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Microstructure and formation mechanism of CFRTP/Al joints
by laser induced self-propagating bonding

ZHOU Jian, LIU Shangyu, ZHANG Fulong
(College of Mechanical and Electric Engineering, Changchun University of Science and Technology, Changchun 130000, China)

Abstract: In order to study high efficiency welding of carbon fiber reinforced thermo-plastic ( CFRTP) and metal, the
experiment on the connection of CFRTP and Al was carried out by laser-induced Al-Ti-C powder interlayer self-propagating
reaction. Reaction mechanism of weld formation in the interlayer self-propagating reaction, microscopic interface and the
formation mechanism of CFRTP/ALl joint were analyzed. The results show that, the self-propagating reaction starts when the
temperature of the interlayer increases to approximately 933K by laser irradiation. The aluminum element melts and entraps the
solid Ti to react to form a Ti-Al compound. At high temperatures, the compound continues to react with Ti to form TiC. It also
releases heat. At the same time, elemental Ti and C react to generate TiC and release heat. The heat generated by the reaction
continues to maintain the reaction of the next layer until the entire interlayer reaction ends to form a good “weld”. These heat
makes that the left and right sides of the interlayer of the base material are slightly melted and re-extruded to form a good quality
joint. Laser-induced Al-Ti-C interlayer self-propagating high-temperature synthesis connection can realize the high quality
connection of CFRTP/Al, which is helpful to realize the lightweight of the vehicle structure.

Key words: laser technique; carbon fiber reinforced thermo-plastic; self-propagating connection; formation mechanism;

microscopic interface organization
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BEXE BRI B T AR 28 B T2 ) hn R s
FEOR 4 BEEOSUE  WOL B R A & Rk i 5
NABAVI & AR H & S =il A e 3 7R R 548
G4 B A, SRR PRI HOR 422 , s T DX IR i
{2 225. 49 pm , [FIBAHER TAE G4 B, I s i 4 3k i
KOTYISREE S 38 1 1. 5MPa™ . FENG %8 AR I #0
W5 Ni-AL-Ti v (a] 2509 1 ik £ 45 52 45 55 8HF TiAl
BA H S SRR, ST TN RIE ALTE & X
P23 R A BURN A PR R S R 5 R B
2 ALTI BT 430808 0. 1 B, 3223k B K8y 1) 5 B2 i) 3k
24, 12MPa , i %8 51 bR 88 2 3 808 2R T R
(9 5 . MUHAMAD %5 A" SR FH S 488 ot 6t 52 30
TR IR B b I SR IR W R £ T FE S (poly-
ethylene terephthalate , PET) 1A [6] 22 1m0 A0 B B 00 4 &
BRAS052 Wi, 45 R W, R s M FE 2 R4 B0R AT,
BT A R EE AR O — 5 T, A B T SR AR
A1) PET 5% He 1) KRS 2 T80 L A% S B0 000 &b JE B ML A K
B X A B TR R % 9 E . WANG! Al DUCK-
HAM' 25 A 73501 5R FF 409 K 45 ¥4 1) 22 J2 B8 i A v
) )2 SE I TG Z (R FER A 4 =2 (A1 ) 4 3 i 3%
e M B EE R G T O S R 4
IR, e U i s TR Z I, SO 8 78 S 3
T F O 2 ) L R R P A R A S e . SHITT R
H B T N T RSB T R AT ey s i L R G b
BHS TiAL & &m0z, W90 7 ARl v a2 I8 B2 s
X423k ST A 1 2 PR RR A SE R, 25 R 3R B, SR FH sy TR
FLJEE B S50 1R B A v () 23 RE 8 R 45 5 Jo 1 1Y 5 T 45
B, B PI5R AL i AT 3K 17. 59MPa,,

ATz R OCTE S 0y Oy X% % CFRTP/4R,
WOCYERIFH IR, FEAA RE R e RAEFEE
L2 NI E 8 =/ N N s Rl S T L el 1 D=
&5 9 2 ] I AR 4 1) SO HILER, 43 T CFRTP/ SR 1Y
TS P TOUL 5 T R LR

1 KM ORERTIE

1.1 RX5e#r#d

SIS A KSR FHR ST & 10mm x 10mm x 3mm f
CFRTP iz Al 10mm x 10mm x 2mm [ $34%, CFRTP
SR SR g, S AR AT HE R AR AR 0 B0 0. 30, #4

T BRET 4EA RV £F 4 , I Rk 4T 4R 1K 22 28 27 4
DYWL DI I f o e 27 4 BoAT 20 4 20 IRoRH I (2
B LR HAERI R, AT AR ] T B 2T 4 1 22 i AT
FIRRSUR . FRAE N 1060 SR 454, Holl o ik 1
Bis .

Table 1  Chemical composition ( mass fraction) of 1060 aluminum alloy

material Si Fe Cu Mn Mg
1060 aluminum alloy 0.0025  0.0035 0.0005 0.0003  0.0003

material Cr Zr Zn Ti Al
1060 aluminum alloy ~ — — 0.0005 — balance

HhE]J2 M RE SR R A0 AL By (R R
0.999) [Ti By (i it 43 %5k 0. 995) (B 41K 45 (A%
10nm ~20nm, K& Spum ~ 15pm) ¥ Al Ti, C ¥R %
—EHHIR G FIRA S B AR E AL L2
30MPa [ B[] i 7 FE il B @ 14mm x 2mm | S0 A
80% L% FE 1) AT AR R 3R
1.2 REERFE

AR5 Hh R B HLA006D 7Y (1% 5 TRUMPF A H] )
Nd:YAG [ (R CHE R SN 3R, &8 D)2 4kW i
HHOEZ 220mm RAEG R A, (I EIHAZ K 0. 5Smm
(YEEHE ; 38 3 600 m [ IEET 0 24 SO A4 i 1) KUKA
Pl NSOt 2% o KUKA HLE§ A k7[5 KUKA
HLER N Al il , A0 528t T 4 2 A AR i i
B, BERSSE I 6 FlAS [ 7 1] 1) 52 4432 3y, Honpg 7 o 38
= By = N P A el B 4 B e Sl

FEMEAT A £ 2E 1 CFRTP MR EE 4 8 i 5T, N
T EBRER AR A RE DL SR A R A S i, T 4R
TR T R AT T B AL B, AR5 K 2 N BE IR AR BN
0.1 [ NaOH ¥ (1 & i B 323K) iRk Smin, 7]
KB 2 1T 5% BA 1) NaOH 5 Wi vh vk 114, I J5 17
ABIEEIR 3408 0.3 1) HNO, 5 15min, B 2 5344
FA I HBUAL I A BUR BUH . CFRTP 76445
B AR R PO TARMLIEA T R AL B LA B =
M50, S A2 5 CFRTP Rzl A, H b2
LA PR LA A A R R 54T 6 7 0 T Uk 10min, 22
Je RS AR T T, B TR AR

W2 G R R 4 BRI 1 /s A 25 iy 2 i o
FHSOETI S 1200W | 25 £ 18 Omm (38 A RS A5
BRI Z BT, 75 S A2 HEA T 8 0 il S0
BUBS ]2 SR A A R I e, R )2 RO 58
BE IR E] 1873K [ IR B I, 5 30N ()% % < )
p ¥ CFRTP [ELEH ]2 |, CFRTP K41k It 5 ]
JETEIE . SR L RE AR 2 IR O R 4
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Fig. 1 Assembly of laser induced self-propagation CFRTP/Al

Fig.2 Metallographic analysis sample
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1T ALTI-C R Z v ] J2 B 7 S 3 400 48 B 0
ML HAE IR RN A,
PLSEE R A AL-TI-C Ry R AR R AE N 24 6L B
R RWIBCLCPE T 1 5 104 PR RE , T 36 3o 4 PR
J3E AT LIRS R R 25 10 1 4 208 1oL R 0 T RE A 11 7k
HepFifbAT, PR R —NEHEENRI =S8, A
% FE b S BT e e A AR 2R AR L, R A
FIT R B A o 25 LB, BV RO T L AR A R AL
Ti-CHf 4] J2 14 24 B B AT V10 0 0 58 T 26 0 AR 1
ZAIIBCEE . H3E MERZHANOV 258 A" 31 1 28 56 )
B YL PGEBE T, = 1800K I, 7K & [ & %E S 1 A%
FAEFE AT , 50 B AN R BPOR D SR i — RIS
LT TR A R W BT A5 R - IR R A A E
TN E A B W 5 N % 5E 4 RN A AT ELAR AT
iﬁtlﬂo

R 2 AR RE 1) 5 A 2 SRR ok F — AT A

N, 2 RN IAE R SR R AR RO, A U #eF
@Iﬁ*mm :

zn‘(H@_HgS)i,p-’-AHgS =0 (1)

Ao, n, 8RR EE R BB HY A8 RAEIRE T i}
(RN 5 AH S 5 S B 7E 298K I % £ I 1) B4 0 i

(kI/mol) ;3 n, (HY — Hyy ), 46 A U 7 16 48 T
3£ I F R X R Pk 2 1 (KJ/mol ) 5 (HY = Hg ), ) N
SIS 99 AR E B P R X B K Ak =2 A (K T/ mol)
17 IR TAR G P A IO, VAR 3 36 407 1
A
zni(H? - Hgs)i,p + AHZ»S =

D n(HY — Hyy),, (2)

TRUCIR R RO AE 4 AR AT T e e, T BRAR A1

AR R IR B ) e i RE B O A BRGR I o BUIN AYA
PR R A

~ AHS = j ¢,dT (3)

K, Ty AR FR BN TG TR 5 ¢, R A U 1 JoT ot
TE RIS

(D)2 (2) Py HY — Hygg AT LAAR A T 2555 —
EASR I AT LU R R

B
AH = lecpdT (4)

Kh,e, SIRE THUTKR:
¢, =a+bx107T +¢x10°T? +d x 10°T*(5)
X, a,b,c,d AR RS
A SN A L U 8 T ) s A 1 4 A AR s £k
LA
HE - HS, = jT c,dT + AH_ +

298

IT e 'dit + AH, +f dr (6)

A, T, oA s g 4 [ AR o A EZ,T R N ) s Ak i
JFE; AH, jﬂfif%@*ﬁ%ﬁr%ﬁrﬁ&,AHm R By 0
IR ¢, "R B ) [ AR % A8 I o o o FE A A 5 ¢, R
SO W) BOR o 1 R AR
7 SN A G TR B Y ][] s A7 7E [ AR G AR Ak
MG MBS, WA
H® - HO, = LT ¢,dT + AH, + ch/dt +

AH., +f AT + AH, f T (7)

K, T, A %{#5 ;AH, ﬁfir“%mﬂaﬂt IR
I AR B I R A

B R A 2k 3 A s 5, B AT X AL-Ti-C Hp i
JRAE PRI TR IR B B A S0 B [ AR g
AN AR P RAE , T 5 B ) oy LU A S R
BH B R FAE I TiAL, F1 TiC, K 5 9 3 R v 7
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AT LU T s
3AL+ (n + 1)Ti + nC — TiAL +aTiC  (8)

A, n BRI C BT R

T ARUE R B A N RS AR R IR A T E
ERR AT, LSRR R PGRE T, > 1800K, 254
SEBR R R R, R IRAE R TR 1 00 T 1
BARIREE T, o TEFTBFFE RSN, 4 i) TiAl
IBFNE AL 1613K HBUELIE ™ | IR IE [ £ 48 2
PIAH BRI g S = SO TR AR . BT LA
it (1) (6) X ~ (8) M =TT 25
AT, 15 3] 1800K < T, <2767K, n fH B HUEE
H40.32 <n <1.30, n IBUEIRE T HEZEH R
AR HEB, > n AR I T IS 6 2 v Ta) SR A
TAE T R B e RN, AR LR R n = 0.7, 14
RUARIRTE T, =2281K,
2.2 AI-Ti-C ] ZH) DTA &R EREE 5517

FI &5 S 7 S0 2, 1 SE R ALTi-C rpa) 2 /Y
BEAERE L S Wy AT 20 B o ¥ AL-Ti-C rp ] 2 ICR
—/NHRTBCN S AL 55 B S 3 b i 4T 500K ~ 1500K i
JEYE N BB, T E 4 Ry 300K/ min, FE7E & R
Birp e TR . IES N Y ALTI-C A ] J2 22 3475 17 il
22 [%] (differential thermal analysis, DTA) W& 3 fr 7R,
P 3 v, 2 2 B — A MR A T P A TR e 7 il B
900K ZHif , Hr a2 AL TR E RS, AL 5 Ti JtR 4
FRLARE 2507 AFAE TP a2 82 b, YR B i b
THAF 900K i , v [a] J22 P A A Jo 748 DX I 2 32K 3] 6 1Y
FEAGIREE , 2920 933K, PRIt , 55 ORL T i MR Wt O 2 4
I HAE AL, AR R T L 7E 900K Z J5 3 — 4
W W R, SRAURE e LS RS SRR R A2
P18 DAL A5 3 A JURL A B b 3 31, SIS A AL S WRORT T
FERAE LT C T IR , BT DAV ZS 55 20 ) 241
BRAURL , 2 A2 TR SO, IE I Ti ST R TESR W h b
B EWR LIS, B Sk AR A A BB AR I TiAL FF BRI
I R A B — U I Bk YL )
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Fig.3 DTA curve of Al-Ti-C intermediate layer
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i ALVR LA B — s P o 251 S A AR R P 1) P 52 B
JITAT S0 i AR ) R G, S B [ v 1000K 224y
B R G T A 1400K 76 A 19 /IR U, o3 al
B TiAL 5 Ti A RO AE AL 7B Ti Al 5 )R
[EIfE A9, Bk T G

T 2 BRI JE TR S 3 e S RO AR
JECH 7, E A AL-Ti-Cop i) J2 B0 0 S B ok o3 A
AT AF T ]2 AE AR A AN (] S L B BT A= 7
Py, RIVATSE BT A (]2 S B ALER A BIE S o K v 1] )= s
PN TISBEIE | SR A7 St 2 8], Ot SR A R —
WA ST S HRIE T B = B S RE SN, T A SR R ]
JZ 4 S S T R BT P v [ )2 S R )
T BE BT A 2 LAGE S T — JZ 18 Y B2, 33K IR B I
BUERR o T4 Fr7s A e Y ALTI-C R e] )=
ATPEIERECEROW R o 18] 4 R E U O 4 A XK OB
DRI R SE R S IX X

complete | incomplete
response | reaction

quenching

’ o | 00um .
Fig.4 Micrograph of quenched sample of A-Ti-C interlayer
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Fig.5 Micromorphology image

a—raw material area b—quenching area c—incomplete reaction zone

d—complete response area
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FERVRBE , A T 3R AR SR TR AR Xtk it
L DX e T — b e 98 DX 3K, Bt 0 DXk ) R 52 4 I
IO DX I, T A9 R T AR AR AL IR, S BOREL
B R BT AL 3l RO, BE% A Ti A C
UL 5 1) s 1, T JURE L i A ) R Rl 2%
il AL RS Ti MR S AR BN, B AR LR TiAL
WG (EZBEHRBEBAEK , KRR Ti B R AT
LS 5RO ARIFIEARE . 2B @il A R
FIURLI i A A ARk, AN ) 1) T AL 38 ¥ 72 B R )

FREIIE , JUWTE A A T O B o

Kl S SR SE 2 N X I SO A Pl o A I&T v T
DA, KRS Ti ORL E 220 2K, A K B 10
TR R A, 5 Ak Ti A OB [ I BE T R A i @
H,aE I BETE 3BT, HED O TiAL AH. 5381, Bt IX S
RO, A R R C TR 25 TR
I, BROCE MR A A REIRIN 25 1 PRR BN . — 7 N
OGRS Ti FERIRIA T T SO AR B TiC, R R
GRS 2 A0 COuR S TiAL 7RG T
SR AR TiC, AL FEREROR B R . PR 7 s AN S
{14 N 1] A EL AR S A3 AR 2 1 I S8 JIUS B, o4 2 3t 2
MUk ETE X U] T DTA iy £k P 8RR 1 B
J, TR AL GIE ] T ALTi ) S i R ) A s A
Ti-C 9 BN Bl B A AR o |l T B i S5 7 3k J3E A
PR, Ve BNV, ) TiC R AN B AR BRI A, 20y
BITE B A DX, DRI TG 2 L0 81 W 4 iy TiC 224
RIS A B, 1 DXIRAT A R SR Ti, C JCER AR
PRI DX S ) PR T 22 0 A AN 20 BT 5d Ol
PRI B RORZE AR o B H Rl A B, 7 1 X A Y
FURLPI R A, e AR D TiAL #7903 A5 34 50
M TR SRR BT A B A R A R, i A B 22 B A58
G SOV 1) 5 4 ONE ) DR 2 A G A R
TR I S B ROUUE S R . R R BT AL TR
MAFAE, 7 Hroh TIAL 5 C RO AR TS AL TiC,

Table 2 Energy spectrum analysis of each point in Fig. 5a ~ Fig. 5d ( atom-

ic fraction)
point Al Ti C (0] possible phase
P, 0.0031 0.9956 0.0013 0 Ti
P, 0.9905 0.0001 0.0003  0.0091 Al
Py 0.9003 0.0325 0.0413  0.0012 Al
P, 0.0004 0.0036 0.9960 0 C
Ps 0.6911 0.2317 0.0772 0 TiAly , TiC
Pg 0.7233 0.2420 0.0326  0.0001 TiAl,
P, 0.0081 0.4211 0.4534 0 TiC
Py 0.9999 0 0 0 Al
4500
4000
é 3500
2 3000
g‘ 2500
= 2000
3 1500
£ 1000
500
0

30 35 40 45 50 55
20/(°)

Fig. 6 XRD phase composition of Al-Ti-C interlayer product
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Y W EHED A4 TE A 1R DL e TiC RAEAE AT T
AETE A X S i 4 (Xoray diffraction, XRD) AHZH 5>
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Fig.7 Connector joint topography
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SN TCTE IE B AE R A7, W R 2 = O B i )k
2 fifi CFRTP SR BHE R AAR . 200 b, S HOB R
JERSRETE, T2 AR R T R IS AL T IR B & SE S
FERE AR, 8 2ok it i i 422 T R 30 a) )2 0B A
TR R A0y . BT b B2
F 3 ST 52 ), L DA TROUR 1 £ B O o3 A 4 Sk 8 it
N IR B B2 53 A an S LA 432 (1) AL-Ti-C
HZMEOCE S B S &N, 454G DTA 45 L
S A AT H O L ) e (b )2 R T e, Y
TREEIRE| 2 900K B, i fa] )2 N &3k 8 THILR
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FCORARMUAL, Y Ti SCRFEB IR T IE B — B W, Ti
5 AL LA O AR, TiAL TR S AL & AR JOBE ) Ti )
5 C &AW AE N TiCs B A& RN B #E47, — 8 51
TiAlL, WIFE Ry el = 4k 22 5 C oo 3R kAR IO A
TiC 1 AL, 3¢ Sp s 2 1w BT B i i) A o ol 19 00 1A 3%
AR R A AL, P25 42 6 0 VR LT B 5 ) 2
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