5 54 4,56 3 30 T & @ B W H Vol.54, No.3

56 2026 4% 3 A ENGINEERING PLASTICS APPLICATION Mar. 2026

doi:10.3969/j.issn.1001-3539.2026.03.007

HIETKBAE /K IERIEEE SHEIH & 5156

PRIGIE', XUTESE', RP L, AR, 2kR L, &EEL, £, =5

(1 BB B R Rl 5 TR S 5500055 2. St A R EMitERE AR A 7L 5 550014)

R R RS BRI R PO KB B, 0K 4 (mPG) 5 KM B R B (WPU) R A4 & mPG/WPU 444,
I3t B AA A LTG0 ) S A R R AR R PR AR AT X 5 AR 2 RR W AR IR BR T R 2T LR
AT R @I, EAME T mPG iR mE A WPU L £48 7% 8, mPG /£ & 44 @ B LA A B %, 125 WPU
BB B AT, LA I & mPG &St —F 3 e LRI L B B 5 Ak R A LA, SR A M A%
PR T Mo 7 4h, MUE mPG A2 6948 &, L&At 2% 5t i 85 L Jh, 700 °CoR 5 & T34 19.92%., R E M AL R AN
mPG/WPU &4t 49 4k A AL B | 54045 A0k T 46 WPU; 7 A WPU JR & 7% 9 mPG B, 5L & #4642 4d
3B K B AR RO R S A S R 9K 25 RAE 52, mPG 89 e AT 2 3 A WPU 89 FLK M AR, e WPU R &
10% # mPG B, 5 A+ 04 B ik B 35 3 o MA 231.0 W/g, 8 AR A V-0 B MIRAFEH A 27.8%.,

KGR R L F ARRG B AP IR RURS ; FAMK AR s ) AR

FES%S:TQ323.8  XEtRIREL: A  XEHS:1001-3539(2026)03-0056-07

Preparation and properties of modified anhydrous phosphogypsum/waterborne polyurethane composites
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Abstract : Anhydrous phosphogypsum was modified by stearic acid via a wet method and then mixed with waterborne polyure-
thane (WPU) to prepare mPG/WPU composites. The microstructure, mechanical properties, rheological behavior, and flame retar-
dancy of the composites were tested and characterized. Results show that stearic acid can successfully modify anhydrous phospho-
gypsum via surface treatment. When the amount of mPG in the composite material is 7% of the mass of WPU, local agglomeration
is observed on the fracture surface of the composite. However, the mPG integrates well with the WPU matrix without noticeable
debonding gaps. With a further increase of the mPG content, the agglomeration becomes more severe and debonding from the matrix
occurs, leading to a decline in the mechanical properties of the composites. In addition, the char residue rate of the composites gradu-
ally increases with increasing mPG content, reaching up to 19.92% at 700 °C. Rheological results show that the storage modulus,
loss modulus, and complex viscosity of the mPG/WPU composites are superior to those of pure WPU. The mechanical property
tests show that the tensile strength reaches its optimum value when adding 7% of mPG to the WPU quality. Vertical burning tests
and microcalorimetry tests confirm that the addition of mPG significantly improves the flame retardancy of WPU. When adding
10% of mPG to the WPU quality, the peak heat release rate (pHRR) reaches a minimum value of 231.0 W/g. The vertical combus-
tion grade was V-0 and the limit oxygen index was 27.8%.

Keywords : anhydrous phosphogypsum ; stearic acid ; waterborne polyurethane ; flame retardancy ; mechnical property

BEAE PG Tl FIByksie = A —FhE R Pl &a KEE SR, R H R 2.8
% 5, B TR ZOK B R £5 (CaS0,-2H,0), He 42, FREAE 7 5 PGy AR At 142, b HAy

EEWE: Bk SRR RS H RS 15 12[2026]005) , 5T A FHT 2025 45 F-H R H

BIEEE 0, Bz, WH5E 7 108 A R

YR B 2025-12-12

S| AR WRAEES , XITHAR , 15K, 45 UM TOK B A1 8 K MR SR 5 MR 45 S5 PERBJ]. TR MIBHN FH 2026, 54(3): 56-62.
CHEN Jingyu, LIU Deyu, YU Shufa, et al. Preparation and properties of modified anhydrous phosphogypsum/waterborne polyurethane
composites[J]. Engineering Plastics Application,2026,54(3):56-62.



WRIBHE , 55 BUPETCRBA TR /K P R AR S G AR 4 S 1 g 57

14% # FOFT A, ORI 3880, 34, 6T A
BERR B A, Kt PG HE T8 R 28 b dh , X4l K
AL IREE P LR [ PG A HETC o K
F R IR, HEA AR P A & SR B A
TR TR, RS Y. R, &3 PG T
FEM(E T = B IELAL , X PG W IR B A A AT 2
X, HAG PG BN T M KR, B E
S# I PG BG4 PG AR R OB 212 &
Y Bk PG R EAL A BSR4,

IR Z R (WPU) S —Fh LUK A 20 B i, He
gt bR SRR IR (U — 2R3 Y e — SR B L
S EIREE) S 2 TBE (W R B 2 ool R BRZ T
Pist) 22 3R A s I A e ) R g T R AR, e e SR K
MG RIS SR A s s LAk A
RAEF R T RUE 8T /Kb B SR A siE I
. WPU PR T R sabt btk b 55
WU et [ s PR O sl A4 & A BILI ) LA G
1YY HARTCREMIIL S FoAZ O N A TR R T
AP R FAT M, B B 5 25 41T Rk AR
S H AW AL . B T WPU 58k H 29 P RE R A
BRI T HAE LA EATUR Y2 B

AR R AR B BT M JE K PG DA A
M HURHAS N E WPU H, 358 722 P RE BT fE
RS FIREE I T ANFE K PG i
I A AR R AR S 254, R PG Y R
FEF SR LS P
1 EIERS
1.1 EZRAMF

JC7K PG:500 H (2930 wm), 52098 i A7 7 k3
AP A BRA A 5

TR - 3 Hr el , 2545 AR A FRA A 5

3- 54 3N 3 = £ i e (KH-550): 46 )% >
97%, L ifEA SEMAE AR e A B 75

TeIK T - 4l 5 298% , 7 B ) 1| - Ak 2= A PR
NG

WPU :F402/1926, T 5 HAE T A BRA 7

FETFK R A,

1.2 EBMERELE

E(TG) T : 219 F3, 2 [# Netzsch {{ #5 A
RN

1 B AR R 2T A% (FTIR )Y : Nicolet 1S50, 35

[ R QR A

X 5 £k £ 5F (XRD) X : XRD-6100, H 74 & ¥
N

X S48 5 6 1% (XRF) X : Axios FAST, fif ==
Panalytical /A A ;

TR UYL . MCC-3, 25 [ DEATAK /A 5

EEAR R AR . HAAKE MARS 11T, 26 [FE €2k K i
IR

J7 fEiR B HL . INSTRON3365, 35 [ S e [ A
FRAH]

IR EBRBEIRAY : CZF-3, B 5 VT T Y
sl s

F13 1 WL 185 (SEM) : Quanta 250 FEG, Bt £
Apollo 40 SDD fi§ i {5 X 5 £k it (EDS) 1Y , 55
FEI 'y H]

HLo3 TR, DZF-605, Fig—HRlAE A BR
NGIF

W PR A HEE(LOTX : HC-2, B 5L VLT BN
AIRAF,

1.3 XA &

UETEIK PG (mPG) 1 il %+ 5 JE /K PG U H
BRI Z VR BR 2T, g5 76 50 °CF T8
24 h, 13 BIBR A4 TCK PG 4% 0.2 g B ARIR ¥ T° 20 mL
Je/K I IR FE 15 min, B 5 ARER 10 g PR HY
Jo/K PG A IR W, 8 75 3 HE 20 min, # 5 5
min, 7£ 60 °C F{H R 20 min, B 5 H7E .50 °CF
T 24 h, 55 mPG.

mPG/WPU & & b Bk B il £ - Fe B 1 P LTy,
PRI BE R IR KH-550 {8 A #— % Bid LU IR A 1 8
K CEERN B F oK B S A WPU, E % 5 i
$£10~15 min; 485 il A mPG, 56 # 7 20 min , -4k
ZEWEFE 15 min, B 5 Gefs TRIE b AE IR T4
36 hHUH , J 453 mPG/WPU & &4 8.

*1 mPG/WPUE&HBIEF
Tab.1 mPG/WPU composites formulation

Samples WPU mPG KHS550
WPU 40 0 0
1%mPG/WPU 40 0.4 0.03
3%mPG/WPU 40 1.2 0.06
5%mPG/WPU 40 2.0 0.07
7%mPG/WPU 40 2.8 0.09
10%mPG/WPU 40 4.0 0.12
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Fig. 1 Microscopic morphology characterization diagram of PG
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Tab.2 Chemical composition of anhydrous PG (mass fraction)

Composition Na,O ALO, SiO, PO SO,

K,0 Ca0 TiO, MnO FeO, SO  BaO

2

Mass fraction/% 0.055 0.145 3.198 0.067 60.013

0.023 36.023 0.078 0.016 0.077 0.053 0.231
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Tab.3 Mechanical properties data of WPU and

mPG/WPU composites

Samples Tensile Elongation at Tensile
strength/MPa break/% modulus/GPa

WPU 0.8+0.1 - 0.2+0.2
1%mPG/WPU 3.0+0.2 - 0.5+0.1
3%mPG/WPU 4.0£0.1 500+50 0.6+0.2
5%mPG/WPU 4.240.2 550457 0.7+0.3
7%mPG/WPU 5.8+0.3 580+56 0.9+0.4
10%mPG/WPU 4.5£04 520460 0.8+0.2

Note: samples of WPU and 1%mPG/WPU were stretched to the
maximum stroke of the testing machine without fracture, thus, no valid

elongation at break data was obtained.
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Tab.4 Thermal performance parameters of WPU and

mPG/WPU composites
Samples CY/% T,/°C T ./°C
WPU 0.46 237.2 405.1
1%mPG/WPU 3.05 248.8 401.4
3%mPG/WPU 4.72 250.9 407.9
5%mPG/WPU 8.15 252.4 401.9
7%mPG/WPU 18.55 255.1 406.6
10%mPG/WPU 19.92 258.9 402.4

Notes: CY is residual char content; T, is temperature at 5% mass

loss; T'

max

is temperature at maximum mass loss rate.
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Tab.5 Flame retardant properties of WPU and

mPG/WPU composites
PHRR/(W -
Samples g")( THR/(kJ*g™") UL 94 rating LOU/%
WPU 373.2 29.8 V-2 18.9
1%mPG/WPU 297.3 28.3 V-1 19.1
5%mPG/WPU 263.1 24.6 V-0 22.4
10%mPG/WPU 231.0 23.1 V-0 27.8

Notes: PHRR is peak heat release rate; THR is total heat release;

LOI is limiting oxygen index.

25 AR, e DL B 4380 10%mPG/WPU fiz ly i
¥, 231 kg, B8 22.5%. JRIR & mPG N A2
B mPG/WPU & & b4 ki )2 BHL B (o A g e L i) P 388
&3, Bl 30 FE R 101 )2 TR, P I A )l A BH
KICITRBE . AN, 3 5 Al A1, BE mPG 7RI
om, 2 A& MBI LOLZ #i 2 5 , mPG 4 it 15 ]
WPU Jfi i 1 5% M VA LB, BHBE SR V-0 2 . K]
9 N3 E KB ARS8 F , 7E WPU 7Rk b i 72
o YRR N 5.2 s, T mPG A WPU &)
1% 5% . 10% I, ¥ 7% B5F 6] 43591 o4 10.1.12.97 . 14.68
s, VI mPG #EZE T WPU & & 41 R ¥% , 41k
(FIBRIAPERERS 2R T . 2 mPG US4 WPU Jii i
1 10% B, 525 B EHIT LOT 2 27.8%

(¢) 5%mPG/WPU (12.97 s)

(d) 10%mPG/WPU (14.68 s)
519 mPG/WPU & &M RHE BB I
Fig. 9 Vertical burning photo of mPG/WPU composites
3 it
(1)ifi 3 FTIR 8% X mPG ()70 % 434 , iF DA s
R M TC K PG, mPGAE M ELEHINA S| WPU
H i E R T H kR WS i WPU it 1)



62 AR

2026 4E, 45 54 4 55 3 1

7% I HY PERER G o
(2)ifi 2k SEM WLEE WPU & 544 6k i) W e ml 801
WPU J5i i 7% i) mPG B 7R N, 0% T mPG 5 WPU
AT A, S s FE A SRAR R L
Q)G A M FE v, KB mPG 195 i
AW, A5 B AR R R AR A T
WPU A B A EIAR AR T, ] mPG A AT 2
FHUEE WPU (IR AR HERE
(4)WPU & & ¥ BHE mPG ¥Rl iy WPU Jii &
9 10% I, ARG ARG (R B fe MR, 24 231.0 Wig.
e MR E R V-0 4 . LOI 2 27.8%. [Alif, bl
mPG AN, WPU &5 B RHI S ik R g 2
ETt,700 °CHE AR B i 2 19.92% , BEHA mPG YN
AREW] 42T WPU [ BHARPERE .
& % X it
(11 EFEE, 45, 20008, 5 JREBEA R TS R R R IREE
GRS [T]. IR RFSY, 2025, 38(3):632-641.
BAI Chunhua, WANG Jinbao, LI Guanghui, et al. Research on the
pollution characteristics, utilization and environmental manage-
ment of phosphogypsum in China[J]. Research of Environmental
Sciences,2025,38(3):632-641.
[2] LRSS WA £ R R BRI AT ) B P 5 0 2 7).
AT RRE ST, 2024,39(7):65-70.
ZHU Guoliang. Research progress on comprehensive utilization of
phosphogypsum and its application in environment field[J]. Eco-
industry Science & Phosphorus Fluorine Engineering, 2024, 39(7):
65-70.
31 X, Zeoedde 2 0E . Bl F R BRSO RE S B[] A2 257l
Bl SR THE,2024,39(6):64-67.
LIU Wei, LI Xuefeng, LI Xiao. Present status and application prac-
tice of phosphogypsum utilization[J]. Eco-industry Science & Phos-
phorus Fluorine Engineering,2024,39(6):64—67.
[4] WRDUME, 25, B, 55 B A SR S AU AT R ()], =7
161.,2024,51(9):11-15.
CHEN Hanzhao, LI Degao, HUANG Di, et al. Research progress
on comprehensive utilization of phosphogypsum[J]. Yunnan Chemi-
cal Technology,2024,51(9):11-15.
[5] &P, /NI, 208, 4 . DO 41 7SI SE PBAT 524 iR Ay )
# MAERED]. TARRERLNE T, 2025, 53(1):1-8.
SHU Dingbo, WU Xiaokai, LI Juan, et al. Preparation and proper-
ties of modified phosphogypsum-filled PBAT composite films[J].
Engineering Plastics Application,2025,53(1):1-8.
[6] ZEILE, W57 Bk, &F W E B K SR S BLR Kk JE 1],
SRR, 2024, 51(7):23-31,38.
LI Yuanxia, ZENG Fangfang, YANG Guang, et al. Research status
and progress of hydrophobic modification of phosphogypsum[J].
New Building Materials,2024,51(7):23-31,38.
(7] BRBHLXUNCLL, 56 R, 45 A B R LRI AR il 4 S e
WFZE[I]. BTl , 2022, 50(3):49-56.
LEI Yang, LIU Yinghong, WU Liangxi, et al. Performance and

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

study on the preparation of phosphogypsum/polyethylene compos-
ite[J]. China Plastics Industry,2022,50(3):49-56.
ZH BT, TN A IR R X A8 I SRR (0], JELER
Tolk,2009,41(10):47-49.
QIN Jun, JIN Cuixia, YU lJie, et al. Surface modification of phos-
phogypsum by stearic acid[J]. Inorganic Chemicals Industry, 2009,
41(10):47-49.
Wk oK PSR AR 4 T a5 BT SO0 0] AL LA BE, 2025(24):
152-156.
YANG Bin. Molecular structure design and optimization of water-
borne polyurethane[J]. Chemical Enterprise Management, 2025
(24):152-156.
5%, SRR, 3% K M SRR A 2R AR 1) & U A K
PRI B []. BRPG IS R A2 4 (A SR , 2026, 54(1):
84-93.
FU Hao, GONG Linbo, GONG Shuling. Synthesis of waterborne
polyester-modified polyurethane and its application in waterborne
coatings[J]. Journal of Shaanxi Normal University (Natural
Science Edition),2026,54(1):84-93.
AT, TR 8 KM B R IBORN ) B WS U SR D). AL S kG
£,2025,47(4):460-465.
GAO Dongyuan, ZHANG Guangxin. Research progress in water-
borne polyurethane adhesives[J]. Chemistry and Adhesion, 2025,
47(4):460-465.
Wit , L, B84 D Re MK M B AR A B AU U Y 1o
JHBFFEaE ], o 4, 2025, 54(3):5-10.
CHEN Nan, WANG Kai, WANG Zhi, et al. Research progress on
the application of functional waterborne polyurethane in leather
finishing[J]. China Leather, 2025, 54(3):5-10.
EWLRE, 5, 55 e T 56 BANZT A G U Y A K 2
RE[D]. EIEZi 4R, 2025, 53(4):34-37,79.
WANG Gang, SONG Bing, WANG Liang, et al. Preparation of
nylon 56 microfiber synthetic leather and its mechanical properties
[J]. Shanghai Textile Science & Technology, 2025, 53(4): 34 —
37,79.
Tk S OGN MK MR R b S A e ) A S G REDT
FE[I]. T EA TR TARE S BT, 2025,45(6):136-138.
WANG Lei. Preparation and properties of waterborne polyure-
thane ink resin under green synthesis process[J]. China Petroleum
and Chemical Standard and Quality,2025,45(6):136-138.
A, 535 T, PRI, 55 . S AT BRIR = R UM R ISR /K M 5
B URIRT P RERIBTTEN]. BEMAAR, 2025, 58(8):63-68.
ZHAO Bo, FENG Hanyu, SHU Xina, et al. Study on the corro-
sion resistance of graphene oxide/melamine phosphate waterborne
composite coatings[J]. Materials Protection,2025,58(8):63—68.
Wt (EAR, XL, 45 . O SR Ab A SR AR AR R S 5 bR i
KRR R 2 By SR B P RR AT ST [0, AL TR AR, 2026,
54(2):136-143.
RUAN Shicheng, WU Lin, LIU Ying, et al. Research on anti-
corrosion and antistatic properties of waterborne polyurethane
coatings reinforced by modified graphene oxide/polyaniline

composites[J/OL]. New Chemical Materials,2026,54(2):136—143.



