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Fig. 1. Schematic diagram of (a) laser ignition equipment
and (b) preparation method of samples for SEM observa-

tion.
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Fig. 2. Macro morphology of TA19 alloy burned at different laser powers and oxygen volume contents.
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Fig. 3. Schematic diagram of the burning morphology of
TA19 alloy.
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Fig. 4. The variation law of BL and BA with laser power and oxygen concentration: (a) 200 W; (b) 225 W; (c) 250 W; (d) 275 W;

(e) 300 W; (f) 325 W.
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Fig. 5. The temperature and melt characteristics of unburnt TA19 alloy: (a) The relationship between temperature distribution and

time; (b) the relationship between the formation of melt and time; (c) the variation of the highest temperature with time.
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Fig. 6. The temperature and melt characteristics of TA19 alloy with ignition and extended combustion: (a) The relationship

between temperature distribution and time; (b) the relationship between the formation of melt and time; (c) the variation of the

highest temperature with time.
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Fig. 7. The temperature and melt characteristics of TA19 alloy with sustained burning: (a) The relationship between temperature
distribution and time; (b) the relationship between the formation of melt and time; (c¢) the variation of the highest temperature

with time.
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Fig. 8. Critical burning curves of TA19 alloy.
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Fig. 9. Experimental results of ignition temperature varied

with laser power and oxygen concentration.
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Fig. 10. SEM observation of the unburnt TA19 alloy micro-

structure.

Bl 11(a) £7E 300 W BT 21% & A
WA, TAL9 & 441217 SEM T 1%
WIEH, AR 21 ARl A B TR 240 ) EDS
HEERTER 1 I, ARIEIESURAEFIIT R & 1
25 K EIRA SUR IR K 43 A SR X B X
JA Uk X R B X

FEARIX (A 1) AR S =240 4.8%,
TEALT O 7E o-Ti AH H A e 11 BE . 345 i) X
(DI 2) b RO o MHZHE, H O JuRR
THCE BN 14%, BRI Frigm, 7K
F O 7€ o-Ti A A AR, LR IIX N O T
FALAEVA I XA, AR T .

086103-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 73, No. 8 (2024) 086103

PGLIX.
(TR <14 )

"

; s
50 pm

11 TA19 &4 RBRA LY SEM IE 5

(a) 300 W T 4 21% S A BRI B2 2 PHTE i i 2 MR AH VIR A A5 (b)

) HFBEX
FIB ﬁ e Pop X,
) Y,
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Fig. 11. SEM microstructure of ignited TA19 alloy: (a) Overall microstructure formed under 300 W laser power and 21% oxygen

volume concentration; (b) enlarged view of Figure (a); (¢) microstructure formed under 300 W laser power and 25% oxygen volume

concentration; (d) schematic diagram of FIB sampling location.

F 1 TAL FaiRAH LU IR M
Table 1.  Element distribution in the ignited TA19 alloy.

TR TR % P 82 fiE3 84 {5 {6 {7
Ti 80.5 70.2 42.7 32.7 59.8 8.3 42.5
Al 10.3 8.9 18.2 2.2 5.4 29.2 1.2
Zr 2.1 3.2 0.7 0.7 0.3 0.2 0.2
Mo 1.2 1.5 0.2 0.2 0.3 0.3 0.3
Sn 1.1 2.1 0.1 0.1 0.2 0.2 0.2
O 4.8 14.1 38.1 64.1 34.0 59.6 55.6

JA 5 DX FIUBRE X1 T2 30 S T 3R 4 A 5 644
g X AFFE ] B 22 5. An1El 11(a), HABE X FIH
BE DX P AFAE R I FLBR N 4 S, A0 )2 R
ZALE. i E 3 RFRINIEEEIX EE R Ti(JE T4
TN 43%), AIJRFECE 2 18%) A O (i T4k
SN 38%) WAL, #Bid O 7E o-Ti A A R
LRI — X3k N T RE L &I A Ti 5 Al 1948168
PE 4fCRMBREX T8 TR TSN
43%) A O(JFFHU 5 &k 56%) 4Lk, FMIREEIX
P EZN TiO,.

& 11(b) AN Bk X ARG X A RIS, anfi
B 57 Fias, v LLE BUEEE X Y R = AR R
AL Ho ) R EEIX B A E 5 AR R AR A AR,
HItRAM OoRIR 8-S ) E2H Ti(60%),

Al(5%) FIl O(34%), 5 O & o-Ti AH 1 i) d5e K %
FERT, VABAREA A O 78 o-Ti Hp 10 48 0 [ 5 1K
g 6 AR IRAT HHAH, B— RS ERIKT
1 pum BY3RIRE ALBT HHABRE G 78 7 AR BT AR
i, Ti, O BT HZ R 1:1.3, iR L]
RETE AL T I 2 ).

(AR RN, BB i TiO, 22 P &
B sS4 M . 5K 10 R R % 2E TiO, 2
FHLE, B 11 () EHRA LU R TiO, JZ 0 2IE
KEHEHAR 10 um PR /N BURE, Bk 2 18177 7E
HIENEUCOR ZECHHORIFLBR. X — B G5k A7
16T TA19 & 4 0B 20h, faniE 11(c) &
300 W HOEDIR AN 25% FRFR BE 2R iR 4
21 I BE DX FURBE DX I T A [ R R R AR
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Fig. 12. TEM characterization results of the combustion zone/melting zone interface of ignited TA19 alloy: (a) Bright field image;

(b) dark field image; (c) enlarged view of TiyOz + AlyOs mixed region; (d) Al element distribution; (e¢) Ti element distribution;
(f) O element distribution; (g) SAED pattern at position 1; (h) SAED pattern at position 2; (i) SAED pattern at position 3;

(j) SAED pattern at position 4.
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Fig. 13. Stress failure model of oxide layer during the ignition of titanium alloy: (a) Basic model proposed by Evans and Lobbl

21,22]

(b) the oxide layer formed before ignition cracks under the influence of pore defects; (¢) the newly formed oxide layer after ignition

cannot maintain stability.
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Fig. 14. Statistical chart of defect size of ignited TA19 al-
loy.
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Table 2.  Measured results of instantaneous temperature

change rate of TA19 alloy at ignition temperature.

WOLRP W R /% %*Z‘;ﬁ’iiz‘?{%
225 34 305
225 38 305
250 32 300
250 34 300
250 38 310
275 32 300
275 35 325
300 25 330
300 30 310
300 32 295
300 34 305
300 40 295
300 50 300
300 60 300
325 21 330
325 60 320
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Fig. 15. Partial experimental results and fitting relation-
ships of laser power, oxygen volume concent, and ignition

temperature.
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X AU 15 30 A B AR L TR 1 B B e, 7E
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Fig. 16. Comparison of activation energies for the ignition

and oxidation processes of TA19 alloy.
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Abstract

The risk of titanium fire increases significantly with the development of future aero-engine, however, the
burning mechanisms of titanium alloys remain uncertain. Therefore, the ignition behavior and mechanism of
near o high-temperature titanium alloy are studied in this work by an integrated experiment method, including
laser-oxygen concentration ignition method, infrared temperature measurement and observation of molten metal
by high-speed camera. Based on this, the ignition boundary curve is determined and the ignition temperature of
the alloy is found to decrease from 1595 to 1527 °C with the laser power increasing from 200 to 325 W and
oxygen concentration increasing from 21% to 60%. The ignition microstructure is characterized by FIB and
TEM to study the evolution of reaction products. Pores are found to form beneath the TiO, surface layer,
which can be attributed to the instablity of TiO. The failure mechanism of protective oxide layer is further
analyzed according to the thermal stress caused oxide layer damage model. When the temperature approaches
the ignition temperature, which is below the melting point, the high vapor pressure of TiO leads to the
formation of porous defects beneath the TiO, surface, thus accelerating the fracture and failure of the TiO,
layer under thermal stress. It is revealed that critical conditions of temperature and instantaneous temperature
change rate are needed to realize ignition. Based on this, an ignition model is further constructed to discuss the
relationship among ignition temperature, laser power and oxgyen concentration. According to the experimental

data fitting, the reaction activation energy of TA19 alloy during the ignition stage is calculated toﬁr}ggﬂu%bout

280 kJ/mol, and the function for calculating ignition temperature is given as follows: 1.2 x 10'%e "7 ci4
0.52P. — 315 =0. This provides a theoretical reference for predicting the ignition temperatures of near o high
temperature titanium alloy and other types of titanium alloys under complex airflow conditions in aircraft

engines.

Keywords: near a high temperature titanium alloy, protective oxide layer, ignition temperature, ignition

mechanism
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