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Qingdao University of Science and Technology, Qingdao 266042)

Abstract: Rigid polyurethane foam (RPUF) is a key material for thermal insulation in construction and
industry. However, its molecular structure, which comprises carbon, hydrogen, and oxygen, renders it
flammable, posing significant fire risks. Therefore, the development of flame-retardant technologies is
crucial for ensuring safety. This paper reviews the performance characteristics of mainstream insulation
materials and clarifies the comprehensive advantages of RPUF in terms of lightweight and high-efficiency
insulation. This review systematically analyzes the three major flame-retardant strategies for RPUF-
additive, reactive, and coating types-elucidates their mechanisms of action, and compares the advantages
and disadvantages of the first two. Simultaneously, it highlights the unique value of the coating type
as an emerging modification method to overcome the limitations of traditional approaches. This review
introduces coating implementation methods, including layer-by-layer self-assembly, hydrogels, acrogels,
thermal curing, and photocuring, and summarizes their preparation methods, mechanisms of action, and
research progress. Finally, we look forward to the future development prospects of high-performance
multifunctional integrated coatings, green systems, and intelligent response technologies.
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Table 1 Performance comparison of main building insulation materials

P TEREFE AR
RPUF XPS EPS PF
S#HEAEH (W/(m-K)) 0.018~0.0028 0.026~0.032 0.032~0.040 0.018~0.028
WP (kg/m?) 30~60 25~45 15~30 40~80
JE4RRE (kPa) 150~300 150~700 70~250 100~200
R FEHLOI (%) 18~19 18~19 18~19 35~45
PRI s2 (GB 8624) B1/B2 B1/B2 B1/B2 A/B1
KA I EE (°C) —180~110 -180~75 —180~75 —180~150
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(d) TGHIZE, (e) THREZE, () TSPHIZE, (g) DTGHIZE!" (2024 Elsevier AL 4 1)

Figure 1 (a) Synthesis process of MFPAPP and MF-Co@PAPP; (b) LOI and (c) UL-94 ratings of RPUF and its composites
after immersion in water for 0, 7, and 14 days; (d) TG curves, (¢) THR curves, (f) TSP curves, (g) DTG curves (Reprinted with

permission from Ref. [17]; Copyright (2024) Elsevier)
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(2024 Elsevier Al 4 1])

Figure 2 (a) HRR curves, (b) THR curves, (c) SPR curves of the CCT test, (d) TGA curves, (¢) DTG curves of the thermal
degradation test; (f) Schematic diagram of the flame retardation mechanism of FR RPUF (Reprinted with permission from Ref. [19];

Copyright (2024) Elsevier)
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Figure 3 (a) Weight loss and LOI; (b, ¢) CCT test data of RPUF samples after leaching; (d) The preparation process of RPUF

samples; (e) Proposed flame-retardant mechanism of RPUF samples containing self-assembly and UV curing coatings (Reprinted

with permission from Ref. [27]; Copyright (2026) Elsevier)
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Bl 4 () (77 BHARPUF/M@H/DH )] % 71 7% [ (b) RPUF/M@H/DH A B KLER 7 25 [K]128] (2024 Elsevier ik 1T)
Figure 4 (a) Schematic diagram of the preparation of environmentally friendly flame-retardant RPUF/M@H/DH; (b) Schematic
diagram of the flame-retardant mechanism of RPUF/M@H/DH (Reprinted with permission from Ref. [28]; Copyright (2024)

Elsevier)
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Figure 5 (a) The synthesis process of APP/SA/TEOS/RPUF; Flame retardancy of RPUF and flame-retardant RPUF samples:
(b) LOI, (c) HRR curves, (d) THR curves; (¢) TG curves and (f) DTG curves of CCT test; (g) Schematic diagram of the flame

retardancy mechanism of RPUF coated with APP/SA/TEOS film (Reprinted with permission from Ref. [30]; Copyright (2024)
Elsevier)
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VFH])

Figure 6 (a) Preparation process of HPG coating and flame-retardant RPUF; (b) Video screenshots of the continuous
combustion test of RPUF and HPG-2/RPUF, photographs of the top and bottom surfaces of HPG-2/RPUF; (¢) TG curves,
(d) DTG curves, CCT curves (e¢) HRR curves and (f) THR curves of HPG-2, RPUF, and HPG-2/RPUF samples (Reprinted with

permission from Ref. [33]; Copyright (2024) Elsevier)
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Figure 7 (a) Schematic diagram of HSP synthesis; (b) Hard and soft segments structure of HSP polymer; (¢) TG curve of HSP
in air; (d) HRR curve of CCT test; (e) the LOI of flame-retardant RPUF; (f) TG curves of HSP in r nitrogen (Reprinted with

permission from Ref. [39]; Copyright (2025) Elsevier)
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