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ABSTRACT

The paper deals with mechanical behaviour of the RTM (resin transfer moulding)-made composite T-joints
under tensile loading. Initial failure and damage evolution behaviors as well as the load-displacement curves
were determined by experiments. Progressive damage models (PDMs) of composite T-joint were presented
based on the Hashin, Chang-Chang, Hou criteria and the mixed criterion, and the results predicted from the
aforementioned PDMs were compared with experimental data, demonstrating the better correlation with the
experiments for the predictions from the mixed criterion than from other criteria. The reason for this is that the
interlaminar delamination failure can be identified and isolated by the mixed criterion. Using the PDM based
on mixed criterion, the predicted initial and final failure loads have a good agreement with experiments, and
the effects of triangular fillers and radius of boundary angle were investigated and discussed on initial failure
loads of composite T-joint. The findings in this work are helpful to improve mechanical behaviour of com-

posite T-joint.

1. Introduction

Composite structures (e.g. joints, stiffened panels, wing box, blades
etc.) are widely used in engineering field due to excellent mechanical
behaviour and ultra-light-weight [1-10]. However, composite joints
are usually the weak link parts in composite structures. Thus, it is
important to understand failure mechanism and mechanical behaviour
of composite joints in engineering design. Experiment and finite ele-
ment (FE) method are available to deal with the previous problems.
Fan et al. [11] experimentally investigated failure mechanism of
composite 1t joints under bending load, and the results showed that the
delamination was the dominant failure mode of composite = joints. Fu
et al. [12] conducted three-point bending tests to examine flexural
properties and failure process of composite [— and m-beams, and si-
mulated progress damage process of composite beams using a progress
damage model. Luo et al. [13] also experimentally determined failure
progress of composite T-joints subjected to tensile and compression
loadings. Wu et al. [14] simulated progressive failure process of
composite T-joints under tensile loading, and the numerical results
agreed well with the experiments. Bai et al. [1] developed a progress
damage model of composite m-joints under four-point flexure using the
mixed criterion for simulating the damage process with an acceptable
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precision. Baldi et al. [15] numerically simulated damage propagation
in the adhesive interlaminar layers of composite T-joints. The pre-
dicted results correlated well with the experiments. Li et al. [16]
measured mechanical properties of composite T-joints with three-di-
mensional four directional braided composite fillers, and found that
the filler area was the weak link part of composite T-joints. Thawrel
et al. [17] determined the S—N curve of composite T-joint, and pre-
dicted fatigue life of T-joint by using linear damage accumulation
theory. The predicted results of fatigue life agreed well with the ex-
perimental data.

From the aforementioned reviews, it is obvious that the inter-
laminar properties have an appreciable influence on mechanical be-
haviour of composite T-joints and the interlaminar delamination is
usually the dominant failure mode. In general, the interlaminar prop-
erties of composite T-joints are improved by using z-pin strengthening,
ply angle design, geometrical configuration optimization, etc. Li et al.
[18] investigated the influence of thickness ratio between the flange
and the skin in composite T-joints on the reinforcing effect of z-pin. It
was found that the z-pin could effectively improve the load-carrying
capacities of composite T-joints only for the greater thickness ratio than
0.32. Nanayakkara et al. [19] revealed the effect of strengthening and
toughing of volume content of z-pins on mechanical properties of
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Fig. 1. Geometry and dimension of composite T-joint.

sandwich composite T-joints, and found that fracture load and fracture
energy increased with the increasing volume content of z-pins. The
primary toughening mechanism for pinned composite T-joints was
elastic deformation, debonding and pull-out of pins from the face skins
into the sandwich composite. Kim et al. [20] presented a new stitching
method to improve through-thickness strength of composites. The re-
sults showed that composite T-joints made from the new method had
larger failure load as against those from traditional methods. Cen et al.
[21] proposed a new adhesive joint between two GFRP foam sandwich
panels and investigated failure mode of new joint under four-point
flexure. Bigaud et al. [22] investigated mechanical behaviour of com-
posite T-joints reinforced by one side stitching. It was found that the
stitched composite T-joints have greater ultimate strength than the
unstitched ones. Burns et al. [23,24] optimized ply angle according to
the arrangement of tree fibre to improve composite T-joints under bend
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loading. The tensile strength was improved for optimized composite T-
joints as compared with conventional ones. Hazimeh et al. [25] de-
monstrated the influence of ply orientation on the shear stress in the
adhesive layer of composite double-lap joints under in-plane impact
loading. It was reported that the shear stress in the adhesive layer was
mainly influenced by the closest plies. Akpinar et al. [26] analyzed the
effect of embedded supports on mechanical properties of composite T-
joints using FE and experimental methods. It was involved that load-
carrying capacity of composite T-joints with embedded supports had a
significant improvement, but the bending stiffness had a certain re-
duction. Trask et al. [27] compared load-carrying abilities of composite
T-joints with the same external geometry but different triangular zone
area. They elucidated that the strength of composite T-joints reduced by
33% in case that the triangular zone area decreased by 50%, and the
reduction of area should be tolerated within certain limits. Domingues
et al. [28] investigated failure strengths of composite L-joints with
different geometric dimensions and adhesives under peeling loading. It
was shown that the adhesive ductility and plate thickness were im-
portant factors to affect the strength of composite L-joints. Park et al.
[29] reported the combined effect of environment and manufacturing
method on the strength of single-lap bonded joints, and pointed out that
co-cured composite joints had the greatest strength. Cheng et al. [30]
compared the influence of manufacturing process on mechanical be-
haviour of cross-joints made by resin transfer moulding (RTM), stitch-
RTM and co-bonded techniques, and found that the RTM-made cross
joints had a better mechanical property than those made by other two
methods.

From the previous reviews, it is obvious that appropriate structural
design and optimization as well as manufacturing process are available
to improve mechanical properties of composite joints in engineering
application [7]. However, it is important and essential for appropriate
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Fig. 2. Tensile test.

Fig. 3. Failure sequence of composite T-joint under tensile loading.
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Fig. 4. Load versus displacement curves of composite T-joint under tensile loading.

Table 1
Experimental results of initial and ultimate failure loads.
Initial failure load (N) Final failure load (N)
Experiments 1934 2166
1845 1916
1567 2061
1803 1966
Average value of experiments 1787 2027
Prediction from mixed criterion 1850 1987
Relative deviation 3.5% 1.9%
Prediction from Hashin criterion 2114 N.A.
Relative deviation 18.3% N.A.
Prediction from Chang-Chang criterion 2114 N.A.
Relative deviation 18.3% N.A.
Prediction from Hou criterion 2114 N.A.
Relative deviation 18.3% N.A.
. .. |Mean value of experiments — Prediction |
Here relative deviation = . X 100%

Mean value of experiments

structural design and optimization to fully understand failure me-
chanism and mechanical properties of composite joints by using ex-
perimental method and FE analysis. Owing to the resource constraints,
the progressive damage modeling (PDM) have received much interest
over the last decades to simulate failure mechanism, and to predict
mechanical properties of composite joints. However, there is a need for
a more practical and expedient PDM technique for the application in
composite structure design, which is the focus of this paper. This paper,
therefore, makes an effort to provide an insight into the practical and

expedient PDM technique to exactly simulate failure mechanism and
mechanical properties of composite T-joints.

2. Progressive damage analysis

2.1. Experiment

Composite T-joint specimens were made of EW220/5284 compo-

sites (i.e. EW220 glass fibre fabric and 5284 epoxy resin) and
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Table 2

Mechanical properties of EW220/5284 TWF ply.

Table 5
Mixed criterion.

Composites Part B 160 (2019) 488-497

Property Value Failure modes Failure criterion
Longitudinal elastic modulus E;/GPa 14.2 0° fiber breakage in tension [31] of 4 v >1(020)
Transverse elastic modulus E,/GPa 19.3 Xy xp T 1=
Through-thickness elastic modulus E3/GPa 5 0° fiber breakage in compression o
Poisson's ratiov;, 0.15 [31] XTZz >1(01<0)
Poisson's ratiovi3 0.01 90° fiber breakage in tension [31] g
Poisson's ratiov,; 0.01 = + = >1(0220)
In-plane shear modulus G;,/GPa 4.3 o . . s 12

_ 90° fiber breakage in compression a2
Inter-laminar shear modulus G,3/GPa 3.0 [31] X—% > 1(03 <0)
Inter-laminar shear modulus G,3/GPa 3.0 2t
Ply thickness/mm 0.17 Fiber-matrix shear debonding [31] 5_12 + i + i3 51 (0 <0)
Longitudinal tensile strength X;,/MPa 380 XX X :
Transverse tensile strength X,,/MPa 493 Delamination failure [31] ﬁ + lZS + 123 >1(03 > 0)
Through-thickness tensile strength X3,/MPa 50 FTSA
Longitudinal compressive strength X;./MPa 312 Matrix cracking in tension 2>1(@>0)
Transverse compressive strength X,./MPa 417 5 L. . X
Through-thickness compressive strength X53./MPa 199 Matrix cracking in compression Z2l>1(@<0)
In-plane shear strength X;,/MPa 111 Y-
Inter-laminar shear strength X;3/MPa 25 Initial interface delamination on ) 5\ 2\
Inter-laminar shear strength X,3/MPa 30 (:,9) + (?) + (?) =1

Table 4

Table 3

Mechanical properties of 5284 epoxy resin.
Property Value
Tensile strength X,/MPa 80
Compressive strength X./MPa 199.1
Elastic modulus E/GPa 3.4
Poisson's ratio 0.3

Cohesive

Element

Fig. 5. FE model of composite T-joint.

Mechanical properties of cohesive element.
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Fig. 6. Load and boundary condition.

manufactured using the RTM technique [12]. Fig. 1 shows the geometry
and dimensions of composite T-joint with 83 mm length, 83 mm height,
40 mm width, 6 mm boundary angle radius, 3 mm bottom plate thick-

ness and 6 mm web thickness.

The experiment was conducted on a MTS880-100 kN servo-hy-
draulic machine at a displacement rate of 3 mm/min in a dry state at
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Table 6
Degradation rules for material properties.
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Failure mode

Degradation rule

90° fiber breakage in tension

90° fiber breakage in compression

0° fiber breakage in tension

0° fiber breakage in compression

Interlaminar delamination

Fiber-matrix shear debonding

Matrix cracking within triangular zone in tension
Matrix cracking within triangular zone in compression

En=En=E3=G6np=0Ci3=G3=vp=r3=v3=01
En=Ep=E3=Gp=0Ci3=0CG3=v=r3=v3=01

Eip = 0.07E;

Ei = 0.07E;

Es3 = 0.01E33, Gz = 0.01Gy3, Goz = 0.01G23

Ez = 0. 8E, Gia = 0. 8G1, Gaz = 0. 2Ga3, Es3 = 0. 2E33, G3 = 0. 2G13
E=v=01

E=v=01

| EstablishFE model |

| Displacement loading I-*

| Stress analysis i‘i

Read the stresses of

integration points

Stiffhess reduction

Fig. 7. Scheme flowchart of PDM using APDL routine.

(®)

room temperate. The test configuration is shown in Fig. 2. Both sides of
the bottom plate in specimens were fixed and the pulling load was
applied on the top of the web. The load versus displacement curves for
four composite T-joints are shown in Fig. 4. The failure process cap-
tured in the experiment is shown in Fig. 3. From Fig. 3, it is clear that
the delamination failure first appeared at the interface between the
triangular resin-rich zone and the curved webs. This happened at a
tensile load of about 1787 N (shown in Fig. 4). Then the delamination
propagated along the interface to the bottom plate and spread to both
sides. Still, the composite T-joint continued to carry the tension load
until fiber breakage at both sides on the upper bottom plate. Experi-
mental results of initial and ultimate failure loads for the T-joints are
listed in Table 1. The mean values of experimental results of initial and
ultimate failure loads for the T-joint are 1787 N and 2027 N, respec-
tively.

2.2. Failure model of the T-joint

By means of ANSYS code, a 3D progressive damage model is es-
tablished to model composite T-joint made up of the EW220/5284
plies, and the mesh model is generated on macro level of ply, rather
than micro level of constituent materials (or fiber and matrix). In other
words, mechanical properties of laminate elements in the PDM of T-
joint are defined by ones of EW220/5284 ply, rather than constituent

@ —.121 -305
5.1 -22.9
-1.8 1-15.3

8.7 il -7.68
15.6 -0.81
225 7.52
29.5 15.1
36.4 22.1
433 303
50.2 379
Longgitudinal normal stress O, Transverse normal stress O, Through-thickness normal stress O

) o 664 (©) g-438 5.16
-51.6 -3.41 -4.01
-36.8 -2.43 -2.85
-22.0 i|-146 -1.69
AN -0.48 -0.53
7.63 0.49 0.62
224 1.47 1.78
373 244 2.94
52.1 m 341 4.10
66.9 439 5.26

In-plate shear stress 7, Interlaminar shear stress 713 Interlaminar shear stress 7,,

Fig. 8. Simulated stress distribution of T-joint with initial failure under tensile loading.
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Through-thickness normal stress 07

Interlaminar shear stress T23

Fig. 9. Simulated stress distribution of T-joint with final failure under tensile loading.

materials. Solid element 191 is used to model composite laminate and
the total number of element is 83200, mechanical properties of lami-
nate elements are listed in Table 2. Solid element 45 is applied to si-
mulate the matrix in triangular resin-rich zone and the total number of
element is 12675, mechanical properties of matrix elements are listed in
Table 3. In order to simulate the interlaminar delamination between the
triangular resin-rich zone and the curved webs, cohesive elements are
arranged on the interface between the triangular resin-rich zone and
the curved webs (denoted by the red in Fig. 5). Interface element 204 is
employed and the total number of element is 1300, mechanical prop-
erties of cohesive elements are listed in Table 4. According to the test
configuration (shown in Fig. 2), boundary conditions and constraint are
applied on the FE model (shown in Fig. 6). Tensile force is applied by
tensile displacement loading (shown in Fig. 6) and the bottom plates are
fully fixed (shown in Fig. 6). In addition, the edges and interfaces of
sharp inner angles in triangular resin-rich zone are critical areas and
possibly cause the irregular elements, significantly decreasing the

493

simulating accuracy. For this reason, the element sizes near the sharp
inner angles should be numerously refined and checked until the pre-
dicted result is not sensitivity to the mesh quantity and quality.
Failure criterion and degradation rule of material stiffness play an
important role in the PDM. Failure criterion is used to judge and
identify the failure mode of element, and the degradation rule is applied
to degrade the stiffness of failed element. A mixed failure criterion in-
corporating the Hashin [31], maximum stress, B—K criteria [32] and
the cohesive model are implemented to identify the failures of fiber,
matrix and delamination in composite T-joint (shown in Table 5), here
the Hashin criterion is for isolating the fiber breakage and shear de-
bonding between fiber and matrix, while the maximum stress and B—K
criteria are used to respectively identify the matrix cracking in the
triangular resin-rich zone and the interlaminar delamination propaga-
tion of the interface between triangular filler and boundary angle. The
degradation rules of material stiffness corresponding to failure modes
are shown in Table 6, and the PDM for composite T-joint are carried out
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(a) 3D T-join model with triangular zone filler of resin

| Undirectional fiber

reinforced composite

(b) 3D T-join model with triangular zone filler of unidirectional fiber reinforced composite

(c) 3D T-join model with gap triangular zone

Fig. 10. 3D model of composite T-joint with different triangular zone fillers.

Table 7 in an APDL routine (shown Fig. 7). In order to understand the effect of
Mechanical properties of unidirectional fiber reinforced composite. failure criteria on the PDM, the Hashin [31], Chang-Chang [32], Hou
Property Valte [33] criteria are also employed in an APDL routine.
Longitudinal elastic modulus E;/GPa 47.9
Transverse elastic modulus E;/GPa 127 2.3. Mechanical characteristics analysis of the T-joint
Through-thickness elastic modulus E3/GPa 12.7
Poisson's ratiovy, 0.3 L. . . .
Poisson's ratiovs 0.3 The predictions for load-displacement curves and critical failure
Poisson's ratiovys 0.15 loads of composite T-joint are shown in Fig. 4 and Table 1. From Fig. 4
In-plane shear modulus G,»/GPa 47 and Table 1, it is clear that the results predicted from the mixed cri-
?‘:er'}amf“ar Sl}:ear mog“}‘ls 2_13; gga ‘3"3 terion agree with the experiments much better than those from the
juer aninar siear modulus Gza/ra . Hashin, Chang-Chang and Hou criteria. The maximum relative devia-
Ply thickness/mm 1765 X o X X R X R
Longitudinal tensile strength X;./MPa 60 tions of initial and ultimate failure loads simulated by using the mixed
Transverse tensile strength X,,/MPa 60 criterion from the experiments are respectively 3.5% and 1.9%,
Through-thickness tensile strength X5/MPa 1227 whereas only the ultimate failure load could be predicted using the
Longitudinal compressive strength X;./MPa 60 Hashin, Chang-Chang and Hou criteria and the maximum relative de-
Transverse compressive strength X,./MPa 60 L. o L. . L.
Through-thickness compressive strength Xs./MPa 135 viation are 18.3%. Thus, it is argued that the mixed criterion has better
In-plane shear strength X;,/MPa 86 accuracy than the Hashin, Chang-Chang and Hou criteria in the PDM
Inter-laminar shear strength X;3/MPa 86 for composite T-joint under tensile loading.

The simulations of stress pattern for the T-joint under initial and
final tensile failure loading are respectively shown in Figs. 8 and 9.
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Fig. 11. Load versus displacement curves for T-joint with different triangular

zone filler.
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From Figs. 8 and 9, it can be shown that severe stress concentration
occurs on the interfaces between the curved webs and triangular resin-
rich zone, and the through-thickness bonding strength on the interface
is much lower than longitudinal and transverse strengths, hence the
initial interlaminar debonding first appears on the interface between
the curved webs and triangular resin-rich zone, which leads to the first
load drop (shown in Fig. 4). After this, with the increase in tension
loading, the interlaminar debonding spreads along the interfaces be-
tween the curved webs and triangular resin-rich zone to the bottom
plate, and then the interlaminar delamination propagates along the
interfaces between the curved webs and the bottom plate. Finally, the
upper bottom plates (or curved webs) drastically deform upward, and
immense compression stress deduces fiber breakage on the upper sur-
face of upper bottom plate to lead to final load drop on load-displace-
ment curve (shown in Fig. 4). The finding correlates well with the ex-
periments.

3. Effects of triangular zone filler and boundary angle radius

From the above simulations, it is clear that the initial interlaminar
debonding first appears on the interface between the curved webs and
triangular resin-rich zone, and the triangular zone filler and boundary
angle radius have an influence on mechanical behaviours of composite
T-joint. The PDMs are generated to model composite T-joints with three
different triangular zone fillers of resin, unidirectional fiber reinforced
composite and gap, and five boundary angle radii of 2mm, 4 mm,
6 mm, 8 mm and 10 mm (shown in Fig. 10). Table 7 shows mechanical
properties of unidirectional fiber reinforced composite.

The simulated results for load versus displacement curves and initial
failure loads are shown in Figs. 11 and 12 and Table 8. From Figs. 11
and 12 and Table 8, it can be seen that the initial failure load is the
largest for composite T-joint with triangular zone filler of resin, but the
lowest for one with gap triangular zone. For composite T-joint with the
same triangular zone filler, the initial failure load increases with the
increase in boundary angle radius. Therefore, the PDMs based on the
mixed criterion in this paper is argued to be capable of evaluating
mechanical behaviuors of composite jointed structures subjected to
static loading only from the material properties of ply and structural
geometrical dimensions.

4. Conclusion

This paper seeks to investigate mechanical behaviours and failure
mechanism of composite T-joint under tensile loading by using the
PDMs, and to evaluate the influence of failure criterion on the predic-
tions of mechanical behaviours. Significant results emerging from the
investigations are as follows:

(1) The PDM based on the mixed criterion presented in this paper has
better accuracy than those from the Hashin, Chang-Chang and Hou
criteria for predicting mechanical behaviors of composite T-joint
under tensile loading. The maximum relative deviations of initial
and ultimate failure loads simulated by using the mixed criterion
from the experiments are respectively 3.5% and 1.9%.

(2) Triangular zone filler and boundary angle radius have significant
influence on mechanical behaviors of composite T-joint under
tensile loading, and composite T-joint with triangular zone filler of
resin can obtain the better tensile properties by adjusting an ap-
propriate boundary angle radius.
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Fig. 12. Initial failure load versus boundary angle radius curves of composite T-joint.

Table 8
Initial failure loads for composite T-joint.

Radius of boundary angle/

Initial failure load/N

mm
Resin  Unidirectional fiber reinforced Gap
composite
2 842 858 625
4 1405 1321 868
6 1850 1600 1140
8 2897 2776 1150
10 3448 3599 1312
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