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F1 AR TR DMF & 6

Table 1 Residual DMF content in each sample!***!

sample HNS-1 HNS-2 HNS-3 HNS-4 HNS-BM

residual DMF content/% 0.20 0.14 0.04 0.10 0.00

2.2 XHLHRHSEIHH

SR T B A FUI A R B R IZ Ak AR T R AT A i)
B, 28 T 105 AR 22 (RMSE) Al & B 80 (R) 1
YT (4 PE BE PE MY 8 B . RMSE J2& — P i £ A% U
DU AEDRS 2 A 36 B, RMSE R ARG, 150 FH A5 8 T50300 4 &%
5980 2 ) i 22 N BB A =R (3) i
IR REFHF i AR S0 A L5 ROR , R 5 1 R, U
AR AR P S RO gy, P A = (4) s .

(3)

(4)

A, n g REAR B 5y, B RS B S B TR
N P REA BB RO 5 y o B A REAR S 56 T A
7 PR o e X AR TT I FATASALRE U8 A ROEAE A
[ A5 A8 g 000 44 R, 3 R A O T g s R LAY R4 Y
1ZALBE T, DI Ay 8 440 HINS [T AR 228 A frg 1900 44 A3k v
77 4%
2.3 REWE
2.3.1 HFEFIERMEL

(1) BEHLRRMRAL R

B #L 7% #k (Random Forest, RF)"*J& —Fh 78 Il 4k
5 b ZUCRFER A 1 224> P S 3L (7] i 45 2R 1) B
)Rk o MO BB A L AR MR A 2% R
SR AR R AR R B B T R O, D B
SRR BT R o UG B b, B 0 SRR A 2> 0l
1o 366 9 84 J7 ORI 2R 80 Sl o3 o BN B T4 AR
DEAL 2% T B b5 o, DT SE BIRG B 2025 o BEDLAR AR T
FETT TR A AL BE J1 , b 3 b A T 8 O 22 ok
REAR T 22 190705 o BEPLARMRAE Z A B2 SUSUR B T
BRI PE SR 1, B e W s 4R 4 1 s AT ) B SCFE
L SEBR L R T BE S

X T I AH 2 Bl o i T 25 RS2 BT AT SR Tk
S I [R] PR RE 19, 2 T A DR SRR O A A T 45 2R 19 1
P o RFXPREAS TR0 25 2R 9 %t 3o B T AR

A A AL www.energetic—materials.org.cn



HE T HL AR 5 09 A0 HINS [ AR 28 1 0 452 Y

5

T

z (x)

H(x) =+ T (5)

Horp, HOO N BERLAR AR RE AR x B &R TN 45 2R 5 TR
DA BRI 5 h(x) R 25 ERRAR R REAS x ) 0 25

(2) 23 [u] ) A5 A

Z 3 X [71 5 (Polynomial Regression, PR)"“" & —
o3l 3ok [0 05 23 A 1) D 0, DT B R 7 A B 2R
) 52 2 p A 2 M G R o PR 2l o 4 £k 1 [l ) A6
T T4k 1 77 U5 BRI 9 AR M5 o X TG
F A EE AT LA X (6) #EAT 5

y=a,*ax+--ax, (6)
A, a,,a,, 00 La, B E X, X, e L X, R FEAR x )
S .

Eax g HiE TG L X2 mEds . 178
JUBEE (354 iSFNUEAE/ NI ER S DI NE RS =i R/ &S GO
TR 500 S 38 s A 9 25 (R rp o AR AR iR Y
S5 R R 2, BB B LA A TR
y=a,+ ax tax, tax +taxxtax; (7)

X7k 320 T O T M ) A7 A AR e IR
BT O . AR TP A BT PRECBIREAE I AR B &2
BARRFAE , P AE AR 2 3 5 v BB AR LAR 0

22 3 5 1] U5 AN 5 4 b 4 R e v iy AR Sk
e, i R PR T AORE B 09 IO 25 2 . SR, Bl A A Y
52 AR EERE N RE R 2 H AR R UG B AT
REss I LG o X R A R AR AR R A I R R 4
I E A TR I, I R W T
R o A Tk PRSEEY 9 2o 300G O 1 OR ST (9 32 1L RE
IR RIS Y H R BB L
% 22 30 A A, FRATT BB A8 AE £ TEARE A T U ORG Y
() FSF, 24 45 S X A RN 500 1) B 4 o7 M
232 EFILSWEREKHES

F T 21 HINS 1 [ AR 2446 2 & OR 1 SR P A L
il HAR ARV R B AR R ORI . S T XS L F
AL 27 SRR W 5EKs LSW AR B R AT T Ak, X 8
4 HNS [E AR 200k 20 07 22 0 il B AT LG o S T A
RUTH 3 B T A R A HNS UKL 34 S Y 5) Bk, A
1M SSA By I3 28 T AT 46
ssa= Ao AT 3 (8)

m 4 . pr
Ep’rrr
K, p BB, g-cm™; r HPURLFEAE , nm. LSW AL B
SE S R A K ek o Y

CHINESE JOURNAL OF ENERGETIC MATERIALS

r’=rl =Kt (9)
Ao, AEE S IR UG A8 nm KA 8L ¢ o8 Bk i
[, he R4 (9) A1,

r(t) = ro(t)3 (10)

tO

Ao, ¢ AR B b rCo S B AR B TR A s AR,
nmo K10 AR AZ(8), AT DL i 5 7 1k ] A2 46
SSATHA AL

SSA = > . =() (11)
pr(t) [\ P
pro()

K ETRE S G R SSA=12.75 m*-g ™',
HNS 1% B ps=1.74 g-cm™ BT IREFE] (=1 h, LA
A (2) 5 RSSA R FE A N -

1.352 -1

RSSA = t3 (12)

Iy

TR BRI SR — 2P Al R o A

1.352
RSSA = a % t*+ h (13)
b+dxcxT’
Hrra,b,d,e,f,g, hhZH; c HEAR DMF &, %;

TR ,°Co BRI 8 T L 5k 4y DMF &%
e A R B R G B R RS ] A 2 T 2 R BRORS W T
I, 30068 T AR Bl A K A 25 B AR BIL A e B Bt s TE Y
0 e s B A 2R

3 A RIS 5

KT PR RF 57U 3 9 F ML 25 2% > 537k DL
KA A S5 B LSW 28 56 B2 70 XF RSSA B s 474814, LA
TR A0 HNS B A2k 2. R FIRESHES
B 2 V) ) Bt A 25 KR, R R R ST G R S K
HEAT T A — R Ab B

75 RF 10 i 8 v 3 28 2 o A8 S 50T i1k
DAL, ke S B B0 T=6, I 2R 45 R a0 8 4a iR . £ 00
2 [ T A5 R ) 1 25 o A b ot 2 3 RO B S B AT
b, IR B A A R (14) B %, %125 48 0 15100 4%
FANE 4b s o ARG I LSW 2RI TR (1 3)1] 25485 5 4
K15 R, WL K 4c s . Hh B Epekitx
PRI y=x, BTl Ok S 96 1A B 1Y RSSAME , S\l 2 15
RUTGI Y RSSAMH o PRI, (53 5 3 AR oty 4 bk 422 00, Ui
AL TR T I 5 A S 56 A5 280 1) T =2 ] 1R 22 )N

0.29Tc

100 (14)

RSSA=0.99t-2.15t*+0.32¢c+1.02¢* -

o
Il

o XXXX & XX A& HXX#8 (1-11)

4



6

R, M, U0E , E O TR R, AR, B, X i

®2 RFGESB AT RAABESHAE

Table 2 Hyperparameters of RF and optimal parameter set in this study

[42]

hyperparameters

physical significance

search space

optimal value

n_estimators

max_depth

min_samples_split

min_samples_leaf

max_features

bootstrap

number of trees in the forest

maximum depth of each tree

minimum number of samples required to split an internal node

minimum number of samples required to be at a leaf node

number of features to consider when looking for the best split

whether bootstrap samples are used when building trees

[50, 100, 200] 100
[None, 10, 30] 10
[2,5,10] 2
[1,2,4] 1
['sqrt’] sqrt
[True, False] False

£3 PRGBS EMAW R BB S A S

Table 3 Hyperparameters of PR and optimal parameter set in this study

[42]

hyperparameters physical significance search space optimal value
degree the highest power of the polynomial terms [2,3,4] 2
interaction_only whether to generate only interaction terms instead of higher-degree terms [True, False] False
alpha the larger the regularization strength value, the simpler the model [0.1, 1.0, 10.0] 1.0
1.00 1.00 1.00
0.90 / 0.901 0.951
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3 / 3 £
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4 RSSA R =Bl A R
Fig.4 Scatter plots of RSSA training datasets for three models
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Fig.6 Characterization results for the particle size and morphology of HNS-3, HNS-4, and HNS-BM
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Solid-Phase Ripening Prediction Model for Ultrafine HNS based on Machine Learning

ZHU Jin-can'’, WANG Chao’, CAO Hong-tao’, WANG Dun-ju', ZHANG Hao-bin?*, LI Shi-chun?, JIN Bo', LIU Yu'*
(1. School of Materials and Chemistry , Southwest University of Science and Technology, Mianyang 621010, China; 2. Institute of Chemical Materials, China
Academy of Engineering Physics , Mianyang 621999, China ; 3. School of Chemistry and Chemical Engineering , Chongqing University , Chongqing 400044 , China)

Abstract: Ultrafine hexanitrostilbene (HNS) is widely used in explosion foil initiators and related applications due to its outstand-
ing thermal stability and excellent high-voltage short-pulse performance. However, its high surface energy during service process
leads to solid-phase ripening. Previous studies have explored the effects of temperature, residual solvents, and time on the solid
phase ripening of ultrafine HNS, but these investigations primarily focused on isolated or narrowly factors. Currently, no multi-
variate predictive model has been established. In this study, a predictive model was developed based on previously obtained
small angle X-ray scattering (SAXS) data, including specific surface area (SSA) and relative specific surface area (RSSA), ob-
tained under varying temperatures and residual dimethylformamide (DMF) contents. The model was constructed using machine
learning algorithms and optimized empirical models. It comprehensively accounts for time, temperature, and residual DMF con-
tent in its predictions. The results show that on the training dataset, the random forest (RF) model achieved an R? of 0.9989 in
predictions, while the polynomial regression (PR) model and optimized empirical model attained R? values of 0.9091 and
0.9129, respectively. By comparing the prediction performance of these three models, the most suitable model for predicting the
solid phase ripening process of ultrafine HNS was identified. Furthermore, purity tests and scanning electron microscopy (SEM)
characterization revealed that particle characteristic variations exert significantly influence on the extent of solid-phase ripening
in ultrafine HNS. A predictive method was established for the solid-phase ripening process of ultrafine HNS, laying a foundation
for investigating its aging mechanisms and optimizing storage stability.
Key words: ultrafine HNS;SAXS;solid-phase ripening;machine learning;particle characteristics
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The storage stability of ultrafine hexanitrostilbene (HNS) deteriorates during solid-phase ripening. This study established a
dynamic predictive framework that integrates time, temperature, and residual solvent content by employing random forest (RF),
polynomial regression (PR), and optimized empirical models. The framework revealed the evolution of the relative specific
surface area (RSSA) in HNS particles under multivariable interactions, thereby providing a theoretical basis for optimizing

storage conditions and designing inhibition strategies.
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