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ABSTRACT

This research activity was initiated to better assess the capacity for traditional

nondestructive testing (NDT) approaches to ascertain the defects inherent to

materials fabricated through a directed energy laser additive manufacturing

(LAM) process. A methodology was developed to intentionally seed defects in

300M steel specimens through intermittent modification of fabrication

parameters. Several 300M steel specimens were fabricated and the concentration

of defects or bulk density was characterized using optical microscopy and

variations of the Archimedes’ principle. Specimens were then evaluated using NDT

(radiographic testing, ultrasonic testing). Results show that by using n-hexane as

the displacement liquid, the Archimedes’ principle was found to have repeatability

in density values of 0.1 ± 0.1 %. The results reveal the unique defects produced

through the LAM process and the limitations for conventional NDT techniques to

adequately detect defects in LAM materials. Ultrasonic testing was found to be a

promising tool for assessing the LAM defect distribution. Future work will focus on

LAM alloys with higher densities and relate microstructure and defects to overall

material performance.
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Introduction

Additive manufacturing (AM) is an emerging disruptive technology that is expected to

revolutionize material and product fabrication on a global scale and have an impact

on industrial competitiveness and national security. This is primarily due to the inherent

flexibility of the fabrication process to produce structures with radical geometries and

unique microstructures. The complexity of the fabrication process leads to the safeguard-

ing of the intellectual property by manufactures and developers. Many AM fabrication

systems operate as a ‘black box’ with limited user access to and control of build parameters,

making post manufacturing certification and qualification challenging.

AM alloy fabrication processes in the most general sense employ directed energy

(e.g., laser or electron beam) to bind/fuse feedstock materials (e.g., powder, rod, or sheet)

to produce a predetermined geometric form. The selection and variation of the energy and

build parameters offer flexibility in the product form and engender unique microstructures

and defects or flaws that are unlike those found with other fabrication approaches. This

becomes more significant under nonideal fabrication conditions, whereby defects such as

porosity, lack of fusion voids (LOF; layer and cross-layer), and microcracking may be

commonplace. LOF voids indicate poor bonding between the AM layers, and like micro-

cracking, affect the tensile properties and fatigue life of the AM material [1]. The presence

of larger pores can act as stress concentrators and serve as potential crack initiation sites.

Full density alloys are required for high tensile or high torsional stress applications, such as

those experienced by first line military parts, to minimize part failure during service [2].

The intentional seeding of defects in specimens should be a common practice for

material quality assurance, nondestructive testing (NDT) guidelines, and obtaining

mechanical properties for performance and safety standards [3]. One key criterion is that

the seeding process must accurately produce the natural flaws that are known to occur

from the actual fabrication process [4]. The ideal defect may be created through the modi-

fication of fabrication parameters in a systematic way, as opposed to artificial defects that

may be produced via saw cuts or machined slots. The challenge with artificial disconti-

nuities (side-drilled holes or flat-bottomed holes) is that the size, distribution, and mor-

phology of the defect are not representative of naturally occurring defects [4].

A natural defect is more representative of a real AM part and is likely to produce a

more realistic measurable change in material properties. The inherent flexibility in the AM

processes is ideal for intentionally seeding defects into materials in a very controlled man-

ner. In particular, laser additive manufacturing (LAM) methods (i.e., laser sintering, laser

melting, or laser consolidation) employ focused laser energy to fuse powder feedstock to-

gether (or to an existing substrate) in a layer-by-layer manner to fabricate a high-density

material. Through the variation of laser power and feedstock parameters, LAM processes

may be employed to create defects and porosity between layers in alloys. For LAM systems,

defects may be intentionally introduced by lowering the laser pulse energy, decreasing the

pulse duration, increasing the laser scan speed, reducing the powder feed rate, or creating

delamination by increasing the laser step-over distance between passes.

The principal concerns with LAM materials are the low surface quality (requires fin-

ish machining), the highly variable residual stresses, and that the maximum density

achieved is typically ∼98–99 % [5]. It is the evaluation of the latter concern that is the

focus of this article. The measurement of bulk density is a versatile and effective method

for quantifying the totality of the defects and quality of AM materials and for comparing

the parts to other manufacturing approaches (e.g., casting and forming). There are a
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variety of techniques for measuring the density in alloys. Slotwinski, Garboczi, and

Heberstreit [6] employed the Archimedes’ principle, a mass/volume approach, and

X-ray computed tomography (XRCT) to examine porosity in cobalt-chrome (CoCr) parts

made using a laser sintering AM system. Porosity results for each approach were similar

and showed local variability of the porosity in each specimen. Spierings, Schneider, and

Eggenberger [7] investigated the accuracy for Archimedes’ method, microscopic analysis

of cross sections, and XRCT for measuring density of 316L stainless steels fabricated using

AM. The mean difference between the density values for a single specimen determined

using a method based on Archimedes’ principle was 0.13 ± 0.01 % for acetone, compared

to 0.36 ± 0.08 % for water [7]. While not statistically significant, Archimedes’ principle was

an improvement on the results using the other two techniques.

Relative to the AM process monitoring, there is relatively little research dedicated to

NDT for certification and qualification AM materials and parts [8]. Waller et al. [9] had

identified the lack of suitable NDT techniques to detect AM defects as one of the most

significant challenges to the acceptance of parts made through the AM process. There is a

gap in knowledge related to the defect type, effect of defects, and the detectability limits for

conventional and advancing approaches. The characterization of the size, geometry, and

distribution of defects in AM materials is the driving force for the development of new

NDT techniques. XRCT, radiographic testing (RT), and ultrasonic testing (UT) were iden-

tified as the more promising NDT methods for the characterization of internal defects

[8,9]. XRCT has the capacity to image and distinguish defects in alloy specimens including

density variation, pores, voids, and cracking. It enables the quantification of the size,

morphology, frequency, and distribution of the defects as small as 10 μm (depending

on instrument, analysis approach, and material size/geometry) via a sphere equivalent

diameter (or similar) algorithm [10]. Although XRCT has the capacity to image the

interior of specimens or parts and presents the data as a three-dimensional rendering,

it is not portable, it is slow, and requires specimen preparation (resolution is affected

by material thickness/size)—so it is not truly an NDT method. UT methods may also

require surface preparation depending on the initial surface quality. RT and UT are port-

able, faster, and less expensive than CT. Research into RT is needed to determine its capac-

ity to resolve micron-sized (<200 um) defects. Researchers have identified relationships

between UT signals (e.g., pulse-echo, through-transmission, and immersion) and porosity

[2,11]. Slotwinski, Garboczi, and Heberstreit [6] had described a linear relationship be-

tween the UT pulse-echo velocity and the degree of porosity down to (∼ 0.5 %) porosity.

This study investigates the capacity for conventional portable NDT technologies to

identify and classify defects that were intentionally seeded in 300M steel specimens fab-

ricated using LAM processes. The goals were to assess LAM for intentionally seeding de-

fects in LAM materials, determine the precision of several approaches for measuring

density, and assess the limitations of traditional NDT techniques.

Test Methods

REFERENCE SPECIMENS

Well-characterized reference specimens with variations in density/porosity were required

to identify correlations between NDTmeasurements and material defects. Specimens were

produced using spherical, gas atomized, 300M steel powders. The 300M powder had a

particle size range of 16–45 μm with the nominal chemical composition shown in Table 1.
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Specimens were produced using the proprietary directed energy or blown powder

laser consolidation (LC) system that was developed by the National Research Council

of Canada (NRCC, Ottawa, Canada) [1,12]. The LC system employed a 500 W Lasag

neodymium-doped yttrium aluminum garnet laser coupled with a fiber-optic processing

head that operated in a pulse mode with an average power in the range of 200–250 W

(LASAG, Belp, Switzerland). A Sultz-Metco 9 MP powder feeder was used to simultane-

ously deliver 300M powder into the melt pool through a nozzle at a powder feed rate in a

range of 8–9 g/min (Oerlikon Metco, Pfäffikon, Switzerland). The software enabled varia-

tion of all laser settings and build parameters, thus enabling the fabrication of materials

with unique microstructures and different volume fractions of defects. A pictorial repre-

sentation of the build path is shown in Fig. 1. The scan direction was not rotated for sub-

sequent layers in the build.

Several 300M steel AM specimens were produced with target densities between

99–95 % (or 1–5 % defects), as shown in Table 2. Specimens were designed to be suffi-

ciently large to avoid edge effects from magnetic-based NDT techniques and to provide

extractable regions for microstructural analysis. The approach used for introducing the

defects was to start with a full density build and then change the hatch speed and spacing

with the goal of producing evenly distributed defects throughout. Six specimens were made

with target bulk density from 99 to 95 % (1 to 5 % defects). Specimens D and E were made

with a ∼1-mm-thick higher density outer layer to seal the surface against potential liquid

entrapment. The full-density outer layer on these two specimens was fabricated using op-

timized AM processing parameters. The outer layer of Specimens A, B, C, and F displayed

exposed surface porosity on all sides.

All LAM specimens were cut from the substrate and then subjected to austenitizing at

871°C followed by oil quenching, double tempering at 302°C, and air cooling. After the

heat treatment, all LC 300M specimens were surface ground and then electrical discharge

machined to the final dimensions of 150 mm (x-direction) by 60 mm (y-direction)

and either 3-mm (specimens A, B, C, and F) or 4.5-mm (specimens D and E) thick

FIG. 1

Pictorial representation of the

orientation of the build path.

TABLE 1
Nominal chemical compositions of 300M steel powders (wt. %).

C Ni Cr Si Mn Mo V Fe

0.387 1.98 0.84 1.64 0.86 0.43 0.08 Bal.
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(z-direction). The thinner specimens contained exposed defects, while the thicker spec-

imens had the full density outer-layer. A 300M wrought specimen was heat treated and

machined to final dimensions (150 mm by 60 mm by 3 mm) using the same procedures

used in making LAM specimens.

MICROSCOPIC IMAGING

The microstructure and relative variation in defects were then observed with optical

microscopy (OM) and scanning electron microscopy (SEM). Portions of the LAM spec-

imens were sectioned and polished to view the microstructures both parallel and

perpendicular to the build or z-direction. After polishing the surfaces to a 0.25-μm finish,

the surfaces were etched with 2 % nitric acid.

DENSITY MEASUREMENTS

Direct Density Methods

The methodology used to seed defects was expected to produce local variations in the plane

perpendicular to the build direction. The part densities were calculated from the mass

measured with an analytical balance and the volume measured with two surface dimension

measurement approaches. A metrology system (Nikon MMDx 3D laser scanner [Nikon,

Tokyo, Japan]) and a Mitutoyo coordinate measuring machine (CMM, model #BHN715

[Mitutoyo, Kawasaki, Japan]) were used to generate three-dimensional models of the spec-

imens and to calculate volume.

Optical Microscopy

OM software was employed to measure the relative percentage of defects (voids, pores,

cracking, and inclusions) on a polished specimen surface. The software quantified the

contrast between light (full-density) and dark (defect) regions of OM images. Cross sec-

tions were taken in three orthogonal planes and polished to a 0.25-μm finish.

Measurements were made at several locations, and specimens were reground and polished

five times to provide measurement of density variation with depth.

Archimedes’ Principle

The relative density of fabricated specimens was determined using an approach based on

the Archimedes’ principle. Archimedes’ principle states that the buoyant force experienced

TABLE 2
Target and average measured densities for 300M specimens that were determined using laser metrology, coordinate measuring machine
(CMM), and optical microscopy (averaged across three planes).

Reference Specimen Target Density, % Target Defects, %

Direct Density Measurements

MicroscopyMetrology CMM

Density, % St. Dev., % Density, % St. Dev., % Density, % St. Dev., %

A 99 1 98.5 % 0.6 % 97.5 % 1.1 % 98.2 % 0.6 %

B 99 1 98.1 % 0.3 % 97.8 % 1.2 % 98.4 % 0.5 %

C 97.5 2.5 99.9 % 1.2 % 95.8 % 1.0 % 94.5 % 2.5 %

Da 97.5 2.5 97.2 % 0.6 % 96.2 % 0.4 % 94.9 % 2.4 %

Ea 96 4 96.8 % 0.1 % 95.6 % 0.4 % 93.5 % 1.5 %

F 96 4 97.7 % 0.9 % 93.3 % 0.8 % 91.3 % 3.4 %

Note: a Specimens D and E were built with a ∼1-mm-thick full density outer layer.
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by a submerged object is directed upward and is equivalent to the weight (or force) of the

liquid displaced by the object. The fundamental Archimedes’ equation may be simplified

such that the density of the object can be calculated independent of a change in liquid

volume [13]. The density of an object (ρobj) can be calculated from the density of the liquid

(ρliq), the mass of the object in air (mobj), and the equivalent mass increase of the system

when the specimen is submerged (mliq) [2].

ρobj = ρliq ·
mobj

ðmobj −mliqÞ
(1)

The mass of each specimen was measured in air (mobj) using an analytical balance. A

test apparatus, shown in Fig. 2, was designed and constructed based on the Archimedes’

principle [13]. Fig. 2 shows a beaker filled with a liquid (i.e., deionized water and <0.05
vol. % surfactant) on the balance and a wired specimen supported from a stand. The bal-

ance was tared prior to adding the specimen. The specimen was then placed into the sup-

port and fully submerged close to the free surface to determine mliq. It was also assumed

that the wire specimen support (AWG32 copper wire) would have a negligible effect on

density calculations because of its low mass and size relative to the test specimen [13,14].

Any air bubbles adhering to the specimen were carefully removed using a thin copper wire

to avoid liquid removal from the beaker.

The density of the working liquid (ρliq) was measured with a hydrometer and the

density of each specimen (pobj) was calculated using Eq 1. To account for the buoyancy

of the test pieces in air, the addition of a correction factor based on the density of air was

included [6,7]. Relative density values were calibrated with respect to a full-density

wrought 300M specimen (7.77 g/cm3) measured using the same approach. Masses were

measured to four significant digits, with the measurement of (ρliq) representing the most

significant source of error. Measurements were repeated five times and no outliers were

identified using ASTM E178-08, Standard Practice for Dealing with Outlying Observations,

and Dixon’s Q test with a significance level of 0.05 [15]. The Q test is dimensionless and is

only compared to the reference values provided in ASTM E178 as a rejection criterion for

outlier examination [16]. The significance level is 0.05 or 5 %, which is equivalent to a 95 %

confidence interval.

FIG. 2

Test apparatus for

measurement of bulk density

using Archimedes’ principle.
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In addition to deionized water, acetone and n-hexane were also used as working

liquids to examine the effects of surface tension and volatility on measurement accuracy.

Water with a small quantity of added surfactant (approximately 0.05 volume %) was used

to take initial measurements. The small quantity of added surfactant was assumed to not

change the density of the working liquid significantly [13]. Under laboratory conditions,

the density of the water was estimated to be 0.9989 g/cm3 [17]. Acetone and n-hexane were

chosen as suitable working liquids due to their low surface tension, thereby making them

better wetting agents. However, acetone caused problems when trying to obtain precise

measurements because of its high volatility. The liquid density was measured immediately

before testing using a set of American Petroleum Institute hydrometers.

NON-DESTRUCTIVE CHARACTERIZATION

Radiographic Testing

Gamma RT was used to measure the density threshold at which defects may be detected in

the LAM specimens. Using Kodak MX125 film (Kodak, Rochester, NY), specimens were

exposed to an iridium-192 gamma radiation source with a working distance of approx-

imately 50.8 cm. The films were developed to achieve a reading of 2.45 on a densitometer,

indicating an appropriate gray balance for viewing traditional defects.

Ultrasonic Testing

UT was performed with an EPOCH 1000i ultrasonic flaw detector (Olympus, Tokyo,

Japan) using a 6-mm, 5-MHz longitudinal magnetic hold down contact longitudinal probe

(Olympus M1057). It was expected that the smaller wavelength of 5 MHz would have a

higher sensitivity to the microstructural defects relative to low frequency probes. Tests

were conducted with a 100-V spiked pulse echo and a 50-Ω damping element. To min-

imize errors, a constant voltage and volume of coupling gel was used for each test.

Results and Discussion

MACROSTRUCTURE

300M LAM specimens with 99 % density at the surface (Specimen A) did not exhibit any

visible surface defects. The surface exhibited a texture, likely from surface grinding (Fig. 3).

FIG. 3

Photograph of the surface of

Specimen A.
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MICROSTRUCTURE

Heat-treated 300M LAM specimens appear to exhibit a lath tempered martensite (possibly

bainite) grain structure (Fig. 4a). They contained isolated defects, both pore (Fig. 4b) and

LOF voids (Fig. 5b). In order to preserve the integrity of the specimens for NDT, hardness

tests were not performed on each specimen to verify microstructures. Hardness tests on

similar specimens revealed Vickers hardness values of ∼550 ± 50. Pores were spherical and

varied in size from 5 to 50 μm (Fig. 4b). They appeared to be randomly distributed

throughout each specimen and at similar concentrations. The pores, common to most

AM techniques, likely represent residual gases (typically argon, nitrogen, or trace oxygen)

trapped in the powder during manufacturing and then incorporated during laser melting

and subsequent solidification. Studies have traced these pores back to the atmosphere in

which the powders are atomized [10].

300M LAM specimens show distinct LOF defects (Fig. 5) that propagate in the

z-direction of the build. The number and size increase as the net density decreases.

This was likely from the process used to introduce the defects. SEM images show LOF

defects in Specimen E were from 500–1,000 μm in length. A typical LOF void is shown

in Fig. 5a. Fig. 5b clearly shows the unmelted or unconsolidated powder (from 10–50-μm
diameters) located within one of the LOF voids. The size of the voids was much larger than

the gas bubble porosity (5–50 μm).

FIG. 4

Optical microscope (OM)

images showing the lath

tempered martensite/bainite

grain structure that was typical

of all specimens (a) without and

(b) with a pore and

microcracking.
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LOF voids are common with directed energy deposition techniques and manifest

when individual powder granules are not melted or are only partially melted and

form irregular and jagged void spaces in the build. LOF voids may be intentionally in-

troduced into a specimen by lowering the laser pulse energy, decreasing the pulse duration,

increasing the laser scan speed, reducing the powder feed rate, or creating delamination by

increasing the laser step-over distance between passes.

DENSITY MEASUREMENTS

Direct Density Methods

Bulk density measurements were made using an analytical balance and direct dimension-

ing approaches. Laser metrology and CMM measurement were found to provide a con-

sistent estimate of density with standard deviations ranging from 0.2–1.0 % and 0.5–1.1 %,

respectively (Table 2).

Optical Microscopy

OM images were collected as a function of depth and in three orthogonal directions for all

specimens. Fig. 6 shows OM images for Specimen A that were typical for both ∼99 %

density specimens at the different depths. Images showed what appeared to be grain

FIG. 5

SEM images showing typical

(a) lack of fusion void and

(b) close-up of the

unconsolidated powder

granules found in Specimen E.
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boundaries and distributed spherical porosity. OM images at lower densities showed lack

of fusion voids with preferential void localization at specific layers through the thickness of

each specimen. In general, lack of fusion voids were elongated and possibly intercon-

nected. This localization is a consequence of the change in the hatch speed and spacing

used to produce the distributed defects throughout each specimen.

OM density measurements were made as a function of depth using contrast imaging.

Results are shown in Fig. 7. Greater fluctuations in pore fraction by area in the XY plane

with depth may indicate pore propagation in the z-direction, assuming consistent pore

width (y-direction) in adjacent layers of the build, similar to what is seen with selective

melting techniques [15]. This means that existing pores would have a tendency to affect

powder deposition in subsequent layers. This indicates that the defects were successfully

introduced by modification of in-layer build parameters (i.e., hatch spacing or scan speed).

The area percentage of defects as a function of depth in the XY, XZ, and YZ planes are

shown in Table3. As expected, there appears to be a greater degree of void localization in the

higher porosity specimens, where wider fluctuations in the pore area exist over small depth

changes. In general, average OMmeasurements (Table 3) were found to be less precise than

metrology and CMM with a standard deviation range of 0.6–3.0 %. The large deviation in

measurements suggest that it is advisable to avoid OM measurements to obtain density val-

ues. A better technique is needed to calculate the standard deviation as the variation likely

represents changes to the intentional void fraction at each layer. OM does provide important

information pertaining to the location and morphology of voids and porosity.

Archimedes’ Principle

Archimedes’ principle was tested on the as-received specimens before sectioning for OM.

The results are shown in Table 4 for several different media. The more common approach,

with deionized water as the displacement liquid, resulted in average values that were within

0.5 % of the target values (Table 4) and standard deviations ranging from 0.1–0.3 %. While

most air bubbles were removed, the occurrence of smaller bubbles would affect repeatability.

Using acetone as the displacement liquid resulted in a decrease in average values and

an increase in the standard deviation range to 0.2–0.4 %. This is believed to be due to the

FIG. 6 OM images showing typical microstructure for Specimen A with 99 % density.
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high volatility of acetone. N-hexane was tested because it had low volatility and low surface

tension (similar to acetone). Average values with n-hexane were more consistent with

target values (Table 4) and had the lowest standard deviation range of 0.0–0.2 % of

all media tested—only marginally different from water.

TABLE 3
Average measured densities for 300M specimens determined from optical microscopy as a function of three perpendicular planes.

Reference Specimen Target Density, % Target Defects, %

XY Plane XZ Plane YZ Plane

Density, % St. Dev., % Density, % St. Dev., % Density, % St. Dev., %

A 99 1 98.5 % 0.6 % 97.5 % 1.1 % 99.0 % 0.2 %

B 99 1 98.1 % 0.3 % 97.8 % 1.2 % 99.2 % 0.1 %

C 97.5 2.5 99.9 % 1.2 % 95.8 % 1.0 % 97.5 % 0.0 %

Da 97.5 2.5 97.2 % 0.6 % 96.2 % 0.4 % 97.1 % 0.1 %

Ea 96 4 96.8 % 0.1 % 95.6 % 0.4 % 95.8 % 0.1 %

F 96 4 97.7 % 0.9 % 93.3 % 0.8 % 95.9 % 0.2 %

Note: a Specimens D and E were built with a ∼1-mm-thick full density outer layer.

FIG. 7 OM through-thickness porosity measurements as a function of depth and plane in each of the six reference specimens.

310 FARRELL AND DEERING ON ADDITIVE MANUFACTURED 300M STEEL

Materials Performance and Characterization



The Archimedes’ method evaluates the bulk porosity of the specimen rather than

localization effects while giving a more accurate measurement for larger specimens over

smaller specimens. The repeatability of the Archimedes method with n-hexane was an

improvement over acetone, but comparable to deionized water. The variability in density

standard deviation ranges was 0.0–0.2 % for n-hexane compared to 0.1–0.3 % for water. To

potentially diminish the effects of the volatility of the liquid and the surface tension, it may

be beneficial to conduct the tests at reduced temperature to lower the surface tension and

vapor pressure.

NON-DESTRUCTIVE TESTING

Liquid penetrant testing failed to discern any noticeable variations between the specimens

of varying density. Magnetic particle testing showed unique electromagnetic patterns.

Results require more interpretation but likely relate to the build pattern or magnetic struc-

ture of the alloy.

Radiographic Testing

Gamma RT was performed on all six specimens (see Fig. 8). The resulting radiographs

clearly showed texture in the lower density specimens (Fig. 8b and c) that was not

apparent in the high-density specimen (Fig. 8a). This indicates that the detection thresh-

old for porosity/voids is likely between 1.0 % and 2.5 %, assuming a uniform distribution

through the specimen. This may also be impacted by a slight variation (<0.1 mm) in

specimen thickness. The results reaffirm that the pores appear primarily unidirectional

in the x-direction.

Ultrasonic Testing

UT revealed some interesting features in the backwall reflections (Fig. 9). The wrought

specimen (Fig. 9a) clearly displays the first seventeen backwall reflections, indicating very

thorough ultrasonic transmission because of the lack of defects. In contrast, the introduc-

tion of defects within the 99 % density LAM specimen (Specimen A, Fig. 9b) creates a

large quantity of background noise around the first backwall reflection and completely

dampens all subsequent reflections. This is believed to be due to ultrasonic attenuation

from the voids, but it may also represent the effect of residual stress fields in the specimen.

Stress-relieving the specimen is expected to provide clarification.

At a frequency of 5 MHz, defects that were smaller than 120 μm (using a typical

detectability limit of 10 % of the wavelength) should be undetectable. Therefore, the

TABLE 4
Target and measured densities for 300M specimens using Archimedes’ principle.

Reference Specimen Target Density ( %) Target Defects ( %)

Deionized Water Acetone n-Hexane

Density ( %) St. Dev. ( %) Density ( %) St. Dev. ( %) Density ( %) St. Dev. ( %)

A 99 1 98.9 % 0.2 % 98.4 % 0.4 % 99.0 % 0.2 %

B 99 1 99.0 % 0.1 % 98.2 % 0.3 % 99.2 % 0.1 %

C 97.5 2.5 97.0 % 0.1 % 97.0 % 0.2 % 97.5 % 0.0 %

Da 97.5 2.5 97.0 % 0.1 % 96.8 % 0.2 % 97.1 % 0.1 %

Ea 96 4 95.7 % 0.1 % 94.8 % 0.2 % 95.8 % 0.1 %

F 96 4 95.5 % 0.4 % 95.2 % 0.4 % 95.9 % 0.2 %

Note: a Specimens D and E were built with a 1-mm-thick full density outer layer.
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5 to 50-μm-diameter spherical pores should be undetectable. The largest of the LOF (from

500–1,000 μm) defects may be discernible. Given that the 300M LAM and 300M wrought

specimen were subjected to the same heat treatment, the differences in attenuation were

not believed to be caused by differences in microstructure.

Fig. 10 shows repeat measurements of ultrasonic gain required to boost the backwall

reflection to 80 % of full screen height (FSH). This method was utilized because of the lack

of backwall reflection in the AM specimens, and, therefore, the lack of data available for

absolute attenuation measurement. The backwall reflections for each specimen showed a

clear correlation between density and echo amplitude. The average gain required to reach

80 % FSH on the back wall reflection for the 3-mm-thick specimens was 15 dB/mm for

the 99 % density specimens, 17.5 dB/mm for the 97.5 % specimens, and 20 dB/mm for

the 96 % specimens. For the 4.5-mm-thick specimens (1.25-mm overlayers), values of

12 dB/mm and 17 dB/mm were recorded for the 97.1 % and 96 % specimens, respectively.

The results are similar to those measured on the wrought specimens.

The distribution was promising for using ultrasonic gain as a qualification mecha-

nism for measuring density in LAM components. There exists a clear upward trend of

increasing gain with an increase in porosity for similarly-sized specimens. There was also

a decrease in gain with an increase in specimen thickness. It is unclear whether the lower

FIG. 8

Radiographs of (a) Specimen A

with 99 % density, (b) Specimen

C with 97.5 % density, and

(c) Specimen E with 95.8 %

density.
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apparent attenuation of the thicker specimens arose from the presence of the full-density

outer layers or from diffraction effects. The results are still preliminary. Future work

on additional specimens over the 100–98 % density range with different thicknesses is

expected to provide clarification.

FIG. 9

Traces of the ultrasonic

transmission backwall

reflections of (a) wrought 300M

steel and (b) Specimen A with

99 % density.
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Conclusions

This article compared the methods for determining density and the capacity for conven-

tional NDT technologies to identify defects that were intentionally seeded in 300M steel

specimens that are fabricated using a LAM process. The main conclusions are as follows:

(1) The densification of 300M steel specimens was controlled through modification
of LAM fabrication parameters. Specimens appeared to have a threshold limit of
porosity. LOF voids increased with an increase in the hatch speed or hatch
spacing.

(2) The Archimedes’ principle was shown to have a mean difference between density
values of 0.1 ± 0.1 % when using n-hexane as the displacement liquid. This method
is easier, faster, and more economic than the other approaches evaluated here.

(3) In terms of conventional NDT, the detection threshold for the 500–1000 μm
defects using the RT approach was between 1 % and 2.5 %, assuming a uniform
distribution through the specimen. UT results identified ultrasonic gain as a prom-
ising characteristic for the estimation of through-thickness density in LAM
components.

(4) Future work will examine several specimens over the 100–98 % density range. In
addition, additional specimens will be investigated with phased-array UT and mag-
netic Barkhausen noise analysis. Mechanical testing will examine the effects of mi-
crostructure and defects on overall material performance.
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