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The presence of lattice structures is increasing in the manufacturing domain especially in the air/spacecraft and biomedical applications due to their advantages of high strength-to-weight ratios, energy absorption, acoustic and vibrational damping, etc. Dimensional accuracy of a lattice structure is one of the most important requirements to meet the desired functionality as there could be significant deviations in the asproduced part from the designed one. Evidently, an approach (non-destructive) to evaluate the dimensional accuracy of all the elements and eventually the lattice quality is of great significance. X-ray computed tomography (CT) has emerged as a promising solution in the field of industrial quality control over the last few years due to its non-destructive approach. In this work, we propose a methodology for geometrical evaluations of a lattice structure by measuring the deviation in the shape and size of its strut elements holistically. The acquired CT data of the complete lattice is extracted in the form of a point cloud and then segmented and stored as a single strut element with unique identification so that measurements can be performed on the strut individually. As demonstrated with a metallic BCCz type lattice structure, the methodology helps in critical evaluation of its quality and the correlation with spatial position of the individual struts; e.g. the lattice exhibits large variations of shape among the inclined struts while the vertical struts possess consistency in their shape.

Introduction

Lattice structures are defined as a periodical arrangement of unit cells interconnected in three dimensional (3D) space. Thanks to the advancements in manufacturing, mainly additive manufacturing (AM) these structures have become very prominent in recent times due to their number of advantages including optimum use of material, shorter manufacturing time, reduced energy utilization and enhanced mechanical properties [START_REF] Helou | Design, analysis and manufacturing of lattice structures: an overview[END_REF][START_REF] Thompson | Design for additive manufacturing: Trends, opportunities, considerations, and constraints[END_REF]. These advantages make the lattice structures very suitable for high-value aerospace (lightweight thermal controller), biomedical (implants), and engineering applications, more details about the application can be found in [START_REF] Maconachie | Slm lattice structures: Properties, performance, applications and challenges[END_REF][START_REF] Calignano | Design of additively manufactured structures for biomedical applications: a review of the additive manufacturing processes applied to the biomedical sector[END_REF]. Furthermore, they are also advantageous in context to the entire product life cycles, e.g., lattice structures are particularly beneficial in minimizing material waste [START_REF] Williams | Additive manufacturing of metallic cellular materials via three-dimensional printing[END_REF] and can be recycled easily, particularly when comprised of a single material. There are various types of lattice structures based on the composition of their unit cells. Helou et al. [START_REF] Helou | Design, analysis and manufacturing of lattice structures: an overview[END_REF] categorized most of the lattice structures as manually and mathematically generated structures. In many cases of additive manufacturing, the unit cell is composed of well-organized struts in various forms such as octet-truss, body-centered cubic (BCC), body-centered cubic with z struts (BCCz), face-centered cubic (FCC), face-centered cubic with z struts (FFCz), etc. [START_REF] Leary | Inconel 625 lattice structures manufactured by selective laser melting (slm): mechanical properties, deformation and failure modes[END_REF], which are represented in Fig. 1.

The lattice structure should possess good dimensional and geometrical quality to meet the desired mechanical performance of the part. The additive manufacturing processes (especially for metallic structures) induce a lot of geometrical irregularities such as surface deviations, roughness, and waviness, etc. especially with metallic materials [START_REF] Leach | Geometrical metrology for metal additive manufacturing[END_REF]. The surface can be controlled to a certain extent with post-processing methods [START_REF] Lhuissier | Geometrical control of lattice structures produced by ebm through chemical etching: Investigations at the scale of individual struts[END_REF] but the geometrical characterization of the struts is extremely important to predict their mechanical properties as demonstrated in [START_REF] Suard | Mechanical equivalent diameter of single struts for the stiffness prediction of lattice structures produced by electron beam melting[END_REF], where an equivalent diameter of a single strut was proposed for the stiffness prediction. Kadirgama et al. [START_REF] Kadirgama | Statistical and optimize of lattice structures with selective laser melting (slm) of ti6al4v material[END_REF] used X-ray computed tomography (X-ray CT or CT) based global comparison for evaluating the dimensional accuracy of the lattice. In most of the work, they use either a representative strut element or a global deviation but there is a lack of geometrical evaluation of the lattice considering all its strut elements, which can be crucial when correlating the geometrical accuracy with process parameters and mechanical responses. The behavior of strut elements within a lattice can be different due to the fact that their relative position and orientation with respect to the build direction are different, which makes it difficult to generalize their behavior based on a single strut or a global comparison.

As regards measuring technology, X-ray CT is the most suitable for analyzing lattice structures since classical optical and mechanical (probe-based) measurement systems suffer from very limited third-dimensional range and reach-ability to the complex feature respectively. X-ray CT is a computer-aided non-destructive technique (NDT) that uses irradiation to produce 3D internal and external representations of a scanned object [START_REF] Kruth | Computed tomography for dimensional metrology[END_REF][START_REF] Hermanek | Principles of x-ray computed tomography[END_REF]. X-ray CT scanning has been used in many areas of industry for various quality aspects such as flaw detection, failure analysis, metrology, assembly analysis, and reverse engineering applications [START_REF] Gorji | A new method for assessing the recyclability of powders within powder bed fusion process[END_REF][START_REF] Saxena | Soft tooling process chain for the manufacturing of micro-functional features on molds used for molding of paper bottles[END_REF][START_REF] Saxena | Process characterization for molding of paper bottles using computed tomography and structure tensor analysis[END_REF][START_REF] Rathore | Investigation on tomographic-based nondestructive characterization of short glass fiber-reinforced composites as obtained from micro injection molding[END_REF]. Thompson et al. [17] have highlighted the advancements of CT including novel porosity measurements, artifact development, and hybrid dimensional measurements, which make CT a preferred solution for quality assessment of AM parts. Van Bael et al. [START_REF] Van Bael | Microct-based improvement of geometrical and mechanical controllability of selective laser melted ti6al4v porous structures[END_REF] utilized X-ray CT for optimizing the robustness and controllability of the production of porous Ti6Al4V structures produced by Laser Powder Bed Fusion (LPBF) [START_REF]Additive manufacturing -general principles -terminology[END_REF] by reducing the mismatch between designed and as-produced morphological and mechanical properties. Yan et al. [START_REF] Yan | Evaluations of cellular lattice structures manufactured using selective laser melting[END_REF] revealed with the help of micro CT that the gyroid cellular lattice structures with various unit cell sizes ranging from 2 to 8 mm can be manufactured free of defects by LPBF without the need of additional support structures. It is demonstrated in [START_REF] Kim | Additive manufactured porous titanium structures: Through-process quantification of pore and strut networks[END_REF] that micro CT provides not only 3D quantification of structure quality but also a feedback mechanism, such that improvements to the initial design can be made to create more stable and reliable titanium structures for a wide variety of applications. Researchers [START_REF] Bauza | Study of accuracy of parts produced using additive manufacturing[END_REF][START_REF] Moylan | Progress toward standardized additive manufacturing test artifacts[END_REF] have also studied the accuracy of CT measurement of AM parts using a test artifact. As reported in [START_REF] Pyka | Surface modification of ti6al4v open porous structures produced by additive manufacturing[END_REF][START_REF] Kerckhofs | Highresolution microfocus x-ray computed tomography for 3d surface roughness measurements of additive manufactured porous materials[END_REF], they used X-ray CT for surface topography measurement, by extracting profiles from the slice data obtained from measurement of lattice struts. Furthermore, a more extensive examination of CT based surface topography measurement performance in comparison to conventional optical surface measurement was reported in [START_REF] Zanini | Characterisation of additively manufactured metal surfaces by means of x-ray computed tomography and generalised surface texture parameters[END_REF][START_REF] Thompson | Topography of selectively laser melted surfaces: a comparison of different measurement methods[END_REF][START_REF] Townsend | Investigating the capability of microfocus xray computed tomography for areal surface analysis of additively manufactured parts[END_REF]. It is evident that X-ray CT can be used for extracting surface topography, dimensional measurements, and geometrical deviation in context to AM parts.

In this work, we present a CT-based general methodology to assess both the global and local quality of a lattice structure by means of strut-by-strut evaluations, which leads to identifying the geometrically critical aspects of lattices and the influence of the relative position and orientation on the strut geometry. The raw data is acquired with an X-ray CT system with optimized scanning parameters, which undergoes several processing steps to ensure a robust measurement approach. The paper is organized as follows: first, the methodology is explained step-wise including the data acquisition, data processing, indexing, and measurement approach. Secondly, a case study is presented with an Inconel 718 based BCCz lattice structure produced by additive manufacturing with results obtained with the methodology followed by discussions. The paper is concluded with a summary of the major findings of the study and future work.

Methodology

This section describes the proposed methodology with a generalized approach applicable to different types of lattice structures, which consist of an arrangement of unit cells of several interconnected cylindrical strut elements. The commonly used unit cells are BCC, BCCz, FCC, and FCCz which are shown in Fig. 1. The methodological procedure from data acquisition to measurement will be explained in detail in the next sections. X-ray CT is a very extensive measurement technique that involves several steps for performing the requisite task [START_REF] Hermanek | Principles of x-ray computed tomography[END_REF] and whose result depends on factors related to the system, object, data processing, environment as well as the operator as explained in [START_REF] Villarraga-Gómez | Dimensional metrology with x-ray ct: a comparison with cmm measurements on internal features and compliant structures[END_REF].

During the scanning procedure, the part is placed between an X-ray source and a 2D detector and several hundreds of projections are recorded while the part is rotated. The cone shape of the X-ray beam allows different magnification and thus different spatial resolution with the same material. The closer the part is placed to the source, the higher the resolution (lower voxel size) is achieved, the best achievable resolution being relative to the size of the part. Indeed, for reconstructing the whole part with the best quality, all the object has to project inside the field of view of the detector. The quality of the CT result depends on the selection of the scanning parameters (current, voltage, exposure time, etc.), which need to be optimized considering the size, geometry, and the material of the part as explained in section 2.6.1. The voltage and the current of the X-ray tube influence the energy of X-rays and the flux (number of photons) respectively. All the projections are then acquired with those optimized parameters [START_REF] Kruth | Computed tomography for dimensional metrology[END_REF].

Point cloud extraction

The acquired projections are processed through a reconstruction algorithm to obtain 3D volumetric data. The most widely used filtered back-projection approach based FDK (Feldkamp, Devis, and Kress) algorithm is utilized [START_REF] Feldkamp | Practical cone beam algorithm[END_REF][START_REF] Lauritsch | Theoretical framework for filtered back projection in tomosynthesis[END_REF], which has the advantage of much lower computation time compared to other techniques. The next step is the surface determination of this volume, which consists of identifying the limit between the object and the background. This surface determination is performed using the ISO-50% method that defines the surface at the mean of the average material grey value and average background grey value, which is a global method and offers better reproducibility.

The volume is then registered in the 3D scene in such a way that the x-y plane represents the building plane (BP) the z-axis represents the building direction (BD).

Then, the volumetric dataset of the lattice is exported in the form of a point cloud. This raw point cloud is post-processed to segment all the strut elements and obtain a separate point cloud as explained in the next section.

Segmentation

The segmentation process is done by superimposing a regular pattern of the strut elements in the lattice structure. The pattern admits the classification of the strut elements by categorizing them into groups termed as families. The family is defined as a group of struts following a set pattern which generalizes their segmentation from the lattice structure. There are three types of families identified as a strut-type family (F B ) or cell-type family (F C ) and node family (F N ), where the first two contain different strut elements and the last one contains the nodes (the nodes are the positions where the strut elements intersect). In BCCz type lattice, there are two categories of struts where the vertical strut belongs to the strut-type family as they need to be extracted individually while the inclined strut belongs to the cell-type family as they are extracted cell-by-cell. Followed by the surface determination step (explained later in section 2.6.2), the raw point cloud of the lattice surface is obtained which is treated further with distinct approaches for achieving strut-type family or cell-type family. The process of point cloud extraction for the strut-type family is directly performed by storing each strut point cloud from the bounded box with the unique indexing of each strut as detailed in the following section. As depicted in Fig. 2, three operations are performed for the cell-type family as follows: firstly, the cell point cloud is extracted using the cell bounded box and is indexed for each individual cell. Secondly, each strut point cloud within the cell (obtained from the first step) is extracted using the strut bounded box and is indexed uniquely. As the last step, each strut point cloud is vertically rotated for the measurement process. The rotation angle is given by either a nominal direction of each strut where determined by the direction of cylindrical fitting of the strut point cloud.

Indexing Strategy

The indexing strategy is performed for a general lattice structure with N families of F B,i , i = 1, ..., N , M families of F C,i , i = 1, ..., M and a node family. In each of F B,i , the struts are designated with three indices ([ib 3 ][ib 2 ][ib 1 ]) which define their positions in the lattice structure coordinate frame. Equivalently, for the node family, the nodes are indexed by

[in 3 ][in 2 ][in 1 ]. On the other hand, for each F C,i , the designation of struts consists of six indices ([ic 3 ][ic 2 ][ic 1 ][ib 3 ][ib 2 ][ib 1 ]
), where the first three indices correspond to the cell position which is defined in the structure coordinate frame and the last three indices correspond to strut position corresponding to the cell coordinate frame.

Measurement approach

Based on the previous steps, all the strut elements are now extracted from the lattice, assigned a unique identification, and stored individually for further treatment. Strut-type and cell-type families can be handled with the same measurement approach, but the node family needs to be treated separately. Depending on the requirements, different measurement attributes can be assigned to the strut elements for their geometrical quality assessment. In this work, we present an example of a simple projection based fitting method where each individual strut point cloud is projected on a plane orthogonal to the vertical axis. The projection points are then fitted by an ellipse fitting method as illustrated in Fig. 3. The method is based on the work of Fitzgibbon et al. [START_REF] Fitzgibbon | Direct least squares fitting of ellipses[END_REF] which utilizes the direct least-square fitting to obtain fast-fitting for the projected point cloud of the strut to an ellipse point set. We obtain the measurement of each strut in the form of the (semi) major axis, (semi) minor axis, and the least square error E of the elliptical fitting.

The measurement data is stored systematically according to the two families of indexing (vertical and inclined struts). The data is used to perform further statistical analysis to be able to observe the quality of each strut and more importantly to understand the overall behavior of the lattice structure. For instance, the spatial classification of the groups of struts according to their section quality. The explained methodology is summarized schematically in Fig. 4. The application of the methodology and use of measurement data for statistical analysis are demonstrated in the next section.

Application on a metallic lattice structure

The methodology was applied on an Inconel based lattice structure produced from the LPBF additive manufacturing process on an EOS 290 machine. The lattice structure is in a form of an isometric cube with an equal number of unit cells in all three 1b). The vertical struts are shared among four neighboring unit cells whereas the inclined struts are entirely part of one unit cell. The struts of the lattice are designed as identical solid cylindrical elements with a nominal strut diameter of 1 mm. The material of the lattice is Inconel 718 with a density of 8.47 g/cm 3 . The two common configurations of the lattice structure are 5 × 5 × 5 and 3 × 3 × 3 with five and three unit cells in each direction respectively as shown in Fig. 5a; however, only the latter is discussed in this work. Fig. 5b presents the nominal dimensions of the lattice grid.

Data acquisition with X-ray CT

The tomographic acquisitions have been carried out using a Viscom XT 9225D

micro-focus open X-ray tube, with a maximum voltage of 225 kV and a maximum power of 320 W , as illustrated in Fig. 6. The detector is a matrix of photodiodes with CsI scintillator, brand Perkin Elmer, model XRD 0822, having 1024 × 1024 pixels of 200 µm. The lattice is placed between the source and the detector on the rotary stage and the projections are acquired for complete 360 • rotation.

In order to find out the right set of scanning parameters for the Inconel (3×3×3) lattice structure, the transmission-based approach was utilized which states that a minimal transmission between 10% and 20% is required to reach an optimal signal-to-noise ratio (SNR) [START_REF] Rathore | Influence of resolution on the xray ct-based measurements of metallic am lattice structures[END_REF][START_REF] Kraemer | Projection based evaluation of ct image quality in dimensional metrology[END_REF]. The transmission is the ratio between the minimal and the maximal X-ray intensity at the detector, which is expressed in the respective grey values of the X-ray projection. For performing the optimization of scanning parameters, the radiography module of NDT simulation software CIVA ® developed by CEA [START_REF] Civa | The simulation and analysis platform for nde[END_REF] was used. Simulated radiographs were acquired at different settings on voltage, current, and filter thickness following a design-of-experiment approach. The minimum, maximum grey levels of the radiograph and their ratio were examined and the parameters satisfying 200 the above-mentioned minimal transmission criteria were chosen. The final optimized parameters for the Inconel 718 metallic lattice structure of 3 × 3 × 3 configuration are provided in Table 1 as "LR-CT". 

Data processing and preparation

The obtained projections are processed to reconstruct the lattice volumetric dataset,

205
which is in turn processed with surface determination to obtain the raw point cloud of 

Measurement qualification

The measurement qualification approach allows having an insight into the accuracy of the CT measurements as compared to a reference measurement obtained from other measuring techniques. Optical profilometer based measurements have shown a good measurement uncertainty in [START_REF] Thompson | Topography of selectively laser melted surfaces: a comparison of different measurement methods[END_REF][START_REF] De Pastre | Polymer powder bed fusion surface texture measurement[END_REF][START_REF] Townsend | Surface texture metrology 515 for metal additive manufacturing: a review[END_REF][START_REF] Senin | Characterisation of the topography of metal additive surface features with different measurement technologies[END_REF]; hence, it is utilized for our reference measurement. Individual strut elements were measured with an Alicona optical profilometer with an objective of 10X. The struts from the center cell (cell designation: 111) were cut precisely from a 3 × 3 × 3 lattice structure using Electrical Discharge Machining (EDM) process. Then, the individual strut elements are extremely small in size, so they were embedded in resin for better handling during CT scanning. Compared to previous CT acquisition of the complete part, new parameters are defined (in Table 1 as "HR-CT") and a higher resolution can be achieved when measuring a single strut. While the voxel size was 38 µm for the lattice scanning, the voxel size is reduced to 10 µm. The corresponding point clouds were registered with the widely used Iterative Closest Point (ICP) algorithm in CloudCompare opensource software [START_REF]CloudCompare, 3d point cloud and mesh processing software open source project[END_REF] which minimizes the difference between there two clouds of points. After the registration, each point on the CT (measured) point cloud has a corresponding point on the Alicona (reference) point cloud which is defined by the shortest distance, and the remaining points are termed as non-corresponding points. The cloud-to-cloud (C2C) distance function is utilized to compute the distance from the measured point cloud relative to the reference point cloud with a height function (quadric) computed on all the neighbors falling in a sphere of specified radius around each point of comparing point cloud. The results are presented in Fig. 10 where part a and b show the C2C distances obtained on the CT point cloud when compared against the Alicona (as reference) for HR and LR respectively, which is indicated as the relative error in the CT measurements. The mean errors are 8 µm and 12 µm for a voxel size of 10 µm (HR-CT) and 38 µm (LR-CT) respectively; which is relatively smaller with an approximate increment of 1 µm per 10 µm voxel size increment. The higher standard deviation is resulted due to the higher skewness on the measured distances. Furthermore, the projection-based ellipse fitting results provide very good agreement with the Alicona measurement as visible in Fig. 11; the numerical information of all three point clouds is listed in Table 3. Nevertheless, it is understood that the projection-based measurement results in the loss of variability along the strut axis, which can be studied by assigning other measurement attribute to the strut elements. 

Results and discussions

The measurement results of the 3×3×3 lattice structure obtained from the proposed methodology are presented and discussed in this section. The lattice structure consists of three identical layers printed in a continuous manner over to each other which are termed as the bottom layer, middle layer, and top layer; however, each layer has two levels (ibz = 0 and ibz = 1) of inclined struts.

Global measurement

The global deviations of the manufactured lattice structure compared to its nominal geometry give an overview of the quality of a part. The volumetric CT data can be compared with nominal geometry (CAD model) following a best-fit registration in VGStudio Max 3.0 and the results are included in Fig. 12. It can be seen in Fig. 12a, that inclined strut elements show a positive deviation (red) and negative deviation (blue) in the orthogonal direction, which indicate their tendency to an elliptical cylinder as 

Measurement with the methodology

The ellipse fitting parameters (semi-major axis, semi-minor axis and least square error of fitting) have been obtained for all the strut elements in 3×3×3 lattice. Fig. 13a and Fig. 13b show the summary of these measurements for inclined and vertical struts respectively. In general, it can be concluded that the inclined struts exhibit a greater variability (longer range) and contrast (the difference between major and minor axes) in measured ellipse axes as compared to the vertical struts, which was also evident in the global comparison. Therefore, the vertical struts are closer to circular cylindrical shape as the difference between major and minor axes is very small with a mean of 0.03 mm as compared to 0.065 mm for inclined struts. These results are further elaborated to study the repeatability of the manufacturing process and statistical correlations. 

Repeatability study

The periodicity of the lattice structures makes it possible to study the influences of the spatial position and orientation on the strut measurements thanks to the indexing strategy of the methodology. Fig. 14 and Fig. 15 present the measurement results of inclined struts, and Fig. 16 provides the results of vertical struts. Fig. 14 and Fig. 15 consist of two parts each where a is the minor axes and b is the major axes plots along x -z and y -z plane respectively. Each figure has three partitions corresponding to the bottom (blue), middle (red) and top (green) layers; each layer is further partitioned into two levels corresponding to the lower and upper cell levels. The circular marker represents the individual point and the mean value is represented by the colored solid Overall, the measurements of inclined struts show that the minor axis of ellipse fitting is very consistent throughout the lattice irrespective of the levels but the major axis exhibits variations within a level, which could be attributed to the negative surface with a higher roughness level. As depicted in Fig. 14b and Fig. 15b, the variations of major axis measurements within one level are comparatively higher along the y -z plane than that of x -z plane; however, the struts demonstrate good repeatability along the build direction (z) in the x -y plane. Generally, the mean value of the minor axis (0.49 mm) is closer to the nominal radius (0.50 mm) of the strut whereas the mean value of the major axis (0.55 mm) is considerably higher (the ratio of major and minor axes is 1.22), which results in a prominently elliptical shape of the inclined struts.

On the contrary to inclined struts, the vertical struts are more circular in shape as the semi-major and semi-minor axes are very close to each other as evident in Fig. 16. The mean value of the minor axis and major axis are (0.47 mm) and (0.50 mm) respectively which result in a more circular cylindrical shape (the ratio of major and minor axes is 1.06). The struts show a good consistency in their shape except slight deviations observed at the corner locations which was also evident in the global comparison in Fig. 16. On comparison of the three layers along the build direction, the overall repeatability seems to be very good in both the x and y directions. 

Strut shape study

The ratio of the semi-major axis to the semi-minor axis can represent the deviation from a circular geometry (= 1), a higher ratio (> 1) means the ellipse gets flattened. The contour plots of the ratio have been obtained for inclined and vertical struts along the build direction of the lattice which are shown in Fig. 17 and Fig. 18. The indices have been combined for inclined struts in all three directions as icx -ibx, icy -iby, and icz -ibz which eventually have six levels (0 -0, 0 -1, 1 -0, 1 -1, 2 -0 and 2 -1) each considering the two levels within one cell and the original indices are used for vertical struts. As evident in Fig. 17, the central portion of each level experiences smaller deviations thus struts remain closer to a circular geometry and the deviations are increased in moving away from the center position towards the corners, where the highest deviations from circular geometry (bigger ratio) are observed.

Statistical study

A design-of-experiment scheme was generated based on spatial positions (indices) of the struts as factors and the measurements (ratio of major/minor axes) as a response variable. For inclined struts, the combination of two indices ic and ib was considered as one direction. Analysis of variance (ANOVA) was used to identify the significance of the spatial position on the morphology of the struts. The results are presented in the forms of Pareto charts for inclined and vertical struts in Fig. 19a and Fig. 19b respectively. The Pareto chart shows the absolute values of the standardized effects from the largest effect to the smallest effect. The standardized effects are the tstatistics which test the null hypothesis that the effect is 0. The chart also plots a reference line to indicate which effects are statistically significant. The reference line for statistical significance depends on the significance level (denoted by α) which equals to 0.05 with a confidence level of 95% for the analysis.

It can be seen from the charts, that the most significant direction affecting the ratio is along the Y -axis for both inclined and vertical struts. The interaction (Y • X) and X direction are also significant which indicates that the relative position in the x-y plane affects the strut geometry in addition to their respective x and y position. However, the effects are more prominent for inclined struts as the variation in the ratio for vertical struts has a very narrow range. As it has been demonstrated that the struts show good repeatability along the z direction, thus it resulted insignificant for both types of struts.

The model summary included in Table 4 interprets the goodness of the ANOVA fitting with high R 2 . The predictability is also very high for the model of inclined struts but limited for vertical struts.

Conclusions

A global approach for non-destructive evaluations of AM lattice structures is of great importance to predict their behavior under working conditions. Quantification of the deviations in desired geometry helps in tuning the manufacturing process parameters (direction of the laser, positioning of the lattice on the plate, the grain size of powder, and post heat treatment). Furthermore, the information achieved from such methodology can also be utilized for parametric modeling of the lattice and subsequently more realistic mechanical simulation. A generalized methodology for global non-destructive evaluations of lattice structures is presented in this work. Thanks to the strut-by-strut measurement approach, this methodology can be applied to various types of lattice structures. The robustness of this methodology can be attributed to the several steps especially the registration and the indexing of the lattice. The indexing strategy allows performing analytical observations of the struts with respect to their spatial position within the lattice structure. The same has been demonstrated with results obtained from a BCCz type metallic lattice structure of 3×3×3 configuration. All the struts have been divided into two categories as vertical and inclined. In an overview, the vertical struts exhibit minimal deviation from the nominal circular cylindrical geometry, while the inclined struts have a higher deviation from the nominal geometry resulting in an elliptical cylindrical shape. The measurements plots reveal that the struts show significantly high repeatability along the build direction despite local variation of the struts' shape within each z level. The contour plots of the ratio (semi-major/semi-minor) report the shape variation is extreme at the corners and reduces towards the center. The most significant direction affecting the shape of the strut is along the Y -axis for both inclined and vertical struts. The interaction (Y • X) and X direction are also significant which indicates that the relative position in the x -y plane affects the strut geometry in addition to their respective x and y position.

As demonstrated, the methodology provides both qualitative and quantitative information about the geometrical aspects of the lattice structure locally as well as globally. It helps in understanding the preferential occurrence of the geometrical deviations in the lattice building direction/plane. The measurement information can be very useful in optimizing the lattice manufacturing parameters which is envisaged in our future work. Further extension of the work is with numerically modeling the dispersion of the lattice structure which could lead to achieving more realistic mechanical responses.
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Table 1 :

 1 CT data acquisition settings

	Factor	LR-CT HR-CT
	Voltage [kV ]	170	180
	Current [µA]	100	50
	Exposure time [s]	0.5	2
	No. of projections [-]	900	900
	Filter thickness (Cu) [mm]	0.6	0.6
	Voxel size [µm]		

Table 3 :

 3 Measurement qualification

			X-ray CT
	Factor	Alicona	HR-CT LR-CT
	Resolution [µm]	2	10	38
	Number of points	131157	52773	4082
	Semi-major axis [mm]	0.623	0.611	0.611
	Semi-minor axis [mm]	0.485	0.482	0.478
	Least sq. error [mm]	0.0015	0.0016	0.0018

Table 4 :

 4 ANOVA model summary

	Strut type	S	R 2	R 2 (adjusted) R 2 (predicted)
	Inclined	0.0275291 91.32	85.07	74.08
	Vertical	0.0139572 89.42	72.37	24.76

Email address: jitendra-singh.rathore@hotmail.com (Jitendra Singh Rathore)

List of Tables