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Abstract

:

Additive manufacturing (AM) is an advanced manufacturing method that produces objects by sequential layering. Material extrusion AM (MEAM) with continuous-fibre reinforcement is becoming more widely used in naval structures, which are exposed to the marine environment. However, the water diffusion process and the effect of water ageing on the mechanical performance of AM materials are not yet well understood because of their complex internal structure, caused by defects generated during manufacturing. Current research on diffusion is mostly based on experimental methods for conventionally manufactured materials without considering AM-induced defects. The objective of this study is to explore how the defects inherent to MEAM affect water diffusion in a composite material by the capillary effect. Results from a numerical study of capillary flow in MEAM polymer are applied as a boundary condition in the subsequent finite-element analysis. The study illustrates that flow in the capillary reaches the steady state quicker compared to the saturation time in the matrix, predicted by Fick’s diffusion equation. It is demonstrated that the capillary effect can significantly affect the water diffusion in MEAM parts and reduce the saturation time to one-third compared to the case without accounting for this effect.
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1. Introduction


Additive manufacturing (AM) is a widely used method with potential applications in the shipbuilding and biomedical industries [1,2,3,4]. Polyethylene terephthalate glycol (PETG) is one of the mainstream materials in 3D printing as it demonstrates excellent mechanical properties and chemical resistance. Thanks to these properties, it has significant potential in naval structures and for use in the marine environment [5]. However, the degradation of 3D-printed PETG is one of the major challenges to address during the design and manufacturing of components used in the maritime sector.



Li et al. [6] explored the hygrothermal degradation of traditional carbon-fibre (CF) woven/PETG sheet laminated composite (produced by hot-press moulding) at 20 °C, 45 °C and 60 °C for 90 days. For PETG specimens reinforced with CF woven fabric, the specimens absorbed less water than pure PETG samples at all test temperatures. The flexural strength of the PETG specimen exhibited a decrease ranging from 28.6% to 32.2% across a temperature range of 25 °C to 60 °C. PETG specimens produced with material extrusion AM (MEAM) after immersion in salt water at 30 °C for 21 days demonstrated a reduction in tensile strength of 6.36% as observed in [7]. Compared to polylactic acid (PLA) and polycarbonate (PC), PETG specimens showed a better resistance to water ageing. Obviously, the extent of the reduction in mechanical performance after water ageing is one of the critical factors for many naval applications.



The microstructural analysis of a specimen that failed in a three-point bending test with scanning electron microscopy (SEM) showed that the absorbed water mainly influenced the interface area, leading to debonding between the matrix and fibres. For MEAM composite materials, the gaps between layers, voids and other defects generated during manufacturing led to higher levels of water diffusivity and the absorption rate as well as a larger surface area for water permeation [8]. Also, surface roughness affects diffusivity by varying the surface area and is related to layer thickness, printing speed, nozzle temperature and other manufacturing factors [9].



Current research on water diffusion in composite materials focuses on Fick’s or Langmuir’s diffusion in the matrix by considering it as a homogeneous material [10]. However, various researchers indicate that the random voids in MEAM structures are unavoidable, significantly increasing the volume fraction of porosity in the printed samples [11,12]. The size of the void is related to the insertion of the reinforcement material [13], the gap between the contour layer and the infill zone due to the printing line width [14], the infill pattern, etc. The research of Goh et al. [15] showed that in MEAM carbon- or glass-fibre-reinforced nylon, there were voids with a size of more than 16.4 µm in the matrix. Voids due to the imperfect bonding between the fibre and the matrix were also observed [16].



Compared to conventional manufacturing, the material extruded from the nozzle cools down quickly at room temperature. Seppala et al. [17] explored the temperature of printed ABS filaments after extrusion for different nozzle temperatures and printing speed settings; all printed materials were cooled down to below their glass transition temperature in 1–3 s after extrusion. Hence, the printed beads did not bond to the composite below and connect to them perfectly due to a short welding time. The gaps generated between beads during 3D printing were found with a diameter of less than 30 or more than 100 μm [18]. The size of voids with triangular cross-sections between beads could be reduced by increasing the volume fraction of fibres or reducing the layer thickness. Such voids are canals or capillaries that accelerate the water diffusion process in the MEAM composite material.



Apart from the gaps between beads, there are also capillaries in the matrix due to manufacturing defects. Research by Sommacal et al. [19] demonstrated with micro-CT scanning that the layers close to the building plate had fewer voids in the matrix compared to the upper layers. Moreover, the cracks and delamination during the manufacturing of composite materials can also have similar effects as voids [20].



MEAM composites have more voids in the matrix compared to composites produced with conventional manufacturing methods. Thus, the capillary effect on the water diffusion process in such composites cannot be ignored. Thomason [21] indicated that voids in the matrix are one of the major factors affecting water diffusion in glass-fibre-reinforced composites. The amount of absorbed water doubled when the void volume in the matrix increased by 1% of the composite volume. By combining a foaming agent and resin, Ayanoglu et al. [22] demonstrated that voids in the matrix significantly reduced the strength of the material but also increased water absorption. The presence of air in voids hindered the water penetration; so, the calculated saturated water content was higher than the actual level. Moreover, the decrease in strength after water uptake is more significant than that for samples without voids.



Fichera and Carlson [16] explored the water diffusion in vinyl ester resin reinforced with carbon fibres. Three different sizes of square composite panels were immersed in seawater for 60 days and compared with pure-matrix specimens. The former absorbed more water than the pure-matrix specimens due to higher void content. The acquired data were fitted into a Fickian diffusion model to investigate the influence of the capillary effect. For smaller panels, the spread of water-uptake levels in different specimens indicated the randomness in the distribution of voids. However, simulations with a capillary model resulted in a shorter time to reach the saturation state than that measured in experiments. This might be due to the capillaries being assumed to penetrate the whole panel, having the same diameter along their length and being evenly distributed. In reality, capillaries may be interrupted by fine bonding between fibres and a matrix in composites.



Further, Caggiano et al. [23] simulated the capillary-related water absorption in cementitious materials at the mesoscale by assuming the evenly distributed porosity, which formed the capillaries in cement, penetrating the whole specimen. After measuring the average porosity in cement, the diffusion rate due to the capillary effect in a unit volume can be applied to a simulation of the water diffusion process. A 40 × 40 × 160 mm3 prismatic specimen was submerged in a container with a water level of 7.5 mm to validate the capillary model. The mesoscale approach matched well with the experimental result, demonstrating that the microscale approach could be scaled up to the macro level if the simulation parameters were sufficiently representative.



Still, there is a considerable lack of research into water diffusion in MEAM composites, with their inherent porosity. So, in this study, an advanced numerical simulation of the effect of a capillary in a part of the MEAM composite surrounding it is performed by considering both Fick’s diffusion in the matrix and the flow in the canal. The capillary is assumed to have a constant radius and penetrate the entire composite domain to emulate the canals between the 3D-printed filaments as shown in Figure 1. The moisture flow is driven by the capillary force and water pressure while it is resisted by the pressure caused by the residual air in the canal, the flow dynamic pressure and the viscous drag. The capillary model is based on the force equilibrium in a capillary flow, solved with the finite difference method. The result of this model is applied as a dynamic boundary condition (BC) in the finite-element model of a conventional Fick’s diffusion of water in ABAQUS software. The FEM results are compared with a matrix model without capillaries to explore the capillary effect on water diffusion in MEAM composite materials as opposed to conventionally manufactured composite materials.




2. Capillary Effect


2.1. Fick’s Diffusion and Capillary Effect


Fick’s law is a fundamental rule used in the analysis of moisture diffusion; it states that the diffusion flux at a certain point is proportional to the diffusivity and the local concentration gradient as in the following formula [10]:


  J = − D   d φ   d x   ,  



(1)




where J is the diffusion flux, D is the diffusivity, φ is the concentration, and x is the position.



The flow in the capillary follows Jurin’s law, with the capillary force proportional to the surface tension and the cosine of the contact angle of fluid in the capillary [24]:


    F   C a p   = 2 π r σ   cos  ⁡  θ   ,  



(2)




where r is the radius of the capillary, σ is the surface tension of the fluid and θ is the contact angle of the capillary wall’s material. The constitutive model of the flow in the capillary is described next. For a capillary with a length of   L   and a radius of r, when the water flows at a distance of x, the free-body diagram of the forces in the capillary flow is shown in Figure 2. The capillary flow is driven by the capillary flow     F   C a p     and water pressure     F   W P    . The pressure of the air bubble trapped in the capillary     F   A P    , the dynamic pressure of flow in the capillary     F   D P     and the viscosity force between the flow and the capillary wall     F   V i s     retards the flow. The respective constitutive relationship then has the following form:


    m + ∆ m     x  ¨  =   F   C a p   +   F   W P   −   F   A P   −   F   D P   −   F   V i s   ,  



(3)




where water with the mass   m   flows at the distance x in the capillary with the radius of   r  .



A further detailed equation from [24] describes the dynamic equilibrium state of water in the capillary, introducing explicit relations for the acting forces into Equation (3):


    m + ∆ m     x  ¨  = 2 π r σ   cos  ⁡  θ   + ρ g H π   r   2   −   P   d   π   r   2   −   1   2   ρ π   r   2       x  ˙    2   − 8 π μ x   x  ˙  ,  



(4)




where the specimen is placed in water with a depth   H  ,   ρ   is the water density,   g   is the gravitational acceleration and     P   d     is the pressure of air that remains in the capillary, which varies during the flow of water in the capillary and follows the ideal gas law.



The relationship between the air pressure and the water flow distance in the capillary with the length L is given by the following expression from [24]:


    P   d   =     P   0   L   L − 2 x   .  



(5)







By applying a finite-difference approach to Equation (4), the differential equation is converted to a quadratic equation:


    m + ∆ x ρ π   r   2       ∆ x   Δ   t   2     = 2 π σ   cos  ⁡  θ   + ρ g H π   r   2   −   P   d   π   r   2   −   1   2   ρ π   r   2         Δ x   Δ t       2   − 8 π μ x   Δ x   Δ t   ,  



(6)






    ∆ x   2     1 +   1   2   π   ρ π   r   2   +   8 π μ x Δ t + m   Δ x −   2 π σ   cos  ⁡  θ   + ρ g H π   r   2   −   P   d   π   r   2     Δ   t   2   = 0 .  



(7)







Various researchers indicated that in MEAM PETG, the contact angle in the longitudinal and transverse directions is different [25,26]. As the capillary is parallel to the printing direction, the water contact angle in the longitudinal direction is used in this study. Moreover, the printing speed, acceleration and flow rate have a significant effect on the contact angle of printed specimens. The microscopic analysis also demonstrated that samples with higher surface quality had better hydrophobic performance. A solution for the water flow process in the capillary with a length of 0.1 m based on Equation (4) was performed in MATLAB.



Specimens of PETG reinforced with carbon fibres were 3D-printed [27], ground and then observed with optical microscopy. An example of a transversal cross-section of the specimen is shown in Figure 3. The 3D-printed PETG reinforced with short carbon fibres was polished before observations with an optical microscope. As obvious from Figure 1 and Figure 3, the voids between printing beads can be readily observed, with their size varying from 30 µm to 100 µm due to different printing parameters, illustrating the radius range for capillaries in the study.



The numerical simulation was implemented under the following assumptions:




	
The capillary is a perfectly round tube that penetrates the whole specimen.



	
Some part of the air in the capillary escapes immediately when the specimen is placed in the water tank.



	
The residual air and water in the capillary remain at room temperature.



	
The air that remains in the capillary is dry.








Parameters used in the numerical simulations are given in Table 1.




2.2. Results and Discussion


Following [17], a range of capillary radii from 10 µm to 100 µm were selected to investigate the effect of the radius on the capillary effect. As shown in Equation (4), the capillary force is proportional to the capillary radius. Meanwhile, the dynamic pressure     F   D P     of the flow and the pressure from the trapped air     F   A P    , which delay the capillary flow, are proportional to the square of the capillary radius. Therefore, as the radius of the capillary decreases, the length of the capillary flow increases. As shown in Figure 4a,c, the effect of the capillary radius converges after it reaches a threshold of 50 µm. It is worth noting that the convergence level for Equation (7) was 10−9 for the radius change from 50 µm and 100 µm, and it takes a few more iterations to converge.



In previous studies, the air was assumed to be fully trapped in the capillary, which differs from real-world scenarios. However, the amount of residual air in the capillary has a considerable influence on the length of water flow in the capillary. As shown in Figure 4b, the amount of residual air has a significant contribution to the length of the capillary flow. The capillary flow occupied the space of the escaped air and extended even further under the influence of the capillary force and water pressure. Moreover, when there was less residual air in the capillary, the influence of the capillary force and water pressure was reduced due to the larger pressure rise when the capillary flow advanced the same distance but with less residual air in the canal. This scenario was also reflected in the evolution of flow speed in the capillary for different air residuals in the canal as shown in Figure 4d. Consequently, in the subsequent investigation, the working assumption was that 40% of the air promptly evacuated the capillary upon immersion of the specimen into the water reservoir. According to Figure 1 from [18], a capillary radius of 15 µm was chosen to simulate the scenario of a specimen printed with high quality. Therefore, a radius of 15 µm and 60% residual air in the capillary were selected in the subsequent FEA simulations. The results of this study are shown in Figure 5, presenting the evolution of various forces acting in the system (see Equations (3) and (4)).



The viscosity friction     F   V i s     and dynamic pressure     F   D P    , which are related to the flow speed (yellow and purple lines in Figure 5, respectively) had a minor influence on the capillary flow since they had significantly lower magnitudes. The capillary flow     F   C a p     and water pressure     F   W P     (blue and red lines, respectively) were constant along the entire capillary according to Equation (4). The air pressure     F   A P     (green line) increased as air in the bubble became compressed when the flow advanced; it played the dominant role in retarding the capillary flow.





3. Finite-Element Simulations


3.1. FEA Implementation


One part of a 3D-printed specimen surrounding a capillary penetrating the whole specimen was simulated with the finite-element analysis (FEA). The dimensions of the model are shown in Figure 6. In a printed part of 100 mm in length, the rectangular transversal cross-section was 1 mm by 0.1 mm. A capillary with a diameter of 0.03 mm was placed in the centre of the cross-section. The properties of the matrix material are given in Table 2.



As the capillary flow process is almost instant compared with the global water diffusion in the specimen, the magnitude of the time increment should be small enough to adequately resolve its evolution. To reduce the computational cost, the ABAQUS FEA simulation was partitioned into three phases with different time increments (Table 3) to adequately assess the capillary effect on diffusion. In the first stage, the water flows into the capillary until saturation. In order to simulate the influence of the capillary, the flow from the capillary model was applied as a discrete boundary condition for diffusion at different time steps, as shown in Table 4 and Figure 7, applied from the beginning of the simulation. In Phase 1, the capillary flow boundary condition was applied to simulate the water diffusion when the capillary flow is advancing in the tunnel. Therefore, a fine time increment was considered due to the high capillary flow speed. In Phase 2, after the flow was fully expanded in the canal, the water diffusion direction was both longitudinal, from the specimen end, and radial within the capillary. Hence, the size of the increment was slightly increased. In Phase 3, the elements along the capillary in the longitudinal direction were almost saturated and the diffusion evolved in the lateral direction. Consequently, the size of the time increment was increased. In addition, the specimen absorbed water in the longitudinal direction from the edge of the specimen, which was at the same boundary condition (in terms of water concentration) as control Case III in Table 3 without the capillary inside the simulated domain. As a result, the matrix near the capillary reached a saturation state of the diffusion process. The water diffusion in the model was pure Fick’s diffusion in the longitudinal direction in the last step.



However, in the initial phase of the water diffusion, the part of the capillary freed by the evacuated air was filled with water almost instantaneously on a global time scale of Fick’s diffusion. In Phase 1, the time increments were small and segmented into different steps to have precise discrete boundary conditions, which otherwise would require a high computational power. To further reduce this computational cost of simulations, the boundary conditions were simplified as a single boundary condition, underpinned by a conducted sensitivity study, as shown in Cases I and II in Table 3. The comparison of the approaches of Cases I (single BC) and II (multiple BCs) is shown in Figure 8. In the second case, the size of the time increment in Phase 1 was significantly reduced. Although there was a significant lag between the modelled cases in the initial phase, their results converged after 10 s. Considering the duration of the entire process of water diffusion, the difference was minor and could be ignored.




3.2. Results and Discussion


In the case with the capillary (Case IV, orange line), the global water concentration reached half of the saturation level at the very beginning of the simulation (Figure 9), corresponding to the result of the FEA simulation where half of the specimen was saturated while the rest of the specimen that was not affected by the capillary flow was still almost dry during Phases 1 and 2. After Phase 2, the water diffusion speed significantly reduced as the contact surface with water was only along the longitudinal direction, whereas the elements adjacent to the canal were not affected by the flow. As a result, when the capillary flow effect was considered, the water concentration in the specimen reached a saturation state after 2 × 104 s, significantly earlier than in the control case without a capillary (Case III). This, the capillary in the specimen significantly accelerated the diffusion of water, reducing the water saturation time by a factor of 3 compared to the fully solid model.



Further, the evolution of water concentration in different zones along the component’s length was evaluated. As shown in Figure 10, the concentration in the initial parts of the capillary with   x   equal to 0.1 L, 0.25 L and 0.4 L (L is the total length of the model) almost converged and reached a saturation state much earlier than the rest of the model. The elements adjacent to the capillary flow reached saturation almost instantaneously. This result indicates that the water diffusing from the edge of the specimen had a minor influence compared to the radial water diffusion from the capillary flow in Phases 1 and 2. Meanwhile, the average water concentration with   x = 0.75   L rose slowly after Phase 2 due to Fick’s diffusion applied in the matrix where the capillary flow cannot reach.



Figure 11 illustrates the evolution of water uptake in a multi-step model (Case iv). At 0.1 s, radial diffusion in the matrix due to the capillary flow in the tunnel was observed at the position below 0.4 L from the edge of the specimen. Different concentration distributions are due to boundary conditions representing the capillary flow’s development. At 0.3 s, the advance of the capillary flow was delayed by the resistance of the air trapped in the middle part of the capillary, while the moisture from the specimen’s edge to the position at 0.4 L continued to penetrate the specimen by radial diffusion. At 2 s, there was a significant difference in water concentration between the front 40% of the specimen’s length and the parts located farther away. At 10 s, the initial 40% of the specimen reached a saturation state while the rest of the specimen was still almost dry. After 100 s, the specimen at the 0.5 L position began the water uptake, and the diffusion was only in the longitudinal direction. At 10,000 s, the entire specimen was close to the saturation state. Concentration distributions from the FEA simulation demonstrate that the capillary flow increased the contact area between water and the matrix material, significantly accelerating the water diffusion in the MEAM polymer.



At the half-length of the model (in the x direction), where the water flow cannot reach the capillary wall because of the trapped air, there is also diffusion flux in the direction along the canal from the elements adjacent to the capillary flow (Figure 12). However, because of the effects of the low concentration and the minor contact surface area, the character of concentration distribution in the longitudinal (i.e., x) direction was not presented in Figure 11.



Based on these observations, the flow in the capillary reached a saturation state rapidly. After that, the matrix neighbouring the canal absorbed the moisture from the capillary flow in a short time due to its large contact area with the canal. The diffusion flux was in the radial direction in this phase. The elements that the capillary flow could not reach did not experience significant quickening of the diffusion process. The existence of a capillary notably accelerated the diffusion process in the outer layer of the composite specimen and, therefore, reduced the time to reach the saturation state in the entire specimen. As a consequence, the water ageing of MEAM printed composite material with porosity higher than that of the conventionally manufactured material is a key factor when operating in marine environments.





4. Conclusions


In this study, a capillary model was employed together with a developed finite-element model to investigate the capillary effect in long thin voids, inherent in MEAM products in the diffusion process of PETG. The results of the simulations indicate that the capillaries created during the manufacturing of 3D-printed composites significantly accelerate the water diffusion process in the matrix. This also explains why the introduction of wall layers in a printed pattern could delay the water diffusion in additively manufactured composites [28]: The capillaries caused by defects in the printing direction are shielded by such wall layers. Hence, adding a wall layer could significantly delay the water diffusion process in the internal areas of the specimen and prevent the escape of trapped air inside the capillary, considerably delaying the flow in a capillary. The developed simulation strategy can be useful for the design and optimization of MEAM components and structures for service in marine applications.
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Figure 1. Schematic of MEAM fibre-reinforced composite [17]. 
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Figure 2. Schematic of capillary of radius r with forces acting on it. 
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Figure 3. Transversal cross-section of printed specimen. 
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Figure 4. Sensitivity study for capillary radius and residual air: (a) flow in capillary for various radii and 60% of air left; (b) flow in capillary of 15 μm diameter with different air residuals; (c) flow velocity for various radii and 60% of air left; (d) flow velocity in capillary of 15 μm diameter for different air residuals. 
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Figure 5. Evolution of forces in capillary flow with time (a) and distance along capillary from specimen edge (b). 
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Figure 6. Schematic of FEA model: specimen of 1 mm × 0.1 mm × 100 mm with capillary of radius 0.03 mm penetrating entire model. 
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Figure 7. Boundary conditions of FEA simulations acquired from capillary model used in Case II, Phase 1 (the blue bars present the length of the capillary flow (in mm), with the respective letter at the bottom denoting the step in Table 4). 
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Figure 8. Sensitivity study of capillary boundary conditions. 
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Figure 9. Water-uptake evolution in models with and without capillary. 
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Figure 10. Average water concentration in elements between specimen edge and specific distance along capillary length L. 
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Figure 11. Spatial evolution of water-uptake process. 
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Figure 12. Water concentration distribution at 0.5 L from edge after 0.3 s. 
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Table 1. Parameters of numerical simulation.
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	Property
	Value





	Surface tension of still water
	0.07275 N/m



	Contact angle of PETG
	54° *



	Density of still water
	1000 kg/m3



	Gravitational acceleration
	9.81 m/s2



	Initial pressure in the capillary
	1.013 × 105 Pa



	Viscosity of water
	1.0016 × 10−6 Pa⋅s







* From [25].













 





Table 2. Water diffusion coefficient of PETG matrix.
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	Ageing Temperature (°C)
	Diffusivity (μm2/ms)
	Maximum Water Uptake (%)





	25
	   8.02 ×   10   − 4     
	0.55










 





Table 3. Size and number of time increments in each phase.
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Case

	
Phase 1

	
Phase 2

	
Phase 3

	
Total Time/ms




	
Size/

ms

	
Number

	
Size/

ms

	
Number

	
Size/

ms

	
Number






	
I

	
10

	
25

	
50

	
195

	

	

	
104




	
II

	
1

	
250

	
50

	
195

	

	

	
104




	
III

	
105

	
600

	

	

	

	

	
6 × 107




	
IV

	
10

	
25

	
50

	
195

	
105

	
600

	
6.001 × 107











 





Table 4. Discrete boundary and step condition in capillary in Case II, Phase 1.
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	Step Number
	Capillary Flow Length/mm
	Step Time/ms





	A
	0–5
	3.1



	B
	5–10
	12.5



	C
	10–15
	32.5



	D
	15–17.4
	50



	E
	17.4–20
	80.6



	F
	20–20.9
	100



	G
	20.9–22.3
	150



	H
	22.3–23.0
	250
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