%54 % 45540 MoK T & Vol.54  No.5
2026 4= 5 H %5 84—103 71 Journal of Materials Engineering May 2026  pp.84—103

SI AR ZETIL, AWM, s e, 55  BREF ARG SR P IBIE SR G PR S BAS BRR R DS E e [T ] AR TR, 2026, 54(5) : 84-103.
CAI Yufan,ZHOU Haipeng, YANG Yuanduo, et al.Research progress in welding technologies of carbon fiber reinforced ther-
moplastic composites and titanium alloys[ J].Journal of Materials Engineering, 2026, 54(5) : 84-103.

T HEIE R B E AN B SHKEE
RN AR RER

RFI, Bl s K== ,%F #
(KRB FERIRL 5 TR B, Kt 300354)

FEE TREF e PO A AR (CFRTP) DL ST % | o BE i PR il A8 | AR S 00 3, e ot ot R S 4 sl g B A7 )
IR . SR EVE R UK # H R m b &8 & v M CFRTP I G Pl b i b kL, S BT 3 e v e
X REAREE F & D R S R B e BB AT e B, HNE YL SR Re 0 25 5 S HE T 2Pk R .
AR T CFRTP 58k & 4 MR AR A9 [ PYAMIFIT 0k i, X6 45 JE M B AR I T 249 05 Bk A 4 2 1 b L5 36 B i i
FEHLESEAT T B4 0T JREE T CFRTP S54kA & 1R B2 Rrff e iy 2tk al i, LI CFRTP 58k & 42 A 45K
FUBRE N RS %

SRR BRLT R BSTRIIE  SABH(CERTP) s 84 45 5 MR AR  FRTHI AL L 5 7% 4 ML 3

doi: 10.11868/j.issn.1001-4381.2025.000392  CSTR: 32421.14.j.issn.1001-4381.2025.000392

FESHES: TG4  CHEFIREG: A XEHS: 1001-4381(2026)05-0084-20

Research progress in welding technologies of carbon fiber reinforced
thermoplastic composites and titanium alloys

CAI Yufan,ZHOU Haipeng, YANG Yuanduo, AO Sansan,l.I Yang’

(School of Materials Science and Engineering, Tianjin University, Tianjin 300354, China)

Abstract: Carbon fiber reinforced thermoplastic composites (CFRTP) show great application potential in
aerospace and other fields owing to their advantages of light weight, high specific strength, rapid
prototyping, and weldability. As a commonly used lightweight metal in the aerospace industry, titanium
alloy is a material that can be directly bonded to CFRTP without corrosion defects. Achieving high-
performance joining between the two is of great significance for reducing structural weight, cutting carbon
emissions, and ensuring the operational safety of equipment. However, due to the differences in their
physical and chemical properties, joining the two materials poses numerous challenges. This paper reviews
the research progress on the welding of CFRTP and titanium alloy. It summarizes and analyses the process
characteristics of various welding technologies, surface treatment methods of titanium alloys, and interface
joining mechanisms. Furthermore, it looks forward to the common issues that need to be addressed in the
welding of CFRTP and titanium alloys, aiming to provide a reference for the large-scale assembly
application of CFRTP/titanium alloy hybrid structure.

Key words: carbon fiber reinforced thermoplastic composites (CFRTP) ; titanium alloy; welding

technology ; surface treatment; joining mechanism

TR £F 43t 2 A 44 L (carbon fiber reinforced poly- 42 J5 B9 DU K5 # R 2 — , HH & R 25 it R 45
mer, CFRP) BA 1 20 2 PERE , W LLSR EE | LURIEE Wit rEz =" fFERAM S S, =%
PeSE B b AT S, E LU A 4 N VBRS A350 I A BERE A HLAR B Y 53 %6, T



B4t o5

BT YEHT SR PAIBE S 5 PR S BR S S R BOR DT 85

787 WA A R LR 5096525 % A3B0VE Mttt i
REFHEHL, AL BEF R T 30 Z2 Wil 2F 4 5
MRE. AE TR BT U, A RH i fh DR 35 0Tk 58
tho FE“Xzm A TR 250, 2
PLSEHE CERPAE ]y TR T 1, ORI 254 o it [
A % G A 5 36 3 A A7 (GSAT-702) iy K2k B
K CFRP il 5%, JE B 2 4 mm i 54X 5 kg, % 1%
TR RE o o A

CFRP i i FE AR 5 28 BT 73 A i 21 4 43 56 A ]
P& 4 18 (carbon fiber reinforced thermosetting com-
posites, CFRTS) Flfk £ 4 114 5 BV A B8 (car
bon fiber reinforced thermoplastic ~composites,
CFRTP). M4, CFRTP B AL 54t abb v
A S5 PERE , ] ik BAT 8 3l — o 1 al
R onl D S e AL TR, ml o DB T4
ST S Bk A | ) A0 O B AR A, CERTP 2
TR S S R AT BT T R — AR AR R

R B AE s iR W e Jm , LA ok
JE AR 5 SR ol R B 57 S DR A TEAR 25
EHFMREEA TP IE R, T NHEER
I, BB ME— T BRI TRk ET 4 525 o R4 1 HOA
PR R R B AR B R S
CFRTP By P RE I A3 Ay i 4, X Dl EE L iR %t it
BT B L ER,

SR EK G4 5 CFRTP sk =g 22 R B
FUL RN Z P, SR8 AN R
M CFRTP BZEHAN L, Bh A2 Tm PR, il B
Sy e UNEYEAR , 305 4 B 5 AR AR B ] S i
FOIBVERER s B & R85, 5 RSB RO ¥ 2%,
A BB AP X P BB A 52 ML /N TR A B ME AR
AL BT5 L, AR IRAS B G S R R E M, S 2
H 5 CFRTP Ry A 22 ST B 55 , e i 5k ) 3Bl
2 T BUB IR S AN , P55 | AT ML A s )2 ) 5
WA ROERE

TEZEARE T2 b AR GER UG F CINAI A% ) iR 21
S YNNIV IS YK S A ER: KA R D)1} ie i i o)
B B0 AL 2 B ik 5 e e I AT R A bR ) R, {H 42
SR AT YR HED, AL T B R S 2 R B e .
i, BEE OGRS R PR EE AR A ek T
20 B 3R T K A Ak B A SR TR B, D i ok T/
CFRTP M MERR B 18 8 . AR SCR SR B N
SMIFFE IR | R AT G BRI BOR ST 4 5 LB
LR B T2, A e RE S A A RHE R RO &
JRR LIS SHE S T RS %

1 ITEZAH*

1.1 BOEEEEAR

Xt T JE /BRHHOE AR AR HOE R IR 5 i A
), °] 23 OB S RO AR P . OGBS
7 2 2OE T O R A SRR S 6w 2Z 8] B AR 3
17 CERTP PR 2 24 1) 56k W6 5 1 W B et 4 22
Tk R P S AR 475 2, DR b ol R TSRO 1% 307 07
A GG o WO AR A BN 1R .
ez, &8 E T CEFRTP by BotAi &R %
17, L 5 B 4| /CFRTP FUii , 24 B 1 Ak 5 Xt
& B R IATIRIE @ A IE %42 .

Laser heat source
Poor light transmittance

Titanium alloy
\ ' CFRTP
' —
Bl 1 %44 /CFRTPEIGIE SR ER

Fig.1 Schematic diagram of laser conduction welding for
titanium alloy/CFRTP
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Fig.2 Typical microscopic and macrographic morphologies of the titanium alloy-CF/PEEK laser conduction welded joint interface™?
(a)-(c) SEM micrographs at defocus distances of —4 mm,0 mm,and +8 mm, respectively; (d)-(f)high-magnification morphologies of the
corresponding regions in (a)-(c) ; (g)optical morphology of the interfacial joining region at a defocus distance of +8 mm;
(h)macrographic morphology of the welded joint at a defocus distance of +8 mm; (i) fracture surface of typical

TC4-side joint at a defocus distance of 8 mm; (j)local SEM morphology of the weld center zone
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Fig.3  Microscopic morphologies of typical porosity defects in laser joining'**!
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Fig.4 Methods for decreasing porosity in laser welding of titanium alloy/CFRTP

(a)schematic diagram of high-speed rotating laser welding of TC4/CFRTP"; (b)clamping device for laser welding process'
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Table 1 Equipment and process parameters adopted in laser welding of CFRTP and titanium alloy
Scanning
' ' Defocus
Material Laser equipment Rated power/W  Wavelength/nm  Power/W  speed/ Others Ref.
) amount/mm
(m-min ')
CF/PEEK-TC4 IPG YLS-6000 6000 1070 750 0.8 +6 Ar [12]
fiber laser 15 L./min
CF/PEEK-TC4 CO, laser 3000 1060 700 0.8 +5 Ar [13]
15 L/min
CF/PEEK-TC4 100 W 100 1064 95 3 Spot diameter  [19]
infrared pulsed fiber laser 0.2 mm
CF/PEEK-TC4 Continuous laser  scanning 200 1030 200 120 Spot diameter  [20]
system 30 pm
CF/PA6-TC4 IPG YLS-10000 10000 1070 2000 0.9 Ar [21]
laser 30 L/min
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Fig.6 Microstructure of ultrasonically welded TC4-CF/PEEK-tube joints depending on the displacement amplitude?*!
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Fig.7 Selection and design of ultrasonic horn materials'*
(a)longitudinal vibration finite element model for determining natural frequency and mechanical stress ; (b)prepared samples:including the gauge
section polished between the dashed lines; (¢ )modal analysis of RexM4, WFN and MC90 ultrasonic welding horns by

3D laser Doppler vibrometer, including the vibration modes measured under 20 kHz working mode
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Fig.8 Schematic diagram of friction stir welding of CFRTP

to titanium alloy '’
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Fig.9 Cross-sectional morphologies of friction stir welded CF/PA6-Ti joints under different rotation speeds
(2)100 r/min; (b)150 r/min; (¢)200 r/min; (d)250 r/min
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Fig.11 Macro- and micro-morphologies of hot-pressing welded CF/PEEK-titanium alloy joint (laser textured grid width of 0.2 mm )"

(a)macroscopic morphology of welded joint; (b)optical morphology of joint cross-section; (¢)SEM morphology of joint; (d)EDS line scanning results
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Fig.12 Abrasive blasting morphology on titanium alloy surface"*!)
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Fig.13  Morphologies of microtexture on the surface of titanium alloy

(a)schematic diagram of laser texturing*; (b)macroscopic grating textures at different angles'**!; (¢)3D microtexture morphologies with different grid

depths™’; (d)3D microtexture morphologies with different line spacings™*"; (¢)3D morphologies of microtexture with different widths'
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Table 2 Laser micro-texturing equipment, processing parameters and micro-texturing dimensions

Processing parameters

Optimal texture parameters

Laser Pulse

Moving

Material Equipment Pulse Texture Width/ Depth/  Spacing/  Ref.
power/  frequency/ width speed/ ype um um -
w kHz mm/s !
CF/PA6- 100 W 35 20 120 ns 1000 Grid array 150 75 100 [33]
TC4 infrared picosecond laser
CF/PEEK-TC4  Ultrafast femtosecond laser 15 100 209 fs 500 Microcone 265 180 350 [34]
system (time  bandwidth array
duetto)
CF/PEEK-TC4 70 W 50 200 300 Grid array 300 100 700 [36]
pulsed fiber laser system
(SP-070P-A-EP-Z-B-Y)
CF/PEEK- RFL-P50QB 50 50 120 ns 500 Grid array 500 200 500 [39]
AA6061-T6 infrared picosecond laser
CF/PAG6- Nanosecond laser system 20 70 100 ns 25 Microcone 100 150 100 [40]
AA6061 (SP-050P-A-EP-Z-F-Y) array
CF/PEEK-AZ31B Femtosecond laser system 50 25 500 fs 1000 Dot $1200 200 [41]
(FemtoYL-50) matrix
array
CF/PEEK-AZ31B Nanosecond laser system 56 200 240 ns 700 Grid array 300 300 1000 [42]
(SPO70P-A-EP-Z-F-Y)
CF/PA66- 70 W 70 70 50 ns 800 Grid array 40 140 1200 [43]
304 stainless steel  Pulsed fiber laser system
(SP-070P-A-EP-Z-B-Y)
CFRP- ROM-500 23 20 15ns 1000 Rectangular ~ Length:25 mm [44]
304 stainless steel  nanosecond laser strip texture  Width: 500 pm
CFRTP-Q980 Picosecond laser 16 250 15 ps 120 Groove 30 60 150 [45]

stainless steel (Bellin laser, amber NX IR)
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Table 3 Ti alloy surface treatment methods for improving mechanical interlocking of CFRTP/Ti alloy interface

Surface treatment method Process

Micropore scale Ref.

Sandblasting 60-mesh corundum sand ,

Micron-scale [31]

sandblasting distance 100-150 mm,

sandblasting pressure 0.2 MPa

Pickling 5%HF+15%HNO;,
alkaline environment + strong oxidant NaOH+H,0,

Laser microtexturing
high scanning times
Laser microtexturing
low scanning times
Anodization
alkaline system (e.g. NaOH)
Micro-arc oxidation (MAQO)

High power, low scanning speed,

Low power, high scanning speed ,

Acidic system (e.g. H,SO,,H;PO,),

Phosphate system, silicate system

Micron-scale [46,53]
Millimeter-scale [42-43]
Micron-scale [33-45]
Nano-submicron scale [25]
Micron-to-submillimeter scale [54]

22 WEFEs

CFRTP 5%k A 4 04k 25 G P i 2 i fh 2%
Ab B T BT SNy S BR L LA o BT 4 A R S AR
P BB e REEME R LS CFRTP WA
e SN R U TE =R =N ot ) SN PR 7N
KA Y EA AR IE T B, 51 AP 3 A a1 AR A
SR, R R 2 A PR AL TR M 8. CFRTP MR SE A
7 B A FE HOB A 16 P S 1A, T S8k A 4 R i AL
R A e X A=Y S AN | 7 2 1 7 L R A
FE L Z R, A6 IS B A Ao SRR | AR T A A B
VER S8R5 4 3R A0 45 ik, oy I LAk 27 B g £ k42
b LT
2.2.1 FimAfZ

H b 2 3 T Ah B (S RE 38 2o R 9 H il S 8 TE 4
& R R R TR A A5 1, i e 1 Bl H Ab s i
ek & dr ST R TR R A R E IS R
s B T R YR, YR SE B AR S o PR kA
it LIS R BRA 4 PR A 5 A2 iy
TiO A A B & B3 (—OH) B He M, 7] 5 3 2 M 15
R B AU BE AT R AR AR 2R G T AR 2 i KON 5 T
B — WS o) Yy BHREDRS £ S B LAR B4, ik = ks
TE2AVER . BEAh, B ARARS AIR JAb B AT 2 F TiO.
AR, Ak, B0 SR S BRLIR I 45 & D) AL
W B 432 . Xia %758 i MAO A BRYEER & 4
I TE W 2 L TIO S0 , L1 & 4 M K a5t

(—OH) A& 7 (O ) Al ML M i] 5 CF/PEEK %
A i e R | T B A A PR RE A1 B A i AR
J1, BER R AL F 4SS ). MAO AP S BR 5 4
L H A AEE Ik 141 mI/m?, HARPE o () /9 8.
FPETE E B R T ST A R R T S SR | R A
Gt TR
2.2.2 FEBEARIBH

it e 1 B 57 (silane coupling agent, SCA) f& —Ffr
A AT TCHLY N Y RE AR RE S A ALY A A A
A HLEEIL AW . Arkles ™ H H T SCA B4 Y
A RN RS (B )RS HLEE) , An &l 15 Fos . HR
N Ak AR R B R VA B B« i G, Si—X BRI & AR K
Ak Ry S—OH e s #2545, Si—OH FE 4] 2 [8] 38 123 Jii
IK 45 A NI W EA Si—O—Si 45 #4 /)48 38 1k S8 e 5
Bt J5 , IR W i Si—OH 5 3t 44 2% 1H 19 72 S AH BAE
FHIE )l U 5 e 2%, TE A TE AN, A4 B I 7K S 1) A
AL TR RS M Z DR S A o i R — Ok U
SCA WA — /N fik 5k 25 5 BLbF 2 T 1) 2 ik i i
BTV U T TR 4 B A Si—OH 22 4 4k i 25 1Rk
A, B4 5 HAD SCA 4y F 1 i Si—OH & 4 46 &
VA e Sk 1B SN Z =1 A AL R R R X |
(SCA) , AR T 5EKA 4 R IE pUoR b 275 o e i)
SCA VWIS, 1 & Tt Bl TN Tt 25 B 2 0 511, B g
BV i SCA, XCREAR #F L AE 4 I Rl 34 51 43 A7
IR T HIAE 0.5%~2.0%, i 2 S EHEE,



B4t o5

BT YEHT SR PAIBE S 5 PR S BR S S R BOR DT 97

MELAY 5104 . 280 SCA 5 44 13U pH R4 2 3.5~
5.5, AR 7 7K A A0 46 5 S o 900, P I R A K i

(a)

R R R Epoxy resin

[ [
H,0 ! ! ;
RSiOX, ——> Rsi(oH),—> "0~ Sll— o— SI] —0— Sll —OH

OH OH OH
OH OH OH Glass fiber
I ! interface
Epoxy resin "~ A~ A 7 7
R R R
[ | | R R R

HO —Si—0—Si— 0—Si- OH | | |
ey | | |

—> HO— Si— O— Si— O— Si—OH
] o] o | | |
H/ >H H/ \/H H< >H N H,0 o o O Glass fiber
Glass fiber \0 \() o %77}77?41“"{“3

interface I |

Epoxy resin

AL, A BT SCA 18 Bk & 4 3% 1 P AR E 1k

A

(b) R R R
L R I | |

| | : A A
HO— Si— O — Si— OH HO_SI“O_SI‘_O—SI'"OH
| |

OH OH e ) 0o o
o+ H/ Su H/ Su H/ \H
OH OH \/ \/ \N/ ~
1 | 9 Q o H,0
R
|

K15 REbE BRI R K
(a) (IR 5 PR AR IR S 5 () IR 5 T 52 bz

Fig.5 Schematic diagram of the action mechanism of silane coupling agent

(a)reaction between coupling agent and epoxy resin; (b)reaction between coupling agent and Ti
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Fig.16 Schematic diagram of multiple surface modifications on TC4 and interactions between functional groups™”
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(a)synthesis process of Schiff base titanium complex ; (b)principle of bonding enhancement for Schiff base titanium complex
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Table 4 Joint strength of CFRTP/Ti alloy after different surface treatments

Surface treatment

Maximum lap shear strength/

Materials and dimensions Welding process  Joint configuration . . Ref.

method tensile shear force of joint

Laser microtexturing  TC4: 100 mm X 20 mm X2 mm Laser welding Single lap joint, lap 52 MPa [34]
CF/PEEK: 100 mm <20 mm><2 mm (clamping device) length: 8 mm

Laser microtexturing  TC4: 100 mm X 20 mm X2 mm Laser welding Single lap joint, lap 58 MPa [35]
CF/PEEK: 100 mm <20 mmX2 mm (clamping device) length: 5 mm

Laser microtexturing  TC4: 50 mm X 30 mm X 1.5mm Laser welding Single lap joint, lap 2621 N [36]
CF/PEEK: 50 mm 25 mm X2 mm length: 20 mm

Laser microtexturing  TC4: 50 mm X 30 mm X 1.5mm Laser welding Single lap joint, lap 2596 N [38]
CF/PEEK: 50 mm X 25 mm X2 mm length: 25 mm

Laser TC4: 75 mmX 25 mm>< 1.5 mm Laser welding Single lap joint, lap 1587 N [52]

microtexturing—+ CF/PEEK: 75 mm 25 mm X2 mm length: 20 mm

MAO

Laser TC4: 50 mm X 30 mm>x 1.5 mm Laser welding Single lap joint, lap 27.22 MPa [59]

microtexturing =+ CF/PEEK: 50 mm X 25 mm X2 mm length: 25 mm

MAO-+SCA

Schiff Base modifier ~ TC4: 50 mm > 30 mmX 1.5 mm Laser welding Single lap joint, lap 38.73 MPa [61]
CF/PEEK: 50 mm 25 mm X2 mm length: 20 mm

Laser microtexturing  TC4: 50 mm <30 mmX1.5 mm Hot press welding ~ Single lap joint, lap 5286 N [29]
CF/PEEK: 50 mm X 25 mm X2 mm length: 25 mm

Laser microtexturing  Ti: 50 mm <25 mm X2 mm Laser welding Single lap joint, lap 16.5 MPa [33]
CF/PA66: 50 mmX 25 mm X2 mm length: 20 mm

Laser microtexturing  Ti: 50 mm <25 mm X 3 mm Laser welding Single lap joint, lap 18 MPa [37]
CF/PA66: 50 mm X 25 mm X2 mm length: 25 mm

Laser microtexturing ~ Ti: 50 mm 25 mm X3 mm Laser welding Single lap joint, lap 30.4 MPa [19]
CF/PA66: 50 mm X 25 mm X2 mm length: 20 mm

Anodization Ti: 150 mm X 50 mm X2 mm Ultrasonic Single lap joint, lap 5.99 MPa [25]
CF/PA6: 50 mm X 25 mm 1 mm Plastic welding length: 25 mm

Silane coupling agent Ti: 150 mm><50 mm X2 mm Friction Single lap joint, lap 10.15 MPa [28]

(SCA) CF/PA6: 150 mmX50 mm>X3mm  Stir welding length: 25 mm
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