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A New Femtosecond Laser-Based Tomography Technique

for Multiphase Materials

McLean P. Echlin,* Naji S. Husseini, John A.

Three-dimensional (3D) information on the distribution of ele-
ments or phases within inorganic and organic materials is often
essential when material features are anisotropic or heterogene-
ously distributed. Such information is critical for developing
predictive models for material properties and for optimizing
processes for materials synthesis. We have developed a new
tomography technique using the unique characteristics of fem-
tosecond laser ablation for rapid serial sectioning and assembly
of mm?-scale 3D datasets. A protocol for controlled, cumula-
tive deposition of millions of low-damage femtosecond laser
pulses on the sample surface permits rapid layer-by-layer mate-
rial ablation at precisely controllable rates. This fully automated
technique provides new capabilities for imaging of multiphase
materials with sectioning rates orders of magnitude faster than
current mechanical or focused ion beam type techniques. An
example is presented where 3D information on the mme-scale is
captured for widely-dispersed nm-scale TiN particles in a steel
alloy. We also demonstrate that chemical and microstructural
information can be gathered simultaneously by incorporating
laser-induced breakdown spectroscopy.

Tomographic imaging has provided major scientific insights
to problems in medicine, geology, oceanography, astronomy and
materials science.l'>! Two-dimensional (2D) slices that can be
reconstructed into 3D datasets are acquired with a wide variety
of techniques that utilize electrons,/®! neutrons,” X-rays,®l
ions,9 visible light®? or acoustic waves.!® The sectioning
and imaging approach is constrained by the level of resolution
required, physical size of the object being interrogated, nature of
the interaction of the material(s) being imaged with the imaging
probes, and destructive or non-destructive effects of the specific
machining method. The availability of 3D information permits
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analysis of material features such as particle clustering,!!*! spa-
tial orientation and geometry,’3l and phase interconnectivity,*!
which are often misrepresented by 2D analysis of anisotropic
materials." For many materials, the rarely occurring features
located at the tails of the size distribution govern properties
such as fatigue lifel’>'% or shear strength,'”'8 and it is there-
fore critical to section large volumes of material to gain access
to the microstructural statistics. For these reasons, application
of existing tomographic techniques to multiphase materials,
where phases with similar densities are intermixed at the pm-
scale and dispersed on the mm-scale, is particularly challenging.
While femtosecond lasers have been used for controlled removal
of layers of atoms in conjunction with a large applied electric
field in current atom-probe tomography instruments,*! in this
paper we describe a new tomographic imaging technique that
addresses much larger volumes of data. Here the femtosecond
laser serves as the primary material removal tool, permitting the
direct ablation of material for the analysis of mm? volumes. This
rapid serial sectioning technique utilizes high repetition rate,
ultrashort femtosecond pulses for layer-by-layer material abla-
tion that is applicable to a wide variety of materials.

Femtosecond lasers can controllably remove large vol-
umes of material due to the high focused beam intensities
(>10'® W cm™2), high laser repetition rate in the kHz range, and
ultrashort femtosecond (fs) laser pulses. The tightly focused
conditions (~1 um diffraction limited spot size) obtainable with
these lasers make micromachining possible without producing
large heat-affected zones!?” or significant collateral dislocation
damage or local melting.?!! Single pulse laser ablation studies
also support femtosecond laser machining of multiphase sys-
tems with comparable material ablation rates. [22:2%]

Our newly developed femtosecond laser-based technique uti-
lizes a serial sectioning approach??l involving: (1) laser ablation
to remove a known amount of material from the sample sur-
face and (2) optical imaging of the freshly ablated surface with
no subsequent surface preparation required. These two steps
are iterated for the desired number of slices to section a prede-
termined volume of material. A four-axis programmable stage
provides an automated framework for translating the fixed
sample between the laser beam-path to the optical microscope
(see Figure 1). The Clark MXR CPA 2001 pulsed laser used in
this sectioning experiment has the following operating condi-
tions: 1 kHz repetition rate, 780 nm wavelength, and 150 fs
pulse-width. The ablation event and incoming laser pulses are
orthogonally incident to the sample surface, with a forced air
stream flowing parallel to the sample surface to remove air-
borne ablatants. Laser machining is subsequently performed by
the aggregate of millions of pulses distributed uniformly over
the sample surface via the programmed stage motion pattern.
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Figure 1. Schematic of the femtosecond laser aided serial sectioning
technique showing a sample affixed to a 4-axis programmable stage that
translates between the optical imaging path and the laser machining
path with laser induced breakdown spectroscopy (LIBS) diagnostic
equipment.

The machining pattern has 50% and 75% pulse overlap in the
scan direction and between incremental scan lines, respectively.
The sample stage is accelerated to constant velocity before the
fast acting shutter opens to allow pulse deposition. By removing
material uniformly layer-by-layer (see Figure 2a) with minimal
redeposition on the sample surface, an average surface rough-
ness of 100 nm can be achieved.

To establish relevant laser operating conditions for uniform
ablation of 4330 steel containing small titanium nitride (TiN)
particles, a series of single pulse studies were performed on
the sample material. Peak threshold damage fluences for abla-
tion (E;) of TiN and titanium modified (Ti. mod.) 4330 steel
were measured to be 0.19 and 0.41 ] cm™2, respectively. Atomic
force microscopy (AFM) measurements on material removal
rates in both TiN and the surrounding steel in this range of
fluence demonstrate that the ablation depth per pulse for
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these two materials differs by less than 10 nm per pulse (see
Figure 3a).2223] Published ablation data for a wider set of mate-
rials (see Figure 3b)?2%4?7] demonstrate that many different
materials can be simultaneously and uniformly ablated in the
low fluence regime, <1 ] cm™, permitting acquisition of 3D
information on most multiphase materials.

Images are captured optically during the sectioning experi-
ment using a high-resolution color CCD. Once initial parameters
are defined, the fully automated MATLAB processing routines
segment the raw images from the femtosecond laser sectioning
experiment and identify the phases or particles of interest. In the
Ti. mod. 4330 steel system, the optically imaged TiN particles
appear red due to absorption contrast, providing a mechanism
by which image processing scripts can identify this particle type.
The algorithm filters the dataset to remove periodic machining
artifacts, and then uses a seed-fill algorithm to size the particles
and segment them into binary images. In Figure 2b, we show a
set of images generated by stacking segmented 2D images with
a spacing equal to the depth of the laser slice removal rate. A 3D
mesh is subsequently fit to the 3D stack using IDL (Interactive
Data Language) visualization or PARAVIEW.

A set of three orthogonal 2D optical images has been assem-
bled in (Figure 4a) to show schematically the size and distri-
bution of the TiN particles. A 3D reconstructed dataset col-
lected with the new 3D tomographic laser sectioning process is
shown in (Figure 4b). This 3D dataset is composed of 407 slices
with a sampling thickness of 230 nm slice™! and an in-plane
imaging resolution of 150 nm pixel™!. The total volume of this
reconstructed dataset is 315 x 156 x 89 um. The femtosecond
laser machining step of the serial sectioning process for a
single 1.5 x 1.5 mm region requires approximately 7 minutes,
for deposition of 2 x 10* pulses to remove a slice of 230 nm
thickness (see Figure 2). The total acquisition time for the
reconstructed 4330 steel dataset was 41 hours, with no human
supervision required beyond the initial setup.

Statistical analysis of the dataset in (see Figure 2) was per-
formed using IDL routines to calculate the volume fraction of TiN
particles, 0.028%; the particle density, 2.84 x 10'® particle m™3;
the mean particle diameter, 2.12 um; the mean nearest-
neighbor distance, 10.0 um; and total number of particles,
112. The detection limit for the image processing code is the
smallest identifiable particle or 7 pixels in size (~0.1 um?).
Additional datasets have been sampled, creating a large pool of
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Figure 2. a) SEM image showing the laser machined area after a sectioning experiment. Laser machining induced roughness on the order of hundreds
of nm and uniformly removed material is apparent from the flat contour of the lower (machined) area. b) An image stack of segmented 2D slices
produced from the sectioning procedure on a Ti. mod. 4330 steel sample. The expanded images show raw color CCD optical micrographs with the red
colored TiN particles. c) LIBS spectrum of Ti. mod. 4330 steel. Ti | ionization peaks are visible and can be monitored qualitatively to find TiN inclu-

sions within each individual single pulsed area.
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Figure 3. a) 316 stainless steel (SS)?2 and TiN?3] ablation depth per pulse data. Fluences from 3-5 | cm™2 produce equal removal rates in both 316 SS
and TiN. Fluences between 0.1-3 | cm™2 can yield removal rates that are within 10 nm pulse™ for the two materials. b) Various metals, ceramics, and
polymer ablation rates across fluences taken from literature. 2224271 Multi-phase materials can be theoretically removed uniformly where these curves
intersect. Ablation depths in the low fluence ablation regime tend to have values between 50-100 nm pulse™".

Figure 4. a) A representative orientation view of three orthogonal optical 2D images collected from the as-received Ti. mod. 4330 steel. Red TiN
particles are shown in both the reconstructions (b) and the optical micrograph image (a). b) 3D reconstructions of TiN particles in the 4330 steel
matrix. The imaging plane is the x-y plane, and the sectioning direction is along the z-axis. (c) Single TiN particle reconstruction with near cuboidal

morphology and a size of ~6 um.

statistical data. The datasets are captured from different loca-
tions in the bulk specimen to identify local variation in nitride
densities. These statistical parameters combined with the 3D
spatial distribution of the inclusion phases provide important
quantitative information for input to models for failure under
ballistic impact conditions,?® specifically in the process zone,
where material undergoes shear localization.

With the current optical imaging setup, this technique
resolves TiN particles of diameter larger than 1 pm. Imaging
resolution enhancements, including in-situ scanning electron
microscopy (SEM) directly coupled with femtosecond laser
machining and the integration of laser induced breakdown
spectroscopy (LIBS), are currently being developed to improve
resolution by an order of magnitude-approaching the resolv-
able limit accessible through the laser machined surface rough-
ness. These enhancements are being integrated using a dual-
beam SEM and focused ion beam system with a laser access
port to ablate material in vacuum. The improved imaging reso-
lution for femtosecond laser-based sectioning under vacuum in
a SEM are reflected in Table 1.

LIBS spectra distinguished TiN phases from other oxide
phases in the material during the machining process. With
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LIBS, the light generated during plasma formation is collected
through a fiber optic cable, gated using a photomultiplier, sepa-
rated into relative wavelengths using gratings and a prism, and
projected onto a spectrographically sensitive charge-coupled
device camera. This technique has identified chemical spe-
cies contained in turbine blade coatings,?l carbon content
in steels,?% minerals in biological material,*!! and elemental
constituents in coral.?? In Figure 2¢, a single pulse LIBS spec-
trum of Ti. mod. 4330 steel contains intense first ionization

Table 1. Comparison of various sectioning techniques: atom probe tomo-
graphy (APT), focused ion beam serial sectioning (FIB-SS), mechanical
serial sectioning (Mech-SS), femtosecond laser serial sectioning (F/S)

Removal rate Slice thickness Resolution Addressable
[um3 s [nm] [nm] volume [um?]
APT 1078 107 0.5 10310
FIB-SS 0.5 5-100 10-30 10%-10°
Mech-SS 200 100-2700 250 107-10'°
FSL-SS 10%-10° 20-150 250 (10-30)2) 107-10'°

4SEM assisted FSL-SS
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peaks for titanium and iron. The LIBS identification technique
can be employed to collect simultaneously real-time structural
and chemical information from the plasma generated in the
material ablation process.

To date we have demonstrated that femtosecond laser aided
serial sectioning setup is a fast, volumetrically versatile, and auto-
mated tomographic technique able to reconstruct multiphase
material systems. Other multiphase materials examined during
the development of this technique include the following: nickel
alloys with carbide constituents, layered zirconia intermetallic
NiAl systems, and fibrous Mg alloy alumina composites. Mate-
rial removal rates of 10° um? s have been demonstrated, which
is approximately 5 orders of magnitude faster than recently-
developed focused ion beam tomography techniques.?! Further
improvements in material removal rates are possible with laser
improvements such as higher pulse repetition rates, increased
power, different focusing conditions, and improved scanning
protocols. This new tomography technique will be particularly
useful for imaging multiphase systems containing phases with
similar densities, which are difficult to image with other fast
tomographic techniques such as X-ray imaging. In Table 1, a
comparison of the removal rate, slice thickness, resolution, and
addressable sample volumes are given for some common serial
sectioning techniques. The presented sectioning techniques
span a range of addressable material and microstructural lengt-
hscales. Major limitations of the various techniques include the
speed and precision with which material can be removed. The
femtosecond laser-based technique has a removal rate many
orders of magnitude faster than the other techniques with a res-
olution that permits the analysis of sub-micron scale features.
Finally, the inherent non-contact mode of laser machining also
gives ample opportunity to section materials in vacuum and
take advantage of other analysis techniques designed to operate
in that environment, such as electron backscattered diffraction
(EBSD) and energy dispersive X-ray spectroscopy (EDS).

Experimental Section

Femtosecond laser pulses were focused to e spot radius of 36.5 um
using a 350 mm focal length plano-convex BK-7 glass lens. The sample
was translated in the laser beam path using Newport mid-range linear
stages with 0.5 um resolution and 1.5 um repeatability. A fast acting
shutter regulated laser pulse deposition to occur when the stage has
achieved a constant velocity state. Laser pulse energy was attenuated
using a half-order waveplate rotator and polarizing cube and neutral
density filters. Spectral plasma emissions for LIBS were collected using a
3 cm focal length achromatic doublet BK-7 glass lens focused onto a 50 um
fiber coupled to an Andor Mechelle 5000 spectrometer and iCCD.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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