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Abstract: The silicon mixture mechanically activated for 20h could combust in air. It was found that

the burning of silicon powder occurred via two-stage self-propagating regime. The surface and center of

the synthesized products are demonstrated to be with different features. On the surface of the product,

α-Si3N4 is the major phase coexisting with minor Si2N2O and amorphous SiO2, while in the center

of the lump, loose grey powders are Si3N4 powders whose phase composition depends on the reaction

conditions. The whole combustion process of silicon powders in air after mechanical activation approves

the feasibility of silicon combustion in air. The qualitative discussion given shows the formation of Si3N4

instead of SiO2 in air. Furthermore, the phase composition of product can be controlled by adjusting

the composition of the reactant mixtures.
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Si3N4 <eX_ZK�PR��PU��*"�v`�*J��1(�2X<e'W�<ez=�v/��vh	4�	 Si3N4 BF���4-�C3w,A��q:�4�{Q (SHS) �2Q4	}	#�{Q Si3N4 VJ�?rAU8XP,I��W\0R�Fl [1]. 75 SHS �*�/ ,w��{Q Si3N4 98X�,�1YF\P,)/	�,n� [2,3]. qg�PG2QVC

��;{�����* (MA),FJ�}	q 1.2MPawO,�v�v�{Q α-Si3N
[4]
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4 F : J��
 Si ApjN�a�yO Si3N4 AE 591�wO,���	�5��MA b{K~	gBP
N2 ,�	Æ�us Si-N2 0R>��R� Si-N2 0R�CX	�|Ck��g�G&	qkO�A��{Qw�g�&9�+Z�	r�;k�I,kOO<��J MA b{� Si BhI:�J��,� SHS0R	�S�nVS}*i�}�	�Fl�&?g.3X_z./M�?��&?\�XU���{Fl�.3\�r��{3wBF	�VC5&2Q	J MA b{��gBqkO�A��{Q0R��SnV�	�	 MA b{��gBqkO��{Q Si3N4 �h���?o	�Fl,A$ Si3N4 (/$ SiO2 �lN�+Jn��QE�}	o�Fl�=Q�'�	
2 �28X��\ 325 '�� >98% �gB\,Al��B[��\ 5µm�w�gBAF#���I\/" ��{�96q�F�/�NT"b�
(/Z}k), qkOO<vA���b{	#2"
8 � 12 � 16 � 20 � 24h ��ib{BF�?(A� XRD ?o�I� N2 O<v� TG-DTA ?o	1 400g J2"��b{�l��{BF�32%l�%EG��qkO�6�,?����%EG��BF℄}:}���{Q0R℄����S0Rl�℄}~f}�	0RnV�b�"�\CU�ql���� W-Re f�6'<	*i���Fl�z?\Ueg���s3?�~X XRD ?o0RFlUeg����=Q�8X Gazzara 4-#{QFl�� α � β �p�A�!5�+~X HITACHI S-4300 x��LaAFl�Xa��+?oFl�Q?	
3 zjl�	
3.1 v,trV�^ Si d{h[6*

)7�wO,� (1.2MPa) v�+{Q α-

Si3N4 �9�L, [4], &X9 \ Si: Si3N4: NH4Cl

=80.5: 5: 14.5(wt%) �l�A�~�T"b{�?(qT" 8 � 12 � 16 � 20 � 24h �Z>�A�
XRD �=Q?o�?o;knQ 1 9�	

P 1 I.L�)0!az�k�AE� XRD PE
Fig. 1 XRD patterns of the reactant mixtures milled

for different time\Q 1 hI_℄�752"�*�4K�l�
Si B�7�HR��zv4	C�k\���2"h|� Si BY?s��M��B#b�.3l67�KV_#�v4�BF�9F�V�_�zBP [6]. 9F�V�hIXv�&��9FV� =(1−I/I0)×100% (1)�� I0 \#3>HR	�}�!5J/M�*2"b{�>��9FV��Z?RH� Si � (111) F�#R�7�HR�\9aÆ	& 1 \!5;k	& 1 �,U&�752"�*�4K� Si B�9F�V�us	����b{�3? Si BQ\9F�	C�k\�Q9F���#h1��\R�a,9F�vF�s�a,9F��R�a,9F}�FJq C � Si � Ge �!%6�Fr�2"��~	� [7]. ��9�����b{9|�� Si B7�Ht�vR�v4h1$*zZMCX�;k	|#����|�0R �9Fg)�FZo�0R��BP�_/ Si BqkO�,�:}�	N 1 �O!�w/�U�Z9�b�� Si bZ (111) ~�1�e�\7_~qT\

Table 1 Integrated diffraction intensity of the (111) crystal plane and the degree of amorphism of silicon

in the reactant mixtures milled for different time

Milling time/h 0 8 12 16 20 24

The integrated diffraction intensity/(I) 42285(I0) 20813 15306 12121 9751 8218

The degree of amorphism 0 15.78% 37.65% 50.63% 60.28% 66.52%
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592 i � 5 � ( � 22 YO 2 "/ 8 � 12 � 16 � 20 � 24h ��h`y�Do N2 M:t�Bd - d$=m:j�jO�fG^[�=?om 200◦C �[{$�!Pb DTA W�� 200◦C ��pdG�"[H.=<�pd.P8�o 900◦C G|[{t$�!Pb
DTA W�� 900◦C �`�Q5dG�" Si �t�Q5d.P�:j�!�-K/ �(`y��D� TG-DTA W�fG^[�6/ �(�3J�
`t�$Rt3V!�{*?"[b/ lT�H.-�=<OJ��/ �(J��DHH.=<�6q��P�$R+r�K��6/ �(�3J�O`tt$GRtq�V!�{B{
|q����[b/ �(3JOJ Si �.P�tQ�{�
Si �t�T��AO�{![b℄�Oo�:[h"�&{�� Si �7D�E� X.Y.Yang�g8�� [8].o DTA W�|�fG^} 250◦C LB[{5dG�)SfG6/ �(�3J�x�
`:D�-�f5dG�.P�/6/ �(�3J&3
�℄/N�� [9], jZf5dG".Pj
Si �eH.=<Dj
(��'.P8��f/

P 2 I.L�)0!az�k�AEp N2 N;u�Ce - e%X�
Fig. 2 TG-DTA curves of the reactant mixtures

milled for different time tested in nitrogen atmosphere

�.P�mt�
NH4Cl(s)→HCl(g)+NH3(g) (2)

Si(g)+N2(g)+NH3(g)→[Six(NH)y ]n(s) (3)

Si(g,l)+HCl(g)→SiClx(g)+H2(g) (4)[G|=m-+^[�Hl����� Si �j
�64/ �(�$J�[b.P��7De(�D�Xm�{�.P��-�AO�{"{�
Si �oiM�+
7`�xN.P�jL8o�
3.2 spoY Si a:��?Y��mRQ%08�Z Si:Si3N4:NH4Cl=60.5:25:14.5(wt%)�.P�H 20h ���`y��AZ=Z�C��C 400g, ='11oÆ$DF��BC5�oiM��ÆBC5oH+ N2 M:��+=���iMM:��j
�\��-�)[{}y`������D.P�V[}d�̂ &�ÆBC5oH+
N2 M:��.P��5� 30min �lhiw.P�
[{�{B!��8fG��������
Si �.P��oiM��`�xN.P"[O� Si ��<�8��{B�8:je~ [10–13]:jx0�iM�`�.P��Dj�x=Z$=e���q1=�$=Z~VT���yDj�,1Z�p�	�y1u�D�O 3 ZiM�`�Dj$= (A) t�� (B) � XRD =mDO�O 4 Z$=`�Dj� SEM x;t�P�/D (EDS) =m:j�[O 3 fG^[�$=�`�xNDj�^o℄ α-Si3N4 � β-Si3N4 6�GT��mo6Q�
Si2N2OG����1u�D*?" Si3N4 ����=m$�� α-Si3N4 o�Z 55.21wt%. O 4 EDS =mx��$=�`�Dj�^o℄ Si t N T��

P 3 Si ApjN�a�yOEk%> (A) u��
(B) � XRD EP
Fig. 3 XRD patterns of the surface(A) and the cen-

ter(B) of the products from Si combustion in air
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4 F : J��
 Si ApjN�a�yO Si3N4 AE 593

Element wt% at%

C K 3.13 5.19

N K 21.33 30.35

O K 25.92 32.29

Si K 44.63 31.67

Au M 4.99 0.50

Totals 100.00

Spectrum 1

Element wt% at%

N K 0.00 0.00

O K 48.88 66.98

Si K 40.83 31.87

Au M 10.29 1.14

Totals 100.00

Spectrum 2P 4 Si ApjN�a�yO�%>Ek� SEM y<u�Q�0E (EDS) >n
Fig. 4 SEM photo and corresponding EDS spectra of

the surface product from Si combustion in airo℄ SiO2 ��:x XRDDO�^x{ SiO2 6�G�:j���$=`�Dj�mo℄7D� SiO2,{f/e��s4�<�`�lT℄^�G|�=m:j�B0$�������j
 Si ��oiM����7`�xN.P"[ Si ��<�O+��O� Si ��<�O+7`�.P��.P�,1e$=+
�-K�!��64 Si �-�<��.P�,1d�-��S�.P�,1�`�(.�O�p} Si�t���`���.P�,1� Si��̀ bt�t<��M�.P��&$=[bd�u�6s�̀ b�!6
�`�t��f/��<�.P�{BR�fGj Si �<�tt�.P�d�'+T�G��� SiO2 � ∆fG
0" –856.4kJ/mol,& Si3N4 � ∆fG

0 " –642.1kJ/mol.64.P�$=<�.Pe,1.P�-����e.P��8_�MD-�s��N�.P�,T�M�4����l�T=iM-��.P�,1uu�T=iMo�,1uu�lT��$= Si �+
�%s�.P - <�.P�H�� O2 �'ws� N2 "$uu�.P�,1�Z,1.P�AW�> O2 K N2 �MD�K��

"LZ.P�,1`���O�G�M��K�!����.P�,1� Si �ot�t<��M�.P��Y%�t�.P��}���D*?"
Si3N4 ��`�xNDj�.P�,1� Si �t�N Si3N4 G��[b`oO`iMM:��mo4�!f/�<�.P3� [14−17]: $�<�t�<��$�<�"� Si3N4 <�
N SiO2 �<�.P�<�lT�
SiO2 �
N��� Si3N4 4
��B0<��<�lT�.P� (5) ��& Si3N4 <�
N SiO�<�.PM
Z�<��64<�lT����℄ SiO MD
N�4
0-�$�<�lTm.P� (6) 8��

Si3N4(s)+3O2(g)=3SiO2(s)+2N2(g) (5)

2Si3N4(s)+3O2(g)=6SiO(s)+4N2(g) (6)O 5 "iM�`�xNt�d���`�=��[MO-+^[� Si �iM�`�.P8p}�>O`�Ll 1873K./N+Tx� [14−17], oiMM:��y`�Ll 1437K�� Si3N4 �O`<�3�R[�<�0�Z$�<��S<�$�℄ Si2N2O �e SiO2 �)m�Lf�O 5 �`�+T�G�O 3 ��`�xNDj XRD DO�[{�� Si2N2O 6�G�+T�/\���t�.P��DjoT=�K�S�t��+
$�<��H:j��> `�xNDj���q�1u�D℄Xo Si3N4 ��
3.3 8�BR℄��?��mRQ%Y5)TTG|��8:j����j
;N����0.P��� Si3N4 D!$o�(.tq�&�"!Dj��o����m�7W� Si3N4 D!$o�='Z 50%(A) � 25%(B) t 5%(C). O 6 "{tg`�xNDj��Y=��D XRD OD�

P 5 jN�a�yOu�e���a�>�
Fig. 5 Temperature profile for the combustion syn-

thesis of Si3N4 in air



Jo
ur

na
l o

f I
no

rg
an

ic

    
    

M
ate

ria
ls

594 i � 5 � ( � 22 Y

P 6 .L Si3N4 E"%p�pjN�a�yO���Ek� XRD PE
Fig. 6 XRD patterns of the center products com-

bustion synthesized in air adding different amount of

Si3N4-seed

(A) 50%; (B) 25%; (C) 5%jO 6 fG^[�tg�`�xNDjZZ
Si3N4. S64 Si3N4 D!$o��t$�Dj�
α-Si3N4 �D�o�(.tq�y Si3N4 D!$o�Z 50%��Dj�℄:d Si�6�G[{�{"LZ� Si3N4 D!�$o�J}�q%��BW�64 Si3N4 D!$o��t$�̀ �xNlT�.Pj8p}�>O`�(.3
�℄}b α-Si3N4�
D�xy Si3N4 D!$o�Z 50% ��`�xNlT�.P8p}�>O`�3
I�6q�[{�.P-V[�Dj�o℄:dd�{
�
4 z	

1. ���OJ Si �7D�T��.P��AO�{� Si �oiM�[{7`{
�
2. �����j
 Si ��oiM����7`�xN.P"[ Si ��<�O+�.PO+

��$= Si �e,1� Si �Z+
�%s�.P�H:j"�}���q�1u�DZ Si3N4 ��> `�xNDj�
3. Hl!j
;N����fGJ}�mDj�;N�&��P�#'
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