Effects of manufacturing micro-structure on vibration of FFF 3D printing plates: material characterisation, numerical analysis and experimental study
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Abstract






[bookmark: OLE_LINK24][bookmark: OLE_LINK25]This paper presents the effects of manufacturing micro-structure on the elastic properties of FFF (fused filament fabrication) 3D printing material and the vibration characteristics of FFF 3D printing plates. According to the results of scanning electron microscopy, three different material directions are defined to describe the orthotropy of FFF 3D printing material including fibre direction, intra-layer direction, and inter-layer direction. Then, the constitutive model of the orthotropic elastic 3D printing material is established based on static experimental results and plane stress rotation formula. Static experimental results (totally 27 kinds of specimens) show that the largest difference of Young’s moduli in different material directions is 1104.684MPa which is even larger than the Young’s modulus in the intra-layer direction. Finite element models of FFF 3D printing plates with six different printing directions (, , , , , ) and three different layer thicknesses (0.2mm, 0.25mm, 0.3mm) are built and their natural frequencies are determined. Simulation results show that the largest difference of the natural frequencies among plates with different printing directions are 10.645Hz, 39.588Hz, 66.710Hz, 123.780Hz, and 185.720Hz when the mode of the plates changes from one to five. Meanwhile, these differences are relative large when compared with the first five out-of-plane natural frequencies of these plates. Additionally, vibration experiments of FFF 3D printing plates are carried out to verify the validity of the simulation process and all the relative errors of the natural frequencies between simulation and the experimental results are found to be very small. Therefore, the accuracy of the finite element models is good enough and one can confirm that the effects of manufacturing micro-structure on the vibration characteristics are significant.
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1. Introduction
[bookmark: OLE_LINK8][bookmark: OLE_LINK9]	3D printing technology has gradually become one of the core technologies of manufacturing in recent decades due to the freedom of product design and the ability to save raw materials [1-8]. Till now, there are different kinds of 3D printing technologies, mainly including fused filament fabrication (FFF) [9-13], selective laser melting (SLM) [14-16], stereo lithography apparatus (SLA) [17-19], and laminated object manufacturing (LOM). Among all these 3D printing technologies, FFF 3D printing technology is widely used to fabricate complex components [20-25] and thin-walled components [26-28]. During the layer-by-layer printing process of FFF 3D printing technology, a raw filament is fused in the liquefier nozzle and the nozzle moves in the X-Y plane to finish a material layer. After a new material layer is solidified, the build platform moves down in the Z direction by the height of one material layer to print the next material layer. This process will continue until the component is completely built. In order to fabricate a structure with a big hanging angle and ensure no geometric distortion, the support structure is important and should be printed simultaneously.
The FFF 3D printing technology has many advantages. Firstly, it can be used in an office or home due to the clean, safe, and non-toxic operating environment. Secondly, since no expensive equipment is required such as laser, most FFF printers are very cheap. Thirdly, the raw materials are filamentous solids and easy to handle and replace. Lastly, FFF 3D printing components have sufficient stiffness, strength, and geometric accuracy, after decades of improvement. Therefore, FFF 3D printing technology has been widely used in many fields including biomedical engineering [29-30], civil engineering [31-32], aeronautic and astronautic engineering [33-34], and food engineering [35].
	As engineering materials, the mechanical properties of FFF 3D printing materials are very important, especially the elastic properties and strength. Therefore, the constitutive relationship and strength model of the printing materials should be explored and developed sufficiently before they are applied to build actual structures. Till now, many research results show that the relationship between the micro-structure and the macro mechanical properties including constitutive equation and strength model is close. These investigations about the micro-structure can be roughly divided into two categories. Firstly, the effects of the micro-structure on the elastic constitutive relationship and the simulation of FFF 3D printing structures have been extensively studied. The influences of layer thickness, road shape, and air gap on the elastic properties of FFF 3D printing material were investigated and the classical laminate theory was used to build the elastic constitutive model [36]. In addition, this study established the relationship between meso-structure and macro mechanical properties of FFF 3D printing parts. Domingo-Espin et al. [37] studied the influence of printing orientations on the elastic constants of FFF 3D printing material. In addition, FFF 3D printing parts were described based on the micro-structure of the material and these parts under bending and torsion loading were simulated. Li et al. [38] studied the fabrication process and micro-structure of FFF 3D printing material. A set of equations were proposed to determine the elastic constants of FFF 3D printing parts and the constitutive model was established. All their models were also evaluated against experiments. Garzon-Hernandez et al. [39] proposed a computational framework for the simulation of the printing process and developed a two-stage thermal and sintering model to predict the bond formation process between filaments. Finally, a methodology was provided for the prediction of the mechanical properties and meso-structure of FFF polymers. Rodriguez et al. [40] developed an analytical model for the stiffness of FFF 3D printing material based on meso-structural parameters. Effective elastic moduli were obtained using an elasticity approach based on the asymptotic theory of homogenization.



[bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK12]Then, the analysis of ultimate strength and fracture simulation based on the micro-structure of FFF 3D printing materials forms the second category of research work. Garg et al. [41] established a finite element model based on the micro-structure (three layer thicknesses: 0.178mm, 0.254mm, 0.330mm and three raster angles: , , ) to simulate the elasto-plastic behaviour of FFF parts and this model was validated with the experimental observations. Aliheidari et al. [42] presented a method to characterize the fracture resistance and inter-layer adhesion of FFF 3D printing material. The apparent fracture resistance and the inter-layer fracture resistance were obtained based on a finite element model coupled with J-integral method and fracture surface analysis. Somireddy et al. [43] characterized the mechanical behaviour of the printing parts as traditional composite laminates considering the micro-structure of FFF 3D printing material. Further, the mechanical behaviours of thin-layered bidirectional printing parts were predicted accurately based on laminate theory. In the study of Iragi et al. [44], inter-laminar and intra-laminar behaviours of carbon fibre/polyamide printed laminates were characterized to determine ply elastic and strength properties, as well as interface strength and fracture. In addition, the effects of eventual production defects on these properties were analysed based on the micro-structure of the printing parts. Abbott et al. [45] assessed the effects of the printing parameters on inter-layer and intra-layer bond strength of FFF 3D printing ABS material. The contact length between roads was measured from meso-structure optical micrographs and print speed was found to have a large impact on tensile strength. Li et al. [46] studied the effects of the major printing parameters, including layer thickness, deposition velocity, and infill rate on the micro-structure and mechanical properties of FFF 3D printing parts. Moreover, the quantitative relationship between these printing parameters and tensile strength of the parts was established.
	The aforementioned literature review reveals that printing process parameters have significant influences on the micro-structure of FFF 3D printing materials and the relationship between micro-structure and macro mechanical properties is close. Therefore, the micro-structure of the printing materials should be considered in detail when an elastic constitutive model is established. Obviously, researchers have done a relative systematic study on the parametric analysis of elastic constants and the static behaviour of FFF 3D printing structures. However, there are few studies on the dynamic characteristics of FFF 3D printing structures, especially the effects of micro-structure on the natural frequencies of the structures. Due to the resonance problem, the natural frequencies of engineering structures are very important for safety. In order to avoid the resonance phenomenon, the stiffness of the engineering structures should be designed so that frequencies of the external excitations are far away from their natural frequencies.
	In order to explore the influence of anisotropic mechanical properties of FFF 3D printing materials on vibration characteristics of structures, the research methods and ideas of vibration characteristics of traditional composites are referred in this paper. Sahu et al. finished a systematic study on fabrication, determination of elastic properties, simulation and testing of vibration characteristics of traditional composite materials. In addition, their research content is extensive, which includes composite beams [47-48], plates with different boundary conditions [49], plates with delamination [50-51], cut-out [52], curved panels [53], fibre metal laminates [54] and stiffened plates [55].



	During this study, the effects of manufacturing micro-structure on natural frequencies of FFF 3D printing plates are explored in detail. Firstly, scanning electron microscopy (SEM) images under different magnifications are analysed to understand the micro-structure of FFF 3D printing material. Meanwhile, three different material directions are defined to describe the orthotropic properties of FFF 3D printing material. Secondly, tensile specimens with nine printing positions and three layer thicknesses (0.2mm, 0.25mm, and 0.3mm) on three printing planes (, , and ) are designed considering the micro-structure of the printing material and test conditions for moulding and extrusion plastics. After that, the elastic constants of the orthotropic material are obtained based on quasi-static experiments and plane stress rotation formula. Then, on-axis rectangular plates with six printing directions and three layer thicknesses (0.2mm, 0.25mm, and 0.3mm) are simulated through the finite element (FE) method and the first five out-of-plane modes are obtained. Simulation results show that the manufacturing micro-structure of printing material affects the natural frequencies of the plates significantly. Lastly, part of the vibration experiments of FFF 3D printing plates are carried out to verify the validity of the simulation results and almost all the relative errors of the natural frequencies between simulation results and experimental data are smaller than 15%. Therefore, the accuracy of the simulation model can be confirmed.
2. Static experiment procedure
2.1. Introduction of PLA-max filament
	The PLA-max is an advanced FFF 3D printing filament produced with nano-reinforcement technology based on normal PLA material which can deliver exceptional mechanical properties and printing quality. In particular, the impact toughness of PLA-max is nine times that of normal PLA material. In addition, it is also a healthy and pollution-free material. Some important properties of PLA-max material are shown in Table 1.
Table 1. Important properties of PLA-max material.
	Properties
	Value

	Density (21.5℃)
	
[bookmark: OLE_LINK26][bookmark: OLE_LINK27]1.17-1.24 

	Filament Diameter
	
1.75

	Crystallization Temperature
	114℃

	Melting Temperature
	150℃

	Recommended Printing Temperature
	190-230℃

	Recommended Ambient Temperature for Printing
	23-45℃

	Recommended Heated Build Platform Temperature
	25-60℃


The 3D printer used in this study has two non-independent nozzles and the nozzle diameter can be changed (0.4mm, 0.6mm, 0.8mm). Therefore, two different kinds of materials can be printed simultaneously with this printer. In order to ensure the printing quality of material and structure, printing nozzle with 0.4mm diameter is chosen. Three commonly used layer thicknesses are applied to investigate the variation rule of the manufacturing micro-structure of FFF 3D printing material, including 0.2mm, 0.25mm, and 0.3mm.
2.2. Micro-structure of FFF 3D printing material
	Based on the results of scanning electron microscopy (SEM) in Fig. 1, the micro-structure of FFF 3D printing PLA material can be analysed in detail. In Fig. 1, all the filaments of the material are elliptic after printing. Therefore, the 3D micro-structure model of the printing material can be simplified as Fig. 2. In order to describe the micro-structure conveniently, three different material directions of the printing material are defined including fibre direction, intra-layer direction, and inter-layer direction which are shown in Fig. 1 and Fig. 2. 
The filaments in the micro-structure are similar to fibres. Therefore, the direction 1 is called fibre direction. Due to the layer by layer printing process, the relationships including inter-layer and intra-layer are used to describe the other two directions. The intra-layer direction is the one that is in the material layer and perpendicular to the fibres. The inter-layer direction is the one that is perpendicular to the material layer and the fibres.
[image: ]   [image: ]
[bookmark: OLE_LINK1]Fig. 1. Micro-structure of FFF 3D printing PLA material under different magnifications.
[image: ]
[bookmark: OLE_LINK2][bookmark: OLE_LINK3]Fig.2. 3D micro-structure model of FFF 3D printing PLA material.
2.3. Elastic constant testing
2.3.1. Dimension and printing position of specimen
	The type 1B specimen of ISO 527-2-2012 (International standard, plastics determination of tensile properties Part 2: Test conditions for moulding and extrusion plastics) is used to test the elastic constants of FFF 3D printing PLA material. The dimensions of the type 1B specimen are shown in Fig. 3. In addition, some details of the dimensions are changed to improve the printing quality of the specimen.
[image: C:\Users\ytyhe\Desktop\图片1.emf]
Fig. 3. Dimensions of the printing specimen based on ISO 527-2-2012.













[bookmark: OLE_LINK21][bookmark: OLE_LINK22]According to the micro-structure of FFF 3D printing PLA material, the orthotropic elastic theory can be used to describe the mechanical behaviours of this material. Specimens with nine different printing positions are fabricated to obtain the nine elastic constants including , , , , , , , , and . These different printing positions are shown in Fig. 4. In Fig. 4, two 3D rectangular coordinate systems are defined including global coordinate system (1-2-3) and local coordinate system (). Meanwhile, specimens with nine different printing positions are divided into three categories according to the printing process and planes , , and  are used to describe the three different categories of specimens.













	The first category is specimens on the  plane and two directions including fibre direction and intra-layer direction are used to explain the difference among these three kinds of specimens. The only difference among these three kinds of specimens (, , ) is the raster angle. The specimens on the  plane are the second category and the direction combination of fibre direction and inter-layer direction is used to describe these three kinds of specimens. The printing direction (printing angle) is the only difference among the specimens on the  plane (, , ). On the  plane, the third category is described based on the direction combination of intra-layer direction and inter-layer direction. The difference among the last three kinds of specimens (, , ) is also the printing direction.
[image: C:\Users\ytyhe\Desktop\组合.emf]



Fig. 4. Three different categories of specimens on the , , and  plane.
2.3.2. Elastic constants
2.3.2.1. Young’s modulus



	There are three different Young’s moduli including , , and  as introduced in Section 2.3.1. Based on static testing in Fig. 5, Young’s moduli in the three different material directions are obtained directly. The corresponding relationships between the Young’s moduli and the specimens are shown in Table 2.
[image: ]
Fig. 5. Static testing of elastic constants, including Young’s moduli and Passion’s ratios.
Table 2. The relationships between the Young’s moduli and the specimens.
	Young’s moduli
	Specimens

	

	

, 

	

	

, 

	

	

, 


2.3.2.1. Poisson's ratio
	Poisson’s ratios of this printing material are also obtained based on the tensile test, which is also shown in Fig. 5. Resistance strain gauges (35 BHI120-3BB-E-L30) are used to collect the test data on the vertical and transverse directions of the specimens. Finally, we get six different Poisson’s ratios and corresponding relationships between the Poisson's ratios and the specimens are shown in Table 3.
Table 3. The relationships between the Poisson's ratios and the specimens.
	Poisson's ratios
	Specimens
	Poisson's ratios
	Specimens

	

	

	

	


	

	

	

	


	

	

	

	



	In addition, all the test data of Poisson's ratios must approximately satisfy the following constraints due to the orthotropic properties of the printing material. Symmetrical relationship is the first constraint which is show as following,

	. 	
The relationship between Poisson’s ratios and Young’s moduli is the second constraint which is given below,

	. 	
2.3.2.1. Shear modulus








	During this study,  off-axis tensile test specimens including , , and  are used to obtain the in-plane shear moduli including , , and . According to the dimensions of tensile test specimen, plane stress state should be satisfied to analyse the stress in the specimen. Meanwhile, the specimens on  plane are used as example to illustrate the calculation method of in-plane shear modulus.
	For orthotropic materials under plane stress state, the constitutive relationship of elastic materials in global coordinate system (1-2) can be expressed as, 

	, 	





where S is the flexibility matrix, , , , , and .

	Transform Eq. (3) to local coordinate system (), the constitutive relationship can be expressed as,

	. 	
	The plane stress rotation matrix T in Eq. (4) is given below,

	. 	


	Combine Eq. (3) and Eq. (5), the expression of flexibility matrix  in local coordinate system () is given below,

	.	
In Eq. (6), the expressions of part elements which are important for in-plane shear modulus are as follows,

	, 	


when , . Then, the expression of in plane shear modulus is given below,

	. 	


	On the other two plane  and , Eq. (8) is also available. Therefore, a generalized in- plane shear modulus is given below,

	, 	





where  is the Young’s modulus of specimen with  printing angle or raster angle on , , or  plane.
3. Finite element model of the plates	
3.1. Dimensions and manufacturing micro-structure of the plates
In order to explore the effects of manufacturing micro-structure on the vibration characteristics of FFF 3D printing structures, Kirchhoff plate is applied. The dimensions of the plates are shown in Fig. 6 in detail. In Fig. 6, the left part of the plates drawn with dotted line is the clamping part.
During this study, the on-axis plates with six different printing directions and three different layer thicknesses are designed and the classification of these eighteen different plates is shown in Table 4.
[image: C:\Users\ytyhe\Desktop\图片3.emf]

Fig. 6. The dimensions of Kirchhoff plates,  (T is the thickness of the plate and W is the width of the plate).
Table 4. The classification of FFF 3D printing plates.
	Locations
	Layer thicknesses (mm)

	

, 
	0.2, 0.25, 0.3

	

, 
	0.2, 0.25, 0.3

	

, 
	0.2, 0.25, 0.3





	The micro-structure of the plates on the  plane are shown in Fig. 7 (only plates with 0.2mm layer thickness). In Fig. 7, the raster width and the layer thickness of the fibre are 0.4mm and 0.2mm, respectively. Therefore, the three material directions of the plates are obvious. The long axis and the short axis of the  plate are the intra-layer direction and fibre direction, respectively. On the contrary, the long axis and the short axis of the  plate are the fibre direction and intra-layer direction, respectively. The thickness direction of these two plates is the inter-layer direction. Meanwhile, the constitutive equation of these six plates is given below, 
[image: ]

Fig. 7. The micro-structure of the plates on  plane,

	.	






	On the  plane, the micro-structure of the plates are given in Fig. 8 (only plates with 0.2mm layer thickness). The long axis of the  and  plates are the inter-layer direction and fibre direction, respectively. The short axis of the of the  and  plates are the fibre direction and inter-layer direction, respectively. In addition, the thickness direction of the plates on  plane is the intra-layer direction. The constitutive relationship of these six plates is expressed in Eq. (11),
[image: ]

Fig. 8. The micro-structure of the plates on  plane,

	. 	



	On the  plane, the micro-structure of the last six plates are given in Fig. 9 (only plates with 0.2mm layer thickness) and the corresponding constitutive equation is given in Eq. (12). The long axis and the short axis of the  plate are the inter-layer direction and intra-layer direction, respectively. The long axis and the short axis of the  plate are the intra-layer direction and inter-layer direction, respectively. In addition, the thickness direction of these two plates is the fibre direction.
[image: ]

Fig. 9. The micro-structure of the plates on  plane,

	. 	
3.2. Basic characteristics of the finite element model
	During this study, finite element simulation is carried out for FFF 3D printing plates using FE software ABAQUS. In order to establish reasonable simulation models for the printing plates, precise parameters are necessary including geometric dimensions, physical parameters, and mechanical parameters. The geometric dimensions and mechanical parameters are introduced in detail in Section 2 and Section 3.1. Density of FFF 3D printing material with different layer thicknesses are given in Table 5.
Table 5. Density of FFF 3D printing material.
	Layer thicknesses(mm)
	0.2
	0.25
	0.3

	
Density()
	

	

	



	According to the ratio of thickness and width of the plates, linear shell element S4R is used to establish the simulation models of the plates. In addition, simulation models of the plates based on linear 3D stress element C3D8R are established to verify the results of the model based on shell element. In order to ensure the calculation accuracy and verify the convergence, three kinds of seed size including 0.5mm, 1mm, and 5mm are adopted. At the same time, the first five out-of-plane modes are calculated to ensure the calculation efficiency.


The boundary conditions applied in the current simulation models are shown in Fig. 11. As cantilever plate, one end of the model is kept fixed. Fig. 11 shows the boundary condition where one end of the plate is encastred by constraining all six degree of freedoms, , .
[image: ]
Fig. 10. Boundary condition of the cantilever plate.
3.3. Material directions of the plates






	There are six different plates if only considering the printing directions (, , , , , and ). All the simulation models of these six different plates with material directions are shown in Fig. 12. The material coordinate axes (1, 2, and 3) correspond to the global coordinate axes (z, x, and y) in the simulation software, respectively. That is, the z direction represents the fibre direction, the x direction represents the intra-layer direction, and the y direction represents the inter-layer direction. In addition, the directions described in red colour are perpendicular to the planes.
[image: ]
(a)
[image: ]
(b)
[image: ]
(c)



Fig. 11. Plates with different material directions, (a) plates on  plane, (b) plates on  plane, (c) plates on  plane.
4. Vibration experiments of the plates
[bookmark: OLE_LINK20][bookmark: OLE_LINK23]	Vibration experiments are designed for FFF 3D printing plates to verify the validity and accuracy of the simulation results. For measurement of the first five out-of-plane natural frequencies of the printing plates, LMS vibration test and analysis system is used. This test system is intended for use in laboratory and in an industrial environment. Generally, it can complete a series of work related to the vibration of structure and system, including frequency test, mode analysis, work deformation analysis, and correlation analysis of test and simulation. During this study, the test system has thirty-six acquisition channel and four control output channels. In addition, the plates are fixed to a pedestal with sufficient stiffness. Therefore, it is reasonable to assume that the boundary condition of the plate is fixed at one end. The testing process is shown in Fig. 12.
In Fig. 12 (b), we can see that the head of the hammer is rubber which is suitable for the PLA material. In order to ensure the accuracy of the experimental results, a reasonable grid is selected (3cm*3cm). Thus, fifty-four (9*6) points need to be hit and each point is set to hit five times. In addition, warnings of excessive knocking and secondary collision are set for the experiments to ensure the availability of the test data. Lastly, each plate bas been knocked three times, so the experimental data are repeatable.
[image: C:\Users\ytyhe\Desktop\图片1.emf]
(a)
[image: ]
(b)
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]Fig. 12. Vibration test of FFF 3D printing plates, (a) hammer points of the plates, (b) testing process.
5. Results and discussions
5.1. Orthotropic elastic properties of FFF 3D printing material
[bookmark: OLE_LINK14][bookmark: OLE_LINK15]	The original test data of Young’s moduli and Poisson's ratios with different printing directions and layer thicknesses are shown in Table 6. The magnitude of all these elastic constant test data is similar to the test results in previous researches [56]. In addition, all the elastic constants including Young’s moduli and Poisson’s ratios approximately satisfy the constraint relationships shown in Eq. (1) and Eq. (2). Therefore, due to the symmetry stiffness matrix, these constants can be used to form the orthotropic stiffness matrix of FFF 3D printing material. According to the micro-structure of FFF 3D printing material, the following two rules can be obtained from the static experimental data.

Firstly, the Young’s moduli of printing material in the three material directions have significant differences where the fibre direction has the largest Young’s modulus and intra-layer direction has the smallest one. In addition, the largest difference is 1104.684MPa which is the one between the fibre direction and intra-layer direction of material with 0.2mm layer thickness. That is to say, the connection of the fibres in the intra-layer direction is weakest while the connection of fibres in the inter-layer direction is stronger and the tensile stiffness of fibres is strongest among these three directions. Secondly, due to the large difference among the Young’s moduli in the three material directions, the Poisson's ratios of the material are also different with each other. The largest one of all the Poisson's ratios is  (0.3mm layer thickness) which is the Poisson's ratio of fibre direction and intra-layer direction. At the same time, one can get that the difference of Young’s moduli between fibre direction and intra-layer direction is also the largest one in the first rule. Therefore, the value of Poisson's ratio is related to the difference of Young’s moduli between two directions.




In Table 6, the shear moduli of FFF 3D printing material are also stated. Based on the  off-axis tensile test results (, , and ) and Eq. (9), the shear moduli can be obtained easily. Thus, all the elastic constants in the orthotropic stiffness matrix are known and the simulation of FFF 3D printing plates can be performed directly.
Table 6. The orthotropic engineering constants of FFF 3D printing material.
	Layer Thicknesses(mm)
	Young’s Moduli(MPa)
	Poisson's Ratios
	Shear
Moduli(MPa)

	0.2
	

	1935.545
	

	0.157
	

	0.380
	

	266.042

	
	

	830.861
	

	0.352
	

	0.191
	

	349.523

	
	

	1489.950
	

	0.235
	

	0.323
	

	669.899

	0.25
	

	1847.850
	

	0.196
	

	0.422
	

	229.811

	
	

	785.761
	

	0.384
	

	0.199
	

	278.482

	
	

	1418.530
	

	0.291
	

	0.365
	

	498.301

	0.3
	

	1830.200
	

	0.207
	

	0.435
	

	321.055

	
	

	830.465
	

	0.350
	

	0.219
	

	319.095

	
	

	1432.240
	

	0.270
	

	0.346
	

	537.548


5.2. Finite element procedure
5.2.1. Convergence studies

	In order to verify the convergence and stability of the simulation results, three kinds of seed size are adopted, including 0.5mm, 1mm, and 5mm. The simulation results of  are listed in Table 7.
Table 7. Convergence verification of simulation results.
	Element Size(mm)
	Mode 1
(Hz)
	Mode 2
(Hz)
	Mode 3
(Hz)
	Mode 4
(Hz)
	Mode 5
(Hz)

	5.0
	29.994
	104.910
	183.900
	347.340
	502.610

	1.0
	29.991
	104.870
	183.720
	347.020
	501.370

	0.5
	29.991
	104.870
	183.720
	347.010
	501.330


5.2.2. Comparison with previous studies

	The present simulation method is validated for vibration analysis of composite plates with different boundary conditions (BCs) as shown in Table 8. The first-five natural frequencies obtained based on present method are compared with results in previous studies [49, 57]. The dimensions of the composites in previous studies are length = width = 250mm, and thickness = 2.12mm. In addition, the laminate sequence is .
Table 8. Comparison of natural frequencies between present method and the literature available with different BCs.
	BCs
	References
	Natural frequencies at different BCs

	
	
	1
	2
	3
	4
	5

	C-F-F-F
	Ju et al.
	41.347
	60.663
	221.52
	258.72
	286.78

	
	Present Method
	41.138
	60.429
	220.31
	256.95
	284.87

	F-F-F-F
	Ju et al.
	73.309
	202.59
	243.37
	264.90
	306.34

	
	Present Method
	72.440
	201.39
	243.27
	262.97
	304.87

	S-S-S-S
	Ju et al.
	164.37
	404.38
	492.29
	658.40
	854.17

	
	Present Method
	163.10
	400.02
	492.01
	646.33
	836.52


5.2.3. Simulation analysis












The effects of manufacturing micro-structure on the first five out-of-plane natural frequencies of FFF 3D printing plates are shown in Fig. 13. In Fig. 13 (a) and (c), mode 1 and mode 3 of the cantilever plates are the first-order and second-order out-of-plane bending vibration, respectively. The natural frequencies of the plates with the six printing directions have significant differences where the  plate and  plate have the largest first-order and third-order natural frequencies,  plate and  plate have the second large first-order and third-order natural frequencies,  plate and  plate have the smallest ones. The difference of mode 1 between  plate and  plate with 0.2mm layer thickness is the largest one which is 45.338% of the first-order natural frequency of  plate. Similarly, the difference of mode 3 between  plate and  plate with 0.2mm layer thickness is the largest one which is the 46.436% of the third-order natural frequency of the  plate. Therefore, we can confirm the significant effect of the printing directions on the out-of-plane bending vibration of the plates.










[bookmark: OLE_LINK6][bookmark: OLE_LINK7]According to the basic vibration theory of orthotropic plate [47-55], the out-of-plane bending vibration frequencies of the cantilever plate are positively correlated with the bending stiffness of the long axis direction. When the geometric size of the plate is determined, its stiffness is only related to the elastic constants, especially Young’s moduli. As introduced in Section 3.1, the long axis direction of the  plate and  plate is the fibre direction, the long axis direction of the  plate and  plate is the inter-layer direction, and the long axis direction of the  plate and  plate is the intra-layer direction. Thus, the Young’s moduli and the bending stiffness of the  plate and  plate in the long axis direction are the largest one and the Young’s moduli and the bending stiffness of the  plate and  plate in the long axis direction are the smallest one. Furthermore, we can make a reasonable explanation for the change of the natural frequencies of the plates with the printing directions.










In Fig. 13 (b) and (d), mode 2 and mode 4 of the cantilever plates are the first-order and second-order torsional vibration, respectively. Also, the effect of printing directions on the natural frequencies of the plates is significant. The  plate and  plate have the largest second-order and forth-order natural frequencies while the  plate and  plate have the smallest ones. The difference of mode 2 between  plate and  plate with 0.2mm layer thickness is the largest one and the value is 39.588Hz which is 51.126% of the second-order natural frequency of  plate. At the same time, the difference of mode 4 between  plate and  plate with 0.2mm layer thickness is the largest one and the value is 123.78Hz which is 47.226% of the forth-order natural frequency of  plate. Thus, the effect of the printing directions on the torsional vibration is also significant.










As introduced there-in-before, mode 2 and mode 4 of the plates are torsional vibration and there is a positive correlation between torsional vibration frequencies and torsional stiffness. In addition, when the geometric size of the plate is determined, the torsional stiffness is only related to the elastic constants of FFF 3D printing material, especially the Young’s moduli in the long axis direction and the short axis direction and in-plane shear modulus. The long axis direction and short axis direction of the  plate are fibre direction and inter-layer direction, respectively. On the contrary, the long axis direction and short axis direction of the  plate are inter-layer direction and fibre direction, respectively. The fibre direction and inter-layer direction of FFF 3D printing material have the largest and second large Young’s moduli. Meanwhile, the in-plane shear modulus  of  plane is the largest one of the three shear moduli including , , and . So torsional stiffness of the plates on  plane are largest and the second-order and forth-order natural frequencies of  plate and  plate are also the largest. Based on the same principle, the second-order and forth-order natural frequency values of the remaining four plates can be explained. 









	In Fig. 13 (e), mode 5 of the plates is the superposition of the out-of-plane bending vibration in the long axis direction and short axis direction. Therefore, the fifth-order natural frequencies of the plates changes significantly when plates changes from  to  (natural frequency: >>≥>>). The largest difference among the fifth-order natural frequencies of the plates is 185.720Hz which is 46.914% of the fifth-order natural frequency of  plate with 0.2mm layer thickness.





In addition, the simulation results also show the variation of the natural frequencies of the plates with the layer thicknesses. Firstly, the influence of the layer thicknesses on the out-of-plane bending vibration is stated as follows. In Fig. 13 (a), the largest difference of the natural frequencies among the three layer thicknesses is 1.165Hz which is 3.561% of the first-order natural frequency of  plate. In Fig. 13 (c), the largest one is 7.730Hz which is 3.815% of the third-order natural frequency of  plate. In Fig. 13 (e), the largest one is 26.770Hz which is 5.119% the fifth-order natural frequency of  plate. Secondly, the effect of the layer thicknesses on the torsional vibration of the plates is described as follows. In Fig. 13 (b), the largest difference of the natural frequencies among the three layer thicknesses is 14.720Hz which is 14.566% of the second-order natural frequency of  plate. In Fig. 13 (d), the largest one is 42.020Hz which is 12.523% of the fourth-order natural frequency of  plate. 
Therefore, we can confirm that the influence of printing directions due to manufacturing micro-structure on the natural frequencies of FFF 3D printing plates is significantly. Additionally, the effect of layer thicknesses on torsional vibration is obviously stronger than bending vibration.
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[bookmark: OLE_LINK13]Fig. 13. The effects of printing directions and layer thicknesses on natural frequencies of FFF 3D printing plates, (a) mode 1, (b) mode 2, (c) mode 3, (d) mode 4, (e) mode 5.
5.3. Experimental validation




[bookmark: OLE_LINK16][bookmark: OLE_LINK17]In order to verify the validity of the simulation results, part of the vibration experiments of FFF 3D printing plates are carried out including  plate,  plate, and  plate. A typical FRF curve of the measurement from LMS system is shown in Fig. 14. As shown in Fig. 14, the different peaks of FRF curve are the different vibration modes of the  plate. The mode comparison between simulation results and experimental data of these three plates are shown in Fig. 15. The experimental results of the first five out-of-plane modes of the plates are identical with the simulation results shown in Fig. 13. Similarly, the mode 1 and the mode 3 of the plates are the out-of-plane bending vibration. The mode 2 and the mode 4 of the plates are the torsional vibration. In addition, the mode 5 of the plates is the superposition of the out-of-plane bending vibration in the long axis direction and short axis direction.
[image: ]
Fig. 14. Typical FRF curve of the FFF 3D printing plate.
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Fig. 15. Natural frequency comparison between simulation results and experimental data of FFF 3D printing plates on  plane, (a) mode 1, (b) mode 2, (c) mode 3, (d) mode 4, (e) mode 5.

The relative errors of natural frequencies between simulation results and experimental data are proposed to evaluate the simulation results quantitatively which are shown in Table 9. The value of the relative errors are changes from 0.6% to 16.9%. Except for the relative error of the mode 2 of -90°-0.25mm plate, the remaining ones are all less than 15%. Therefore, we can confirm the accuracy of the simulation results of FFF 3D printing plates in engineering field.
Table 9. Relative errors of natural frequencies between simulation results and experimental data of FFF 3D printing plates.
	        Modes
Plates
	Mode 1
	Mode 2
	Mode 3
	Mode 4
	Mode 5

	
-90°-0.2mm
	0.016
	0.054
	0.043
	0.065
	0.060

	
-90°-0.25mm
	0.037
	0.169
	0.062
	0.142
	0.086

	
-90°-0.3mm
	0.006
	0.121
	0.018
	0.118
	0.050


6. Conclusions
During this study, the effects of manufacturing micro-structure on elastic properties of FFF 3D printing material and vibration characteristics of FFF 3D printing plates are studied. Tensile specimens with nine printing directions and three layer thicknesses (totally 27 kinds of specimens) are printed to establish the orthotropic elastic constitutive relationship. Then, based on this relationship, finite element models are built to simulate the vibration characteristics of the eighteen 3D printing plates. Additionally, part of the simulation results are verified against vibration experiments. Based on the theoretical and experimental results of this study, five conclusions can be drawn as follows.
1. The effect of manufacturing micro-structure on Young’s modulus in all directions of FFF 3D printing material is significant. Thus, three material directions are defined to describe the orthotropy of printing material, including fibre direction, intra-layer direction, and inter-layer direction. Due to the good continuity of the material in the fibre direction (with no open defects), the Young’s modulus in the fibre direction is the largest one.
2. Due to the large difference in elastic constants in the three directions of FFF 3D printing material, the effect of printing directions on the first five out-of-plane natural frequencies of the plates is significant. Meanwhile, considering the manufacturing micro-structure, the simulation method applied in this study is suitable for describing the frequency difference caused by the printing directions.
3. Layer thickness effects the manufacturing micro-structure of FFF 3D printing material obviously. Thus, the simulation models based on the manufacturing micro-structure can be used to describe the influence of layer thickness on the natural frequencies. In addition, the influence of layer thicknesses on torsional vibration of the plates is obviously stronger than bending vibration.
4. Almost all the relative errors of natural frequencies between simulation results and experimental data are smaller than 15%. Therefore, the idea of establishing the simulation model of FFF 3D printing plates based on the manufacturing micro-structure is reasonable and the model is accurate enough for structural analysis.
5. There are six kinds of printing parameters which effect the mechanical properties of FFF 3D printing materials significantly when the filling rate is 100%, including raster width, raster angle, printing angle, layer thickness, printing speed, and fan speed. Therefore, when printing an engineering structure, three factors of the structure should be investigated clearly, including the purpose, the stress characteristics, and the environment. Then, the most suitable printing parameters will be chosen.
Further research will focus on studying the effects of more printing parameters on the manufacturing micro-structure of FFF 3D printing materials. In addition, the effects of manufacturing micro-structure on the dynamic and static mechanical characteristics of FFF 3D printing structures are also the core of study.
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