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Abstract

The triply periodic minimal surfaces (TPMS) structure is regarded as a highly promising
artificial design, but the performance of composites constructed using this structure remains
unexplored. Two porosity levels of Ti/Al interpenetrating phase composites (IPCs) were
fabricated by infiltrating ZL102-Al melt into additive-manufactured TC4-Ti scaffolds with the
TPMS porous in this study. The combination of the two-phase alloys exhibits structural
integrity at the interfacial region, as evidenced by microscopic surfaces observed in
uncompressed [PCs. Quasi-static compression tests were performed to demonstrate that the
Young's modulus, yield stress and maximum compressive stress of IPCs exhibit significant
enhancement when compared to the individual TPMS scaffolds, due to the supporting and
strengthening effect of the filling phase. In the compression process of IPCs, defects emerge
initially at the interface between the ZL102 phase and TC4 phase, triggering the fracture and
slip of the ZL102 phase, eventually propagating to involve fracture in the TC4 phase. The
deformation behaviours obtained from numerical simulation were combined to support these
experimental phenomena. The results show that the corresponding stress concentration region
is the central region of the spiral surface, the maximum stress concentration region of the
Z1.102 phase is the same as that of the TC4 phase, and the ZL 102 phase effectively shares part
of the loading. The Ti/Al IPCs achieve equivalent load-bearing capacity through a simplified

interpenetration process and the utilisation of lighter materials.
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1 Introduction

Metal composite materials achieve enhanced properties through the collaborative synergy of
their constituent materials to meet the rigorous demands of modern industries [1, 2]. In
traditional metal composites, a single metal serves as the matrix responsible for load-bearing,
possessing rigidity and strength, while other materials contribute to load transmission. Solely
the matrix can achieve a continuous state, lacking the ability for other metal materials to
establish a topologically interconnected state, thereby imposing constraints on the
concentration and internal connectivity of the composite matrix [3, 4]. These limits highlight
the appeal of interpenetrating phase composites (IPCs), ensuring topological interconnection
between the two phases throughout their microstructure [5-9]. This could help retain excellent
characteristics of the required single material and overcome one or several performance defects
of conventional metal composite, contributing to the development of excellent mechanical
properties [10-16]. For instance, Mg/Ti IPCs exhibit an optimum combination of mechanical
properties, including strength, elongation to fracture, work of fracture, and fracture and impact
toughness [17]; TiC/Fe IPCs demonstrate enhanced hardness, toughness and structural integrity
compared to the single constituent metal [18]; Al/Ti IPCs have excellent mechanical properties
in metal composites while adhering to the lightweight design objective, and these IPCs deserve

further research [19].

Manufacturing IPCs with controlled and complex topologies is being superior realised in the
rapid development of metal additive manufacturing (MAM) [20-23], which offers unrivalled
design freedom with the ability to manufacture different metal materials into hollow structures
[24-26], porous structures [27-29], grid structures [30-33] and gradient functional structures
[34-36]. According to the printing materials and various processing methods, MAM can be
classified into many various types, such as selective laser melting (SLM) [37, 38], selective
laser sintering (SLS) [39, 40], and electron beam melting (EBM) [41, 42]. In these techniques,
focused lasers or electron beams are used to selectively sinter thin layers of metal powder
particles that are evenly distributed on flat build plates, where another thin metal powder layer
is bonded to the previously deposited metal on top of the already laid powder layer. Researchers
and the industry exhibit heightened interest in the SLM technologies, where powders are
melted to achieve sufficient surface diffusion of the particles, producing low-density green
parts typically with inherent porosity and anisotropic mechanical properties, and some
experimental results have found that triply periodic minimal surfaces (TPMS)-based IPCs have

better mechanical properties [43].



TPMS structures present continuous and smooth infinite periodic surface in three independent
directions, featuring a special spatial structure with two disjoint regions in space. These
structures that possess numerous exceptional characteristics, encompassing light weight
properties [44], excellent energy absorption effect, mechanical property [45], self-supporting
characteristics, design flexibility and elimination of stress concentration effect [46], are widely
used as structural forms of Diamond [47], Gyroid [48], IWP [49] and Primitive [50]. Colin
Bonatti and Dirk Mohr [51] applied the TPMS structures to energy absorption devices, and Jia
et al. [52] played the role of these porous structures in the lightweight design. Novak et al. [53]
obtained the mechanical properties and energy absorption effects of these TPMS structures
through quasi-static compression experiments and dynamic impact experiments, and concluded
that Diamond and Gyroid structures have higher mechanical properties and energy absorption
effects. Zahid Ahmed Qureshi et al. [54] studied the energy transfer performance of TPMS
structures (Primitive, Gyroid and IWP) at three distinct levels of porosity: 60 %, 75 % and
90 %, and they proposed that the porosity of TPMS has a great influence on their performance.

Despite the extensive research efforts dedicated to exploring the mechanical properties of
TPMS structures, the quest for a novel composite structure that effectively balances high
performance and reduced weight remains ongoing. In pursuit of this objective, this work
employed the well-established SLM additive manufacturing technology to fabricate a Ti
substrate featuring TPMS as its basic scaffold, and the Al was utilised as the light alloy to form
the IPCs using a gravity casting performed within an ultrasonic field environment. To cater to
customised porosity needs, two kinds of Gyroid homogeneous TPMS structures were chosen,
prepared, and then comparatively analysed in this study for their mechanical properties,
microstructure, and compressive resistance in the newly fabricated Ti/Al IPCs. The
investigation of this work is to provide a reference for the optimisation of the practical

fabrication processing of metal composite materials.

2 Experimental procedures

2.1 Design and fabrication of composites

Commencing from mathematics, the minimal surface equation can be formulated by the level
set approximation equation method [55]. The equation composed of trigonometric functions
obtained by this method can be used to obtain a minimal periodic surface in three-dimensional

space. The following are the mathematical governing equations for the chosen Gyroid cell:
-t <sin (%n -x) cos (%n -y) +sin (%n -y) cos (%n -z) +sin (%n -z) cos (%n -x) <t (1)
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of the two regions divided by the surface of the gyroid structure. Note that when =0, the
volumes of these two regions are equal. The equation for the partial derivative function, as
presented in Eq. (2), is derived from the implicit function of the Gyroid, expressed as G (x, y,
z) in Eq. (1). The parameter, ¢, controls the wall thickness, influencing both the volume fraction

of the pore phase (denoted as v*) and the porosity of the solid phase (denoted as ®@). Eq. (3)

represents the mathematical formula used to calculate the porosity [56]:

d=(1-v")-100 [%] (3)
Here the assignment value of a is set as 10, and the two assignment values of ¢ are set as 0.3
and 0.5, respectively. Such setting of parameter values achieves the TPMS structure of two
porosities, measuring 88.92 % and 67.19 %, respectively. Mathematical modeling was
conducted to model and offset the Gyroid structure, ensuring surface accuracy, and the resulting
3D stereo-lithography (STL) model is imported for further analysis. The filling specification
of the model is the size of 10 mm-sized cells, constituting a total of 5 layers. Each layer is
composed of 4 evenly distributed cells, eventually forming a rectangular sample measuring
20%20%50 mm.
After the established model is adjusted to the stereolithographic format, the sample model is
additive-manufactured by the FS121M-D printer with SLM as the printing method with a two-
way powder laying system. The print size ranges from 15 to 53 um, and the chemical
composition of the powder is shown in Table 1. Its main component is TC4, known for its
favorable comprehensive properties and structural stability. This alloy exhibits excellent
toughness, plasticity and high-temperature deformation properties, making it well-suited for
the thermal pressure processing. Additionally, it can undergo processing, such as quenching
and aging to strengthen its alloy strength. The compressive specimens were made in the
horizontal direction relative to the construction plate, and the construction plate is a molding
bar with a size of 120x120%100 mm. The optimised process parameters were adopted: powder
layer thickness of 30 um, laser power of 200 W, laser spot diameter of 110 um defocusing state,
68 um focusing state, and scanning speed of 1100 mm/s. All the lattice specimens were

constructed in the alternate scanning mode. At the same time, in order to keep the oxygen level
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in the construction chamber below 0.1 %, ultra-high purity argon was injected into the
construction chamber during the manufacturing process, and the construction plate was
selected as an unheated substrate at normal temperature. The printed TC4 sample was heated
rapidly to 800 °C under the condition of argon protection for heat treatment, held for 2 hours,
and cooled together with the heating furnace.

During the casting process, an Al alloy (denoted as ZL102) was chosen, and its chemical
composition is shown in Table 2, showcasing its excellent casting characteristics. The ZL102
was heated to 720 °C in the graphite crucible at a high pouring temperature to increase the
fluidity of the molten alloy. The macroscopic structure of the casting is usually composed of
cold crystal region, columnar crystal region and internal equiaxed crystal region, weakening
the mechanical properties of materials. Therefore, the interference of ultrasonic field was
selected to reduce the grain structure, thereby improving the corrosion resistance, strength and
toughness of the casting [57, 58]. The graphite can was put into an industrial ultrasonic cleaning
machine, adjusting the power to 120 W. Ultimately, the molten ZL.102 was immediately poured
into the graphite tank, penetrating into the cavity of the printed TPMS porous structure of TC4
alloy to fabricate the IPCs material under vacuum conditions. Following the cooling, the

sample surface was polished with 800 mesh sandpaper for further mechanical testing. Fig. 1

shows the schematic diagram of the preparation of Ti/Al IPCs.

Argon shield
—
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Fig. 1 Flowchart of preparation of Ti/Al IPCs with TPMS porous structures.



Table 1 Chemical composition of TC4 powder used as the feedstock material for SLM (wt. %).

Al A% Fe C 0] N Y Ti
5.70 3.63 0.13 0.0015 0.11 0.0036 0.0013 Balance

Table 2 Chemical composition of the ZL102 used for casting (wt. %).

Si Fe Cu Mn Mg Ti Zn Al
10.0-13.0 <1.0 <0.3 <0.5 <0.1 <0.2 <0.3 Balance

2.2 Compressive testing, measurements and simulation method

All mechanical tests were performed on an Instron 8800 mechanical test frame equipped with
a 100 KN loading force sensor, as shown in Fig. 2. All specimens were cut to 10x10x25 mm
for the compression with a loading speed of 2 mm/min in all tests. The experiment involved
replicating the TPMS structures, each with two distinct porosities, along with their
corresponding IPCs, three times. After the compression testing, experimental specimens were
cut from the IPCs. The optical microstructure of composite was investigated by the Nickon
Eclipse LVIOONDA optical microscope. A JSM-6490F scanning electron microscope (SEM)
was utilised to scrutinize the morphology of the interfacial zone, and the distribution of
elements was measured by energy-dispersive X-ray spectroscopy (EDS) using a spectrometer.
Interphase constitutions were determined by micro-zone X-ray diffraction (XRD) using an X-
ray micro-diffractometer radiation operating at power of 9 kW, scanning range of 10° to 80°and
scanning speed of 5°/min. CAD models for IPCs and the TPMS lattices were utilised to perform
finite element simulations in ABAQUS. These simulations aimed to scrutinise the deformations
and stress distributions during quasi-static compressive loading. The external dimensions of
the models were consistent with those employed in mechanical testing. For meshing, all models

were divided using tetrahedral elements set at a size of 0.5 mm.

Specimen

Fig. 2 Schematic diagram of compressive testing and the compression setup.



3 Results

3.1 Microstructural characterisation

Surface morphologies of printed TC4 scaffolds are presented in Fig. 3. No macro defects
(cracks, pores and deformation) were observed due to the optimised parameters, indicating a
favorable manufacturability of the TPMS structures. The SLM technique with horizontally-
laying walls generated a visibly rough surface on the TC4 sample (Figs. 3a and 3b) [59].
However, the end face's material edge appears slightly flattened (Figs. 3c and 3d), suggesting
that the edge area is more difficult to produce shrinkage defects and less likely to appear stress

concentration after subsequent casting.

Fig. 3 Surface morpholoies of printed TC4 samples: (a-b) inside surface regions, and (c-d) marginal

regions.

Microscopic surfaces of the uncompressed IPCs at the interfacial region and magnified views
are shown in Fig. 4. It is noting that the combination of the two-phase alloys is sound, with a
few minor defects visible at the interfacial region (Fig. 4b). This is due to the complex lattice
structure in the casting space during the casting process. The amount of dissolved gas in the
melt continue to rise, providing the basic conditions for the formation of these voids. In addition,
the thermal conductivity of ZL102 is much higher than that of TC4, and the difference in
thermal conductivity is more than 10 times, which makes the cooling speed of ZL102 much
faster than that of TC4, resulting in residual stress at the interface and forming small defects.
Through SEM microphotography of the interior of the two phases of the interpenetrating
material, it can be seen that the surface of TC4 is smooth (Figs. 4e and 4f), while the surface
of ZLL102 has many irregular bumps and dents (Figs. 4c and 4d). The surface pellets of TC4
are caused by sintering defects, that is, not all metal powders can be effectively sintered. In
addition, as a result of rapid cooling, layered fractures similar to rock formations form (Fig.

4e).



Fig. 4 Uncompressed microscopic images of TC4/Z1.102 IPCs at the interfacial region and magnified
views: (a) selected shooting position on TC4/ZL.102 IPCs, (b) interfacial area between Z1.102 and TC4
phases, (c) ZL102 phase structure, (d) a highly magnified image of (c), (¢) TC4 phase structure, and (f)
a highly magnified image of (e).

Fig. 5 shows the EDS mapping and XRD results of fabricated Ti/Al IPC in the interfacial zone.
The uniform distribution of Ti and V elements in the TC4 grain boundary demonstrates a
significant advantage of additive manufacturing compared to casting, namely the uniform
distribution of alloying elements. Conversely, the limited accumulation of Mg element in
Z1.102 grain boundary is observed. This behaviour is attributed to the strengthening mechanism
of ZL102 by the alloy element Mg, which discourages its accumulation in the ZL.102 grain
boundary. The element mapping between the ZL.102 and TC4 phases indicates that no obvious
diffusion of primary elements Al and Mg from ZL102, and Ti and V from TC4 occur between
their respective region, but the surface of the printed TC4 scaffold is relatively rough resulting
in ZL102 embedded in the TC4 scaffold to a certain extent (Figs. 5a and 5c¢). The XRD analysis
confirms that no new intermediate compounds are formed adjacent to the interfacial zone (Fig.
5b). This is due to the fact that the printed TC4 scaffold has been heat-treated prior to casting
and the fact that the formation of intermetallic compounds at the Ti/Al interface requires a high
degree of temperature, structure, chemical composition and contact properties between the two
phases. This similar phenomenon was reported that Ti64-AlSi9Cu3 IPCs based on cubic

framework failed to reveal new metal compounds in the interfacial region [60].
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Fig. 5 (a) EDS mapping of the interface region between ZL102 and TC4 phases, (b) the XRD pattern
at the interface, and (c) the elemental distributions of Ti, V, Al and Mg in the region corresponding to
the image (a).

3.2 Quasi-static compressive properties

To explore the compressive properties of IPCs specimens, Fig. 6 shows the quasi-static
compressive stress-strain curves of the TPMS scaffolds and the IPCs under two different
porosities. The variation in porosity significantly affects the compression performance of the
specimen. The flow stress of the TPMS scaffold with a lower porosity (67.19 % at t=0.5),
approximately reaching 150 Mpa, is nearly double that of the TPMS scaffold with a higher
porosity (88.92 % at t=0.3). In comparison to the individual TPMS scaffolds with both
porosities, the IPCs exhibit superior compressibility, and relatively greater strength prior to
specimen fracture. The IPC featuring a lower porosity TPMS structure (t=0.5) demonstrates a
greater maximum compressive stress, reaching approximately 420 Mpa, compared to the IPC
with a higher porosity TPMS structure (t=0.3). This improvement is attributed to the synergistic
enhancement of each component achieved through interpenetrating phases [19]. From the
perspective of composites, the addition of ZLL102 phase also promoted the improvement of

specimen compression performance.
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Fig. 6 The quasi-static compressive stress-strain curves of the TPMS scaffold and IPCs specimens under
two different porosities of 0.3 and 0.5, respectively.

Table 3 shows other compression properties obtained in the compressive testing, including
Young's modulus, the yield stress at the offset strain of 0.2 %, maximum compressive stress,
reduction of compression to rupture, and work hardening coefficient (determined from the
stress-strain curves of compression). The results reveal that although the reduction in
deformation is relatively minor, the IPCs significantly enhance all five compressive properties,
especially the maximum compressive stress. Even in the case of IPCs (t=0.3) is 4.6 times
greater than that of the same porosity TPMS scaffold. Both the TPMS structure and the IPC
with lower porosity (t=0.5) demonstrate yield stress, Young's modulus and maximum
compressive stress 1.3-2.1 times higher compared to structures with a higher porosity, but these
specimens with higher porosity have a higher work hardening coefficient. This reflects the
more favourable strain hardening of the material as it continues to deform after it starts to yield.
As the strain increases, the material aligns in the same direction, causing the localisation of the
hardening coefficient to become more challenging. This results in higher strain peaks,
compressibility and more uniform strain distribution for IPCs with high porosity TPMS
structures, leading to more uniform deformation. The demonstrated outstanding mechanical
properties and differences of IPCs underscore the effective contribution of interpenetrating

structures in enhancing strength and compressibility. Meanwhile, the porosity level of the
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interpenetrating structure in the composite has varying effects on enhancing the compressive

stress limit and strain limit of the IPC.

Table 3 The compressive properties of each specimen.

Maximum

Yield Young’s . . Work
. compressive  Reduction .
Material stress modulus o hardening
(Mpa) (Gpa) Suress %) coeffcient
(Mpa)
TPMS scaffold
_ 67+25 28 £0.1 69+£2.5 19+£0.8 0.15+0.05
(t=0.3)
IPC with a TPMS
structure (t0.3) 220+2.0 56=+0.3 319+£5.5 34+£0.5 0.45+0.02
TPMS scaffold
_ 138+ 1.1 41+£0.8 142 +£2.2 21+£0.5 0.12+£0.02
(t=0.5)
IPC with a TPMS
305+£2.2 64+ 0.1 420+4.7 24+£0.8 0.42 £0.03

structure (t=0.5)

To enhance the analysis of the compression behaviour of Ti/Al IPCs, both numerical
simulations and experiments are employed in combination. The compressive stress
distributions of TPMS scaffolds and fracture areas of IPCs with two porosities obtained from
the numerical simulations and compression experiments at the moment of initial cracking,
respectively, are shown in Figs. 7a and 7c. The area enclosed by the box indicates the position
of the initial stress concentration within the interpenetrating TPMS structure during the
simulation, occurring at strain levels of 15 % for IPC with a TPMS structure (t=0.3) and 17 %
for IPC with a TPMS structure (t=0.5). In the compression experiments, the IPCs also show
severe cracking in the same regions under the approximate strain conditions. Combining the
results of the compression tests in Fig. 6, it can be found that the flow stress of IPC with a
TPMS structure (t=0.3) and IPC with a TPMS structure (t=0.5) show an initial significant
change at the strains of around 15 % and 17 %, respectively. The former scenario occurs at 15%
strain, where the flow stress of IPC gradually decreases, whereas the latter unfolds at 17%
strain, with the flow stress of IPC entering a relatively constant platform. These verify that the
interpenetrating TPMS structures suffer substantial stress damage, resulting in the initiation of
cracking. It is worth noting that the stresses of IPCs reach their peak at the strain corresponding
to the initiation of cracks in the interpenetrating structures. The emergence of cracks in the
TPMS structure destroys the integrity and continuity of the Ti/Al IPC interpenetrated structure,
leading to the degradation in the material’s mechanical properties, and a similar phenomenon

was observed in the structural analyses of Mg-NiTi IPC [6]. Additionally, from the beginning
11



of compression to the appearance of initial cracks, the numerical and experimental compressive
stress-strain curves corresponding to the strain are shown in Figs. 7b and 7d. When the
interpenetrating TPMS structure has an initial crack, the deviation of the two flow stresses is
5.4 % for IPC (t=0.3) and 6 % for IPC (t=0.5), respectively. The trends of the two curves are
basically the same, but the actual experimental stresses are lower than the numerical results. It
is crucial to acknowledge that the numerical simulation involves the direct allocation of
material properties to the TPMS structure, but the TPMS structure utilised in the practical

experiment is fabricated by the additive manufacturing, introducing a certain gap in

performance.
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Fig. 7 Comparison between compression tests and numerical simulations at the moment of initial
cracking in the TPMS structure of IPC during compression: (a) the location of initial crack in the TPMS
structure of IPC (t=0.3) and the simulated cloud image of Von-mises at this strain, (b) experimental and
numerical stress-strain curves synchronized to the strains shown in (a), (c) the location of initial crack
in the TPMS structure of IPC (t=0.5) and the Von-mises stress at this strain, and (d) experimental and
numerical stress-strain curves synchronised to the strains shown in (c).
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3.3 Fracture morphology characteristics after compressive testing

The microstructure from fracture surface of the TC4/ZL102 IPCs after compression is shown
in Fig. 8. Two fracture surfaces are present, comprising shear and extrusion surfaces. At the
shear fracture surface, the Z1.102 section exhibits a tear pattern, while the TC4 cross-section is
notably smooth shown in Fig. 8d, indicating a cohesive interaction between the two phases
with minimal gaps. Upon close inspection at higher magnification, some shallow cracks remain
discernible on the smooth TC4 section presented in Fig. 9a. These microscopic cracks converge
to form large macroscopic cracks when the fracture surface is under increasing load, indicating
that the fracture behaviour of TC4 exhibits some ductility. Small cracks and cleavage facets are
evident on the ZL.102 surface under high magnification (Fig. 8d and Fig. 9b), demonstrating a
tendency toward brittle fracture in ZL.102. In the extrusion fracture section, numerous vertical
cracks are notably visible in TC4 (Fig. 8e and Fig. 9c), and these cracks are likely to become
more pronounced with additional load and compression. The fracture of ZL102 section is
composed of many layered cracks and dimples (Fig. 9d). Considering the large shape variable
of the IPCs in the experiment, it can be inferred that the fracture form of the specimen is ductile
fracture. The predominant fracture mode observed in TC4/ZL102 IPCs is predominantly

associated with the interpenetrating TC4 structure.

Fig. 8 Microstructure from the fracture surface of TC4/ZL.102 IPCs after compression: (a) two kinds of
fracture: shear and extrusion fractures, (b) shear fracture cross section, (c) extrusion fracture cross

section, (d) a highly magnified image of (b), and (e) a highly magnified image of (c).
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Fig. 9 Microscopic characterisation of the fractured surface of TC4 and ZL102 phases after crushing at
a high magnification: (a-b) microstructure of TC4 and ZL102 under the shear fracture, respectively,
and (c-d) microstructure of TC4 and ZL102 under the extrusion fracture, respectively.

4 Discussion

4.1 The fracture mechanism in the compression

Ductile fracture of metal involves the nucleation, propagation and merger of voids, leading to
the formation of cracks. The formula of the Mohr-Coulomb model has high accuracy in

predicting metal fracture. The Mohr-Coulomb model can be described as [61]:
Max [tt+c;6,]=¢c, 4)

where 1 and o, represent shear stress and normal stress in the plane of normal vector n, c;
denotes the friction coefficient and c, denotes the cohesion coefficient. Specifically, the Mohr-
Coulomb model assumes the same pore volume fraction and overlooks the stress state analysis.
In contrast, the isotropic Hosford-Coulomb model as proposed by Mohr and Marcadet, proves
more effective for metal fracture prediction in this experiment. The ductile metal fracture
depends on three principal stresses, and the formula for Hosford-Coulomb model is expressed
as [62]:
!

{% ((01-62)*+(o; '03)a+(02'03)a)}a +c(o;103)=P %)
where o;, 6, and o3 are the three principal stresses, respectively, a and 3 denote the Hosford
exponent and friction coefficient, respectively. Utilizing the stress analysis methods mentioned
earlier, the Cockroft-Latham function is employed to find the cracking place. This facilitates a
more convenient identification of the potential for qualitative cracking under the experimental

14



conditions of quasi-static compression [63], and the function equation is denoted as:

Jfe"de=C (6)
where 6* denotes the stress, €ris a fracture strain, and C is a constant. The ductile fracture is
related to the maximum stress height distributed in the pore structure. The cracks of Gyroid
structure at the joints of inclined support plates was investigated where the stress was
concentrated [44]. The stress concentration of zinc porous structures at the connections of
support plates resulted in the cracking process [64]. In order to comprehensively analyse the
fracture mechanism and deformation behaviour of the IPCs surface in the compression, a half
model is extracted from the IPC unit cell and expanded for structural analysis on a plane, as
shown in Fig. 10. A Gyroid unit cell of TC4 TPMS structure comprises four equivalent sub-

layers, with two of them forming an "S"-type structure, making the half model sufficient to

illustrate the fracture behaviours and stress distribution of the entire structure.
(b)

Extract half of
the model

BG0

l Unfolded
(c) structures

ZL102 =—0

TC4

Fig. 10 Schematic diagram of unfolding half IPC unit cell: (a) [PC unit cell, (b) half of the model, and
(c) unfolded structure with Z1.102 and TC4 structure.

Fig. 11 illustrates a schematic diagram of the free-body IPC structure, depicting the
deformation and stress mode of the structure under compressive load. Under compressive load,
the filled ZL102 phase produces extrusion stress with the TC4 structure at the two contact
surfaces above the left half of the "S" structure and below the right half of the structure. In the
compressive loading deformation mode, the contact surface experiencing the primary extrusion
pressure establishes a compressive stress zone, while the corresponding opposite side forms a
tensile stress zone. These two locations creating a tensile stress zone contribute to the crack
propagation of. In this deformation mode, the centerline of the structure exhibits a tendency to

stretch, forming a straight line.



—»«— Compressive stress

The centerline of the structure «—— Tensile stress
-— Extrusion stress between two phases

Fig. 11 Schematic diagram of the free-body IPC structure: (a) the initial status, and (b) the deformed
status under the compressive loading.

The stress distributions for the TPMS scaffold, TC4 and ZL102 phases of IPC in compression
behaviour obtained by the numerical simulation are shown in Fig. 12, respectively. Numerical
results reveal that significant stress is concentrated on the helical surface of the structure from
top to bottom, and this phenomenon is reflected in both TPMS scaffold and IPC. This verifies
that the middle region of the "S" structure has the greatest force under the combined action of
tensile and compressive stresses as shown in Fig. 11, and the unfolded two-dimensional region
corresponds to the middle part of the formal helical surface of the three-dimensional region.
This phenomenon is caused by the Gyroid structure, which rotates the main loading region of
the whole specimen, making a more distributed and evenly distributed force. The significant
stress concentration region of ZL.102 phase is consistent with that of TC4 phase (circled with
black in Fig. 12), and the maximum stress value of TC4 phase in IPC is also considerably
smaller than that in the individual TPMS scaffold. This stress deviation is roughly consistent
with the maximum stress of ZL102 phase in IPC. It indicates that the ZL.102 phase can share
part of the force under the interpenetrating structure. As expected, the danger zone of maximum
stress (circled with red in Fig. 12) emerges as the compression process advances up and down
towards the center. This aligns with the region where the initial crack manifested in the actual

compressive experiment, as shown in Fig. 13 of next section.
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Fig. 12 Von Mises stress distributions of deformed individual TPMS scaffold, and TC4 and ZL102
phases of Ti/Al IPC.

4.2 Effects of porous structure on mechanical properties

To further analyse the deformation behaviour of the two porous IPCs in compression, snapshots
of the testing process are shown in Figs. 13a and 13b. Combined with the stress-strain curve
characteristics of IPC (Fig. 13c¢), the damage evolution process of Ti/Al IPC in compression
deformation is shown schematically in Fig. 13d. In general, the fracture of IPC can be divided
into four stages: initial deformation (Stage 1), the occurrence of micro cracks between two
phases (Stage 2), the onset of high-strength alloy deterioration (Stage 3), and the ultimate
collapse of the IPC specimen (Stage 4). From the experimental snapshots, it can be observed
that small initial cracks appear in the filling ZL 102 phase when the strain reaches 5 % for IPC
(t=0.3) and 10 % for IPC (t=0.5). This initial crack occurs between the embedded phase and
the filling phase, and the initial damage in interpenetrating materials is prone to occur in the
form of intergranular cracking between the precipitated and interpenetrating phases [6, 16, 65].
As compression advances, at a strain of 12 % for IPC (t=0.3) and 14 % for IPC (t=0.5), the
cracks occur in the interfacial phase, and the ZL102 phase in the pores undergoes extrusion and
descends, marking the onset of Stage 3. Moreover, the flow stress of IPC rises during the initial
two stages, and the TPMS structure fabricated by the stronger TC4 alloy initiates cracking.
This disruption compromises the continuity and integrity of the IPC interpenetrating structure,
resulting in a decline in the IPC flow stress in Stage 3. This phenomenon is highly consistent

with the numerical results where the TPMS structure starts to show a large stress concentration
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region at 15 % and 17 % strain for IPC (t=0.3) and IPC (t=0.5), respectively, shown in Fig.7.
The TPMS structure forms microcracks at locations such as air holes, incompletely sintered
powder inclusions and areas of insufficient sintering between adjacent layers. These defects
are not fully understood in terms of their formation mechanisms and appear to be unavoidable
in 3D printed metals [66, 67]. Subsequently, cracks expand and merge until the strain reaches
34% for IPC (t=0.3) and 24% for IPC (t=0.5). The cracks in the TPMS frame merge, join, and
expand, forming slip bands. This process is accompanied by a large amount of plastic
deformation and slip of ZL.102, resulting in a steep drop of the IPC flow stress, indicating the
IPC failure. The thicker TPMS structure of IPC(t=0.5) results in a higher value of Young's
modulus, causing a faster rise in the stress-strain curve during Stages 1 and 2. The progression
of Stage 4 determines the maximum strain limit at the collapse of IPC. The greater work-
hardening coefficient of IPC (t=0.3) results in a more evenly distributed compressive
deformation, extending the compression of stress-strain curve for a longer duration from Stage

3 to Stage 4.

£=5% e=12% e=15% =34% e=10% e=14% e=17% e=24%

Stage 4

Stage 1 Stage 2 Stage 3 Stage 4

Including TPMS frame of IPC
stage 1 and 2 i

Stepl StepZE Step3 E E

Strain Stage 3 Stage 4

Fig. 13 Compressive behavior of two porous IPC samples at different strain rates: (a) IPC (t=0.3) and
(b) IPC (t=0.5), (c) stress-strain curve of Ti/Al IPC, and (d) schematic representation of the IPC damage
evolution process during the compressive deformation.

4.3 Comparison of mechanical properties

The comparison of strength and energy absorption efficiency in terms of maximum transmitted

stress for Ti/Al IPCs and other materials was conducted to demonstrate the excellent
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mechanical properties of the fabricated Ti/Al IPCs, as shown in Fig. 14. It is noted that the
maximum transmitted stress and the energy absorption efficiency are two basic parameters for
evaluating the energy absorption performance of a material, which are defined by the peak
stress and the area under the stress-strain curve, respectively. It can be seen that our fabricated
Ti/Al TPC outperforms most Al alloys, metals, micro lattice and polymer foams and other
commonly used energy absorbing materials in terms of the combination of energy absorption
efficiency and load carrying capacity. Specifically, in both structural frames with different
porosities, the Ti/Al IPC exhibits a period of slowly declining plateau from Stage 3 to Stage 4
of the stress-strain curve, which provides the basis for enhanced energy absorption. In general,
stress-strain curves for dense metals exhibit a continuous rise, which is not favourable for
energy absorption since the stress applied during energy absorption usually falls below the
yield strength of the material. This results in high energy absorption efficiencies for Ti/Al IPCs,
exceeding the general range for Ti, Al and alloys, and comparable to those for steel.
Additionally, the comparison of properties for the Ti/Al IPCs and a number of other proposed
IPCs was conducted [6, 20, 60, 65], and several of them have high energy absorption
efficiencies at comparable load-bearing capacities due to their selection of higher-strength
metals for interpenetration. However, it is worth mentioning that Ti/Al IPCs achieve equivalent
load-bearing capacity on the basis of simpler interpenetration, lighter material properties and

greater economy.

~ o] TPMSscaffold=03) 10 11 12 1. Al foams
T 1074 2. Acrylonitrile butadiene styrene
g IPC(t=0.5)
— . 3. Al alloys
=108 LAl 4. Ti alloys
2 IPC(t=0.3) . Y
0 5. Metals
Q
= 107 TPMS 6. Steels
(] =
= scaffold(t=0.5) 7 Ti foams
g 10° ? 8. Polymers
Z 9. Mg-Ti IPC
= 10° 10.Ti64-AlSi9Cu3 IPC
B0
g 11.TiC-Fe IPC
M 104 12. Mg-NiTi IPC

T T T
10-* 10° 10' 10% 10® 10* 10°

Maximum transmitted stress (MPa)
Fig. 14 Comparison of Ti/Al IPC properties with other materials: energy absorption per unit volume
versus maximum transmitted stress for IPCs, titanium alloys and a wide range of other materials,
particularly those commonly used for energy absorption.
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5 Conclusions

The characteristics of microstructure, mechanical properties and fracture behaviours for Ti/Al

IPCs in compression testing were investigate in this study. The main conclusions of this

research are obtained as follows:

1.

The Young's modulus, yield stress and maximum compressive stress of the IPCs are notably
superior to those of individual additive-manufactured TPMS scaffolds. The interpenetrating
structure improves the compressive property and strength of the multi-metamaterial, and the
enhancement of the compressive stress limit. The numerical results are consistent with the
experimental results, the initial cracks of the framework appear in the middle of the samples,

leading to the decrease of the stress-strain curve of the IPC.

. The TPMS structure of IPC (t=0.5) is more substantial, exhibiting a higher Young's modulus,

and the stress-strain curve rises more rapidly during the initial deformation stage. The
prolonged destruction of the TPMS structure determines the maximum strain limit at IPC
collapse. The increased work-hardening coefficient of IPC (t=0.3) results in a more
homogeneous degree of compressive deformation, causing the stress-strain curve to

compress for an extended duration at this stage.

. The central symmetrical tensile and compressive stress zones appear in the "S" structure of

Ti/Al IPCs, causing the composite structure to incline toward a straight alignment. The
region corresponding to stress concentration is the central region of the helical surface, and
the region of maximum stress concentration is consistent between ZL102 phase and TC4

phase, with the ZL102 phase effectively redistribution and sharing a portion of the loading.

. The IPCs as a whole exhibit a ductile metal fracture mode, and the fracture mode of TC4 is

malleable. The fracture of TC4 phase bearing the majority of the loading is the main reason
for the failure of Ti/Al IPCs. The interrupted spaces at the interpenetrated interface of the
Ti/AlTPC hinder the efficient transfer of loads from the TC4 phase to the ZL.102 phase during

compression, leading to slippage in the compression of the ZL.102 phase.

. Ti/A1 IPCs surpasses conventional energy-absorbing materials, showcasing superior energy

absorption efficiency and load-bearing capacity. This exceptional performance exceeds
typical ranges for Ti, Al, and alloys, rivaling that of steel. Comparisons with other proposed
IPCs underscore the Ti/Al IPC's economic advantage, achieving equivalent load-bearing

capacity through simpler interpenetration and lighter materials.
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