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Abstract: 　 T h ree thermok inet ic equations describ ing the crystal grow th p rocess and tw o relat ionsh ip s betw een the

param eters and the constan ts of the k in2et ic equations are derived. T he to tal heat p roduced and the rate of heat p ro2
duction du ring the dilu t ionöcrystallizat ion of RDX and HM X from dim ethyl su lfox ide, cyclohexanone and n itric acid

are m easu red using a Calvet m icrocalo rim eter and a model RD 21 conduction calo rim eter. T he thermok inet ic data of

crystal grow th p rocesses of RDX and HM X are treated based on the derived equations and relat ionsh ip s. T he resu lts

show that the exo therm ic dilu t ionöcrystallizat ion p rocesses of RDX and HM X acco rd w ith the Burton2Cabrera2F rank

dislocat ion theo ry.
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摘　要: 导出了描述结晶生长过程的 3 个热动力学方程和这些动力学方程的参数与常数间的 2 个关系式。用 Calvet

微热量计测定了RDX 和HM X 从二甲基亚砜、环已酮和硝酸中的稀释ö结晶总放热量和产热速率。用导出的方程和关

系式处理了RDX 和HM X 的放热稀释ö结晶生长过程的动力学数据。结果表明, RDX 和HM X 的放热稀释ö结晶过程

服从Burton2Cabrera2F rank 位错理论。
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In troduction

RDX and HM X are tw o w idely u sed n it ram ine

exp lo sives and energet ic ingred ien ts of p ropellan ts.

In tw o p reviou s no tes[ 1, 2 ] , the crysta lliza t ion k inet2
ics of RDX and HM X from DM SO and cyclohex2
anone, and tha t of HM X from HNO 3 w ere repo rt2
ed. T he a im of th is w o rk is to exp lo re the adap t2
ab ility of the therm ok inet ic equat ion s to the crysta l

g row th p rocesses of RDX and HM X and ob ta in ing

the info rm at ion abou t the in terde2pendence be2
tw een the param eters and the con sta2n ts of d iffer2

en t k inet ic equat ion s.

1　D er iva tion of the k inetic equa tion s
of the crysta l growth process

In o rder to ana lyze the k inet ics of the crysta l
g row th p rocess of RDX and HM X, the fo llow ing

genera l fo rm of the crysta l g row th p rocess is u sed
A (aq) —→ A (s) + heat

t = 0, C0　 0, 0 0

t = t, C　　 m , Α H

t = ∞, C∞ m ∞, Α∞ = 1 H ∞

(1)
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w here, assum ing tha t in fo rm ing the crysta l A (s)

from A (aq) , C is the so lu te concen tra t ion in the

so lu t ion a t t im e t (gö100 g so lven t). C∞ is equ ilib2
rium sta tu ra t ion concen tra t ion (gö100 g so lven t).

m and Αare the m ass and fract ion of so lid depo sited

du ring a certa in t im e, respect ively. H is the hea t

p roduced du ring a certa in t im e t, and w hen t= 0, C

= C 0, m = 0, Α= 0 and H = 0, w hen t= ∞, C =

C∞,m = m ∞, Α= Α∞= 1 and H = H ∞.

T he rela t ion sh ip betw een the energy change

(i. e. the hea t p roduced) of a react ing system and

the ex ten t ( i. e. m ass o r fract ion o r concen tra t ion)

of the react ion (1) m ay be exp ressed as

C 0 - C
C 0 - C∞

=
0 - m

0 - m ∞
=

0 - Α
0 - Α∞

=
0 - H

0 - H ∞
(2)

F rom eq. (2) , w e ob ta in

Α=
H

H ∞
(3)

dΑ
d t

=
1

H ∞

dH
d t

(4)

dm
d t

=
m ∞

H ∞

dH
d t

(5)

and
C - C∞

C 0 - C∞
= 1 -

H
H ∞

(6)

　　 In sert ing eqs. (3) and (4) in to the d ifferen t ia l

k inet ic equat ion (7) of the react ion of the n th o rder

dΑ
d t

= k (1 - Α) n (7)

T he therm ok inet ic equat ion s (8) and (9) are ob2
ta ined:

dH
d t

= H ∞k 1 -
H

H ∞

n

(8)

and

ln
1

H ∞

dH
d t i

= lnk + n ln 1 -
H

H ∞ i

　i = 1, 2⋯⋯L (9)

w here H ∞ is the to ta l hea t p roduced (co rre2spond2
ing to the g loba l area under the therm ok inet ic

cu rve) ; H t is the hea t p roduced in a certa in t im e

( co rresponding to the part ia l a rea under the

cu rve) ; dH töd t is the ra te of hea t p roduct ion a t

t im e t; k and n are the ra te con stan t and react ion

o rder of the crysta l g row th, respect ively.

W hen ln
1

H ∞

dH
d t i

is p lo t ted versu s ln

1-
H

H ∞ i
by the least2squares m ethod, th is

g ives the va lue of n from the slope and k from the

in tercep t.

Equat ion (8) is know n as the genera l fo rm de2
scrib ing the crysta l g row th p rocess.

A cco rd ing to the Bu rton2Cab rera2F rank

(BCF) disloca t ion theo ry [ 3 ] , fo r rela t ively h igh su2
persa tu ra t ion, the ra te of crysta l g row th a t t im e t,

dm öd t m ay be exp ressed as

dm
d t

= km ∞ (C - C∞) (10)

　　T he com b ina t ion of eqs. (5) , (6) and (10)

g ives

dH
d t

= kH ∞ (C 0 - C∞) 1 -
H

H ∞
= k 1 1 -

H
H ∞

(11)

w here k 1 = kH ∞ (C 0 - C∞) (12)

　　 If C 0> > C∞, w e have

dH
d t

= kH ∞C 0 1 -
H

H ∞
= k 2 1 -

H
H ∞

(13)

w here k 2 = kH ∞C 0 (14)

　　w hen
dH
d t i

is p lo t ted versu s 1-
H

H ∞ i
by

the least2squares m ethod, th is g ives the va lues of

k 2 and a in the equat ion (15)

dH
d t

= k 2 1 -
H

H ∞
+ a (15)

　　 If equa t ion (10) is w rit ten as

dm
d t

= km ∞ (C - C∞) + b (16)

　　T he equat ion (17) is ob ta ined by com b in ing

eqs. (5) , (6) and (16)

dH
d t

=
dm
d t

H ∞

m ∞
=

H ∞

m ∞
[km ∞ (C - C∞) + b ]

=
H ∞

m ∞
km ∞ (C 0- C∞) 1-

H
H ∞

+ b 　　

= H ∞k (C 0- C∞) 1-
H

H ∞
+

bH ∞

m ∞
　　

= H ∞kC 0 1-
H

H ∞
+

bH ∞

m ∞
(C 0> > C∞)

(17)

Com paring eq. (15) w ith eq. (17) , tw o rela2
t ion sh ip s [eqs. (18) and (19) ] are ob ta ined

k= k 2öH ∞C 0 (18)

and
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b= Αm ∞öH ∞ (19)

Equat ion s (18) and (19) rela te k to k 2 and b

to a , respect ively.

If the va lues of the con stan ts a and b are sm all

in com parison w ith tho se of k 2 and k , the k inet ics

of the crysta l g row th p rocesses can be exp ressed

by eqs. (10) and (13).

Equat ion s ( 10) and ( 13) are know n as the

therm ok inet ic equat ion s of the crysta l g row th p ro2

cess. Equat ion (13) is on ly an especia l exam p le (n

= 1) of equat ion (8).

2　Exper im en ta l

2. 1 M a ter ia ls

RDX and HM X u sed as so lu tes w ere p repared

by ou r in st itu te. T he RDX con ta ined no detectab le

HM X, and HM X con ta ined no detectab le RDX.

T heir pu rit ies w ere m o re than 99. 9%. DM SO (m.

p. 16. 5～ 19℃; r
20
4 = 1. 098～ 1. 106) and cyclo2

hexanone (b. p. 154. 0～ 156. 0℃; r
20
D = 1. 4500～ 1.

4510) u sed as so lven ts are of chem ica l and analyt i2

ca l pu rity respect ively. T he concen tra t ion of HNO 3

u sed as so lven t w as 95. 68%. A 50. 10% DM SO 2

H 2O m ix tu re and n2C 7H 16öCC l4 ( 1: 1, V öV ) are

u sed as d iluen ts, w here H 2O is tw ice d ist illed w a2

ter; n2C7H 16 (b. p. 96. 5～ 98. 5℃; r
20
4 = 0. 683～ 0.

686) and CC l4 (b. p. 75. 5～ 77. 5℃; r
20
4 = 1. 591～

1. 597) are of chem ica l pu rity.

2. 2　Exper im en ta l equ ipm en t and cond ition s

A ll m easu rem en ts a t 30℃ are m ade u sing a

Calvet m icroca lo rim en ter, type BT 215 from SE2

TA RAM , F rance, w h ich has a sen sit ivity of 66. 5

ΛV ·mW - 1 and is equ ipped w ith tw o 15 m l ves2

sels. A ll m easu rem en ts a t 34℃ are m ade u sing a

conduct ion ca lo rim en ter, type RD 21 from Sichuan

U n iversity, w ith a p recision of ± 0. 5% and e2

qu ipped w ith tw o 60 m l vessels. T he m i2

croca lo rim eter is ca lib ra ted by the Jou le effect and

the ca lib ra t ion is repea ted after each experim en t.

T he p recision of en tha lpy m easu r2em en t is 2%.

T he device u sed fo r the study of the crysta lliza t ion

k inet ics is show n in F ig. 1. (1. th in g lass bu lb con2

ta in ing diluen t; 2. po lyt2etrafluo roethylene tube;

3. g lass tube con ta in ing RDX o r HM X so lu t ion;

4. silicon rubber cover; 5. ca lo rim etric cell; 6.

g lass rod. O n dep ressing the rod, the bo t tom of

the g lass bu lb is b roken, and the so lu t ion and dilu2

en t m ix together in the tube).

F ig. 1　D evice used fo r m easuring the crystallization2k inetics

F ig. 2　T yp ical thermogram ob tained du ring

dilu t ionöcrystallizat ion

F ig. 3　B lock diagram of the p rocess of studying

dilu t ionöcrystallizat ion k inet ics

A typ ica l schem atic therm ogram ob ta ined du ring

the d ilu t ion and crysta lliza t ion is show n in F ig. 2,

and is ob ta ined by the test ing and com pu ting

m ethod p resen ted as a b lock diagram in F ig. 3.

In F ig. 3, (dH öd t) 1i is the ra te of to ta l hea t
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p roduct ion a t t im e t, includ ing the ra te of the hea t

of m ix ing p roduced betw een so lven t and diluen t,

(dH öd t) 2i, and the ra te of the hea t of crysta lliza2
t ion of the crysta l, (dH öd t) 3i a t t im e t; and H 1i is

the to ta l hea t p roduced du ring a certa in t im e, in2
clud ing the hea t of m ix ing p roduced betw een so l2
ven t and diluen t, H 2i, and the hea t of crysta lliza2
t ion by the crysta l du ring a certa in t im e.

T he therm ogram s ob ta ined under the sam e

condit ion s overlapped w ith each o ther, ind ica t ing

tha t the rep roducib ility of tests w as sa t isfacto ry.

3　Results and d iscuss ion

　　To verify the reliab ility of eqs. (8) , (15) and

(16) and ob ta in info rm at ion abou t the k inet ic pa2
ram eters and the con stan ts of RDX and HM X, the

o rig ina l therm ok inet ic da ta tabu la ted in T ab le 1 are

fit ted to the eqs. (8) , (15) and (16) by the linear

least2squares m ethod. R esu lts ob ta ined, includ ing

the to ta l hea t p roduced, the react ion o rder (n ) ,

the ra te con stan ts (k 2 and k ) du ring the crysta l2
liza t ion of RDX and HM X from DM SO and cyclo2
hexanone a t 30℃ and tha t of HM X from HNO 3 a t

34℃, and the con stan ts (a and b) in eqs. (15) and

(16) , a re show n in T ab le 2.

F rom T ab les 1 and 2, the fo llow ing ob ser2va2

t ion s can be m ade:

(1) T he crysta l g row th p rocesses of RDX and

HM X are exo therm ic. T he exo therm ic p rocess m ay

be exp ressed by the iso therm al d ifferen t ia l k inet ic

equat ion (8)

(2) BCF m odel [eq. (13) ] is on ly an especia l

exam p le (n= 1) of the genera l fo rm [ eq. (8) ] of

the crysta l g row th p rocess.

(3) Becau se k 2> > d in [eq. (15) ] and k> > b

in [eq. (16) ], describ ing the k inet ics of the crys2

ta l g row th p rocesses of RDX and HM X by the eqs.

(15) and (16) are tenab le. T h is ind ica tes tha t the

crysta l g row th p rocesses of RDX and HM X from

DM SO and cyclohexanone and tha t of HM X from

HNO 3 w ithou t seeds of HM X acco rds w ith the

BCF disloca t ion theo ry.

(4) In ou r experim en ta l condit ion s, the crys2
ta l g row th p rocess of HM X from HNO 3 w ith seeds

of HM X is ou t of acco rd w ith the BCF disloca t ion

theo ry.

T ab le 1　T hermok inet ic data of the crystal grow th p rocesses of RDX and HM X

Experim en tal condit ions N o. 1

T empe. So lu te So lven t Seed D iluen t

30℃ RDX DM SO 50. 1% DM SO 2H 2O
(0. 0084g) (0. 0250g) (0. 6896g)

Experim en tal condit ions N o. 2

T empe. So lu te So lven t Seed D iluen t

30℃ RDX DM SO RDX 50. 1% DM SO 2H 2O
(0. 0084g) (0. 0250g) (0. 4000g) (0. 6896g)

tös (dH öd t) iö104 (J·s- 1) (H t) iö102J tös (dH öd t) iö104 (J·s- 1) (H t) iö102J

210 6. 991 2. 761 210 10. 00 15. 69

240 6. 255 5. 146 240 8. 841 18. 58

270 6. 092 7. 155 270 8. 251 21. 13

300 5. 573 9. 372 300 7. 372 23. 47

330 5. 196 11. 00 330 6. 640 25. 61

360 4. 749 12. 84 360 6. 050 27. 61

390 4. 297 14. 69 390 5. 460 29. 54

420 4. 134 16. 15 420 5. 012 30. 96

450 3. 686 17. 61 450 4. 711 32. 76

480 3. 655 19. 08 480 4. 263 34. 18

510 3. 502 20. 17 510 4. 100 35. 19

540 3. 197 21. 25 540 3. 937 36. 40

570 3. 033 22. 38 570 3. 494 37. 61

600 2. 870 23. 47 600 3. 188 38. 66
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T ab le 1　T hermok inet ic data of the crystal grow th p rocesses of RDX and HM X

Experim en tal condit ions N o. 1

T empe. So lu te So lven t Seed D iluen t

30℃ RDX DM SO 50. 1% DM SO 2H 2O
(0. 0084g) (0. 0250g) (0. 6896g)

Experim en tal condit ions N o. 2

T empe. So lu te So lven t Seed D iluen t

30℃ RDX DM SO RDX 50. 1% DM SO 2H 2O
(0. 0084g) (0. 0250g) (0. 4000g) (0. 6896g)

tös (dH öd t) iö104 (J·s- 1) (H t) iö102J tös (dH öd t) iö104 (J·s- 1) (H t) iö102J

630 2. 506 24. 31 630 3. 025 39. 66

660 2. 544 25. 48 660 2. 720 40. 67

690 2. 523 26. 40 690 2. 845 41. 51

720 2. 218 27. 15 720 2. 540 42. 17

750 2. 054 28. 07 750 2. 234 42. 97

780 1. 891 28. 79 780 2. 075 43. 81

810 1. 728 29. 33 810 2. 054 44. 21

840 1. 565 30. 25 840 1. 895 44. 65

∞ 0 42. 72 ∞ 0 44. 73

Experim en tal condit ions N o. 3

T empe. So lu te So lven t Seed D iluen t

30℃ HM X cyclohexanon HM X n2C7H 16öCC l4 (1: 1)
(0. 0022g) (0. 1000g)(0. 4771g) (0. 9555g)

Experim en tal condit ions N o. 4

T empe. So lu te So lven t Seed D iluen t

34℃ HM X HNO 3 H 2O
(0. 3648g) (2. 8685g) (0. 7910g)

tös (dH öd t) iö105 (J·s- 1) (H t) iö102J töm in (dH öd t) iö(J·m in - 1) (H t) iöJ

210 118. 2 22. 18 1. 25 19. 54 6. 109

240 98. 24 26. 57 1. 50 19. 63 10. 79

270 88. 20 30. 59 2. 00 19. 87 19. 25

300 80. 75 34. 06 2. 25 21. 34 25. 44

330 68. 16 36. 78 2. 50 15. 77 29. 62

360 58. 12 39. 16 2. 75 13. 81 33. 30

390 46. 69 41. 34 3. 00 13. 43 37. 28

420 40. 96 43. 18 5. 50 6. 987 62. 59

450 35. 19 44. 60 6. 50 5. 565 68. 53

480 26. 61 44. 73 7. 50 4. 770 74. 27

510 22. 30 46. 78 8. 50 3. 138 78. 58

540 17. 99 47. 66 10. 5 2. 887 83. 89

570 12. 26 48. 37 12. 5 2. 092 87. 70

600 7. 949 48. 91 13. 5 1. 674 89. 62

630 3. 598 49. 21 14. 5 1. 297 90. 88

∞ 0 49. 33 ∞ 0 93. 64

Experim en tal condit ions N o. 5

T empe. So lu te So lven t Seed D iluen t

34℃ HM X HNO 3 HM X H 2O
(0. 3684g) (2. 8685g)(0. 2089g) (0. 7910g)

Experim en tal condit ions N o. 5

T empe. So lu te So lven t Seed D iluen t

34℃ HM X HNO 3 HM X H 2O
(0. 3684g) (2. 8685g)(0. 2089g) (0. 7910g)

töm in (dH öd t) iö(J·m in- 1) (H t) iöJ töm in (dH öd t) iö(J·m in - 1) (H t) iöJ

1. 00 42. 63 30. 54 5. 50 5. 397 77. 65

1. 25 24. 02 38. 45 7. 50 3. 556 83. 81

1. 50 14. 39 43. 39 9. 50 2. 176 88. 70

1. 75 13. 22 46. 40 12. 5 1. 297 94. 14

2. 00 9. 623 49. 54 ∞ 0 102. 4

2. 75 8. 326 56. 44
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T ab le 2　To tal heat p roduced and crystal grow th k inet ics of RDX and HM X

T ö℃
H∞ö

(J·g- 1)

dH
d t

= H ∞k 1-
H

H ∞

n

k×103ös- 1 n r

dH
d t

= k 2 1-
H

H ∞
+ a

k2×104ö(J·s- 1) a×105ö(J·s- 1) r

dH
d t

= km ∞ (C - C∞) + b

k×103ös- 1 b×106ö(g·s- 1)

30 50. 86 1. 74 1. 22 0. 997 8. 09 - 8. 01 0. 997 1. 60 - 1. 57

30 53. 25 1. 68 0. 307 0. 984 12. 0 16. 8 0. 996 4. 47 3. 15

30 224. 2 3. 23 0. 640 0. 996 20. 3 11. 0 0. 991 19. 7 0. 049

34 256. 7 3. 68 0. 844 0. 986 3810 400 0. 981 0. 408 15. 6

34 268. 1 5. 75 1. 38 0. 958 7710 - 10500 0. 822 0. 775 - 392

　　 (5) W ith the addit ion of seed crysta ls of RDX

and HM X, the va lue of k in eq. (16) is la rger than

tha t of k w ithou t seeds. T h is show s tha t the to ta l

num ber of nuclei in the seeded so lu t ion is grea ter

than tha t in un seeded so lu t ion.
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专业组、火炸药燃烧国防科技重点实验室、中国兵工学会火炸药专业委员会协商, 决定共同主办“2005 年火

炸药新技术学术研讨会”, 并委托中国兵器工业第二O 四研究所负责承办。会议将邀请著名专家、学者做专

题报告, 并就近期国内外火炸药行业发展中的新技术、新成果、应用研究等内容进行交流。欢迎各位专家、学

者、工程技术人员、高校师生积极参加。

1. 学术讨论会主题: 火炸药技术创新与可持续发展

2. 征文内容: (1)高能量密度化合物的合成与应用; (2)新型含能材料合成与应用; (3)新型功能材料合成

与应用; (4) 新型火炸药技术; (5) 火炸药数值模拟仿真技术; (6) 火炸药装药新技术; (7) 火炸药先进制造技

术; (8) 火炸药理化分析与测试新技术; (9) 火炸药安全性与可靠性新技术; (10) 火炸药燃烧与爆炸新技术;

(11)火炸药应用基础创新研究; (12)新概念火炸药及其应用。

3. 征文要求: (1)会议前拟出版会议论文集, 凡内容符合征文要求的论文均可投稿。所撰写论文应观点明

确、论据可靠、文字流畅、插图清楚, 每篇字数不超过 5000 字 (含论文摘要、关键词、参考文献) ; (2) 论文编写

遵循我国正式出版物上科技论文的标准规范要求, 用W o rd2000 排版; (3)页面打印格式: A 4 纸激光打印、版

心 15×21cm (具体要求见附页) ; (4)保密审查由撰写论文单位把关; (5)论文需要递交激光打印稿及电子稿,

请通过加密网或机要方式寄送至 204 研究所; (6)论文征文截至日期: 2005 年 3 月 31 日。

4. 会议暂定地点、时间: 湖南长沙 2005 年 5～ 6 月

5. 稿件寄送地址: 西安市 18 号信箱科技委

联系人: 林遵义　高茵　　电　话: (029) 88291376　 (029) 88291263

邮　编: 710065　　　　　传　真: (029) 88220423　　　E2m ail: 204k jw @ 204s. com
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