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Motivation and Background
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Like many industries, the US Navy has been pursuing Additive Manufacturing (AM) solutions for several years.

Also like many industries, Quality Control of AM
components is a key hurdle.

Additive Manufacturing Roadmap and Key Initiatives, NAVAIR AM Industry Day,
24 July 2014, NAVAIR Public Release 2014-623 and 637.



Metal Additive Manufacturing Methods
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Selective Laser Melting (SLM)

Electron Beam Melting (EBM)

Laser Metal Deposition (LMD)

Selective Laser Sintering (SLS)

Images from: M. Yan and P. Yu (2015). An Overview of Densification, Microstructure and Mechanical Property of Additively Manufactured Ti-6Al-4V — Comparison among Selective Laser Melting,
Electron Beam Melting, Laser Metal Deposition and Selective Laser Sintering, and with Conventional Powder in Sintering Techniques of Materials.

There are several different metal AM methods
most of which involve high temperature exposure
of metal powders one layer at a time into final
shapes.

In these cases the base metal powders are melted
in sequential layers.

This often produces final shapes that are
anisotropic particularly in the build direction
leading to inconsistent material performance.



LLNL Setup
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Track 
Power 
(W) Speed (m/s)

Energy Density 
(J/mm3)

1 50 0.125 80

2 150 0.375 80

3 250 0.625 80

4 350 0.875 80

5 450 1.125 80

6 550 1.375 80

single pass tracks

At LLNL a custom laser setup was established to
allow testing of different laser parameters with
different powders.

This setup was never intended to be a production
scale AM setup but rather serves as a way to test
laser conditions for optimization of individual
build layers.

This process produces single pass tracks of
selective laser sintered powder on a substrate
with the intent of optimizing laser conditions of
individual layers of a build.

Confocal image of singe pass tracks 
as viewed from the build plane



Single Pass Results
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BSE imagery and IPF maps of typical laser nuggets formed during single pass builds of INCONEL 625 powder 
on a INCONEL 718 substrate.  

Cross sections of samples (6 tracks per sample)
were cut, mounted in conductive resin, and
analyzed via optical microscopy, BSE and SE in a
Field Emission Gun SEM, as well as EDS and EBSD.

Results show:

- Clear formation of the build with grains growing
preferentially up the build direction.

- Size (depth, width, and height) are related to
energy denisty as expected.

- No voids or particles were noted in the
conditions analyzed.

EDS map showing differences
in Fe distribution which are
only due to the difference in Fe
in the substrate (718) and the
powder (625).



Single Pass Results
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It was not all sunshine, lollipops, and rainbows….

Four different alloys were tested (pure aluminum powder, SS316 powder, Inconel 625 powder, and Ti64 powder). Of these Aluminum
was very problematic while the others were successful with some issues.

Every aluminum sample experience significant cracking
at the connection to the substrate and did not form
nearly as an established “nugget”. The cracking is
believed to have occurred during cooling.

SS316 power sintering was successful most of the time
although on occasions a pit occurred in the substrated
adjacent to the nugget.

Similar to Inconel 625, Ti64
powder sintered successfully
under almost all laser
conditions.

Poor patterns were achieved on Ti64 samples so EBSD on single pass tracks was limited to Inconel 625 samples.



More General Review of AM Microscopy
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H. Hack, et. al., "Mechanical properties of additive manufactured nickel alloy 
625," Additive Manufacturing, vol. 14, pp. 105-115, 3// 2017.

Although the single pass results clearly show that anisotropy
starts at the very first layer of the build, the results do not show
the effect of heating on previous layers and therefore may not
be representative of the final build.

Microstructural results are known to be heavily dependent on
alloy composition although some common trends apply.

The remainder of this research will look at all overall
microstructural development using similar AM processes but on
different alloys and will include:

- Review of AM sample preparation

- AM characterizations methods including OM, SEM, EDS, EBSD
(and eventually TEM)

- Post processing effects



AM Sample Preparation
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In general standard sample preparation procedures are sufficient and
appropriate for AM metal samples. In this and other AM research
standard sectioning, hot mounting (in conductive or non-conductive
mounts), mechanical polishing, and etching were effective.

For most samples in this research final polishing was accomplished
with 0.05 micron colloidal silica on a vibratory polisher (for EBSD) and
samples were left unetched.

Of note, voids – often significant – are possible during AM processes.

Significant voiding in AM samples (Inconel 625 shown) visible at low
magnification. Samples shown were non treated after build (not HIP’d or
annealed)



Geometry Effects
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Start with a standard definition of geometry (X, Y, and Z planes or even
easier: build plane and orthogonal planes):

In every alloy system investigated (Ni superalloys, SS, and Ti64) the two
orthogonal planes are indistinguishable.

Inverse pole figure maps and optical images (etched) of (a) Inconel 625 and (b) Ti64. The side by side
images of each show a comparison of the two orthonal planes (X plane versus Y plane). The two planes
are indistinguishable from each other.

However, there is clear difference between the build
plane and either orthogonal plane in every alloy
system that from the results shown in this initial
research, starts from the very first layer.

Build 
DirectionOrthogonal 

Plane

Build 
Plane

SS316 AM Sample



AM Distinguishable Features
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Although the manner changes, all AM samples analyzed so far have clearly distinguishable features across build
versus orthogonal planes (SS316 results already shown):

AM build plane Inverse Pole Figure large area map of Inconel 625 showing a clear
cross-hatch pattern (only 1 axis shown with dotted lines) that directly corresponds
to the AM laser path.

Large area optical images of etched AM Ti6 (build plane left and orthogonal plane
right).

The mechanisms are different but the results are the same. In both systems the
planes are distinguishable. In the Ti64 case, it is prior β grains that create the
identifiable elongate grains in orthogonal plane and in the build direction as
opposed to isotropic grains in the build plane.



AM Post Processing (Inconel)
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non-annealed build plane

non-annealed orthogonal plane

annealed build plane

annealed orthogonal plane

Post processing annealing (2000 °F for 2 hrs with
Tmelt ≈ 2400°F) on Inconel 625 had almost no
noticeable effect on the microstructure.

Comparative grain maps for wrought Inconel in
rolled plate (RP) form are shown below.

Of note, Inconel does not undergo any phase
transformation in this temperature range.

RP not annealed RP annealed 2000°F for 2 hr



AM Post Processing (Ti64)
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Post processing, in this case Hot Isotatic Pressing (HIP) does
have a notable effect on both the microstructure and
hardness of the resultant alloy.

After HIP’ing, the following changes were observed:

- Approximately 2x increase in α grain size

- Reduction in hardness by up to 25%

- A small increase in the amount of β phase

This difference from Inconel 625 is attributed to the phase
transformation that occurs as Ti64 is heated during the
HIP’ing process.



Material Properties
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ID and Orientation

YS, ksi 

(MPa) UTS, ksi (MPa) ELONG, %

Parallel 1 (X) 63.8 (440) 135.9 (937) 50.3

Parallel 2 (X) 60.9 (420) 130.9 (903) 50.9

Parallel 3 (X) 63.7 (439) 132.3 (912) 41

L1 (X) 80.9 (558) 139.7 (963) >45

L2 (X) 78.1 (538) 138.9 (958) >47

L3 (X) 80.2 (553) 138.3 (954) >38

Perpendicular 1 (Z) 99.8 (688) 146.3 (1009) >28

Perpendicular 2 (Z) 96.8 (667) 140.2 (967) 29.4

Perpendicular 3 (Z) 99.6 (687) 142.5 (983) 32.8

S1 (Z) 74.5 (514) 131.1 (904) 58

S2 (Z) 74.1 (511) 128.2 (884) 51

S3 (Z) 76.0 (524) 129.4 (892) >54

from:  H. Hack, et. al., "Mechanical properties of additive manufactured nickel alloy 625," Additive Manufacturing, vol. 
14, pp. 105-115, 3// 2017.

Macroscopic material properties of AM samples can and have been determined by
traditional tensile testing (results for AM Inconel 625 shown below). However,
fabrication of tensile samples is time consuming and expensive, and standards for
testing for AM samples are less prevalent.

As an alternative, microindentation (top right for Ti64) and nanoindentation (lower right again for
Ti64) are proposed rather than tensile testing. So far, hardness measurements have shown little
variation (<7%) across geometry variance but have shown variation due to post processing (up to
25% for HIP’ing).

AM Ti64 orthogonal planes with 
microindentation (top) and 
nanoindentation (bottom)



Conclusions
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The initial goal of this research was to analyze single pass tracks of AM Inconel
625 using EBSD. The results clearly show:

- Grains grow up the build direction starting from the very first layer of the
build

When combined with similar research on AM materials several more general
conclusions can be drawn:

- Typical sample preparation and analytical techniques work on AM samples
compared to wrought samples.

- There is very often a clear geometric difference in microstructure between
the build plane and either orthogonal plane (although the orthogonal
planes are often indistinguishable).

- Post processing effects depend on the possible phases of the alloy and
may cause a softening effect.

- Despite large microstructural differences, material properties do not
always change as dramatically.

The C-M-C logo for USNA has been skinned with inverse pole figure
maps from research on both AM Inconel 625 (both Cs in the logo)
and wrought Inconel 626 (the M).



Future Work
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STEM BF image of AM Inconel 625 STEM HAADF image of AM Inconel 625

STEM images taken by Professor Liz Getto, USNA, at Army Research Laboratory

There is little in the literature
where high magnification imagery
such as TEM/STEM is used on AM
samples.

It may be that there is little in AM
samples at this length scale.

The intent of this future work is to
determine if TEM/STEM is a helpful
technique for AM builds.



Future Work
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Final part is made from a 
flexible rubber resin

($12 and about 6 hrs)

1” Ball Valve Final Design

Testing conditions: 5 psi 14 gpm water

Although the majority of industry AM interest is centered on metal AM, there is a growing
capability in polymer based AM. There are a number of new plastic based builds above and
beyond ABS and PLA. There are some versions that are capable of other materials such as
rubber, ceramics, graphene, or other multifunctional material.

Another major interest is characterization of these non-metal builds for use in engineering
applications possibly starting with traditional metallographic preparation and techniques.

Simple yet useful plastic parts in practical
engineering applications:

SEM imagery of a graphene AM sample
viewed from the build plane. The width
of each layer is clearly visible as is a
delamination of one layer within the
plane.



Questions?
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