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Abstract. Predicting and preventing stress induced support failure during
laser powder bed fusion (LPBF) processing requires knowledge of the
fracture toughness of the material in its as-built condition. When performing
laboratory measurement of fracture toughness, large residual stresses that
are present in the part due to the LPBF process can significantly affect the
measurement and must be taken into consideration. In this article, fracture
toughness in the as-built condition was measured to be 26 MPa.m'? and the
residual stress distribution in the crack plane was determined with
simulation. Finally, the effective fracture toughness of the material was
calculated, using the principle of superposition, to be ~ 47 MPa.m!?.

1 Introduction

Laser powder bed fusion (LPBF) is a high accuracy additive manufacturing technique
capable of producing functional metal components out of any weldable metal, as reported by
Wohlers et al. [1]. Ti6Al4V is of particular interest due to its excellent strength-to-weight
ratio that can be maintained at high temperatures. To assist in the commercialisation of LPBF,
it is important to improve our understanding of the physical phenomena that occur during the
LPBF process. Large thermal gradients exist due to the relatively small weld-pool surrounded
by solid material that is near room temperature. These thermal gradients cause thermal
stresses that lead to distortion, the formation of residual stresses and can cause plastic
deformation that may lead to the formation of cracks. Such cracks may lead to delamination
of parts or failure of the support structures. The formation and growth of cracks at sharp
corners can be investigated with fracture mechanics [2].

Therefore, the fracture toughness in the as-built condition of a material produced by LPBF
provides information about its susceptibility to delamination and support failure and may be
used to predict failure as shown by Tran et al. [3]. Kumar ef al. [4] measured the fracture
toughness (K;c) of grade 23 Ti6Al4V produced by LPBF and subjected to a stress relief heat
treatment to range between 48 and 58 MPa.m'?. In a similar study by Cain et al. [5] a
substantially lower K;c, between 16 and 28 MPa.m'?, was measured in a specimen that was
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not stress relieved. The large difference between the two studies cannot conclusively be
attributed to either residual stress or microstructure since a stress relief heat treatment can
cause noticeable changes in microstructure.

Residual stress may aid or retard cracking, as argued by Becker ef al. [6]. To determine
its effect the level and distribution of residual stress must be known and the stress intensity
factor due to residual stress (hereafter referred to as Kj.s) calculated. Vrancken et al. [7],
showed that residual stresses in the crack plane of a compact tension specimen of Ti6Al4V
produced by LPBF are close to the yield strength in some positions, tensile along the edges
and compressive in the middle. They did not, however, calculate Kj..,. By measuring crack
tip opening displacement of an unloaded compact tension specimen, Becker ef al. [8] found
that Ky is dependent on sample orientation and has a value of 5.2 MPa.m"? when the crack
plane is parallel to the base plate. Using a different technique to calculate Kjes, O’Down et
al. [9], measured residual stress distribution in welded ferritic steel with the help of neutron
diffraction and showed that the stress intensity factor due to residual stress can be a
significant percentage of the fracture toughness of the material.

All the above shows that when performing laboratory measurement of fracture toughness
of a sample containing large residual stresses, it is important to quantify the effect of residual
stress. In this article, the stress distribution on the crack plane of a compact tension specimen
was calculated using simulation of the LPBF process. Thereafter, K., was determined and
added, using the super position principle, to the measured fracture toughness (Kic) to
calculate the effective fracture toughness (K.pc) of the material without the influence of
residual stress.

2 Experimental methods and simulations

2.1 Simulation of residual stress distribution

Simulation of the residual stress distribution was performed with the inherent strain method
as described by Keller and Ploshikhin [10]. Simulation was performed in Simufact Additive
2020 with its built-in inherent strain method and material properties for Ti6AI4V. To improve
the accuracy of the simulation three cantilevers were produced and the deflection thereof
measured after the pillars were cut as illustrated in Fig. 1 (a). The deflection values were then
used to calibrate the inherent strains with Simufact Additive 2020’s built-in calibration
procedure. The voxel size used for the calibration as well as the simulation was set to 0.25
mm.

The simulation used to determine the residual stress distribution included the machining
steps of reducing the thickness of the block from 10 mm to 8 mm by removing 1 mm from
each side and removing 2 mm from the top and bottom of the block. The wire-cutting step
used to make the final shape was simplified as a straight cut up to the tip of the notch in the
simulation.

2.2 Calculation of stress intensity factor due to residual stress (Kires)

The residual stress distribution on the portion of the crack plane starting at the tip of the notch
and extending 3.5 mm forward, which represents the residual stress where the pre-crack
formed, was mapped to a model of the compact tension specimen in Abaqus CAE 2020. A
grid was made to divide the 3.5 mm X 8 mm portion of the plane into 0.5 mm % 0.5 mm
squares.
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Fig. 1. (a) Schematic of cantilever used to calibrate inherent strains. (b) Geometry and boundary
conditions used in Abaqus CAE 2020 to determine Kies. (¢) Illustration of mesh around crack tip.

The residual stress in each square in the Simufact Additive 2020 simulation was set as a face
pressure boundary condition on the element in the Abaqus CAE 2020 simulation
corresponding to the same position on the bottom plane of the pre-crack of the compact
tension specimen, see Fig. 1 (b). A tensile residual stress resulted in a force on the crack face
that opens the crack and a compressive residual stress resulted in a force that closes the crack.
The face-pressure boundary condition was not applied to the elements closer than 0.5 mm to
the crack tip so that a crack-seam could be assigned to this portion of the pre-crack. See
illustration in Fig. 1 (c).

In the Abaqus CAE 2020 simulation the material was chosen to be linear elastic with a
Young’s modulus (£) of 120 GPa and a Poisson’s ratio(v) of 0.32. The top plane of the pre-
crack was kept in place with an encastre boundary condition. The stress intensity factor due
to residual stress was then be calculated in a similar manner to O’Down et al. [9]. To extract
Kires the built-in crack feature of Abaqus CAE 2020 was used. The calculation method was
set to be based on a J-integral with four contours. To assist contour calculations a spiderweb
shaped mesh was made around the crack tip as illustrated in Fig. 1 (c). The energy release
rate (G), which is equal to the J-integral for a linear elastic material, was converted to stress

intensity factor using K = /EG/(1 —v?) for plane strain conditions.

2.3 Specimen fabrication, fracture toughness testing and fractography

The material used in this study was manufactured as three rectangular blocks out of EOS
grade 23 Ti6Al4V powder on an EOS M290 LPBF machine. Compact tension specimens
required for fracture toughness testing was cut out of the rectangular blocks, see Fig. 2 (a).
Care was taken to ensure that the position of the specimen as it was cut out of the block was
known so that machining could be included in the simulation of residual stress.

Specimens were tested in the as-built condition. A specimen width (/) of 32 mm and
thickness (B) of 8 mm was used, all other dimensions were chosen according to ASTM E1820
[11]. Kic measurements were done on specimens pre-cracked to a total crack length (a) of
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approximately 16 mm corresponding to a/W = 0.5. The pre-crack extended 4 mm from the
tip of the starter notch. Thereafter, it was quasi-statically loaded to failure while measuring
load and crack mouth opening displacement. After testing the length of the pre-crack was
measured with a traveling microscope so that K;c could be determined as per ASTM E1820.
The samples were tested in the Z-X orientation, meaning the load was applied parallel to the
Z-axis and the crack propagated along the X-axis. Photos of the pre-crack was taken with a
stereo microscope so that its shape can be compared to the residual stress distributions.
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Fig. 2. (a) Orientation of manufactured blocks (solid lines) and compact tension specimens (dotted
lines). Coordinate system is in accordance with ASTM F2924-14 [12].

During a fracture toughness test performed on a sample containing large residual stresses,
the effective stress intensity factor is, according to the superposition principle, the sum of the
applied stress intensity factor and Kj.s. Therefore, Kepic = Kic + Kires.

3 Results

The measured deflections of the cantilevers used for the calibration of inherent strains were
0.39 mm, 0.48 mm, and 0.52 mm. The average of the three measurements was used for the
calibration. The variability between the three measurements may be due to accuracy of the
measurement technique. The computed calibrated inherent strains were & = -0.0041, ¢, = -
0.0041 and e. =-0.031. The distribution of the normal stress on the crack plane is shown in
Fig. 3 (a). The position of the pre-crack is also shown. Note that the stress is tensile along the
sides of the sample and compressive in the middle. High stresses are seen at the tip of the
notch and a small compressive zone is seen in the middle of the pre-crack front. Photos of
the pre-crack in the as-built conditions is shown in Fig. 3 (b). Faster crack growth is seen on
the sides of the pre-crack in Fig. 3 (b) which corresponds to the larger tensile residual stress
along the sides as seen in Fig. 3 (a).

Kic of the as-built specimens are shown in Table 1. Note that the three repeat
measurements do not differ more than 1 % from the average. Furthermore, it is seen that Kjs,
also shown in Table 1, is a significant fraction (45 %) of Kepc. When analysing the results, it
is important to keep in mind that K., calculated by the different contours used for the J-
integral ranged between 18.6 MPa.m!? and 23.1 MPa.m'?. K}, reported in Table 1 is the
average of that calculated from the four contours.
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Fig. 3. (a) Simulated distribution of normal stress in Z-direction on crack plane. (b) Photo of pre-crack
in as-built Z-X sample.

4 Discussion

The calibration procedure in Simufact Additive 2020 resulted in negative inherent strain
values in all three directions. This observation agrees with both mechanisms of residual stress
formation described by Mercelis and Kruth, [13]. Furthermore, the simulated residual stress
distribution, consisting of compressive residual stresses in the middle and tensile residual
stresses along the edges on the crack plane as illustrated in Fig. 3 (a), agrees well with
experimental measurements of residual stress done by researchers who considered similar
geometries [14, 7, 8].To understand how such stresses form one can visualize that when the
top layer shrinks it attempts to curl the edges upward, but the edges are constrained by the
layers and baseplate beneath it which causes tensile residual stresses along the edges.
Similarly, the middle of the shrinking top layer attempts to bend downward but is constrained
by the layers and base plate beneath it resulting in compressive residual stress in the middle.

The effect of the residual stress distribution is clearly visible from the shape of the pre-
crack. In a residual stress-free compact tension specimen, the pre-crack grows faster in the
centre because a plane strain condition exists here while the sides experience plane stress.
The faster growth of the pre-crack on the edges in the current specimen, as seen in Fig. 3 (b),
corresponds to the larger tensile residual stresses in this region. Looking at the results
quantitatively, it is seen that Kj.s is ~ 45 % of Kepc, meaning residual stress had a substantial
effect on fracture behaviour.
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Table 1. Fracture toughness measurements and stress intensity factor due to residual stress

Condition and Repeat Kic Kires K¢
orientation (MPa.m'?) (MPa.m'?) (MPa.m'?)
As-built Z-X 1 25.6 21.3 46.9
As-built Z-X 2 25.5 21.3 46.8
As-built Z-X 3 25.2 21.3 46.5

Furthermore, the effective fracture toughness of 47 MPa.m'” is slightly lower than the 48
— 58 MPa.m!? K;c values reported after a stress relief heat treatment by Upadrasta et al. [4].
This suggests that the difference between K¢ in this study and that reported by Upadrasta et
al. [4] is due to residual stress instead of microstructural changes caused by the stress relief
heat treatment. Looking at estimates of K. available in literature it is seen that Kj.s is much
larger than what was observed by Becker ef al. [8]. Differences in the length of the pre-crack,
the geometry of the specimen or the machining procedure can cause variations in the residual
stress distribution which might be the reason. Kjc measured in the as-built condition is
approximately 60 % higher than what was measured by Cain et al. [5] for a compact tension
specimen produced in the same orientation and in the same condition. Again, the difference
may be due the residual stress distribution caused by different sample thicknesses and
machining procedures.

5 Conclusions

Based on the results obtained the following conclusions can be drawn:

- The distribution of residual stress determined with Simufact Additive 2020
qualitatively agrees with experimental data

- The Kepnc of as-built Ti6Al4V in the Z-X orientation produced with the process
parameters used in this paper is 47 MPa.m'? which is substantially higher than K;c
measured in this condition and shows the importance of taking residual stress into
consideration when measuring as-built fracture toughness

- Future work is needed to experimentally verify the stress intensity factor due to
residual stress
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