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In this paper, we propose a process inspection framework for metal additive manufacturing
(AM) processes. AM, also known as 3D printing, is the process of joining materials to make
objects on the basis of 3D model data and is envisioned to play a strategic role in maintaining
economic and scientific dominance. Different from conventional manufacturing methods,
the AM process is a point-by-point and layer-by-layer manufacturing. Thus, there are many
opportunities to generate a process error that can cause quality issues in an AM part. A
systematic AM process inspection is needed to yield acceptable performance of the part. The
critical parameters that may affect the part quality are identified before processing, during
processing, and after processing. The framework of the initial AM process inspection is
presented. By using basic sensors, such as a microhardness tester and profilometer, we can
obtain critical information about an additive manufactured part.

1. Introduction

Rapid prototyping and 3D printing emerged in the United States in the 1980s, and many
innovations concerning new materials and new manufacturing processes as well as new
equipment have been constantly developed. Rapid prototyping technology has been in existence
for many years. American Society for Testing and Materials (ASTM) formalized the term “additive
manufacturing” (AM) technology in 2009. AM technology can quickly convert a computer
model of a part into a net-shape physical part. The heating renders it into a molten state and
then various layers are printed to produce a workpiece. 3D printing technology is now widely
used in various industries. At present, there are several commercial metal AM technologies, as
follows.

Selective laser melting (SLM) is an AM technique in which the metal to be processed is in
a powder form that is spread over a build platform as a thin layer using a wiper. A fiber laser
melts the fine metal powder into metal parts. A computer-aided design (CAD) 3D file and an
SLM planner dictate where melting will occur. This process must be completed in a workspace
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filled with inert gas under precision-controlled pressure. Common materials include stainless
steel, cobalt-chromium alloy, titanium metal, and aluminum. Although the strength of the
finished product is slightly inferior, the disadvantage that the structure at the welding point is
easily damaged can be avoided because the welding procedure is omitted.

Selective laser sintering (SLS) is similar to SLM in that the characteristics of the resulting
objects are significantly different. Whereas SLM is only accomplished by melting followed by
solidification by cooling, SLS is formed by sintering, and the grain structure and porosity of the
finished product are different from those of the original powder. SLS can also yield non—fully
dense metals, but it is mostly used for plastics. Since this paper is about metals, we will not
discuss it further here.

Directed energy deposition (DED) covers a range of terminologies: laser-engineered net
shaping, directed light fabrication, and direct metal deposition. DED uses the material in wire
or powder form. It utilizes focused energy (either an electron beam or a laser beam) to fuse
materials by melting as the material is being deposited from any angle.(l) The nozzle through
which the material is deposited is typically mounted on a five-axis arm. Then the deposited
material is melted by a laser or electron beam. The material is added layer by layer and
solidified, creating or repairing new material features on the existing object.

These technologies were used extensively in aerospace and other industries. For some
period of time, some companies have been experimenting with laser welding equipment on
motion stages and using them to construct near-net-shape geometries.

AM technology offers a distinct manufacturing method that can provide a fast turn-around
method of manufacture directly from a CAD model. For example, the SLM technology allows
the production of parts from various metal materials by selectively fusing metallic powder
material. The resulting static mechanical properties are generally comparable to those of

conventional process materials, such as stainless steel and hot-work steel,(2’3) aluminum,(4’6)

titanium,”) and Ni-based materials.®?

AM can be used to quickly fabricate and join parts, fixtures, and tools with complex
geometry. However, one major issue of AM is the lack of control of the part quality. The
challenges in the AM process quality include consistent manufacture of the correct part
geometry and of parts with the intended material properties. These inconsistencies are
caused partially by the very high heating and cooling rates, and the resulting nonequilibrium
microstructures and high residual stresses. The quality issue can be further compromised by
inappropriate material input and process parameter selections. These metal AM processes have
high heating and cooling rates, which results in excellent adhesion through the metallurgical
bond between the coating material and the substrate. To investigate the process parameters,
extensive testing, such as tensile and fatigue tests, of the produced samples may be needed.
However, these tests are very time-consuming and costly. In this paper, we outline a systematic
strategy for AM process inspection and summarize the initial test strategy using nondescriptive
methods, such as hardness and surface roughness tests, to provide a quick initial assessment of
the produced samples.

In this paper, we describe the interrelationships among various parameters. Depending on
the applications, the identified parameters can be used for online or offline inspections using
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various sensor technologies. The online inspection is technically more challenging. Thus
offline inspection may be the first step in the calibration of the parameters. For example,
from the sensors, such as a microhardness tester and profilometer, we can obtain the hardness
and surface finish of the part. Along with the process parameters and the interrelationship
discussed in this paper, we can fine-tune these parameters. Once the nominal set of parameters
are set, we can then proceed with online sensors for in situ process monitoring and control. For
example, various parameters related to energy density can be monitored by online sensors, and
control can be carried out for abnormal situations, such as when depositing material on an edge
or a corner. The parameters can be adjusted in accordance with the energy density equation.

2. Effect of Input Parameters on AM Processing

Many parameters affect the AM process and they can be divided into four categories: (1)
laser-related parameters such as laser power, beam quality, spot size, laser frequency, and
angle of incidence; (2) parameters related to scanning, such as scanning speed, scanning
pitch, scanning angle, and scanning pattern; (3) powder-related parameters, such as powder
material, grain shape, surface morphology, particle size and distribution, bulk density, and layer
thickness; and (4) environmental parameters, such as powder temperature and uniformity, flow
field distribution, and oxygen concentration.

3. Energy Density

The above phenomena can be better expressed as energy density. Energy density is the
amount of energy stored in a unit volume:®

E—densityz% (J/mm3). )

scan “‘Layer

In Eq. (1), Praser 1S the laser power, vy, is the scanning speed, % is the scanning distance, and
fLayer 18 the thickness of the powder layer.

The energy density affects many aspects of metal deposition, including the porosity of the
part. Insufficient energy density or too much energy density will yield poor deposition, such
as porosity. Insufficient energy will result in lack of fusion and poor part quality. Too much
energy will cause a balling effect or a keyhole effect, and thus may also result in porosity and
poor surface quality. Inspecting the surface finish and hardness of the part may reveal whether
the energy density is properly applied.

4. Surface Roughness
Surface roughness is a component of surface texture. It is measured by the deviation in the

direction of the normal vector of a real surface from its ideal form. Surface roughness is also
a local property of a part. However, since it is a nondestructive testing method, there is much
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data that can show the real quality of the additive manufactured parts. There are many different

roughness parameters being used, but amplitude parameters or Ra is a common representation.

Amplitude parameters describe the surface on the basis of the vertical deviations of the

roughness profile from the mean line. In metal AM, the surface roughness of the deposited

part could be affected by the point distance, hatch distance, surface balling, staircase effect, and
powder size distribution, for example. By isolating some parameters, certain parameters may
be revealed from the surface finish as follows.

(1) Point distance: Figure 1 shows the point distance of a powder bed AM process. For the AM
process with a pulse laser, the point distance is the distance between two pulses. When the
point distance is small, similar to a continuous laser, the surface roughness can be improved.
Increases in point distance lead to increased surface roughness. In a 316L powder bed
process, the surface roughness was primarily affected by point distance, with increased point
distance resulting in increased surface roughness (Ra) from 10 to 16 pm.!?

(2) Hatch distance: Figure 1 also shows the hatch distance of an AM process. Hatch distance
can determine the overlap percentage between two deposition tracks. Figure 2 illustrates
the impact of hatch distance on surface roughness.(”) When the hatch distance is large,
as shown in Fig. 2(a), there may be a cavity between two tracks. Thus, the surface may be
rough. When the hatch distance is reduced to the proper distance shown in Fig. 2(b), the
cavity may be greatly reduced to nearly flat. Thus, the surface may be smooth. When the
hatch distance is further reduced, as shown in Fig. 2(c), the material may accumulate as a
lump. Thus, the overall surface may become rough again.

(3) Surface balling: During the metal deposition, precise process control is needed. The high
temperature gradients and densification ratio during the process yield the risk of balling
formation in the melt pool, thereby resulting in a rough deposited surface. However, the
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Fig. 1. Deposition tool path of a pulse laser in a powder bed AM process.(“)
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Fig,2. (Color online) Illustration of effect of various hatch distances on surface roughness.
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adverse effect of low temperature may result in breaking up the liquid scan track during
deposition and produce particles of spherical shapes. Thus, surface balling is apparent at
both low and high laser energy densities. Both cases will result in a rough surface finish.

(4) Staircase effect: As shown in Fig. 3, the large thickness of slices in AM often produce rough
surface quality owing to the staircase effect on the side surface of the component.

(5) Powder size distribution: Powder particles of various sizes, especially fine particles,
are needed to optimize the part properties, such as part density, surface roughness, and
mechanical strength.®) Similar results have been reported, that is, a fine powder granulation
generally leads to better density and surface qualities than does a coarse material.1?)

5. Hardness Test

Hardness is the degree of how resistant a solid material is to shape change when a
compressive force is applied. Many hardness tests exist, in which the material is indented
until an impression is formed. These tests can be performed on a macroscopic or microscopic
scale. It is a local material property and is typically not considered as a fundamental material
property. However, since hardness is dependent on many other material properties, such as
elastic stiffness, plasticity, strength, ductility, strain, toughness, viscoelasticity, and viscosity, if
measured by a proper procedure, it may reveal much material information. The surface finish of
an object does not have an effect on the hardness measurement if only the indentation is larger
than the surface roughness. Since the hardness test is a nondestructive evaluation method, it
can provide a very effective and economical first assessment of the material properties in AM.
In general, hardness is related to microstructure, composition, grain size, and porosity.

(1) Material composition

Hardness is related to material composition. Thus, each material reveals a different hardness
value. For example, direct fusion joining between two alloys, titanium alloys, and stainless steel
can cause brittle Ti-Fe intermetallics, which compromise the mechanical properties of diffusion
bonds. Vickers hardness tests were conducted for materials from TigAl4V to SS316. The result
of this direct metal deposition study is shown in Fig. 4. The hardness of the near-interface
region is much higher than that of the base alloys on both sides. It is demonstrated that the
compounds near the crack region have poor plasticity. During deposition, a crack is generated
just under the action of a very small thermal stress. From the hardness distribution in Fig. 413

Fig. 3. (Color online) Staircase effect on side surface roughness of the component.
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Fig4.  (Color online) Vickers hardness distribution along the deposition of TigAl;V and $S316.19

we found that hardness remains approximately constant for the TigAl4V substrate, then starts to
increase close to the crack region, and reaches the maximum of 1130 Vickers hardness number
(VHN). The perforative crack appeared at this location. The hardness distribution in Fig. 4
illustrates that the formation of intermetallic phases is the primary cause of the failure when
stainless-steel powder is laser-deposited directly on a titanium alloy substrate. This is a good
example of using hardness to reveal parts of varying compositions.
(2) Grain size

Resistance to plastic deformation is an important grain-size-related property of metals. One
of the simple measures of this resistance is the hardness test. The Hall-Petch relationship 4!
describes the linear relationship between the hardness A and the grain size d as

1
H=H,+KHd 2. @)

Here, Hy and KH are hardness constants. This equation expresses the fact that the finer the
grain, the harder the material, unless the grain size is much smaller (less than 10 nm or so).

It can be used to predict the properties of several different materials, such as metals,
ceramics, intermetallics, and polymers. There is a direct grain size effect on ductile fracture,
although there is certainly an indirect effect of grain size on strength.

Since yield strength is proportionally related to hardness, the Hall-Petch equation has been
expressed in terms of yield strength as!'®

1
oc=0y+Kyd 2, G

where g and Ky are yield constants.
Since grain size will also affect other strengths, such as fatigue, the fatigue strength is often
treated as varying with grain size in the same manner.!®)
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Another important factor in the metal deposition process is the cooling rate. The greater
the temperature difference, the quicker the phase transformation tends to occur. Thus, a higher
cooling rate will result in finer grains.

During metal AM process development, often an optimal set of process parameters is
needed. In this case, the input powder material is very similar. Thus, the composition is similar
between batches. Therefore, the hardness of the deposited samples, if strategically measured,
can be used in the first screening of the quality of the deposited samples. Harder material
samples could result from smaller grain size or higher density.

Figure 5 shows the variation of deposition microhardness with scan speed for 316L stainless
steel laser-deposited directly on ASTM 4340 steel with a (1) laser power of 940 W and powder
flow rate of 3.6 gpm; (2) laser power of 760 W and powder flow rate of 3.6 gpm; and (3) laser
power of 760 W, powder flow rate of 5.3 gpm. It is relevant that the fabricated deposition
hardness increases with increasing scan speed. This is mainly due to the short interaction time
between the laser and the powder. A comparison of the plots in Fig. 5 shows that, in the range
of the presented parameters, when the powder flow rate decreases, the deposition hardness
increases. In the single-layer deposition, the high cooling rate may be attributed to the high
surface-to-volume ratio. The high cooling rate can cause the refinement of the grain size, thus
increasing the deposition hardness. It could be concluded that in the presented range of laser
cladding parameters, a higher scan speed and a lower powder flow rate should be chosen for
improved hardness.

(3) Porosity or density

Since the hardness is an indicator of resistance to plastic deformation, it is closely related to
the porosity or density of the material. In metal deposition, porosity generation is mainly driven
by two factors, the gas trapped during solidification and the lack of fusion. Total porosity is
found to be a strong function of laser energy density. At low laser energy density, porosity
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Fig. 5. (Color online) Variation of microhardness of laser-deposited 316L stainless steel on ASTM 4340 steel with
scan speed.
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is high and decreases as laser energy density increases, only to increase again with further
increase in the laser energy density. If the solidification velocity of the melt pool is higher than
the gas exit velocity, gas can become trapped inside the deposited material. The lack of fusion
might be due to insufficient power to melt the powder or too much powder. In general, the
porosity causes the hardness, tensile strength, and fatigue strength to decrease.'”'® In other
research,'”) material hardness reached a maximum of 225 HV at 125 J/mm? and was related to
the material porosity, with increased porosity leading to decreased material hardness.

6. Discussion

Both hardness and surface roughness tests are tests of local material properties. However,
since they are nondestructive testing methods, if properly planned, they could be used to
reveal some important information in metal AM. In other words, if hardness and surface
roughness tests can be performed to cover most of the samples, they could be used for the initial
assessment of the samples during a similar metal deposition process before destructive methods,
such as tensile or fatigue tests, are carried out.

For example, if the same material is used for an AM process and only some process
parameters, such as laser power and scan speed, are varied in the processing, the hardness tests
can reveal which process parameters can yield finer grain size and/or higher density. This is
because the material composition can be assumed to remain the same. The surface roughness
tests may show the differences between batches in the surface balling effect, since the rest of the
factors, such as the point distance, hatch distance, staircase effect, and powder size distribution
can be assumed to be similar. If the standard or optimal point distance, hatch distance, and
powder size distribution for a specific deposition can be used in testing the scan surface of
the sample, then the surface finish can provide more in-depth information about the balling
effect. When the energy density is too low or too high, the surface balling effect is likely to be
in effect. Thus, it is feasible to use this strategy to optimize the parameters to reduce surface
roughness. Once the basic parameters are optimized, more process variables can be applied,
and both the hardness and surface roughness can be used to conduct an initial assessment.

7. Conclusions

In this paper, we proposed an initial testing strategy for parts produced by metal AM
processes. The apparent part properties, such as surface roughness, density, and hardness, can
be used for the initial assessment of the deposited part. From the first-order estimation, the
surface roughness, density, and hardness of the part are related to some key process parameters,
such as energy density and track overlap. In addition, the part hardness is related to the cooling
rate during AM processing, the part density is related to powder packing density, and the surface
roughness is related to powder grain size. In this paper, we described the interrelationships
among various parameters. Depending on the application, the identified parameters can be used
for online or offline inspections using various sensor technologies. With the knowledge gained
from this work, by using basic sensors, such as a microhardness tester and profilometer, critical
information about an additive manufactured part can be obtained can be obtained.
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