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ABSTRACT
An integral part of producing titanium parts by additive manufacturing (AM) is providing test data that
demonstrate the quality, uniformity, and consistency of the products. Typically, chemical, mechanical,
physical, and metallographic tests are performed to ensure parts meet or exceed the expectations and
requirements of each application. Each test discipline provides unique information on the properties and
expected behavior of the AM produced parts. The contributions of metallographic testing on quantifying
some of the attributes of the parts are discussed in this paper. The microstructural constituents of internal
porosity, nonmetallic inclusion content, and surface texture are evaluated and discussed. Light optical
microscopy using automated image analysis (IA) and stereomicroscopy techniques are employed in this
analysis.
INTRODUCTION
Many test methods are used to characterize parts produced using additive manufacturing techniques. This
extensive testing is required to ensure the products meet, and in many cases, exceed the expectations of
the AM customer and end-user. Often, multiple tests are performed on the same parts to ensure
conformity to specifications that have been agreed upon by both the manufacturer and customer.
Examples of these testing schemes include combinations of mechanical, physical, chemical, magnetic
(where applicable with the alloy type), X-ray (CT scans), metallographic, and others. The information
obtained through each test is often unique and may be unavailable to other methods, thus the need for
multi-disciplinary testing. This thorough testing also provides data and information that contribute to a
more complete understanding of the parts, their manufacture, and suitability to the intended application.
The present paper concentrates on the contribution of metallography to the process of generating
information that helps ensure the parts perform as designed and expected.
Metallographic testing is primarily a collection of visual and imaging techniques. Consequently, samples
must be prepared and preserved with the utmost care to ensure accuracy in their appearance. When
analyzing cross-sections, the best possible sample preparation practices of sectioning, mounting, grinding,
polishing, and etching must be followed to make certain what is examined is the true microstructure and
not one created through faulty preparation practices. Analyzing surfaces, such as part faces, edges, or

those caused by fracture, requires these areas be protected from damage to guard against examining
features created by careless handling. The genuine microstructure or surface must be examined and not
one altered through poor preparation or negligent handling.
The metallography used in this paper incorporates examples of both metallographically prepared crosssections and unprepared sample surfaces. Specifically, as-polished surfaces are evaluated utilizing light
optical microscopy and automated image analysis to reveal and quantify defects and nonmetallic
inclusions in prepared cross-sections. In addition, stereomicroscopy is used to visualize and quantify the
textures and irregularity of part surfaces.
EXPERIMENTAL PROCEDURE
Automated Image Analysis
Stereological or quantitative microscopy techniques are commonly used to evaluate the characteristics of
microstructural features in metallographic specimens. One of the most effective tools used to accomplish
this task is automated image analysis. The automated system is typically composed of a light optical
microscope equipped with stage automation (x, y, and z directions) and a computer with software capable
of operating the devices on the microscope and performing measurements through the use of well-planned
and developed analysis routines or programs. The system used in these experiments was a combination
of an automated Nikon inverted microscope and computer software designed by Clemex, Inc. (Longueuil,
Quebec, Canada). In planning and designing a program to acquire particular information using an IA
system from a prepared cross-section, decisions on sample preparation must be made prior to testing to
specify where to remove the section from the bulk sample and the surface condition required for testing.
This also includes whether, after removal, the cross-section should be encapsulated in a metallographic
mount. Once these details are finalized, a grinding and polishing sequence is required to reveal the true
microstructure. This preparation procedure is influenced by the material type and microstructure. In
most cases, each material and alloy type requires a specific preparation strategy. Titanium, aluminum,
stainless steel, low-alloy steels, etc., all require a different set of grinding and polishing practices and
usually, the consumable materials to create cross-sections showing the representative microstructures.1-3
Once prepared, the samples are ready for evaluation using the automated image analysis system. When
planning a testing program using the automated system to quantify features such as nonmetallic
inclusions, choices must be made on which microstructural constituents are important and how the digital
image should be processed. Usually, as in the case of the inclusion testing, the gray level or color of the
features determines which are selected for analysis and consequently, which will be detected and
separated from the global microstructure for further processing. With proper sample preparation and
microscope illumination, these features can be detected consistently from sample to sample and processed
for measurement. After detection, the chosen features often undergo image transformation where
detected neighbors located within a predefined linear distance are joined and considered as a single
feature. The concept of joining detected features located within a specified distance is used for two
reasons. Multiple nonmetallic inclusions are sometimes entrapped in a single metallic powder particle or
a single large inclusion can be fragmented during part manufacture and form multiple smaller inclusions.
Although the system ‘sees’ multiple features, when stressed, they will most likely behave more as a single
large inclusion and not as the separate, closely spaced, smaller inclusions detected in the cross-section.

As an example of this joining, ASTM Standard Test Method B796 describes the procedure for
determining the Nonmetallic Inclusion Content of Ferrous Powders Intended for Powder Forging (PF)
Applications.4 Within this standard, the microscope magnification, features to be detected, separation
distances for joining near-neighbors, and the required measurements are all defined. The joining
distances used for two measurement types are 15 and 30 m, which were determined after considerable
experimentation with pore-free powder forged specimens.
While the aforementioned ferrous PF test method (ASTM B796) has been in effect for >25 years, there
are no equivalent procedures for quantifying the nonmetallic content in titanium parts, even though the
titanium AM parts contain both nonmetallic and metallic inclusions and possibly porosity or
manufacturing defects. Thus, without a current standard method describing the process for defining and
measuring these features in the Ti-based parts, the criteria in B796 have been adopted as the basis for the
IA computer program used in these current evaluations.
An illustration showing the application of this spacing requirement can be seen in Figure 1a, where a
nonmetallic inclusion has apparently been fragmented through melting and solidification. The resulting
image shows three separate inclusions, designated 1, 2, and 3, rather than one. Without joining the
individual features after gray level detection, the IA system would treat them as three inclusions.
However, using the joining distances defined in B796, the three features are combined to form one
inclusion for measurement. The distances required to connect the three individuals are shown as the red
lines in Figure 1b and are within the 30 m distance used for inclusion definition.
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Figure 1. A nonmetallic inclusion separated into three segments, numbered 1, 2, and 3, is seen in the ‘a’
image. The red lines in the ‘b’ image illustrate the separation distances that are joined during image
transformation.
One of the problems with performing automated image analysis on the combination of nonmetallic
inclusions and voids is they both reflect little or no light. With the optical system dependent on reflected
light to illuminate and reveal the features, details of dark gray or black features appear nearly the same
and the system cannot reliably distinguish between multiple types of dark features. One technique used to
separate these features is to sputter a thin, reflective, metallic coating on the polished surface to make all
features on the surface, including the nonmetallics, reflective while the void space remains dark. This can

be seen in Figure 2, where the ‘a’ image shows the as-polished appearance of dark features that are
combinations of nonmetallics and voids. The ‘b’ image shows the same field after coating with a
sputtered Au-Pd layer, where the nonmetallics are now reflective and emphasized with arrows. Using this
technique, samples can be analyzed and the inclusion content separated from the defects or porosity.
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Figure 2. A combination of dark nonmetallic inclusions and void space is seen in the ‘a’ image,
illustrating the difficulty in separating them during IA. Arrows indicate inclusions coated with the Au-Pd
layer that are now reflective in the ‘b’ image.
In addition to the nonmetallic inclusion testing of pore-free ferrous PF compacts, other IA techniques
have been used successfully to quantify microstructural features in parts made from a variety of alloys
and by different manufacturing processes. These include estimating and characterizing pore content,
measuring feature sizes and size distributions, determining relative shapes, feature locations, inter-feature
distances, and many others. Some of these applications have been adapted for use with the AM materials,
with others certainly to be developed in the future.
Stereomicroscopy
Visual inspection with a stereomicroscope relies on viewing the specimen from two directions to see the
apparent three-dimensional or high depth-of-field image. This appearance is possible because the
microscope is fitted with binocular viewing, which allows the use of two receptors, our eyes, to provide
live imaging at an angular separation of the same field. This is known as parallax. However,
photographing non-planar subjects, such as a part or fracture surface, using a stereomicroscope usually
does not produce this same high depth-of-field image because usually only one receptor is used, e.g., the
camera. With one receptor, the microscope image, and consequently the photomicrograph, is in focus at
only one plane. This is illustrated in Figure 3 where the surface of an additive manufactured part was
imaged using one camera at two height or z-positions. The x and y locations of the field are unchanged
and, due to the change in z-position, the in-focus regions of the two images are different.
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Figure 3. Surface of an AM part imaged at two z-position. The ‘a’ image is at the highest z-position and
the ‘b’ image with the z-position reduced.
A solution to this depth-of-field problem is found by acquiring images at different heights using an
automated stereomicroscope equipped with a digital camera and software capable of combining the
images from multiple consecutive planes into one in-focus image. One such microscope, the Leica M205A, Leica Microsystems (Switzerland), was used in this program. The software responsible for
communication between the microscope and computer, in addition to the image stitching, was Version 4
of the Leica Application Suite.
When acquiring and creating such a high depth-of-field image, the operator uses the z-position
automation to define the high and low z-positions which span the depth required to view the entire image.
As these values are entered into the software, the number of individual images required to create the final
image can be determined by the computer, which will optimize acquisition by defining the number of
images needed to cover the required depth. As an alternative, the number of images or the distance
between successive images can be specified by the operator prior to image acquisition. The number of
images may be as low as ten or as high as several hundred, depending on the distance to be covered or
vertical resolution required.
The motorized focus movement (z distance) of the microscope allows for precise positioning of the infocus plane and the combination of the microscope automation with the software recognition of position
indexes the vertical location of each plane. The computer software then combines the in-focus regions of
neighboring images creating one, in-focus image. The x, y, and z positions of all features in the final
image are archived and available for later use. These montages are often referred to as z-stacks.
RESULTS & DISCUSSION
Automated Image Analysis
The automated image analysis system was used in this study to estimate the numbers, size distributions,
and locations of nonmetallic inclusions and defects in AM parts made from several different Ti-6Al-4V

powders. In developing the routine for this testing, the program and conditions were tailored to fit the
materials with incorporation of some elements from ASTM B796.
In addition to using some of the image transformation concepts from B796, it was recognized the
characteristics of the features being tested can dictate many of the details for use in the test procedure.
For instance, the feature size should determine the microscope magnification, where small features
require a higher magnification to reveal their presence and visual details. The detection of features using
either gray level or color can be adjusted to fit specific features if these traits are unique. In addition,
localized areas were chosen for analysis where required. These areas were selected if they were
particularly difficult to manufacture or if some aspect of their use made them unusual. The automated
capabilities of the system also permitted unattended operation for the analyses, accumulation of field and
feature specific data, and coverage of precise areas where the samples being tested were not standard in
either size or shape.
Operating parameters of the IA system were varied in an effort to find those that characterized the
nonmetallic/defect content most effectively, although it is unclear at this time if these generated data are
what are required with most AM applications. Results from the trials of parts made from three different
Ti-6Al-4V powders can be seen in Tables 1 and 2. These are normalized to the number of measured
features within a particular size range per 100 mm². With all samples, the area analyzed exceeded
100 mm², with >200 mm² examined in many of the samples. The data in both tables are separated by
sample number, size category, and detected feature joining distance. The differences between the tables
are the microscope resolutions used for imaging and the joining distances of the detected features.
In Table 1, a 5x objective lens was used with a resulting digital image resolution of 1.38 m/pixel. The
results show the effects of the joining distances at 0, 15, and 30 m. The latter two are the same as what
is used in B796. With Table 2, the magnification used was doubled with the use of a 10x objective lens
and a corresponding halving of the resolution to 0.69 m/pixel. With the increase in resolution, the
joining distances of the detected features were basically halved to 8 and 14 m, in addition to measuring
the as-detected features.
In an examination of the data from the two tables, it is clear the number1 sample is remarkably different
when compared with numbers 2 and 3. The frequency of measured features is significantly higher within
every size category and in all conditions. Upon visual examination of the sample, it was found to contain
a substantial number of voids or pores in addition to the inherent nonmetallic inclusion content. In
comparison, the parts labeled 2 and 3 were relatively free of void space or porosity.
The inclusions in these powders also seem to be individual features and not clusters or agglomerates
composed of several detected features. Within each size class, the frequency of the joined features,
regardless of joining distance, is only slightly higher than what is seen as the frequency of the as-detected
features alone.
Many of the other observations are somewhat expected. For instance, all samples have significantly more
small inclusions, with the number decreasing as the inclusion size is increased. Further, the frequency
within each size class increases or remains the same as the joining distance is increased.

Table 1. Nonmetallic and Defect Analysis Using a 5x Objective Lens
5x Objective Lens – Resolution of 1.38 m/pixel
Size Range
(m)

10-20

20-30

30-50

50-100

>100

Joining Distance
(m)

#/100 mm²

Sample #
1

2

3

0

100.3

27.6

18.6

15

105.6

28.5

21.3

30

107.7

29.0

21.3

0

24.5

6.3

2.3

15

25.3

6.8

2.7

30

30.2

7.2

3.2

0

8.2

3.6

1.8

15

9.0

3.6

1.8

30

12.2

4.5

2.3

0

3.7

0.5

15

4.1

0.5

30

4.5

0.5

0

0.4

15

0.4

30

0.4

Table 2. Nonmetallic and Defect Analysis Using a 10x Objective Lens
10x Objective Lens – Resolution of 0.69 m/pixel
Size Range
(m)

10-20

20-30

30-50

50-100

>100

Joining Distance
(m)

#/100 mm²

Sample #
1

2

3

0

87.1

19.3

11.1

8

106.8

22.4

16.7

14

143.2

25.5

29.7

0

20.3

6.2

1.2

8

26.2

6.8

1.9

14

33.4

8.1

3.7

0

6.6

1.9

1.2

8

8.4

3.1

1.2

14

10.1

3.1

1.9

0

3.0

0.6

8

3.6

0.6

14

4.2

0.6

0

0.6

8

0.6

14

0.6

In addition to measuring the individual features, the automated system is capable of determining the
location of what has been measured by calculating the geometric centroid or center-of-gravity (CoG) of
each feature. This x,y position is the theoretical balance point for each measured feature. These locations
can be important if what is found, counted, and measured is inherent in the powder and manufacturing
process or if there is a localized problem caused by the manufacturing process. In making an AM build,
depositing a layer of particles in the powder bed and/or the movement of the laser or electron beam can
have localized effects on the built part. Information from the IA system can be collected on feature
locations, which can then be graphed or displayed. As an added benefit, with the locations and size
distributions of the individual features known, chemical analysis using Energy Dispersive Spectrometry
can be performed on examples from each size group and in each location if desired. Figures 4 and 5 show

the CoG locations for all features >10 m in length that were detected in two samples arbitrarily labeled
X-1 and X-2. The measured features are in the as-detected condition (without near neighbor joining).
The grayed rectangular areas within the graphs represent the placement of the two sample areas on the
automated stage. Values on the x and y axes are relative stage coordinates of the automated stage. The
symbols in the legend serve to distinguish the size classes of the measured features and those within the
analyzed sample area are the locations of the individual inclusions or defects found during the analyses.
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Figure 4. Nonmetallic and defect locations within sample X-1. The symbols in the legend denote the
features within the various size categories.
In looking at the distribution of the symbols, the features should most likely be randomly distributed
throughout the cross-section if the locations of the defects and inclusions are caused by naturally
occurring effects. The exception to this could be porosity if gasses are entrapped in the build or through
solidification of the molten layer. However, a distinct clustering or lack of symbols indicates a possible
process-related or unnatural issue. Examples of these situations are seen in both figures. In Figure 4, the
left quarter of the cross-sectional area shows a lack of features >50 m, while the center contains three
red symbols indicating the presence of three defects or inclusions between 100 and 200 m in length. In
comparison, the left quarter of the cross-section in Figure 5 shows the presence of fewer features of all
sizes than the rest of the cross-section, while the right half contains substantially more. It is important to

note the presence of four features >200 m at the far right side of the cross-section with a fifth in the right
side third. The cause of this clustered distribution is unlikely a natural phenomenon and probably
process-related in origin. Other examples are also present, but these were some of the most obvious.
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Figure 5. Nonmetallic and defect locations in sample X-2. As with Figure 4, the symbols in the legend
denote the positions of features within the various size categories.
Stereomicroscopy
The performance of the stereomicroscope has been improved from a simple observation device to one
capable of reproducing and displaying topographic information in various ways. This is due to
enhancements in automation capabilities and in the manner in which images can be acquried and
processed. The z-stack technology described in the Experimental Procedures section is an example of this
technology.
Several examples showing visual representations and vertical distance information are presented as
illustrations of how these techniques can help characterize AM parts. The subject of these illustrations is
the part shown in Figure 6, a verification part produced using an electron beam melting process. The
basic part shape is three rectangles arranged into an inverted ‘U’ with square corners at the top. The top
surface of the part is the last to be formed and is in direct contact with the electron beam. The sides of the

part are indirectly affected by the beam and have little or no contact. Consequently, the appearances and
textures of these two surfaces should be markedly different. The two surfaces, top and side, are used to
demonstrate how the textural information available through use of the stereomicroscope can be utilized.
An area from one side and the top surface were selected for imaging and to show how the magnified
information can be presented. The locations of the two are shown in Figure 6 within the small yellow
rectangles.
Side view
Basic shape when
viewed on end

Build direction

Top view

Figure 6. Electron beam melted AM verification part showing one side and the top views. The build
direction is from bottom, moving toward the top. The areas defined with the yellow rectangles are used
for the demonstrations of utilizing stereomicroscopy to visualize and evaluate surfaces and textures.
Textural information from the side area of the verification part is visualized in Figures 7 through 11.
Each image is a product of the z-stack montage and the information stored during acquisition. A 3D
relief image of the surface is shown in Figure 7, with the source of the information shown in the small
inset image inside the yellow rectangle. The relief image shows the localized surface height variation. In

creating the image, the graph can be turned and rotated to show specific orientations, which can then be
directly compared with other images by standardizing viewing positions and angles.

Figure 7. A 3-D relief map of the side area within the yellow rectangle showing the relative height
distances. The small inset image shows the location of the imaged field within the yellow rectangle.
A vertical montage created from the same z-stack images is presented in Figure 8. The image appears as
viewed from a position perpencicular to the surface. The surface details appear in focus and it is obvious
the surface is irregular, although no vertical information is apparent.

200 m
Figure 8. A vertical montage of the area within the yellow rectangle from the side view.

Using the same montage of the side area, the display of the height information is taken further with
creation and examination of Figure 9, a color contour map. The surface in this map shows various colors
representing the height variability. The legend to the right corresponds to the order in which the heights
are colored, from red as the highest, through to blue as the lowest. The colors representing the various
heights are designated by the software and are dependent on the span of height within the field and not
specific distance variations. The same colors will be used in a later figure with a substantially different
range in height.

Red
Orange
Yellow
Green
Blue
Figure 9. The same image examined in Figure 8 is shown with the features and areas color coded to
represent localized variation in height. Relative height variation is represented by the colors in the
legend, with red as the highest and blue the lowest.
With the variation in height displayed as the color spectrum in Figure 9, it is apparent the location data
from z-stack acquisition can be utilized for further use. In addition to the visual representation using the
contour map, linear measurements between operator-selected points can also be made. The white dashed
line in Figure 10a proceeds through low and high areas of the surface. The graph in Figure 10b shows the
variation in height of approximately 170 m over the >800 m line length.
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Figure 10. Height measurements made along the white dashed line in the color contour map.
Figure 11 is the final texture illustration generated from the z-stack images. It is an anaglyph which
shows the illusion of the 3D appearance when viewed using red and blue glasses. The 3D appearance of
the anaglyph is realized because the information designated for each eye is encoded as either red or blue
and then viewed using glasses fitted with red (left eye) and blue (right eye) filters. This visual result is
similar to what is seen in the microscope when viewing using both eyes.

Figure 11. An anaglyph of the field created from the same z-stack information used in Figures 7 through
9. The red/blue glasses are required for proper viewing.
In contrast to the images of the side surface, Figure 12 is a 3D relief map from the top side of the part.
This area is in direct contact with the electron beam and where melting occurrs. As a consequence, the
texture is much flatter in comparison with the previous figures. Although the local vertical variation is

less, the horizontal, almost parallel movement of the electron beam can be seen as highly reflective
striations . The location of the image is shown in the right image within the yellow rectangle.

Figure 12. 3D relief map of the top surface. This region is in contact with the electron and undergoes
melting during the manufacturing process.

z-axis measurement (m)

The final two figures, 13 and 14, use the same z-stack information as Figure 12 and are illustrations
similar to Figures 10 and 11 from the side of the part. Despite being more uniform in texture, the color
contour map (Figure 13a) reveals a variation in height, with the corresponding color change from red to
blue. This is confirmed by the linear measurement in the graph to the right (Figure 13b). Although the
colors are similar to what was seen in Figure 9, the height distance represented with the same color range
is more compressed since the scale is imposed by the software. The vertical variation is approximately
50 m over the >600 m line length.
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Figure 13. A color contour map with a white dashed linear measurement line. The drop in height is
approximately 50 m from the red to the blue areas as indicated by the white dashed line.
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The red/blue glasses are again required to view the final textural image, the anaglyph in Figure 14. The
surface texture appears similar to what is seen when viewing through the stereomicroscope, with the
highest area on the bottom left and the lowest toward the top middle.

Figure 14. Anaglyph of the part top surface. Red and blue glasses are required for proper viewing.
CONCLUSIONS
Several uses of metallography have been shown to be effective in evaluating selected characteristics of
additive manufactured parts. These techniques utilize the automation capabilities of both an image
analysis system and an advanced stereomicroscope. They also highlight the high importance of sample
preparation and preservation, where it is clear the best practices must be followed to ensure what is
selected for measurement is an integral part of the microstructure and not created by careless practices.
Automated image analysis techniques were used to quantify features such as nonmetallic inclusions and
defects in AM parts and test pieces. These analyses provide information on the size and location of
individual features-of-interest. The computer program created for these analyses can also give
information on field-specific measurements in addition to distributions of whatever data are generated.
With the correct sample preparation methods followed to evaluate the as-polished cross-sections using an
IA system, further treatment of the surface appearance through the use of a translucent sputtered metallic
coating can help reveal the differences between nonmetallic inclusions and defects or porosity. This
allows for descrimination between the void space and non-reflective features through the deposit of the
reflective coating on the inclusions. This technique can help separate manufacturing flaws from
impurities inherent in the powder mixture.
Being able to distinguish nonmetallics from voids is important and the added benefit of knowing the
location of the features helps determine where possible manufacturing problems exist. Coordinates of

measured features can be graphed to reveal clustering or the lack of features, which could indicate where
possible manufacturing issues are located.
The use of automated stereomicroscopy can be effective in visualizing and measuring variations in
surface texture on AM part surfaces and edges. Images showing the relative 3D surface appearance can
be generated through the acquisition of multiple, equally spaced images and the creation of a single infocus image known as a z-stack. In addition to these images being used for viewing, data on the x, y, and
z feature locations are acquired from the microscope automation and stored for various visual and
measurement representations.
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