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Abstract
A non-liner elastic finite element analysis method for predicting the curing deformation of composite structures was established in this paper. The method simulated the entire curing process of composite materials and simplified resin during the curing process into two states: rubbery state and glassy state. Two different material properties were used in different states by updating the Jacobian matrix of materials using finite element method. The influence of thermal shrinkage, chemical shrinkage of resin, mold, interlaminar stresses and modulus on the curing deformation of the composite structure was considered. By using the established FEM, the spring-in of L-shaped composite structures made of T700/5429 was predicted and compared with the experiment results to verify the validity and accuracy of the method. The verified method was used to simulate the curing deformation of the stiffened composite structure. The results indicate that the spring-in of skin increases with the length and thickness of stiffener, but the increasing trend does not appeal to be linear. Skin length and stiffener radius exhibit an inhibitory effect. A linear relationship exists between stiffener radius and spring-in, while the relationship between skin length and spring-in is non-linear. Stiffener height and shape hardly have influence on spring-in.
1.
Introduction
Stiffened composite structures are becoming widely used in aerospace field, of which the molding process usually includes co-curing, co-bonding and secondary bonding. The co-curing process indicates that the uncured skins and the stiffeners are put into the autoclave for curing at the same time. The co-bonding process refers to the curing of the stiffeners alone first, and then the uncured skins and cured stiffeners curing together. In the secondary bonding process skins and stiffeners are cured separately, then clued and cured in the autoclave.
Spring-in is the main component of curing deformation of composite structures with corners, caused by many factors, including anisotropic thermal shrinkage, the chemical shrinkage of the resin and the difference of thermal expansion coefficient between the composite material and the mold [1-2]. Many scholars have used the linear elastic model to simulate and study the curing deformation of composites [3-4]. But non-linear elastic method is becoming a trend of study because of its better applicability [5-6]. 
At present, the deformation of L-shaped structure has been studied a lot while the deformation of T-shape structure is barely studied, and most of the studies use the linear elastic model. Also, there is no research on the effects of individual structural parameters. Therefore, the curing deformation of T-shaped structure still needs further studies.
In this paper, the skin structure with T-shaped stiffeners is taken as the research object and a three-dimensional finite element model is established to simulate the whole curing process of the composite T700/5429. The model can simulate the stress distribution and deformation accumulation process before the glass transition temperature and predict the spring-in of stiffeners and warpage of skins after curing. At the same time, the effects of different structural parameters on curing deformation are analyzed, including the height, thickness, length, shape, corner radius of stiffeners and the length of skins.
2.
Finite Element Method of Curing Process Simulation
2.1. 
Analysis and simplification of curing process
The curing process of T700/5429 is divided into five stages according to the physical and chemical changes of the resin, as shown in Fig. 1. 
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Figure 1. The curves of the cure cycle of T700/5429.
In the first heating stage (stage I), a cross-linking reaction of resin occurs and the viscosity of resin gradually decreases. With the pressure in the autoclave increasing to 0.62 MPa, the internal stress in the composite structure began to appear. 
In the first thermostatic stage (stage II), the cross-linking reaction continues, viscosity of resin reaches a minimum and most of the stress is taken by the fiber-net structure. The chemical shrinkage of the resin will lead to the internal stress, which will affect the curing deformation of structure.
In the second heating stage (stage III), the resin begins to gel and reaches its glass transition temperature with its viscosity gradually increasing. At this stage, the influence of stress, mold and interlaminar stress on the deformation still exists. The chemical shrinkage of the resin reaches its maximum, and its effect on the curing deformation is also maximized. At this stage, the modulus of the resin increases by several orders of magnitude. The stresses and deformations generated in the first three stages accumulate inside the composite structure, affecting the final deformation.
In the second thermostatic stage (stage IV), the modulus of materials increases and tends to be stable with the reaction finished. At this stage, the chemical shrinkage and modulus of the resin will have an effect on the cure deformation of the composite.
The last stage is the cooling process (stage V), the composite structure is cooled down to be released from the mold. The thermal shrinkage at this stage is the main reason that causes the deformation.
After the analysis of the physical and chemical changes during the processing, the curing deformation influencing factors are summarized into: mold, interlaminar stress, thermal expansion coefficient, resin shrinkage and material modulus, as shown in Table 1. According to this, the curing process can be simplified into two parts, corresponding to two different states of resin: rubbery state and glassy state. In the first part, the cross-linking reaction occurs, the chemical shrinkage of resin and mold play a major role on the influence on curing deformation. In the second part, the composites are cooled down and released from the mold while the thermal shrinkage of the composite plays a main role on influencing curing deformation. 

Table 1. The factors on curing deformation in cure process
	Factors
	I
	II
	III
	IV
	V

	Mold
	*
	*
	*
	
	

	Interlaminar stress
	*
	*
	*
	
	

	Thermal expansion
	*
	
	*
	
	

	Resin shrinkage
	*
	*
	*
	*
	

	Thermal shrinkage
	
	
	
	
	*

	Modulus
	*
	*
	*
	*
	


2.2.  The realization of the model in Abaqus
A two-step model is established to simulate the curing process using finite element analysis software Abaqus and its subroutine UMAT. In the first step, the properties of rubbery state are given to the materials. The procedure of temperature and pressure, a contact between the mold and the composite structure and the set of chemical shrinkage of resin are created. In the second step, the properties of resin are replaced with the glassy one. To simplify the conversion process, the thermodynamic properties are converted instantaneously in stage IV. Cooling, pressure relief and demolding set are completed in the step. 
The material properties of resin in rubbery state are usually obtained by quoting similar materials [7] , while material properties of resin in glassy state are obtained by experiments. The chemical shrinkage of resin is estimated empirically and converted to line shrinkage ε of single layer of composites in three directions [8], as listed in Table 2.
Table 2. The material properties of T700/5429
	Properties
	E(GPa)
	ν
	G(GPa)
	α(με/℃)
	ε

	State
	E1
	E2
	E3
	ν12
	ν13
	ν23
	G12
	G13
	G23
	α1
	α2, α3
	ε1
	ε2，ε3

	Rubbery
	140
	0.16
	0.16
	0.3
	0.3
	0.95
	0.05
	0.05
	0.04
	-
	-
	0
	0.42%

	Glassy
	144
	9.0
	9.0
	0.3
	0.3
	0.4
	5.9
	5.9
	3.2
	0.2
	48.9
	-
	-


2.3.  Experiment and verification of FEM
To verify the accuracy of the curing deformation prediction model, L-shaped specimens with 60° and 90° corners are designed and cured in the same process shown in Fig. 1. After the curing, the specimens are cleaned, cut into the same size and measured accurately. The measurement results and the comparison with the FEM prediction results are shown in Fig. 2 and Table 3. The simulation results are very close to the experimental ones, and the maximum error does not exceed 10%, which proves the validity and accuracy of the finite element method for predicting composite curing deformation.
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Figure 2. L-shaped specimens and their curing deformation prediction
(a) L-shaped specimen with 60° corner, (b) L-shaped specimen with 90° corner, (c) FEM simulation result of 60°-corner specimen, (d) FEM simulation result of 90°-corner specimen
Table 3. Comparison of experiment and simulation results
	Part number
	Corner (°)
	Spring-in (°)
	Error (%)

	
	
	Experiment
	Average
	Model
	

	1-A
	60
	1.60
	1.64
	1.614
	1.5

	1-B
	
	1.63
	
	
	

	1-C
	
	1.70
	
	
	

	2-A
	90
	1.10
	1.07
	1.174
	9.7

	2-B
	
	1.03
	
	
	

	2-C
	
	1.07
	
	
	


3.
Stiffened Structure Curing Deformation Prediction and Influence of Parameters Analysis
3.1.  Stiffened structure curing deformation prediction model
The verified finite element method was used to predict the curing deformation of T-shaped stiffened structure and study the influence of several structure parameters, including stiffener height, thickness, length, shape, corner radius and skin length. The stiffened structure simulated in this chapter was cured in a co-curing process with the uncured skin and stiffeners put into the autoclave together. The structure and structure parameters are shown in Fig. 3, in which Lskin=500mm；tskin=3mm；Lstiff=100mm；H=100mm；R=8mm；t=3mm. 
The structure is consisted of one skin and two stiffeners, both of which the composite layup is [45/90/-45/0]3s. The filling material between resin and stiffeners is twists made of single layers and was given the material properties of 90° layer in Abaqus. The temperature and pressure procedure stayed the same with the L-shaped structures. The expected curing deformation is the warpage of the whole structure, so the boundary condition was set at one edge of the skin, in order to restrict the rigid body displacements of the T-shaped structure.
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Figure 3. Schematic of size of T-shaped stiffened structure
3.2.  Stiffened structure curing deformation prediction results
The prediction results using the verified FEM are shown in Fig. 4, the maximum warpage of the T-shaped structure was 8.19mm. The warpage was thought to be the associated results of the spring-in of the four L-shaped stiffener. The focus here is the relationship between the spring-in of every single L-shaped stiffener and the warpage of the whole structure. 
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Figure 4. Warpage and spring-in of T-shaped stiffened structure
The four spring-in of L-shaped corners and two spring-in of the whole stiffened structure at two specified places were measured directly in Abaqus, as can be seen in Fig. 4. It turned out that the four spring-in of the L-shaped corner were almost the same, the spring-in of the stiffened structure can be the simple superposition of spring-in of stiffeners. The measurement results and their relationships are expressed in Eq. 1. We can use 
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 to describe the curing deformation of a stiffened structure, and the spring-in of the stiffened structure in the next section are all referred to 
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3.3. Influence of Parameters Analysis
The simulation results of spring-in of stiffened structures with different structure parameters are listed in Table 4. The structure parameters of the study mainly include stiffener height, stiffener thickness, stiffener length, corner radius, stiffener shape and the skin length. 
Table 4. The prediction results of spring-in of composite stiffened structure

	Number
	H(mm)
	Lstiff(mm)
	t(mm)
	R(mm)
	shape
	Lskin(mm)
	θs1(°)

	1
	50
	100
	3
	8
	T
	500
	0.3784

	2
	100
	100
	3
	8
	T
	500
	0.3780

	3
	150
	100
	3
	8
	T
	500
	0.3782

	4
	200
	100
	3
	8
	T
	500
	0.3784

	5
	100
	50
	3
	8
	T
	500
	0.3539

	6
	100
	150
	3
	8
	T
	500
	0.3837

	7
	100
	200
	3
	8
	T
	500
	0.3958

	8
	100
	100
	1
	8
	T
	500
	0.2199

	9
	100
	100
	2
	8
	T
	500
	0.2794

	10
	100
	100
	4
	8
	T
	500
	0.4697

	11
	100
	100
	3
	4
	T
	500
	0.4434

	12
	100
	100
	3
	12
	T
	500
	0.3131

	13
	100
	100
	3
	16
	T
	500
	0.2530

	14
	100
	100
	3
	8
	T
	300
	0.4192

	15
	100
	100
	3
	8
	T
	700
	0.3573

	16
	100
	100
	3
	8
	T
	900
	0.3455

	17
	100
	100
	3
	8
	J
	500
	0.3784

	18
	100
	100
	3
	8
	I
	500
	0.3783


The figures of specified parameter vs spring-in are drawn in Fig. 5. The analysis of the effect of structure parameters on the spring-in are summarized as follows.
Stiffener height barely has any influence on the spring-in, as can be seen from the simulation results of stiffened structures with four different stiffener heights: 50mm, 100mm, 150mm and 200mm, shown in Fig. 5 (a). The conclusion corresponds with the results known that length of straight edge has no effects on spring-in of L-shaped structures.
Stiffener length is an important factor influencing the curing deformation of stiffened structure, as shown in Fig. 5 (b), the spring-in of skin increases non-linearly with stiffener length increasing. That’s mainly because the area of stress affected by skin increases with the stiffener length increasing.
Stiffener thickness has a similar influence on curing deformation with stiffener length, but the shape of curve is different, as can be seen in Fig. 5 (c). The main reason of the non-linearity is that the bending stiffness of the structure increases with the thickness increasing, but the bending stiffness is proportional to the moment of inertia, which is proportional to the third power of the thickness.
The Fig. 5 (e) shows that the spring-in varies inversely with the radius of stiffener corner. It was found in the stress analysis that the in-plane normal stress between the stiffeners and the skin remained unchanged in the four different models. Therefore, with the increase of the corner radius, the bending moment generated by the forementioned in-plane normal stress increases linearly, which has an inhibiting effect on spring-in, resulting in a linear reduction of spring-in .
The Fig. 5 (f) shows that the spring-in decreases with the skin length increasing, but the influence is limited. When the length exceeds 700mm, the reducing rate becomes small, and the spring-in finally tends to be stable.
Three stiffened structures with different shape of stiffeners are modelled and the results are compared in Fig. 5 (g). The dimensions of the T-shaped, J-shaped and I-shaped stiffener remain the same, and the results show no difference. This is mainly due to the fact that for any shape of stiffener, the curing deformation of the corners connected to skin is the same. Therefore, the stiffener shape has no effect on the warpage of the composite stiffened structure. This conclusion is only applicable to the stiffened structures with transverse stiffeners forementioned in this paper. A stiffener in opposite direction will greatly increase the bending stiffness of the structure and inhibit the curing deformation.
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Figure 5. The influence of structurer parameters on spring-in of skin
(a) Stiffener height, (b) stiffener length, (c) stiffener thickness, (d) stiffener corner radius, (e) skin length, (f) stiffener shape
4.
Conclusions
(1) A non-liner elastic finite element analysis method simplifying resin during the curing process into two states was established for predicting the curing deformation of composite structures in this paper. The influence of thermal shrinkage, chemical shrinkage of resin, mold, interlaminar stresses and modulus on the curing deformation of the composite structure was considered. The method was used to predict the spring-in of L-shaped structures made of composite material T700/5429 and it turned out that the simulation results fitted well with the experiment ones.
(2) The verified FEM was used to simulate the curing deformation of the stiffened composite structure and study the influence of structure parameters. The results show that the spring-in of stiffener is the main factor leading to the warpage of the whole structure. The results indicate that the stiffener length and thickness have a non-linear positive effect on the spring-in of stiffened structure, while the skin length and stiffener corner radius have a negative one, and the stiffener height and shape hardly have any influence on spring-in.

(3) In conclusion, when designing the composite structure with transverse stiffeners like those in this paper in practical engineering, under the premise of meeting the mechanical performance requirements, properly reducing the thickness of the stiffener and increasing its corner radius will be helpful to reduce the curing deformation of stiffened structure and to improve the molding accuracy. However, the conclusion is only fitful for the structure with transverse stiffeners, a longitudinal stiffener will greatly improve the structure bending stiffness and suppress the curing deformation effectively. The detailed influence is still wait to be studied. 
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