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Fatigue of thin periodic triangular lattice plates

Yifan Li, Anton Shterenlikht, Martyn Pavier, and Harry Coules

Department of Mechanical Engineering, University of Bristol, Queens Building, University Walk,
Bristol BS8 1TR, UK

Abstract. A method for predicting the fatigue life of triangular lattices is
proposed in this paper by considering fatigue properties of single lattice
struts. Fatigue tests of different sizes of lattice plates of aluminium alloy,
and tests of single struts with different maximum fluctuating loads, have
been conducted to validate this method. It is found that the struts in a
triangular lattice break near to strut intersections, where stress and strain
concentrations occur. Similar crack propagation paths were observed in
different lattice plate specimens: the cracks grew at a 30 “angle to the initial
edge crack in the upper half of lattice plate. The mixed-mode fatigue crack
propagation rate was also studied and expressed using an effective stress
intensity factor. A size effect on the crack growth rate of triangular lattice
plates was also observed: a fatigue crack will propagate slightly quicker in
larger triangular plates than in smaller ones.

1 Introduction

Although regular lattice structures have a high porosity, they have the advantage of high
stiffness-to-weight and strength-to-weight ratios [1-2]. This kind of lightweight and material-
saving structure also has good crash energy absorption, so it can be used as protectors for
lorries and space vehicle landing pads [3]. Lattice structures made of biocompatible materials,
like titanium alloys, can be used for orthopaedic implants, because tissues can heal within
the voids and integrate well with the implant [4].

There has been extensive research on the stiffness and strength of a wide range of 2D and
3D lattices as well as their fracture properties and damage tolerance [2, 5-9]. Recently, the
fatigue behaviour of lattice structures has attracted more and more attention [10-12]. The
majority of studies concern the phenomena of lattice fatigue failure or ways to improve their
fatigue strength, while a few concern the fatigue properties of lattice structures and especially
the methods to predict fatigue life. Wu et al. [13] investigated the influence of hot isostatic
pressing (HIP) on the fatigue properties of additive manufactured Ti-6Al-4V lattice with a
self-designed unit cell, which shows that the HIP treatment can improve the fatigue strength
and endurance limit. Other studies show that fatigue properties of the lattice materials are
highly dependent on the type of unit cell as well as on porosity [14-15]. For 3D lattice
structures, higher porosities resulted in shorter fatigue lives for the same level of applied
stress. Yavari et al. [16] have tried to describe fatigue failure of Ti6-Al4-V lattice structures
into three-stage mechanism in detail. In the first and second stage, the strain changes slowly
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and very minimal strain will accumulate in these stages. In the final stage, the strain increases
very rapidly and the specimen fails within a limited number of cycles.

However, none of these studies solve the problem of how to predict the fatigue properties
of lattice structures. In this paper, a method to predict the fatigue life of 2D triangular lattice
plates from fatigue tests of single lattice struts is proposed. The fatigue life of large lattice
plate has been predicted and the macro-crack propagation rate can also be obtained from the
predicted crack length-cycle curve. Fatigue tests on full lattice plates have also been
conducted to validate the proposed method.

2 Assumption and methodology

Fatigue failure can be classified as low-cycle fatigue and high-cycle fatigue according to the
number of loading cycles involved and the material’s strain response during loading. Stress-
based criteria are regularly used to investigate high cycle fatigue, in which the applied stress
amplitude is less than the yield strength of the material [17]. Strain life estimations can be
used across the entire fatigue spectrum, from low-cycle fatigue to high-cycle fatigue, which
makes it an excellent method to study fatigue properties [18-20]. The sharp corners near
connective knots of lattice materials will cause stress concentration and the severe stress
concentration will cause plastic strain, so the plot of the fatigue life versus the strain
amplitude is specific, which can be used to predict the fatigue life of lattice structures. The
plastic strain-cycle (g,-N) curve of a fatigue test can be expressed a power law and the
experimental data can be empirically fitted to a straight line, which can be written equation
[21]:

Ae f
22 = g/ (2Ny)¢ ()

where c is the fatigue ductility exponent and &fis the fatigue ductility coefficient (the sign
of ¢ is negative). If we know the parameters £7and c in the equation (1), which depend on
material properties, then the fatigue cycles under specific strain can be calculated using this

formula.

ig:ﬁ;“k strut I I I I N ‘far—ﬁcld load
breaks
~

Fig. 1. The mechanism of crack propagation in a 2D triangular lattice. Cracks existing with a single
strut are referred to as microcracks, while a macrocrack propagates through the lattice.

A crack will firstly initiate in a single strut of the lattice when it under cyclic loading, then
the crack propagates to the critical length for fast fracture. At this time, the strut breaks and
the macrocrack of lattice structure can be seemed as advancing by a unit cell. Then it needs
the strut near the crack tip to initiate a crack again, which means that lattice structures could
have a good resistance to fatigue, because crack initiation life usually occupies large



MATEC Web of Conferences 300, 03002 (2019) https://doi.org/10.1051/matecconf/201930003002
ICMFF12

proportion of whole fatigue life. In our analysis, the crack tip is assumed to be at the centre
of the cell rather than at the unbroken strut that adjacent the crack, which is shown in Fig.1.

At the same time, cyclic load will also accumulate damage in struts that are not adjacent
the crack tip, and this phenomenon can be described by Miner’s rule [22] in the formula
expressed as:

N; _
ZiN_if =1 )
where i is the order of the specific stress applied to the strut, V; is the number of actual
running cycles at a certain stress and N is the number of cycles to failure. A strut will break
when the accumulation damage in formula (2) caused by different cyclic loads equal to 1.
The numbers of cycles for the different struts to fail are summed to calculate a lifetime
prediction for the whole lattice.

In a triangular lattice, the stress state predominantly involves stretching of the struts: the
bending stress is only a few percent of the axial stress at the failure site [5-6]. Our method
assumes that these negligible bending stresses have little effect on each struts’ fatigue life.
We also assume that struts within the lattice have identical behaviour to single struts tested
individually in tensile-tensile fatigue tests.

The prediction approach can be described using the following steps:

(1) Perform fatigue tests of single struts cut from lattice plates and obtain the ¢,-N curve
as well as the strain-based formula of struts under tension-tension cyclic load.

(2) Obtain the stress-strain state of lattice plate under specific load using Finite Element
Analysis (FEA), and use the ¢,-N curve of single struts with the formula to predict the
overall fatigue life of a strut in the lattice near the crack tip.

(3) Considering cumulative damage caused by previous loading, use Miner’s rule to
calculate the actual fatigue endurance of this crack-tip strut.

(4) Delete the failed strut near crack tip and extend the macro-crack, then repeat steps (2)
to (4) until the lattice plate is predicted to fail in fast fracture.

3 Experimental procedure and results

All the lattice plates are cut from the 2 mm thick aluminium alloy 1050A sheet by using a
Flow Mach2c waterjet cutter. Waterjet cutting prevents the temperature of material from
increasing during the manufacturing procedure, which will ensure manufacturing accuracy.
120 grade ruby dust with particle sizes of 106 to 250 um was used in the machine, and this
still caused a rough surface on the lattice struts. The designed width of the cell wall in lattice
plates is 1 mm and the nominal value of cell wall length is 10 mm. For fatigue testing of
single structs, structs were extracted from lattice plates and glued with additional plates
sandwiching the ends to improve clamping, as shown in Fig. 2.

A servo-hydraulic testing machine (Instron 8872) with a maximum sensor load capacity
of 1 KN was used in single struts’ fatigue test. The frequency of fatigue loading was 10 Hz,
and the load ratio R was equal to 0.1 for all tests. All of the single strut specimens broke
between the glue points and near to struts intersections, which means the clamping method
did not influence the fatigue properties measured from the specimen.

Six small lattice plates were used to test the fatigue life of lattices with three different
widths. Three groups of plates were used with three lengths of initial edge crack, the cracks
were cut through 2, 3, and 4 cells in the plates, respectively. The relative crack length o = a/w
in three groups of plates was 0.163, 0.235 and 0.252 (see Figure 2). Test conditions are the
same as the test of single struts except that the servo-hydraulic testing machine (Instron 8872)
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used a maximum load capacity 10 KN sensor. To validate the applicability of this method on
lattice plates, different loads were used on different lattice plates.

Fig. 2. Several differently-sized lattice plates and a single-strut specimen ready for fatigue testing.
The red horizontal lines in the lattice plates indicate the initial crack length.

The test machine was stopped when one strut near crack tip broke to record the cycles,
then started the machine again to run the test. The whole fatigue life of the plate is the sum
of fatigue lives of different single struts. The fatigue cycles of first two struts occupied a large
proportion of the whole plates’ fatigue life. The fatigue cycles of 4 specimens in total were
recorded well. It was observed that only vertically-aligned struts will break when the plates
under cyclic loading. Therefore, the fatigue crack path in all lattice plates had a specific
pattern: the crack developed in the direction 30° to the horizontal axis of the initial edge crack
in the upper half plate. This is identical to the crack propagation behaviour of similar lattices
under monotonic fracture conditions [9].

4 Method validation and comparison

FEA was used to determine the stress and strain state of single struts under loading and obtain
the ¢,-N curve according to Equation (1), then use the proposed method to predict the fatigue
life of the lattice plates. The single lattice strut glued with four small aluminium plates are
modelled as one part. The material stress-strain curve is shown in Fig.3. [23]. Three
dimensional (3D) finite element models were used to simulate the strut tension with reduced-
integration 8-noded brick (Abaqus type C3D8R) and 10-noded tetrahedral (C3D10) elements.
A higher mesh density was used near to the sharp corners of the strut joints, while elements
far from the corners had a coarser mesh to reduce the simulation time. In this simulation, the
bottom part of single strut was set to be fixed in all directions and the top part can only move
along the loading direction.

After the simulation of fatigue test, the experimentally-observed strut fatigue life was
related to the specific plastic strain amplitude from the FEA. The fitting curve is shown in
Fig. 4. The two material constants were found by using formula (1): &.=1.89810/cycle, c=-
0.63859.

The boundary conditions used for FEA of complete lattice plates were the same as the
fatigue tensile test, and the stress and strain states of struts near the crack tip was obtained.
The plastic strain was substituted into the equations and obtain a prediction of the fatigue
endurance. The struts with largest plastic strain were deleted, extending the fatigue crack,
and these steps were repeated until lattice failure. The simulated crack path was the same as
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observed in the fatigue experiments, shown in Fig.5, which is in the direction 30° to the
horizontal axis of initial edge crack. The comparison of predictions of the proposed method
and experimental results is shown in Fig. 6, and they agree very well.
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Fig. 5. Fatigue procedure and crack path in specimen 4

In most cases, a greater fatigue endurance is predicted than was experimentally, because
some damage was introduced into the lattice struts during processing. Most of the width of
struts’ cell walls are also less than the design width 1 mm. For example, the width of
specimen 2, 5 and 6 are 0.79 ~ 0.92 mm, 0.76 ~ 0.89 mm and 0.73 ~ 0.91 mm, respectively.
While the struts’ width of specimen 4 is 1.06 ~ 1.14 mm, and its test result also larger than
the predicting cycles.

Fatigue life predictions for specimen 4 and 6 agree well with test results, and the relative
errors are 7% and 13.5%, which are really insignificant considering that there will be scatter
in material properties, experimental errors as well as the damage introduced during
processing of waterjet cutting. The error between experimental result and predicting result of
single strut in lattice plate is written as e;;, which mean it is the error of strut j in plate i. The
error between test results and predictions in plate 2 and 5 is shown in Table 1. It is obvious
that the total error of whole plate is mainly caused by one single strut like strut 1 in plate 2
and strut 2 in plate 5. Actually, the fatigue cycles of struts in specimen 2 also have acceptable
fatigue life predictions, and the large error is caused by strut 1. We hypothesize strut 1
survived a very small number of cycles because it was damaged before the test.
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Fig. 6. Comparison between the predictions and experimental results

Table 1 Error between experimental results and predictions of struts in plate 2 and 5

Plate Strut number | Test results (N) | Prediction (N) | Error 4
number eij/z €ij
j=1
1 91672 137788 46116 88.60%
Plate 2 2 35012 39514 4502 8.65%
3 7405 6712 693 1.33%
4 229 966 737 1.42%
1 46114 57111 10997 21.41%
Plate 5 2 19283 45167 25884 50.39%
3 3018 13870 10852 21.13%
4 1599 5231 3632 7.07%

5 Prediction of crack growth rate

Since lattice structures used in practice usually cover large areas or have a large number of
cells, it is necessary to study the fatigue response of huge lattice plates. Gu et al. [9]
performed experiments on triangular lattice plates and showed that a ratio of specimen width
to unit cell size of 24 can mimic the response of an infinitely-extended lattice plate. The
lattice plate in this paper used to predict fatigue life has 27 cells in length and 24 cells in
width. The boundary conditions in this prediction are the same as the small lattice plates we
tested before, and the maximum fatigue loads were 3600 N, 3300 N and 3100 N, respectively.
The fatigue life predictions for large lattice plates are similar to the small plates experimental
results, the first and second struts’ fatigue life occupies a large portion of the whole plates’
fatigue lives.

Fatigue crack growth rate is an important parameter to describing the resistance of
materials to fatigue. Paris related the stress intensity factor range (AK) to crack growth under
a fatigue stress regime and proposed the Paris law [24]:

2 = caK™ ©)

AK = Kmax - Kmin (4)

where C and m are material-dependant constants, « is the crack length and N is the number
of fatigue cycles.
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The fatigue crack growth rate and SIF range were calculated according to the secant
method suggested in the ASTM E647 [25], which are shown as:
da _ %j+179%
dN  Njti-n; ®)
AK == (AK; + AK;) (6)
Although the fatigue loads used were perpendicular to the initial crack, the fatigue crack
propagated in inclined direction, so I/IIl mixed mode fracture will happen in triangular lattice
plates. Effective stress intensity factor K.y is frequently used to study mixed mode fracture
failure and fatigue failure [26]:

Keff = K12 + K121 (7)
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The SIF of lattice plates was calculated by using FEA with the homogenization method.
The effective elastic properties of lattice material are related to the parent material and
topology. The effective Young’s modulus and Poisson’s ratio can be calculated from the
following formula [9]:

1+t2
E, = 2\/§t03:—t§Es 8)
1-t2
Ve = ﬁ (9)
to=" (10)

l

Where E. and v. are the effective Young’s modulus and Poisson’s ratio of triangular lattice,
respectively. Ej is the Young’s modulus of parent material, which can be obtained from the
stress-strain curve. The nominal length / of strut is 10 mm, and nominal thickness ¢ is 1 mm.

The crack growth rates of small lattice plates and predictions for large lattices are shown
in Fig. 9. In general, cracks in large plates propagate more rapidly than the test small
specimens, because the relative length of cracks in small plates increase significantly, which
will cause large stress intensity factors calculated in FEA. In reality, the dimensions of initial
cracks comparing with the real-life lattice structures should be insignificant, and the relative
crack length increases with the crack tip extension should also be minor. Therefore, the
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predicted crack growth rate in large lattice plates can better represent triangular lattice
material comparing with results from tests using small specimens. The two material constants
of for a large plate from Equation (3) were found to be: C= 2.6534 x 10~3mm/cycle,
m=4.9157.
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Fig. 9. Fatigue crack growth rates of different plates

6 Conclusion

In this study, a method was proposed for predicting the fatigue life of 2D triangular lattices,
and was found to perform very well. Predictions of the crack path obtained using this method
were also consistent with experiments: in a lattice of this type develops in the 30° direction.
The fatigue crack growth rate depends on size of the lattice structure, and so small lattice
plates the predicted crack growth rate was slightly slower observed experimentally. The crack
growth rate of a large plate can better represent lattice structure in real life considering that
real lattice structures generally contain a large number of cells.
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