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Fig.1 Histogram of accumulative proven geological reserves and

annual production of shale gas in Chinal***®!
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Table 1 Main application fields and performance parameters

of degradable materials

Application Engineering
. Performance parameter L
field application
Physical properties (density)
Mechanical properties
Oil and gas (hardness, Frac balls, bridge
field compressive property) plugs, ball seats, etc.

Chemical properties
(degradation rate)
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Table 2 Influence and function of alloying elements on Al

matrix[2 272932

Effect on the

Element Main function potential of
aluminum matrix
Ga, In, Sn, 'V:?Y']” rff\}é"f;é”fctei'\‘f{:‘egff' Negative shift of
Bi, Hg prove d 0.3-0.9V
aluminum matrix
Ma. Zn Form a second phase, produce Negative shift of
g galvanic corrosion 0.1-0.3V
Zr, Ti, Re  Refine grain, reduce surface Alittle influence
(Ce, La) energy
Impurity elements, reduce Cu: positive shift;
Cu, Fe ' Fe: basically no

corrosion uniformity effect

HLAL LT3 50, o] 48 Ak &R 4 = 5 FE AN BT s Cu
Fe S5 X FLAL 114 5% 1] B8] i N &2 17 3¢
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BIE BV YR RE SR, R 2B E S R BIE Al SR
WS, IR AL R TR e B, 8 AL BRI TS
WAL i 2, WEMEAWIR S . B Ga BITEHACR 2
F, HT Ga mEE . HARENAHYELE Al-In,
Al-Sn. Al-Bi. Al-Hg 28K )E i — o B & R B T 24
Mg, £ 3 FIH T IX LIS sl oA & MbrdE
WAL o K AR FELALA-1.29 V, S RKE TR Ga.
In. Sn. Bi. Hg &4 44-1.1, -1.315, -1.524,
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(1) AI/HLO J 82, AT il PR 400 ) i 268 4 2 THT 1) A I
55 AL SRR AL R[] SO, AN WS I
Rif7 i, HriE AlZ D 28R 1Ok, &4 5K Be0E 4k
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Table 3 Standard electrode potential for Al alloys®=®!

Alloy Al-Ga Al-In Al-Sn  AIl-Bi
Standard
electrode -1.1

Al-Hg

-1.315 -1.524  -1.85 -2.5

potential/V
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5) P AR RE R B R F= DA 22 fa 35 N L RS2
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BT BEA RN R EREER, @R IR, &
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FORAG, W) @) RAWTEE> M-S
Al(OH)3. AIO(OH), /#1535 B ir M 74 B
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B SN RAE B T2 008 W] B ARAE A 4 10 1 2 M e
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FH I 72 3R A3 4 1 4 BR800 4L 1 155 R 3R 45 A

EaEEME, HFmIf&ER TR, Hgtip
Al-Zn-Mg-Cu &4 83k, WINKKE Ri4)8 Ga. In il &
T EA ERE N SSRGS, B E R
BARPRELRERFESEES, HAGEEHE
I RUGIBEEE HV 1% 1862 MPa DL L, e kPuk s
L5 670 MPa, kR EZILF] 470 MPa, #VRIE S HIHF
BHLRL 58 218 2] 480 MPa DLt Ji k58 FE 1A £ 460 MPa;
A BHE iR K R ph R B b R R A v s, R
SHEAEEMTENER TR, MHEESEEETIENHE
JES A o L A o sk 2281 o) At 2TISR A 0 s 1 )
% 7 Al-Mg-Sn-Ga Wi &4, Za SN &kmEE HV
Al A F] 1489.6 MPa, fi Kb &5 1A 2] T 540 MPa,
ZEe o NERNREWmRARAMEE, BREES
Al-Mg-Sn-Ga & & &M E HV 5 1236.8 MPa, TR
HFHESKBEEEH. E5"H &7
Al-Ga-In-Sn-Mg-Cu ¥ & 1T [ 48 & 4, 0 ¥ KRB
R B 5 A 4 R 45 1) IR B2 Re A B 326 MPa, fi
FE HV 5y 1421 MPa; H Bl FERT 45, & 4 10 o
SR R AR TR BBk, % 1) TEAE SR
EE S KB R HAT . R 4 R MBI REAREE A
SAEEE, BT H AR AE R 7R TR R AT R A
BEE oy IR W,

X T B AR G 4 i 0 AR i &2 @ ye R ANk o
U, BEAEMEE HV i nlik 1489.6 MPa, i
WAy 327.3 MPa; 2 b AN[A] (1 R Ab B T 2R 25 R A= A8 Ak,
L IABT R A T PR A4S B S e T TS 3] 2058 MPas

WA SR T R B R va SR . 5l NSk ik
WA R A BRI E  smAE G R SR R

k4 BAAERESESHRREE

Table 4 Hardness of typical degradable aluminum alloy

systems
. Hardness, HV/
Composition, /% State % 9.8 MPa Ref.
Al-Ga-In As-cast 334 [43]
Al-Ga-Sn As-cast - [43]
Al-Ga-In-Mg As-cast 85 [43]
. Aging heat
Al-Ga-In-Mg treatment 136 [43]
Al-Ga-Sn-Mg As-cast 152 [28]
Homogenized
Al-Ga-Sn-Mg annealing 126 [26]
state
As-extruded 126
Al-Ga-Sn-Mg i (tubular)  (inner wall) [26]
Al-Ga-In-Sn-X As-cast 110 [41]
Al-Ga-In-zn-x ~ ASextruded 201 [41]
state
Al-Ga-Zn-Mg-X As-cast 91 [43]
Al-Ga-zn-Mg-x  9ing heat 125 [43]

treatment
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Tk yof ol P T 8 A 56 A A s L0 s s TOOT A\ R R
RIG VLRI & T R BAEE 4, A& Al
NEE, RINMEKE S48 (Ga. In. Sn) FlEg 4L T & (Mg,
Cu. Ti. Si. Zr. Er. La. Mo. Mn), #iE58E A 790
MPa, PLRsiEN 225 MPa; 25 [#vE N T 25 bt
JE58E N 855 MPa, HiisifE N 365 MPa; [ fifi %
W] DURR AR 72 /K B8 Shy i R AT TR, WP AT
o7 P T 9 2, (E B b B DA BdE A S = 4
4 PEfR%RE

Rif fipt 338 0 T B AR R A 0o ME R FE A o T T 1
SR A S IB SR R PR A S R, B RE TR bR AL
WH DL “HERE, AL mL/(min ) mL/g” ik A
MR PEARE . T IFRER LM R RE S 4
FebRALIE % DLk B, 847 mg/h AT mg/(cm? h)” B¢ R
~PVE, BALE mm/h AT mm/(em? h)” HER B ARE . T
O T 0(3) T (4) e B = 4 A A [i] 25 SR R AIE %
fRIEFIE R ZE R, AR E RGN & &R R e
ok R A LA, Ik E BN

A (5). F(6) F(7)FHh T H T 3R IE 35 B fig ol %
v I A S

V = —mo — mi (5)
At

v do—d (6)
At

v="o t— m (7)

XA, mos mi 2 SRR ERE AT 46 57 & (mg) . N —
BN 8] S5 7= P I v J5 5 (), dos dy 20 AR ER R
FEMII GG B AR (mm) S — B 8] J5 7= 4 i 7% a5 1) B
B(mm), A NRFELE M (cm?®), t AR B E (h).
4.1 BE

B PR BB R T UK S B, I AR R A2 BRI
JE Bl R B At 5 1 BT s B TR T R A DA AR AR
T 2L 56 B S IR R HEA 2 SCRIEH .

R TN 4% (%) T 4 iR 4R 4 4 Al-Ga-In-Sn-Zn-Mg-
Cu-X (X N Ce. La), 50 CF, [&fiftiki7E 87~93
mg/(cm? h)FEE Py, 150 'C T, FEfd R Bitm, &
ATk 110 mg/(cm? ), A E] 7 127 mg/(cm?® h),
W PA7E Al-Ga-Sn-Mg A 4 R BLAE 75 5 K R A RN
W, HRERTE 50 CRASHK KA K
N, T ESE TR E] 70 3190 C 25 5K AR R A R
o FLIRl— a3« KN TERAR 8] R RE 43 Sl 72 50 70,
90 C 5K ML, F&fETE R 558 15, 6+ 4 h, B
WA T B2 BB 0 T e, B AR A B b

Bt fe 72 8 T S5 IR AR S A I ) BBl 1) 2%, T DR
F 2 A (8) A6 Je 2 i 24 Aok ik H e b 7, A
ko NWARAE 1, R NSMHEE, Q Jy I BLvE AL i B -
ARG FE B o] R RS S /N I AR B R R A
A, TIEAL B R R SR 2 MR R R, W
®(9). X(10). K (11).

K=koe-Q/RT (8)
Ink=Inky-Q/RT (9)
K=-A, Inko=b, Q/R=a (10)
In(-A)=b-a 4/T (11)

CE R N - RN R T )
Al-Mg-Ga-Sn (Ga &AM &&nkMERSIRE
Z IR RBAT TUA, HA A H T R #8421 5UE
1, WK 2 Frws.

4.2 IR

TEAG S S SEH, AR K AR A RV T 2 S IR 1k
AR, OO SR TR R A SR RS, AH R
RN A 2 R AR B . R AN R A BV AR AUAS [
WATERIE T LT, il SIF R SE bR 3 %
S PR S R .

i SO g BT ) ST T R R A R AR R
SN, KWIEEAE KCI W CIMREZIE N, T [
AR I i ot T 2 oK Bl 2 8 0 s T B AR 42 A HCI I
T 0 % i T FEE T HC ¥ Y00 2 25017 384 o o o ke
n, BEEAGE L. MRS SRR TS GF
KBEATEENTEEO RET, HIrme k3 &
FLER . AE 90 Cafi /K (1 1% fift ik % B i 4 0.348 glh,
TMAE NaCl V& b B fd sl R I 38 I, 72 70 "CI o &
734 (F [[])0.5% NaCl ¥ H >4 0.476 g/h, 7E 90 ‘CiA £
2.087 g/h; £ 70~90 ‘CYEFE N, 1.0% NaCl ¥ K 1) % i
HAAE 0.551~3.046 g/h 2 [A], 1.5% NaCl ¥+ MI7E
0.618~3.451 g/h, [#i# NaCl AR ZE RGN, &4m

35
—=— R,=0.99804

3.0t —e— R,=0.99640
25¢

—_ In(-A/mm)=-2600.81/T+10.49

£20¢F

£

<15¢

=10t
In(-A/mm)=-3953.08/T+11.98

05}

0.0}

-0.5 : : : : :
0.0027 0.0028 0.0029 0.0030 0.0031 0.0032
TYK?

B2 B & 5 0 (8] 5% 2R il 2

Fig.2 Relationship  between

25,28]

degradation rate and

temperature!



+ 2958 -

Wity @A RS TR

%52 %

B fi e R i 2 k. ESUOIE R TARBE & & AE 3 Fb
RNAR CHRK. BRHZE K. KRB F,
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W RST 5l EILEER T Rrsgm LK 4. B 4
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Fig.3 Effect of KCI solution concentration on degradation rate of

degradable metalst®®*
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Fig.5 Macroscopic process of the reaction between a drop of 1% KCI solution and the surface of the Al-Ga-Sn-Mg sample

SRR M AR B R RR 2k B AR b R
P 5 58 A I AR AT 22 5L R, B A R S I A
W AE BUIF fR RR AR G 4 R T AV T K B T )
? [52-53]o
T % A B0 A 20 JE ok e i E A« 7E 5 KA A
FRIA SRMAMBE B, BIE NN, (K584
JEICERIE NI, TERE S5 BT R — AN Y 5 Tl
Mt . ERVE AR, &AL, A
AIO(OH)/AI(OH)3; MKIE M & @tz X 1E NS,
KRR R, AR
Al+2H,0—AIO(OH)+3H" (12)
3 H'+X—3/2H,+X(X=Ga, In, Sn, Bi, Hg) (13)
FREE PRI 58 AR e MR B . BRfd— ELR
3, B AR SR KA A, B TK
(9 52711 AIO(OH)/AI(OH), A58, AN 5 K BUE Ak
JE . RN RemRRLE, Bk T AR AR BRI LI
MR TR S R 2 T VR A s o RN T
PR L= PR PR, N RE SRR . Rk,
PRVIEF7 22 9% i N A7 AE — DI - Al %, BARHE
AR/ S0 dl S e, (R 4 SRR B AR il 4R K
Kl 6 KB HE SR AR OB 5T B 45 % - Ik IR it 20 4%
PR AR, HHRE@). @) ERBRE, TR
J 3 2 5 R L B8 A I H AL R R L KA A
WU BOR . AR Kelvin #8477 B 58
(SKPFM) POV 5048 & 4 b 8 i BB (48 & & 21k
58 A E AL E, WIEES SN BEEILE,
T B i < HE TR T e P RT RE S

1#. 2#: ¢=88.90 mm frac balls
100 s
—-4-1# 2% HCI 50 C

§ —«-2#2% HCI 50 'C
S 80t —a-1# water 50 C
‘= ~e-1# 3% KCI 50 'C
‘s —v-2# water 50 ‘C
nq:E, 601 —+-2# 3% KCI 50 'C
3
2 40t
L)
£ 375h
&
[a)] 20} 315h

0 1 1 1 1 1 1 1

0 4 8 12 16 20 24 28 32

Time, t/h

K6 AT R MREERAE A R BT B BERR AT
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Table 5 Performance of some degradable bridge plugs at home and abroad

. . Length Applicable Pressure Degradation
Trade mark ~ Company Main material /mm temperature/C difference/MPa property/d References
SPECTRE Baker Hughes  Metallic composite 550 70-155 >68.9 - [64]
lllusion  Halliburton  AAluminum-based alloy 5 >68.9 15-18 [62]
material
ReacXion Schlumberger - 226 149 >69 - [65]
SWAGE Metal expander parts 203 50-178 >68.9 3-5 -
WVP High-molecular 437 >70 10-12
polymer
WIZARD Magnesium-based alloy 150 >68.9 3-20 [66]
material
CNPC Degradable alloy 650 45-150 >70 7-25 [10, 67]
material

8 [ A A1 2> W B A 2E O R 1A

Fig.8 Schematic diagrams of some degradable bridge plugs at

home and abroad!®®%®¢%8: (a) Halliburton: Illusion
degradable bridge plug, (b) Schlumberger: Reac Xion
degradable bridge plug, (c) Baker Hughes: SPECTRE
degradable bridge, (d) CNPC: degradable bridge plug,
and (e) domestic oil and gas companies: WIZARD

degradable bridge plug
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Development and Application Progress of Degradable Aluminum Alloy in Oil and Gas
Field Exploitation

Zhang Jianbin®?, Lu Yu?, Xue Fei®?
(1. State Key Laboratory of Advanced Processing and Recycling of Nonferrous Metals, Lanzhou University of Technology,
Lanzhou 730050, China)
(2. Shandong Laboratory of Yantai Advanced Materials and Green Manufacture, Yantai 264006, China)
(3. Yangtze River Delta Research Institute, Northwestern Polytechnical University, Taicang 215400, China)

Abstract: Degradable metals decompose into powders in aqueous environment after completing the set function. With the progress of
unconventional oil and gas field exploitation technique, the potential applications of degradable metals include but are not limited to
fracturing balls, bridge plugs, ball seats, etc. Taking degradable aluminum alloy as an example, this paper summarizes the meaning of
degradable performance, the degradation principle of aluminum, and the advantages of degradable aluminum in oil and gas field
exploitation equipment. The mechanical properties, degradation properties, environmental compatibility and other requirements of
downhole tools are summarized. The degradable aluminum alloy systems are introduced, such as Al-Ga-In-X, Al-Ga-Sn-X, and
Al-Ga-In-Sn-X (X is Mg, Cu, Zn, Ti and other elements). The factors affecting degradation performance, such as temperature, medium and
manufacture technology, are summarized. The application cases of degradable metals in oil and gas field exploitation equipment are
introduced. The to-be-solved issues of industry-university-research-application cooperation and commercial standards are proposed, and
the development direction in the future is forecasted.
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