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Femtosecond Laser Machining of Micro-tensile Specimens
for High Throughput Mechanical Testing

Daniel J. Magagnosc, Jonathan P. Ligda, Tomoko Sano, and Brian E. Schuster

Abstract Recently, a variety of techniques for fabricating microscale specimens for mechanical testing have been developed.
However, many of these techniques are limited by material compatibility, specimen sizes, low throughput, or microstructural
damage. In contrast, the advent of femtosecond laser systems offer opportunities to circumvent many of these challenges.
Here we demonstrate the use of a femtosecond laser milling system to rapidly fabricate micro-tensile specimens across
a range of critical dimensions, from 10’s to 100’s of microns. By incorporating the laser milling system into a custom
micromechanical testing apparatus, we are able to achieve high throughput investigations of mechanical properties at the
microscale. These capabilities are demonstrated on metal and ceramic materials.
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Recent interest in fabricating parts with microscale features has resulted in the development of a variety of sample fabrication
routes [1, 2] and spurred interest in studying mechanical properties at small length scales [3, 4]. Common fabrication routes
include micro electrodischarge-machining (EDM) [5, 6], micro-milling [7], wafer-scale lithography processes [8, 9], and
focused ion beam (FIB) milling [10–12]. However, these fabrication routes all suffer from a combination of either low
throughput, specimen size restrictions, limited material compatibility, or produce significant microstructural damage. For
instance, micro-EDM and micro-milling are restricted by material compatibility and minimum feature sizes larger than 10’s
of microns. Similarly, lithographic processes enable high throughput but are often restricted to thin or thick film materials.
Finally, the FIB, which is compatible with a broad range of materials and offers sub-micron spatial resolution, is restricted
by poor throughput, even with modern high current ion sources, and potentially significant microstructural modification.

In contrast, the development of femtosecond (fs) pulsed laser generators enables rapid fabrication of microscale
specimens. Shortening the pulse width results in high power densities, which surpasses the ablation threshold of most
materials [13, 14]. In addition, the ultrashort interaction times are much less than typical electron-ion and ion-ion interaction
times, thereby minimizing thermal effects during machining [13–15]. As a result, fs-laser machining can achieve high
material removal rates without inducing significant microstructural damage, such as a heat affected zone, melting, or
significant dislocation generation, during machining [16–18]. As a result, we employ a custom fs-laser milling system
to produce microscale tensile specimens from metal, ceramic, and polymer materials. The fs-laser milling system is
further integrated with a custom micromechanical testing apparatus to enable high throughput investigations of mechanical
properties at the microscale.

The fs-laser milling apparatus consists of a Ti:sapphire based chirped pulse amplifier (Clark MXR) laser, focusing optics,
and motorized translation stages with three degrees of freedom (Newport Corp.). The amplified laser has a wavelength of
775 nm, a pulse width of 150–200 fs, and a repetition rate of 1–2 kHz resulting in single pulse energies up to 1 mJ. Using the
translation stages, the specimen is translated through the beam to trace the desired geometry. An example machining process
is illustrated in Fig. 2.1a. The outline is produced by a first rough cut followed by successive fine cuts to thin the gage section.
Finally, the ultimate gage shape is repeatedly traced to produce a clean, vertical edge. Here, typical average laser powers are
10–15 mW and translation rates are 0.2–0.6 mm/s. Using this procedure, tensile bars were successfully machined in rolled
aluminum (99.999%), impact modified PMMA, and SiC. The rolled aluminum had a thickness of 25 �m; the PMMA and
sintered SiC (primarily ’-SiC) were 50 �m thick. A laser scanning microscope micrograph of a representative tensile bar
cut from PMMA is shown in Fig. 2.1b.
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Fig. 2.1 Samples are fabricated using a multistep machining process as illustrated in (a). A rough cut is first used to define the tensile bar shape
followed by a series of fine cuts to successively thin the gage section. The final shape is repeatedly traced to create a clean, vertical sidewall.
A representative micrograph of a PMMA tensile bar is shown in (b). The inset shows a detailed view of the center gage section

Fig. 2.2 Representative stress-strain for fs-laser machined (a) 25 �m thick rolled aluminum, (b) 50 �m thick impact modified at PMMA at three
strain rates, and (c) 50 �m thick SiC

After machining, the tensile specimens are transferred into a custom micromechanical testing apparatus. The apparatus
consists of translation stages for alignment and applying strains, an S-beam load cell (Futek Advanced Sensor Technology,
Inc.), and optical microscope. After aligning the tensile bar in the grips, the specimen is strained while simultaneously
measuring the force and recording images for determining strain via digital image correlation. Here, the aluminum and SiC
are strained at 10�3 s�1 while strain rates from 10�3 to 1 s�1 are applied to the PMMA.

Tensile tests performed on rolled aluminum, PMMA, and SiC demonstrate capabilities of fs-laser machining to fabricate
reliable mechanical testing specimens. The rolled aluminum (Fig. 2.2a) exhibited tensile strengths between 75 and 100 MPa
as well as 6–12% elongation at failure. This response is indicative of an as-worked, high purity aluminum [19]. Impact
modified PMMA (Fig. 2.2b) exhibits strong strain rate sensitivity at strain rates between 10�3 and 10�1 s�1; as the strain rate
is increased, the strain to failure significantly decreases while the tensile strength increases. The observed trends in strength
and strain to failure are in good agreement with previously reported strain rate sensitivity in PMMA [20, 21]. Finally, the SiC
(Fig. 2.2c) exhibits linear elastic loading behavior before failing abruptly. The observed failure stress is higher than typical
tensile stresses in SiC [22]. However, this result is consistent with the trend of smaller is stronger, typical of flaw dominated
failure in brittle materials, given the reduced specimen size [23].

As a whole this work demonstrates the potential for sample fabrication via fs-laser ablation. A machining method, which
employs multiple cutting steps, for producing high quality test specimens was presented. The machining process was used
to fabricate tensile bars from thin sheets of three representative materials, rolled aluminum, impact modified PMMA and
SiC. Subsequent tensile tests suggest that the tensile properties of the laser machined specimens are in good agreement with
the bulk properties of the parent material. Thus, a reliable and high throughput fabrication and mechanical testing method,
which avoids many limitations characteristic of established fabrication methods has been demonstrated.
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