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Abstract: This study reports fabrication, mechanical characterization, and finite element modeling
of a novel lattice structure based bimetallic composite comprised of 316L stainless steel and a func-
tional dissolvable aluminum alloy. A net-shaped 316L stainless steel lattice structure composed of
diamond unit cells was fabricated by selective laser melting (SLM). The cavities in the lattice struc-
ture were then filled through vacuum-assisted melt infiltration to form the bimetallic composite.
The bulk aluminum sample was also cast using the same casting parameters for comparison. The
compressive and tensile behavior of 316L stainless steel lattice, bulk dissolvable aluminum, and
316L stainless steel/dissolvable aluminum bimetallic composite and the comparison between exper-
imental, finite element analysis (FEA) and digital image correlation (DIC) results, were investigated
in this study. There is no notable difference in the tensile behavior of the lattice and bimetallic com-
posite because of the weak bonding in the interface, so the load cannot be transferred from the 316L
stainless steel lattice to the dissolvable aluminum matrix. However, the aluminum matrix is vital in
the compressive behavior of the bimetallic composite. The dissolvable aluminum showed higher
Young's modulus, yield stress, and ultimate stress than the lattice and composite in both tension
and compression tests, but much less elongation. Moreover, FEA and DIC have demonstrated to be
effective and efficient methods to simulate, analyze, and verify the experimental results through
juxtaposing curves on the plots and compare strains of critical points by checking contour plots,
respectively.

Keywords: selective laser melting (SLM); lattice structure; bimetallic composite; mechanical prop-
erties; finite element analysis (FEA); digital image correlation (DIC); hybrid manufacturing

1. Introduction

Recently, lattice structures have attracted the attention of many researchers due to
having properties such as lightweight, high strength, energy absorption, reducing mate-
rial consumption and biocompatibility. Lattice structures are formed mathematically or
geometrically by spatial arrangement and combination of a grouping of unit cells. Most
researchers focus on the mechanical properties, such as compression and tension behavior
[1-8], fracture behavior [9, 10], fatigue behavior [11, 12], and shear response [13], and bi-
ocompatibility [14-16] of these cells. Research has also been dedicated to the design
method of the lattice structure, including creating functionally graded porous structures
[4, 17-19], panel or sandwich-shaped lattice structures [20-22], and the mathematically
designing algorithm [23-28].
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Most work done on lattice structures has been about unit cells. Researchers were
more likely to conduct experiments on normal unit cells formed by the spatial arrange-
ments of struts. However, some of them shed light on complicated unit cells, whose com-
position components conform to specific mathematical algorithms, such as gyroid [1, 3, 5,
18, 19], Schwarz diamond [17, 29] called TPMS (triply periodic minimal surfaces), and
plate lattices [25]. Compression and tension tests were applied in studying F2CC,Z (face-
centered cubic with Z-struts), hollow spherical unit cells by Kohnen et al. [30], and con-
cluded that the mechanical properties for F2CC,Z are better than hollow spherical.
Contuzzi et al. [31] studied F2CC,Z structure, and compressive testing using two samples
of different volume fractions and concluded that increasing strut thickness is more signif-
icant than introducing reinforcement in the lattice structure. Rehme et al. [32] investigated
not only F2CC,Z, but also FCC (face-centered cubic) and F2BCC,Z (body-centered and
face-centered cubic combined with Z-struts) structures. The difference between these
three face-centered cubic unit cells can be seen in Figure 1 (a), (b) and (e). BCC (body-
centered cubic), BCC,Z (body-centered cubic with z-struts), gyroid and rhombic were also
analyzed [2, 3, 12, 29, 33-35] through compressive, tensile, and fracture testing. They con-
cluded that F2CC,Z has a higher load capacity, and gyroid can be very useful in applica-
tions requiring high stiffness. Peto et al. [36] and Park et al. [4] also gave an eye on other
kinds of unit cells, which are relatively uncommon and not widely applied, and finally
found that CD (cubic diamond) exhibited higher strength compared to others. An image
of some unit cells mentioned above is shown in Figure 1, and all of them are self-sup-
ported for 3D printing except FCC and CD.

Among all unit cells, diamond unit cells are considered the best choice for structures
with strength requirements. With predictions of the Gibson-Ashby model, research done
by Maconachie et al. [29] evidenced that diamond lattice structures exhibit larger relative
strength and relative modulus in the same volume fraction of lattice. However, traditional
diamond unit cells, namely CD unit cells, are not self-supported, which might cause some
problems in fabrication through additive manufacturing; hence, another type of dia-
mond unit cell inspired by ANSYS Space Claim™ is plotted in Figure 1 (h). This new sort
of diamond unit cell was shown in the lattice auto-generating feature in the Space-Claim,
yet researchers have never investigated it. Moreover, many studies have already been
conducted on normal unit cells such as BCC and F2CC,Z, so this new sort of diamond unit
cell is novel enough, and can also be considered as a breakthrough point in contemporary
research of lattice structures. Consequently, this diamond unit cell was chosen for the lat-
tice structure in our study.

Moreover, the manufacturing method of lattice structure has also received wide-
spread attention, and a popular one nowadays should be metal 3D printing, which is also
named metal additive manufacturing (MAM). MAM can directly print a sample on a
panel from the bottom to up by metal material feedstock. The sample can be achieved
from a computer-aided design (CAD), although there are some limitations of samples to
be printed in terms of size and geometry for different machines. Selective laser melting
(SLM) is one of the categories of MAM. In SLM, thin layers of atomized fine metal powder
are evenly distributed using a coating mechanism onto a substrate plate. Then, each layer
of the part geometry is fused by selectively melting the powder, which is achieved with a
high-power laser beam. Despite this, some researchers tried to investigate the defects of
the structure fabricated by SLM or AM (additive manufacturing) even if it is prevalent
nowadays. It was noted that struts waviness, strut oversizing or strut thickness variation
could be found on lattice structures by SLM [9, 37-41], and horizontal struts feature more
severe geometric imperfections than vertical struts and diagonal struts [9, 39, 41, 42].
Moreover, vertical struts are thinner than as-designed ones [9, 37, 39], and the magnitude
of strut oversizing can change the failure mode from one to another [9]. SLM parameters
will also affect the mechanical properties of lattice structures [3, 43]. Horizontal struts are
the first to fracture, indicating they are experiencing greater stress than neighboring struts
[41, 44], which reminded us of the printing orientation of our samples.
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Although there are some flaws in the structure fabricated by SLM, evidence showed 99
that SLM lattice structures manufactured from stainless steel powder have excellent me- 100
chanical performance [32]. Microstructural and mechanical characterizations of duplex 101
stainless steel UNS S31803 processed by SLM was conducted by Hengsbach et al. [45], and 102
validated the successful fabrication of duplex stainless steel processed via SLM. Not only 103
duplex stainless steel, but 316L stainless steel also has been favored by researchers. Me- 104
chanical properties and deformation behavior of 316L lattice structures fabricated by SLM 105
were studied [30, 46], as well as fracture toughness [3]. Then, bimetallic lattice composite 106
slowly entered the sight of researchers. The lattice composite contains two parts, namely 107
the lattice part, as well as the matrix part, in which another material is filled into the lattice 108
gaps, and bimetallic means the metal feedstock created both two parts. There is also much 109
research on the microstructure and mechanical properties of bimetallic lattice structures 110
manufactured by SLM, such as CuSn/18Ni300 bimetallic porous structures [47], and 111
A356/316L interpenetrating phase composites [48, 49], in which [49] investigated the me- 112
chanical properties of PrintCast composites through finite element analysis (FEA), cou- 113
pled with digital image correlation (DIC) to capture the deformation and failure processes. 114

FEA is commonly used for simulating the experimental process and validating test- 115
ing results. Researchers usually conducted FEA for performance evaluation [50-52], struc- 116
ture design [53], investigating configurational effects [54], and studying the failure mech- 117
anism [55, 56]. However, DIC system was not widely applied to experiments of metal 118
lattices. Digital image correlation (DIC) is a 3D, full-field, non-contact optical technique to 119
measure contour, deformation, vibration, and strain on almost any material. DIC setting 120
is essential for investigating strain rate by analyzing captured images, and it is also ap- 121
parent to show elongation changing along with the experiments processing. Limited re- 122
search was done for analyzing deformation and strain evolution applying DIC on stain- 123
less steel such as 316L [30, 49, 57]. Mostly, they were more concentrated on studying tita- 124
nium alloy Ti6Al4V [58-61]. Other investigations on displacement, velocities, and stress 125
measurements using DIC were also done on polymers [62], glass fibers [63], and other 126

materials [64, 65]. 127

(e) (h) 128
Figure 1. Unit cells in lattice structures: (a) FCC; (b) F2CC,Z; (c¢) BCC; (d) BCC,Z; (e) F2BCC,Z; 129
(f) gyroid; (g) CD; (h) Ansys Space-Claim™ diamond. 130

In this study, FEA and DIC's mechanical properties of 316L stainless steel/dissolvable 131
aluminum bimetallic composites are investigated, which are vital for simulating and 132
recording experimental processes. 316L stainless steel lattice structures formed by the unit 133
cell shown in Figure 1 (h) were built using the SLM method, and a molten aluminum alloy 134
infiltrated the 316L stainless steel lattice gaps to create the bimetallic composite. 135
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Mechanical properties were analyzed thoroughly by both tension and compression tests,
and the experimental results were compared with those from FEA to validate its
effectiveness. Simultaneously, the DIC system was also applied to capture strain
distribution and verify the FEA results. The following section provides the details of
materials and methods used. Section three describes the FEA simulation model and
experimental validation for individual lattice an, filler structure. This is followed by
section four which provides the details on the FEA simulation and experimental
validation of bimetallic composite strcutures. Finally, the last section, five, provides
conclusions.

2. Materials and Methods
2.1. Manufacturing

To better study the mechanical properties of materials and structures, both compres-
sion and tension tests needed to be performed. Hence, bulk samples, lattice samples and
bimetallic composite samples were required for both tension and compression tests. 316L
stainless steel was selected for creating the lattice by SLM method, while aluminum was
for the filled-in matrix part of composite by casting. Besides, bulk aluminum samples were
also fabricated by casting.

Compression samples of lattice were in the shape of a cube with a length of 12.5 mm,
while the tension samples of lattice were a dog-bone shape, whose dimensions conformed
to ASTM E8M standard [66], with a gauge length of 50 mm and gauge width of 12.5 mm.
The strut diameter of the lattice structure unit cell is the same for both the compression
and tension samples, which is 2 mm. Failure of the tension samples should occur in the
gauge zone rather than the interface between the diamond lattice part and the solid grip-
ping part, which is the location of stress concentration. Therefore, fillets were required on
the junction interface to reduce the concentrated stress and avoid failure in this area. The
0.75 mm fillets of the tension sample and the compression sample are displayed in Figure
2. The chemical composition of gas atomized 316L stainless steel powder for the SLM pro-
cess is listed in Table 1. An EOS M290 machine manufactured diamond lattice structure
parts with a Yb-fiber laser. Tension lattice dog-bone samples were fabricated in a horizon-
tal orientation to the building plate (a hot-rolled mild steel panel with a dimension of 252
mm x 252 mm x 25 mm). EOS Company recommended processing parameters were ap-
plied for the 316L stainless steel, and the detailed parameters are listed in [67].

(a) (b) (c)

Figure 2. CAD models of the Space-Claim diamond lattice structure parts: (a) compression model;
(b) tension dog-bone model; (c) fillets in the interface of dog-bone model.
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Table 1. Chemical composition of 316L stainless steel powder used as the feedstock material for
the AM process (wt. %).

C Cr Mn Mo N Ni 0) S Si Fe
003 179 20 24 01 139 0.04 0.01 0.75 Balance

Bimetallic composite samples were manufactured based on the lattice ones. For both
compression and tension composite samples, dissolvable aluminum was filled into the
lattice structure gaps and formed a matrix part of the composite by the casting process.
The chemical composition of dissolvable aluminum was clarified in Table 2, and the de-
tails for the casting process were illustrated in Section 2.2 of [67]. Bulk aluminum samples
were also fabricated under the same casting condition.

Microstructure analysis for the specimens can be found in Section 2.3 of [67]. An im-
age of all the experimental samples is presented in Figure 3.

Table 2. The chemical composition of the aluminum alloy used for casting (wt. %).

Fe Ag Ga Cu Mg Al
0.6 2.1 2.0 2.6 4.1 Balance

Figure 3. An image of the experimental samples: (a) stainless steel lattice dog-bone; (b) stainless
steel/aluminum composite dog-bone; (c) bulk aluminum dog-bone; (d) stainless steel lattice cube;
(e) stainless steel/aluminum composite cube; (f) bulk aluminum cube.

2.2. DIC system setting

In our experiments, VIC-Snap commercial software (manufactured by Correlated So-
lutions, Inc.) was used to capture images, and VIC-3D 8 commercial software (manufac-
tured by Correlated Solutions, Inc.) was applied to process the images.

Two Allied Vision Technology (AVT) Pike F421b cameras (resolution of 2048 (H) X
2048 (V), sensor size: type 1.2), equipped with two Nikon 28-85 mm F-mount lenses by
two C to F-mount adapters(for lenses), which allows adjusting aperture, focus, and zoom,
were mounted on a tripod and used in the experiments. Both two lenses provide an aver-
age magnification of 10 pixel/mm. One of the cameras was precisely positioned with its
lens perpendicular to the focused surface of the lattice sample during the experiments.
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The other camera's lens was positioned at 25° to the primary camera. The testing images 198
were captured one frame per second, with each frame capturing a compression displace- 199
ment at around 8 microns and a tension displacement around 33 microns according to the 200
loading speed of 0.5 mm/min and 2 mm/min, respectively. The specimens were sprayed 201
with black and white paint to form a scattered speckle pattern on the focused surface with 202
an average diameter of speckles of about 1.3 mm (approximately 5 pixels). 203

Before capturing testing images, a calibration target card with 8X8 dots was imaged 204
simultaneously by rotating to different angles in both cameras to calibrate the system in 205
one step thoroughly. 206

2.3. Mechanical testing 207

Uniaxial compression and tension tests at room temperature were conducted on all 208
the experimental specimens. The displacement-controlling mode was applied on all the 209
tests using a servo-hydraulic mechanical testing system (MTS 810). The cross-head speed 210
was 0.5 mm/min for compression tests and 2 mm/min for tension tests, leading to an initial =~ 211
strain rate of 6.67310-4 s-1 for both compression and tension experiments. For more details 212

of the mechanical testing, please refer to Section 2.4 of [67]. 213
3. FEA simulation and experimental validation of individual lattice, and bulk struc- 214
tures 215
3.1. FEA procedure 216

The FE analysis was conducted using the commercial FE code ABAQUS/Explicit 217
(2019 version) [68], with simulation models generated using SolidWorks [69]. Comparing 218
to ABAQUS™/Standard, ABAQUS™/Explicit solver can better solve the convergent prob- 219
lems for models with complex configurations, especially for lattice structures. Further- 220
more, it can also readily analyze problems with complicated contact interaction between 221
the independent bodies [49] for the bimetallic lattice structures clarified in Section 4. 222

The simulation model needs to be imported into ABAQUS before conducting the FE 223
analysis. Then, the material parameters such as Young's modulus, Poisson's ratio for elas- 224
ticity, and "true stress" vs. "plastic strain" values for plasticity in the ABAQUS property- 225
material module are setup. The plasticity "true stress" vs. "plastic strain" pairs of values 226
for 316L stainless steel was obtained from [70], while data for aluminum was obtained 227
from the bulk aluminum experiments. After setting up the materials, assigning the specific =~ 228
material to the model configuration accordingly, for example, 316L stainless steel was 229
given to the lattices while aluminum to the bulk aluminum models. 230

For compression model boundary conditions, the bottom end (one surface for bulk 231
models, four small surfaces for lattice models) was fixed for all the six degrees of freedom 232
(U1=U2=U3=UR1=UR2=UR3=0). Simultaneously, a reference point was generated on the 233
top and coupled with the top end (one surface for bulk models, four small surfaces for 234
lattice models), with five degrees of freedom fixed (U1=U3=UR1=UR2=UR3=0) and one 235
remained (U2) for the loading. A velocity of 0.5 mm/min was then applied to the top ref- 236
erence point in the U2 direction. Note that the applying velocity should not be consistent 237
from the beginning of the analysis until the end. Based on the actual experiment, the load- 238
ing speed shall change gradually from 0 at first to the maximum in the middle, then 239
dropped back to 0 in the end, in which the average rate would be 0.5 mm/min. In this case, 240
the amplitude of velocity gradually changed throughout the whole loading process. As 241
for tension models, similarly, the bottom end of the dog bone gripping area was fixed for 242
all degrees of freedom (U1=U2=U3=UR1=UR2=UR3=0), while a velocity of 2 mm/min was 243
applied to the reference point on the top in the U2 direction (U1=U3=UR1=UR2=UR3=0). 244

The last step before running the FE analysis was meshing. The free linear tetrahedral 245
3D stress element (C3D4 element type) was selected for both compression and tension 246
lattice models and tension bulk dog bones, while the structured linear hexahedral 3D 247
stress element (C3D8 element type) without reduced integration for compression bulk 248
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samples. Note that C3D4 was also used on the gripping block areas of tension lattice mod- 249
els to assure consistency with the lattice part. The mesh size for compression lattice sam- 250
ples is 0.5 mm, while 1 mm for all other models. For the compression bulk 316L stainless 251
steel model, the compression bulk aluminum model, and the 316L stainless steel lattice 252
model, the numbers of elements are 2197, 2197 and 47336, respectively, with node num- 253
bers of 2744, 2744, and 10895. For the tension bulk 316L stainless steel model, tension bulk 254
aluminum model, and tension 316L stainless steel lattice model, the numbers of elements 255
are 158001, 158001, and 188681, respectively, with nodes numbers of 30622, 30622, and 256
40588. 257

Figure 4 and Figure 5 show deformation contour plots for bulk 316L stainless steel, 258
bulk aluminum, and 316L stainless steel lattice under both compressive and tensile con- 259
ditions. Stresses shown in the plots were all Von-Mises stress averaging at 75%. The value 260
75% here means if the relative difference between contributions that specific node gets 261
from neighboring elements is less than 75%, these contributing values are averaged [68]. 262
It is evident that 316L stainless steel is much stronger and can afford more stress than 263
aluminum under both compressive and tensile conditions. Moreover, compressive 264
strength is almost the same as tensile strength for the lattice sample since there is no sig- 265
nificant difference between their ultimate stress in the deformed contour plots. 266

After getting the contour plot, the reaction force and displacement of the top refer- 267
ence point of each model were exported from ABAQUS to an excel sheet. The engineering 268
stress (0g) and engineering strain (ez) were obtained using the equations below: 269

Th i N
oy = e reaction force (N) MPa (1) 270

The failure cross section area (mm?2)

The displacement (mm)

& =
E The sample (gauge) length

(2) 27

The compression model is a cube of 12.5 mm in each direction, and the gauge length 272
for all tension models is 50 mm. The cross-section area for both compression and tension 273
bulk models is 156.25 mm? (12.5 mm x 12.5 mm). However, as the cross-section area varies 274
throughout the whole length of lattice samples, the average cross-section area size of 60.99 275
mm? is adopted with a maximum of 109.42 mm? and a minimum of 12.56 mm?. Figure 6 276
shows the positions of maximum and minimum areas of the lattice using the compression 277

one as the example. 278
Using the formulas below, we can convert the engineering stress (o) and engineer- 279

ing strain (gg) to true stress (o7) and true strain (e7): 280
er =In(1 + &) (3) 281

or = og(1+ &) (4) 282

The "true stress" vs. "true strain" plots for FE compression and tension tests are shown 283
in Figure 7 and Figure 8. The experimental work will be discussed in Section 3.2, and the 284
comparison will be made between the FEA and experimental results to verify the con- 285
sistency. 286
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Figure 4. Deformation contour plots of FEA for compression samples: (a) bulk 316L stainless steel 288
cube; (b) bulk dissolvable aluminum cube; (c) 316L stainless steel lattice. 289
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(b) 290

Figure 5. Deformation contour plots of FEA for tension samples: (a) bulk 316L stainless steel dog- 291
bone; (b) bulk dissolvable aluminum dog-bone; (c) 316L stainless steel lattice dog-bone. 292
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(35 (b) 293

Figure 6. Maximum and minimum areas of the compression lattice model: (a) maximum area and 294
(b) minimum area. 295
3.2. Experimental validation of FEA results 296

The experimental 316L stainless steel data was obtained from [70]. Overlapping the 297
FEA compression plot in Section 4.1 to this experimental plot, we then obtained the final = 298
comparison plot between the FEA result and experimental result for all bulk and lattice 299
specimens shown in Figure 7. We can see that for the three materials, the FEA results and 300
experimental results are in conformance with each other, with average calculated numer- 301
ical deviations of 9.8% and 5.0% for yield stress and ultimate compressive stress, respec- 302
tively. However, it is also obvious that the yield and ultimate compressive stress of 316L 303
stainless steel lattice are less than those of both the bulk aluminum and the bulk 316L 304
stainless steel, which means the strength of the lattice with a volume fraction of 28.82% is 305
significantly less than the solid samples due to low volume fractions. The ultimate com- 306
pressive stress, which represents the compressive strength of the lattice, can be signifi- 307
cantly enhanced by increasing the lattice strut diameter [31]. Furthermore, the cracks in 308
the microstructure of the lattice can also explain the much lower yield stress and compres- 309
sive strength. 310

Moreover, Figure 7 shows that the compression test for bulk aluminum stopped 311
much earlier than the 316L stainless steel lattice counterpart. This is due to the test being 312
stopped at the load limit (100kN) of the mechanical testing machine before the specimen 313
failure, while the 316L stainless steel sample collapsed before the test stopped. Three sig- 314
nificant deformation stages, which are the elastic stage, plateau stage and densification 315
stage, are shown in the 316L stainless steel compressive curve compared with the bulk 316
aluminum. Initially, lattice struts were in an elastic deformation stage under the compres- 317
sive load. Then, the struts approached the yield point, and the plastic stage began, which 318
is indicated as the plateau stage. In the plateau stage, the strut nodes were dramatically 319
squeezed, and plastic hinges formed. Finally, the densification started since the struts 320
were continuously compressed to the point where some were broken, while others were 321
closely squeezed against each other. 322
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Compression Test

1000
900 |
800 |}
__ 700 }
[\
% 600 k Bulk-316L
"g' Bulk-316L-FEA
“ 500
E Bulk-Aluminum
g 400 — = = Bulk-Aluminum-FEA
e
F 300 Lattice-28.82%-316L
500 - - - Lattice-28.82%-316L-FEA
100
0
0 0.1 0.2 0.3 0.4 0.5 0.6

True strain

Figure 7. Comparison between experimental and FEA results of bulk 316L stainless steel, bulk
dissolvable aluminum, and 316L stainless steel lattice for the compression test.

Identically, the experimental 316L stainless steel data was also collected from [70]. In
order to be consistent with the compression result and further compare with the FEA re-
sult, all the experimental engineering values were transformed to the true values by using
Egs. (3) and (4). Similarly, mapping the FEA tension plot in Section 4.1 to this experimental
plot, we then obtained the final tension plot between the FEA result and experimental
result for all bulk and lattice specimens shown in Figure 8. This plot also validates that
the FEA results agree with the experimental, with average calculated numerical devia-
tions of 2.1% and 8.9% for yield stress and ultimate tensile stress. Likewise, the yield stress
and tensile strength of the 316L stainless steel lattice are much lower than the other two
bulk models. Increasing the strut diameter to achieve a bigger volume fraction will also
improve the tension property.
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Figure 8. Comparison between experimental and FEA results of bulk 316L stainless steel, bulk 338
dissolvable aluminum, and 316L stainless steel lattice for the tension test. 339

Unlike the compression testing, which has three deformation stages, the 316L stain- 340
less steel lattice just experienced the initial elastic stage and the elongational plastic stage, 341
followed by fracture failure with a sudden drop in stress eventually. Moreover, the tensile 342
behavior of the bulk aluminum exhibits an apparent difference from the other two, with 343
a higher Young's modulus than the lattice but much less elongation than the other two. 344
This is because aluminum is more brittle and has lower resistance to the tensile loading 345
than 316L stainless steel, making it much easier to fracture with shorter elongation. In 346
contrast, the diamond lattice configuration achieved a much-extended elongation and can 347
be widely used in the energy absorption structure. 348

3.3. Experimental validation with DIC results 349

As for the comparison between the experimental and DIC results, we discuss the 350
compression bulk aluminum and tension 316L stainless steel dog-bone lattice samples for 351
brevity. A detailed view of bulk aluminum compression experimental curve is shown in 352
Figure 9. Three unique points, namely the yielding point, the point in the plastic region, 353
and the point in the hardening region, were marked out with their true strain and true 354
stress values. The corresponding DIC images to these points are shown in Figure 10. 355
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Figure 9. The experimental result of compression bulk dissolvable aluminum cube with three
unique points marked out with true stress and true strain.

The scale bar is listed on the right side of each picture, with the strain range of -0.2 to
0 (negative values represent the compression test). From the frames, we can see that the
color symbolizing engineering strain changes with loading progression, and the experi-
mental results match the value range as the frames plotted.

Similarly, four particular points, namely the yielding point, the turning point, the
point in the plastic region, and the point before the curve drop, are marked out on the
tension test experimental curve of the 316L stainless steel dog-bone lattice in Figure 11.
with corresponding DIC images shown in Figure 12 in an increasing strain sequence with
strain ranging from 0-0.2.
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368
Figure 10. DIC frames of the three points marked out in the bulk dissolvable aluminum compression curve: (a) 34 s; (b) 131 s; 369
(c) 228 s. 370
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Figure 11. The experimental result of tension 316L stainless steel dog-bone lattice with four unique 372
points marked out with true stress and true strain. 373
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Figure 12. DIC frames of the four points marked out in the tension 316L stainless steel dog-bone lattice curve: (a) 6 s; (b) 18 s;

(c) 150 s; (d) 295 s.

4. FEA simulation and experimental validation of bimetallic SS316L-Aluminum alloy
bimetallic composite

4.1. FEA procedure

For FEA modeling of the bimetallic composite, two separate models were constructed
in SolidWorks™ and imported and combined in ABAQUS™. ABAQUS™/Explicit (2019
version) solver was used in this work as it is appropriate to solve problems of two models
contacting each other. Separate models of both compression composite and tension com-
posite created in SolidWorks are shown in Figure 13.

Similar to procedure in Section 3.1, the materials were assigned to the corresponding
part of the composite after importing the models into ABAQUS™. Materials for both com-
pression composite and tension composite are the same, namely 316L stainless steel for
the lattice part and aluminum for the filled-in matrix part. Next, separate models were
assembled into one composite pattern, and the geometry centers of both the lattice part
and the matrix part were ensured to coincide. Setting up interaction between two objects
of a composite is critical in ABAQUS FEA. Based on the microstructural analysis of the
interface as reported in [67], it is observed that there is no cohesive bonding between the
two parts, and therefore, a "hard contact" interaction of the 316L/aluminum interface was

374

375
376

377
378

379

380
381
382
383
384
385
386
387
388
389
390
391
392
393



Materials 2021, 14, x FOR PEER REVIEW 15 of 24

generated in ABAQUS. Two surface sets were established, with one set of the outer sur- 394
faces of the lattice, and the other of the inner surfaces of the matrix, to be selected for 395
creating the surface interaction. No penetration in the normal direction is assumed, and 39
isotropic friction with a coefficient of 0.3 in the tangential direction is applied without 397
elastic slip and any other shear stress for both the compression and tension composite 398
patterns. Finally, a reference point is created on the top surface and coupled with the top 399
cover for applying the load. 400

: ‘
‘ (C)
(d) (e) (f)
(b) 401
Figure 13. CAD models of the composite parts: (a) lattice part for the compression composite; 402
(b) matrix part for the compression composite; (c) the compression composite; (d) lattice part for 403
the tension composite; (e) matrix part for the tension composite; (f) the tension composite. 404

The boundary conditions for both compression and tension composites are the same 405
as the models for bulk and lattice experiments. The bottom end was fixed for all the six 406
degrees of freedom (U1=U2=U3=UR1=UR2=UR3=0), and the top reference point was held 407
for five degrees of freedom except for U2 (Ul=U3=UR1=UR2=UR3=0). A gradually 408
changed velocity of an average of 0.5 mm/min was applied on the reference point for the 409
compression sample, while 2 mm/min for the tension, maintaining consistency with the 410
experiments. Figures of boundary conditions for compression and tension composites are 411
omitted here since there is no significant difference with those shown in Section 3.1. 412

The free linear tetrahedral 3D stress element (C3D4 element type) was applied to both 413
the lattice and matrix part of compression and tension composites. It is worth noting that 414
the gripping block areas of the tension composite dog-bone also used C3D4, which isiden- 415
tical to the tension lattice dog-bone meshing. The mesh size for the compression composite 416
was 0.5 mm, while 1 mm for the tension composite. Moreover, there are overall 152845 417
and 327547 elements, and 32891, and 70978 nodes for the whole compression and tension 418
composites, respectively. 419

Figure 14 gives the deformation contour plots of two composites. Stresses shown in 420
the plots were all Von-Mises stress averaging at 75% of elongation. We can see that the 421
composite is severely deformed under the compressive loading, and the matrix partisin 422
light-green colour, which means it afforded the load and played an essential role in resist- 423
ing the load. In contrast, the tension composite matrix is almost in the blue colour. Com- 424
pared with the scale bar, we know that the insignificant load transferred to the matrix. 425
This is due to a lack of interface fusion due to continuous cracks in the 316L/aluminum 426
interface preventing the load transfer from the lattice to the matrix. 427
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"Engineering stress" and "engineering strain" were then collected from the reaction 428
force and displacement exported from ABAQUS using Egs. (1) and (2), and corresponding 429
"true stress" and "true strain" were calculated by Egs. (3) and (4). The sample length was 430
12.5 mm for the compression composite, while 50 mm (gauge length) for the tension com- 431
posite. The cross-section area was 156.25 mm? (12.5 mm x 12.5 mm) for the compression; 432
however, it is not that case for the tension. 433

S, Mises
(Avg: 75%)
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+8.244e+02
: +7.501e+02
e +6.757e+02
(Avg: 75%) +6.013e+02
+5.014e+02 +5.269e+02
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+9.312e+01
+5.601e+01
(b) 434
Figure 14. Deformation contour plots of FEA for composite samples: (a) compression composite 435
cube and (b) tension composite dog-bone. 436

The "true stress" vs. "true strain” plots for compression and tension composite FEA 437
results are shown as dashed black lines in Figure 15 and Figure 16, respectively in Section 438
4.2 for comparison. Similarly, the experimental work will also be discussed, and the com- 439
parison will be made between the FEA and experimental results to verify the consistency. 440

4.2. Experimental validation of FEA results 441

"True stress” vs. "True strain” curves of experimental results of the composite at room 442
temperature as well as FEA results are plotted with other results of bulk and lattice sam- 443
ples in Figure 15 and Figure 16 for compression and tension tests, respectively. 444

For the compression results, Young's modulus of the composite simulated by 445
ABAQUS™ is more than the experimental one. This is because the pores inside the micro- 446
structure, and the incohesive bonding between the lattice and matrix by SLM, will de- 447
crease Young's modulus compared to the ideal case, which is supposed to be the reason 448
for lower Young's modulus of the experimental curve. However, the calculated numerical 449
deviation 2.0% for the ultimate compressive stress confirms that the FEA simulation 450
shows a good accuracy. Besides, it is also apparent from the plot that the yielding and 451
ultimate compressive strength has been significantly enhanced from the lattice shown in 452
blue to the composite shown in black due to the filled-in matrix part. Nonetheless, the 453
mechanical properties of the composite are less than the bulk aluminum properties shown 454
in red. This can be addressed by increasing the volume fraction of the lattice. Using the 455
rule of mixtures, this would result in composite properties between the lower bound of 456
bulk aluminum and the upper bound of bulk 316L stainless steel. 457
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Figure 15. Comparison between experimental and FEA results of bulk 316L stainless steel, bulk
dissolvable aluminum 316L stainless steel lattice, and 316L stainless steel/ dissolvable aluminum
composite for the compression test.
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Figure 16. Comparison between experimental and FEA results of bulk 316L stainless steel, bulk
dissolvable aluminum 316L stainless steel lattice, and 316L stainless steel/ dissolvable aluminum
composite for the tension test.

Composite compression and tension experimental curves were taken out of the plots
shown in Figure 17 and Figure 19. As clarified in Section 3.3, three unique points, namely
the yielding point, the point in the plastic region, and the point in the hardening region,
were marked out with their true strain and true stress values, and the corresponding
frames captured by the DIC system were shown in Figure 18. In contrast, four special
points, namely the yielding point, the point in the plastic region, the point before the first
curve dip, and the last point that the DIC effectively tracked, were marked out, and the
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DIC results were shown in Figure 20. The corresponding time calculated for the compres- 473
sion one was 35 s, 179 s, and 383 s, while 9s, 21 s, 54 s, and 101 s for the tension one. 474

The tension results are different from the compression curves, where two distinct 475
regions can be found in the experimental results, the elastic region, and plastic region, 476
after which a sudden drop is shown, indicating the rupture of the sample. Besides, itis 477
significantly noticeable that the tensile curves for the 316L stainless steel lattice and bime- 478
tallic lattice are similar. This indicates that the aluminum matrix does not play an essential ~ 479
role due to lack of bonding. Similar to the compression results, the bulk 316L stainless 480
steel and bulk aluminum possess higher yield stress and ultimate tensile stress, and both 481
tensile curves of the 316L lattice and composite do not even surpass the curve of bulk 482
aluminum. However, the dissolvable aluminum presents a much lower elongation com- 483
paring to the other three samples. The trivial difference between the experimental and 484
FEA data for all four pairs validates the simulation results, including the numerical calcu- 485
lated deviation of 2.0% for the ultimate stress of the tension composite. The ABAQUS sim- 486
ulation curve for the bimetallic composite generally matches the results from Cheng etal. 487
[49]. 488

4.3. Experimental validation with DIC results 489
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o
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Figure 17. The experimental result of compression composite cube with three unique points 491
marked out with true stress and true strain. 492

A strain range of -0.3 to 0 was exhibited in the compression and 0 to 0.1 in the tension. 493
The strain behavior of the compression composite represented by the color coding was 494
very similar to the bulk dissolvable aluminum; however, differences were observed for 495
the tension composite. The strain growth was observed to grow gradually from the center 496
to both sides, initially from 0 shown as purple color in the first frame to about 0.08 with 497
orange color appearing in the middle part of the last frame. Experimental strain results of 498
the curve plots match the value range plotted in the frames for both the compression and 499
tension composite samples. 500
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Figure 18. DIC frames of the three points marked out in the composite compression curve: (a) 35 s; (b) 179 s; (c) 383 s.
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Figure 19. The experimental result of tension composite dog-bone with four unique points marked
out with true stress and true strain.
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(b)

(d) 506
Figure 20. DIC frames of the four points marked out in the composite tension curve: (a) 9s; (b) 21 s; (c) 54 s; (d) 101 s. 507
5. Conclusions 508

By investigating the compressive and tensile behaviour of 316L stainless steel lattice, 509
bulk dissolvable aluminum, and 316L stainless steel/dissolvable aluminum bimetallic 510
composite, the following conclusions can be obtained: 511

1)  The developed FEA model is an acceptable simulation for the experimental 512
work. After validating the effectiveness of ABAQUS™ FEA simulation on the current ex- 513
periments, the simulation can be used to explore different volume fractions of base lattice =~ 514
and filler to obtain desired properties without the need for extensive experiments. For 515
bulk and lattice samples, the average calculated numerical deviations between experi- 516
mental and FEA results in this study for yield stress and ultimate stress are 9.8% and 5.0% 517
for compressive tests and 2.1% and 8.9% for tensile tests, respectively. For composite sam- 518
ples, the average calculated numerical deviations for ultimate stress are 2.0% for both 519
compressive and tensile experiments. 520

2)  316L stainless steel has better compressive properties and higher resistance to 521
the tensile loading than dissolvable aluminum, which is much more brittle with less elon- 522
gation. 523

3) In the tension test, due to lack of bonding, the load does not transfer from the 524
316L stainless steel lattice to aluminum alloy. However, the aluminum alloy part playsan 525
indispensable role in the compression test and enhances the composite's compression 526
strength compared to the lattice itself. 527

4)  The elastic modulus, yielding stress, and ultimate stress of both the 316L stain- 528
less steel lattice and bimetallic composite were lower than the bulk aluminum, proving 529
that the performance of the lattice and composite with a volume fraction of 28.82% is still ~ 530
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not that satisfactory. Increasing the strut diameter of lattice to achieve a higher volume
fraction is expected to enhance the mechanical properties, including both compressive
and tensile strengths.
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