








Figure 2: Stages of the deformation of As-Built gyroid structure up to densification at (a) 1 mm,
(b) 2 mm, (¢) 4 mm, (d) 6 mm, (e¢) 8 mm, (f) 10 mm deformation.

Figure 3 indicates the recorded compression force (shown positive here) versus the
deformation imposed to the sample. General trend of variation is similar, but in case of CA H900
samples (defined as the samples heat treated by CA H900 procedure) there is a sudden drop in
force in the middle of collapse. Noting that CA H900 samples are brittle [11-12], they are prone
to brittle fracture and sudden rupture, while other samples deform more uniformly. As-built
samples behave like those with CA H1150 heat treatment. In fact, the long process of cutting
samples from base-plate after printing plays as heat treatment procedure with very gradual cooling.

30
i mﬁ“‘\.
25 ; .\“‘.\ et s
/ .\n l"
[} '.~ D
20 ll o
—~~ g
é /' S————— -
§ 15 .,‘ As-Built
2 - — — CAH900
10
CAH1025
5 = . = CAH1150
0
0 2 4 6 8 10

Displacement (mm)

Figure 3: Force-displacement graph recorded by experiment

Identical behavior for the initial linear part of all curves in Figure 3 demonstrates that
elastic behavior of lattice does not change due to heat treatment and stiffness does not change. In
the other word, the elastic modulus, which is corelated to the slope of the curve in linear region
remains constant. This is similar to what we observe for 17-4 PH SS standard tensile sample as
well [11]. However, crashing deformation, defined in this study as maximum deformation before
the appearance of permanent plastic deformation in samples, was seen to be affected by the
employed heat treatment procedures. This varies the extent of elastic region and samples with CA
H900 tolerate larger reversible deformation (0.55 mm larger elastic deformation in Figure 3 if
compared with As-Built one)

Load bearing capacity is defined as the peak load after initial sharp increase. This is the
maximum load that structure can tolerate prior to the permanent deformation. This value is
important, since after this stage (yielding), lattice undergoes plastic deformation in plateau stage
as load remains the same, while the deformation increases. The final stage of deformation is the
densification stage in which, the load increase is not accompanied by the increase in deformation.
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As it is indicated in Figure 4, the CA H900 samples are with larger load bearing capacity. This
may be associated with larger yield strength for CA H900 heat-treated 17-4 PH SS. For more

information regarding micro-structural change of 17-4 PH SS due to heat treatment please see
Refs. [11-12].

B Load Capacity (kM) = Crashing Strength (MPa) Energy Absorption (1)
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Figure 4: Load bearing capacity, crashing strength, and energy absorption for different
lattices

Crashing strength of lattices were calculated as the ratio of maximum load (load capacity)
to apparent area (nominal contact area). This is a little higher than plateau force, which
characterizes lattice strength after post-yield softening. Smooth and clear plateau region can be
observed in more ductile cases including As-Built and CA H1150 specimens. In addition, it can
be seen in Figure 4 that CA H900 sample has the highest strength, while As-Built and CA H1150
are with at least 30% less crashing strength. Again, this behavior correlates well with the trend of
variation of the yield strength of 17-4 PH SS with heat treatment reported in Refs [11].

The area under the load-displacement curve (up to 10 mm deformation) is considered as
energy absorbed due to collapse of the structure. The result of calculation based on trapezoid
numerical method is indicated in Figure 4, which demonstrates that the gyroid lattice subjected to
CA H900 heat treatment procedure exhibited 30% higher energy absorption capability when
compared to the As-Built specimens. It has to be noted that the elastic part of absorbed energy

which will be released after unloading is not excluded from the calculated total absorbed energy
in the current study.

In general, heat treatment can be considered as proper post-fabrication operation to
manipulate mechanical properties of lattices. In contrast with the observation for brittle CA H900
heat-treated standard tensile samples, the energy absorbed up to rupture (here is full densification)
increased compare to other more ductile lattices.
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Conclusion

Unit cells can be classified as advanced engineering blocks of material, which may provide
wired properties for lattices, unreachable by traditional structural materials. Heat treatment is
examined in this study as the post-fabrication operation to modify the compression behavior of
gyroid lattices. A brief summary of achievements for this study includes;

1- The post-fabrication heat treatment procedure was seen to have a minimal effect on the
stiffness of the gyroid lattice structure.

2- Lattice with CA H900 heat treatment tolerates larger reversible deformation.

3- Clear and smooth plateau region was seen for more ductile lattices, while deformation
for more brittle ones was associated with sudden collapse of structure in some regions.

4- Considerable improvement in crashing strength, load bearing capacity, and energy
absorption of lattices were seen by implementation of heat treatment (as high as 30%).

5- If full densification is considered as the failure of lattice and consequently the energy
absorbed as the toughness of lattice, using heat treatments like CA H900, which is
known as the procedure to make metals more brittle, increases toughness and energy
absorption of lattices. This behavior is strange if comparing with the change in wrought
17-4 PH SS properties under the same heat treatment.

If we consider apparent strength and energy absorption as representatives of strength and
toughness, the result obtained in this study demonstrates that we can improve both of these
properties by heat treating the lattices under CA H900 procedure. However, depending on the
application, heat treatment procedure should be designed carefully. For example, in case of
application in protective devices or packaging materials, increasing energy absorption by using
CA H900 heat treatment may lead to increase in crash/impact load above the permissible limit.
Therefore, the designers should decide for proper tradeoff among desired characteristics of
structure.
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