Y IBE N WNERTP,

In-Al-Mg ERAETIRNAAE, REHRER
FHEAT A/SI BEZ B E KRR LS REZ,
BHENERESEE BEAYNIUBILIZ 3 AE
MEANF, RERESD,ZM FEERETENETAR
THMRMEIET Gl EE, BT A% 1 pH A,
BEMC SEXEZW, MEMAE,ZIM FEREE
AR FHEERIRN 25%, MIEWRBREL, S
T, ERRE SN EFRENSREMHE,

REZFERHEEGZHRZEFNHEIEE KK
I BB EMET BT ERNG Y (i B SE Sk
PEE)NMERRESTI 2N, NEI™ROITE
M, FERWA. BEFANRIEIRRE, BEEE
TEBEBER SN EEFBES,

S EIR TS S EME RO RIEES
Ky KK Zn-Al-Mg 5EFEEOARTESRET U
TAANAME.

(1) HESUMERZBEFIZNARERE.
ELSRPWE Al 5HE Mg A E T AR EEE
APHNARERNSHEREMRE, FLAEBERS
3

Mg/Al SRFANFESHBBEFERR, ERRF
W HKREHFREEREENTRET, Z0ELE
IR R R

(2) ZHBENMNBAFESE M HFEE. W E
NF Mg Al hEVIEENH R ZEF=YRA, KK
Nt —SEB X B BN FE, BT A
NS M EBE RN IRE s AR PR EAE
EARELR(BRMSELE SS8fAS%E)T
B KSR H ;

(3)BERRITAESE S5 NFRWITATME . R
ANRR Zn-Al-Mg BEREEZANEERADOY BEK
NAE, REFESEEMLEYERBREI YN E
BREMEE FRTAURMEDHOEENG, 2@
R EE Z VAT ARSI R4,
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