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Abstract

In this research, a novel adaptive controlled fatigue testing machine was designed
for bending type high cycle fatigue test. A unique dual gauge section Krouse type mini specimen
was designed for simply supported transverse bending. Displacement controlled fatigue tests were
implemented using an electromechanical actuator. The variation in the control signal and load
observed during the test provides unique insights into realizing the deterioration of the specimen
due to fatigue. These analyses were utilized to compare the fatigue performance of wrought and
additively manufactured 304L stainless steel. The influence of the build direction on fatigue
performance was also investigated by testing specimens with 0, 45, and 90 degrees build direction.
These comparisons were carried out at different levels of displacement amplitude.

Introduction

Additive manufacturing (AM) is a process of joining materials into a 3D part layer by layer
from 3D computer data, which is opposite to the traditional manufacturing process of using
subtractive method [2]. Due to the additive approach, AM has some advantages when compared
with subtractive manufacturing. AM process can fabricate complex 3D structures, reduce the lead
time, and improve the efficiency of raw materials [3]. During the past decade, AM has been studied
in various types of materials, including metals, polymers, glass, ceramics, and composite materials.
As metals and their alloys are of great importance in day to day life, AM of metals has become
popular in recent years, in which austenitic stainless steel is widely used in various industrial fields.
Selective laser melting (SLM) is one of the AM methods used in the field of metal AM [4]. The
mechanical properties characterization of austenitic stainless steel using SLM has attracted a lot
of interest. Alsalla [5] reported the tensile and yield strength of SLM-processed 316L stainless
steel are higher than cast materials, while the elongation is relatively weaker because of the
porosity generated due to the gas pore or lack-of-fusion. Yusuf et al. [6] reported the hardness in
SLM 316L stainless steel was higher than wrought parts. Casati et al. [ 7] studied the microstructure
of SLM 316L stainless steel. Both columnar and equiaxial grains were formed which is different
from traditional 316L stainless steel. Montero [8] investigated the effect of heat treatment on SLM
316L stainless steel. Since most of the mechanical failures of structures are due to fatigue, the
fatigue testing study is indispensable in failure mechanism analysis. Fatigue properties of several
popular metal alloys made by SLM such as Ti-6Al1-4V [9], 15-5PH [10], AISi10Mg [11], and
Inconel 718 [12] have been investigated.
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In this study, we compared the fatigue performance of additively manufactured 304
stainless steel material built at different orientation with wrought bulk material. A novel
displacement-controlled fatigue testing method was implemented to conduct fully reversed (R = -
1) bending fatigue test on mini specimens since axial loading tests on mini specimens suffer
buckling. During both monotonic and cyclic loading test, mini specimens are preferred in AM
material’s mechanical properties characterization due to the high cost of manufacturing and
specimen preparation [13]. But mini specimens exhibit a higher mechanical strength including
fatigue compared to the standard specimens [14-19] because standard specimens have greater risk
volume to contain larger defects what lead to crack growth resulting in fatigue failure [20-26].
Nonlinear stress distribution in bending type test is another reason for mini specimens to
demonstrate higher fatigue strength [27, 28]. But for the comparative study of fatigue performance,
mini specimens were used in this study. To obtain a constant stress distribution within the gauge
section, a Krouse type specimen with a dual gauge section was designed for simply supported
loading. The dual gauge section increases the risk volume and maintains one-dimensional loading.
The specimen was designed for simply supported loading because at a given load, the displacement
is four times the displacement in a fully clamped loading. We also designed and implemented
nonstandard testing equipment for the displacement-controlled test to reduce the cost since
standard testing equipment is very expensive [29]. The designed test equipment also consumes
less electrical power because of the tests performed on mini specimens require a smaller range of
loads.

During the displacement-controlled fatigue test, the applied load decreases with the
decrease in the stiffness of the material. As the load decreases, the control signal decreases as well.
The change in the control signal provides a unique insight into realizing the deterioration of the
material in terms of the nucleation and propagation stage. Extended studies have been carried out
to develop techniques to identify the nucleation and propagation phase [29-35]. In this research,
we introduced a control signal monitoring (CSM) method to identify the phases. This method was
applied to compare the fatigue performance of SLM fabricated and wrought 304 SS material.

Experimental Setup

A dual gauge section Krouse type mini specimen was designed in this research work.
Figure 1 illustrates the drawing of the wedge-shaped specimen. The specimen is clamped at both
ends with line contacts for simply supported loading. The length of the specimen between both
clamping ends is 1 inch, while the total gauge length is approximately one-third of the effective
length. The advantage of using dual gauge is the load distributed symmetrically along with the
gauges. The fatigue failure can occur randomly at any gauge. Moreover, the dual gauge section
covers a large surface area with increased volume to capture all different types of surface and
microstructural defects. The common defects in AM materials are void, pores, microcracks, and
lack of fusion. AM materials have a higher probability of defects compared to wrought materials.
A sensitivity and uncertainty analysis was also performed to determine the optimal thickness (0.65
mm) of the specimen since mini specimen needs strict dimensional tolerances. In summary, the
specimen was specially designed for fatigue testing of additive manufacturing materials. The
designed specimen type, size, and loading mechanism add a novelty to the current study.

The test materials used in this study are hot rolled and annealed 304 bulk material, and
SLM fabricated bars of 304L stainless steel powders. The chemical composition of both the
wrought material and powder is listed in Table 1. From the chemistry of both materials, the
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wrought material may be characterized as 304 SS, and the powder as 304L SS due to its low
content of interstitial, N, C, O, etc. The relatively close chemistry of materials may add a better
understanding of the comparative study though the weight percentage of Ni is 2% higher in the
powder but not expected to make a significant difference in test results. In the SLM process, a laser
beam was applied on the powder bed of a Renishaw AM250 machine to selectively melt and join
a layer of powder particles. Once a raster pattern layer was finished, the next layer was fabricated
with 67° rotation angles. Finally, the steel bars were fabricated layer by layer using a set of
optimized parameters listed in Table 2 to yield maximum part density. Fine surfaced finished
(average Ra = 0.482 um, average Rz = 4.242 um) specimens were prepared using a wired electric
discharge machine (W-EDM); so the effect of surface roughness on initiating the crack would be
minimal and the failure would occur only due to the presence of major defects within the volume.
A schematic representation of the SLM specimens (not in scale) prepared at different build
direction is shown in Figure 2.

Mini specimens require a lower range of loads. A low power subwoofer with soft
mechanical suspension was used in this study as an actuator since the mathematical modeling of a
subwoofer is relatively similar to an electromagnetic actuator. To accommodate the actuator with
the test bench, the dust cap of the voice coil was replaced with a lightweight plastic flange. A load
cell installed inline between the central clamp and the flange measures the tensile and compressive
force. A laser displacement sensor was fixed with a guide rail to measure the displacement at high
speed. Figure 3 illustrates a specimen installed on the fatigue test bench for simply supported
loading. The specimen is clamped at the center with a surface contact (3 mm x 7 mm), while at
both ends the specimen is in line contact with the bearings. Bearing minimizes frictions during the
test. Spacers were accommodated between top and bottom of the bearing adapters at both ends to
ensure no preload on the specimen. Toggle clamps were used at both clamping ends. Implementing
a microcontroller, the measured displacement data were processed to calculate the mean and
amplitude of the displacement. The load values were logged using a data acquisition card. An
adaptive proportional and derivative (PD) controller was implemented to control the amplitude of
the displacement. To maintain the desired displacement, the control signal value was sent to a
function generator via Ethernet. A linear power amplifier coupled with the function generator
drives the actuator. The displacement and control signal amplitudes were stored for the entire
fatigue life cycle to monitor the performance of the controller and to analyze the control signal in
identifying the nucleation and propagation phases.

Results and Discussions

A fully reversed (R = -1) bending type fatigue test was performed at room temperature on
fine finished wrought and AM specimens. The specimens were actuated for closed loop
displacement-controlled sinusoidal excitation at 56 Hz test frequency. The occurrence of fatigue
failure at a random location within the gauges, as shown in Figure 4, verifies the design
effectiveness of the specimen. Figure 5 illustrates the competency of the adaptive PD controller in
maintaining the set displacement amplitude. The displacement amplitude goes very high when the
final failure occurs. The control signal amplitude decreases until the final failure. Since the
stiffness of the specimen reduces as the crack grows, propagates, and final failure occurs, the load
to maintain the desired displacement reduces as well. Therefore, the control signal amplitude goes
low.
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Table 1: Chemistries of the bulk material and powder for additive manufacturing

Material | C Mn | Si

S P Cr Ni Cu |[|Mo |Co |N 0]

Wrought | 0.023 | 1.69 | 0.43

0.020 | 0.034 | 18.10 | 8.02 | 0.63 | 0.24 | 0.15 | 0.084 | -

Powder | 0.015 | 1.40 | 0.63

0.004 | 0.012 | 18.50 | 9.90 | <0.1 | - - 10.090 | 0.02
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Figure 1: Drawing of the wedge-shaped Krouse type mini specimen showing the dual gauge
section, and contact line at both ends for simply supported loading

layers
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Figure 2: Schematic representation of the specimen cut from SLM parts built at 0°, 45°, and 90°

build orientation

Table 2: Optimized parameters used in the SLM process to fabricate stainless steel bars

Parameter Laser Hatch Point Exposure Energy Raster
set power space distance time density rotation
(watt) (um) (um) (millisecond) | (MJ/m") (degree)
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Figure 4: Fatigue failure location of wrought specimens; displacement amplitude, (a): 0.250 mm,
(b): 0.275 mm, (¢): 0.225 mm, (d): 0.300 mm

In the current work, we implemented a control signal monitoring (CSM) method to identify
the nucleation and propagation phase. The stiffness of a material decreases during the nucleation
and propagation phase though the rate of the change of the stiffness is different at different phases.
Analyzing the control signal, we identified the change in phase from nucleation to propagation.
Figure 6 shows the analytical result of the CSM method. Performing a linear regression analysis
on the control signal, we estimated the phases. The analysis was applied for all the specimens
tested.
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To determine the maximum nominal stress on the specimen, the average of the peak load
up to the end of nucleation cycle was calculated. The stress in a simply supported bending beam
with a central point load is expressed as,

_ M@ b

I(x) 2 (1)

where, o, M(x), I(x), and h are the stress, bending moment, second moment of area, and
the thickness of the specimen, respectively. For a simply supported beam, M(x) = %, and

3
M(x) = b(ﬁh , where, F is the force applied, and b is the width of the specimen. In a wedged

shaped specimen, b(x) = 2kx, where, k is the slope of the shape. The nominal stress can be
expressed as,

3F cak
Onom = 2,?:; (2)

Determining the nominal stress, the Wohler curve (S-N plot) was plotted, as shown in
Figure 7. SLM fabricated materials are nonhomogeneous and they have a very higher probability
of defects (i.e., pores, voids, lack of fusion, inclusion) compared to the wrought materials.
Therefore, the SLM fabricated materials regardless of the build direction demonstrate lower
fatigue strength (endurance limit: 10’ cycles) compared to the wrought materials. In comparison
to the SLM fabricated materials themselves, the specimens prepared at 0° build direction has a
higher fatigue strength than the specimens prepared at 45°, and 90° direction. The specimens
prepared at 0" build direction includes a smaller number of layers at the cross-section than the
specimens built in other directions. As a result, the specimens have a lower probability of defects
within its volume since a smaller number of layers results in a smaller number of interlayer zones.
Interlayer bonding is weak and it has a higher possibility of creating defects during the fabrication
of AM materials [30, 31].

For further analysis, the end of nucleation cycle and cycles to failure were plotted for
different stress levels. The comparison was done between wrought and SLM fabricated specimens
built at 0° orientation, and between the SLM fabricated specimens prepared at 45°, and 90° build
direction (shown in Figure 8). At all cases, the number of cycles during both the nucleation and
propagation cycles increases as the stress value goes low. This validates the SLM fabricated
materials follow the conventional phenomena of nucleation and propagation. At the high cycle
fatigue, the propagation cycle for the SLM material is less than the propagation of the wrought
material. Authors believe that the presence of defects within the volume of the material enhances
the propagation rate.
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Figure 7: S-N plot of wrought and SLM specimens prepared at different build direction

The loading direction during the fatigue test of the specimens prepared at 0° build
orientation is normal to the layer direction, while at 45° and 90° build direction, it is parallel.
Therefore, the comparison of the results for 45° and 90° build orientation is pertinent. As shown
in Figure 4, the fatigue crack propagates across the cross-section. A crack must travel through a
larger number of layers (illustrated in Figure 2) during both the nucleation and propagation for the
specimens built at 45" orientation than the specimens at 90" orientation. Apart from the presence
of defects, this is another reason for the higher number of propagation and nucleation cycle for the
specimens built at 45° orientation.

Conclusion

In this study, the transverse bending fatigue test was performed on Krouse type mini
specimen eliminating the buckling issue with miniature specimen occurred in an axial fatigue test.
The dual gauge section captures a large extent of microstructural and surface defects increasing
the surface area and volume. The influence of build direction on fatigue performance of SLM
fabricated 304L stainless steel was compared applying control signal monitoring method. The
analysis illustrates SLM materials demonstrate lower fatigue strength at both nucleation and
propagation phase compared to wrought materials. Future studies can include the analysis and
comparison of fatigue failure mechanism of additively manufactured 304 stainless steel.
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