55 54 55 8 M = L B N = £} Vol. 54, No.8

2026 4 8 H August, 2026

JOURNAL OF THE CHINESE CERAMIC SOCIETY

http://jcesoc.cbpt.cnki.net DOI: 10.14062/j.is3n.0454-5648.20250842

<.

o0 1A [R] 00 AR 238 R 81 ok e 4 ST 1 A e A AL

F o OEFEY TAe XERS, AR, REES BAA deE

(1. WEMREEE SRS, FEAMKZER), UHR F 2665805 2. FEA M KEEER) AT TIEEL,
7R H & 2665805 3. FEA M LEHAMARARAF, L5 102206)

B F: T e I SIS R E R VR MK 5 B R, X S B R U . A TARERS 1A Rl TR
RE FOIN E /K YR AE 180 CRIPFRIT FRIMEREDTRRSE . M RIEER . BERNALIRSH) AL . RN, WHm KK
B R 3 K P AE il 26 fF T (180 C)ELE AR,  FFAETRIIN M BLARH W1 0 () 7 A PR R 3038 S ALIRIAL, T/ 80 "CARIE T
FRYPEE 180 CRINFRI I RE T Iy EREAR T A o SEIDINAN A O B ER FRARAK KL, W] DA 2 3R THI T B K Y A 5 055
BEs SR 2 Al IR AR S AT O B R A BC T ) B BOY I B SR EE TR, iR ELR R A N IR Ry . R
A X SFEATIH TR, 180 Crrli UM MIFR IS AF N, BEFRI I TRIE AN, T € RUKA ™ 15 T REES A7 17 oAt s (A AR OB 4L
HIKAE = o I A B R, MO/ A s FE SRR 0 2R A AHELZ R, 7E 80 CRUJE 485 180 "C IR,

TR ROKA W) 5 HRES 41 & BRI AN A, o KA SR A E R A

KR s REEIE, BEERER; R KEE
HESHES: TE256  XEKFERG: A
PA4& H FRATIE] : 2026-05-11

Wt 2 TR 2 i T s v B BT R R
Tl TR AT AR R R
RN R IR B ] S B R AR ik
f EE SR PR T R iR A8 T B K e 2%
AsBEETEIR, A A DR K Ve I S RS B - IR A
A, R SRR AR N R R, 2 i
HIRIRPR . DRIE, Bl IR H IR 22 5 ey HLdE AT
KINARCE R, R RBERE M TR L 2 m 0T R
IR Z .

R A7 MV P9 38 P PR AR R 5 P 3R 1 5 VR R AR 7K
Je P EINRERSES), SR R LR B, £E 200 TR
AT, BRI T RERD, KU as B R
SR PETEIRE O, 325Nk, A RK IR R AL FER BT AT
CZFFLE VA2l SR, il K2 Hh 78
KT KR e AT o [ A (T 4L ), FR3EAT i
FRYR T 01 X AR IR 5 AT DO 28I A
FaHRCRA S TR thoad P A0 s B AR B L
O, BIZKYAEARIR I T B RRA, 8 i il <

Wk B 2025-11-14. BITHY: 2025-12-02.

FETH: HXARREERE4(52288101); FE A M KZEER)EZE M
A4 E S E H E R S(SKLDOG2024-ZYTS-11).

B 2 501997 ), B, WLErL.

WS BEE09s2 ), B, i+, R,

NEHRS: 0454-5648(2026)08-2843—14

A ARG SR A (A 1 B ). fEERIT
NERIBL, KR TG A T %), K
VeI B SR AR T B IR KR R R AR SR
iR 1 H 4 £,

SCHR VAR R B, InRD [ K P TE il b
B T OK Ve R B 2 i 72 ), KW 2
PR EL R R 0121, T IR R IR BT
B, DB RIS E R S SR B b [ 7K e B
FEAE 200 CHERE IRy 1, HAL W50 B 2B 1R
BZETIL 80%; SULFEE, KEMBERELSE
DR RGOS E R A . H AT sk
D K e AR [ AE iR TR S e iR L [ A X
Rl 5 AR LR 7T 14, b, R AT
WA FE K P AE il 25 1 T 22t 3005 7™ B 1) o
FEREIR, {H H AT E A AN SR B [ K e K
1 v i 58 2 IR E LD, T HANCE (A B0t A
BRI IR0, 30 d LU B A K I

DI

Received date: 2025-11-14. Revised date: 2025-12-02.

First author: LI Yang (1997-), male, Doctoral candidate.

E-mail: lyangupc@163.com

Correspondent author: PANG Xueyu (1982-), male, Ph.D., Professor.
E-mail: x.pang@upc.edu.cn



+ 2844 - CHERR Sh 4 J Chin Ceram Soc, 2026, 54(8): 2843-2856 2026 4
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production conditions BBottom section
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High-temperature oil & gas
S =153 X S BT
Fig. 1 Production conditions of high-temperature wells
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o e [R] ISF I 2 AR A0 v i o b o B T K R 2 Silica sand 2071 14190 42307 2.62
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Dy, Dsp, and Dy indicate the particle sizes at which 10%, 50%, and 90% of

the sample are smaller, respectively. p is density.

R2 MENELIRES K

Table 2 Mass fraction of oxides in the material w/%

Oxide Cement Silica sand Glass Microspheres
SiO; 19.082 99.556 57.37
ALO3 2.656 0.324
CaO 65.275 39.29
Fe;O3 4.744
K,O 0.721
MgO 2.396
SO; 4312

w is mass fraction.
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Fig. 2 Particle size distribution analysis of materials
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Fig. 3 SEM images of hollow glass microspheres
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Table 3 Cement slurry formulation

Volume

Sample No. Cement/g SS;;EZ ﬁslﬂig/ag micrc()}sgl?zres /e Retarder/g Dispegrsant/ S];ngl?fgmg F?gignlt(/’gs Defoamer/g Water/g W/C frac;i}c::sg/t; /solid
0

L70 100 70 0 0 2 4 0.6 3 0.5 114 1.14 0.33
W-L70 100 65 5 0 2 4 0.5 3 0.5 115 1.15 0.32
W-L70G 100 65 5 12 2 4 0.1 3 0.2 525 053 0.59
170 100 70 0 0 0 4 0.6 3 0.5 116 1.16 0.33
w-170 100 65 5 0 0 4 0.5 3 0.5 117 1.17 0.32
w-170g 100 65 5 12 0 4 0.1 3 0.5 545 0.55 0.59

W/C is water cement mass ratio.
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Extended Abstract

Introduction With the increasing depth of oil and gas exploration, high-temperature and high-pressure conditions become common
in deep and ultra-deep wells. Under such harsh environments, the long-term integrity of wellbore cement is frequently compromised
due to the strength retrogression, posing serious risks to zonal isolation and production safety. Although silica sand is widely used to
mitigate strength degradation via modifying the Ca/Si ratio of hydration products, recent studies show that significant strength loss
still occurs at ultra-high temperatures.

Previous studies focused on curing regimes involving low-temperature pre-curing followed by high-temperature exposure, which
mainly represent upper wellbore conditions. However, in deeper sections of high-temperature wells, cement typically sets and cures
directly at elevated temperatures, resulting in more severe degradation. In addition, low-density cement is widely applied in
cementing operations, its long-term performance under such conditions remains insufficiently understood, particularly beyond
short-term curing periods. This study was to investigate the long-term performance evolution and underlying mechanisms of
low-density sand-added oil well cement under different high-temperature conditions, providing a guidance for the design of durable
cement systems for deep well applications.

Methods Six low-density cement slurry formulations with a target density of 1.6 g/cm® were designed, incorporating silica sand,
silica fume, and hollow glass microspheres. Two curing regimes were adopted to simulate different downhole environments, i.e., (1)
direct curing at 180 °C to represent high-temperature deep well conditions, and (2) curing at 80 °C for 2 d and then long-term curing
at 180 °C to simulate upper wellbore conditions. The long-term performance of cement samples was evaluated after curing at 180 °C
for 2, 30 d, and 90 d, respectively. The compressive strength, Young’s modulus, and permeability were measured to assess
macroscopic properties. The microstructural and mineralogical evolution was characterized by mercury intrusion porosimetry (MIP),
X-ray diffraction (XRD), thermogravimetric analysis (TG), and scanning electron microscopy (SEM), enabling a comprehensive
analysis of pore structure development and hydration product transformation.

Results and discussion The results indicate that curing conditions have a decisive influence on the long-term performance of
low-density cement systems. Under direct high-temperature curing at 180 °C, all formulations exhibit severe strength retrogression.
The compressive strength of silica sand-based systems remains approximately 28 MPa within 30 d, but decreased to below 10 MPa
after 90 d. The incorporation of hollow glass microspheres significantly enhances the early strength (i.e., up to 45 MPa at 2 d).
However, these systems experience a rapid deterioration, with strength nearly disappearing after 30 d. In contrast, the samples
subjected to low-temperature pre-curing and followed by high-temperature exposure show significantly improved stability. For
formulations without hollow glass microspheres, the compressive strength remains stable or slightly increases for 90 d. However, the
systems containing hollow glass microspheres still exhibit a noticeable strength reduction, indicating their limited suitability for
high-temperature applications. The evolution of Young’s modulus and permeability is consistent with the strength results. Under
direct high-temperature curing, Young’s modulus decreases markedly, while permeability increases in orders of magnitude, indicating
severe degradation of structural integrity. Conversely, under low-temperature pre-curing conditions, the parameters both remain
relatively stable, reflecting an improved durability. The microstructural analysis reveals that pore structure coarsening plays a key role
in the performance degradation. Under direct high-temperature curing, the median pore size increases significantly from tens to
hundreds of nanometers, accompanied by a transformation from harmless pores to harmful large pores. In contrast, the samples
subjected to low-temperature pre-curing exhibit slower pore coarsening and more stable pore size distributions. The mineralogical
evolution further explains the observed macroscopic behavior. Under direct high-temperature curing, beneficial amorphous hydration
products and tobermorite gradually transform into more crystalline phases such as xonotlite, leading to the strength loss. The
thermogravimetric analysis confirms significant changes in decomposition peaks, indicating alterations in hydration product
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composition. In contrast, under low-temperature pre-curing conditions, the content of amorphous phases and tobermorite remains
relatively stable, contributing to sustained mechanical performance. The SEM images show that hollow glass microspheres
progressively react and disappear under prolonged high-temperature exposure, leaving large voids that significantly deteriorate the
microstructure. Although these microspheres enhance the early strength, their long-term effect is detrimental due to the pore
enlargement and structural weakening.

Conclusions This study demonstrated that curing conditions critically affected the long-term performance of low-density
sand-added oil well cement. Direct high-temperature curing led to severe strength retrogression, pore structure coarsening, and
unfavorable phase transformations, whereas low-temperature pre-curing significantly improved long-term stability. Hollow glass
microspheres were effective in enhancing early strength but are not suitable for high-temperature applications due to their negative
impact on long-term durability. The stability of hydration products, particularly amorphous phases and tobermorite, could be
identified as a key factor governing strength retention. These findings could provide important insights into the design of durable
cement systems for high-temperature oil and gas wells and highlight the necessity of considering both curing conditions and material
composition in practical applications.

Keywords high temperature; strength retrogression; hollow glass microspheres; silica sand; low-density cement



