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Fig. 1 Schematic diagram of horizontal well segmentation fracturing process
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Blocking tool—bridge plug structure diagram!”: 1—Thrust ring; 2—Anchor tooth; 3—Kawa cone; 4—Rubber
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Fig. 3 Main tools for fracturing temporary plugging of horizontal wells! '*"l: (a) Diagram of soluble fracturing balls; (b)

Fracturing ball holder and fracturing ball; (c) Soluble fracturing bridge plugs
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Fig. 4 Generalized curve showing influence of element

Fe, Ni, Cu on corrosion rate of magnesium!'®™'*}

KA, i550.89644 g/(m>h), Lb AN Be I 1
KT 578.9%, X HA[fE R 0.15%Be & 4 [ &t kL 5 41
NG

2= B 2% S 1o 25 3R 56 AN R Ak 2 I =
FUT R Fe Xt AZ80 B & & Ji AT NI RS . 5K
a5 AR W, i Fe )5 & 70 F\ 0.0002% 3 hin
F 0.0042%, J& phi# R 0.2 g/(m?-h) & T+ F] 0.9
g/(m>h), BG4 AZRO 1R ik 2 5 il i Fe I 4k
PEAHSG, X5 T Fe LR EEA &P A AR S IR
HLRAE T 5 ok oA 1) TR 1 7 B K
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HTESEAEEMEL, JFETF203E/mETRHE
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i 2 & ) Mg-Al-Zn-Cu & 4 . H 5 R T Cu Xt
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B i a-Mg f1 g-Mg AL, H R (L 5), 4
Cufi, B&FEM T TH(ALMg,CuZn,), CudE
BRI (0.2% 80.5%, %), THIEE 555
KA, JUT5F a-Mg F B (5080 49 A B B
B, M Cud miLE 1%, & 4% M IT Uk
A, ANSHTHMZHAEK. AP A
1.5%Cu iy, pAHHBLESE K, TR ROIR 45,
o-Mg FH SR R SF kN o 24 Cu & =N # 2.5%
N, THIJTFIATREE, o-Mgdichi RFH K, HiEsafE
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“N358 MPa.
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(Al, Mg),Gd fHZH . Gd BN A AL 0 Mg-17Al-
7Cu-3Zn &4 pHMECE, M H 2w IR AR 5
fio Ak, (Al, Mg),Gd M I AL T a-Mg %
e, BUBT BRI THAMAI A . GdE =N 1% 1
Mg-17A1-7Cu-3Zn-1Gd & 4 1) 55 K 46 8 55 2 440
MPa, JE RS A 302 MPa, 1% & 4 0 8 il i 2
k. 7£93 CHI3.5 % KCI(J5 55 50 i b e frhsk
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F5¢ 1o ) 56 P RO S T ) S kS R
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L EE] T 381 MPafl121.94%. X2 BIEEE0R 5 1
AZ31-xCu(x=0, 0.5, 1.5, 3, FiEDE, %) &E&HE
P RE, RILH TR MAER, AZ31-3Cu )
Jig bk R d K, A 3.5% NaCI(Ji & 2 0 v b 1
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Fig. 5 Microstructures of alloys™®: (a) 20Al1-5Zn; (b) 20A1-5Zn-0.2Cu; (c) 20A1-5Zn-0.5Cu; (d) 20Al-5Zn-1Cu; (e) 20Al-

5Zn-1.5Cu; (f) 20A1-5Zn-2.5Cu

Tl %A 3.583 mm/h.
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Fig. 6 High magnification SEM images of Mg-17Al1-3Zn alloys with different Cu contents™®: (a) 1.5Cu; (b) 3Cu; (c) 7 Cu;

(d) 10 Cu

&1 E6PHRC IR EDS 20 Hr4h
Table 1 EDS results of phases signed in Fig. 6

Mass fraction/%
Location Phase

Mg Al Cu Zn

A o 92.74 17.26 - -

B o 88.41 11.59 - -
C T 52.15 20.48 24.65 2.72
Areal Lamellara+7 6224 2227 731 8.18
D T 4438 23.72 28.54 3.36
E Thick T 32.51 2137 42.75 3.38
F S 7198 2139 1.10 5.53
G T 46.01 1535 36.45 2.17

2.1 mL/A(cm*h). #ACHRTE — 2 F2 % b FRAK T ok
R, HWME T 1R Mg-6Al-1Zn-3Fe &
S5 M R 3 e Z4BR (1) B FH 2R

AR, A& DR AL E S br TAR N H
WAt R T 2RSS SRl Bk A %
SEAE 1% B R HOR i 2% (1) AZ91-RE-wCu(w=0, 1,

2,3, 4, RESE, %)E&EP. B9 PR NFES
AZ91-RE. AZ91-RE-1Cu. AZ91-RE-2Cu. AZ91-
RE-3Cu, AZ91-RE-4Cu & 4 14 AH 4 LRI 35 b
KRS BB 9 W%, $fH AZ91-RE-wCu &4 &
B 20 55 il o -Mg FI & 500 A 046 T Ak & 4
BELS+DH . BFP G 41 ERLRSERIEH 354,
XEPREHFRISEPRET T2 EHE R
(DRX). 181 #2415 43 AZ91-RE-wCu & 4 1]
Bk R~F 0508 16.2 pmy 13.1 pm. 9.5 ym. 7.1
umA18.9 um. 2 Cu & HAE 0% £ 3% JoE NI,
KRS 3] 7 Ak, X R &R Cu ml DL
HgaAl aiob P2 MR, 2 CutgnE 4% I, SkL
JSFIE A 22 8.9 um. FF LB Cu &= 138 n,
W S A & B A S BB 1 . 40/ Ak
AT AP HIES 0 I AR s S 1 45 i R 1) A
K, MTE SR /N H3%) . AZ91-RE-3Cu I 45
W 24 35 ¥ (o) N 405 MPa, 5 AZ91-RE A ELI i T
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Fig. 7 High magnification SEM graphs of as-cast alloys*®: (a) 0Gd; (b) 1Gd; (¢) 2Gd; (d) 3Gd

w=0 w=1

(@

(b)

w=3 w=5 w=7

E8 Mg-6Al-1Zn-wFe(w=0, 1,3,5,7, JIEDHL, %)HEE7E3.5% NaCl 2 10 min J5 562 B4 410
Fig. 8 Optical micrographs of Mg-6Al-1Zn-wFe(w=0, 1, 3, 5, 7, mass fraction, %) alloy immersed in 3.5% NaCl for

10 min®": (a) Extruded alloy; (b) Annealed alloy

10.05%; Ji R 58 )% (0,,) N 244 MPa, #HLLT AZ91-
REHII T 48.78%. B Cusr =38 n, ik R
WAHRIIE I, AZ91-RE-3Cu 7 3.5% NaCl ¥ ¥ 1)
JEE i R A F) 0.0172 mm/d. ZEE KA, AZ91-RE-
3Cu AT I P 9 B I AR IR S i R, A5

AT AT TR R 2B BEAE AL L

Ak, BB T SN R R B Y
ZE B AL Zn (R RIR 3R e & S 0
FE, AN Cuy NifRmIEMIESR, AMREA
AR, IR E S5 T AT PRIE B AR I B 5 A1
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DAGBAL ek, AT DLBHAS A #5325, AT REA R
EE e A, EHAL TR DL B TE R
HEVML, DI ER I A AR Ak, A B ATV )
HI.

g LTk, 5 Mg-Al &R & & 48 & 8 &
B-Mg Al fH . 382 s Mg-Al &6 & 71 1 fg
G ERE . R 27T M, A Cuf5, &M
T-AlCuMgZn #H, TAHBE W] LAARAY doki, ] BARH

Grain size/Um

A HZs), MIMEEE IR EmEEmE. 55, &
AL TAH AT DL BT AR Fth, I DR A v A
JEs ik, RETTIR BT ER H . 04T B R SCER A
2%, Mg-Al RE 4 EINNI Al Fe HRF 78X 520,
MBI ARIA SR . 2 Mg BB LR 45 T
T (s 7 Bk — 20 R0 FE, R, BARAT
YRR T ERANSEESERENM BT H
Fv ML PERESE T T REWTT.

Alloy

9 FXEA AZ91-RE. AZ91-RE-1Cu. AZ91-RE-2Cu. AZ91-RE-3Cu Hll AZ91-RE-4Cu & 4= 1 4 AH 2H 25 F1°F- 35 5okt

R

Fig. 9 Optical microstructures of as-extruded AZ91-RE(a), AZ91-RE-1Cu(b), AZ91-RE-2Cu(c), AZ91-RE-3Cu(d), AZ91-

RE-4Cu(e) alloys and average grain size diagram®”
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Table 2 Mechanical and corrosion properties of Mg-Al alloys

Element
Substrate . . .
. promoting Mechanical property Corrosion performance Ref.
material ) ]
dissolution
AZ91-0.15%Be has tensile strength of .
. The corrosion rate of AZ91-0.15% Be
AZ91 Be 167.74 MPa and an elongation of . ) [23]
is 0.89644 g/(m”-h)
5.87%
Fe content of 0.0042%, corrosion rate
AZ80 Fe - . 5 [24]
rises to 0.9 g/(m”-h)
Mg-20A1-5Zn-1.5Cu alloy has fracture =~ Mg-20A1-5Zn-1.5Cu alloy has a good
Mg-20Al1-5Zn Cu strength of 462 MPa and yield strength  dissolution rate in 3% KCl solution for  [26]
of 358 MPa, reaching the maximum  14.5 h at 93 C, reaching 61 mg/(cm-h)
Maximum compressive strength of Mg-  The corrosion rate of Mg-17A1-7Cu-
Mg-17A1-7Cu-3Zn Gd 17A1-7Cu-3Zn-1Gd alloy of 440 MPa  3Zn-1Gd alloy in 3.5% KCl solution at ~ [28]
and yield strength of 302 MPa 93 Cis 1.51 mm/d
Compressive strength and
compressibility of alloy increasing to
AZ91D Ni y g g e - [29]
381 MPa and 21.94% with addition of
trace amounts of Ni
AZ31-3Cu corrosion rate in 3.5% NaCl
AZ31 Cu - L [30]
solution is 3.583 mm/h
Maximum value of unconfined .
. The average corrosion rate of Mg-6Al-
Mg-6Al-1Zn Fe compressive strength (UCS) for Mg- . 5 [31]
1Zn-3Fe is 2.1 mL/(cm*-h)
6Al-1Zn-3Fe of 390 MPa
AZ91-RE-3Cu has fracture strength of  The corrosion rate of AZ91-RE-3Cu in
AZ91-RE Cu 405 MPa and yield strength of 244 3.5% NaCl solution reaches 0.0172 [32]

MPa

mm/d

Corrosion units cannot be standardized because research workers use different types of samples and corrosion solutions for corrosion

experiments.

32 Mg-ZnRZFABE

Zn 1E Mg IR B RIS R EE N 6.2%, 2Bk T Al
AN X —FhER AR G Eons, BA R
PR AR 2R AL U A o Zn i AT LS ALSE & ok
MG ENMRE, WLl Zr, REMTh—EMA

Gat, TWRGRER S RIUTE R EE & &1,

VR, RREHN T RR AT FRER T A
M Mg-Zn &2 & 4, 1EMg-3Zn-1Y A& H & 24
N 4% CuJaP", XFLLHEFE T WA G S rvERE, K
Mg-3Zn-1Y-4Cu {547 38 2 FIH0E 51 539 4 302
MPa #1385 MPa, 5 Mg-3Zn-1Y #H Lt 2 580 7
22.2% F110%, 1% 72 4H i A A MgZnCu A JTTE 9

L FAEH S 80 . 78 3% KCLE R+, Mg-
3Zn-1Y-4Cu & <5 1) J& k3 22 53 53] 24 5.521 mm/d
(93 C)F10.544 mm/d (25 C), tbMg-3Zn-1Y &4
E 3845 L . M Mg-3Zn-1Y (L& 10(a)) M Mg-3Zn-
1Y-4Cu( L 100b)) & &AL TULE Y, A& E
Tl 2H 2R 4R 32 L HH 204 75 45 di (DRX) B B a-Mg &
AN SRR AT A 4. (HE, BT CufifE
H, Mg-3Zn-1Y-4Cu & & 1) fbi ] 404k, 1 B
P EIREUIATE B 2 AT AR . X H R B A R R
TR e 6 () G BE DR 2

T BT Cu X Mg-3Zn-Y & & 1RSI 5
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MRS, AR RGBT T Cu(0, 1,3, 5, &5
B, %) EIWAER, W90 I A R R
3 1) Mg-3Zn-Y-3Cu & 4 & Bt 5% = (1 P e 580
(473 MPa) Al i} il 58 /5 (402 MPa), = & T
Mg, ZngY F1 MgZnCu ] de L 440 AT H 54 ) 3 7]
YEF . B 11 7 o Mg-3Zn-Y-3Cu & 4 T BT HY AR
HoaMgiphZ Mz, mE IR, 544
(BT AR B A= A T ROR IR AL 22, B
N PH B B s A . [RIE, Mg-3Zn-Y-3Cu 7E 3.5%
KCUE A 5 s %0k ) 0.41 mm/d. R, Mg-
3Zn-Y-3Cu £ &1 71 2 P Re R DU ide R AR e i 2 T
PRHRE, R—MEENERYGE LAHEGEME.
NIU ZEP| £ 7 — & 41 #% 1& Mg-4Zn-wNi(w=
0.5,1,2,4, JRESH, %) &&. SREH, MANI
JLE JG 1 Mg-4Zn-wNi &4 I T Mg, Ni#, $2
w1 Mg-Zn & 14 4 (Bt 5 B AN 2 I B .

E10 Mg-3Zn-1Y. Mg-3Zn-1Y-4Cu & 42/ SEM (&7

Mg-4Zn-4Ni (1) B BR $T He 58 2 Oy 264.8 MPa, £
3.0% KCI %1 Mg-4Zn-4Ni [ 1 5 Jii & 3 2k E Ny
1.03 mg/(cm’min), 73 4h, BEHE Ni & &M,
Mg-4Zn-xNi 7 4 [ B R 22 18 K . Bl J5 /R & IR
W7 T B I Mg-4Zn-2Ni & & 1 1 A, 4 1E
200 CHIER, Mg-4Zn-2Ni & 4 T 5 A A
FRIYHINS512.6 MPafl1619.35 mm/a, 37 T R4k
BEAEEMT R T, BEARREEESMENAYN
FB.

3 FioR N Mg-Zn R & 4 715 R RE R vk
AE. MIER3 WAL, 4T Mg-Zn RE & 15 EREM
R PERE, A H BT SCERIRGE T L, 5 Mg-4Zn-
2Ni & & P 3R Bk B T % 1) 512.6 MPa. 1H
J2 H T IR LU SR AT 85 Tk S 6 = BT SR ) SR 58 7
BT RN, ML TR A, B, JF
ANREAHL A RIRT L -

Fig. 10 SEM images of Mg-3Zn-1Y(a) and Mg-3Zn-1Y-4Cu(b) alloys®*”
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Fig. 11  Scanning kelvin probe force microscope (SKPFM) results of local potential distribution between a-Mg matrix and
precipitation phase of Mg-3Zn-Y-3Cu alloy: (a) SKPFM image; (b) Volta potential profile
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™3 Mg-Zn R 1A PEREAE kg

Table 3 Mechanical and corrosion properties of Mg-Zn alloys

Element
Substrate . . .
. promoting Mechanical property Corrosion performance Ref.
material . .
dissolution
) ) Corrosion rates of Mg-3Zn-1Y-4Cu alloy
The tensile and compressive strengths of . .
in 3% KCI solution are 5.521 mm/d
Mg-3Zn-1Y Cu(4%) the extruded Mg-3Zn-1Y-4Cu were 302 ., . [37]
. (93 C) and 0.544 mm/d (25 C),
MPa and 385 MPa, respectively .
respectively
The extruded Mg-3Zn-Y-3Cu alloy . .
. . . Corrosion rate of Mg-3Zn-Y-3Cu in
Mg-3Zn-1Y Cu(3%)  exhibited the highest compressive strength . [38]
. 3.5% KClI solution reach 0.41 mm/d
of 473 MPa and yield strength of 402 MPa
. The compressive strength of cast Mg-4Zn-  Average mass loss rate of cast Mg-4Zn-
Mg-4Zn Ni(4%) . . . S, . [39]
4Ni is 264.8 MPa 4Ni in 3.0% KCl is 1.03 mg/(cm™-min)
The compressive strength of the extruded Degradation rate of extruded Mg-4Zn-
Mg-4Zn Ni(2%) Mg-4Zn-2Ni alloy was 512.6 MPa when 2Ni alloy in 3.0% KCl at 200 C is [40]

extruded at 200 C

619.35 mm/a

33 ELPSOMEMFEFIAEMg-RESE

M LR RE) AT DME SRS S TR, 14
SRR PR IEE A 1, RIRGE R DL LA S0 4
fodihi, BB M-S, Lk, B TR
FFRE—RVGEE R RN LA S, HRET
S G IR B FH A7,

FEAR, M BB R IR B ) K R I e
FF AR (TRIFR K 45 44 . LPSO Z5 #4148, 1% Z5 FAH
TR FERESES SRR FMRE, AR
EHBYIME., BEEWE. mBPk. mksE
DLR SR R R T 45 6 55— R A REME . 21 H
AIAIE, 765 F Mg-TM(iL % 4 J8)-RE(Fs +) & 4
i, TM N Zn. Cu. Ni. Co; RENY. Gd. Dy.
Ho. Er. Tm. Tb)*™,

HAN SEPYF 5T 1 K B HERR A 7 (LPSO) AH XT
Mg-Gd-Ni & 411 77 2 M RE R ot RE 52 . 24
LPSO [ 52 23 B M 15% 38 b0 %) 40%, LPSO AH %t
GaMPhiREA e, MKERIK, JERE
JEE 1A PR BT 437 98 B2 M 75 MPa Al 175 MPa 1 Jii 5]
125 MPa #1266 MPa. SR, I I HAH [
M. I, BEAE SR LPSO AR AR 43 Hi 1) 1
i, SRPEE R ESE S, (HEMERE. SRS, S
LPSO AH LU BE AR HH 25 5y Jig i o 7 3.5% NaCliE
W R R R R R T AR R, R 2h 5,
Mgy, ,Gd; N, o 12 A 28 R0 il & 458 2% 43 ) ik 2]

26.2 mm2fll 128.6 g/(m*h), it T HALEE A4,
U1 LPSO Mg-Zn-Y. AZFIZK R%i. MA4h, K%
PR LPSO ARARAR /- B s, 135 Ji il i 22 AN A
SRR B E N . Mg, ,Gd, (N, , & 4 264 A FE
FERRRNJE G v b

WANG 65538 1ot 5] A LPSO #H (Mg, YNi) [ /&
PR T MgYNi &4, IR T BEA R
2k R BRI I AL £ B S Mg, Y N, B
Mgy, sY, Ni, & 4 7F 3% KCLE W, 366 K(93 C) T
(19T 25 5 b R A 6675.32 mm/a. X R A
A B B T ALY LPSO M -5 AR TE 1 5 22 R A
SHH. EEEEMPULME 410 MPa)th 5 LPSO
GEREAT] Sy . T HAR SRR, Mgy, Y, Ni, &
& AT DL e R BRI — Mg fE s A kL. (H 2
LPSO M & &t mift, Bk B R A i 5 ek 2
Vi) 0] — T 5 sk R 6%, AT AR ER FE i 6

WANG %559 7E Mg-10Gd-3Y-0.3Zr & 4 HH 8
Ni, @5 R A EE # . J7 2 P R A el
1T H. BTREGREY, Nif& & 5E R Me-Gd-
Y-Zr & @A AT A, IS T &40 1%
PERE AR e, A R W B 12 F 13 fis .
FEA SN, 40 0.2% Ni(fi &2 0, KEK
ZrNi M TE o-Mg BRI HT Y, S BUA &0
FE T BEAIE v T . BEAE Ni & & — 23,
Mg RE HiZ#i #5454y 18R-LPSO 4514, T &4+
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Fig. 12 SEM images of extruded Mg-10Gd-3Y-0.3Zr-xNi alloys®™: (a) Mg-10Gd-3Y-0.3Zr; (b) Mg-10Gd-3Y-0.3Zr-0.2Ni;

(¢) Mg-10Gd-3Y-0.3Zr-0.6Ni; (d) Mg-10Gd-3Y-0.3Zr-0.8Ni

18R-LPSO Z5 4 AN R, & 4 ISR BE IR M1 5 o
A4, T ZeNi Al 18R-LPSO Z5 I, &4
A J5 Tl i R B S 0. Mg-10Gd-3Y-0.3Zr-0.8Ni
A AE 93 CHIAE 3% KCIH 1 ¥ fiff i 2614 31| 24.42
mg/(cm*h)o N T BTG P JE LI K AT HE AR
JEphp s, il 14 s, AEE IR T Mg-10Gd-
3Y-0.3Zr. Mg-10Gd-3Y-0.3Zr-0.2Ni il Mg-10Gd-
3Y-0.3Zr-0.8Ni & < ] H {7 . a-Mg. MgRE.
ZrNi,, Fl1 18R-LPSO 45 4 1 K /K 1 Hi A7 A8 53 1)
10 mV. 68.57 mV. -32.38 mV #l-157.26 mV.
18R-LPSO #H 5 a-Mg 2 [A] {f] HL fi7 % 4 170 mV,
1M Zr,Ni, 5 a-Mg Z [8] {) AL 7209 40 mV, X3 B
18R-LPSO 4 ¥ LU ke ZrNi, 5 AE 2w i pidk . &
M % W, Zr7Nil0 5 18R-LPSO # 1E J& ik 72 op w]

CARSCR I 348 6 st b 57 B o X I T AR — B AE A A
T TNEESESTER, FHAmEnETEE
T BT Z R £ .

T, MA ZEPTHE ST T Ni X MgGd,Ni, (w=
0.38,0.75,2.25, JREDHE, %)& M G5 A
PERERIFEIA . G0PE 15 Fs, Nid5 Gd BEIR LX) 58 —
FHR A TR R B2, 58 AR AT A LPSO(K &
W HE LA ) +Mg5Gd. LPSO #6484t M. ik
Ab, BEE NI Gd BE/R LGRS N, 55 A& &g
Bm, fi LPSO AH £ £k & . thoh, &%
LPSO AH I AN AT AR s 8 A 4 5 B, i L
AT DU EE A 4 R AR ik AR 1 . MgGd i ;s
(IR B 370 T 5 5 A 340 MPa, [ 6 9 2066 mm/
a, W FRBR AR N AR, WIAE Dy e R i
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13 & & Mg-10Gd-3Y-0.3Zr. Mg-10Gd-3Y-0.3Zr-0.2Ni. Mg-10Gd-3Y-0.3Zr-0.6Ni. Mg-10Gd-3Y-0.3Zr-0.8Ni [
TEM & A J a-Mg, Mg RE , 18R-LPSO [ X HL ¥ A7 LA Al Zr,Ni, 1 18R-LPSO 1 i i 3 B 1 4.1

Fig. 13 TEM micrographs of Mg-10Gd-3Y-0.3Zr(a), Mg-10Gd-3Y-0.3Zr-0.2Ni(b), Mg-10Gd-3Y-0.3Zr-0.6Ni(c), Mg-10Gd-
3Y-0.3Zr-0.8Ni(d) alloys, selected area electron diffraction of a-Mg(e), Mg RE(f), ISRLPSO(h) and high magnification BF
images of ZrNi, (g) and 18R-LPSO(i)*"!

A KL

ARUR ARG LPSO 45 # %86 & A RHE RE R
s, R E 25 A Cu X A 4 6 b T3 R $2 5 1 A
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(A G P AR R DA G 4 ) 9 P 8 v 1T 2B )12 1 [+
ISR S 1 LPSO 454 AH, ] LU S phkH s, [
T Cu s, fEE&ET IR T & Cui&)EIA
AP Mg, Cu, T H /> Cu [H¥5 8 Mg Bk, &
S p R 5 ST TS NS A T DO A itk
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® 0000

. 0111

0170

e b O
» L LR

EF i Mg-4Y-1Zn-1Cu 5 Mg-4Y-1Zn [1) 45 ¥4 A1 4
RE, W 16 s, Mg-4Y-1Zn &4 H A 1% Cu
J&i, deRL AR CAGHAL, i HRTEM AT DU %2 3
&4 RN FELE 14H A 18R AL LPSO 45449 . A Cu
BERE T Mg-4Y-1Zn-1Cu & & MPUETERE, Pk
R B 480 MPa, [ IF AR IR J ek i 2 9 5 3
Po 75238 CHI938 C%AF T, 3% KCLE W+,
Mg-4Y-1Zn-1Cu & < 1 &1 B 22 43 71028 6.83 mm/d
(938 C)M1.91 mm/d (238 C), HJ&E ML Mg-
4Y-1Zn &4 10 30 %, 3% BN ARAIE R 24 T 5LA7E & F



3622 T A e E SR

2022 412 A

14 441 SKPFM TS Al B o7 iy 28159

>
£
=
g
°
(=W
0 1 2 3 4 5
Distance/um
30
> (®)
g 15¢
=
g O
Q
S -15}
—301 -32.38mV
0 0.2 0.4 0.6 0.8 1.0
Distance/um
160

(@

80

_80 .

Potential/mV
(e

-160+ -157.26 mV
0 1 2 3 4 5
Distance/um

Fig. 14 SKPFM images and volta potential profiles of alloys®®: (a), (a’) Mg-10Gd-3Y-0.3Zr; (b), (b') Mg-10Gd-3Y-

0.3Zr-0.2Ni; (c), (¢') Mg-10Gd-3Y-0.3Z-0.8Ni

TER AT T8 ) b B A

R A FTR N E LPSO 25 M AT Vi B G 10 /0 %
PERE B RE . IR A TR, 45T & LPSO 4,
FAAH 19 1T ¥ Mg-RE & 4 1) /1 5 Mk e S8 i v e
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[ LU (GAATY), RARSHIIIA RN AR, A
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7 L AT DA 28 W22 3] a-Mg JE 4K 23 A7 35 4H /N 1
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Fig. 15 SEM images of Mg-Gd1-Ni0.38 ((a), (a’)), Mg-Gd1-Ni0.75 ((b), (b")), Mg-Gd1-Ni2.25 ((c), (c')) and volume
fractions of second phase and LPSO in MgGd,Ni,, alloys(d)™”!
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El16 & EmAs
Fig. 16 Microstructure of alloy®: (a) SEM image of Mg-4Y-1Zn; (b) SEM image of Mg-4Y-1Zn-1Cu; (c) TEM BF image
of Mg-4Y-1Zn-1Cu (showing fine precipitation plate strip structure in a-Mg particles); (d) HRTEM image of Mg-4Y-1Zn-
1Cu, and characteristics of 18R and 14H in alloy

4 FLPSO G IEEES 4 124 B

JE& e e

Table 4 Mechanical properties and corrosion performance of soluble magnesium alloys containing LPSO structural phase

Alloy designed

Mechanical property

Corrosion performance

Ref.

Mgy (Gd; N,

Mgy, Y, sNi,

Mg-10Gd-3Y-
0.3Zr-0.8Ni

MgGd,Ni, ;5

Mg-4Y-1Zn-1Cu

When the volume fraction of LPSO
increasing from 15% to 40%, the yield
strength and ultimate tensile strength of
Mg-Gd-Ni combination increasing from
75 MPa and 175 MPa to 125 MPa and

266 MPa

Compressive strength of
Mg97.5Y1.5Nil alloy of 410 MPa

Mg-10Gd-3Y-0.3Zr-0.8Ni alloy was very
high ultimate compressive strength of
596.5 MPa and very high ultimate tensile
strength of 342.9 MPa

Ultimate compressive strength of
MgGdINi0.75 of 340 MPa

Compressive strength of
Mg-4Y-1Zn-1Cu of 480 MPa

After soaking in 3.5% NaCl solution for

2 h, the hydroxide rate and mass loss of

Mg96.0Gd3.0Nil.0 reaching 26.2 mm™
and 128.6 g/(m”-h), respectively

Average corrosion rate of Mgy, Y, Ni,
alloy at 3% KCI solution, 366 K (93 C)
up to 6675.32 mm/a

Corrosion rate of
Mg-10Gd-3Y-0.3Zr-0.8Ni in 3% KCI
solution at 93 “C of 24.42 mg/(cm?-h)

HER of MgGd,Nj, ,; being 1326 mm/a
and the WLR being 2066 mm/a, and the

HEYV reaching the highest after the same soaking

time, reaching 39 mL/cm? after 90 min.

Mg-4Y-1Zn-1Cu alloy degradation rate of
6.83 mm/d (938 ‘C) or 1.91 mm/d
(238 C) in 3% KCl solution

[56]

[57]

[58-59]
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17 Mg-2Cu & &M ¥ SEM A% K2 EDS THIF1 4

Fig. 17 SEM images and EDS surface scanning images of Mg-2Cu alloy sample: (a), (b), (¢) SEM images of different

magnification; (c), (d) EDS surface scanning images of Cu ad Mg

. SMg2Cutfitl, Mg A 10% Culty,
FAKA K, HAE SR SRR AR
[ERIERTED A == R s 2 e Sl T Y AR PN T
TEAR N e SRR AR, J7 1At H Mg-2Cu B 1)
T T TR T RS — 171

& 19 fit 7 N 85 4 Mg-20Cu & 4 £ & 1) SEM
%. BB 19740, Mg-20Cu & 4+ Mg,Cu H 8] 4
B HZE M, a-Mg ik SRS E M, 1 B AT LA 20
R H a-Mg FEAR 43 A A SR R Mg, Cu Jr
Ko PTLE A 2R R, BT AR
0 NEia o\  R  e al [E1 o Y I G B
B, Bt CELTRA 1. PSR CH
AR R T U R AR AL 1 T 23 o3 AR AR IR

P RRETR P Y A AN TR S N 2 L R i
Mg-Cu = tA &R Cufri, T T2, AL,
TV RE R T ERE Z (M IR R, RGPS A1
R T BT AT

X Z PR AN R B C(0~0.5, B4, %)
MBS PR HRESESEHMEL, S0
REY, CHEREN02%N, HEBELERIH KM
SIS EREGRSE, /£ 150 CF, PidismEik s
230 MPa, # Jk 58 i 15 # 296 MPa. 4 fE R
90 C. CHENO0.5%IF, s Rk 2 i K~
521.2 mm/a, SEIL 7B &RIPUEBM . FiL, C
TEN0S%M, BRI T SR AR B K,
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18  #545 Mg-10Cu & &% i 1Y SEM A4

Fig. 18 SEM images of cast Mg-10Cu alloy samples: (a) Mg-10Cu; (b) Mg-10Cu grain boundaries

e

19 454 Mg-20Cu &4 #F i 1 SEM 14

-l

Fig. 19 SEM images of cast Mg-20Cu alloy: (a) Mg-20Cu; (b) Mg-20Cu grain

S T PR AR ) LK

WANG 25U 58 1 85 & Mg-17A1-5Zn-Si(0,
0.25,0.5, 1,2, 3, JTE /5, %) & MO 451
JIE R A AT N, Hot Mg-Al-Zn-0.5%Si & 4
(RSB i K, 55406 MPa, FEESiSEBA, &
4 B R B IR T PR AR, Mg-Al-Zn-3%Si & 4 N 355
MPa. &0 Z 20 H AR &S, 755 3% Sif
HaHIARRERE, =i T 80.46 mm/d, 93 CHf
45.39 mm/d.

BRI T R G FE NI R AZOID B Itk
Reszmah, BT T B EEEE L X AZ91D & A
JIEERE AR M RE RS2 . IR REE L5,
H4aHHBLT ALNI FI Mg,Si 7 A A, Mg,Si Xt
AZ9ID &4 B T AR o & & BT v
—BE, AF415 MPa, EEEMESR R TF
T 13%. TEMFEER G, AN 2% & ek r
AZ91D & & IPUE TR E . 15 45 3 A bbb B AT 45
BETHRE, 5 AET 435 MPa. 15.2%. & il
RAW A FERE B S AR E L IO N3 oK, 7E50 °C,

0.5% NaClIA R TR 12 h, A1 3% B A0 fk s 1 1)
AZ91D B 4 1 5 il 1 22 7] 1K 18.026 mg/(em’h),
MARMNE ORI AZID 581G E
=t

IRER(FAC) A2 K IR L Bk MR A8 7 AR (o
IR — R G RO, A4 AR AR IE S NS &
WS AR, BRI R B A S PR R
RS E SRR ENER . ZERECHLEE
W A P FE A v £ 1 YRR AR AL(9%, 12%, 15%,
18%, Jii & 7 #0) & & ) 2 £k (Fly ash cenosphere,
FAC/BE G & IR EGMEL. 4L, BHEALY
G IN, FAC/EES &V 5 &M BHRE iR
FARRIGIRNG, B 15% AT ¥ 5 A Rk i
FEAR, A56 mg/(h-em?®). PURN A VA E SAHEHIHT
JEBEFEHIKT 300 MPa, £ 15% Al IR 2 A4k
(U 98 % e, IR 3 T 372 MPa. #E—35 R §i
PG b & TR A S A MR T R
RO anE 20 Fros . {EE TR 1 HAS N 106~150
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Bl20 EHR/EEG S E AR R AR
Fig.20 Floating bead/magnesium alloy composite soluble
fracturing ball**)

pm [ BRI I 5 PR G VA ] % T R R 6% (1
BEWEEESEAMEBITTEERIK. TR, &
BRI S E A MR BUER R 352 MPa,  HI T-4H
Rl SR SRR A SR IO A, AT
IEER S S EHE R T 9.7%. fEKCHAR,
BB RIE AR Z N 6.18 mg/(h-em?), TERR/EE
G 2GR S KV R TR 2RI I 2 11.96 mg/(h:
em?), $EE T 93.5%. XARAE AFRRE R
Mg, Si BURL 5 o-Mg B 44 T2 BUR il 5 By, i &
BRI

4 HESRE

N T RIE G R AR LR AT EARL, F
A SR EE R ERERNR S, FER
TSR TARKEBBA %, B, B
BG4 L N Mg-Al R, Mg-Zn &, % LPSOM
) Mg-RE & J HoAth & 4. £ BRI B #it.
Tl AP, ARSI, R H%
PEREIR . AR R NG 4, K&
SH AT DA SRR T AR ER . SR, H ATEE
RGeS, B, M58 R
(RE SR ANE 4 1f, Feu Cu. NiZEmRKIRINE N
BEAL, PEREMNRLE KA Mg —MRE. Ha,
& LPSO Z5 M AH I BE & & /R J1 2 Re L =, H2
MEFRIMN T ERAKRETGER, SEE R Ttk
LR AEIN R . 34, SR T 45 AT 2 % B 1A

BT 2~4 Rl & g 2 B O PEREXT LE, AR 32 24
FELR R, 5FERA G SR 8 KR X
B

IR A TP IR B B R T A AT L R
HANAA —EZ, WIERATRSEES SRuiE
WEFHILH B O BRGUEIE R E TR AT
TRERLH, RAZIS PR BTV B e 1 [ K b
AT NEARHE, &SRR ALE D« I EN
PEREMNATTVE . THERALAE, Fnl2 S R RERT 5T
ISEI0 2 AF R T8, ROZSE— e, 75 IR DA
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Research progress of soluble magnesium alloy for
fracturing temporary plugging tools

LIU Bao-sheng', DONG Ge-hang', ZHANG Yue-zhong', REN Xiao-xia', WEI Ying-hui"?, SONG Guang-ling'-*

(1. School of Materials Science and Engineering, Taiyuan University of Science and Technology,
Taiyuan 030024, China;
2. School of Materials Science and Engineering, Taiyuan University of Technology, Taiyuan 030024, China;
3. Department of Ocean Science and Engineering, Southern University of Science and Technology,
Shenzhen 518055, China)

Abstract: The staged fracturing technology of horizontal wells is an important mean to effectively improve the
production of unconventional energy. Importantly, the application of soluble fracturing plugging tools has greatly
improved the production efficiency. Mg alloys have become the preferred material for manufacturing soluble
fracturing plugging tools and the focus of extensive research because of the characteristics of excellent strength,
light weight and easy corrosion. In this paper, four series of Mg-Al, Mg-Zn, new Mg-RE alloy containing LPSO
phase and other alloys were comprehensively reviewed from three dimensions of microstructure, mechanical
properties and corrosion rate. It was also suggested that the specification and standard should be further
established in the engineering application. Especially, the unified test method and measurement unit should be
established for the corrosion rate test.

Key words: soluble Mg alloys; fracturing temporary plugging tools; alloy design; mechanical properties;

corrosion rate
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