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ABSTRACT
Additive manufactured Ti-5Al-5V-5Mo-3Cr (Ti-5553) is being considered as an AM repair material 
for engineering applications because of its superior strength properties compared to other titanium 
alloys. Here, we describe the failure mechanisms observed through computed tomography, electron 
backscatter diffraction (EBSD), and scanning electron microscopy (SEM) of spall damage as a result 
of tensile failure in as-built and annealed Ti-5553. We also investigate the phase stability in native 
powder, as-built and annealed Ti-5553 through diamond anvil cell (DAC) and ramp compression 
experiments. We then explore the effect of tensile loading on a sample containing an interface 
between a Ti-6Al-V4 (Ti-64) baseplate and additively manufactured Ti-5553 layer. Post-mortem 
materials characterization showed spallation occurred in regions of initial porosity and the interface 
provides a nucleation site for spall damage below the spall strength of Ti-5553. Preliminary 
peridynamics modeling of the dynamic experiments is described. Finally, we discuss further 
development of Stochastic Parallel PARticle Kinteic Simulator (SPPARKS) Monte Carlo (MC) 
capabilities to include the integration of alpha (�� )-phase and microstructural simulations for this 
multiphase titanium alloy. 
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1. INTRODUCTION

The titanium alloy Ti-5Al-5V-5Mo-3Cr (Ti-5553) is becoming an increasingly important alloy due to 
its increased strength compared to the more common Ti-6Al-V4 (Ti-64) alloy.1 To date, there is 
limited data exploring the Process-Structure-Property-Performance (PSPP) relationship for 
additively manufactured Ti-5553.2-4 Our past efforts aimed at developing a more complete data set 
for Ti-5553 produced by metal laser beam powder bed fusion (LBPF) through materials 
characterization, dynamic testing investigating spall deformation, and mesoscale simulations of the 
deformation behavior utilizing the Eulerian finite-volume hydrocode CTH v12.0.5, 6 We investigated 
the constitutive behavior and principle Hugoniot as a function of strain rate for as-built and 
annealed Ti-5553. Inconsistencies in the Hugoniot elastic limit (HEL) were observed for as-built Ti-
5553 indicating a potential phase change during compression. Finally, we demonstrated a novel 
approach to enhance existing peridynamics research code Emu7 and microstructural Stochastic 
Parallel PARticle Kinetic Simulator (SPPARKS) Monte Carlo (MC)8 capabilities to include 
multiphases and demonstrate a preliminary simulation of Ti-5553 microstructure with the 
integration of alpha (�� )-phase. 

To further our understanding of the microstructural mechanisms contributing to spallation in Ti-
5553 we characterized post-mortem samples from our previous study with computed tomography 
(CT), both non-destructive and destructive scanning electron microscopy (SEM), and electron 
backscatter diffraction (EBSD).  We continued the examination of a possible phase transformation 
in as-built, annealed, and native powder through static and ramp compression experiments and 
found that the native and as-built powder remains in the body-centered cubic (BCC), β phase up to 
~50 GPa.  Similarly, during ramp compression of as-built and annealed solid samples, we clearly 
observe an HEL, where a transition from elastic to plastic deformation occurs. This understanding 
of basic material properties of Ti-5553 allows us to utilize this material as a viable alloy in aerospace, 
automotive, and military sectors.

One application that is being considered for AM Ti-5553 is utilizing it as a repair material. This 
prompted the investigation of the interfacial strength of AM printed Ti-5553 on wrought Ti-64 
baseplate. Characterization of the fused sample and the respective bulk samples adjacent to the 
interface was conducted utilizing CT, ultrasonic imaging, and EBSD. Shock compression 
experiments above (~4.6 GPa) and approximately equal to the previously measured spall strength of 
Ti-5553 (~2.1 GPa)6 were conducted to compare tensile failure in the AM Ti-5553, wrought Ti-64, 
and an interfacial sample. Post-mortem materials characterization of the damage due to tensile 
loading was done with the techniques listed above. Nucleation of damage was observed in the 
interface samples at both impact stresses, whereas the two bulk samples showed contrasting 
behavior compared to the fused AM Ti-5553 and wrought Ti-64 sample. 

The dynamic experiments were simulated using a two dimensional (2D) peridynamics simulations in 
the SNL code Emu7 to further understand the microstructural effects and failure mechanisms 
occurring at the interface compared to bulk materials. In conjunction to modeling failure we 
continued developing our SPPARKS MC capabilities8 towards a dual phase matrix that distributes  
the hexagonally-closed packed (HCP) �� -phase at the grain boundaries as indicated by EBSD. This 
work is the first steps towards building up a framework of PSP relationships for Ti-5553 that will 
extend towards integrating microstructural information of multiphase materials into current 
continuum models for a predictive approach towards design and certification of AM components.     
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2. POST-MORTEM SPALL CHARACTERIZATION

2.1. Computed Tomography (CT) and Serial Sectioning

Recovered samples from the spall experiment on Ti-5553 as-built and post annealed at 875 °C for 2 
hours (Beta-Solution) was inspected on a Nikon microfocus M2 225/450 kV dual head CT cabinet 
system. Beam power was set at 229kV and 96 μA with an optical magnification of 5.48. To improve 
the signal-to-noise ratio (SNR), 6 image frames were averaged per projection image. Each scan 
consisted of 3145 projections and took approximately 90 minutes from start to finish, not including 
setup time. To increase the aspect ratio of the part, the thin samples were stacked in sets of five (5) 
and spaced equally. The shared cylindrical axis was placed orthogonal to the rotational axis. 
Radiographs were reconstructed in Volume Graphics’ VGStudio Max 3.5 at 16-bit precision with a 
voxel size of 36.47 μm. 

Comparing the Ti-5553 disk before and after spallation for as-built 

Figure 1A and B) and annealed Beta-solution (

Figure 1C and D) it can be seen that sites of porosity due to the AM process act as initiation sites for 
nucleation of damage due to spall. Larger pores (green) can cause large areas of damage, while 
smaller pores collapse or reduce in size due to the stress wave transmitting through the material. For 
the case of beta-solution with the introduction through heat treatment of the more brittle α-phase 
more damage occurred overall.

Figure 1. Porosity results (top view) of a slice of as-built before (A) and after spallation (B) and 
annealed beta solution before (C) and after spallation (D). 

In addition, serial sectioning was performed on the beta-solution using a Robo-Met 3D® automated 
mechanical serial-sectioning system. At each slice depth of 10 μm, optical images were taken of the 
sample and subsequently restitched together to develop a layer wise reconstruction like that of the 
CT scan. The native pixel size of each image is 1.08 μm. For uniformity, this data was resampled to 
an isotropic voxel size of 10 μm. Approximately 3.25 mm of the sample was removed during this 
process. 

A B C D
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Results of both the CT and the serial sectioning inspections were imported into Volume Graphics. 
Porosity analyses was performed using VG’s porosity analysis tool, VGDefX™, VG’s contrast-
based tool, VGEasyPore™, and pure ISO-thresholding. Additional porosity analyses were 
performed using a separate machine learning (ML) tool, Trainable WEKA Segmentation 3D.9, 10 The 
gray-scale reconstructions were exported as an image stack of 16-bit tiffs. These images were then 
loaded into ImageJ and WEKA. This ML tool produces additional feature from the gray-scale 
volume and provides information to perform segmentation based on labelled marker examples. 
Features leveraged in this analysis include Gaussian blur, difference of Gaussians, derivatives, 
Laplacian, Hessian, median and variance. These features are calculated using 6 kernel sizes ranging 
from 1 to 8 voxels in width. The segmentation model was then trained using a parallelized random 
forest algorithm with the vectorized input volumes.10 A random forests model is an ensemble of 
learning methods for classification of slice planes (CT images). Linear regression construct multitude 
decision trees during “training”. For classification, the output of the forest is the class selected by 
most “trees”. Figure 2 displays the line segment volumes that are used for training. The regression 
continues until a mean or average prediction of the individual trees is returned. Additional labelled 
markers are provided iteratively between training until the results match what could be visually 
distinguished in the reconstructed volumes. 
 

Figure 2. The regions of gray scale are marked and assigned a label. The red lines are for solid 
material. The green color is for porosity and the purple line is background noise within the volume.

CT data was aligned to the serial sectioned data by mapping the porosity in three-dimensional 
(3D)space. Porosity metrics were exported and loaded into MatLab®, where porosity between data 
sets was determined based on the location of the pore center and volume. Comparisons of the 
correlated pores were calculated, and statistical information of each pore missed was identified. This 
data was then compared to the extracted ground truth data set from serial sectioning. Results for the 
segmentation are seen below in Figure 3 and Figure 4.
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Figure 3. Porosity results (top and side view) of a slice for a pre impact Ti5553 disk. a) contrast 
based segmentation b) VGDefXTM  porosity c) WEKA ML results d) RoboMet ground truth serial 
sectioning (green) versus CT data (red) at the same pore locations.

Figure 4. Porosity and spall plane results of a slice for a post impact Ti5553 disk. Contrast based 
segmentation (top),VGDefXTM porosity analysis (middle) and WEKA ML (bottom). 

The quantification of comparative metrics between porosity analyses and data sets is shown below in 
Figure 5. Encompassing all pore sizes (Figure 5A), leads to greater variability in missed pores 
compared to serial sectioning, but if we consider the resolution of our measuring technique and only 
evaluate larger pores (Figure 5B), we decrease the uncertainty with an overall comparison of analysis 
techniques shown in Figure 5C.

a) b) c)

d)

a)

b)

c
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Figure 5. Comparative metrics between analysis techniques. a) total number of missed pores relative 
to the serial sectioning, b) total number of missed pores for only the top 15 largest pores of the 
serial sectioning, c) number of false positive pores identified relative to the serial sectioning (ground 
truth).

Figure 6 below shows the percentage of total pore volume that could be correlated against the ground 
truth (Robomet WEKA) and the total volume of all the false positives for each inspection technique. 

Figure 6. Percentage of porosity that could be correlated with the ground truth, b) total volume of 
all false positive porosity.

A B

C

A B
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As shown by the number of pores missed and the number of false positive identifications, all the 
porosity analysis techniques built into VGStudio Max, except pure thresholding, detected the 15 
largest pores identified by the ground truth data set. When attempting to identify all the pores found 
by this serial sectioning process both the global contrast based and the ML technique performed 
well, but only the latter performed far better in terms of the number of false positives identified. 
Similarly, ML techniques outperformed the built-in commercial code for identification of the spall 
planes. However, for the top 15 pores identified across the techniques, the commercial solutions 
proved better at matching pore volume, surface area, and shape metrics. Ultimately, Figure 6 above 
shows that the ML segmentation was more robust in terms of the percentage of its identified 
porosity that could be correlated with porosity found in the serial sectioning. Both the ML analysis 
and the global contrast technique for CT data was able to outperform the porosity analysis from 
serial sectioning. In terms of the total volume of the false positives found by each technique, only 
the ML segmentation of the CT data performed on par with the segmentation analyses of the serial 
sectioned data.  

The pore volume discrepancy seen between the serial sectioned data and the CT data can be 
attributed to the 3D reconstruction techniques used in CT. Such techniques will implicitly lead to a 
‘ballooning’ of the specified features. This is especially true for concave geometries like several of 
the pores identified in the serial sectioning data. Spall cavitation due to high velocity impact testing 
formed normal to the direction of impact and near the mid-plane of the material. SEM images reveal 
that this cavitation is non-continuous, which is concurrent with the results of the CT inspection. As 
shown by Figure 7, the distribution of a spall cavity correlates well with the preexisting porosity of 
the specimen. Further, regions where porosity is aligned linearly results in larger continuous cavities. 
This contrasts with the discontinuity seen in other regions of spall cavitation also shown by Figure 7. 
The linear alignment of pores allows an easy path for the relief of stress and thus allows for the 
interconnection of what would be otherwise discontinuous spall cavities. SEM images, taken 
orthogonal to the direction of impact, show that the spall cavities form in plane bands aligned 
orthogonally to the direction of impact.

Figure 7. Visualization of spall cavitation. a) overlay of the porosity with the spall plane formation, 
b) SEM of spall cavities, c) focused view of spall cavity.

CT found the large critical pores that were detected by the serial sectioning process. All techniques 
for porosity and spall identification were able to find these critical pores except for the most basic 

b)

A

B C
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thresholding. ML offered advantages in finding the smaller pores that were corroborated by the 
serial sectioning data. This was especially true for pores of low contrast and small size. In addition, 
the ML produced fewer false positives than the other techniques with a lower overall false positive 
percent to its identified porosity. 

2.2. Microstructural Characterization

To better understand the different spallation behavior from the different heat treatments (and to 
better inform failure models), the microstructure of this material at all three heat treatments was 
characterizedEBSD.  EBSD is a diffraction technique performed in a SEM, and it is capable of 
mapping phase and crystallographic orientation at the subgrain scale.  These maps may be used to 
calculate familiar aggregate metrics of microstructure, including grain size, grain aspect ratio, pole 
figures, and phase fraction.  Because EBSD is a 2D surface technique, samples of the material were 
sectioned on two different planes to capture some of the three-dimensionality of the microstructure.  
In addition to microstructural characterization of the bulk material, spalled samples will also be 
examined post-mortem.  In this study, all microscopy was performed in a Zeiss SupraVP microscope 
equipped with an Oxford Symmetry EBSD camera.  Post processing of the EBSD data was 
performed with MTEX, an open-source software package for Matlab.

2.2.1. Initial Microstructure

Discs of material were taken for characterization from the same additive builds used for the dynamic 
testing.  Samples were taken from the top, middle and bottom of the manufactured cylinders.  The 
discs were cut in half, with one half prepared such that the face of the disc was examined, and one 
half such that the cross-section of the disc was exposed.  The top or face of the disc is normal to the 
build direction.  Microstructure was not shown to vary strongly between the top, bottom and middle 
discs.  Samples were taken from each of the three heat treatments in this study: as-built, beta-
solution, and precipitation hardened.  The samples were mounted in epoxy and mechanically 
polished for EBSD.

It is convenient to first consider the as-built specimens.  In the as-built condition, no α phase is 
present, meaning that the β phase present is metastable.  The grains are large and highly elongated in 
the build direction, with a strong tendency for the [100] direction to be aligned with the build 
direction, a so-called fiber texture.  This microstructure is shown from the top and in cross-section 
in Figure 8.  An inverse pole figure (IPF) map is also shown in Figure 8c, a plot that shows the 
density of a crystallographic direction’s alignment with the sample direction.  In this case, the strong 
pole aligning with the build direction is indicative of the fiber texture.  Because of the high aspect 
ratio of the grains, the grain sized is best expressed using an average major and minor axis, which are 
calculated by fitting each grain shape to an ellipse.  For the cross-section scan in Figure 8b, these 
dimensions are 97.2 and 16.3 microns respectively, for an average aspect ratio of 6.4.  We also used 
the as-built sample to investigate the spatial variation of the microstructure, both between the 
middle and bottom, but also between the center and the outside of the disc.  No substantive 
variation was seen, as evidenced by the large scan in Figure 8a that covers a span of 2.85 mm from 
the edge (on the left).  Scans from the top and bottom of the cross sectioned bottom sample also 
show no variation in the thickness, shown in Figure 9.
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Figure 8. An IPF map of a large area of the as built sample from the bottom of the build (a) with 
the build direction and the color reference direction out of the page.  This is contrasted with an IPF 
of a scan from the cross section of the as built sample from middle of the build in (b).  For this 
sample the growth direction and color reference direction are left to right.  Finally, (c) shows a pole 
figure for the map in (a) showing a strong [100] texture.  Please refer to the IPF color reference 
triangle for the other figures in this section.
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Figure 9. IPF maps from the cross section of a puck from the sample from the bottom of the as 
built build.  It is unclear whether left (a) or right (b) is the top or the bottom of the build, but there 
is no strong difference between the two.  Compare with the cross-section map from the middle of 
the build in Figure 8b.

Next, we will consider the precipitation hardened sample, which has been heated above the β 
transus, quenched, and then heated again at a moderate temperature to precipitate the α phase.  A 
phase map of this material from the top and cross-section view is shown in Figure 10a.   The α 
fraction of the precipitation hardened sample is around 34%   The local variation in this phase 
fraction appears to vary.  Note that the α in the sample comes in two forms, heterogeneously 
nucleated α at the grain boundaries and lathe-like α nucleated within the grains. The precipitated α 
follows a strict orientation relationship with the β it nucleated from, known as Burger’s relationship, 
meaning that there are a finite number of orientation relationships between a nucleated α grain and 
its parent β grain.  This relationship allows for the reconstruction of the parent grain structure, 
which can be a more effective way of comparing grain size with the as-built structure.11  The 
reconstructed parent β structure for a cross section scan is shown in Figure 10b.  The average major 
and minor axes of the reconstructed grains is 51.0 and 10.6 microns for an average aspect ratio of 
5.3. The difference in grain size parameters as well as the noticeably different convex shapes in the 
grain map suggests that some grain remodeling has occurred during heat treatment in addition to the 
phase nucleation.
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Figure 10.  A phase map of a top view of the precipitation hardened sample (a) and an IPF color 
map of a cross section of the same sample with prior β boundaries highlighted in black.

Finally, the beta-solution sample was investigated.  This heat treatment is an intermediate step 
between the as built and the precipitation hardened samples, and the heat treatment is designed to 
produce a 100% β structure.  However, this heat treatment resulted in a significant α fraction, as 
shown in Figure 11.  The presence of the α in this sample suggest that the heat treatment was not 
performed correctly, and it likely impacts the microstructure of the precipitation hardened sample as 
well.  The surface preparation of this heat treatment is significantly worse than the others, likely due 
to some difference in properties.  This makes recovery of the exact phase fraction difficult.  Instead, 
we used a forward scattered electron image of the area (shown in Figure 11b) coupled with image 
segmentation to estimate the volume at around 25%, although over such a small area, it is unsure if 
that data is statistical.
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