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Abstract: After demoulding plane structures from polymer matrix fibre composites often show a warpage and owing to spring-in angles do not reach the designed shape. Considerable effort has been put into the development of methods for simulating the distortions in order to avoid them by countermeasures. Besides an empirical, trial and error based procedure there is a choice between simulation-based and semi-analytical approaches. This paper focuses on the latter ones as being fast and sufficiently accurate for the initial design. Spring-in is observed at curved structures. A simple formula relates the amount of spring-in on the difference between in-plane and transverse properties. Furthermore, it has been shown that an equivalent coefficient of thermal expansion can be determined with L-shaped coupons. With the aid of this coefficient the spring-in of more complex structures can be calculated with sufficient accuracy. Experiments showed considerable warpage of plain structures especially for slender plates. It happens for one-sided moulds and obviously depends on the part-tool connectivity in connection with the difference in thermal expansions as well as the development of the cross-linking in thickness direction. Other parameters of influence may be a gradient in fibre volume fraction or resin rich layers. A simple formula based on a model of two beams on top of each other was developed. It relates artificial coefficients of thermal expansion to the beam curvature. Warpage measurements with simple test specimens determine these coefficients, which then can be applied in detailed FEM analyses of more complex structures in order to anticipate their behaviour at demoulding.
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Introduction
Increasing application of polymer matrix fibre composites in lightweight constructions has brought about considerable effort in modelling the material and structural behaviour. Traditionally, analysis and design topics like laminate theories, micromechanical aspects, structural optimization or failure analysis have been in the focus of research, and substantial progress has been achieved in some of them. Lately, major attention is turned towards simulation of the manufacturing process aiming at models and means for producing structures ‘right first time’. These include fibre cutting and draping as well as resin flow and filling pattern in the resin transfer moulding process. Further, the curing process needs special attention. Without targeted countermeasures curing of a polymer matrix composite structure evokes undesirable deviations from the nominal size due to mechanical, thermal and chemical effects. 
Wille et al. [1] have pointed out that generally there are three different approaches possible to predict process induced distortions. Purely empirical trial-and-error based procedures must be carried out right within the production process and depend on the particular structure and curing cycle. Therefore they are rather time and cost consuming and not suited for the design and optimization phase. Simulation can be based on phenomenological or mechanistic models. Mechanistic models are rather complex and need considerable effort for investigating the cure mechanisms, such as cross linking of reactive components. More suitable for process simulation are phenomenological models which describe boundary conditions or material behaviour, such as exothermic reaction or shrinkage. An early approach in this direction was the model for isothermal cure developed by Kamal and Sourour [2]. Different incidents which happen in the curing process were studied by Gigliotti et al. [3], Antonucci et al. [4], Zarrellia et al. [5] or lately by Ersoy and Tugutlu [6], Jun et al. [7] or Brauner et al. [8]. A description of such incidents allows for a more detailed model. As a reasonable compromise semi-analytical models can be developed if distortions are of interest. Proposals which describe the total thermal and chemical shrinkage effects by thermo-elastic parameters were successfully applied by Kleineberg [9] and Spröwitz et al. [10].
In any case parameter identification needs a considerable number of coupon tests for one single resin system. But with these data available the models can be applied for various stacking sequences or process boundary conditions. Within his PhD thesis Svanberg [11] has given a ranking list of such parameters and specified their influence on shape distortions and residual stresses. Besides thermal expansion and cure shrinkage he regarded laminate lay-up, cure temperature and mould thermal expansion as parameters with large influence, whereas the mould material surface was considered of small influence. On the other hand, careful measurements by Kappel et al. [12] have demonstrated that surface roughness of the mould has a significant effect on warpage. The effect of friction at the tool/part interface has been investigated by Potter et al. [13] as well as by Kaushik and Raghavan [14]. Zeng and Raghavan [15] reported that the contribution due to change in the shape of the tool and the part is comparable in magnitude with the contribution due to process-induced stress. Albert and Fernlund [16] studied the influence of part shape, layup, flange length, part thickness, and part angle as well as the process parameters tool material, tool surface, and cure cycle which all can be of influence to the spring-in. They further stressed the effect of interaction between parameters. Fernlund et al [17] found a larger spring-in for C-channels than for L-channels. Garstka et al. [18] figured out a significant difference in cure shrinkage between UD and cross-ply specimens. By means of FE analyses Bapanapalli and Smith [19] as well as Darrow and Smith [20] determined thickness shrink as the main source for spring-in, whereas fibre volume gradient contributed only marginally. Wiersma et al [21] underlined the significance of matrix shrinkage and the difference in thermal expansion between part and tool. Huang and Yang [22] have shown that the spring-in angle decreases as the mould angle increases, but it is independent of the radius.
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This paper deals with the development and validation of semi-analytical models for the determination of two effects, which often can be observed after demoulding parts out of fibre reinforced thermoset matrix materials: spring-in and warpage. For a profile spring-in denotes the difference between the as-built angle and the reference angle whereas warpage specifies the deviation of a nominally plane structure from evenness. A considerable number of parameters can be of influence for those unwanted effects. It is important to find out the predominant parameters, and then develop a model accounting for these parameters in order to design manufacturing tools in such a way that the deviations are compensated. 

Figure 1  Spring-in

Spring-In
Phenomenon
Spring-in is caused mainly by the significantly different thermal contractions and chemical shrinkage between the fiber direction and the through-thickness direction induced by the manufacturing process. In curved sections a reduction in thickness with a negligible change in length leads to an increased curvature as depicted in Figure 1. 
Semi-analytical Approach
Simple mechanics-based models for spring-in were set up for instance by Nelson and Calms [23], Yoon and Kim [24] as well as Jain and Mai [25]. Disregarding transverse shear Radford [26] has developed an analytical relation between the aspired reference angle θ’ and the as-built angle θ; also provided by Radford and Diefendorf [27]. Following this approach and denoting normal strain in tangential and radial direction by εT and εR , respectively, such a relation reads
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where the strain may result from thermal, chemical or moisture effects. Therewith the spring-in angle Δθ reads
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Salomi et al. [28] pointed out that for thermoplastic matrix a differential form of the Radford model must be applied.
In the following only strains resulting from temperature change and chemical shrinkage induced by the curing process are considered. Assuming plane stress conditions the temperature induced strains for a single unidirectional ply in a fiber oriented coordinate system are
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where α1 and α2 are the coefficients of thermal expansion (CTE) in fiber and transverse direction, respectively. If the CTE of the fibers (αf1 and αf2) and the matrix (αm), the fiber volume fraction φ , and the Young’s moduli of the fibers (Ef1) and the matrix (Em) are known the ply coefficients can be calculated using micromechanical formulas:
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Strains due to chemical shrinkage in the fiber oriented system are assumed as
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where a resin volume change of ΔV leads to
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(7) 
as shown by Spröwitz et al [29].
Usually laminates consist of a number of plies with fiber orientations deviating by an angle of δ from a global coordinate system. In accordance with the classical lamination theory the strains must be transformed into the global system. With s = sin δ and c = cos δ that results in
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Homogenization over all N plies leads to
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where {ε} stands for either the temperature or the chemically induced strain, [A] is the matrix of membrane stiffness, and [Q]k and tk denote the reduced stiffness and the thickness of ply k, respectively. For calculating the spring-in angle according to equation (2) the tangential and radial strains are taken as
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Validation
For a quasi-isotropic layup of [+45,-45,90,0]s equation (2) in connection with the development given above is applied to check its validity. The material properties applied for this check are listed in Table 1.
	
	Carbon fiber
	Resin

	Young’s moduli
	Ef1 = 231 GPa
	Em = 4.67 GPa

	CTE
	αf1 = -0.63·10-6 K-1
αf2 =  7.2·10-6 K-1
	αm = 65·10-6 K-1


Table 1   Material properties for validity check
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Figure 2 shows the calculated spring-in angle for varying fiber volume fraction φ as well as the contributions due to a temperature decrease of ΔT = -160 K and a chemical shrinkage of ΔV = -0.05. For a common fiber volume fraction of φ = 60% the spring-in angle amounts to 1.1º with 67% thereof resulting from chemical shrinkage. With L-profile test specimens manufactured from 8552/AS4 prepreg an actual spring-in angle of 1.36º was measured at room
Figure 2  Calculated spring-in angle

temperature (25 ºC). Considering the rather rough approximation a deviation of less than 20% is a reasonably good agreement. Assuming that vitrification took place at 180  C the specimens were heated to approximately that temperature in order to compensate the thermal contribution to spring-in. The remaining spring-in angle was 0.82 , being 60.3% of the total value. That corresponds rather well with the calculated 67% due to chemical shrinkage.
Warpage

Phenomenon
Warpage denotes a shape deviation of mainly thin flat structures essentially caused by tool/part interaction. Sarrazin et al. [30] have studied the influence of curing temperature and cooling rates on warpage. Another source may be a difference in fiber volume fraction between top and bottom leading to a stiffness gradient in thickness direction and a gradient in CTE. Twigg et al [31] have reported that during the heat-up portion of the cure cycle, sliding friction is the dominant condition at the tool/part interface. In any case the warpage can be traced back to curing with a single-sided mould since tests with a double-sided tool did not show such an effect.
Besides the tool/part interaction an effect is of importance which could be called the ‘pancake effect’. It denotes the timely dependence of vitrification through the thickness. Such an effect has already been pointed out and analyzed by Melo and Radford [32]. Arafath et al. [33] have proposed a 2D analytical approach accounting for the material properties and their evolution with advancement of curing. Increasing the heat in the autoclave evokes vitrification in the upper layers; whereas lower layers start vitrifying later because of the low thermal conductivity of the resin and usually a lower tool temperature. Later on in the curing process thermal extension of the tool in connection with tool/part friction induces tensile strain into the adjacent layers. Demoulding finally causes reduction of the tensile strain and development of corresponding compressive strain in the lower layers leading to warpage.
Model Development
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Simulation of the warpage is performed by a model built from two beams on top of each other as depicted in Figure 3. The difference in strain over the thickness is simulated by artificial CTEs α1 and α2, respectively. Using the conditions of connectivity between the beams and equilibrium of cross sectional normal forces at no external loads a temperature difference of ΔT determines a curvature of 
Figure 3  Two-beam model
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where the relations 
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which leads to
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Equations (12) or (14) specify a relation between the warpage and an artificial CTE difference. If the curvature is measured in simple specimen tests, then these equations can be used to determine the warpage for more complex structures.
Application
For demonstrating the application 0º-specimens were manufactured by hand lay-up using a vacuum bagging process. Two different materials were used, M21/T800S with a nominal cured ply thickness of 0.125 mm and 8552/AS4 with a corresponding thickness of 0.185 mm. Laminates out of M21/T800S were produced with 4, 8 and 12 layers whereas the laminates from 8552/AS4 consisted of 3, 6 and 9 layers. For each material and each thickness specimens of the lengths l = 600 mm, 900 mm and 1200 mm were made. Details of the manufacturing process are provided by Kappel et al. [12]. After demoulding the specimens showed a different amount of warpage; the center deflections w0 were carefully measured accounting for the influence of gravity. Mean values and standard deviations obtained from three nominally equal specimens each are given in Table 2.
	l[mm]
	M21/T800S
	8552/AS4

	
	t[mm]
	w0[mm]
	σ[mm]
	t[mm]
	w0[mm]
	σ[mm]

	600
	0,5
	22,000
	0,762
	0,555
	8,625
	1,769

	
	1,0
	5,950
	0,373
	1,110
	3,375
	1,333

	
	1,5
	2,517
	0,041
	1,665
	0,950
	0,173

	900
	0,5
	59,383
	2,502
	0,555
	11,950
	7,565

	
	1,0
	13,567
	0,543
	1,110
	10,975
	2,458

	
	1,5
	5,333
	0,052
	1,665
	3,300
	0,668

	1200
	0,5
	75,883
	6,535
	0,555
	17,225
	0,386

	
	1,0
	26,700
	1,550
	1,110
	12,450
	3,025

	
	1,5
	10,567
	0,258
	1,665
	7,325
	0,450


Table 2 Mean Center Deflection w0 and Standard Deviation σ
Assuming a quadratic displacement distribution the curvature can be obtained as
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With a circular displacement distribution the curvature deviates only marginally but the calculation is much more involved.

Figure 4 shows the results. Conspicuous is the larger curvature of the M21/T800S specimens, especially for smaller thickness. This system contains thermoplastic toughening which may be of some influence. Further, the diagram figures out that the curvature is not proportional to 1/t3, which could be traced back to the pancake effect.
[image: image20.png]


For a more complex structure diagrams like the one in Figure 4 can be used to specify the curvatures which are to be anticipated for a certain laminate thickness. These diagrams must take the actual stacking sequence into account and consider x- and y-direction separately. Curvatures determined in such a way can then be introduced into Equation (12) or (14) in order to derive at a corresponding CTE difference. Using this difference in a two-layer shell FE model of the structure and applying the actual temperature difference ΔT leads to a good approximation of the expected warpage.
Figure 4  Specimen curvature vs. thickness

Conclusion

Spring-in and warpage are undesirable effects at demoulding a structure out of fiber reinforced composite after curing. Manufacturing efforts can be drastically reduced if these effects are known in advance. Then adequate countermeasures can be taken to modify the tools accordingly. This paper provides simple semi-analytical methods which allow for a good estimation of the effect to be expected. Spring-in is quite well understood. It results from a thickness reduction with a negligible change in length leading to an increased curvature of curved sections. Based on a proposal by Radford [26] a simple semi-analytical procedure was developed to calculate thermal and chemical contributions to the spring-in angle. The procedure was validated through tests with L-profile specimens. The chemical shrinkage turned out to contribute over 60% to the spring-in. Warpage, however, is still not fully understood. It is affected by the tool/part interaction as well as by a timely dependence of vitrification through the thickness. A two-beam model was developed which relates measured curvature to artificial CTE. These can be used in a finite element analysis to determine the warpage of more complex structures.
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