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Abstract
Laser sintering (LS) of polyamide 12 (PA12) is increasingly being adopted for industrial production of end-use parts, yet the
complexity of this process coupled with the lack of organized, rigorous, publicly available process-structure-physical property
datasets exposes manufacturers and customers to risks of unacceptably poor part quality and high costs. Although an extensive
scientific literature has been developed to address some of these concerns, results are distributed among numerous reports based
on different machines, materials, process parameters, and users. In this study, a single commercially important LS PA12 feedstock
has been processed along four build dimensions of a modern production LS machine, characterized by a wide range of physical
techniques, and compared to the same material formed by conventional melt processing. Results are discussed in the context of
the literature, offering novel insights including distributions of particle size and shape, localization of semicrystalline phase
changes due to LS processing, effect of chemical aging on melt viscosity, porosity orientation relative to LS build axes, and
microstructural effects on tensile properties and failure mechanisms. The resulting datasets will be made publicly available to
modelers and practitioners for the purpose of improving certifiability and repeatability of end-use parts manufactured by LS.

Keywords Additivemanufacturing . Laser sintering . Polyamide 12 . Porosity . Polymer crystallinity

Introduction

Additive manufacturing (AM) technologies are increasingly
being adopted by corporations, small businesses, militaries,

governments, and individuals for low- to medium-volume pro-
duction of end-use products [1–4]. However, the roots of these
technologies in rapid prototyping (RP) have resulted in limita-
tions for true manufacturing purposes, including a lack of re-
peatability leading to uncertainty in whether parts will meet
quality control requirements. This situation arises from a num-
ber of both physical and economic challenges. Physical chal-
lenges include the complexity of AM processes and resulting
dependence of part properties on their location in the build
envelope, temperature control throughout the nonisothermal
and dynamic process, part dimensions and geometry, part ori-
entation with respect to machine axes and toolpath, and mate-
rial condition (fresh vs. recycled). Economic challenges include
the high cost of many AM machines, materials, workforce
training, and labor, as well as the proprietary nature of some
AM materials and processes, leading to a lack of a public
knowledge base. Predictive simulations can in principle stream-
line manufacturing workflows to mitigate risks and reduce
costs. Yet the above challenges have thus far impeded the or-
ganized collection of rigorous, publicly available datasets that
could serve as input parameters for simulations as well as
guidelines for standards and certification of processes and parts.
The Additive Manufacturing Benchmarks (AM Bench)
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initiative aims to address this need by establishing a continuing
series of measurement challenges aimed at validating and im-
proving models and developing universally accepted measure-
ment approaches for AM.

Polymer powder bed fusion (PPBF) is one of the most
established AM methods and was a leading technology in
the transition from RP to AM in the 1990s and 2000s [5–8].
The most common PPBF type is laser sintering (LS), devel-
oped in the 1980s at the University of Texas and commercial-
ized first by desktop manufacturing (DTM), then later 3D
Systems, Electro Optical Systems (EOS), Farsoon, and others.
LS is currently used for prototyping as well as production in
numerous industries including aerospace and defense [9–13],
transportation [14–15], prosthetics and orthotics [16–20], in-
dustrial equipment [21], electronics [22–23], sporting goods
[24–27], and fashion [28]. LS is well suited to batchwise pro-
duction of many nested components and assemblies up to
100’s of millimeters in size within a single build. The self-
supporting nature of the powder bed makes it one of the most
attractive AM technologies for producing lightweight, com-
plex parts and assemblies with overhangs, lattice structures,
integrated hinges, snap clips and other joints, interior baffles
for ducts and fuel tanks, coil or leaf springs, chains, screw
threads, and designed failure paths [29]. The majority of com-
mercial LS feedstocks are based on polyamide 12 (PA12),
which is uniquely suited to the LS process and tends to reli-
ably produce parts with good consolidation and dimensional
accuracy while offering superior thermomechanical properties
and chemical resistance to materials used in most other poly-
mer AM technologies. However, parts made by LS typically
possess reduced ductility and fracture resistance relative to
conventionally melt-processed PA12, as well as moderate an-
isotropy in the through-layer (Z) dimension and a rough sur-
face texture that may need to be removed by media tumbling
for some applications [30].

Figure 1 provides an overview of a common production
LS machine, the ProX500 from 3D Systems1 Unlike in the
older DTM design, the powder feedstock is fed from above
the build platform, enabling continuous feed refreshment
during builds and recycling of overflow powder from layer
deposition. A counter-rotating roller applicator deposits
powder layers on the order of 100 μm thick, using a return
piston to distribute powder over both the forward and re-
turn strokes in an attempt to achieve greater densification
than the original single-pass design [31]. Each freshly ap-
plied layer is preheated by an eight-zone array of quartz
lamps above the bed for about 5 s until it reaches a tem-
perature setpoint just below its melting point. Nominally

2D slices of the parts are then formed by rastering a CO2

laser over selected regions of the layer, taking between 5 s
and 40 s to melt and fuse the powder depending on the
number and size of the slices. The build plate then moves
down a distance which sets the layer thickness (typically
100 μm), and the process is repeated until the parts are
completed.

Polyamides (nylons) are important engineering thermo-
plastics used in automotive, medical, food packaging,
electronics, textiles, and other industries. Among nylons,
PA12 has some particularly desirable properties including
low water absorption, high resistance to fracture from im-
pact or fatigue including at low temperatures, good sliding
friction and abrasion resistance, low density, and low pro-
cessing temperature [32–33]. These properties arise from
its relatively long polyethylene-like aliphatic segments
(Fig. 2a) separated by hydrogen-bonding amide groups
that template the semicrystalline microstructure (Fig.
2b, c) and impart higher melting point, glass transition
temperature, stiffness, and strength than commodity poly-
olefins. Similar to other even-numbered n-nylons such as
PA6 [34–35], PA12 can adopt two primary crystal struc-
tures: the α phase in which antiparallel chains form
hydrogen-bonded sheets with a monoclinic unit cell, or
the γ phase in which amide groups twist approximately
60° out of the CH2 zigzag plane to form parallel-oriented
hydrogen-bonded sheets on a pseudohexagonal lattice
[36–37]. Schematics of chain stem packing in α and γ
phases are shown in Fig. 2b, c, respectively. In PA12,
the γ form is favored due to the ability of the relatively
long CH2 segments to relax the torsional stress of this
twisting [32].

PA12 is industrially synthesized by ring opening poly-
merization of lauryl lactam, resulting in one amine and one
carboxylic acid end group. These end groups are typically
protected in an additional reaction step to avoid molecular
mass increase during processing due to a thermally driven
condensation reaction, shown in Fig. 2a. However, for LS
grades of PA12, the end groups are often left unprotected
in order to leverage this reaction for balancing the needs of
low initial zero shear viscosity with good layer adhesion
and part mechanical properties [38]. Polyamides are con-
ventionally melt processed by techniques such as extru-
sion, injection molding, and compression molding. In this
work, LS grade PA12 has been compression molded as a
representative baseline for comparing properties of melt-
processed PA12 to samples formed by LS from the same
feedstock.

Several LS benchmark studies have been published
[39–43] that investigate challenging part geometries to
determine optimum build parameters for feature resolu-
tion and accuracy. In this work, we focus on in-depth
characterization of physical properties using standard

1 Identification of specific commercial equipment or materials in this publica-
tion is not intended to imply recommendation or endorsement by the Army
Research Laboratory, nor is it intended to imply that the materials or equip-
ment identified are necessarily the best available for the purpose
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test specimens formed along multiple build axes using
the LS machine manufacturer’s recommended processing
conditions, which aim for a balance between feature
resolution and mechanical performance. The ProX5002

is chosen as a representative example of current produc-
tion LS technology. This machine is widely used in
industry due to its automated powder handling and
dual-pass applicator design (Fig. 1), whereas the scien-
tific LS literature has primarily investigated older ma-
chine designs that may not generate comparable part
p rope r t i e s . Many au tho r s have cha rac t e r i zed
processing-microstructure-property relationships for LS
PA12 in great detail; however, the results are distributed
among numerous papers using a wide variety of PA12
feedstocks, machines, and operators, making it difficult
to draw general conclusions. This study aims to provide a
thorough, organized dataset that is fundamentally rigorous
and useful for modelers, practitioners, and standards orga-
nizations alike in the continued development of LS technol-
ogy towards manufacturing end-use products with certifi-
able and repeatable performance. In addition, the results
have been analyzed in the context of scientific knowledge
on polyamides as well as the LS process. Raw data files
for all of the results presented here will be made available
free of charge at the AM Bench website (https://www.nist.
gov/ambench).

Experimental

Materials

Duraform ProX PA powder was obtained from 3D Systems
(Rock Hill, SC, USA). Trifluoroacetic anhydride (TFAA), di-
chloromethane (DCM), and dimethylformamide (DMF) were
obtained from Sigma-Aldrich and used as received.

Scanning Electron Microscopy

Virgin Duraform powder was sprinkled onto a piece of
double-sided carbon tape affixed to a scanning electron mi-
croscopy (SEM) sample holder, and the specimen was blasted
with compressed nitrogen to remove loosely affixed particles.
Fracture surfaces from tensile specimens were mounted di-
rectly onto carbon tape on similar holders. Specimens were
sputtered with an approximately 10-nm-thick film of gold-
palladium and imaged in an S-4700 scanning electron micro-
scope (Hitachi Ltd., Tokyo, Japan) using an accelerating volt-
age of 5 kV.

Camsizer Particle Size Distribution Analysis

Approximately 1-mL samples of powder were fed by a vibrat-
ing tray into a Camsizer X2 optical particle analyzer (Retsch
Technology GmbH, Haan, Germany). Inside the Camsizer,
powder was fluidized by nitrogen gas at 50 kPa through a 4-
mm nozzle, forming a continuous jet that passed through an
optical chamber illuminated by a pair of pulsed LEDs. 2D
images of particles were recorded by a pair of CCD cameras
with resolutions of 0.8–50 μm (zoom camera) and 50 μm to
8 mm (base camera). The Camsizer software tracks and

2 Certain commercial equipment, instruments, or materials are identified in
this paper in order to specify the experimental procedure adequately. Such
identification is not intended to imply recommendation or endorsement by
the National Institute of Standards and Technology, nor is it intended to imply
that the materials or equipment identified are necessarily the best available for
the purpose.

Fig. 1 (a) Process schematic for 3D Systems ProX500 production laser sintering (LS) machine. (b) Stepwise schematic of powder layer deposition,
preheating, and laser fusion
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processes a number of individual particles from each image,
using their projected area and perimeter to calculate a range of
size and shape parameters, some of which are discussed in the
text in “Particle Size and Shape Distributions.” Reported dis-
tributions from Camsizer measurements represent the average
of three runs of the virgin Duraform powder. During each run,
between 300,000 and 1,000,000 individual particles were im-
aged and analyzed over the course of 30–70 s per run.

Size Exclusion Chromatography

PA12 is insoluble in most common solvents but can be ren-
dered soluble by reaction with TFAA [44–45]. One hundred
milligrams (approximately 0.5 mmol of amide groups) of vir-
gin Duraform ProX powder was added to 3 mL anhydrous
DCM in a dried 50 mL round-bottom flask. With vigorous
stirring, 1 mL (1.51 g, 7.2 mmol) of TFAA was added. The
white powder quickly agglomerated and dissolved within
1 min to form a transparent solution. The flask was sealed
under nitrogen gas and stirred at room temperature for 21 h,
then opened. It was purged with nitrogen gas for 20 min caus-
ing evaporation of DCM, leaving a transparent viscous liquid
product. Fifty milliliters of DMF containing a small amount of
toluene as a flow marker for size exclusion chromatography
(SEC) was added, and the flask was agitated on a wrist-action
shaker for 2 h to dissolve the product. The solution was fil-
tered through a 0.2-μm PTFE syringe filter and 100 μL was
injected into a 1260 Infinity HPLC system (Agilent
Technologies, Santa Clara, CA, USA) pumping DMF at
0.7 mL/min through two Agilent PLGel 5 μm mixed D SEC
columns followed by an Optilab rEX differential refractive

index (dRI) detector (Wyatt Technology, Santa Barbara, CA,
USA). Relative molecular weight was determined using con-
ventional calibration with Viscotek PolyCAL polystyrene
standards (Spectris plc, Surrey, UK) covering a range from 1
to 170 kDa.

Laser Sintering

100% virgin Duraform ProX PA powder was fed automat-
ically from a 3D Systems material quality control (MQC)
system into a 3D Systems ProX500 laser sintering ma-
chine. The process chamber environment was held below
5% O2 via continuous nitrogen gas purge. The default pro-
cessing conditions for the material were used, including a
105 °C setpoint for the hopper feed module (which is ex-
pected to provide a moderate amount of powder drying
during the warmup and build phases), layer thickness of
100 μm, laser speed vl of 12 m/s, laser scan spacing ds of
200 μm, fill laser power Pl of 62 W, and outline laser
power of 20 W. This yields a laser energy density De of
approximately 2.6 J/cm2 according to the well-known for-
mula

DE≈
Pl

vlds
ð1Þ

The warmup phase lasted 1 h 11 min during which a
13-mm (130 layers) base of unfused powder was deposit-
ed while heating from an initial bed temperature of
130 °C. At 4.57 mm, the bed temperature setpoint was
increased to 155 °C and at 6.35 mm, it was increased to
169 °C where it was held for the remainder of warmup

Fig. 2 a Scheme of thermally driven condensation reaction between
unprotected amine and carboxylic acid end groups of PA12, resulting in
increased polymer molecular mass. Chain stem packing in b α and c γ

phase crystal structures of PA12. Solid circles represent chains pointing
up; open circles are chains pointing down. Dashed lines represent
hydrogen bonds. Adapted from [32]
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and into the build phase. The build phase lasted 6 h
40 min during which 118 mm (1180 layers) were applied
and selected regions were fused by the laser. The build
design is shown in Fig. 3, featuring arrays of ASTM
D638 type IV tensile specimens oriented along various
axes of the LS machine as defined in ISO/ASTM 52921
[46]. The part orientation labeling scheme is described in
the caption of Fig. 3 and follows the same convention as
Usher et al. [47] Parts were scanned by the laser in the
same order for each layer, following the sequence of spec-
imen numbers listed in Fig. 3 rather than allowing the
software to dynamically choose the scan order. Raster
direction was alternated layer by layer between X and Y
directions (“Sinterscan” option which is the default for
this system).

At a build height of 30 mm, the bed temperature setpoint
was lowered from 169 to 167.5 °C, to account for excess
thermal energy stored in the powder bed as recommended
by the machine manufacturer. During the cooling phase, an
additional 2.6 mm of powder (26 layers) was added on top of
the completed build, followed by an uncontrolled cool down
during which the bed surface temperature dropped at approx-
imately 0.9 °C/min. The powder cake was left in the machine
for 14 h before removing and breaking out the fused parts.
Parts were finished by brushing and blasting with compressed
air to remove loose powder.

Compression Molding and Machining

One hundred fifteen grams of virgin Duraform powder were
dried in a vacuum oven at 75 °C for 15 h, then sandwiched
between PTFE-impregnated fabric sheets on steel plates sep-
arated by a 3.175-mm-thick, 127-mm square steel mold coat-
ed with Frekote 55-NCmold release (Henkel AG, Düsseldorf,
Germany). This assembly was held between the platens of a
P300 P/M programmable melt press (Collin GmbH,
Maitenbeth, Germany) at 230 °C for 4 min. A degassing cycle
was repeated twice in which 15 bar of pressure was applied by
the platens for 30 s, then the press was opened slightly for 15 s.
Following this, 100 bar (10 MPa) of pressure was applied for
2 min, after which pressure was maintained at 10 MPa for
another 40 min while temperature was decreased at a con-
trolled rate of 5 °C/min. When the platens reached 30 °C,
pressure was released and the solid PA12 sheet was removed.
The sheet width was approximately 1 mm smaller than the
mold cavity on all sides due to shrinkage. The sheet was
polished on a Spectrum System 2000 rotary polisher (Leco
Corporation, Saint Joseph, MI, USA) using 100MX and
240MX grit abrasive cloth (Micro-Surface Finishing
Products, Wilton, IA, USA) at 180 rpm under a continuous
stream of deionized water, then dried with paper towels. The
3.175-mm-thick sheet was machined into six ASTM D638
type IV tensile specimens using a DSLS 3000 Micro CNC

Fig. 3 Build design for laser sintering (LS) specimens characterized in
this work, featuring ASTM D638 type IV specimens oriented along
various machine axes, identified by the orientation of the primary

(tensile) axis followed by the orientation of the specimen width
(broadest lateral dimension): samples 1–5 are identified as ZY oriented,
samples 6–10 as YX, samples 11–15 as YZ, and samples 26–30 as 45° ZY
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Mill (Micro Proto Systems, Chandler, AZ USA). Specimens
were sanded to deburr and dried in a vacuum oven at 75 °C for
1.5 h before testing. A second sheet was made by a similar
procedure using a 1-mm-thick 250-mm square mold, but was
not polished.

Thermogravimetric Analysis

Four milligrams of virgin Duraform powder was heated in a
Q5000 thermogravimetric analyzer (TGA) (TA Instruments,
New Castle, DE USA) in a high-temperature platinum pan
under nitrogen purge at 20 °C/min from room temperature to
120 °C, held for 30 min at 120 °C to drive off moisture, then
heated at 20 °C/min to 900 °C.

Dynamic Mechanical Analysis

Following testing, the grip section of LS tensile specimen 9
(Fig. 3) was cut into a 35 mm× 12mm rectangle and milled to
a thickness of 1.3 mm using a DSLS 3000Micro CNCMill. It
was loaded in single cantilever mode on a TA Instruments
Q800 dynamic mechanical analyzer (DMA) and tested using
an oscillatory strain of 0.02% at a frequency of 1 Hz while
ramping temperature at 1 °C/min from − 140 to 200 °C. The
samemethod was used for two 35mm× 12mm rectangles cut
from the 1-mm-thick melt-pressed film: one sample that was
dried in a vacuum oven at 75 °C for 1.5 h before testing, and a
second sample that was stored at ambient conditions (47% ±
11% relative humidity, 21 °C ± 4 °C) for 3 days before testing.

Differential Scanning Calorimetry

Three milligrams to 5 mg samples of virgin Duraform powder,
a section cut from the grip section of LS tensile specimen 6
(Fig. 3) including the outer surface, and a section from the 1-
mm-thick melt-pressed sheet were tested in a TA Instruments
Discovery differential scanning calorimetry (DSC) using a
cycle from room temperature to 225 °C, then down to −
90 °C, back up to 225 °C, and back down to − 90 °C at a
constant rate of 10 °C/min.

X-Ray Diffraction

In a Bruker D8 Discover diffractometer equipped with a Cu
Kα X-ray source (λ = 0.154 nm) operating at 40 kV and
40 mA, a Göbel mirror monochromator, and a LYNXEYE
XE compound silicon strip 1D detector, samples were scanned
over a range of diffraction angles 2Θ from 3° to 50° relative to
the flat surface of grip sections of tested tensile specimens, or
the virgin Duraform powder, using a theta-theta geometry
(incident angle = diffracted angle = Θ). Full scans in ambient
atmosphere with a step size of 0.050° took approximately 40 s
total due to the high-throughput detector.

Fourier Transform Infrared and Raman Spectroscopy

Attenuated total reflectance (ATR) Fourier transform infrared
(FTIR) spectra were recorded on a Thermo-Nicolet iS50 spec-
trometer with built-in diamond ATR crystal, using 32 scans
per sample at a resolution of 2 cm−1. Fourier transform Raman
spectra were recorded on the same spectrometer using the
iS50 Raman attachment with excitation via a 1064-nm diode
laser, using 2048 scans per sample at a resolution of 8 cm−1.

Melt Rheology

In an ARES G2 rheometer, 25-mm parallel plates were equil-
ibrated at 200 °C for 30 min then zeroed. Virgin Duraform
powder was loaded via a melt preparatory kit and the upper
plate was closed to a normal force of 10 N ± 1 N, resulting in a
gap of approximately 5 mm. Temperature was lowered to
80 °C and held for 1.5 h to dry the polymer, then the system
was heated to 200 °C and the gap was closed to approximately
2 mm with 15 N force. The sample was trimmed and the gap
closed to optimal height. Note the sample was held at 200 °C
for approximately 9 min during the gap closure to 2 mm and
trimming, during which time chemical aging (Fig. 2a) likely
occurred prior to beginning experiments.

In the first experiment, angular frequency ωwas ramped from
10−1 rad/s to 102 rad/s over 13 min with constant oscillatory
strain of 10%, followed by a decreasing frequency ramp from
102 rad/s to 10−1 rad/s lasting another 13 min. In a second exper-
iment, a fresh batch of Duraform was loaded as described above
and subjected to a frequency sweep from 100 rad/s to 102 rad/s
lasting 70 to 80 s at constant oscillatory strain of 3%, followed by
a time sweep at constant frequency of 10 rad/s for 120 min. This
sequencewas repeated eight times for a total aging time of 16 h at
200 °C. Instrument error is ± 5% in frequency and ± 8% in mod-
ulus based on manufacturer specification.

Pycnometry

Samples weighing between 0.5 and 1 g were loaded into
the small sample chamber of a Quantachrome Ultrapyc
1200e helium pycnometer (Anton Paar, Graz, Austria)
which was calibrated using a standard steel sphere to an
accuracy of ± 0.002 cm3. Volume was calculated from the
average of five runs with a maximum standard deviation of
0.0031 cm3. Samples were weighed on a Cubis MSE225P-
100DU semi-micro balance (Sartorius GmbH, Goettingen,
Germany) with a resolution of ± 0.01 mg. The sample
chamber volume (nominally 10.8 cm3) was only filled ap-
proximately 10% full, which is expected to introduce a
maximum uncertainty of ± 1% to the volume determination
[48].
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X-Ray Micro-computed Tomography

Tensile specimens 3, 8, 13, and 28 (Fig. 3) were not tested
mechanically; their gauge sections (3.5 mm × 6 mm× 30 mm
rectangles) were cut out and imaged in a Zeiss Versa XRM-
500 X-ray micro-computed tomography (X-μCT) machine at
60 kV and 5 W with a voxel size of 7.5 μm. Image Pro soft-
ware was used to threshold images resulting in a 3D binary
data structure in which pores are white and solid material is
black. The 3D pores were then analyzed for volume, shape,
and orientation parameters including length (L), defined as the
longest vector that can be drawn from one point on the edge of
a pore to any other, and width (W) and thickness (T), which are
defined similarly to L but satisfying the conditions L ⊥W ⊥ T,
which implies that L ≥W ≥ T. Ratios of L,W, and T then serve
as aspect ratios approximately defining the pore shape [49].

Tensile Testing

Gauge sections of D638 type IV specimens were decorated
with a fine speckle pattern using white and black spray paint
for strain measurement via digital image correlation (DIC).
After air drying for 1 h, they were tested in tension at a con-
stant displacement rate of 5 mm/min on an Instron model
5985 frame (Illinois Tool Works, Glenview, IL, USA) with
10 kN load cell using pneumatically actuated serrated grips.
DIC images were recorded at 1 frame/s using the frame’s
built-in camera and an AF-D NIKKOR 24–85 mm f/1:2.8–4
lens (Nikon Corporation, Tokyo, Japan) and correlated using
Instron Bluehill software with a subset size of 31 pixels.

Results and Discussion

Particle Size and Shape Distributions

Particle shape and size distribution are critical parameters for
LS due to their effect on powder flowability and resulting layer
smoothness, uniformity, and density [38, 50]. Figure 4a shows a
scanning electron micrograph (SEM) of virgin Duraform ProX
polyamide (PA) powder. The particles have a “potato”-like
shape resulting from their formation via precipitation from eth-
anol under pressure [51–52]. This type of powder has been
shown to flow and pack reasonably well in LSwith the addition
of hydrophobically modified fumed silica as a flow-enhancing
agent [53]. Duraform powder originates from the same manu-
facturer as the common PA2200 PA12 powder from EOS, but
their particle size distributions are different [38]. Historically,
Duraform powder tends to have a broader size distribution with
a higher fraction of small particles than PA2200, favoring pack-
ing density at the expense of some flowability and uniformity of
the coalesced microstructure [54–55].

Figure 4b plots the number distribution of particle sizes
estimated by two different techniques: manual analysis of
the SEM image in Fig. 4a (red bars) and Retsch Camsizer
X2 (gray bars). Equivalent circle particle diameters dEC were
estimated from the SEM image by taking the geometric mean
of the particle height and width (measured along the x- and y-
axes of the image) for 225 particles. This is equivalent to
approximating each particle as an ellipse with long axis par-
allel to either the x- or y-axis of the image. This method tends
to overpredict dEC for particles oriented at nonzero angles to
the x- and y-axes of the image, as well as those with low
convexity, such as star-like particles [56].

The Camsizer measurement is also an image-based technique,
based on high-throughput analysis of over 2 × 106 separate par-
ticles imaged in 2D by a pair of high-resolution CCD cameras in
a continuous fluidized gas jet. The projected area A of each par-
ticle is converted to equivalent circle diameter by the Camsizer

software according to dEC ¼ ffiffiffiffiffiffiffiffiffiffiffi
4A=π

p
, which is more accurate

than the approximation described above used for SEM image
analysis. In addition, the sample size for the Camsizer measure-
ment is larger by a factor of nearly 104, and theCamsizer software
automates the calculation of number and volume distributions
(Fig. 4b, c) and shape parameters (Fig. 4d, e). Therefore, the
Camsizer measurements are much more reliable than the esti-
mates from SEM image analysis, but size distributions from both
techniques are presented for comparison purposes.

Both SEM and Camsizer analyses result in multimodal
number distributions nd as seen in Fig. 4b, with a small peak
in each distribution centered around 50 μm and a larger peak
between 1 and 10 μm. The Camsizer distribution features an
even larger peak around 1 μm, whereas this small dEC peak is
absent in the SEM number distribution. This peak may corre-
spond to fumed silica, which is typically added to LS powders
in the range of 0.1 wt% as a flow agent, or it may simply be a
population of very fine polymer particles. The absence of this
peak in the SEM image may be an artifact of the sample
preparation, in which the powder sample was sprinkled onto
adhesive tape followed by a short blast of nitrogen gas to
remove weakly adhered particles, thus potentially removing
the smallest fraction. Particle density is also much greater in
the SEM image (Fig. 4a) than the images captured by the
Camsizer, resulting in smaller particles tending to be covered
up by larger ones. Nevertheless, the number distributions ap-
pear qualitatively similar above about 5 μm, as can be seen by
the similar shape of the cumulative distributions in this range.

Volume distributions vd (Fig. 4c) were obtained from the
number distributions in Fig. 4b using the center of each 2 μm
bin to approximate dEC for the SEM analysis according to

vd ¼ ndd3EC
∑ndd3EC

. Due to the negligible contribution of the finest

particle fraction, the volume distributions from both techniques
appear virtually identical, other than some roughness on the
high end of the SEM distribution due to the small sample size.
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The volume distribution is relatively narrow, featuring a d50 of
about 60 μm with the majority of the distribution falling be-
tween 10 and 100 μm (d10 = 39 μm, d90 = 81 μm) as has been
identified for optimal flowability in LS [57].

The Camsizer also calculates several shape parameters, in-
cluding sphericity Sph, aspect ratio AR, and convexity C.
These are defined as:

Sph ¼ 4πA
P2 ð2Þ

AR ¼ dc min

dFe max
ð3Þ

C ¼
ffiffiffiffiffiffi
A
AC

r
ð4Þ

HereA is the projected area of each 2D particle image,P is the
perimeter of A, and AC is the convex hull area [56]. Minimum
chord diameter dc min is analogous to sieve diameter and is some-
times called the inner width of the particle projection. Maximum
Feret diameter dFe max is the longest direct length measured be-
tween tangent lines, analogous to caliper measurement.

Figure 4d plots number and volume distributions of sphe-
ricity measured by the Camsizer, illustrating that the edges of

Fig. 4 a Scanning electron micrograph (SEM) of virgin Duraform ProX
PA powder. b Number size distribution estimated from SEM image (red
bars) and Camsizer (gray bars), along with cumulative number
distributions from SEM (red dotted line) and Camsizer (black solid
line). c Volume size distributions from same data—legend applies to

graphs b and c. d Number and volume distributions of particle
sphericity from Camsizer; legend applies to graphs d and e. e Number
and volume distributions of particle aspect ratio from Camsizer, defined
as ratio of minimum chord diameter xc min to maximum Feret diameter xFe
max, see definitions in text
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Duraform particles are relatively smooth and round which
facilitates good flowability for LS. Interestingly, the volume
distribution is shifted to somewhat lower sphericity than num-
ber distribution, implying that larger particles tend to be less
spherical than smaller ones. The number and volume distribu-
tions of aspect ratio, plotted in Fig. 4e, are more similar to one
another and are centered around 0.6–0.8 indicating deviations
from roundness consistent with the “potato”-like shape ob-
served in Fig. 4a, in which many particles appear as a combi-
nation of two or more nominally spherical primary particles.
Nearly all particles exhibit convexity > 0.95, supporting the
relative accuracy of the elliptical approximation used for SEM
analysis as discussed above.

Relative Molecular Weight

Measuring molecular weight of polyamides is challenging
because they are insoluble in most common organic solvents.
A common technique is to modify the amide groups with
trifluoroacetic anhydride (Fig. 5), rendering the polymer sol-
uble in solvents such as dimethylformamide (DMF) [44–45].
A size exclusion chromatography (SEC) trace of virgin
Duraform thus modified is shown in Fig. 5, along with results
of the relative number- and weight-averaged molecular weight
(Mn andMw, respectively) and dispersity (Đ, calculated asMw/
Mn) estimated from differential refractive index (dRI) calibrat-
ed relative to monodisperse polystyrene standards. The raw

Fig. 5 Size exclusion
chromatography trace in
dimethylformamide (DMF) of
virgin Duraform ProX PA powder
modified by reaction with
trifluoroacetic anhydride (TFAA)
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calibration results were converted to the equivalent polyamide
molecular weight, reported in Fig. 5, by dividing by the molar
weight ratio of the TFAA-modified monomer (293 Da) to the
unmodified PA12 monomer (197 Da).

A wide range of molecular weight averages have been re-
ported in the literature for virgin SLS grade PA12 determined
by various SEC techniques, some of which are listed in
Table 1. The absolute Mw reported recently by Wudy and
Drummer [58] for PA2200 is consideredmost reliable because
the unmodified polymer was dissolved directly in
hexafluoroisopropanol (HFIP) without TFAA modification,
and absolute molecular mass was determined by triple detec-
tion (light scattering, dRI, and an infrared concentration de-
tector) via Mark-Houwink analysis, as opposed to more qual-
itative determination relative to PS standards reported here
and by Zarringhalam et al. [55] It should be noted that the
TFAA modification protocol used by Zarringhalam [55] and
Dupin et al. [59] differs slightly from this work, which could
result in a different degree of conversion for the reaction
shown in Fig. 5. Hence, reported values from these reports
should not be quantitatively compared even among papers
using similar methods such as this one. Nevertheless,
Zarringhalam’s study used the same protocol for both
Duraform and PA2200, and the results suggest Duraform
may have a slightly higher Mw. The relative Mw of approxi-
mately 10 kDa estimated in this work is less than 1/3 that of
the absolute value reported by Wudy, and the Đ of 1.14 is
significantly lower than previous reports. Future work is need-
ed to determine whether this is an inaccuracy caused by poor
solubility of TFAA-modified PA12 in DMF relative to poly-
styrene, or whether the ProX grade of Duraform has a lower
molecular weight than earlier grades of Duraform, possibly to
improve coalescence by means of a lower initial viscosity, as
will be discussed in “Melt Rheology.”

Thermal and Hygroscopic Analysis

As a baseline comparison to the properties of LS-processed
samples, virgin Duraform powder was also processed by com-
pression molding on a programmable melt press (MP) at

230 °C, followed by controlled cooling at 5 °C/min and ma-
chining of test specimens from the resulting solid sheets.
Thermogravimetric analysis (TGA, Fig. 6) of the virgin pow-
der shows that degradation begins around 300 °C in nitrogen,
well above the process temperatures used in both LS (169 °C)
and MP (230 °C). The MP temperature was chosen as a likely
upper limit for the temperature reached upon melting by the
laser in LS. Although the MP process was performed in air,
the polymer is expected to be stable in both processes from an
oxidation perspective.

Dynamic mechanical analysis (DMA, Fig. 7) of LS and
MP Duraform ProX samples reveals glassy state relaxations
as well as the glass transition temperature Tg, interpreted here
as the position of the largest peak in the bending mode loss
tangent tan δ. Comparing a 1-mm-thick MP sample that was
dried under vacuum at 75 °C for 1.5 h before testing to a
specimen cut from the same MP sheet and stored at ambient
conditions (47% ± 11% relative humidity, 21 °C ± 4 °C) for
3 days before testing, it can be seen that conditioning in the
moderately humid lab environment causes only a 4 °C drop in
Tg relative to the dried sample, which may be within the error
of the measurement technique [61]. This is evidence of the
relatively low moisture uptake of PA12, a significant advan-
tage over more common polyamides such as PA66 whose Tg
is known to drop by as much as 40 °C due to increasing
relative humidity from 5 to just 40% [62]. Interestingly, the
1.3-mm-thick LS sample stored under the same ambient con-
ditions exhibited Tg of 53 °C. While additional measurements
are needed to establish the measurement error, this observa-
tion suggests PA12 parts produced by LS may be even less
sensitive to moisture than conventionally processed PA12.
This could be related to differences in crystallinity, as will be
discussed in the next sections.

Differential scanning calorimetry (DSC) provides a wealth
of information about LS material properties [63] and as a
result is one of the most commonly reported characterization
methods for LS PA12. Figure 8 shows DSC curves for first
and second heat/cool cycles of virgin Duraform ProX PA, a
sample cut from LS specimen 6 (Fig. 3), and a sample cut
from the 1-mm-thickMP film. The initial temperature setpoint

Table 1 Molecular weight averages of virgin PA12 LS powders determined from size exclusion chromatography by various researchers

Reference Product State Chemistry/solvent Determination Mw (kDa) Mn (kDa) Đ

This work Duraform ProX Virgin TFAA-modified in DMF Relative to PS (dRI) 10.1 8.8 1.14

Zarringhalam 2006 [55] Duraform Virgin TFAA-modified in CHCl3 Relative to PS (dRI) 90 39.8 2.26

Zarringhalam 2006 [55] PA2200 Virgin TFAA-modified in CHCl3 Relative to PS (dRI) 70 29.9 2.34

Dupin 2012 [59] Duraform Virgin TFAA-modified in CH2Cl2 Not disclosed 75 16 4.64

Haworth 2013 [60] PA2200 Virgin Not disclosed Not disclosed 18.9 6.2 3.06

Schmid 2014 [38] Duraform Virgin Not disclosed Not disclosed 48.1

Wudy 2018 [58] PA2200 Virgin Unmodified in
hexafluoroisopropanol (HFIP)

Absolute (light scattering,
dRI, IR)

32.9 15.0 2.2
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for the LS powder bed of 169 °C is represented by a vertical
green line, illustrating that the powder is preheated to just
below its melting onset as determined from the 10 °C/min
DSC ramp. Thermal energy due to laser absorption pushes
selected regions of the powder over this melt transition for a
short time, yet when the powder returns to the bed tempera-
ture, it remains nearly 15 °C above its crystallization onset,
again measured dynamically at 10 °C/min. Thus, melted re-
gions of the layer recrystallize and solidify slowly [57,
64–65], enabling ample time for viscous coalescence and for
mobile chain ends to interdiffuse both among particles within
the current layer and downward into the recently melted layer
below [66–67]. Slow recrystallization is also critical for
avoiding uneven shrinkage which tends to result in distortion
and curling of parts [57].

The so-called sintering window, the temperature difference
between melt and crystallization peak onsets in DSC, is par-
ticularly wide for PA12 and is one of the reasons it is so
successful in LS processing. However, the melting peak tem-
perature of virgin Duraform is reduced by 7 °C on the second
heating cycle (Fig. 8b), indicating that the melt temperature of
the virgin powder has been intentionally increased to improve
its processability for LS, such as by annealing to increase the

crystalline lamellae thickness [38,51]. Furthermore the melt
enthalpy of the virgin material (93 J/g) is more than double
that observed on the second heat (40 J/g), meaning it is ap-
proximately 44% crystalline according to the heat of fusion of
210 J/g reported for 100% crystalline γ-phase PA12 [33]. In
contrast, the MP sample exhibits a first heat melt temperature
and enthalpy only slightly greater than the second heat values
for virgin powder, owing to the use of a 5 °C/min cooling rate
in the MP process rather than 10 °C/min in DSC, resulting in
approximately 22% crystallinity compared with 19% for the
second heat of all samples. These crystallinities are summa-
rized in Table 2 and compared with measurements and predic-
tions from other techniques which are discussed throughout
the paper.

The LS specimen exhibits dual melting peaks, which are
well known in the LS research community to represent a mi-
crostructure in which smaller particles and the outer shell of
larger particles have melted and recrystallized, while the cores
of larger particles remained unmelted by the laser [55, 59, 63].
This phenomenon tends to be more pronounced for Duraform
powders due to their broader size distribution relative to

Fig. 7 Single cantilever mode dynamic mechanical analysis (DMA) of
laser-sintered specimen 9 (Fig. 3) grip section milled to 1 mm thickness
and 1-mm-thick melt-pressed samples either vacuum dried at 75 °C for
1.5 h or stored at 47% ± 11% relative humidity for 3 days before testing: a
storage modulus E′, b loss modulus E″, and c loss tangent tan δ. Glass
transition temperatures Tg are interpreted from the peak in tan δ

Fig. 6 Thermogravimetric analysis (TGA) of virgin Duraform PA
powder in nitrogen atmosphere, including a mass and b mass loss
derivative. Temperatures of the LS powder bed setpoint and melt press
are indicated by blue solid and red dashed vertical lines, respectively
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powders such as PA2200, as discussed in “Particle Size and
Shape Distributions.” The degree of particle melt (DPM) has
been shown to increase with laser energy density and is cor-
related with increased ultimate tensile elongation [68]. DPM
was estimated from

DPM ¼ ΔHRXCN

ΔHRXCN þ ΔHNXCR
ð5Þ

where the subscripts R and N refer to recrystallized and na-
scent (unmelted) material, respectively. Melt enthalpies ΔHR

and ΔHN were obtained by fitting the two major melting
peaks observed for LS specimen 6 with the function suggested
by Dupin et al. [59] and integrating. The crystallinity XCN of
the pure nascent phase was taken as 47% according to the
average of DSC and X-ray diffraction (XRD) measurements
for the virgin powder (Table 2), while crystallinity of fully
melted and recrystallized Duraform in the LS process was
assumed to be 30% [59]. The resulting DPM is approximately
86%, in good agreement with that found by Dupin et al. for
Duraform at similar laser energy density De. This De repre-
sents the manufacturer’s suggested processing conditions,
likely chosen to balance mechanical properties with fine fea-
ture resolution. While mechanical properties can be optimized
by maximizing particle melting (higher De), above a certain
De feature resolution is sacrificed due bleeding of thermal
energy and molten material into the surrounding powder bed
[43].

X-Ray Diffraction

The crystallinity of Duraform ProX was further investigated
using XRD, shown in Fig. 9. The virgin powder exhibits a pair
of primary peaks at diffraction angles 2Θ of 21.1° and 22.1°
(Cu Kα source, λ = 1.54 Å), corresponding to crystal lattice d-
spacings of approximately 4.02 Å and 4.21 Å according to
Bragg’s law:

d ¼ nλ
2sinΘ

ð6Þ

where n is an integer value. Interestingly, these d-spacings do
not match those reported for any of the well-studied crystalline
phases of PA12 such as the pseudohexagonal γ phase which
typically exhibits a single peak around d = 4.15 Å [65, 69].
The spacings also do not match those expected for the mono-
clinic α phase (dual peaks at d = 3.6 Å and 4.5 Å) which has

Table 2 Summary of crystallinity and density as measured and predicted by various techniques. Details in the text

Sample DSC crystallinity (%) XRD crystallinity (%) X-μCT internal
porosity (%)

Predicted density
(Eq. 6) (g/cm3)

Pycnometer
density (g/cm3)

Prediction error (%)

Virgin powder 44 50 – 1.022 1.118 ± 0.003 − 8.6
LS 6 34 33* 6** 0.946 0.980 ± 0.005 − 3.5
Melt pressed 22 26 – 1.000 1.024 ± 0.003 − 2.3
PA12 (typical datasheet) 1.01–1.03

Amorphous PA12 0.99033-34

Pure α PA12 1.08533-34

Pure γ PA12 1.03433-34

*Average of LS specimens 2, 6, 12, and 27

**LS specimen 8

Fig. 8 Differential scanning calorimetry (DSC) at 10 °C/min of virgin,
laser-sintered (LS), and melt-pressed PA12: a first heat-cool cycle and b
second heat-cool cycle. Green vertical line corresponds to LS bed
temperature, and purple vertical line is reported Tm of 100% crystalline
γ phase PA12 [33] (best viewed in color)
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been obtained by crystallization from solution, crystallization
from the melt under pressures > 500 MPa, or by drawing near
the melt temperature [70–73], nor the α′ phase (dual peaks at
d = 4.3 Å and 4.4 Å) which has only been observed near the
melting point [65, 74–75]. Similar diffraction spectra corre-
sponding to the 4.02 Å and 4.21 Å d-spacings have been
reported for virgin PA2200 LS powder [76–77], which like
Duraform is obtained by high-pressure precipitation from eth-
anol [51–52]. Although the authors of those studies referred to
the structure variously as α and α′ [76–77], their d-spacings
are distinct from those associated with the α form at
equilibrium.

Dual XRD peaks around 4 Å in polyamides are typically
associated with a mismatch between the interchain spacing
(larger d) and the intersheet spacing (smaller d) (Fig. 2b, c).
In α phase, the intersheet spacing is temperature-sensitive due
to the significant mobility of the H-bonded sheets relative to
one another, while the interchain spacing is relatively
temperature-insensitive because it is fixed by the hydrogen
bond length. In γ phase, these spacings are roughly equivalent
because the H-bonds form across sheets at an angle of approx-
imately 60°, leading to a single observed peak [32]. A pair of
peaks with d = 4.0 Å and 4.2 Å have been reported for a wide
range of polyamides at elevated temperatures approaching their
Brill transition TBrill [32, 78], during which the structure transi-
tions from α- to a γ-like pseudohexagonal arrangement via a
hypothesized intermediate state in which the intersheet spacing
systematically increases due to thermal expansion [32]. For
imperfect crystals, d-spacings tend to be closer to each other
than if approaching TBrill from the well-crystallized α form
[32].

Therefore, we hypothesize that a relatively imperfect, non-
equilibrium crystalline morphology that is intermediate be-
tweenα andγ structures (such as is commonly observed during
the Brill transition) forms and then becomes kinetically trapped
as Duraform particles are precipitated from the rapidly stirred,
pressurized ethanol solution used commercially to produce this
powder between 100 and 125 °C [52]. These conditions are
very different from those of Ishikawa and Nagai [71] for

example, who observed well-resolved mixtures of α and γ
phases for PA12 films formed by low-pressure evaporative
casting from phenol/ethanol solution. Conversely, Monobe
and Fujiwara [70] observed d-spacings of 4.0 Å and 4.1 Å
(consistent with a quenched nonequilibrium Brill transition in-
termediate phase) upon precipitating PA12 from hot triethylene
glycol, which is more comparable to the process used to make
Duraform and PA2200. Interestingly, the PA12 LS powder sold
by Farsoon appears to be much closer to the equilibrium α
form, exhibiting well-resolved XRD peaks at 2Θ of 20° and
23.7° corresponding to d = 3.8 Å and 4.4 Å [79], significantly
different than those seen here and for PA2200 [76–77].

Following melt pressing of Duraform ProX, a single peak
is observed at 2Θ = 21.4°, characteristic of the γ form (d =
4.15 Å) expected for PA12 crystallized from the melt at low to
moderate pressures. Interestingly, a similar peak is observed
for the surface of LS specimen 6 (Y-X orientation, see caption
of Fig. 3 for orientation scheme), whereas LS specimens 2 (Z-
Y orientation), 12 (Y-Z orientation), and 27 (45° Z-Y orienta-
tion) all exhibit a combination of the γ peak superimposed
with the 22.1° peak characteristic of the virgin powder
intersheet spacing. Since the X-ray beam is diffracted from
the broad horizontal surface of the specimens (Fig. 3), this
result suggests the degree of particle melting is greater on
the surface of a single LS layer (specimen 6) than at edges
formed by many layer-layer interfaces (broad surface of all
other specimens). As discussed in section S1 of the supple-
mentary information, the X-ray penetration depth is on the
order of a few hundred micrometers, meaning several LS
layers contribute to the observed diffraction peak for specimen
6. Therefore, unmelted particle cores must contribute to the
diffracted signal, since a degree of particle melting of 86%
was estimated from the DSC results above, and such cores
have been observed by several researchers to be periodically
arrayed parallel to layer-layer welds with spacing of approxi-
mately 100 μm [59, 63, 80–81]. Figure S2 in the supplemen-
tary shows that a superposition of the virgin powder XRD
spectra weighted by 21% along with the melt-pressed spectra
weighted by 79% is qualitatively similar to the spectra of LS

Fig. 9 X-ray diffraction (XRD)
spectra of the virgin Duraform
ProX PA powder, 3.175-mm-
thick melt-pressed section, and
LS tensile specimen grip sections
representing the four build
orientations in Fig. 3
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specimen 6. These proportions are consistent with a simple
geometric model, described in the supplementary, in which
unmelted particle cores reside at the bottom of each layer.
This situation could arise due to attenuated laser penetration
through the 100-μm-thick powder layers during LS process-
ing, which was predicted by Drummer and coworkers [82].
On the other hand, the XRD spectra of specimen 2 are best fit
by a superposition comprising 37% virgin powder and 63%
melt-pressed Duraform, indicating a greater contribution from
unmelted particles in specimens whose diffraction surface is
formed by many welded layer edges (Fig. 3). This contribu-
tion likely arises from excess unmelted particles known to
adhere at the outer edges of each melted layer slice during
LS processing, additional evidence for which will be shown
later in “Tensile Fractography.”

Crystallinity was estimated from the XRD spectra by fitting
the region covering approximately 5° < 2Θ < 35° with a series
of Lorentzian peaks, including an amorphous halo covering
the entire range and either one or two narrow crystalline peaks
depending on the observed morphology. The results, based on
the ratio of integrated crystalline peaks to total peak area, are
shown in Table 2 and agree relatively well with the crystallin-
ity estimated from DSC.

Density

PA12 has the lowest density of commercially available ny-
lons, with a typical datasheet value of 1.01–1.03 g/cm3 for
injection-molded PA12. Asmeasured using a helium pycnom-
eter (results in Table 2), theMPDuraform ProX agrees closely
with this value, while the virgin powder is significantly denser
at 1.118 g/cm3 ± 0.003 g/cm3. Density ρ can be predicted from
the measured crystallinity Xc according to

XC ¼
1
�
ρ−

1
�
ρa

1
�
ρc
−1
�
ρa

ð7Þ

Here the subscripts a and c refer to densities of the pure
amorphous and crystalline phases, respectively. Theoretical
values of ρc for pure α and γ phase PA12 have been estimated
from lattice parameters determined by X-ray crystallography
[32–33], while ρa has been measured from quenched PA12
[33]. These literature values of ρc and ρa are listed in Table 2,
along with predicted densities ρ for virgin, LS 6, and MP
samples calculated from Eq. 7 using the average of Xc deter-
mined by DSC and XRD.

The value of ρc used in Eq. 7 depends on the relative con-
tent ofα and γ phase. As discussed above, this is complicated
by the fact that the virgin powders (and unmelted portions of
the LS specimens) appear to be in an intermediate phase be-
tween α and γwhose density is unknown. For the purposes of
estimation, we use an approximate ρc of 1.060 g/cm3 for this

intermediate phase, based on the midpoint between α and γ
values according to the simple rule of mixtures. For the LS
specimen, the crystalline fraction is separated into intermedi-
ate and pure γ portions according to the DPM analysis
discussed above, giving a final ρc of 1.039 g/cm3 in the LS
material.

As shown in Table 2, densities predicted by this approach
are systematically lower than those measured by pycnometry.
It is tempting to assign these differences to error in the pyc-
nometer measurement; however, it must be noted that the
density predicted by Eq. 7 for the MP sample of 1.000 g/
cm3 is lower than the range of 1.01–1.03 g/cm3 commonly
cited for commercial PA12 (typically around 25% crystallinity
[83]), whereas the pycnometer measurement is well within
this range. The discrepancy is likely due to the two-phase
model implicit in Eq. 7, which neglects partially ordered re-
gions that are neither entirely crystalline nor amorphous.
Furthermore, there are discrepancies in the values of ρc report-
ed in the literature; for example, Ishikawa et al. [72] reported a
ρc of 1.11 g/cm3 for pure γ PA12, which yields predicted
values of ρ that are within about 1% of the measured values
for MP and LS 6 specimens. As discussed in experimental
“Pycnometry,” this is within the uncertainty of the pycnometer
measurement.

The measured density of 1.118 g/cm3 for virgin powder
exceeds prediction by over 8%, suggesting the powder may
have absorbed a significant amount of moisture due to its high
surface area. Dupin et al. [59] reported a density of 1.056 g/
cm3 for Duraform powder measured by pycnometry. On the
other hand, LS specimen 6 has a measured density of only
0.98 g/cm3, consistent with internal porosity which will be
discussed in “Porosity Analysis by Computed Tomography.”

Vibrational Spectroscopy

Vibrational spectroscopy is a powerful and often used tech-
nique for identifying the chemistry and crystalline state of
polyamides. Fourier transform Raman (FT-Raman) spectra
of virgin Duraform ProX powder, an MP sample, and LS
specimen 7 (Fig. 3), including both the rough printed surface
and a milled surface cut into the interior of the LS sample, are
shown in Fig. 10. ATR-FTIR spectra of the same samples are
also shown in Fig. 3. ATR-FTIR is sensitive to vibrations of
functional groups with strong dipoles such as N–H stretching
(3250 cm−1), the C=O stretching amide I band (1630 cm−1),
and the complex amide II band associated with coupling be-
tween –NH–C(O)– bending and C–N stretching (1500 to
1600 cm−1), as well as a number of CH2 vibrational modes
[32]. FT-Raman on the other hand effectively screens out di-
poles to emphasize CH2 deformations such as those observed
at 1450 cm−1 and 1300 cm−1 which dominate the polarizabil-
ity of the largely aliphatic PA12 chain’s electron cloud. From
the dashed vertical lines in the figure, it can be seen that
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principal bands of the CO2 laser at 9.4 μm and 10.6 μmwave-
length coincide with subtle fingerprint absorptions due to CH2

stretching and skeletal motions involving the CONH group
[36, 71], resulting in a moderate amount of laser absorption
during LS processing.

ATR-FTIR spectra reveal a number of subtle differences
between the samples, the most obvious of which can be seen
in the amide II bands (1500 to 1600 cm−1) which appear as a
superposition of two major peaks with location and relative
intensities that vary among samples. Approximate positions of
these peaks as well as a number of other bands are listed in
Table 3 where they are compared with expected positions for
PA12 in both the α and γ crystalline forms according to a
literature survey by Rhee and White [36]. Expanded views
of the spectra showing these bands are in Figure S3 in the
supplementary material. It should be noted that the uncertainty
in peak positions cannot be estimated from the current analy-
sis. While some spectral features appear to be superpositions
ofmultiple peaks (Figure S3), detailed curve fitting to estimate
error is outside the scope of this work. The following discus-
sion is intended only to provide general observations and is
not based on rigorously determined confidence intervals.

For virgin Duraform ProX powder, the majority of primary
peaks are similar to those reported for γ phase PA12 (Table 3),
including the lack of an amide Vas this band is typically only
observed in the α form [36]. On the other hand, the primary
skeletal bend absorption at 541 cm−1 is close to that reported
for α PA12, and the spectra exhibit a number of weaker sec-
ondary peaks characteristic of α phase including the amide I,

amide III, and amide VI bands. A number of bands are closer
to γ than α, but do not match the literature positions for either
phase, including the hydrogen-bonded NH stretch
(3292 cm−1), CH2 bend adjacent to the amide nitrogen
(1459 cm−1), splitting of amide II (1195 cm−1), and CONH
in plane vibration (948 cm−1). The virgin powder also exhibits
a shoulder at 709 cm−1 near the CH2 rocking peak that is not
seen in the MP sample and is not reported in the literature for
any known phase of PA12. Since many of these shifts are
thought to originate from the orientation of neighboring
hydrogen-bonded chains (either parallel as in γ phase or anti-
parallel as in α) [36], the above observations tend to support
the hypothesis developed in the XRD section that the
virgin powder is in an intermediate semicrystalline
phase between α and γ.

In contrast, the MP sample exhibits a number of character-
istic α bands including amide I, amide II, amide V (there is a
broad peak at 683 cm−1, unlike in the virgin spectra), and
primary amide VI peak. However, the MP spectra also exhibit
a roughly equal number of γ peaks (Table 3). MP exhibits
only one peak shifted away from both phases (NH stretch)
but at 3300 cm−1, it is closer to both γ and α than is the virgin
powder. The mixture of α and γ peaks is confusing since
XRD indicates MP is primarily γ phase. Rhee and White
[36] observed a similar situation for unannealed biaxially ori-
ented PA12 films which exhibited XRD spectra indicative of
γ but a number of α characteristic FTIR bands. They hypoth-
esized that theα bands in FTIR arise due to amorphous chains
hydrogen bonded in an antiparallel arrangement, similar to the

Fig. 10 Fourier transform Raman spectra Fourier transform infrared
(FTIR) attenuated total reflectance (ATR) spectra of the virgin
Duraform ProX PA powder, 1-mm-thick melt-pressed section, and LS

tensile specimen 7 grip section including the rough “sintered” surface
as well as milled interior surface of the LS part
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α crystalline phase. These bands disappeared upon annealing
in Rhee and White’s study, while the XRD spectra did not
change. It is worth noting that the MP material in this study
is crystallized under a moderate amount of pressure (10 MPa)
which may be sufficient to facilitate a degree of antiparallel
organization in the amorphous phase as a precursor to α crys-
tallization. The semicrystalline α phase has been reported to
formwhenmelt crystallized above 500MPa pressure [70–73].

The LS specimens exhibit a mix of these two situations,
such as the amide II peaks which exhibit features similar to
both virgin and MP spectra. The surface spectrum of LS
specimen 7 is more similar to that of the virgin powder,

while the milled side is more similar to the MP specimen,
as seen in the positions of the amide I, N vicinity CH2

bending, splitting of amide II, CONH in plane, and skeletal
bend bands (although the surface appears to feature a weak
amide V band similar to that of the MP spectra). These
observations are generally consistent with the presence of
unmelted particles adhering to the surface of LS parts as
well as a smaller fraction of unmelted particle cores in the
sample interior. The ATR penetration depth is only 1 to
2 μm, a small fraction of the particle d50 of 50 μm and
much lower than XRD which samples several 100 μm
powder layers as discussed above.

Table 3 Selected ATR-FTIR bands (position in cm−1) observed for Duraform ProX samples compared with expected positions for α and γ form of
PA12 based on a literature review by Rhee and White [36]. Note the uncertainty in peak positions is undetermined; see details in the text

*Amide II peak height ratios are different than virgin or MP samples (see Fig. 10, text, and supplementary Figure S3 for details)
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There are no significant peak position differences found in
the Raman spectra. Nevertheless, Hendra and coworkers [84]
identified the ratio of the FT-Raman CH2 bending peak inten-
sity around 1440 cm−1 to the amide I band around 1640 cm−1

as a convenient indicator of the number of CH2 groups per
monomer in n-polyamides. They proposed that the peak at
1440 cm−1 corresponds to CH2 groups in the middle of the
aliphatic chain, enabling straightforward determination of the
chain length for unknown nylons. According to their method,
PA12 is expected to have a ratio I1440/I1640 equal to about 5.
For all Duraform ProX samples studied here, this ratio was
5.0 ± 0.3, in good agreement with Fig. 10 of their paper [84].

Melt Rheology

Coalescence in LS depends critically on zero shear viscosity
η0, since little pressure or shear is applied to consolidate the
molten powder [60, 85]. A typical design target is for η0 to
remain between 103 and 104 Pa s for up to 10 min following
melting by the laser [86]. Parallel plate oscillatory rheology

was used in an attempt to measure η0 of molten Duraform
ProX material. Temperature was maintained at 200 °C, which
approximates the temperature reached following melting by
the laser in LS [87]. As shown in Fig. 11a, complex viscosity
η* failed to reach a plateau during a positive frequency sweep
from 10−1 rad/s to 102 rad/s, so it was followed by a negative
frequency sweep back to 10−1 rad/s. Within the time taken to
complete these two steps (26 min), low-frequency viscosity
increased by a factor of 4, consistent with the well-known
chemical aging of LS grades of PA12 in which unprotected
amine and carboxylic acid chain end groups react via conden-
sation to increase the polymer molecular mass at a rate that
increases with temperature (Fig. 2a) [38, 58, 76]. As has been
discussed in the literature, this scheme enables PA12 to coa-
lesce well in LS due to an initially low η0 while improving
ultimate mechanical properties by increasing molecular
weight and interlayer bonding following coalescence.
However, chemical aging also limits powder recyclability
since the reaction occurs in the solid state as well, increasing
η0 of the used powder and necessitating continual blending

Fig. 11 Parallel plate oscillatory
melt rheology of virgin Duraform
ProX PA powder at 200 °C. a
Positive and negative frequency
sweeps. b Time sweep at constant
angular frequency ω of 10 rad/s
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with virgin powder to avoid degrading fine detail resolution,
mechanical and surface properties, and repeatability of part
performance [76]. Further evidence of chemical aging is
shown in Fig. 11b, in which storage modulus G′ and loss
modulus G″ rise continually during steady oscillation at
200 °C and 10 rad/s, until the curves cross after approximately
2.5 h. Similar results have recently been observed by Craft
et al. [88] for PA2200.

Porosity Analysis by Computed Tomography

It is well known that LS PA12 parts tend to be porous, with
typical void fractions on the order of 5 vol% [42, 59, 81,
89–91]. Porosity is thought to result from a number of factors,
including insufficient packing of the powder bed, poor flow
and coalescence due to high η0, trapped atmospheric gas (N2)
between particles and layers, offgassing of degradation

products from PA12 due to laser overexposure, and offgassing
of water from PA12, either due to insufficient drying of the
powder or from the product of condensation reactions among
chain ends. Figure 12 shows X-ray micro-computed tomogra-
phy (X-μCT) slices of four LS specimens representing the
four build orientations in Fig. 3. All specimens exhibit a high
density of voids on the order of the particle size. Visually,
voids tend to be anisotropic and oriented parallel to layer-
layer interfaces, as can be particularly seen in Fig. 12b, c in
which the layer-layer interfaces run from left to right and top
to bottom, respectively. This motivates a full 3D analysis of
pore orientation.

For all four samples, Table 4 lists the total porosity, the
number of pores analyzed for each sample, and the volume-
based average values of L, W, T, and their ratios (defined in
experimental “X-Ray Micro-computed Tomography”). In
Table 4, the uncertainty in the porosities, due mainly to

Fig. 12 X-ray micro-computed tomography (X μ-CT) slices of untested gauge cross sections of LS tensile specimens representing the four build
orientations in Fig. 3: a Z-Y specimen 3, b Y-X specimen 8, c Y-Z specimen 13, and d 45° Z-Y specimen 28

Table 4 Results from porosity
analysis of X-μCT scans LS specimen Pore volume

fraction (%)
No. of
pores

<L/T> <W/T> <L/W> <L> μm <W> μm <T> μm

3 (Z-Y) 7.4 22,850 2.95 1.91 1.56 234 155 86

8 (Y-X) 6.0 24,300 2.56 1.62 1.60 198 129 82

13 (Y-Z) 5.6 24,840 2.63 1.62 1.63 201 128 82

28 (45° Z-Y) 6.8 20,460 2.74 1.76 1.57 233 154 92
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uncertainty in the chosen threshold, is about 0.7% (i.e., for
specimen 3, the porosity is 7.4% ± 0.7%). The uncertainty in
the L,W, and T parameters is about 2 voxels or 15 μm, arising
from segmentation and the algorithm for determining these
parameters. Note that all the values in Table 4 for specimens
8 (Y-X) and 13 (Y-Z) are similar to each other, and all the values
for specimens 3 (Z-Y) and 28 (45° Z-Y) are similar to each
other, yet both pairs of values are different from each other.
The average aspect ratios show that these pores are not by any
means spherical, so that their orientation is important to assess.

Figure 13 shows both the pore number-based and pore
volume-based size distributions, where size in this case is
chosen to be the volume-equivalent-spherical diameter
(VESD). Other choices for the particle size, e.g., L, W, or T,
would mainly shift the graphs horizontally, with much smaller
changes in the vertical coordinate [92]. For random-shaped
pores, no one dimension can fully capture the pore size, so
different dimensions are more or less useful for different ap-
plications. The VESD for a given pore is defined as the diam-
eter of the sphere that has volume equal to the pore’s volume.
The volume-based graph is more clear than the number-based
graph—all four pore size distributions are quite similar in
shape, but the 8 and 13 pair, which were built with their tensile
axes parallel to layer-layer interfaces (normal to Z), are cen-
tered at a smaller VESD than the 3 and 28 pair, which were
built normal to the layer-layer interfaces. On average, the
pores for the 8 and 13 pair are about 14% smaller than for
the 3 and 28 pair. The average VESD is approximately given
by the average of <L>, <W>, and <T>, which is about 158 μm
for the 3-28 pair and about 136 μm for the 8-13 pair, in agree-
ment with Fig. 13.

The difference in average pore size may be related to the
geometry of the slices rastered by the laser during LS pro-
cessing of each layer. For the horizontally oriented speci-
mens 8 and 13, each layer’s slice comprises a 115-mm-long
2D projection of the dogbone shape oriented along the Y-
axis, whereas for the vertically oriented specimens 3 and
28, the slices are much smaller rectangles corresponding to
the 3 mm× 6 mm dogbone cross-section for specimen 3, or
a 4.24 mm× 6 mm rectangle in the case of the 45° tilted
specimen 28. The larger average pore size for these smaller

scan areas may be associated with incomplete laser cover-
age due to turning at the edges of the scan area, or the
interface between the outline and interior hatching scan
regions, which is a substantially greater proportion of the
total scan area for specimens 3 and 28.

Computation of pore orientation was done in three dimen-
sions using the L, W, and T triad, which are measured along
three mutually perpendicular directions and can thus serve as a
measure of each void’s orientation. The unit vectors specify-
ing L,W, and Twere computed for each pore. For each of the
four samples, distribution histograms were constructed for
each component (ux, uy, uz) for L, W, and T. We use the unit
vectors for L to define the orientation of a void, since L is the
longest dimension. In the X-ray CT, the samples were all
oriented in the same way so the unit vectors for all four sam-
ples originally shared the same coordinate system. However,
based on Fig. 3, the samples were all oriented differently with
respect to the defined coordinate axes in the LS build chamber,
so the coordinates of the unit vectors for all the pores in the
four samples were adjusted to match the coordinate system in
Fig. 3.

After the L unit vector (ux, uy, uz) was computed for a
pore, the sign of the Z-component was evaluated. If it was
positive, it was not changed. If it was negative, the signs of
all the components of the unit vector were inverted. This
was done since these pores are 3D bodies. Orientation can
be indicated by looking at either end. The Y-components
were then evaluated. If the Y-component was positive, no
change was made. If the Y-component was negative, then
the signs of both the X- and Y-components were inverted.
This assures that the projection of the full 3D unit vector in
the X-Y plane maintains the orientation of the object. All
this means that the limits of uz and uy are (0,1), while the
limits for ux are (− 1,1).

Figure 14 shows the volume-based distribution histograms
for all three components of the L unit vector, for all four
samples but grouped into the specimen pairs 3-28 (ZY and
45° ZY) and 8-13 (YX and YZ). It is clear that the orientations
of the members of these pairs are similar to each other but
somewhat different from the other pair. In Fig. 3, Z is the
common build direction (normal to layer-layer interfaces).

Fig. 13 a Number-based pore
size distribution and b volume-
based pore size distribution for all
four samples, with size defined as
the volume-equivalent-spherical
diameter (VESD, μm)
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Looking at the uz histograms, it is clear that the pores in all
four samples tend to be oriented perpendicular to the build
direction (parallel to layer-layer interfaces), since all four his-
tograms are strongly peaked near uz = 0, though somewhat
less so for the 8-13 pair and especially specimen 13 which
exhibits a weak secondary peak near uz = 1. This effect could
be related to the scan strategy in which laser raster path was
alternated between X- and Y-directions every other layer. The
scan area for specimen 13 is the most asymmetric of the four
geometries, featuring a long Y-dimension of 115 mm com-
pared to just 3 mm in the X-direction. The interior hatching
region is even smaller considering the 0.5 mm outline scan on
either edge of each slice, resulting in an interior X scan length
of just 2 mm, or four laser line widths. Therefore, the extreme
mismatch in scan length from layer to layer may have resulted
in a small population of vertically oriented pores for this part
orientation.

The ux distributions for both pairs are almost perfectly
symmetrical around zero, which can be seen visually and
also since the volume-weighted average of ux is 0.0016
(specimen 3), 0.00023 (specimen 8), − 0.0046 (specimen
13), and 0.039 (specimen 28). There are peaks for the ux
distributions at − 1 and 1, indicating a tendency for the
longest part of the pore to lie along the X-axis (Fig. 3),
although there is significant weight at every value of ux.
This may occur because the long axes of particles (Fig. 4)
become oriented along the X-axis (traversing direction of
the rolling powder applicator), tending to result in pores
with preferential orientation along this same direction.

The uy distributions show the most difference between
the two sample pairs, with the specimens 3 and 28 fairly
strongly oriented parallel to the Y-direction, while the 8-13
pair distribution is almost flat, indicating lack of preferen-
tial pore orientation with respect to the Y-axis. This

Fig. 14 Volume-based distribution histograms for the components of the L unit vectors for all the identified pores, grouped into the specimen pairs 3-28
(ZY and 45° ZY, a–c) and 8-13 (YX and YZ, d–f)

Fig. 15 Volume-based
distribution histogram for uz forW
(a) and T (b) for all four LS
samples
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difference may arise because of the much smaller scan area
of the vertically oriented specimens 3 and 28 as discussed
above. Dewulf et al. [91] observed a ring of increased
porosity separating the fully dense outer contour scan re-
gion of a layer from the hatched interior scans of parts
made from PA2200 on an EOS LS machine. While such
a ring is not immediately obvious in Fig. 12a, d, as noted
above, this interfacial region is a much greater proportion
of the total scan area for specimens 3 and 28 than for the
other specimen pair. Since slices for these specimens are
oriented with their longest dimension along the Y-axis, the
interface between outline and interior scans may result in
preferential alignment of pores along the Y-axis for these
orientations.

A final question about orientation is this: are the pores flat-
tened, so that the thinnest direction tends to be in the build or Z-
direction? Figure 14 just says that the longest part of the pore
tends to be oriented perpendicular to the Z-direction (parallel to
layer-layer interfaces). However, W, the next longest pore di-
mension, while perpendicular to L, could be oriented in the Z-
direction, meaning the thinnest dimension T would not be.
Figure 15 shows the volume-based distribution histogram for
uz forW and T. It is clear thatW, like L, is primarily perpendic-
ular to the Z-direction, since the histogram is strongly peaked
near uz = 0, while T is aligned with the Z-direction, since its uz
histogram is very strongly peaked near uz = 1. Therefore, the
thinnest part of each asymmetric pore indeed tends to be in the
build direction, suggesting the pores tend to be oriented as
flattened “pancakes” lying parallel to the LS layer planes.

Orientation of pores parallel to LS layer-layer interfaces
has been noted by a few authors [59, 81], although to our

knowledge the degree of pore orientation has not been quan-
tified in previous studies. Note that the cross-sectional view of
specimen 3 (ZY) in Fig. 12a is oriented parallel to LS layer-
layer interfaces, causing the voids to appear randomly orient-
ed, while the cross section of specimen 28 in Fig. 12d is at a
45° angle to layer interfaces and hence a moderate degree of
orientation is observed. Periodically coplanar porosity, with
voids organized in planes parallel to layer-layer interfaces,
has been found for a number of different PA12 powders proc-
essed on a variety of machines, [59, 81, 91] and this is also
observed in Fig. 12b, c to some extent. Earlier studies [80]
supposed coplanar porosity to arise from poor layer-layer
welding, but it is now recognized that the Z-oriented tensile
strength of LS parts is typically higher than would be expected
in that case. More recently, coplanar porosity was hypothe-
sized to arise from entrapped gas that rises like soda bubbles in
the molten polymer regions before becoming trapped by
unmelted particle cores [81], which typically are coplanar
along layer-layer interfaces [51, 54, 68–69]. The “pancake”-
like pore shape suggested by Fig. 15 may occur due to buoy-
ancy forces according to the “soda bubble” hypothesis
discussed above, or it may be a consequence of compressive
force applied by the roller during fresh layer applications.

Tensile Mechanical Properties

Tensile properties are an important determinant of part perfor-
mance and are one of the primary test methods used by man-
ufacturers to certify LS builds [1]. Figure 16a shows tensile
stress-strain curves measured using digital image correlation
for melt-pressed Duraform ProX and representative LS

Fig. 16 Tensile mechanical properties of Duraform ProX PA specimens:
a stress-strain curves of melt-pressed and laser-sintered specimens
representing each of the four build orientations of Fig. 3. Average b

Young’s modulus, c ultimate tensile strength, and d ultimate elongation
of four specimens from each category (six for melt pressed), where error
bars represent ± one standard deviation

Integr Mater Manuf Innov

Author's personal copy



specimens from each of the four orientations shown in Fig. 3.
Young’s modulus E (Fig. 16b), ultimate tensile strength σUlt
(Fig. 16c), and ultimate elongation εUlt (Fig. 16d) were calcu-
lated from these curves; the reported figures represent aver-
ages and standard deviations of four LS specimens from each
orientation and four MP specimens. Melt-pressed Duraform
ProX is clearly stronger and more ductile than the same
material when processed by LS, although it is substantially

less ductile than injection-molded (IM) PA12. Rüsenberg
et al. [89] reported IM PA2200 with elongation of 250%,
but ultimate strength of only 42.5 MPa, considerably low-
er than the strength of MP Duraform ProX. These differ-
ences are likely related to the long slow cooling step of
40 min at 5 °C/min used in the MP process in this work,
facilitating the growth of large spherulites and high crys-
tallinity (relative to IM PA12), both of which tend to

Fig. 17 a–o Scanning electron microscope (SEM) images of tensile
fracture surfaces. Left column features stitched low-resolution images
representing the entire fracture surface of each specimen indicated to

the left of each row. Middle and right columns show high-resolution
details of regions on these surfaces
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reduce ductility in semicrystalline polymers. In contrast,
the IM process used by Rüsenberg involved a cooling
time of just 25 s at a mold temperature of 50 °C, likely
resulting in primarily amorphous PA12 which would be
expected to have higher ductility and lower strength.

The LS PA12 tensile parameters are very much in line with
those reported in the literature [47, 81, 91, 93–94]. Z-oriented

(vertical) tensile elongation is typically half or less that of parts
printed parallel to layer-layer interfaces. This is thought to
result from a combination of factors including weaker molec-
ular welding between layers, subcritical crack propagation at
the edges of anisotropic coplanar pores oriented parallel to
layer planes (perpendicular to stress for vertical specimens),
and reduced ductility of unmolten particle cores which also

Fig. 18 Scanning electron microscope (SEM) images of front (broad)
surfaces of fractured tensile specimens. Left column features stitched
low-resolution images representing the full width of each specimen

indicated to the left of each row (arrows indicate tensile direction).
Middle and right columns show high-resolution details of regions on
these surfaces
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tend to be coplanar along layer-layer interfaces. It should be
noted that mechanical properties can be optimized by using a
higher laser energy density that fully melts all particle cores,
eliminating several of these limitations and achieving Z elon-
gation in excess of 20% [81]. However, in practice, this is
usually not done because it results in very poor dimensional
accuracy and detail resolution due to bleeding of thermal en-
ergy and material flow into the surrounding powder [43].

Tensile Fractography

Fracture surfaces of the tensile specimens featured in Fig. 16a
were imaged using scanning electron microscopy (SEM), re-
vealing a mix of ductile and brittle fracture regions as shown
in Fig. 17. The MP fracture surface is primarily ductile, fea-
turing large regions of highly stretched and fibrillated material
consistent with the high elongation of this sample (top row of
Fig. 17a–c). LS fracture surfaces on the other hand appear
primarily brittle indicative of catastrophic fast fracture, but
each LS specimen features a small edge region containing
fibrillated and stretched material indicative of a more ductile
failure mode. These regions, circled in the low magnification
full surface images in the left column of Fig. 17, are likely the
sites of fracture initiation during the tensile test. Higher magni-
fication images in the middle and right columns reveal infor-
mation about deformation mechanisms of the unique micro-
structures resulting from LS processing. Vertical (ZY) specimen
5 has layer-layer interfaces parallel to the failure plane,
exhibiting wide shallow pores (Fig. 17e) whose interior sur-
faces feature round nodes that may be unmelted particle cores
(Fig. 17f, detail of e). Stretched material at the pore edges in
Fig. 17e may be evidence of subcritical crack growth leading
ultimately to catastrophic failure, which as discussed above is a
likely factor in the low elongation of vertically oriented LS
samples.

YX (horizontal, Fig. 17h) specimen 7 features horizontal
rows of < 50 μm nodes with a unique fibrillated structure that
may be fractured unmolten particle cores arranged parallel to
layer-layer interfaces. These densely fibrillated nodes are sep-
arated by regular rows of coarser melted and recrystallized
polymer which is also stretched. Specimen 15 (YZ, horizontal
edge orientation, Fig. 17k) appears similar but with rows ori-
ented vertically, again parallel to layer-layer interfaces. In both
samples, pores are visible pinned against the rows of unmolten
cores and in some cases straddling rows, consistent with the
“soda bubble” hypothesis discussed above. Brittle fracture
regions reveal a more random mix of what appear to be
unmolten cores (Fig. 17i) and γ phase melted and recrystal-
lized spherulites (Fig. 17l), indicative of fast fracture in these
regions that does not follow the layered microstructure. The
45° vertical specimen 29 has a large ductile region featuring a
mix of morphologies similar to fracture patterns of horizontal

(Fig. 17n, compare to h) and vertically oriented (Fig. 17o,
compare to e) samples.

Figure 18 features side views of the same failed specimens,
revealing elongational effects of tensile deformation whose direc-
tion is indicated by arrows in Fig. 18. The upper left-hand image
shows that the gauge width of the MP specimen has necked near
the failure point, likely coinciding with the strain softening ob-
served around 15% strain in Fig. 16a. The MP side surface is
mostly featureless, but a few regions of moderate fibrillation are
observed as shown in the top row of Fig. 18. No strain softening
occurred for any LS specimens (Fig. 16a), and correspondingly
there is little evidence of necking for them in the left column of
Fig. 18. Highermagnification images in themiddle column show
the printed surfacemorphology of LS specimens, revealing layers
of unmelted or partially melted particles adhering to the dense
part surfaces, a well-known drawback of LS. Interestingly, the
surface of horizontal (YX) specimen 7 appears considerably more
melted and smooth; this surface is formed by a single powder
layer whereas the other three LS surfaces shown consist of mul-
tiple layer-layer interfaces at the edge of scan areas where un-
wanted powder adhesion occurs. The surface of specimen 7 fea-
tures numerous craze-like cracks that propagate through the cen-
ters of partially melted particles rather than around their bound-
aries, providing evidence that powder welding is very strong
within a single layer. These craze-like features are largely absent
from the cross-layer surfaces of specimens 5 and 15, consistent
with poorer interlayer bonding. The 45° ZY specimen 29 is in
between these two behaviors, exhibiting smaller craze-like frac-
tures separating just one or two particles from the dense surface,
likely due to the stair-stepping effect in which periodic regions of
the surface are formed by single layers followed by more widely
spaced layer interfaces.

Conclusions

We have presented a wide range of physical propertymeasure-
ments for PA12 powder and specimens formed both by con-
ventional melt processing and by laser sintering on a modern
production LSmachine that has not been widely studied in the
scientific PA12 LS literature. Results are discussed in the con-
text of this literature, agreeing with many previous observa-
tions while offering new insights such as the size and shape
distributions of powder particles, localization of unmelted par-
ticle cores as identified by the XRD signature of apparently
nonequilibrium crystalline phase in the virgin powder, time
dependence of PA12melt viscosity as a consequence of chem-
ical aging, quantified anisotropy and orientation of pores in
LS specimens, and fractographic observations of unique de-
formation mechanisms depending on the orientation of stress
relative to processing directions. These measurements will
serve as the foundation of a public data set intended to aid
modelers and practitioners in mitigating risks and reducing
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costs of manufacturing with LS through use of predictive sim-
ulations and data-based build strategies.
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