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Analysis of the Effect of Humidity and Heat on Aging Performance of HTPB Propellant

ZHANG Xiao-jun, XING Peng-tao, ZHU Jia-jia, SHU Hui-ming

(Xi’an Modern Chemistry Research Institute, Xi'an 710065, China)

ABSTRACT: This paper aims to grasp the influence and contribution of temperature and humidity on the mechanical properties
of HTPB propellants during the aging process. Accelerated aging experiments were carried out on HTPB propellants under dif-
ferent moist heat conditions, and the weight loss percentage and mechanical properties of propellants with different aging times
were measured. Combined with the action mechanism of the propellants under temperature and humidity, the change rule of
weight loss percentage with aging time was analyzed. The double factor variance analysis for the hygrothermal aging process of
HTPB propellant has been carried out by using the maximum tensile strength as the index. The results show that humidity plays
a leading role in the influence of the weight loss percentage of HTPB propellants. There is an inflection point value of humidity
(between 75% and 85%), greater than or less than this inflection point value, the propellant follows a different weight loss per-
centage change rules. The F value of temperature and humidity on the analysis of variance of the maximum tensile strength of

the propellant is greater than its critical value, which has a significant effect. In comparison, the impact of humidity is more sig-
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nificant. The influence of temperature and humidity on the maximum tensile strength of propellant increases first and then de-

creases during aging. The effect of temperature-humidity interaction on the propellant was not significant in the early and late

stages of the test, but it was more significant in the middle of the test, which also showed a law of first increasing and then de-

creasing. The contribution rate of humidity to the maximum tensile strength of propellant is the largest, followed by temperature,

and the interaction is the least. From the time axis, the contribution rate of humidity shows a monotonically increasing trend,

while that of temperature decreases monotonically, and the interaction shows a parabolic trend.
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Fig.1 Curves of weight loss percentage and aging time of propellant under different humid and thermal aging conditions: a) rela-

tive humidity < 75%; b) relative humidity = 85%

HRAE QP 1 R0 o 40 2k 43 kS 2 AR R ] i
O F T R 1 790 S5 o 40 2K 43 B0 5 i AT X 53
(R RVl e

1) AXHEEE <75%, ¥R 60 'C/75% ., 60 ‘C/65% .
70 ‘C/75% 5%, Wil 1a s o HAEdE R o 30 2
52 R h & oo 2 BB SB—BrB, B
IR ECT R, ULBEIE R T AE R i, B
FW A R SRR, RIS | AR 1 5 — AL
il EZAER, A A RS =R LEE IR R, B
T BB, B ORI, X BN
R W AR B GRURN ,  Ah T B AR XA IR
5| e JoT HE AR A 5 — R LI A A S R, TS
FhRIERS = FhBL I A4 FEAR X 28 8, ATl g 7] ot et
B R R, FEARFENR AT, 70 CF R BTEHR
SEOR ST 60 CHRMAT, HIEREREKE, 5
R AR B 5 A RN AR = R IL ) & ROAE A O,
BT RS e 2

2 FXHEE =85%, XF 1 60 C/85%H1 70 C/85%
PR, WL 1 IR o IR AT MR 0 T R
DB AR B < 75% 100 F 595 A BB,
Ui B AE X0 = 85% 1 L T — ELE W 5 = EH .
SHXHR R <75%RH EOCAHML, AHERRESRET,

TR, LR RS A B, (R AR <
5%, T =85% E ML T, R X i 45 2k 4y
AT

SCHR[201FI FHAUA 2 07 225301 77, 43 W 1 L
T B HLAE A FH G 7 R 3R ( i i 2R i ) —
FRREARIE ) RS2, DA VG 3 X6 2 550 1) R ke =
SEM . 25 DL RGBT, INNAAE— R
PrmiE, RFEUNT AP 58, R 206 A [F]
JT AR R AT B AL R
22 BEENEZFESH

o mE PR VTHR BE TR R RN IR 3 HARE
HTPB e A Sy 2P RE RS2 i e, DIR#E1kit
5 A4S 2 9 e KRBT PR B e A, DU FIR B R 52
Wi R 2%, S L PR 27 25 A A e i 210,

Xijk =,u+ai+ﬂj+7/ij+gijk

(=127 =12, 55k =1,2,---1)

r S r S 2
2.4 =0.25,=0.2 ;> 7; =0, @
i=1 =1

=l j=l

Gy ~ N(0,0), ELITTAT 1.2, M T 37
S W RKHTRIR R BE A o, A



" 48 - TR N B

T # 2022 4F 2 H

F A CREE) W95 i KV A R R hr s B2 A 45
OSSN B % B QN ) B35 K- B, Rt
SR MRS R 5, WIRIE A, RIS B A
VB e KT Hr o B MR 5 R 520 5 e 27K T4
B (i, B) T 55k W RS A B IR 22

G 0 T | N R R IR T R A2 HLAE X B KB
JEME R B e 5 0.2, o EAT an R

Hy: oq=a,=-=0a,=0

Hyp: fi=p==p=0

Hy: y;;=0, (i=12r, j=12,,5) ()

TN SRAR VRS, 150 BH PR 55 PR 2R 0 1l 46 415 8 52 il
W,

N T XS Hoyv Hop VALK Hos BEATHSER: , IS J5 R0
Gy, IR AR Y SR 2 S R

Sp =8, +85, +S5+Sas 4)

t r
Z(Xijk_Xij-)z s Sa =SIZ(X1'--_X)2 ’
i=1 j=1k=1 il

Suun =tZZ()?ij,— X, -X , +X) (5)

ros t t
AP QU o) o SIS SR OF SRS A
rSUS ke =

LSSy, X, =L S x, . H, s i
SUi k= o

jf*u;SA ﬂ] SB ﬁj\inﬂjj‘ﬂ*[% A ﬂ”ﬁ? B E/‘J‘leji*ﬂ,SAxB
h S HAE -5 il

B B GE T

24 Hoy WL

S,/ N B B
F,= —Se/rs(t D F@r—-1,rs(t-1)) (6)
24 Hoy WS

_ SB/(S_I) - _ _
Fy _—Se/rs(t—l) F(s—1rs(t-1)) (7
4 Hoy ST B

_ Sup/r=D(s-1) e B

Fap = = == Dars(e=1)

(8)

I, FTRAH Fa. F Bl Faxp 53 5IWEN Hoiw Hoo

M Hos MK I GEi 8L . X245 0E BEMK a, K5
WIR5R 2 2 Fa>Fi (=1, rs(=)iF, J048 Hoy, 5
W2 Hors 4 Fp>Fy o(s—1, rs(=1)F, 452 Hy,, 75
JﬂUﬁé% Hy,; %1 Fag>Fi_((r=1)(s-1), VS(l‘*l))HﬂL, Tﬁé@

Hos, T2 Hoso Fa. Fg Fl Fa W LARIEZN3)AN
K(6)—B)IH AR, Fi, TLUE F oA #oKA5 .

WL R, TERAS SR RS BT
Ji RSl b, dE— 25 A R X I AR AR F Y
TUBRR, X R s A, BT
(&S YN NS eSO A R e g AN b= A T 157
e 22

HR A LR AU 2R 7 2508, el 1.2.1 5 rh 4 41
FEAR B IRIR AL 5, BALRTEy 1, 2, 8. 12d
(R fe RYTPIsR RS (L3 1) S T3, B
EIKFH 0.05, W22 ras Lk 2, Hp Fooh
F Gt m i S BB b, &K
PLHISR T STk R LR 3. FEEs R FE, B
FIKFT Y Fone A4 PR ZE X i K BUPLHE B 1 TR R
MRS E LA 2,

F1 BAZURENE KRR EHE
Tab.1 Maximum tensile strength data of damp heat aging test

MPa
Bk Z A Fa]/d
M 1 2 8 12
60 ‘C/75%  0.7356  0.6469  0.4438  0.5402
60 ‘C/85%  0.3823  0.2842  0.2379  0.2533
70 ‘C/75%  0.5079  0.4265  0.3911  0.4156
70 ‘C/85%  0.2724  0.2186  0.2021  0.2095

F2 BRATMFREEEAZUARRMHAESTH FE
Tab.2 Values of ANOVA for maximum tensile strength at
different days of damp heat aging

y K¥/d

%J ﬂlﬂ% %/ﬂs éﬁ Fcrit
1 2 8 12

HERZ A 11131 91.65  616.33  30.04 5.32

BENEZEB 630.13
LHAEH
AxB

635.80 6440.33 631.75 5.32

5.31 17.47  147.00 1.75 5.32

#*3 BE. EEREXEERANRAEENTERKE
Tab.3 Contribution rate of temperature humidity and their
interaction to tensile strength

%
B EALKELd
1 2 8 12
HERZE A 14.91 12.30 8.56 4.53
WEHRZE B 84.38 85.35 89.40 95.21

ZHAEM AxB 0.71 2.35 2.04 0.26

M1 FIE 2 FTLAE Y, 93 R 3 X 2 591 e
KPTHIo T 220 M i) F A KT G FUE Fow,
Wik 2 . AR ERI T, YRR AR T N i, A&
AR, R R R B VR R B e L R
Femkash, IR HEAERERREI (1 d4) MM
(12d) XHEHAFAERARE, mERSHY (2.
8d) HIXEE K, [FIREELELH Johh K /MR



1ok 2

SR ZESE . HTPB 50 & 1 14 BB IR FA i 4347

< 49 -

16 000 [0 HRA GRE) B EHB (RE) 3

B RHEAMH AB B Fei

1 000

100

FlE

10

1 2 8 12
EHREUd
agiitE

A 2

TR/ %

100 O FNFKA (RE) B HEKB RE) 0 RKEAEM AB

%
2

2
oo
o2eto

<
<
22

CRI0RIR
RREKLLIK
Sototetetototetets

X
5
R

ST
3

%,
R

0539
RS
otedets

<

<
2>

o

<X

%3

29%%
%
XK

%%
S
026

09S
%ol

0%
o
<X

0%
%
<X

S TTOTTOTeTe
FKK
RRRRK

o
R

HTTHRRS

1 2 8

AR EUd
b FERFE

TRRE AR R R LA T PR B i R 5 E ) 5 IR L

Fig.2 Comparison diagram of the effects of temperature, relative humidity and their interactive factors on the maximum tensile
strength: a) statistical comparison diagram; b) comparison diagram of contribution rate

RSP (1d)5), | HXNEEEN FAES
Ak 111.31, 630.13, HIKRF Fou, UEHHIREE AR
BAR AR FE G R ) i KPR e A R R AR R B M
XHREEN FAEM SR FIREER FAE, VLB X
PR T 5 R ) A S R R R IR A
YERIW) FAE N 5.31, /NF Fo, WA RE ., 4567
7 o o 0 2 T B K A i B ot = A s (] 9 A8 AL R
B, B B IR 5 R 3 B0, A R T
i, S RKHPLAREREE N . TN, FEZBY B, AHXT
THNAASIRSE , I N F IR R K, AR
b RV A B 22, VRS T R B 25 I HE Bl N B A
PEFIPR, JE—A IR £ S R EEE LB BE, UK
IYWEIR T ORE AR LR B B RS B, Ak Y
ISR FRE ™ [, RIS T R A 500 (0 K e i 2
B ) 5 AR B [ TR R e R R W
YRR A VE T, 5 B RAR, H R M v
DAFEAG I 0] P S B, SR REAH E, H e R {5 i
1) 5 I A5 SR RN  BH 4

g (8d), WAL, WA S HAZ B AR
N F SR BT, 4r0liEE] 616.33. 6440.33
147.00, I KT Fop, sEMMHEE, SFHEEW
SEMR RN ™ S, IR TR P B4 K G %o R AR /R AL T
(B SR AR TS B ), 7o T 7 il R — 52 ) sf i) R R
Je, SRR A W R, e R AR Y
YERFHEAR S, TR AR00 , RN HE 57 o & AN
Wrssfin, SR P B R TR S . TR, BB
by v BRI RERY |5 A B B, Wy L A A
FEA, AR RE A 70 (0 7K ik W 4k 2 1t £ 724
LR A 790 A W7 ok S5 K T SR A SR Ik e =R 1261

IR (12 dJF), &, B K EAE
FEZmE TR, FAES 50 30.04, 631.75. 1.75,
HAR B FAEB AL 2 d WA T R, WY F A4
&4k 2 d B 3EAR—2, KEAEHR FENFIRR
L, 100 P I8 88 X e 8 390 o A A i 82 1 52 i 4 R A o
TR, SR RER S TRRCE, 138 AR A
W3 S T IR L, R A d R A R

B E . i, SRR ALHE A T SRS HE S
F S B0, BB B IR RS 20 R W AE A
T BE S 1 SR A S R R B AE AR, AR IR B VR T T
TR, (A5 EENERBTREML, 76 m Ry WieE
5 AACHE A 50 4 R 2 A s B S LR, (454
) ) d5e A A i B A Jr [l 7

INTTRR R ) T, 0 o 4 a0 5] e T (e i
TR R e K, IR AAE 80%A I, HBfEALRf A
THEAHY, RE R 95.21%. i A 5Tk R BE 2 1Lt
[N, S HAE R STkR eI 50N
3 #it
1) SREEXT HTPB i 751 5 1 151 2% 4 5000 52 ik
FREM, FrE—MBEERE, K TFS/hFX A
S(E, R G AN [R] 0 o 2 AL, AR A 4
B, G FHENTF 75%F0 85%(H] .

2) IR R R X A A S KU P R A R
U I SN A= T L4 b= I S e oy i
IR R BE A S e A B SR L R R R
A IRIE AE EAE AR 50 A 0 RS S X ) A 52
M AN 5 2, AR R TP O 0, (AR S B S
K SRR R

3 ) HEEE A AR e A B R 5 M) ) TR R
K, WERZ, ZHAEMR/N. NI LR, B
1) BT Rk 3 ¢ B kg PRLORT B 10 R A, YRR Sk PR B U
P R H ARSI

SE R

[1] AES5IE, EFEL. KHEZE 5 M. dea: shEdE
T Tl B2 wl, 2001,

TASK Zheng, WANG Ze-shan. Theory and Practice of dy-
namite [M]. Beijing: North China Chemical Industry Cor-
poration, 2001.

JEEM, AR5 IE. KW BLEIEREM]. dbat: FEB T
Ak AL, 1983.

ZHOU Qi-huai, TASK Zheng. Physical and Chemical

(2]



+ 50 -

i 2022 42 A

[11]

[12]

[13]

Properties of Gunpowder[M]. Beijing: National Defense
Industry Press, 1983.

DING S, KHARE A, LING M T K, et al. Polymer Durabil-
ity Estimates Based on Apparent Activation Energies for
Thermal Oxidative Degradation[J]. Thermochimica Acta,
2001, 367-368: 107-112.

ANTON Chin, ELLISON D S. Cartridge Actuated Devices
(CAD) Service Life Determination and Extension by Mi-
crocalorimetry[C]//29th International Pyrotechnics Semi-
nar. UK: [s. n.], 2002.

RLDG, BT, FR, F. AR S R AR RIS
NEVEBESE[T). W AT 2 TR Be o 4, 2007, 22(1):
161-165.

WU Hong-guang, DONG Hong-yuan, QI Qiang, et al. Re-
search on the Ocean Environment Suitability of Shipborne
Weapon Equipment[J]. Journal of Naval Aeronautical En-
gineering Institute, 2007, 22(1): 161-165.

JUDGE M. An Investigation of Composite Propellant Ac-
celerated Ageing Mechanisms and Kinetics[J]. Propellants,
Explosives, Pyrotechnics, 2003, 28(3): 114-119.

SRABAR, #Ealifs, Mol 4. Mg X TR
PERERYZIR[I]. KHEZ24I, 2012, 35(3): 71-74.
ZHANG Xu-dong, DONG Ke-hai, QU Kai, et al. Effect of
Moisture Ageing on Mechanical Performance of HTPB
Propellant[J]. Chinese Journal of Explosives & Propellants,
2012, 35(3): 71-74.

K2, W, TR WHIREEXT RDX/AP-NEPE ik
I PZ A R 1A VERERI WA ], K K274, 2014,
37(6): 65-69.

ZHU Yi-ju, CHANG Hai, DING Li. Effect of Humid and
Hot Environment on Thermal Safety and Mechanical
Properties of RDX/AP-NEPE Propellant[J]. Chinese Jour-
nal of Explosives & Propellants, 2014, 37(6): 65-69.
TEE, Hhon, Amd. AR 2R R
52 W [J]. ¥ ZE 0 & TR S BE oE 4, 2008, 23(5):
524-526.

WANG Yu-feng, HONG Liang, LI Gao-chun. Experiment
Research on Effect of Wetting on the Solid Propellants'
Mechanical Properties[J]. Journal of Naval Aeronautical
and Astronautical University, 2008, 23(5): 524-526.
W, WO, S, 4F. HTPB RN e (LR
R At Sc g ). #EEER, 2010, 31(3): 351-355.
CHANG Xin-long, JIAN Bin, LAI Jian-wei, et al. Experi-
mental Invetigation for Hygrothermal Aging Law and
Damage Mode of HTPB Composite Solid Propellant[J].
Journal of Propulsion Technology, 2010, 31(3): 351-355.
SRIRAR, mhEl. SEEAE T R IR 2 AL 5 TR
PIVEFIRLAERT]. AR #TR, 2011, 34(4): 482-487.
ZHANG Xu-dong, QU Kai. Action of Hydrogen Bond
during Moisture Ageing and Drying Recovery of HTPB
Propellant[J]. Journal of Solid Rocket Technology, 2011,
34(4): 482-487.

BIDDLE R, BLACK R, BRENN C, et al. Temperature and
Humidity Aging Studies on Low Flame Temperature Pro-
pellants[C]//7th Propulsion Joint Specialist Conference.
Virigina: AIAA, 1971.

WRE, 2, R, 4% NEPE R g LRkt
0] FHEAEL, 2009, 17(2): 236-240.

CHI Xu-hui, PENG Song, PANG Ai-min, et al. Humidity
Aging Behaviors of NEPE Propellant[J]. Chinese Journal
of Energetic Materials, 2009, 17(2): 236-240.

[14]

[16]

[17]

[18]

[22]

(23]

[24]

[25]

[26]

HWIBHE, B4, PEZI, . NEPE it IR0 114
R[], EREAERL 2010, 18(3): 309-315.

CHI Xu-hui, PENG Song, PANG Ai-min, et al. Humid-
ity-Heat Combination Stress Aging Behavior of NEPE Pro-
pellants[J]. Chinese Journal of Energetic Materials, 2010,
18(3): 309-315.

BRIC, wCH, EHeHE, A5 JREEXT HTPB & Gk
1A PERERISEMAT]. K KEZ74R, 2009, 32(6): 84-86.
LUO Tian-yuan, HUANG Wen-ming, WANG Yan-yan, et
al. Effect of Humidity on Mechanical Property of HTPB
Composite Propellant[J]. Chinese Journal of Explosives &
Propellants, 2009, 32(6): 84-86.

TR, ZFEEF, THEE. B LS EREE T
I AF R R A I )], KXEZY244R, 2008, 31(6): 87-90.
WANG Yu-feng, LI Gao-chun, WANG Xiao-wei. Storage
and Life Prediction of Solid Rocket Motor in Sea Envi-
ronment[J]. Chinese Journal of Explosives & Propellants,
2008, 31(6): 87-90.

QU 1113—1987, EA A= FIEREI L HIARELS).
QJ 1113—1987, Sample for Performance Test of Composit
e Solid Propellant[S].

QJ 1615—1989, &4 [AIMAHE 7] B ) v A 404 540 B AN
A T M € D7 ¥A (S

QJ 1615—1989, Principal Curve Determination of Uniax-
ial Tensile Strength and Elongation of Composite Solid
Propellant[S].

QU 924—1985, B3 AP LR L i 33 (9674 [S].
QJ 924—1985, Uniaxial Tensile Test Method for Compos-
ite Solid Propellant[S].

WHOE, WL, AW, & RIS T HTPB ek
AR AERELT]. KHEZGR, 2010, 33(3): 76-79.
CHANG Xin-long, LAI Jian-wei, WANG Ruo-yu, et al.
Hygroscopic Properties of HTPB Propellant in the Hydro-
thermal Environment[J]. Chinese Journal of Explosives &
Propellants, 2010, 33(3): 76-79.

S, AR, ST MRS M. Kb
BHER A ikt 2003

WU Yi, LI Yong-le, HU Qing-ning. Applied Mathematical
Statistics[M]. Changsha: National University of Defense
Technology Press, 2003.

fEEE R, BB S5 M]. %6 2 i dest: w5
A AL, 2003.

REN Lu-quan. Optimum Design and Analysis of Experi-
ments[M]. 2nd Edition. Beijing: Higher Education Press,
2003.

DAVIS D. Use of Dilatation in Understanding Composite
Propellant Aging[C]//37th Joint Propulsion Conference and
Exhibit. Virigina: AIAA, 2001.

SEA, XURE, sRAT, AR BRI M RE X M.
Kb EBRHR A AL, 1987.

PENG Pei-gen, LIU Pei-liang, ZHANG Ren, et al. Per-
formance and Principle of Solid Propellant{M]. Changsha:
National University of Defense Technology Press, 1987.
erkk, AR, FER, S ZA FEARERERIM]. AL
s TR, 1994,

HOU Lin-fa, ZHANG Chun-sen, ZHOU Xue-gang, et al.
Composite Solid Propellant[M]. Beijing: Aerospace Press,
1994.

CHRISTIANSEN A, LAYTON L, CARPENTER R. HTPB
Propellant Aging and Service Life[C]//16th Joint Propul-
sion Conference. Virigina: AIAA, 1980.

Il B



