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Investigation of the elevated-temperature low-cycle fatigue failure
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Abstract: To elucidate the elevated-temperature fatigue failure behavior of lightweight aluminum alloy drill pipe
materials in deep drilling, axial tension-compression stress-controlled fatigue tests were conducted on 2024-T3
aluminum alloy at 120, 160, and 200 °C with stress amplitudes of 200, 250, and 300 MPa. The failure mechanisms
were analyzed via stress—strain hysteretic response, scanning electron microscopy fracture morphology, and
backscattered electron imaging. The results show that fatigue life decreases markedly with increasing stress amplitude,

which 1s the primary factor controlling life attenuation. The influence of temperature exhibits significant stress
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amplitude dependence; at intermediate and low stress amplitudes of 200 and 250 MPa, the fatigue life at 200 “C shows
a recovery compared with that at 160 °C, whereas at a high stress amplitude of 300 MPa, it declines continuously with
rising temperature. Analysis of the hysteretic response reveals that cyclic plastic deformation is enhanced at 160 °C,
resulting in increased macroscopic inelastic energy dissipation. However, at 200 °C, the hysteresis loop area does not
expand continuously, indicating a discrepancy between macroscopic dissipated energy and local fatigue damage, with
the dominant failure mechanism shifting from uniform plastic dissipation to localized strain concentration and
particle-matrix interface damage. Observations of fracture morphology indicate that crack propagation is dominated by
stable fatigue striations at low temperatures and low stress amplitudes. Elevated temperatures and high stress
amplitudes lead to rougher fracture surfaces with increased secondary cracks, dimples, tear ridges, and particle pull-out
features. Backscattered electron imaging confirms that Cu-enriched coarse second-phase particles serve as critical
microscopic damage sources for crack initiation and propagation. It is concluded that the fatigue failure is jointly
governed by matrix thermal softening, cyclic plastic deformation, and particle-matrix interface damage. Under
high-temperature and high-stress-amplitude conditions, interface decohesion and microvoid coalescence accelerate
crack propagation and reduce fatigue life. The findings provide experimental support and a theoretical basis for service
reliability evaluation of lightweight aluminum alloy drill pipe in ultra-deep wells.
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Table 1 Chemical composition of 2024 aluminum alloy
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Fig.5 Fracture surface morphologies and corresponding

BSE images of 2024-T3 aluminum alloy under high stress

amplitudes and elevated temperatures

£ 120 °C 300 MPa £ 14 , &l 5(a) i 1 3R 1
O 2 B B 0 A AR R SRR W 24 B [ 5(h) Y
A G AT WL R 52 1 Cu i 46 0RE o0 A 1 40
FEAAR 43 UKL A M B Bk 2R D R . 5
4(a) . (b) A 4(c) . (d) H il BE 120 °CR J7 i 200,
250 MPa Z5 1 45 g WL 52 2] 1) F- $H 98 55 9 Jre IX B0 AH
Ft , 300 MPa i 1l F W7 2R A6 B 52, 2 B 7 7 R
T i AL i T R BUR SR AR Y o R A
P IRALTI T 8RR R 1 9% 97 W S0 U HE BE 38 7 % [n]
WY S ARG WA



90 BhiR T 7

2026 9 H

£ 160 °C 300 MPa 4~ , &l 5(c) Wr B & 1 7]
W% B 4 2k 0 R 1 T AN B R AR 15 B AR
SEARTE R G e B b & A T BT 4 1 SR S 0
RN o X g i L 5(d) 3 RO BHE R, Cu s 42 F0RE
I 52 4 DA A v 0 B, 38 43 JURE SR LTS A7 A 3% 2k
14 R 0 0 B A0 28 X, 6 B S i e sk i op B A
ZH5REER. 5K 4(g) . (h)" 160 C.250 MPa
FAF T AT AT WL B AT 55 LU IR R BUIR A
FEHEAH EE , 160 °C 300 MPa 4 F F 2L 80 Jé gk — 4
T 90 1 405 2R RFL A SR 5 0 1 kR o % 3 1 A %
TR AR O FE— e SR e A 8 O, R acd”
R 5 B 38 5 A R PRl Y i A 0 24 0 L T 1 ok 58
JC, R 0kt 7 et A LA A ) J) AR B AR ALE

M TR Z 200 °C H R 7 iR o 250 MPa i,
P 5 Ce) rh mT UL Jmy 35 2 v 11 16 53 bR 90 5 00 45, i /&1 5
() H AR L X 8 B 30T A7 7E K d Cu s 42 UKL L UKL 3k
R BT R Jmy FB AL Ay BR AR . % IE SR B, 200 CF
FLL Y J I AR R 53R B O 1 50 S M U 2L i R T
Tia] 7 5F AR R A X ol R - 3 R AL I B A
A R A . 454 R 43D () H 200 °C 200 MPa
AR T HE A R R DR T RN FL R 4R AR AT A IR T
R AR I AR S S SRy R R &
HACEINTTR AR 3I- 95 RO R/ %4 RN B VR )
A PR FE BLCRE 1 BRAIC, 1 Jm 3 DX SR AT BT RE K AR AR
F 28 AR T AL 3R A .

£ 200 °C 300 MPa 24T , ¥l 5(g) i 1 3R 1
Hh B A s O b MRS 2 AR B S (h) i
FRCHT P4 b K Cu s 82 0K 28 88 T W8 18T, 3408 4 ks
JéE) LA D i e ) B LR B R B BT 3 B A
o Y R g L g R 3 W) PE R 0K - A B T R
2480y ok B op i AR R, 2 a0 nT A A
B OB AR SR FLIR e E W YR . 5
160 °C 300 MPa & #H kb, 200 °C . 300 MPa T A
T 2 0 4R A A X U 55 T 00k 2 LR 3 8 A
ST AH DGR 05 B e, 2 B ey R AL i SR A
Iz 2 50 AR AR )R I L, 8 W i ) LR A ImT
It 266 AL 2R o B0 R Ak R

AR AESH LN A, 2024-T3 A &M iR
R 9% 55 ZHIL i A2 I B R g i L R o . R
T3 T v 3 B S B K S B0 v A1 B 8 P AR TR
Jei R F7 B b, AR T AR A UK 2Ok - i A B
TET J8 280 B B L 3R A T JBE T v D)) 555 2 i 3 L

T MRS T B8 7, ol 4 403 5 % B A Cu s 6 JB0RE J#]
JRy sk o 24 il B R g W ) IR v I 8 55 ¢80
P T2 AR R U 8y 2 7 e XA ek T e o
URL AR OC AL IR JE A% 5 T 6 L AL R A R SRR
PEHE P Y R, DT 5 05 55 73 i [ A

4 Hig

(1)2024-"T 3584 4 7E /o kA 1) 478 B 4807 T (99
55 F A 52 N R AR . EAR AR T 9% 57 B
Biti %7 7 i 200 MPa$ 2 300 MPa ifij B 5 A,
N7 1 WG T i 4 38 R 4 804 i 416 P 90 A8 T R R S 4
k3l 77, 9% 55 S0 A 7T R AR AL

(2) L 8 X6} 9% 57 77 iy (4 5% i LA B 88 (%) 2 7 g
M. #E 200,250 MPa 24T, 200 CikAE 7 i 428
160 “CH fr [ 7, (EA K F 120 °C; 7E 300 MPa 2% 4
L9 57 5 i B T RR SR A . BB R IR R
W g R A ) Jed 3 P T R T ke S 4 vt i Ak
LB B AR R B EL A — VR R, T 5 B ) i A 4K
b FCA A5 95 A0 S TR 28 ) 2 A s bk S SR

(3) N J = A8 Hi [ w1 2 BRI g i - 8 4 e
[l B4 B 4 R B, A P 9 M AR TR R o Al v RE f R
O N . 160 “C &4 T iy [m1 24 T AR MR 38 K, 2
A R PUOE 2R M AR P BB 0 T B 5 200 C 4R 4 TR
Il A T R A A0k 5 1 A, U D 2 O RE 1 RE 5 SR A
A5 Z [ A7 7 R 58 4% W 06 2R, 9% 95 R B 5 % S
0 17 A B e R R — 35 A AL T R 40 9

(4) W7 112 55 A BSE WL 2% 32 B, (38 8 57 1 i
BT R LA U] ) 9 55 ORI AR X RS T 1T
At 3t A 3 5 2 I R AR I TR, R )
B A BORL R BURFLIR R A R IE R £ . Bk
Gp Cu s H 55 AR IURL B H: JR 350 5 48 IX 9% 595 24 8L
WY AR AT R Y RO AR . 2024-T 348G &
o Y A 9% 55 2k 8% SRR SR AL I8 B8 1 AR
SF R U A58 5 B AR — 5 A AL T R R A [ 4 1

5 % 3U#f (References) :

(1] VEMERE, AR 20 MR 45 . op A ol e R R IR R P 4
SEIFHAR R S PR iR, 2023, 28(3) 1 1-11.
WANG Haige, HUANG Hongchun, JI Guodong, et al. Prog-
ress and challenges of drilling and completion technologies for
deep, ultra-deep and horizontal wells of CNPC[J]. China Petro-
leum Exploration, 2023,28(3):1-11.

[2] bt B (d, F oL R, 45 BEARERGR A & BT K AT LT ).
RO TR CH 2R T, 2016,43(4) :34-39.



W53 EH 5

SR . 2024-T3EB A4 E

U AR 8 9% 55 2R L BEF 52 91

[10]

[13]

SUN Jianhua, LIANG Jian, WANG Lichen, et al. Develop-
ment and application of aluminum alloy drill rod in deep drilling
[J]. Exploration Engineering (Rock &. Soil Drilling and Tunnel-
ing), 2016,43(4):34-39.
W E AR B, IR S A AT R R B AT L] M
$4%,2024,25(2) :23-26.
MAN Guoxiang, CHENG Lin, WANG Kehu, et al. Analysis
on the development trend of petroleum drilling pipes[J]. Equip-
ment for Geotechnical Engineering, 2024,25(2):23-26.
XV RW, Lo, 45 B AR AR G S BT TR R 5 R 3
(I B4R T, 2026,53(3) : 24-33.
LIU Zhengtao, SONG Gang, WANG Yu, et al. Research sta-
tus and prospects of novel lightweight aluminum alloy drill pipe
[J]. Drilling Engineering, 2026,53(3) :24-33.
Tr A CBR A A B AR BOR [T BV R TR, 2025, 52(6)
152-153.
YIN Hao, LTIANG Jian. Aluminum alloy drill pipe technology
[J]. Drilling Engineering, 2025,52(6) :152-153.
AEUEI, SR e, S, 45 2R 2T A 1R O A R
i S ST T B IR TR, 2021,48(3) : 140-145.
XIONG Hongwei, MA Yinlong, ZHANG Shuai, et al. Prepara-
tion of basalt fiber reinforced aluminum based composite material
for drill pipes[ J]. Drilling Engineering, 2021,48(3):140-145.
B, X5 S R S SIC SRRk ARk 2A12 R A B A
FIAERERG S A4 REAT 72 (7). B4R T8, 2025, 52(5) : 76-85.
HUANG Shiyin, LIU Baochang, MENG Qingnan, et al. Study on
tensile properties of 2A12 aluminum alloy drill pipe reinforced with
SiC and carbon fiber[ J]. Drilling Engineering, 2025,52(5) : 76-85.
P AR IR TR Bl A ) 2 A BT 2 LT R D B LD ]
B+ 74 R A TR, 2023,
YANG Yifan. Analysis of dynamic characteristics of drill string
in ultra-deep wells: a case study of TB Oilfield[D]. Chengdu:
Southwest Petroleum University, 2023.
J 2 KB AR AT AF IR I B RS 3 i Sl R A A ) i
[T ] ATl B AR, 2017,45(2) £ 32-39.
TENG Xueqing, DI Qinfeng, LI Ning, et al. Measurement and
analysis of stick-slip characteristics of drill string in ultra-deep
wells[J]. Petroleum Drilling Techniques, 2017,45(2) :32-39.
FEC BT B 2T 4 1 58 7075 55 G A bR 35 8 40 M RE BF 5T
[D]. K4 H MR, 2024,
YUAN Mu. Study on the friction and wear properties of carbon
fiber reinforced 7075 Al alloy material for drill pipes [D].
Changchun: Jilin University, 2024.
K SCUE A B RE Y e OB S BT S B (D] R AR b
MK, 2016,
ZHANG Wenbo. Failure analysis and prevention of the oil drill-
ing tools[ D |. Daqing: Northeast Petroleum University, 2016.
ZERB WA AT RS BRI B 5 e A R R
[T A #5480, 2017, 3(2) 1 1-4.
QIN Changyi, JIANG Jiahua, JIANG Cunmin, et al. Discus-
sion on drill pipe failure analysis and quality control[J]. Petro-
leum Tubular Goods &. Instruments, 2017,3(2):1-4.
WAL W B A BT 5T A i S R SAOHL ) 5 B
SHRYT] AmALI, 2025,53(12) : 32-42.
PENG Xianbo, DOU Liangbin, LI Wei, et al. Research prog-

ress and prospect on fatigue life and failure mechanism of drill

[14]

[16]

[17]

[18]

[19]

(20]

(21]

[22]

(23]

(24]

pipe[J]. China Petroleum Machinery, 2025,53(12) :32-42.
SREAE AN AR BR TR B AT Sk % 57 4 B [T ] ML R
i ,2020,58(3) :41-45.

GUO Wangheng, WU Baichuan. Fatigue analysis of drill pipe joint
under extreme conditions[ J]. Machinery, 2020,58(3) :41-45.
Ppd B, UYL LT COMSOL M 88 4 4 Bl AT 8 il 4y
BrLT) B TR, 2021,48(4) :1-10.

LIANG Jian, ZHAO Jie, WANG Chengbiao, et al. Analysis
of aluminum alloy drill pipe corrosion based on COMSOL[J].
Drilling Engineering, 2021,48(4):1-10.

FEVE L BRTAR LT 88 A 4 B 768 i BRI R 9 g 2
fiE[ 1] 93,2022, 31(6) : 70-75.

WANG Jisheng, CHEN Weidong, KONG Yongping. Me-
chanical properties of aluminum alloy drill pipe in corrosive en-
vironment[ J]. Mining and Metallurgy, 2022,31(6):70-75.
Dijebli A, Aid A, Bendouba M, et al. A non-linear energy mod-
el of fatigue damage accumulation and its verification for Al-
2024 aluminum alloy [J]. International Journal of Non-Linear
Mechanics, 2013,51:145-151.

HBLL . 2124-T851 $1 4 4 1 3 B J3 A 547 Sy 5 Bl WL 9% 55 75 i
FHFPHFFED ] BN - TV K2, 2018,

HAO Hong. A study on the mean stress relaxation and fatigue
life estimation under random load of 2124-T851 aluminum alloy
[D]. Hangzhou: Zhejiang University, 2018.

Singh J, Wheatley G, Branco R, et al. On the low-cycle fa-
tigue behavior of aluminum alloys under influence of tensile
pre-strain histories and strain ratio [J]. International Journal of
Fatigue, 2022,158:106747.

Lipski A, Mrozinski S. The effects of temperature on the
strength properties of aluminium alloy 2024-T3[J]. Acta Me-
chanica et Automatica, 2012,6(3) :62-66.

Mousavi Anijdan S H, Sadeghi-Nezhad D, Lee H, et al. TEM
study of S’ hardening precipitates in the cold rolled and aged
AA2024 aluminum alloy: influence on the microstructural evo-
lution, tensile properties & electrical conductivity [J]. Journal
of Materials Research and Technology, 2021,13:798-807.
R B G AR T B A o R R R A SR 9%
I EAT ARG LD ] R TP R AR, 2025.

XIE Changji. A crystal plasticity model with the low cycle fa-
tigue damage effect and its application in the study of fatigue
overload behavior at crack tips for aluminum alloy [D]. Nan-
ning: Guangxi University, 2025.

Maruschak P, Maruschak O. Methods for evaluating fracture pat-
terns of polycrystalline materials based on the parameter analysis of
fatigue striations: A review|[J]. MethodsX, 2024, 13:102989.
KPR 55 A 5 R 9 O R A R PR A T R A S il BIL T 2E 75 A
TR D ] et JE B T, 2015,

ZHANG Qing. Study on the coupled creep-fatigue characteristic
of aluminum alloy and the application in life prediction of diesel en-
gine piston[ D |. Beijing: Beijing Institute of Technology, 2015.
YanJ, CaoZ C, Zhang W Z, et al. Research on the microscop-
ic characteristics of low-cycle-fatigue and creep coupling in cast
aluminum alloys for cylinder heads[J]. International Journal of
Fatigue, 2025,197:108952.

(%4 Eskth)



