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Abstract. An in situ process control monitor is presented by way of experimental results and simulations, which
utilizes a pulsed laser ultrasonic source as a probe and an optical heterodyne displacement meter as a sensor.
The intent is for a process control system that operates in near real time, is nonintrusive, and in situ: A necessary
requirement for a serial manufacturing technology such as additive manufacturing (AM). We show that the diag-
nostic approach has utility in characterizing the local temperature, the area of the heat-affected zone, and the
surface roughness (Ra ∼ 0.4 μm). We further demonstrate that it can be used to identify solitary defects (i.e.,
holes) on the order of 10 to 20 μm in diameter. Moreover, the technique shows promise in measuring properties
of materials with features that have a small radius of curvature. We present results for a thin wire of ∼650 μm in
diameter. By applying multiple pairs of probe–sensor systems, the diagnostic could also measure the local cool-
ing rate on the scale of 1 μs. Finally, while an obvious application is used in AM technology, then all optical
diagnostics could be applied to other manufacturing technologies. © The Authors. Published by SPIE under a Creative
Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication,
including its DOI. [DOI: 10.1117/1.OE.57.4.041415]
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1 Introduction
Additive manufacturing (AM) is a promising technology that
produces working parts out of metals, polymers, and com-
posites. The desirable attributes of AM include the direct fab-
rication of complex three-dimensional (3-D) shapes and the
potential to produce parts with tailored material properties.
Current AM methods include the use of a laser or electron
beam to melt and fuse stock material that is delivered as
a powder through a jet nozzle, dispensed as a powder bed
with repeated layering, as a thin spool of wire that is just
unreeled, or a vat of material with photolytic cross-linking
properties that harden upon focused laser irradiation. A more
ubiquitous method in the case of polymer material is a fab-
rication approach that extrudes stock material in a continuous
layer formation process. Metal extrusion methods are also
used in the development1–3 along with techniques that
deposit a powder form of a material, layer-by-layer, within
a sacrificial powder host and the whole object is heated to
selectively sinter the material within the host.4,5 All these
techniques have advantages and shortcomings with the pri-
mary shortcoming being poor process control. Process con-
trol could be based on a low fidelity diagnostic if the parts
produced are just prototypes. However, in the past decade
there has been a drive to fabricate production parts on AM
tools that have heritage from prototype processing. One envi-
sions more process control diagnostics in the next generation
AM tools.

In situ diagnostics have an advantage over ex situ and this
is especially significant in AM because of the serial nature of
the fabrication and the ability to take corrective action (i.e.,
stop or fix) when the process has gone askew. For example,
the “midstream” identification of a location, where there has
been improper sintering, might initiate a quick ancillary
process that provides additional local heat. This form of cor-
rective action is only possible when the diagnostic is in situ.
In situ diagnostics for AM can be realized in different ways,
but optical imaging and spectroscopy of the imaged region
are the easiest because they are not intrusive to the manufac-
turing process.

Current state of the art for in situ monitoring and process
control in AM is evolving6–8 and variations exist between
powder bed diffusion processes (where melting occurs at
a work site in a powder bed) and directed energy deposition
(DED) processes (where the material is melted as deposited).
Temperature, melt pool size, geometry, and melt pool
dynamics are some of the main process parameters of interest
that determine product quality. Common sensors to monitor
these parameters include photodetectors, CMOS cameras, IR
cameras, and pyrometers. Photodetectors and cameras are
often used to measure, with varying success and strongly de-
pendent upon the setup, the melt pool sizes, temperatures,
solidification rates, and structural geometries. Pyrometers
are usually used to measure temperatures. These sensors
are most effectively utilized in conjunction with data analysis
and feedback control mechanisms. Data from sensors can
also be analyzed to indirectly characterize other properties
such as residual stress.

Although these sensors and techniques do have their
advantages, they fail in the following respects: (1) They
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“sample” only the surface area and cannot “probe” the layer
below (e.g., 20 to 50 μm); (2) The use of imaging for the
thermal analysis requires accurate knowledge of material
emissivity—emissivity is very sensitive to the shape of
the formed structure size and in AM this can vary throughout
a build (to some extent depending on the amount of material
or thermal sink is adjoining); and (3) Optical spectroscopy of
the emission (surface or above surface, e.g., sparks) will be
even more sensitive to the applied local energy flux that is
guaranteed to vary during patterning because of the inertia in
the motion platform. A solution to this third problem, which
surprisingly has not been implemented, is the synchronous
amplitude modulation of the laser/energy source with the
motion platform.9 Moreover, the development of an optical
spectroscopy system can be complex if information on the
scale of tens of microns is necessary from a distance of
tens centimeters.

One possible in situ diagnostic, which is described in this
report, merges the power of optical techniques with that of
ultrasound, which can penetrate even refractory materials.
We present the development of an in situ monitoring diag-
nostic that could be used as a process control for laser-AM.
The technique applies two low-power lasers that can be
focused to within microns of the region of interest, if neces-
sary. One laser is the initiator or probe and generates wide
broadband ultrasound (Δν > 100 MHz). The second serves
as the sensor measuring, by laser heterodyne spectroscopy,
the displacement of the surface on the scale of nanometers.
The time-resolved measured signal appears to track several
parameters that are of interest to metallurgists. The technique
can be implemented into existing AM tools with minimal
modification.

The prominent ultrasonic wave mode that is excited and
detected with our technique is the surface acoustic wave
(SAW) or Rayleigh wave.10,11 This mode propagates along
the surface and is composed of a coupled shear and longi-
tudinal wave. The velocity, V, of these dispersionless SAWs
in materials can be described by the equations
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where σ is the Poisson ratio that relates to elastic properties
of the material, Vs is the shear wave velocity, and Vl is the
longitudinal wave velocity, respectively. The relation
between the wavelength, Λ, and frequency, f, for a velocity
is given by ∼V∕f. For an SAW velocity of 3100 m∕s in tita-
nium alloy Ti6Al4V, a wave with frequency of 50 MHz will
have a wavelength of 62 μm. Penetration depths of the SAW
are approximately one or two times the wavelength, allowing
the SAW to probe the layers of an AM build, which is typ-
ically a layer-by-layer process. The ability to measure the
velocity of SAWs allows for the determination of elastic
properties and tracking of other physical properties, such
as temperature.11,12 The modulus defines the mechanical
properties in most materials, such as the velocity of sound

(typically 3 to 5 km∕s for metals), and is temperature-depen-
dent. An increase in the temperature typically decreases
velocities of bulk waves and SAWs.12,13 SAWs may also
be measured and analyzed to infer frequency (wavelength)
content, making it possible to gain information about addi-
tional properties, such as roughness, grain size, or defects
related to microstructure.14–17 SAWs in this work are gener-
ated from the thermoelastic response of the material with
a laser pulse.18 SAWs produced by laser pulses can have
a higher frequency bandwidth than those generated with pie-
zoelectric transducers. The higher bandwidth can be an ad-
vantage in certain measurements (see discussion below). The
laser interferometer sensor used to measure surface displace-
ments in this report allows for the recording and analysis of
waves in broad frequency distributions.

Of the many diagnostic parameters thought to be neces-
sary,7 one is the need for monitoring the temperature at or
near the sintering region as a function of time. The informa-
tion establishes the possible alloy phases and the microstruc-
ture that could be present.4,5,7,8 Some methods that have been
employed, albeit not all, are in situ. The techniques include
the use of interference of reflected light,19 x-ray diffraction,20

coherent Raman line shift spectroscopy,21 thermionic emis-
sion,22 time of flight,23 ellipsometry,24 and electron diffrac-
tion if crystalline phases are present,25 and pyrometry.26

Notwithstanding these techniques, we recently published
a noncontact in situ approach that tracks the change in
local temperature near a fusing/sintering zone. The technique
is based on pulsed laser ultrasonic excitation and laser
heterodyne interferometry.27 The measured value is the
change in the arrival time of the surface traveling ultrasonic
wave (typically called an SAW). In this report, we further
advance this diagnostic approach by presenting data that
show (a) the ability to detect small surface defects (<20 μm),
reminiscent of a feature left by an unmelted powder grain,
(b) the utility to probe around shapes having small curvatures
(e.g., a diagnostic for a wire fed AM tool), and (c) the ability
to distinguish a roughened surface from a precalibrated norm
on the scale of tens microns. The diagnostic technique that
merges the capabilities of two nondestructive evaluation
(NDE) disciplines (e.g., optical and ultrasound) does have
the speed throughput that could even exceed some conven-
tional or thermal8 imaging techniques while providing more
than one piece of information. Finally, it can also provide
information from below the surface and is agnostic to the
material and processing approach.

2 Experimental
The following proof-of-principle experiments were done on
an automated XYZ stage and not within an AM tool.
Figure 1 shows the general experimental setup with two dif-
ferent probe–sensor configurations. In one configuration
depicted in the lower left of Fig. 1, three laser beams are
directed onto a sample. The centrally located high-power
processing or heating laser (representative of an AM process-
ing laser) is accompanied by the probe laser on the one side,
which generates short pulse SAWs by nonablative excitation
and on the other side by the sensor laser that measures the
surface displacement. The probe and sensor lasers are
directed onto the sample via small (5 mm) prisms, with
the probe prism coated for high reflectivity. The intent is
positioning the probe and sensor lasers to be as close as
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possible to the processing action. The second experimental
configuration does not use a high-power laser but has the
objective to measure surface roughness and detect solitary
surface defects. In the second configuration, both probe and
sensor laser beams are focused through the same single 15×
objective lens (Thorlabs LMU-15X-UVB). This arrange-
ment enables a shorter separation between the probe and sen-
sor lasers (e.g., <100 μm) while also reducing the spot size of
both the probe and sensor laser beams (e.g., <5 μm).
Although the sensor laser focus produces a circular spot,
the probe beam focal spot is typically rectangular, which
helps in the generation of plane-wave SAWs. The sharp rec-
tangular line at focus is made possible using a physical mask
and a 10∶1 optical image reduction telescope placed prior to
the objective lens. The need for two experimental configu-
rations is a direct result of our laboratory limitations. In an
actual AM tool, configuration 2 would be used in which the
three laser beams are delivered collinearly.

The sample is positioned by a computer-controlled XYZ
motion stage (Aerotech A3200 motion controller), which
also includes a tip-tilt goniometer (Thorlabs GN05). The
XYZ motion stage is controlled by the Aerotech software,
but MATLAB (with instrument drivers and Instrument
control toolbox) and Python (using instrument drivers and
pyVISA) are used to synchronize the motion platform

with the data acquisition system and the probe pulse
initiation.

The surface displacement wave is digitized at 8 or 16
Gigasamples/s. The high-power processing laser (Coherent
Innova Argon Ion) produces 20 W of CW output power
when configured to operate on all laser lines (typically
∼40% of 488 nm and ∼60% of 514 nm). Before reaching
the target, the high-power laser passes through a 5× objective
(LMU-5X-UVB) forming an illuminated spot roughly
600 microns in diameter. The on-target laser power is mea-
sured by a Coherent PM10 power meter. Two probe lasers
are used in the experiment

1. A pulsed, Q-switched (Coherent Evolution-30 Nd:
YLF) green laser operating at 532-nm wavelength
and repetition rate of 5 kHz. The 170-ns pulsewidth
of the Nd:YLF laser is chopped to form a 60- or
40-ns pulse [full width at half maximum (FWHM)]
by an electro-optic pulse slicer (Lasermetrics pulse
gating system, 5046ER, with BBO crystal). The sliced
pulse laser beam then passes through an anamorphic
lens, (to compensate for differences in the divergence
in the X- and Y-directions) and is focused by a 50- to
100-cm focal length cylindrical lens to form an
approximate line shape on target with dimensions

Fig. 1 Experimental setup. Shows schematic of optical heterodyne system, guiding assembly for laser
beams onto substrate, and block diagram of data acquisition chain.
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of 100 μm × 5 mm. The average on-target power for
the green probe laser is ∼1 W. The maximum single
shot fluence produced is 40 mJ∕cm2, which is well
below most damage thresholds for metals.28

2. A pulsed, Q-switched Nd-YAG (Spectra Physic
QuantaRay, Lab-190) UV laser operating at 355-nm
wavelength at a repetition rate of 100 Hz. The UV
pulsed laser has a pulse width of 6 ns. The average
on target power for the UV laser depends on the opti-
cal configuration and the material studied but ranges
from 0.5 to tens of mW.

Although the Nd-YAG laser (200 W) may have been a
suitable choice to use as a heating laser, at the time of the
experiment, the safety protocols for the IR laser were not
yet in place as it was for the visible laser.

The optical heterodyne system (Fig. 1) is based on a 488-
nm CW narrow bandwidth laser (Coherent Sapphire 488 SF,
50-mW max power, 0.70 beam diameter (1∕e2), and line-
width <1.5 MHz). The laser beam is split into two beams
to form the reference and sensor arms. The reference arm
passes through a 125-MHz acousto-optic modulator (AOM)
(Brimrose TEF-125-50-488, 50-MHz bandwidth, Tellurium
Dioxide, TeO2, substrate with FFF-125-B2-F0.4-CO fixed
frequency driver) and the −1 diffracted order from the
AOM is used as the reference. The sensor arm is not modu-
lated and directed on to the sample surface. The polarization
of the incident and surface reflected laser beams is altered to
keep the incident and reflected sensor beams from interfer-
ing. The reference and reflected sensor beams are then
brought to a focus and made to overlap onto a photodetector
(EOT-2020, 2 GHz), which is covered by a 300-μm pinhole.
The photodetector signal is low-pass filtered (270 MHz),
amplified (×25) by a 350-MHz bandwidth low-noise pre-
amplifier (SRS 445A), and passes through a DC block filter.
The signal is then digitized with 8-bit resolution by a sam-
pling scope (Lecroy WavePro 960, 330 MHz bandwidth). To
further enhance the on-target spatial accuracy of the sensor
measurement, the heterodyne sensor beam is focused with a
5× objective (Thorlabs LMU-5X-UVB, NA ¼ 0.13, work-
ing distance of 37.3 mm) and forms a spot ∼67 μm in diam-
eter. The reflected light is collected by this same objective.
The data acquisition is synchronized via a photodetector
monitoring the probe laser. High-speed mechanical shutters
(Uniblitz LS6Z2 and LS6S2ZM0, minimum open time of
700 μs, and VCM-D1 driver) are used to record data for
a specific number of SAW pulses. Moreover, with software
control and delay generators that drive the mechanical shut-
ters, burst mode data acquisition becomes possible (i.e., 3 to
5 SAW pulse bursts of data are captured over a 0.5-s time
interval).

The digitized data are processed and analyzed using soft-
ware written in MATLAB and Python. A Hilbert transform is
used to demodulate the signal to produce time-resolved sur-
face displacement data. The displacement data are then fur-
ther analyzed in both the time and frequency (i.e., power
spectra density) domains.

Various materials have been previously used to demon-
strate the diagnostic capabilities. For example, a 5-mm-
thick copper disk was used (diameter of 45 mm) to demon-
strate tracking of local temperature change.27 In this case, the
material choice reflects the need to maximize the energy

absorption of the available heating laser. For that demonstra-
tion, the distance between the probe and sensor lasers is
∼6.7 mm with the heating laser approximately in the center.
In an AM production tool, the laser beam wavelength could
be optimized for the material in use. The reflectivity of cop-
per at 488 (heterodyne sensor), 532 (green probe laser), and
the 514 nm (heating laser) is 0.539, 0.659, and 0.601, respec-
tively. Consequently, nearly half of the incident light is lost to
reflection at all these wavelengths. For example, ∼58% of
the heating laser is reflected, which limits the maximum tem-
perature that could be achieved in this proof-of-principle
demonstration. Other materials used are aluminum (bulk
extruded) and Ti6Al4V.

3 Results

3.1 Temperature Measurements

SAWs can be used to measure a change in temperature within
and around a heat-affected zone (HAZ). The prospect rests
on the fact that the speed of sound is a function of temper-
ature and in most materials, the sound velocity decreases
with increasing temperature. Consequently, changes in the
local temperature can be discernable by a change in the
SAW arrival time. Its utility as a real-time, local temperature
monitor in AM has been previously addressed.27 Below, we
present a simulation intended to demonstrate the feasibility
of SAWs to characterize the size of an HAZ region and the
cooling profile that surrounds the region. The simulation pre-
sumes an AM tool having pattern motion capability that is
moderate-to-high speed (150 mm∕s).

The change in the velocity of sound, which appears as
a change in the SAW arrival time (or a “time delay” when
compared with a reference), can described by the equation

EQ-TARGET;temp:intralink-;e003;326;389td ¼ t0ð1þ αTΔTÞ; (3)

where td is the time delay with respect to the time of travel t0
at a reference temperature. ΔT is the temperature change
with respect to the reference, and αT is the temperature coef-
ficient of delay.29,30 This equation applies to a material vol-
ume with a homogeneous change in temperature.

As a function of time t and x-, y-, and z-coordinates, the
temperature distribution for a Gaussian spatial profile laser
beam moving across a material surface can be modeled with
the following equation:31,32
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where q is the incident laser power, ρ is the density, C is the
heat capacity, κ is the thermal diffusivity, σ is the beam
radius, ν is the beam velocity along the propagating axis
(e.g., x-axis), tmax is the time duration of the applied laser
energy, and T0 is the initial temperature of the material,
respectively. The equations define an incident laser beam
on the x-, y-planes with z defined as depth. When the z
value is set to zero, the temperature distribution devolves
into a two-dimensional (2-D) model and represents the

Optical Engineering 041415-4 April 2018 • Vol. 57(4)

Manzo and Helvajian: Utility of optical heterodyne displacement sensing. . .



temperature profile on the surface, which to first order is an
upper limit. At a particular time, t, Eq. (4) shows the change
in temperature with respect to a reference value. Substituting
Eq. (4) into Eq. (3) relates the SAW arrival time (i.e., delay)
with thermal properties of the material [note: that t in Eq. (4)
is time, whereas td in Eq. (1) is the delay time associated with
SAW travel]. The simulation follows the methodology below:

• A surface region much larger than the anticipated HAZ
and for specific time duration of travel is first defined
(e.g., x ¼ 9 and y ¼ 3 mm).

• As a function of select times, the temperature distribu-
tion is calculated over the surface at select times.

• The surface temperature distribution is portioned into a
mesh of 2-D squares, where the temperature within
each square is assumed to be constant for the select
times the calculation is derived.

• At specific distance increments across the laser
beam travel direction, the SAW arrival time delay is
calculated using Eq. (1) and the temperature difference
between adjoining squares. The sum of these incre-
mental time delays results in the total time delay expe-
rienced by the SAW.

• The temperature distribution is assumed to be frozen
during the brief time it takes the SAW to propagate
3 mm. For example, in most metals the SAW velocities
are ∼3 km∕s and so the travel of 3 mm takes 1 μs. The
thermal diffusivity of most metals is such that over 1-μs
duration, heat transfer is on the order of 5 to 10 μm
[Ref. 33 Prokhorov, Table 2.1]. Consequently, the
change in the temperature distribution should be neg-
ligible for this analysis.

Details of the simulation include the heat input (35 W)
applied by the CW laser, a laser beam radius of (150 μm),
and the patterning velocity (150 mm∕s along the Y-axis). We
use material and thermal properties for steel. The thermal
diffusivity is κ ¼ 5 × 10−6 (m2∕s). The temperature coeffi-
cient of time delay is approximated29 from velocity versus
temperature curves for steel34 and is set as 150 ppm∕K.

Figure 2(a) shows the spatial distribution of the temper-
ature after the laser has been on for a period of 0.05 s and has
traveled 7.5 mm. The inset in Fig. 2(a) shows slices of this
temperature distribution along the Y-axis (perpendicular to
the travel path), with the highest temperature distribution
slice representing the distribution at the current laser beam

Fig. 2 (a) A simulation of the spatial distribution of the temperature from a moving (150 mm∕s) CW laser
incident on steel. Motion is along the x -axis. (a) Inset: Spatial distribution of the temperature along the
y -axis starting at the center of the laser beam (top profile at y ¼ 0 mm, x ¼ 8 mm) and progressively
further back along the traveled x -axis (successively lower amplitude curves) in increments of 0.1 mm.
(b) The calculated SAW arrival time or delay (with respect to a reference) versus distance along the
traveled path (0 mm represents the location of the laser beam center). (c) The arrival time or delay
of an SAW packet that has propagated through a distribution as shown in Fig. 2(a) inset which has
a maximum temperature defined by the Y -axis. (d) The FWHM (in mm) for the temperature distributions
in Fig. 2(a) inset as a function of the SAW time delay. Data in (c) and (d) are plotted as a guide to the
process engineer, who measures the SAW arrival time and can discern the maximum temperature along
the path and FWHM of the HAZ.
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location, followed by slices of the temperature distribution at
sequential 0.1-mm increments along the beam path traveled.
Figure 2(b) shows the calculated change in SAWarrival time
or delay using Eq. (1) for the temperature distribution shown
in Fig. 2(a) and a probe and sense laser beam separation of
3 mm (i.e., straddling the heating laser path). The calculated
SAW delay times show that it is experimentally feasible to
track the change in temperature of a fast-moving sintering
laser. Figures 2(c) and 2(d) show the simulated results in
a format that would be useful to a process control engineer.
The figures show the estimated maximum temperature along
the SAW path and the extent of the HAZ (FWHM) along that
path. Consequently, by tracking the SAW arrival time or
delay, a near-real-time monitor of the maximum temperature
(along the path) and the extent of HAZ can be had. With
multiple probe and sense beams, where each pair is separated
by a nominal distance (e.g., 0.1 to 0.2 mm) along pattern
laser path and the SAW pulses are applied in a sequence,
it would be possible to measure the maximum temperature
along a laser travel path and thus the “cooling rate” along the
path as shown in Fig. 2(a).

Melting and heating in real AM processes with powdered
metals often produce higher temperatures, larger heating
areas, and temperatures that can persist for longer periods
than those modeled here. Moreover, with higher fidelity

analysis of the time-dependent signal, it may even be pos-
sible to capture information on material property changes
(elastic and inelastic).35 For example, phase changes during
heating and cooling can be reflected in time-delay plots and
may appear as significant deviations from the calculated
results.

3.2 In Situ Diagnostics on Sharp Radii Curved
Surfaces

There are fabrication processes where monitoring a material
property along a sharp curved surface can be useful, for
example, in wire fed electron beam AM or electron beam
freeform fabrication.36,37 In wire fed and extruded material
deposition processes, the feedstock material typically has
some curvature (e.g., 1 to 4 mm dia. for some tools). An
in situ, noncontact, diagnostic that monitors properties
(e.g., local temperature and roughness) would be helpful.
The diagnostic would be placed on the feedstock material
near the melting point or at the location where the melted
material begins to fuse to the under layer below. The concept
of laser SAWas a diagnostic on curved surfaces is presented
using a large diameter sample and a thin wire sample [see
Fig. 3(a): bottom right photo]. A curved Ti6Al4V sample
is milled down from a rod to ∼1-cm diameter. The sample
is mounted such that the probe laser beam, in this case

Fig. 3 (a) Right: Probe–sense configuration applied to cylindrical sample and a photograph of the 1-cm
dia. sample and 650-μm dia. wire. Left: schematic depicting the measured locations of the probe and
sense beams. (b) Measured displacement as a function of arrival time for the SAW mode. (c) Plot of the
calculated travel distance versus measured arrival time of the bulk wave modes (longitudinal and shear).
The slope defines the speed of sound for the wave mode. (d) Plot of the surface displacement versus
arrival time of a reference material (aluminum flat coupon) and a 650-μm dia. copper wire. The t ¼ 0
defines the initiation of the probe laser pulse. Two SAW mode pulses (depicted by arrows) are identified
for the case of the cylindrical wire. The early arrival time represents an SAW mode that has traveled a
short distance, whereas the late arrival time signal is a wave that has propagated in the opposite direction
in relation to the first. The inset depicts the counter propagating waves.
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a pulsed UV laser, is incident horizontally and the sensor
laser is directed downward at a 90-deg angle to the probe
laser beam [see Fig. 3(a): top right photo]. The probe
laser beam is shaped to a line focus with dimensions of
(2 to 3 mm × 50 to 100 microns).

Data are collected using the acquisition approach as
shown in Fig. 1 except that the measured signals are distin-
guished, by their arrival time, into the three primary wave
modes such as the SAW, the longitudinal, and shear
waves. The latter wave modes are also called bulk modes
because they travel through the material. Data are taken at
five probe-to-sensor distances as shown in Fig. 3(a) sketch.
The arrival time of the SAW mode from the five locations is
shown in Fig. 3(b), which is a plot of the surface displace-
ment as a function of time. Simple geometry is used to derive
the perimeter distance that would be the path of the SAW
wave, whereas the chord would be one possible path for
the longitudinal and shear modes. For example, using the
calculated distance between probe-to-sensor, where the
probe is at location 3 [Fig. 3(a)] along with the measured
arrival time (2.537 μs), yields a value of 3113 m∕s for the
SAW velocity that is close to that in the literature for
Ti6Al4V.38,39

The identification and characterization of the shear and
longitudinal waveforms provide additional evidence because
these modes travel along the chord and provide information
buried within the sample. Figure 3(c) shows a plot of the
calculated travel distance versus the measured arrival
times. The velocity is derived from the slope. Fitting the data
shows a longitudinal wave mode velocity of 6280 m∕s,
which is within 4% of the literature value.39 Similarly, the
shear wave mode velocity, from the fit, is 3174 m∕s, which
is within 3% of the literature value.39 One of the advantages
of the presented diagnostic over optical emission diagnostics
is the utility of ultrasound waves as probes for subsurface
material properties. For example, if the longitudinal and/or
shear modes do not appear, one can suspect empty pocket
defects, or if the velocity of these modes do not conform
to establish values for the speed of sound, one can suspect
other alloys to have formed.

Figure 3(d) shows the results from a tinned copper wire
650 μm in diameter [shown in Fig. 3(a) photo on lower left]
and a flat aluminum sample used as a reference. The plot
shows the measured surface displacement as a function of
time. A probe-to-sensor distance of 200 μm is used. The dis-
tance length is corroborated by measuring the SAW mode
arrival time from a flat aluminum sample, where the speed
of sound of the SAW mode is known (dashed line). The cop-
per wire data (solid line) shows two features identified by
arrows. The feature with the higher signal-to-noise ratio is
a wave that has traveled a short distance to the sensor,
whereas the latter arriving feature corresponds to the SAW
mode that has circumnavigated around the whole wire. Both
SAWs have travel times that are expected with copper. The
inset in Fig. 3(d) shows the two-wave modes. These results
demonstrate that SAW modes measured at a nm level of dis-
placement can be used to measure surface properties of
a small diameter wire. The use of the aluminum SAW to
verify probe–sense distance also acts as a verification for
the technique (i.e., measuring properties on small curved
samples), though the SAW from an aluminum flat surface
is measured. Prior knowledge of the propagation of SAWs

on flat aluminum ensures that short probe-to-sense distance
is operable. Although there may be some potential for slight
dispersion of SAWs on curved surfaces,40,41 the results of the
travel distances and arrival times help qualify the accuracy of
the measurements and bring support to the technique.

It is possible to estimate the curvature limit that can be
measured based on our existing experimental capabilities,
which use 3- to 10-ns pulse width lasers. The measurement
of small radius of curvature becomes easier, the shorter is the
pulse width laser (e.g., femtosecond laser can generate sub-
micron wavelength SAWs). Also, with a decrease in the
radius of curvature there is a concomitant reduction in the
arrival time between the bulk and SAW modes. However,
with detailed analysis and possible use of machine learning
algorithms, signal shape changes can be distinguished and
characterized to separate a bulk mode from an SAW mode.
For example, consider a probe laser that is incident on top of
a 50-μm radius bump above a Ti6Al4V surface. The travel
distance from the top to the edge along the surface is
78.5 μm, whereas a bulk wave traveling along the chord
is 70.7 μm. Table 1 shows the calculated arrival times for
a sensor beam placed at the edge for the bulk and surface
wave modes. This appears to be close to the limit of our
capability using a 3-ns pulse width laser and diagnostics
with time resolution limit of ∼5 ns.

3.3 Near-Real-Time Qualitative Measurement of
Surface Roughness

Surface roughness plays a key role if a high-quality, layer-
by-layer build is desired. A diagnostic that can qualitatively
monitor the surface roughness at each layer without adding
significant time to the overall AM process would be valu-
able. The measurement could enable a corrective action
to be applied locally to smooth out a roughened section
(e.g., a second laser or e-beam pass). The ability to use
SAWs to investigate surface roughness, as well as micro-
structure, surface defects, and subsurface defects, is related
to the scattering and attenuation of SAWs in the presence of
these features.14,15,17,42 We demonstrate the diagnostic tech-
nique as a surface roughness monitor here.

The experiment uses an NIST-traceable surface roughness
comparator (GAR Electroforming E-9 Electrical Discharge
Machined Microfinish Comparator) as the reference stan-
dard. The SAW signals are analyzed by an algorithm that
compares the surface microfinish with the NIST standard,
on the scale of 0.5 to 5 μm (i.e., subparticle grain size).
Figure 4(a) shows a photograph of the surface roughness
comparator with Ra values (arithmetical mean) as defined
by Eq. (3), where yi represents a measured height

Table 1 Calculated arrival times for acoustic waves incident on
50-μm radius bump.

Circumference Bulk

78.5 microns 70.7 microns

SAW 25.2 ns —

Shear — 22.3 ns

Longitudinal — 11.3 ns
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EQ-TARGET;temp:intralink-;e005;63;298Ra ¼
1

n

Xn
i¼1

jyij: (3)

The Ra values on the reference vary from 0.4 to 6.4
microns. Laser SAWs are produced, measured, and analyzed
at several locations on the comparator standard simply by
positioning the probe and sense lasers at arbitrary locations
within different roughness regions. Data are collected for
roughness areas with Ra ranging from 0.4, 2.3, 3.2, 4.6,
and 6.4 microns (or 16, 90, 125, 180, and 250 microinches),
respectively. The probe and sensor lasers are always sepa-
rated by a distance of ∼110 microns, which defines the
nominal measured area. Figure 4(b) shows the time-resolved
surface displacement data containing the SAWs (50- to
100-μs portion) measured for each roughness region, with
the primary observable being a decrease in the pulse
width of the main negative-going SAW pulse. The trend
is more obvious in the data of Fig. 4(c), which is a normal-
ized frequency spectrum of the data in Fig. 4(b) and suggests
a trend that with increasing Ra, the FWHM of the frequency
spectrum grows. This trend is more obvious in Fig. 4(d),

where the value of the FWHM is plotted as a function
Ra. Linear and quadratic fits are applied to capture the
trend shape. The resulting trend demonstrates a potentially
simple method for qualitatively estimating changes in the
surface roughness during in situ process monitoring. A sim-
ple FFT can be done on the time-resolved signal and the
value compared with a standard. To further expedite near-
real-time analysis, one may need not compute the full dis-
crete Fourier transform and approximations may suffice.43

In powder bed AM tools, powder diameters vary from
5- to 20-microns, one would expect a well-sintered sur-
face layer to have roughness <5 microns and preferably
<0.5 microns.44 Consequently, our diagnostic technique
demonstrates that it may be possible to institute a Ra “out
of range” condition along the build layer with measured seg-
ments as short as 110 microns apart.

3.4 Utility as a Transient Diagnostic to Identify
Solitary Defects on the Order of 10 μm

Surface roughness (i.e., Ra) is a descriptor of the variation in
surface feature height; it describes the deviations of the

Fig. 4 (a) GAR Electroforming E-9 electrical discharge machined microfinish comparator used for sur-
face roughness evaluation. (b) Displacement versus time for SAWs measured over different roughness
regions. (c) Frequency distribution (normalized with respect to the maximum) for the SAW waves mea-
sured over different surface roughness regions. (d) Frequency at the FWHM for the frequency distribu-
tions over each surface roughness region.
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normal vector of the real surface from its ideal form.
Although it is a necessary parameter to monitor, it usually
does not encompass the existence of solitary defects, such
as a small surface indentation left from an unmelted powder
grain that has been brushed away. This form of defect,
although minute (<20 microns), does appear in AM process-
ing and results in the possible formation of a buried defect if
not repaired. If such defects can be identified between layer-
ing operations, then one can envision a process for locally
repairing it (e.g., filling the “potholes” on a street prior to
resurfacing). Therefore, a diagnostic that identifies “solitary”
defects is also necessary in addition to one that measures Ra.

The identification of solitary defects requires an analysis
of the time-dependent signals slightly different from one that
diagnoses the qualitative Ra value. An experiment has been
done to explore whether solitary defects (i.e., on the scale
powder grain size or 10 microns) can be teased out from
the time-dependent signal. As a means to demonstrate the
diagnostic, a sample with a square array of 10- to 20-micron
diameter holes (i.e., pits) is prepared by pulsed laser ablation.
Figure 5(a) shows an optical microscope image of one such
“defect.” The defects are spaced 150 microns apart on an

aluminum 6061 sample. The probe–sense beams are aligned
such that the UV probe and sensor laser beams straddle the
defect. This would be the nominal diagnostic configuration
within an AM tool as collinear probe and sensor beams are
made to scan along a build layer. It is important to point out,
at this juncture, the advantage of laser-induced SAWs in
comparison with traditional piezoelectric-generated SAWs.
In the former case, the generated SAWs have wide band-
width (∼1∕τ, where τ is the pulse width of the laser, e.g.,
1 ns?1 GHz while piezoelectric materials, because of the
nature of crystalline matter, “ring” with narrower bandwidth.
The implication is that for the case of the laser-generated
waves, the propagating wave packet can contain shorter
wavelengths (Λ ¼ V∕f where Λ is the wavelength, V is
the velocity of sound, and f is the frequency). Scattering
theory argues that wave disturbance becomes more efficient
when the size of the scattering center approaches the wave-
length of the wave being scattered.15 Figure 5(a) shows the
track of the probe laser along a line of defects. The visible
track is not ablated material but a discoloration caused from
reaction with oxygen because the experiment was not done
in an inert atmosphere. The sensor beam, which has even

Fig. 5 (a) Pre-fabricated square array of 10- to 20-μm size holes separated by 150 microns in each
direction. (b) SAW curve of a single probe–sense signal located at some location along the scan direc-
tion. (c) The displacement (itself a function of the time) versus the location along the scan axis. Each blue
curve represents a different time point during recording of the surface measurements. (d) Filtering and
peak extraction of a single displacement versus scan location curve.
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lower power does not leave a visible impression and in this
configuration, is located above the track line of defects. The
probe–sensor separation is ∼115 μm and data are acquired in
10-μm stage motion increments. The surface displacement
signal from a single SAW pulse at an arbitrary location
along the track is shown in Fig. 5(b) after signal processing.
In our experiment, we are limited by the repetition rate of our
laser (100 Hz). Data can be acquired far more quickly using
a higher repetition rate laser (kHz-MHz). A data processing
algorithm has been developed that implements Savitzky–
Golay filtering (blue curve),45 followed by time binning
(red curve). Figure 5(c) shows the amplitude of the algo-
rithm-processed-signal from 150 measured locations and
at different time segments. Many of the values reside on
or near zero displacement. Those traces are not further ana-
lyzed. However, of the nonzero displacement traces (for
example, the second curve down from the highest curve)
additional filtering analysis is done. Figure 5(d) shows the
results of the filtered data plotted as a function of track dis-
tance. The trace is highlighted by peaks that correspond with
the locations of the defects along the scan direction. Using
a peak extraction algorithm, we deduce an average peak sep-
aration distance of 151.7 μm. This value is within 2 μm from
the known defect separation distance of 150 μm. Moreover,
we believe there is more information in Fig. 5(d) data. For
example, the slope to either side of the peak location iden-
tifiers could be a representative effect of the defect diameter.
Further experiments are necessary to confirm this observa-
tion. Regardless, these results show strong promise for in
situ detection of solitary defects on the order of powder
grain size (10 to 20 μm). The method is extensible to iden-
tifying subsurface defects46 and our laboratory has used a
more traditional ultrasound NDE technique to image weld
properties of two metal sheets.47,48

4 Outstanding Issues and Other Approaches
The results show that laser ultrasonics coupled with laser
heterodyne displacement sensing provides the means for
an in situ monitoring technique from which several key
processing parameters relevant to AM can be derived. The
technique may also find use in other manufacturing technol-
ogies. Although the technique shows promise, there are
issues yet to be addressed. For example, in these proof-
of-principle demonstrations, a specific probe–sensor con-
figuration is used to derive the process parameter of interest.
To limit the proliferation of diagnostic probes, it would be
more sensible if the deduction of multiple process parameters
could be demonstrated from a single measurement. On the
other hand, the technique is laser based (i.e., nonintrusive)
and multiple probe–sensor systems could easily be imple-
mented within a commercial tool. Each configuration can
then be dedicated to addressing a specific parameter and
time synchronization of the pulsed probes limits signal
cross talk among the multiple sensor channels. Another
important process parameter is knowledge of the grain
size of the sintered material during the build. Grain size
affects mechanical and fatigue properties of materials and,
to some extent, can be controled by the cooling rate.
Consequently, a measurement of the cooling rate near the
sintered region could be one indirect approach to monitoring
microstructure. One can envision a set of probe–sensor laser
combinations that monitor the local temperature at specific

locations away from the sintered matter. The process control
protocol would entail monitoring of cooling profile to yield
the desired microstructure. A direct measurement of the grain
size, grain boundary, and grain orientation has been reported
by laser ultrasonic methods.49,50 These techniques apply
structured light (i.e., patterned light) to induce a narrow fre-
quency bandwidth SAW and then track the change in the
bandwidth when crossing grain boundaries. Preliminary
results within our own lab show that this approach has utility
and, when combined with broadband laser ultrasonic tech-
niques, could yield a wide range of analysis approaches
for AM. It does, however, rely on computational processing
power and this could limit fabrication speed.

Residual stress is another property that has been charac-
terized by SAWarrival times analysis.16,51 Residual stress, on
the order of 300 MPa, can change SAW velocities by tens of
m/s or a ∼1% change.51 The velocity of an SAW in the same
material, but along different grain orientations, can vary by
as much as 100 m∕s or more.52 Consequently, distinguishing
residual stress from a grain boundary crossing poses chal-
lenges that require further experimentation. But, we note
that these phenomena add potential error to the diagnostics
as presented. We repeat that the intent is not to measure abso-
lute values but to develop a methodology that combines in
situ sensing coupled with fast analysis to yield a process con-
trol system that can be used to maintain the build within
a defined process “window.”

Other laser-based techniques exist, which may also prove
to be useful. For example, the analysis of speckle produced
by a sensor laser scattering off the surface could provide
information on surface roughness.53,54 Another approach is
to apply direct interferometry via a two-wave mixing in pho-
torefractive materials.55–57 Many of these approaches may
provide the necessary information for maintaining process
control but at a cost of further complexity (computation
and/or hardware). This must be balanced with the fidelity
and speed of the information that can be derived from the
signals. By its very nature, AM is a serial process and
any diagnostic that further slows fabrication speed is not
likely to be useful from an industrial perspective. In contrast,
and this will depend on the application, industry may well
make allowances for time spent to make local repairs to guar-
antee a “defect”-free part. To at least first order, process con-
trol systems must maintain speeds commensurate with
current build times.

5 Conclusion
In a series of experiments, we have demonstrated that com-
bining the laser ultrasonic method with laser heterodyne dis-
placement sensing enables the monitoring of local changes in
the surface temperature, a measurement of the extent of the
HAZ, a qualitative sense of changes in the surface roughness,
and the identification of solitary defects. Moreover, we have
also demonstrated its utility for monitoring property changes
on curved surfaces with small radii. Based on our experimen-
tal arrangement, we deduce it is possible to monitor around a
curved surface with radii of <100 μm. All the diagnostic
approaches are intended to provide relative data primarily
for process monitoring. The relative data can be made abso-
lute given a set of calibration curves or lookup tables for
comparison. The technique has the following advantages:
(1) it is possible to select a signal mode, where the
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measurement is at the surface because the energy resides at
the surface interface (e.g., SAW mode), or in layers below
(e.g., bulk modes). With pulsed laser ultrasonics, where the
bandwidth of ultrasonic pulses is wide, one is afforded a fur-
ther diagnostic refinement, the ability to monitor properties as
a function of depth. SAW modes penetrate approximately one
to two wavelengths deep. Consequently, frequency filtering of
an SAW packet contains information as a function of depth.
(2) Time synchronous initiation coupled with data acquisition
can be used to capture information at a moment in time and
location. This enables the multiplexing of multiple probe–
sense laser diagnostics, each probing a different property.
(3) The method (hardware + analysis software) has potential
applicability in other forms of manufacturing processes
beyond that of AM, such as in situ and nonintrusive testing
of work pieces that are undergoing fatigue and cycle testing,
or in a postfabrication process, where the work piece surface is
being modified (e.g., laser hardened). A summary of the capa-
bilities as follows:

• The technique is a noncontact approach providing
information between the probe and sensor locations.

• Both the probe and sensor are laser-based.
Consequently, they can be rapidly positioned with
automated galvo scanners.

• The diagnostic can provide information on local tem-
perature and microstructure, on demand.

• The use of time-resolved measurement (resolution
10−9 s) enables faster analysis and possibly finer res-
olution of material properties.

• The sensitivity of the diagnostic can be further
enhanced by matching the probe and sensors laser
wavelength to the material absorption properties.

• The diagnostic works on reflective materials and with
more complex analysis also in translucent materials.

• By calibrating the diagnostic to absolute temperature, it
may also allow the tracking of a phase transformation,
e.g., as the material cools.

• Finally, the diagnostic can also be used as a, nonstylus,
surface profilometry tool with nm vertical resolution.
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