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Mechanical characterization of mode I fracture at the interface of CFRP single-sided

patch repair of damaged aerospace titanium alloy components

FANG Jinrong , HU Junshan', CHEN Peilin , FAN Chunhao , ZHANG Lin , TIAN Wei
(College of Mechanical and Electrical Engineering, Nanjing University of Aeronautics and Astronautics,
Nanjing 210016, China)

Abstract: To investigate the mechanical response and fracture characteristics of adhesively bonded titanium alloy
structures under mode I loading conditions, this study employed a co-curing method to fabricate repair specimens
with single-sided carbon fiber reinforced polymer (CFRP) patches bonded to titanium alloy substrates. The effects
of patch thickness, ply orientation, and surface treatment on mode I interfacial fracture mechanics were systematic-
ally examined using double cantilever beam (DCB) tests. Peak load and interlaminar fracture toughness were
utilized as quantitative metrics to evaluate the overall repair performance. Furthermore, failure modes and fracture
surface morphologies at both macroscopic and microscopic scales were analyzed to elucidate the underlying
failure mechanisms of mode I static delamination in the titanium alloy/CFRP repaired specimens. The results
reveal that increasing the thickness of the patch leads to a rising trend in both the bending stiffness of the specimen

and the extent of fiber bridging. The mode I fracture performance of the repair interface improves significantly, with
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failure modes consistently evolving from adhesive failure of the glue film and cohesive damage to failure at the

CRFP interface. For multidirectional laminates, the 0° ply at the bottom of the patch exhibits the strongest

constraint on delamination paths, while the 45° ply effectively induces inter-ply crack migration, enhancing the

toughening effect. Notably, the two-dimensional woven patch demonstrates the best repair performance. For

surface-treated specimens, cohesive failure of the adhesive film is the predominant failure mode. Specifically,

sulfuric acid anodization provides the most significant toughening effect, increasing fracture toughness by 3.8% and

1.9% compared to quartz sandblasting and 400# sandpaper abrasion, respectively, and by 19.2% compared to

untreated specimens. These conclusions provide references for the optimized design and practical application of

damage repair processes under mode I loading conditions for titanium alloy components.

Keywords: composite materials; patch repair; mode I fracture; fracture toughness; aviation metal; double can-

tilever beam
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Fig.1 Schematic illustration of titanium alloy/carbon fiber reinforced

polymer (CFRP) single-sided patch repaired specimen
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Table1 Geometric parameters of titanium alloy/ CFRP
single-sided patch repaired specimen

Description Value/mm
Hinge additional length [, 17

Length of initial crack a, 50

Total length L 150
Specimen width b 25

Ti-alloy thickness ¢ 1.5
Thickness of adhesive film f, 0.12

BHIFFEBE ) R & SR 2R L il (120°C) [ RY
SY-24C S PERR AR RES IR, HZJEE 0.12 mm.
AR ) SRR S RN 2 R

®2 FEMERR. #E (UD) REL (PW) 454 CFRP
HEHaEsY
Table 2 Mechanical properties of adhesive film,
unidirectional (UD) and plain weave (PW) CFRP

Adhesive UD laminate PW laminate
SY-24C (T700/725) (T700/725)
Property Value|| Property Value|| Property Value
E/MPa 5750 || E,/GPa 119 || E;/GPa 66.28
G/MPa 1920 || E,/GPa 9 E,/GPa 61.8
o/MPa 451.6 || E3/GPa 9 E;/GPa 10
7/MPa 36.5 V12, V13 0.309 || V12 0.057
GC,/(N-mm™) 0.48 || vy3 0.35 | Vi3 vas 0.25
GC/(N-mm™) 0.64 | Gy G3/GPa 4 Gy,/GPa 4.52
GC/(N-mm™) 064 | G,/GPa 3.33 || Gy3, Go3/GPa 4

Notes: E, G—Elastic modulus in tension and shear; o, 7—
Failure strengths in tension and shear; GC,—Toughness in
tension; GC,, GC;—Toughness in shear; E; (i =1, 2, 3)—Young's
modulus (i direction); G;; (3, j =1, 2, 3)—Shear modulus (i-j plane);
v; (i, j=1, 2, 3)—Poisson's ratio (i-j plane).
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(a) Prepreg cutting  (b) Ti-alloy cleaning

(c) Drying

0° 90° +45° —45°(0/90°).

Tl == ||

ub PW

(d) Repair materials (e) Lay up (f) Specimens
K2 k& 4/CPRP IRFEMAME R SR (a) AP DI (b) AT TE;
(c) w45 () BPRHMES s (o) S/HLE; () 1BA 10k
Fig.2 Repair process of titanium-CFRP specimen: (a) Prepreg cutting;
(b) Ti-alloy cleaning; (c) Drying; (d) Processed materials; (€) Lay up;

(f) Repaired specimen
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Fig.3 Curing process and temperature curves of repaired specimen: (a) Specimen to be cured and method of pressurization;
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Cure time t/h

(b) High-precision automatic machine; (c) Curing temperature curve
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Table 3 Influencing factors and parameter setting of
titanium alloy/CFRP single-sided patch repaired specimen

Repair factor Factor setting

Patch thickness Tp/mm 1.14, 1.52, 1.90, 2.28, 2.66

[O]Sr [i45]25’ [0/90]25' [90/0]251
[(0/90),,]s, [0/£45/90],, [+45/0,],
Sandpapering, quartz-blasting,
sulphuric acid anodizing (SAA),

untreated

Lay-up direction 6,/(°)

Surface treatment Ry




-+ 2518 -

EEMRER

ASTM D5528—13"7, g8 56 7 & WA 4 iR o
TR BRI, 2R 8 L VR A 0 T A
PR e S A X R, RSB R U
1 mm [ [8] b7 %1 2k . DCB I i 5% J 2% 17 & 7 K
5 KN [ = A BE Pl g bl (PT-11790G, 5 KAXAS,
o), I o R RN RS - R A R Y
TE£0.1% LAY o O 7 i G 4 it aok R oy PR I 5 1 4T
Ve 3 BRI A AT AN X AR, o A e B R I 14
PR IEAT L, B PR g0 R X 55 R v, R AL
e L1 Je R K B KT 173

MR R, A (25°C) LA 2 mm/min
P41 S 0 2 SRR Nk ey, R SE R SR AR A L AL
. B SE . R, FEmEss R R A DR
AR T ABAL (MV-CA050-12UC, Hikrobot) 474
A MEMARE S Z R A S8R, WE 4(c)
PR o DARFIEH SCHES &, @ 2K 5 3
MBRHERXFR, HHIMORE T HLGEEY B
120 D VA N A = 8 = NN N (T V58
PRSI A ZARYE . Y T B CFRP 4 5
e e kA 2R, KB AUE IR

W58 B, X aURE 43 J2 47 8 W 1 5 48 A 1T
PEAT B 75 35 v S it 4 Ab B, S G 4 HE R AR AL AN
44 ¥ T % f45% (SEM, Hitachi Regulus 8100, H
AR YR e O/ AO08 R T 14 AN [R) 7 119 55 R 2 38
B, DS I, 25 A8 R e IR (E 20T . WY
ZRE S E N, AR R TEAE B ORI B
bro BEFORFEMEE T2 0K 2 0 88 5050 31K,
MM 2 R B R R I R TR, 5

i BB
Tensile i |
testing

([ | ]

I T

. mm\““"‘

{ A
Brideme fibers

K4 XGRS (DCB) B E : () BIKSEIT-6; (b) b S Jeds
WH: (o) FUENEALR
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(a) Experimental platform; (b) Specimen and clamping device;

(c) Bridging fibers
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Fig.5 Load-displacement curves of repaired specimens

with different patch thicknesses
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