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Abstract

:

The development of additive manufactured metals is in the transition phase, from research into the technology of 3D printing and the resulting properties of the metals towards their use in industrial practice. The article analyses the possibilities of producing bicycle frames using 3D printing. The stresses in a bicycle frame are analysed for the measured load spectra and FEM simulation. The approach to the fatigue life assessment of the bicycle frame is based on directly measured load multipliers and detailed FEM simulation with the subsequent calculation of fatigue damage in the individual planes of the critical point of the frame respecting the multiaxial stress state. The scatter of the cyclic properties of the AM material is considered by a statistical approach. The operational fatigue lifetimes of a frame made by 3D printing and one of conventional technology are compared.
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1. Introduction


Additive manufacturing (AM) is one of hottest topics in the component production field. The technology allows the designer to increase design complexity or change the key component features during the design cycle without a significant increase in production costs. While nowadays many AM-produced materials equal or even exceed their conventionally produced counterparts in static mechanical properties [1], there is still a significant gap in cyclic performance [2]. Various postprocessing techniques have been discussed to further increase the cyclic properties of AM parts (heat treatment, surface treatment, etc.) [3,4,5].



AlSi10Mg alloy is one of the most widely used aluminium alloys for additive manufacturing by SLM [6,7,8,9]. Materials of this type (silumin) are used to produce important structural elements such as combustion engine and transmission housings, wheel discs, aerospace components and others. The material is characterised by good foundry properties, weldability and good thermal conductivity. The precipitation of intermetallic Mg2Si particles hardens the base matrix without affecting other mechanical properties. Current AM technology enables the production of complete complex components such as a bicycle frame and offers a useful scope for shape optimization. Moreover, the AM production of a whole frame allows welding operations to be omitted. The question is whether these benefits are sufficient when set against the lower fatigue resistance of AM-produced components.



The article analyses the possibilities of producing bicycle frames using 3D printing. The operational fatigue lifetimes of a frame made by 3D printing and one of conventional technology are compared and analysed.



To compare and analyse the fatigue lifetimes of a bicycle frame produced by AM technology and one of conventional technology, the operational loading history and material parameters under cyclic loading have to be known.



For this reason, the following experimental procedures were carried out for the purpose of the analyses in this paper:




	-

	
The measurement of the load waveform in the form of acceleration for selected types of obstacles.




	-

	
Cyclic fatigue tests on specimens fabricated by AM technology as well as by conventional casting.









From the fatigue life assessment procedures used, a suitable methodology for the assessment of this complex structure was contrived, including:




	-

	
The identification of the loading of the frame model by an appropriate overload multiplier to obtain relevant stress values.




	-

	
Appropriate modelling at the root of the notch for the use of the local stress–strain approach.




	-

	
An adequate method for identifying and accounting for cycles.




	-

	
A suitable criterion to consider multiaxiality.




	-

	
A method for calculating fatigue damage in individual planes to find the critical plane.




	-

	
Consideration of the nonproportionality of normal and shear stresses.










2. Materials and Methods


2.1. Operational Loading Estimation


The key aspect of the fatigue lifetime estimation of construction in real operation is to know the loading histories in the critical point of the construction. In this paper, the methodology illustrated in Figure 1 is implemented.



In the first step, the loading spectra corresponding to selected obstacles were measured using accelerometers. FEM analysis was used to calculate stress in the critical place corresponding to each loading channel measured. For each loading channel, an influence matrix was used to transform measured acceleration into stress history in the critical place. As a linear model was used, a linear combination of stresses caused by each channel defined the stress history in critical places.


     [       σ x       τ  x y        τ  x z          τ  x y        σ y       τ  y z          τ  x z        τ  y z        σ z       ]    i ,  ( t )    =  K  i , l o n    a  l o n  ( t )    +  K  i , v e r    a  v e r  ( t )    +  K  i , l a t    a  l a t  ( t )     



(1)







2.1.1. Loading History Acquisition


The loading process during a ride over selected obstacles was measured using accelerometers (B&K 4507 B 004 with a measuring range of 71 g and a frequency range of between 0.3 and 6 kHz) attached to the bicycle frame. The positions of the accelerometers are shown in Figure 2.



The measured accelerations were processed using bandpass filtering (1 ÷ 8 Hz). Filtration is a crucial part of measurement postprocessing to obtain and keep only the relevant part of the measured signal [10]. The unfiltered measured signal is shown in Figure 3.




2.1.2. Definition of Standard Operational Load Histories


The relevant obstacles were identified (riding across a ditch, riding down stairs and jumping from a height of 0.6 m). The maximal acceleration for each obstacle and each direction is shown in Table 1.



The accelerations corresponding to each obstacle after filtering are shown in Figure 4. The remaining part of the loading process was not used during the lifetime estimation, as maximal stress amplitudes caused by loading outside the chosen obstacles were much below the cyclic anelasticity limit [11].



In order to compare the fatigue performance of AM material with its standard counterpart under various loading situations, the following loading cases were specified for fatigue lifetime estimation:




	
Riding through a ditch.



	
Riding down stairs.



	
Jumping.



	
A hypothetical track consisting of 5 ditches, 20 stairs and 4 jumps.









2.1.3. FEM Analysis and Loading Process in the Critical Place of the Frame


To identify the critical place of the frame, FEM analysis was used. Solid elements with high density mash were used in a mathematical model [12]. The mathematical model was verified against measurements previously carried out with a strain gauge placed on the bicycle frame. Figure 5 shows the critical place on the frame.



Three FEM simulations were realized (corresponding to each loading direction) to obtain the influential matrixes used to transform measured acceleration to stress histories in the critical place. As the exact critical spot was different for each loading situation, the whole area shown in Figure 6 was analysed during the fatigue lifetime estimation.





2.2. Fatigue Lifetime Estimation


As the stress state in the critical place has a multiaxial character, a multiaxial fatigue lifetime estimation procedure was carried out.



2.2.1. Material


A comparative study of three aluminium-based materials was carried out: two forms of AlSi10Mg (an AM version and a cast version) and Al6061-T6 were chosen. Additively manufactured specimens were printed on a ConceptLaser Xline 2000R (a laser head power of 1000 W and a sintering layer height of 0.05 mm were used). Two sets of specimens with different printing orientations were produced. The specimens marked as vertical (ver) were printed with the layer orientation perpendicular to the main axes of the specimen. The specimens marked as horizontal (hor) were printed with the layer orientation parallel to the main axes. Conventionally cast ALSi10Mg specimens were turned from ingot cast by SLOVALCO, a.s. The chemical compositions for both specimen types are in Table 2.



The third material used in the analysis was Al6061-T6. It is a standard aluminium alloy used in bicycle frame production and thus is used as a reference point in the analysis. The material properties were taken from [6].



The material parameters for both AlSi10Mg variants were obtained experimentally. The experiment was carried out in the strength and elasticity laboratory for operational lifetime and materials testing of the Faculty of Mechanical Engineering, STU. An MTS Bionix 370.02 axial/torsional testing system was used. The geometry utilized for the AM-produced specimens and the geometry utilized for the conventionally cast specimens are shown in Figure 7.



The experiments were carried out in the force control mode. The so-called technical initiation of a fatigue crack (a crack with an approximate size of 0.5–1 mm) was defined as the failure condition of the experimental specimens. The fatigue crack initiation was determined based on a continuous measurement of the deformation response (strain and distortion) to the loading regime of the test specimen σa = const. The completion of the test was defined either (a) by the increase in the deformation by 10% in reference to the mean value (an indication of the technical initiation of fatigue crack [13]) or (b) by reaching the lifetime of 2.106 cycles. All the tests were conducted with temperature monitoring to ensure that the temperature of the specimens did not exceed 50 degrees Celsius. A summary of the stress amplitude loading conditions and experimental fatigue life for each test performed is included in Table 3.



The material properties used in the analyses are summarized in Table 4.



The regression curves of the Basquin equation (regress line—solid; boundary of 95% prediction interval—dashed) for both orientations of AM-produced AlSi10Mg are in Figure 8. The cycles labelled as Nf represent fatigue life up to the failure condition defined previously. In further analysis, the material parameters corresponding to vertical print orientation are used. Using parameters corresponding to horizontal print orientation could lead to nonconservative error in the lifetime estimation of components printed in general orientation.



The regression curves of the Basquin equation (regress line—solid; boundary of 95% prediction interval [14,15]—dashed) for the materials used for fatigue lifetime estimation are in Figure 9.




2.2.2. Multiaxial Fatigue Assessment


When estimating fatigue lifetime under multiaxial variable amplitude loading, several key aspects must be considered. The methodology that identifies individual loading cycles in multiaxial loading histories must be implemented. A multiaxial fatigue criterion which transforms the multiaxial stress state to the equivalent stress amplitude (comparable with the appropriate fatigue curve) must be chosen, with appropriate methodology that considers the nonproportionality of loading cycles. Finally, the damage accumulation rule must be used to accumulate the fatigue damage caused by each individual loading cycle.



Cycle Counting Method


Several cycle counting methods have been proposed and analysed by multiple authors [16,17,18,19,20,21,22]. The methodology described in [23] is used to identify the individual loading cycle for each selected obstacle. The cycle counting method is based on cycle identification in relative maximum shear stress histories (calculated from multiaxial loading histories) acting in the critical place of construction (in our case in each node region around the critical point described in Section 2.2).




Multiaxial Fatigue Criterion


Multiple criteria based on various parameters and principles have been introduced [24,25,26,27,28,29,30,31,32,33,34] for estimating fatigue lifetime under multiaxial loading. Of these techniques, the most popular ones today are based on the critical plane approach. They are based on the premise that fatigue cracks usually initiate in preferred planes within a material. The criteria then calculate the damage parameter (equivalent stress or strain amplitude) in a so-called critical plane that is used for fatigue lifetime estimation.



The Findley [24,25] criterion is used for lifetime estimation. The equivalent stress amplitude in the critical plane is calculated as a linear combination of shear stress amplitude (τcr,a) and maximal normal stress (σn,max) acting on the plane during the loading cycle (the critical plane is then a plane with maximal equivalent stress):


     (   τ  c r , a   +  k  f i n    σ  n , m a x    )    m a x   =  τ f    *     (  2  N f   )   b   



(2)







kfin is the Findley coefficient, the weighting influence of normal stress, which is determined from fatigue curves under two different stress states. In the case of fully reversed and pulsating axial tests, it can be calculated by solving the following equation:


     σ  c , R = − 1      σ  c , R = 0     =    k  f i n   +   1 +  k  f i n  2      2  k  f i n   +   1 + 2  k  f i n  2       



(3)







τf* is a modified strength coefficient calculated using the appropriate fatigue curve, in our case a pure tension/compression Basquin curve:


   τ f    *  =  σ f ′      1 +  k  f i n  2    +  k  f i n    2   



(4)







The parameters for pulsating loading were derived from a pure axial test using the Morrow mean stress model [35]:


   σ  a m   =  σ a   (  1 −    σ m     σ f ′     )   



(5)







The material properties featured in Equation (3) are summarized in Table 5.




The Damage Accumulation Rule


As the analysed loading sequences are nonproportional with variable amplitudes, the procedure to determine the critical plane is based on the damage accumulated in each plane. The damage corresponding to each plane is calculated from Nf:


  D =  1   N f     



(6)







The total damage corresponding to the whole loading sequence is then calculated using the well-known Palmgren–Miner linear damage accumulation rule [36,37]:


  D =   ∑        n i     N f    i     



(7)







As the position of the critical plane depends on the loading sequence, a search through multiple planes must be carried out. Socie’s [37] proposal to evaluate planes with a 20° increment angle (leading to 36 planes evaluated in every element of the critical area) leads to a 20% error in estimated lifetimes. To achieve lower error margins, the increment angle of 10° was used (162 evaluated planes in each element).




Nonproportionality


When recalculating the loading stresses in a particular plane, the direction of the normal stress is given by the plane normal vector, but the shear stress direction can vary as a result of nonproportionality in the loading history. In general, it can be described by a two-dimensional path. For a proportional load history, this path is a line, but in nonproportional loading, the path can have a complex 2D shape (Figure 10).



The problem then arises of how to calculate the shear stress amplitude acting on the plane. Multiple methods have been proposed based on various shapes circumscribing the shear stress path [38,39,40,41]. In this paper, the Dang Van method based on a minimum circumscribing circle [39] is used. A circle is found to cover the shear path and then its radius represents the shear stress amplitude.







3. Results


As the focus of this paper is to compare the performance of additive manufactured material to its conventionally produced counterparts, the fatigue lifetime estimation was carried out in probabilistic form considering the scatter of the cyclic properties of the material [14,15]. The result of such an analysis is the distribution function of fatigue lifetime for each proposed loading history and given material.



3.1. Individual Loading Segments


The distribution function of fatigue lifetime for each individual obstacle is summarized in Figure 11. Each line represents one of the analysed materials.



The fatigue life (Nf) is described by the number of repetitions of the loading signals representing each obstacle. The results of Nf, corresponding to the regress line of material parameters, for AM AlSi10Mg, cast AlSi10Mg and Al6061 are summarized in Table 6.




3.2. Standard Operational Unit


The distribution function of fatigue lifetime for each material corresponding to the hypothetical track proposed in Section 2.2 is presented in Figure 12. Each line represents one of the analysed materials.





4. Conclusions


The fatigue lifetime estimation of a bicycle frame under real operational loading was documented in the article. The analysis was carried out for three different material types: AM manufactured AlSi10Mg, conventionally cast AlSi10Mg and conventionally produced Al6061-T6. The fatigue lifetime estimation procedure was introduced and described, consisting of the following parts: loading process acquisition, the calculation of stress histories in critical places and multiaxial fatigue assessment under variable amplitude loading. The results show that the safe life approach with appropriate parameter settings (multiaxiality, nonproportionality, critical plane approach, etc.) can also be used to assess the fatigue life of structures made using additive technologies.



Based on the findings presented in the paper, the following conclusions can be formulated:




	
The fatigue life of the bicycle frame fabricated by AM technology is significantly lower compared to that of conventionally cast material for the as-built condition. The reason for this is not only the dispersion and anisotropy of material properties due to AM technology, but as the results in Figure 9, Figure 11 and Figure 12 show, it is the physical limits of the current AM metal technology.



	
One of the possibilities to increase the fatigue performance of AM materials could be decreasing the scatter of fatigue curves by making the production process more stable and homogenous. As seen in Table 6, decreasing the fatigue curve scatter on AM-produced material could decrease the gap between the AM-produced material and Al6061 for a higher probability of occurrence (the lifetime multiplier rises with higher probability P). However, as can be seen in Figure 11 and Figure 12 and mainly in Figure 9, this could have a significant effect only in the low cycle fatigue region (around Nf = 1000 cycle to failure), where the scatter bands for AM and cast ALSi10Mg overlap.



	
The different fatigue curve slopes of AM and cast AlSi10Mg have a more significant influence on the gap between estimated lifetimes. In the presented analysis, due to severe loading conditions the lifetime estimation falls in the region where the fatigue curves for AM and cast specimens overlap. In the situation with less severe loading, the gap between predicted lifetimes will further increase due to the different slopes of both fatigue curves causing higher lifetime prediction in higher cycle regions (Figure 9).



	
It should be noted that the real gap between the predicted lifetime of a frame of AM AlSi10Mg and a frame of Aal6061-T6 will be significantly smaller. The predicted lifetime of Al6061 assumes the material state in T6 tempering treatment. In reality, due to the welding procedure needed to produce the frame from AL6061, the material properties in critical places will deteriorate significantly, thus lowering the gap between predicted lifetimes.



	
One further way of increasing the fatigue properties of structures produced by AM technology is by additional heat treatment, the potential benefit of which is significantly determined by the chemical composition of the material (this is very limiting for this type of silumin).
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Nomenclature




	kfin
	coefficient weighting the normal stress by Findley criterion



	σn,max
	maximal normal stress acting on plane during cycle



	τa,cr
	shear stress amplitude acting on critical plane



	Nf
	number of cycles to failure



	τ*f
	Findley’s fatigue strength coefficient



	b
	fatigue strength exponent for tension/compression loading



	σ′f
	fatigue strength coefficient for tension/compression loading



	σc,R = −1
	fatigue limit (Nf = 2e6) for tension/compression fully reversed loading



	σc,R = 0
	fatigue limit (Nf = 2e6) for tension/compression pulsating loading



	PI
	prediction interval
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Figure 1. Estimating loading histories in the critical place. 
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Figure 2. Accelerometer positions on bicycle frame: 1—longitudinal direction (x); 2—lateral direction (y); 3—vertical direction (z). 
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Figure 3. Measured signal before filtering. 
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Figure 4. Filtered signals for each obstacle type, from left to right: ditch, stairs and jump. 
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Figure 5. FEM model with the critical place of the structure. 
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Figure 6. Area of expected failure. 
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Figure 7. Geometry of the experimental specimens (in millimetres). AM—left; cast—right. 
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Figure 8. The Basquin curves for the AM specimens with experimental points. 
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Figure 9. Comparison of Basquin curves for each analysed material. 
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Figure 10. Normal stress and shear stress path in a material plane. 
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Figure 11. Fatigue lifetime distribution function for each obstacle. 
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Figure 12. Fatigue lifetime distribution function of loading history consisting of 5 ditches, 20 stairs and 4 jumps. 
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Table 1. Maximal acceleration in each direction and obstacle type.
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Tyre Pressure

	
Maximal Acceleration




	
Vertical

	
Lateral

	
Longitudinal






	
24 psi

	
2.2 g (stairs)

	
0.3 g (stairs)

	
0.5 g (stairs)




	
2.4 g (ditch)

	
0.5 g (ditch)

	
1.4 g (ditch)




	
2.8 g (jump)

	
0.7 g (jump)

	
0.9 g (jump)
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Table 2. Chemical compositions of tested AlSi10Mg specimens.
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	AlSi10Mg
	Si [%]
	Mg [%]
	Fe [%]
	Ti [%]
	Mn [%]
	Cu [%]
	Zn [%]





	Cast
	10.2
	0.346
	0.112
	0.121
	0.046
	0.0017
	0.02



	AM
	10.1
	0.38
	0.09
	<0.03
	<0.03
	<0.03
	<0.03
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Table 3. Experimental results of the cyclic test of AlSi10Mg.
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Vertical

	
Horizontal

	
Cast






	
n

	
σa [MPa]

	
Nf

	
n

	
σa [MPa]

	
Nf

	
n

	
σa [MPa]

	
Nf




	
1

	
99.4

	
96,868

	
1

	
106.06

	
143,455

	
1

	
111

	
420,028




	
2

	
79.54

	
531,137

	
2

	
160.79

	
9045

	
2

	
142

	
67,842




	
3

	
88.42

	
260,969

	
3

	
131.94

	
39,171

	
3

	
104.6

	
2,000,000 *




	
4

	
100.1

	
55,256

	
4

	
84.65

	
2,000,000 *

	
4

	
131.3

	
159,821




	
5

	
78.22

	
216,330

	
5

	
92.64

	
326,567

	
5

	
125.6

	
525,180




	
6

	
81.09

	
651,087

	
6

	
94.73

	
146,827

	
6

	
147.1

	
107,620




	
7

	
73.02

	
183,515

	
7

	
87.08

	
1,780,168

	
7

	
167

	
9939




	
8

	
96.31

	
121,432

	
8

	
92.8

	
74,808

	
8

	
125.6

	
404,954




	
9

	
103.55

	
31,253

	
9

	
82.3

	
269,057

	
9

	
116.2

	
407,764




	
10

	
63.87

	
2,351,564

	
10

	
79.54

	
2,050,569

	

	

	








* Test stopped after 2,000,000 cycles.
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Table 4. Cyclic material parameters.
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Mat.

	
Cyclic Axial




	
RL

	
97.5% PI

	
2.5% PI




	
σf′ [MPa]

	
bσ [-]

	
σf′ [MPa]

	
bσ [-]

	
σf′ [MPa]

	
bσ [-]






	
AM_Vertical

	
553

	
−0.1442

	
595

	
−0.1404

	
511

	
−0.1483




	
AM_Horizontal

	
651

	
−0.1449

	
956

	
−0.1587

	
472

	
−0.1332




	
Cast

	
488

	
−0.1028

	
539

	
−0.1044

	
443

	
−0.1012




	
Al6061-T6 [6]

	
895

	
−0.1148

	
959

	
−0.1145

	
834

	
−0.1151
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Table 5. Fatigue limit used in fatigue lifetime estimation.
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Mat.

	
Cyclic Axial




	
RL

	
97.5% PI

	
2.5% PI




	
σc,R = −1 [MPa]

	
σc,R = 0 [MPa]

	
σc,R = −1 [MPa]

	
σc,R = 0 [MPa]

	
σc,R = −1 [MPa]

	
σc,R = 0 [MPa]






	
AM Vertical

	
62

	
55

	
71

	
62

	
54

	
49




	
Cast

	
102

	
82

	
110

	
86

	
95

	
77




	
Al6061-T6

	
156

	
131

	
168

	
137

	
145

	
126
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Table 6. Number of obstacle repetitions to failure corresponding to 50% probability of occurrence.
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Mat.

	
Ditch

	
Stair

	
Jump




	
Nf

	
Nf

	
Nf






	
AM

	
73.6

	
104.2

	
34.3




	
Cast

	
166.7

	
211.5

	
55.9




	
Al6061-T6

	
19,737.5

	
27,313.8

	
7375.9
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