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Influence of Al on Reactive Flame Sprayed TiC-TiB2

Multiphased Ceramic Coatings
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Abstract: By static combustion synthesis tests, Ti-B4C-C+5wt%Al was chosen as the reactive system

to prepare the Ti(C0.7, N0.3)-TiB2-Al2O3 multiphased ceramic coatings on the metal substrate with

a reactive flame spray technology. It is found that the coatings have the multiphased heterogeneous

metastable structure, which consists of TiC0.7N0.3, TiB2, Al2O3, titanium oxide and some pores. The

structure of the coatings can be divided into three kinds: the Ti(C0.7, N0.3)+TiB2 eutectic structure with

the cluster-shaped TiB2 in micron-nanometer size, the structure with mass-shaped 1–2µm Ti(C0.7, N0.3)

particle surrounded by the needle-shaped or strip-shaped TiB2 and the black phase of anomalous pores.

The forming causes of the three kinds of structure are the same as those of the coatings with no additive

Al. However the additive Al raises the reaction velocity, so the amount of ceramic phase increases, the

structure becomes fine, the pores reduce and the micro-hardness of the coatings is increased.
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2 
��OÆ2/��6+_�ay�k <20µm ��bp TiQ�h~p B4C Q�6LQ� Al Q� Ti-B4C-C �
14: 3: 5 J9&Wm�Av%k&;� 2∼20wt%�
Al. Fk�#I(4I 10h Æ�;�OV4�	y<�>\F�be��Æ$Nj 38∼43µm�-A�R��pQ��It�����{5�hp	)	^It��&kr Al ��6};&�7�s_&� Ti-B4C-C+5wt%Al �WC^[O
N0�
vN0���It����qZ�It�Z�%{�e0m�� 45 ℄a�Ix��ZE+� Ni-Al ��	\Q�Z�t� 180mm. Z�ItF�[m� CP-D �V`U�qZs�wp���d N3� 0.6 � 0.11MPa, ℄Q���p��p��� NETZSCH STA 449C O
N0�^[O
�
vN0���ItDFZ��pQ�<�t�Z��Xr^[����ÆJ*��\��R-m^x_^[Y=-VoN0�3��R--��Z�m!j�tt�J� D/max-11B V X ,In,�^[-LN0�� Saron-200 Y`N+S=, F#jvM�b�A OXFORD ISIS300 X ,IUf�&��J�|N0�
3 G<Æ4r
3.1 Al . Ti-B4C-C ktKg[_?"j�*�{ hp	)	^It9N3�};<��& Al��pQ+ 30g, dm^ φ25mm×30mm �7~Ix��([#"��j�	�G&k��9>�7vM	^R-�hB
-��v�&Z�{5r Al��6};&�1 1Dhp	)	^ItC�-k3��v
	)"--��9>Wr�ItV~1H����{5r;�F&3Æ�k�	-��9>g.���&<;39f�^[�wR-fhB�k6�|zD#)3��"O��UqOC����{5xi�L�i�x8|^���^[�1 1 BA��3};&� 5wt% 9���9>�.�v
	)"-O`�wR-B:�)V^���rv_H Al };&� 5wt%.

3.2 Al . \5sYw*�{	 1 � Ti-B4C-C {5�O
-
v~I�#	 1 �℄�{5A 562.1 - 880.6◦C Y_&$bOB}�
S�� 562.1◦C m�F
R<HB��Z

� 1 Ti-B4C-C-xwt%Al (JfZ^>!b�BX0�i~
Table 1 Static combustion tests and reactive

characteristics of Ti-B4C-C-xwt%Al systems

Ti:B4C:C Percent Adiabatic Reactive
Sample

(mole ratio) of Al/wt% temperature/K time/s

T-1 14:3:5 2 3193 7.0

T-2 14:3:5 4 3193 7.5

T-3 14:3:5 5 3166 6.0

T-4 14:3:5 6 3068 7.5

T-5 14:3:5 8 2810 7.5

T-6 14:3:5 10 2767 8.0

T-7 14:3:5 15 2767 8.0

T-8 14:3:5 20 2767 9.03� TiCx �Y^ [5], UD#)Z��pQr
�2IU:Rw�	y<�A�q
��==1sp
����V~� 880.6◦C m�F
RD|F
R�d�"-<02`�{5rU&<0)��fvm9
(�	{5 SHS ����B����.�`F
={5
a�^���Y^ TiC � TiB2.	 2 � Ti-B4C-C+5wt%Al {5�O
�
vN0~I�3&	 1�℄�;� 5wt%AlÆ����
�
S�jEHBO��L?�A 337.1 - 598.4◦CN3jE�b<HB�1
R�U�UD�p AlQ9;��&(OQ4N
NX�6��A 658.4◦CmjE�bHB�1
R�Z"-- Al ��" (667◦C)5NQ_��D Al ���E^� Al 1
R_ÆA
772.8◦Cm�
ajE�buF
R�O	 1 �uF
R�j (880.6◦C) xrjE�1H Al �;��B}K�({5�m?��"-�=����=1�U3���qZ�5N&
�~Ir�F
R�1HZ�{5RA=1(F
��� 772.8◦C m�F
R3��1^ TiC � TiB2 L�|F
���
1223.4◦C�F
R3��1^ Al2O3 �klR-L�S���x3v~I�{�y&v&?K�Æ2`�y4�3v~I=K3��;
gh�&(OQ4�N
NX�3v~IdÆ&2�3)	 1, ZR/3�) SHS ���
�3)	 2, ZR/3�) Al Q��_Æ� SHS ��_g�1HA SHS ����9�=1(\R Ti � Al -x�p{ (�p�wp)����3A�pK��B=Z��J^[ X ,In,N0�=E& Ti(C0.7, N0.3) � TiO2 L��t[U��0�
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� 1 Ti-B4C-C z4�N�+�uM/}H
Fig. 1 DTA and TG curves of Ti-B4C-C system

� 2 Ti-B4C-C+5wt%Al z4�N���uM/}H
Fig. 2 DTA and TG curves of Ti-B4C-C+5wt%Al

system

� 3 Ti-B4C-C+5wt%Al z4~�Q,� SEM S^
Fig. 3 SEM images of water-quenched products of Ti-B4C-C+5wt%Al system

(a) 60mm; (b) 100mm; (c) 140mm; (d) 180mm

3.3 Al ,e%Na�'
y}�GrC��L.}�P+��uÆ`Sl�Æ'W�'�\>��aq�Sl�**>�&� [6]. � 3 � Ti-B4C-C+5wt%Al y3?:�Xs;}�P+� SEM R℄�uL�\P+zy$zW*GzW#�Wn�/GP+JZ�aq����qq��*��qq}��T*:8 Al 7J� [7]. �wzW�� (.��qq��) hC��iÆz�Ti-B4C-C+5%Al y3? 140mm l.hC�%z�}��% Ti-B4C-C y3vq' 40mm,vi	:k>�zy;0? 100∼180mm^<�e
180mm 7�>��d""�\�YG Al S{℄y3� SHS >��I�i;0�,Y +
�;X

oO� SHS >�vq;0�t' Al ? TiC �	:k^ �\q����hlN4 [8−10]. ��Æ��E% Al �8��I�>��l> +�8	�'8_�#F [10] dh�:8 Al 7� Ti � C �>�9? 1873K �;�7
Al-Ti-Cy3q Ti� C �>� +8�'u�"y3?�o
��;� Al K>����>��a!��&k�k7�4Æ�r - r��*�r - � -r����7��_+8	��>�! C �B �W

' Ti, �
.h TiC-TiB2 ��W.h&k�k�2�J�NBhC+
P/(�;rn� Ti K>�W'2�q�W\2�T��y�℄7; C �B��W_+8	�t�'�W.h&k��7;y3��'8_8	�
3.4 Al ,m���E9
}S'
y� 4 C Ti-B4C-C+5wt%Al 
oOX
h�
H� XRD L.S}�!��\�
HP+zy!
TiC0.7N0.3 �TiB2 �Al2O3 qqJ� TiO2 �Ti2O�

� 4 Ti-B4C-C+5wt%Al z4Y��I� XRD �e
Fig. 4 XRD pattern for coatings sprayed with Ti-

B4C-C+5wt%Al system
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Ti2O3 ���u�+JÆ\�M-P+ TiC J5��o TiC JhC�7C� TiC0.7N0.3 J�?�T*:8 Al 7y
J��
H���tTJGwne&Sl�� 5 �:�D��U; Ti-B4C-C+5%wt Al y3X
h�
H� SEMR℄�w
H�yW< (�
5(a)) zh�|82
�
HN:82�
HH�Sle�G��T/G Al �|8SpI�qq�yN+�{℄i*"B[�
�*W+)`��w� 5(b) �\�
HÆ`!��LÆ\��Cd�?� - O�/_
y�L=�Æ`�:Cd�? 1∼2µm ^<_�y�}�L=�Æ`��C
!:wI�)�1
HÆ`℄�?D�uL (A�
5(c)), 51�q/�!��}� (! A) �V~�
!}� (! B) +��!NSJ (! C) L2℄ZSdL.�dqi�$%L.S} (A/ 2), 5S�
H� XRD L. (� 4), ���$� 5(c)q/�!��}�� Ti(C0.7, N0.3), i`w�+�� <2µm.��}�^<���!Æ`�� Al2O3 J�z�v$X Fe �=nJ�!P Ti(C0.7, N0.3) }��NSJ�

TiB2 ?
Hq|�#tW�L=��tC*
Ti(C0.7, N0.3) ��l\�JLK�)H�uX��j`Æ` [11](A� 5(d)), ?a
y{.Æ	�azWqq���l\�aj`y�{�-�tC�G��V℄� V~�W�L=? Ti(C0.7, N0.3) }�q�Æ`��� 5(c) q� B l�TN Ti-B4C-C

y3hC�4� TiC O'�B`3�m?aBO0V�15J���Ty
; TiC �W��:wI4'W�7 TiB2 O0B`3�8� Al ^
�e$�' TiB2 m C y�G 0V�;/\V~��5v Al �8���* B4C?X
JZq�u��
TiB2 *"B[�
�JC�� 2 l 5(c) � A � B � C +TV3qF;
Table 2 Results of EDS of point A, B and C in

Fig.5(c)

Point A Point B Point C

Elem.

wt% at% wt% at% wt% at%

B 16.8 31.7 42.0 60.8 16.2 36.0

C 15.9 27.1 17.9 23.3 11.4 22.7

N 2.64 3.86 1.43 1.60 0.00 0.00

O 11.3 14.5 2.71 2.63 5.41 8.10

Fe – – – – 30.4 13.2

Al – – – – 4.95 4.40

Ti 53.4 22.8 35.9 11.7 31.3 15.6

Total 100 100 100 100 100 1001% Ti-B4C-C y3� Ti-B4C-C+5wt%Al y3���Æ`���;C�>�X
Oq8� Al
�;
H�qqJe88Q�L=w;�YG Al $8�
H`�����T*#F [3] C�g��1
HÆ`℄Zu1^�C�E�;CiL=""

� 5 ;�E��V< Ti-B4C-C+5wt%Al z4Y�i��I� SEM S^
Fig. 5 SEM images of the coatings sprayed with Ti-B4C-C+5wt%Al system
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554 * ' C ) ` � 22 u�`wL=�S� XRD L.S}�\� Ti �u�+,=Ya
H�*ikJ���y�:
{L�8 5wt%Al 
;
H��65! 25.3% ;IÆ 23.1%, 
H���+
! HV0.21340 v^Æ
HV0.21527.

4 GP
1. ? Ti-B4C-C y3q8� 5wt%Al, S{℄

SHS >��℄Z�I� SHS >�;0�,Y +
�;X

oO� SHS >�vq;0�$�'v^
H\S�
2. Ti-B4C-C+5wt%Al y3X
h�
HC�tTJGwnH�e&Sl�H�SluX%:8 Al 7G��
H! TiC0.7N0.3 � TiB2 � Al2O3qqJ���u�+J+n�Æ\�
HÆ`�L���� TiB2 d+?� - O�/_
y�L=�! Ti(C0.7, N0.3)+TiB2 l\�j`y� Ti(C0.7,

N0.3) _��}��d�? 1∼2µm �i<L=�V� V~� TiB2 �Æ`�
!:wIn��
3. Ti-B4C-Cy38� 5wt%Al 
�
HqM-

P+JU%K4�Æ`8��
H��65;I����+
v^��Lou
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