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Abstract: Solid-state Friction Stir Additive Manufacturing has recently gained attention as a result of
its capacity to fabricate large-scale parts while preserving the mechanical properties of the feedstock
material. However, the correlation between the quality of layer-by-layer bonding of the deposited
metal and processing parameters has remained unknown. Neutron imaging techniques, with 90%
total transmission per cm, are employed for Al6061 parts fabricated by MELD® Technology as a
non-destructive evaluation approach for the first time to investigate the layer-by-layer structure of a
stadium-shaped ingot in different sections. The post-processed results show the fabricated parts with
an optimized set of processing parameters are void-free. However, the hydrocarbon-based feedstock
lubricant segregates between the layers, which consequently may lead to non-uniform weaker
mechanical properties along the build direction and stimulate crack initiation during mechanical
loading. The tensile test results show 14% lower strain-to-failure values in alleged contaminated areas
in transmission imaging results. Additionally, layer bonding is significantly impacted by hot-on-hot
and hot-on-cold layer deposition schemes, especially for larger layer thicknesses.

Keywords: neutron imaging; additive friction stir deposition; non-destructive evaluation; Al6061

1. Introduction

Additive Friction Stir Deposition (AFS-D)—commonly known as the MELD® process—is
a solid-state additive manufacturing (AM) technology inspired by the Friction Stir Welding [1]
process and capable of fabricating large parts (up to meters) with relatively simple geome-
tries, making it an ideal fabrication method for the aerospace, defense, and turbomachinery
industries. This process is based on the plastic flow of the material in elevated temperatures
well below the material’s melting point. Therefore, it has the potential to retain the mechani-
cal properties of the feedstock material with the correct set of processing parameters. This
capability differentiates AFS-D from many other AM processes, including but not limited to
Laser Powder Bed Fusion (LPBF) and Direct Energy Deposition (DED), where the feedstock
undergoes a melting process, and the chances of maintaining the feedstock microstructure
and mechanical properties are lower. Moreover, it reduces the possibility of common defects
of liquid-phase processes such as crack initiation and pore formation [2].

However, finding the optimized set of processing parameters and controlling the
uncertainties is a crucial factor in the quality of the fabricated parts. Failing to do so will
lead to defective parts and inferior mechanical properties. The ultimate solution to this
challenge is to find the correlation between the processing parameters and mechanical
properties of the deposited part. Due to the layer-by-layer material deposition procedure in
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MELD, the quality of the interlayer bonding and the integrity of the fabricated part along
the build direction are of interest and need to be investigated.

The AFS-D process has been used for fabricating parts with different types of materials.
The focus is mostly on aluminum alloys [2–9] in the literature due to their low melting point.
However, other materials including nickel alloys [10,11], titanium alloys [12], magnesium
alloys [13], copper [14,15], and steel [16,17] have also been processed. Other than fabricating
new parts, AFS-D has been shown to be effective in recycling [12,18] and reparation [9]
as well.

Given that the MELD process is quite a new additive manufacturing process, a limited
number of papers are available in the literature. To date, researchers have been focusing
on fabrication [18,19], microstructure characterization [4,6,15], static strength [6], fatigue
strength [7,8,11], thermal analysis [20], and simulation [21]. Among characterization
methods, MELD samples have mostly been investigated by Electron Backscatter Diffraction
(EBSD) [6,11,22], Scanning Electron Microscope (SEM) [6,11,22], Transmission Electron
Microscope (TEM) [22], Energy-Dispersive Spectroscopy (EDX) [6], and X-ray Computed
Tomography (XCT) [2,23,24]. However, there is no publication regarding the application of
neutron imaging in this field. This paper aims to assess the capabilities of neutron imaging
and neutron Computed Tomography (nCT) in the nondestructive evaluation of large parts
manufactured using AFS-D method for the first time.

For metal additive manufactured items, a neutron beam, as opposed to X-ray beam,
can penetrate deep into most of the high-Z materials and is a suitable choice for the non-
destructive evaluation of the internal features of large objects. Since neutrons interact with
the nuclei rather than electron cloud [25], their scattering and absorption cross-section
is large for chemical elements with low atomic numbers. For example, hydrogen (Z = 1)
has a significantly large cross-section and any hydrogen-related contamination (water,
hydrocarbons, etc.) can be easily detected in neutron imaging of a metal component. X-rays,
on the other hand, interact with the electron cloud and have more interaction with higher
atomic number elements such as aluminum and iron (Figure 1). In other words, neutron
and X-ray imaging complement each other for the assessment of hydrogen-containing
contaminants in aluminum components.

Figure 1. Trend of X-ray and neutron cross-section from lighter to heavier atoms [25].

Neutron imaging facilities are rare and quite oversubscribed around the world. The
High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory (ORNL) is the strongest
reactor-based neutron source in the US, and operates at 85 MW and provides a high-flux
cold neutron beam from a liquid hydrogen moderator [26]. In addition, the neutron
imaging beamline has recently been enhanced with a Talbot–Lau interferometer similar to
that developed at the Paul Scherrer Institute [27].

In this paper, we investigated the layering structure of the MELD Al6061 samples
in large scale using a neutron beam for the first time. Since neutrons can penetrate deep
into aluminum, they are the perfect choice for investigating the internal features of Al6061
MELD samples.
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2. Materials and Methods
2.1. The AFS-D Process

In the AFS-D process, a feedstock rod enters a rotating hollow shoulder (also known as
the spindle) and undergoes plastic deformation due to fiction-induced elevated temperature
at the spindle–substrate interface and material–substrate interface. Then, the softened
material is deposited on the substrate or the previous deposited layer(s) following the
pattern determined by G-code [2]. The continuity equation (conservation of mass) enforces a
constraint between layer thickness, part dimensions, feedstock rate, and spindle transverse
speed (Figure 2).

Figure 2. Schematic figure of feedstock rod and deposition plane; the feedstock (in our case, a
20-inch-long bar with 3/8-inch by 3/8-inch cross section) is pushed to the tool with a linear actuator.
As the tool moves in traverse direction, it deposits the softened metal layer by layer. The integrity,
width, and thickness of the deposited layer are dominated by the processing parameters.

Since flow of the mass entering to spindle should be equal to flow of the mass being
deposited, we can write:

.
min =

.
mout (1)

Assuming specific mass remains constant during the process:

ρ
.

Vin = ρ
.

Vout (2)

a2 .
y = wt

.
x (3)

Equation (3) is the constraint enforced to the system by conservation of mass principle,
where a is the side of the feedstock rod cross section, w is the deposited layer width, t is the
layer thickness,

.
x is the spindle transverse speed, and

.
y is the feedstock rate (or actuator

speed). This equation specifies the relationships that the processing parameters should
maintain to have a continuous material deposition with minimal waste. Any deviation
from this constraint will lead to either uneven deposition or waste of material.

2.2. Sample Preparation

Twenty inch Al6061 bar-shaped feedstock rods with 3/8” by 3/8” square cross sections
are used as the raw material. A thin layer of “Dry-film Graphite” lubricant supplied by
Zep Inc. (Atlanta, GA, USA) [28] is sprayed on the rods to prevent them from getting stuck
in the spindle and help them slide smoothly. The feedstock magazine needs to be manually
reloaded once a 20” feedstock rod is consumed.

There are a limited number of processing parameter sets that are within the allowed
region dictated by Equation (3). Within this limit, two stadium-shaped ingots (Figure 3a)
are fabricated with an L3 machine from MELD Manufacturing Corporation (Christiansburg,
VA, USA). Process parameters for each ingot are summarized in Table 1. Ingots A and B
are fabricated in such a way that the layer thickness is close to minimum and maximum
feasible values.
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Figure 3. (a) Schematic figure of the stadium-shaped blocks made by MELD method; (b) Wire EDM
cutting lines on the original block; (c) Cutting layout of samples; left: sample A, right: sample B; The
cross-section of each numbered bar shown is 10 mm by 10 mm; (d) The 20 mm slab from Sample B
is cut in half and one of the halves is polished to improve the quality of the neutron interferometry
imaging for detecting internal neutron dark-field (scattering) features. The thickness of the build
plate is 1/2 inch.

Table 1. Process parameters of MELD samples.

Parameter Ingot A Ingot B

Spindle speed (RPM) 300 400
Spindle transverse speed (mm/min) 254 152.4

Feedstock rate (mm/min) 152.4 228.6
Layer thickness (mm) 1 2.5

Each ingot is cut into two slabs with different thicknesses and 20 rods at the circular-
shaped end by Wire EDM machine (Figure 3b,c). Rods are numbered and engraved for
reliable record keeping. The build plate is kept with the samples to inspect the bonding
between the first deposition layer and the cold substrate, if needed. The 20 mm slab is cut
in half and the cross-section of one half is fine polished to 1 µm surface roughness finish
(Figure 3d). All the samples are inspected using 2D neutron radiography and after the
preliminary results, the polished half of the 20 mm is chosen for 3D neutron computed
tomography experiment. The samples and the corresponding experiments are summarized
in Table 2. Only the polished half of the 20 mm slab from sample B is selected for 3D nCT
because of limited beamtime.

The CG-1D beamline at HFIR facilities was used to study the layering structure
of AFS-D parts. This beamline is dedicated to many research areas including Additive
Manufacturing and can reveal the internal structure and porosity of large and thick parts.
The specifications of the CG-1D cold neutron interferometry beamline, as used for the
MELD imaging experiments, are summarized in Table 3.

Since MELD process is typically used for fabricating large parts, neutrons are a viable
choice for non-destructive evaluation of MELD samples due to their high penetration capabil-
ity. The penetration depth in aluminum for CG-1D neutron beamline is up to 10 cm, given the
wavelength range in Table 3 and NIST Center for Neutron Research database [29]. The ORNL
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NEUtron Imaging Toolbox (NEUIT) also estimates that a 10 cm Al sample has about 30%
transmission at CG-1D beamline [30]. Therefore, the beamline is capable of capturing internal
features of samples fabricated by MELD process if there is sufficient neutron contrast.

Table 2. Experiments conducted on each specimen.

Ingot Specimen 2D Transmission
Image

2D Dark-Field
Image

2D Differential
Phase Contrast

3D Computed
Tomography

A 10 mm slab

1 
 

 

1 
 

 

1 
 

 

1 
 

 

B
20 mm slab (polished half)

1 
 

 

1 
 

 

1 
 

 

1 
 

 
20 mm slab (unpolished half)

1 
 

 

1 
 

 

1 
 

 

1 
 

 
10 mm slab

1 
 

 

1 
 

 

1 
 

 

1 
 

 
N1, N2, N3, N4

1 
 

 

1 
 

 

1 
 

 

1 
 

 

Table 3. Specifications of HFIR CG-1D beamline at ORNL for these experiments.

Interferometer 2.6 Å, 12 to 18 grating steps
Effective pixel size at sample 42 µm

L/D 600
Exposure time (2D) 5 × 60 s (z-filter)

The schematic view of the neutron interferometer setup at CG-1D beamline is shown
in Figure 4. Each of the samples in Table 2 is placed in the experimental setup (Figure 5)
and the neutron images taken with the parameters are listed in Table 3.

Figure 4. Neutron interferometer dimensions at ORNL HFIR CG-1D beamline (courtesy of
Dr. Hassina Bilheux, ORNL Neutron Sciences Directorate).

Figure 5. Samples mounted on holders in front of the neutron beam; (a) 10 mm slab from ingot A for
2D imaging; (b) 20 mm slab (polished half) from ingot B for 3D imaging; (c) N1, N2, N3, and N4 bars
from ingot B.
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3. Results and Discussion

The visual inspection of the ingots and the samples cut from them does not show
any pores, cracks, or other internal defects. However, cracks may not be easily seen after
surface treatments (e.g., grinding or polishing) for aluminum alloys because of their high
ductility. Dark-field imaging was employed for void detection, but the experiments were
unsuccessful due to low signal-to-noise ratio. Nevertheless, the interferometer showed
superior results in transmission imaging for detecting hydrogen contamination. For each
image, a set of noise/background removal and contrast adjustment operations is applied
to better reveal the internal features of the samples.

3.1. Ingot A: 10 mm Slab

The transmission image shows two separate sets of darker layers at the top of the print
(Figure 6a). In transmission images, darker areas correspond to regions that neutrons could
not easily get through (either absorbed or scattered) and the neutron flux attenuation is
higher. Assuming that the process parameters were fixed throughout the process, one factor
that could be different between the bottom and top layers is the feedstock rod preparation
procedure. Since the dry graphite lubricant is manually sprayed on the feedstock rod by
an operator, the thickness of the graphite layer can be different each time. However, we
have not explored the metallurgical effects of the dry graphite lubricant in the deposited
material and its impact on the transmission image so far. The bonding between the printed
part and the substrate is incomplete in the flash region, as we expect, mainly because the
substrate is at room temperature and the tool does not have contact with it in the flash
region to warm it up and make a stronger bond.

Figure 6. Interferometry transmission images: (a) 10 mm slab from ingot A; (b) 10 mm slab from
ingot B. The vertical feature is the result of surface roughness, not internal defects. Encircled area
shows the layering structure; (c) 20 mm slab from ingot B (polished half). The interlayer regions
are clearly visible in this image and shown with arrows. This snapshot shows 11 deposited layers,
denoted on the image (Layer 1, L2, . . . L11).
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3.2. Ingot B: 10 mm Slab

The layering structure is revealed in the transmission image, especially in the flash
regions (Figure 6b). The visual inspection of the physical sample confirmed that the vertical
line visible in the image is because of a surface defect on the sample as a result of the cutting
operation and is not relevant to the internal features.

3.3. Ingot B: 20 mm Slab

The 3D nCT results for this sample are not presented due to the low signal-to-noise
ratio. However, in the 2D transmission image, the interlayer regions are more noticeable
(Figure 6c). The intensity of dark areas shows two periodic patterns. For each layer, a faint
dark line is visible in the interlayer region. More interestingly, the dark regions get more
intense (darker) between each two layers (especially under the tool). Since the slabs are cut
from one end of the original ingot, the temperature of the layer underneath can be different
depending on the spindle transverse direction and its position related to the entire part.
In Figure 6c, the dark regions are denoted with arrows. More specifically, these regions
are located between Layers 2 and 3, Layers 4 and 5, Layers 6 and 7, Layers 8 and 9, and
Layers 10 and 11.

The general overview of layer deposition using AFS-D is illustrated in Figure 7. At
the beginning, the spindle deposits a hot layer of material on the cold substrate. In all of
our experiments, layers were deposited in a continuous back-and-forth manner. Therefore,
once the first layer is deposited, it takes a while for the spindle to come back to the same
location and deposit the next layer. This delay gives the previous deposited layer some
time to cool down. In this case, a hot-on-cold layer deposition will occur (Figure 7a).
The longer the block, the colder the bottom layer will be with the same traverse speed.
This temperature difference becomes even larger when the process stops for reloading the
feedstock magazine. Subsequently, when the spindle returns, there is not enough time for
the previous layer to cool down right at the beginning and the beginning of the return
course will be a hot-on-hot layer deposition (Figure 7b). This phenomenon could be one
possible explanation for seeing alternating intense dark regions for each two layers in the
transmission image.

Figure 7. Layer deposition schematic figure: (a) hot-on-cold deposition, (b) hot-on-hot deposition.
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Another possibility is the lubricant being trapped between the layers. Commercial
dry graphite lubricants contain acetone (propanone: C3H6O), hydrocarbon propellant
(LPG: C3H8), dimethyl carbonate (C3H6O3), and graphite powder (C) [31]. Despite the
commercial name, only 1–5% of the lubricant weight is graphite powder and the rest is
hydrocarbon-based compounds. Visual inspections of the lubricant being sprayed on the
feedstock rod show that the liquid solvent evaporates when sprayed on a non-absorbent
surface, leaving a dark graphite layer on the surface. The evaporation process will occur
even faster at elevated temperatures. In the back-and-forth deposition process, some of the
hydrocarbon-based content will evaporate before the deposition of the next layer. However,
the immediate deposition of the next layer may decrease the time needed for evaporation
and entrap the lubricant between the layers. This phenomenon can be vividly detected in
the neutron transmission image due to hydrogen’s large cross-section in neutron beams.

Moreover, these intense dark areas exist only under the spindle protrusion structures,
which underpins the temperature effect assumption even further. The transmission images
taken from the internal rods also support this finding (Figure 8). The dark regions are more
visible in rod N3, which is under the spindle protrusion structures.

Figure 8. Transmission image of internal rods (ingot B); intense dark regions between every two
layers are encircled.

Comparing Figures 8 and 9a, it can be stated that both bar N3 from ingot B and the
Group II tensile test specimen are under the tool protrusion areas and their location relative
to the tool is almost the same. The same statement can be repeated for bar N2 and the
Group I tensile test specimen. Based on the stress–strain curves shown in Figure 9b, dog
bone samples from the flash region (Group III) show the lowest strain-to-failure value,
which is in correlation with the presence of dark regions between the deposited layers. The
considerable drop in the strain-to-failure value in the Group III region could be a result of
being flashed out of underneath the tool and consequently the lack of vertical compressive
force during deposition and weak interlayer bonding.

According to Figure 9a, the Group I region is exactly under the spindle axis of rotation
and the Group II region is under the protrusion tools. The intense dark regions visible
in Figures 6c and 8 are mostly distributed in Group II regions. The mechanical tensile
testing results shown in Figure 9b suggests that the dark areas contribute to the lower
strain-to-failure values of the regions underneath the protrusions. In particular, the average
strain-to-failure value for area II has dropped from 0.31 to 0.26, which indicates a 14%
decrease from the central region (area I).

Figure 10 shows the morphology of fracture surfaces after tensile tests for the samples
from Groups I, II and III. A larger fracture surface area reduction is observed for the Group
I and Group II samples than that in the Group III counterparts (Figure 10a–c), which is
in good accordance with the engineering stress–strain curves shown in Figure 9b. The
tensile test dog-bone samples from Groups I and II underwent clear necking processes
(tensile stress dropping before fracture in Figure 9b), indicating good ductility. However,
for Group III samples, the stress–strain curves mainly rose before fracture, which indicates
that the samples mainly underwent the strain-hardening process without going deep
into the necking process. To gain a better understanding of the tensile behaviors, facture
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surface morphologies with higher magnification were evaluated, displayed in Figure 10d–f.
Compared with the obvious dimple structures observed in the Group I and II samples,
the dimples on the facture surfaces of the Group III samples are significantly smaller and
their depths are clearly shallower, indicating inferior ductility. With close observation, the
dimple structures on the Group I sample fracture surface are slightly larger and deeper
than those on the Group II samples, which corresponds to the slightly better ductility for
Group I samples shown in Figure 9b.

Figure 9. Tensile testing results of a slab from ingot A [6]. (a) position of the dog bone samples in
the slab: Group I is in the middle, Group II is under the tool protrusion, and Group III is in the
flash region. The gauge cross section of the specimen is 2 mm by 2 mm. (b) Stress–strain curve of
each Group.

Figure 10. The SEM images showing the fracture surface morphology of dog-bone samples after
tensile tests. (a,d) Group I, (b,e) Group II, (c,f) Group III.

4. Conclusions

In this paper, neutron imaging is used for the nondestructive evaluation of large Al
6061 samples fabricated using Additive Friction Stir Deposition, commercially known as
the MELD process. The following items summarize the outcome of this paper:
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• The neutron beam proves to be effective in revealing the layering structure due to its
high penetration range into aluminum, with 80% total transmission in a 20 mm slab.

• Signs of hydrogen contamination are observed in the fabricated part, which are most
likely due to the hydrocarbon-based lubricant used during the deposition process.

• These contaminations correlate with the mechanical properties of the as-fabricated part
and the areas with higher contamination density show a 14% lower strain-to-failure
value in tensile testing experiments.

• The nature of the contamination and its relationship to the feedstock preparation
procedure, processing parameters, and mechanical properties need to be further
studied in the future.
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