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Abstract

This work pertains to the nondestructive evaluation of additively deposited coatings using ultrasound
measurements. The specific objective was to evaluate the quality of Stellite 21 coatings deposited on
Inconel 718 substrates by the directed energy deposition (DED) additive manufacturing (AM) process using
ultrasound surface wave measurements. The surface wave speed and diffuse backscatter amplitude of the
ultrasound waves were correlated with both cracking and warpage of the coating. This research is important
because the integrity of DED-processed coatings currently requires a combination of destructive
metallographic studies and X-ray computed tomography analysis, which are both expensive and time
consuming. Instead of using a normal incidence configuration for the ultrasound measurements, the surface-
wave approach allows the inspection of the near surface coating integrity. Three different frequencies were
used to excite surface waves because each frequency has a different penetration depth. The signals obtained
were used to quantify and compare the surface wave speed and surface wave-diffuse ultrasonic backscatter
amplitude from five different DED-processed Stellite coated samples. Considering destructive
metallurgical characterization as a reference, surface wave measurements were found to be effective for
examining coating integrity; the backscatter amplitude of the surface waves was correlated with the crack
density and warpage. These flaws also change the stress state of the Stellite coating and consequently the
surface wave propagation speed and its scattering behavior.

Keywords: Nondestructive Characterization; Ultrasonic Surface Waves; Stellite Coating; Directed Energy
Deposition; Additive Manufacturing, Cracking and Warpage.



1 Introduction
1.1 Motivation and Background

In this work we evaluate the quality of additively deposited coatings using nondestructive ultrasound
measurements. The specific objective was to evaluate through ultrasound surface wave measurements the
quality of Stellite 21 wear coatings deposited on Inconel 718 substrates by the directed energy deposition
(DED) additive manufacturing process. In DED parts are built layer-by-layer by depositing powder

material from four nozzles, which is fused using a high-power laser [1-3]. The process is particularly

beneficial in repair and near-net shape applications. A schematic of the DED process is shown in Figure 1.
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Figure 1: Schematic representation of directed energy deposition (DED) process. Material is sprayed from
four nozzles and fused by the thermal energy supplied by a laser.

Despite the demonstrated potential of DED to transcend the design and processing barrier of traditional
manufacturing, the tendency of the process to create flaws, such as porosity, cracking, segregation of
detrimental phases, and nonuniformity of microstructure, hinders its broader adoption [4-9]. Therefore,
nondestructive evaluation of DED-processed parts is an area of active research [10, 11]. Currently, most
DED-processed parts are evaluated using destructive metallurgical analysis. Although X-ray computed

tomography (XCT) is widely used to characterize additively manufactured parts nondestructively, high
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density materials such as stainless steels and Ni-super alloys limit the penetration depth of the X-rays. For
example, for stainless steel parts a maximum penetration depth of ~10 mm and voxel resolution of 20 pm
is achieved with an industrial XCT system operating at 225 kV. With this resolution, it is not possible to
discern flaws less than 40 um in diameter reliably [12]. Additionally, XCT does not provide information

regarding the microstructure of the sample.

As an alternative nondestructive evaluation approach, ultrasound measurements are capable of
acquiring information about the microstructure and physical flaws, such as porosity and cracking [5, 13-
18]. Ultrasound measurements employ high-frequency sound waves (>20 kHz) to test and evaluate
materials nondestructively [15]. The ultrasound phase velocity measurements are correlated to the elastic
properties and microstructure of materials due to the dependence of wave speed on crystallographic
orientation [19, 20]. In addition, in polycrystalline materials, the ultrasonic scattering and attenuation are
linked with microstructural morphology and orientation [21-23]; while the diffuse ultrasonic backscatter
(i.e., grain noise), which results from microstructure scattering, has been correlated to the grain size and

grain size distribution [24].
1.2 Prior Work

Ultrasound measurements have been used extensively in evaluation of welds [25-29]. However, the use
of ultrasound for quality assurance in metal additive manufacturing (AM) is challenging due to the large
size and multi-layer nature of the process which can attenuate ultrasound significantly. Notably, Huang et
al. [17] correlated the ultrasound wave speed to grain size and porosity in stainless steel 316L parts made
using the binder jetting process. They further correlated the wave speed with mechanical properties
(ductility and tensile strength), thus demonstrating the utility of ultrasound inspection for detecting not only
flaw formation, but also for the prediction of mechanical properties.

Ultrasound measurements have also been used to characterize the quality of AM-processed polymers

and composite materials. For example, Machado et al. [30] used an ultrasound technique to detect defects,
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such as voids, in samples made of different polymeric materials and composites produced by fused
deposition modeling. Similarly, Zamen et al. [31] used nonlinear analysis of ultrasound signatures to
characterize weak inter-layer bonding in large-scale AM polymers.

Furthermore, Bozek et al. [32] used nonlinear resonance ultrasonic spectroscopy (NRUS) for the
nondestructive evaluation of AM parts. The authors predicted the fatigue life of Ti-6Al-4V cylindrical
samples made using laser powder bed fusion additive manufacturing as a function of NRUS-related
parameters, such as resonance frequency, quality factor, and hysteresis. In a different research study, Sotelo
et. al. [13] employed linear ultrasound measurements to characterize the microstructure and elastic
properties of 420 stainless steel samples built using DED. Similarly, Slotwinski et. al. [33] and Kim et al.
[34] correlated the ultrasonic measurements with the degree of porosity in parts produced by laser powder
bed fusion.

Recent studies have highlighted the potential of laser-generated ultrasound surface waves as a
nondestructive method for microstructure characterization [20] and defect detection [34-37] in additively
manufactured parts. Relatedly, Bakre et al. [38] used a surface ultrasonic waves in a contact wedge setup
to obtain linear and nonlinear Rayleigh wave measurements, including wave speed, attenuation, and relative
nonlinearity parameter, from as-printed, and re-melted directed energy deposition Ti6Al4V samples. An
emerging area of research is the use of ultrasound measurements for in-process monitoring and closed-loop
feedback control of AM processes [15, 18, 39, 40]. For example, Rieder et al. [18] installed an ultrasound
transducer below the build platform and demonstrated that the longitudinal ultrasound waves captured void

formation in-situ during processing.

1.3 Scope, Novelty, and Challenges

In our previous work [41], we deposited Stellite 21 coatings on Inconel 718 substrates. Stellite is a
CoCr alloy used commonly as a wear coating [42-45]. Some of the typical applications of Stellite include

wear and corrosion-resistant coatings on automotive valve seating surfaces, tools, gun barrels, and steam
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turbines [3, 44, 46-49]. The DED process enables deposition of Stellite on free-form surfaces in a uniform
manner with reduced thermal-induced damage in comparison with wire-arc cladding. Deposition of Stellite
coatings is challenging because the sample tends to generate near sub-surface cracks, heat-affected zones
and spatially heterogeneous microstructure. Therefore, successful evaluation using nondestructive
ultrasound waves will advance the application of DED-processed parts, including coatings, by minimizing
the time spent on extensive sample preparation for destructive characterization. While the prior work in
Ref. [41] investigates optimal processing conditions for crack-free deposition of Stellite 21 coatings on
Inconel 718 substrates, the current work is dedicated towards nondestructive evaluation of these coatings
using ultrasound techniques to preclude tedious, resource-intensice, and time consuming X-ray computed
tomography characterization.

While ultrasound inspection of samples in AM is a topic of active research, the majority of studies use
normal incidence ultrasound measurements [14, 15, 50] for which the waves propagate perpendicular to the
surface of the sample. This approach is often used as a general practice to detect defects and to measure
bulk elastic properties of AM processed metal parts. However, inspection of the microstructure and near-
surface flaws, particularly for thin coatings, is difficult using this approach due to the presence of front-
wall and back-wall reflections [51, 52]. Furthermore, the sensitivity of a normal incidence measurement is
adversely affected by the orientation of flaws inside the coating. As a result, in normal incidence ultrasound,
flaws oriented along the wave propagation path are difficult to detect. To address these challenges with
normal incidence ultrasound, we use ultrasound surface wave measurements over three frequencies (7.5,
10, and 15 MHz) as an alternative to normal incidence [53, 54].

This article is organized as follows. Sec. 2 details the methodology, encompassing the DED processing
of samples, experimental setup for ultrasound surface wave measurements, theoretical calculations of
surface wave values, and calibration of the setup. Sec. 3 describes the results, including correlation of wave
speed and diffuse backscatter amplitude with coating quality. Conclusion and avenues for future work are

summarized in Sec. 4.



2 Methodology

2.1 Directed Energy Deposition Experiments

Stellite 21 coatings were deposited on individual Inconel 718 substrates (38 mm x 38 mm x 5.5 mm

thick). The samples were deposited using an Optomec LENS MTS 500 controlled atmosphere hybrid DED

system. To investigate the effect of substrate temperature and deposition laser power on the quality of

Stellite 21 coatings, two process parameters were varied: the preheat laser power (P1) and deposition laser

power (Pq).

A schematic of the process, shown in Figure 2(a), illustrates the preheating process of the substrate and

the deposition process of the coating. For preheating, the laser makes a pass on the substrate prior to

deposition. The process conditions are summarized in Table 1, and the sample nomenclature for the five

combinations of deposition and preheat laser power are listed in Table 2. Further details on DED processing

of these samples, including a schematic and experimental setup, are available in Ref. [41].

Table 1: Process parameters used in DED of Stellite 21 on Inconel 718 [41].

Process Laser Power Scanning/ Deposition Vslcag Hatgh Layer
Step Pattern elocity Spacing Thickness
P [W] V[mm/s] H [mm] T [mm]
Preheat Regtilinear, 0.70 mm 0.7
(2 passes) Pn=0, 350, 400 distance between 5.1 = l.aser spot N/A
hatches size (d))
Deposition Rectilinear, 95% 0.375
(12players) Pa= 200,225,275 overlap between 10.6 (1.5xT) 0.25

hatches




Table 2: Sample nomenclature used to describe the deposition condition of Stellite coatings studied in this
work.

Sample Preheat Laser Power, Deposition Laser Power,

Name Pn [W] P4 [W]
F 0
0 400 275
p 0
Q 400 225
N 350 200

Samples (10 mm x 10 mm x 6.5 mm) were cut using wire-electro discharge machining (wire-EDM).
These were mechanically ground successively using (400, 600, 800, and 1200 grit) SiC sandpaper and
polished using diamond paste (3, 1, and 0.5 pm). Finally, the samples were etched by swabbing with aqua
regia (HCL: HNOs=3:1) for approximately 10 seconds followed by dipping in water. In addition to the
coating surface, both the transverse and longitudinal cross sections were processed in the above manner, as
shown in Figure 2(b). The longitudinal cross section is parallel to the direction of the preheat laser path

while the transverse cross section is normal to this path.

Deposition Preheat

Preheat laser path

Stellite 21

Inconel 718
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Figure 2: (a) schematic of the preheat and Stellite 21 coating deposition steps, and (b) the cross-sectional
planes with respect to the preheat laser path on Inconel 718 prior to the deposition of Stellite 21 coating.
The transverse cross-section was made normal to the preheat laser path, exposing peaks and troughs
created by preheating.



2.2 Ultrasound Measurements
2.2.1  Experimental Setup

A schematic of the experimental setup used for the ultrasound measurements is shown in Figure 3.
Ultrasound measurements were performed using a pulse-echo mode with three different spherically focused
broadband immersion transducers. The nominal center frequencies of the transducers were 7.5, 10, and 15
MHz each with a focal length in water, F, of 76.2 mm. A computer controlled pulser/ receiver (JSR
Ultrasonic model DPR300) was used, and the digitization of the signals used a 100 MHz digitizer A/D
ALXGT card (Acquisition Logic). A desktop computer with UTWin interface (Mistras) controlled the data

acquisition as well as the transducer motion.
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Figure 3: Schematic of the experimental setup for acquiring surface wave measurements.



2.2.2  Calculations of Theoretical Values for Ultrasound Surface Waves

Off-axis (i.e., oblique incidence) measurements were made with the transducer oriented at an angle
relative to the normal of the sample surface. Such off-axis ultrasound measurements are commonly used
for near-surface inspection applications [38, 53, 55-57]. This oblique-incidence configuration can excite all
types of waves, namely longitudinal, shear, and surface waves. However, only surface wave measurements

are considered here.

The angle of incidence for the surface waves is determined using Snell’s Law. This relation is given by

sin (6;) _sin (6,,) sin (6,7)
¢ o o

(M

where, 0; is the angle of incidence, ¢y is the wave speed in the fluid, 6, is the reflected angle for a

longitudinal wave in the sample, c; is the longitudinal wave speed in the sample, 8, is the reflected angle
for a shear (transverse) wave in the sample, cy is the shear wave speed in the sample. When 8,7 = 90° in
Eq. (1), the propagation path is restricted to the surface and only surface waves are excited. The

corresponding incidence angle 6; is known as the 2™ critical angle.

The surface wave speed (here, a leaky Rayleigh wave) is slower than the shear wave speed, and is

related to the material properties by (assuming a homogeneous, isotropic, linearly elastic material) [36, 58]:
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where, ¢ is the surface wave speed, v is the Poisson’s ratio, G is the shear modulus and p is the sample
density. The surface wave speeds and estimated 2™ critical angles calculated for both materials used here
(Stellite 21 and Inconel 718) are reported in Table 3. We note that these estimates are based on a plane

wave assumption but the actual field in the sample becomes more complicated due to the shape of the



transducer beam and material heterogeneity. A measurement calibration was used to find the maximum

amplitude of the surface wave and to reduce the impact of such assumptions.

Table 3: Theoretical values of the surface wave speeds and the 2" critical angles based on homogenous
theory using Eq. (1) and Eq. (2).

Inconel 718 Stellite 21
Surface Wave Speed, Cs [mm/ps] 2.8 3.1
2™ Critical Angle, 85 [°] 29.5 26.2

In surface wave measurements, a coherent reflection from the top surface is not created. Instead, the
first signal (i.e., front noise) includes information about the microstructure and, to some extent, is analogous
to the diffuse field in transverse and longitudinal measurements [59]. Although the front noise is incoherent,
coherent reflections arise when there is a pronounced impedance mismatch, such as geometry change, pore,

or impurity.

Because the surface waves are used when there is an interest in the surface region of the sample, the
focus is placed on the surface. Hence, the water path, WP, is the focal length of the transducer (i.e., WP =
F). Nonetheless, the surface wave is expected to penetrate approximately one wavelength in the sample.

Therefore, the penetration depth (D) is dependent on the frequency and is given by [60]

27mcg

7

D= (3)

where f'is the center frequency and cg is the surface wave speed. The surface wave penetration depths
calculated for both Stellite 21 and Inconel 718 at different frequencies are given in Table 4. Referring to
Figure 4, only the penetration depth for Stellite 21 is assumed for all samples because the maximum
penetration depth of the surface wave does not exceed the heat-affected zone (HAZ) and the microstructure

of the HAZ is similar to that of the Stellite 21 coating [41].
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As depicted in Table 4 and Figure 4, the penetration depth of ultrasound surface wave measurements

carried out at three frequencies (7.5, 10, and 15 MHz) corresponds to the scale of crack formation (100-300

um) and warpage (100-600 um) observed in this work. Consequently, the surface ultrasound measurements

herein are dominated by cracking and warpage, with negligible effect of microstructure-level scattering.

Table 4: Estimated frequency-dependent surface wave penetration depth in the samples assuming D is one

wavelength.
Approximate Penetration Depth, D [um]
Frequency, f [MHz] Inconel 718 Stellite 21
7.5 413 360
10 310 280
15 207 186

Coatin |
ok g

7.5 MHz
10 MHz
15 MHz

Figure 4: Transverse cross-sectional view of sample N (Py= 350 W; Pq= 200 W), illustrating the estimated
penetration depth of surface waves (approximately one wavelength) at different frequencies.

11



2.2.3  Calibration and Data Acquisition

A calibration was performed to find the optimal angle of incidence for ultrasonic scanning at each
frequency (7.5, 10, and 15 MHz). The water path was selected at the focal length of the transducer in water,
76.2 mm. The transducer was placed such that the reflection from the transverse edge was clearly visible
and the distance d to the edge was fixed as shown schematically in Figure 5(a). Then, the transducer was
rotated through angles of incidence between 24-37° (based on the theoretical 2™ critical angle) at increments
of 0.5°. The incidence angle 8;, which resulted in the maximum reflected amplitude from the edge, was
considered the optimal angle for that specific frequency and used in subsequent experiments. Similarly,
optimal angles of incidence were found for Inconel 718 at each frequency for comparison purposes. The

values of the optimal angles calibrated for measurements at each frequency are summarized in Table 5

Each surface scan encompassed an area of approximately 10 mm X 10 mm with a step size of 0.25 mm;
~1000 data points were acquired per scan. Figure 5 exemplifies the experimental configuration of the
surface wave measurements. For each frequency, a spherically focused transducer was used as depicted in
Figure 5(a). The focus of the transducer was placed approximately on the coating surface while the
transducer was oriented from the normal to the surface by the corresponding 2™ critical angle for each
frequency. For each scan, the transducer translates in the XY plane while transmitting and receiving
ultrasonic pulses. An example ultrasonic signal, called an A-scan, is shown in Figure 5(b). A relevant time
window is defined by choosing an appropriate gate, as denoted by the red line in Figure 5(b). The gated
amplitude from all signals are recorded as a C-scan as shown in Figure 5(c). In this case, the C-scan
provided information in terms of the amplitudes of the reflected waveforms inside the predefined time gate;
C-scans of the coating surface at each of the three frequencies were collected for all samples. Similarly, a
C-scan was performed on an Inconel 718 coupon (substrate). In all cases, the signal window was defined

such that the entire grain noise and edge reflection were collected.
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To obtain the surface wave speed, the change in arrival time of the edge reflection for consecutive scan
signals, At, was calculated using a cross-correlation function. Subsequently, the surface wave speed cs was
calculated as ¢ = h/At, where h is the step size between measurement positions. To quantify the grain
noise in the Stellite coating, the surface wave-diffuse ultrasonic backscatter (SW-DUB) amplitude from

each sample was defined as the spatial variance of the backscattered signals and calculated as [61]

1 N
NZ Vi(®)
=1

where V;(t) denotes a single signal at position i. The SW-DUB amplitudes were normalized using the

2

’ (4)

N
1
o) =2 VD) -
i=1

maximum voltage at normal incidence, Vimax, as @(t)/Vmax® [62]. Then, the normalized SW-DUB curve for
each condition was fit using a Gaussian [Figure 5(d)], and its maximum was evaluated as a function of

preheat and deposition conditions.
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Figure 5: Experimental configuration of ultrasonic surface wave measurements: (a) schematic
representation of surface wave measurement system, where & is the incident angle and d is the distance
from the edge, (b) a single waveform (A-scan), the red line denotes the gate used for identifying the area
of interest, (c) represents a C-scan of amplitudes within the gate of all A-scans performed on the coating
surface (10 mm x 10 mm), and (d) surface wave-diffuse ultrasonic backscatter (SW-DUB) signals,
normalized by the square of the maximum voltage at normal incidence, Vua, and fit with a Gaussian. The
maximum of the Gaussian is used as a metric of the scattering from the sample microstructure.

Table 5: Summary of optimal angles selected based on calibration measurements.

Optimal Incidence Angle, 8i [°]

Frequency [MHz] Inconel 718 Stellite 21
7.5 33 325
10 315 34
15 30.5 33
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3  Results and discussion

3.1 Microstructure

From Figure 6, we observe that the number of cracks increases significantly with deposition laser power
(Pq), regardless of whether the substrate was preheated. For example, samples deposited at a relatively high
laser power (P4=275W), such as samples F (P,=0 W) and O (P,=400 W), have the highest number of cracks
and the penetration depth of cracks could reach up to 350 um. A comparison of the preheated samples, such
as sample Q (P,=400 W; P&=225 W) and O (Py=400 W; P4=275 W), with the corresponding non-preheated
samples, P (Pv=0 W; Ps=225 W) and F (Px=0 W; P4=275 W), respectively, shows that the cracking was

mitigated by preheating the substrate and reducing the deposition laser power.

Occurrence of cracking at a relatively high laser power is attributed to a build up of high thermal-
induced residual stresses at the surface due to rapid melting and solidification of the meltpool [41].
Exposing the build to high laser power facilitates diffusion of relatively brittle carbide forming elements,
such as Cr, from the dendritic regions into inter-dendritic regions, which in turn increases the propensity of
the inter-dendritic region to cracking under high thermal-induced residual stresses [41]. Preheating the
substrate decreases steep thermal gradients during the deposition process, and consequently mitigates the

thermal-induced residual stresses [41].
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Figure 6: Optical micrographs of the polished and etched surfaces and cross sections of Stellite 21 coating
deposited under different preheat and deposition power settings. In samples F and O, which were deposited
at a high laser power (Pq = 275W), the surface is replete with cracks. Those cracks are restricted to the top
surface and do not extend to the substrate. The maximum depth of an observed crack was 350 um (sample
F). Preheating tends to reduce cracking, as evident from sample P and Q. Preheating also tends to melt the
substrate. The presence of troughs and peaks, demarcated as A, indicates that the substrate material was
melted during preheating. (Reprinted with permission from Ref. [41]. Copyright 2021, Elsevier).

16



It is evident from the transverse sections shown in Fig. 6 that the samples with substrate preheating (O,
Q, and N) have peaks and troughs corresponding to the laser passes. These geometric features, denoted by
A in Figure 6, indicate that the substrate material melted and resolidified during preheating (i.e., the local
temperature exceeded the solidus temperature of Inconel 718 [1260°C]). Moreover, samples which were
deposited without preheating but at high laser powers, such as sample F, also have peaks and troughs.
However, the depth of resolidified substrate material in sample F was in the range of 50 um, which is much
shallower than that of sample O (~200um). We note that 12 layers of Stellite 21 were deposited. The
intended layer thickness in this work was 0.25 mm to produce a total coating thickness of 3 mm. However,
the final coating thickness is dependent on the material, the focal plane location with respect to the previous
layer, and the process parameters chosen [1, 63, 64]. Thus, the total coating thickness obtained here was

500-600 um as shown from the transverse views in Figure 6

More importantly, cracks are confined to the topmost layers. This observation is evident in both
longitudinal and transverse cross sections in Figure 6 in which no crack is found to exceed 350 um. To
further investigate this observation, the crack penetration depth in a representative coating sample (sample
F) was analyzed using X-ray computed tomography (XCT). The XCT results shown in Figure 7 confirm
that the crack density decreases with the penetration depth. Additionally, no cracks were observed near the
interface, indicating a strong adhesion between the coating and substrate. The presence of cracks confined
to the topmost layers is associated with the remelting of the previously deposited layers by subsequent
layers [41, 65]. In other words, during the deposition process, the cracks are initiated from the surface of
the layer being deposited towards the substrate. The deposition of subsequent layers on the top remelts the

previously deposited layers which eliminates the cracks.
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Figure 7: The XCT analysis of crack density along the depth of Stellite 21 coating for a representative
sample (Sample F, Py= 0 W, Ps= 275W). Crack density reduces with the depth from the coating surface.
No cracks are found beyond 400 um depth [41].

Figure 8 shows high resolution SEM images of the polished and etched coating surfaces. The
microstructure formed under different processing conditions has a dendritic structure, typical of AM
processed materials as a result of high cooling rates. From Figure 8, we observe that the average
microstructural features (i.e., grain diameter) represented by the dendritic and inter-dendritic regions is in
the range of 3-5 um. However, the average length and penetration depth of cracking observed on the surface
and cross section, as shown in Figure 6, reached several hundred micrometers. An SEM image of a typical
crack observed on the coating surface is shown in Figure 8(f). From the SEM investigation, we observed
that cracking occurred without exception along the inter-dendritic regions for all cracked coating samples.
In addition, it should be noted that the coating microstructure is much smaller than the surface wavelength
for even the highest frequency (15 MHz). Thus, the SW-DUB is expected to be dominated by the cracks

which are closer in size to the wavelengths used.
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Figure 8: (a-e) SEM images of the polished and etched coating surfaces resulting from different processing
conditions. The average size of a microstructural feature represented by dendritic regions ranges from 3-
5 um, while a crack length exceeds several hundred um and occurs without exception along the inter-
dendritic regions. (f) is an SEM image of a typical crack observed on the coating surface.

In Figure 4, which shows high magnification optical micrographs of the transverse cross section of
sample N, four different regions can be clearly discerned: surface coating, intermixing, heat affected zone
(HAZ), and the substrate material. Surface coating refers to the pure Stellite 21 coating while the
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intermixing region is the location for which the Stellite coating has been diluted with the elements from the
substrate. According to the energy-dispersive X-ray spectroscopy (EDS) results reported in Ref. [41], the
width of the intermixing region is proportional to the preheat power. For instance, the highest variation in
the concentration of Co, Ni and Cr in samples P (P,=0 W), N (Py= 350 W), and Q (Px= 400 W) occurred
over a distance of ~20, 40, and 200 um, respectively. In other words, the change in concentration of those
elements took place over a longer distance towards the coating surface for the samples deposited with higher

preheat.

In the intermixing region, molten materials from both the substrate and deposited coating mix at the
interface during the deposition of the first few layers. The intermixing region is larger for preheated samples
because the laser melts the substrate surface. The high temperature of the resolidified surface layer
thereafter promotes the intermixing of materials during the deposition process. Lastly, the resolidified
substrate material, referred to as the heat-affected zone (HAZ), has a dendritic morphology due to the fast
cooling rate but maintains the nominal composition of the substrate, without any dilution by the Stellite 21
coating elements. The morphology and EDS elemental analysis of the HAZ are shown in Figure 9(a) and

(b), respectively.

&
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Figure 9: (a) SEM image of the Heat Affected Zone (HAZ) generated by preheating the substrate; (b)
Results of EDS line scans performed along the HAZ.
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3.2 Crack Density and Sample Warpage

Figure 10 shows the change in crack density and sample warpage for the five samples deposited using
different combinations of preheat (Py) and deposition (Pg) laser powers. To reiterate, samples F and O were
deposited at P&= 275 W, whereas samples P and Q were deposited at P4= 225 W. Samples F and P were
deposited at room temperature without preheat (Py= 0 W) to serve as control samples for O and Q,

respectively, which were deposited after preheating the substrate at Py=400 W. in Figure 10 (a), the crack
density () was determined from SEM images as p = %M 12, where M is the total number of cracks per

unit area in an SEM image and [/ is the average length of the cracks [66]. Similar to the results obtained
from the optical microscopy (Figure 6), it is observed that lowering the deposition laser power and
preheating the substrate reduces crack density as shown in Figure 10 (a). Note that following this trend,

crack-free deposition, represented by sample N, was achieved at P4= 200 W and P;,=350 W.

Another important observation in DED-processed parts is the tendency to warp due to high residual
stresses. In this study, the samples warped in a concave manner. The relative sample warpage was
determined as the average of the maximum deviation from the ideal surface plane measured at each edge
[41]. The results shown in Figure 10(b) indicate that the preheat laser power (P1) has the greatest effect on
sample warpage. Preheating the substrate at P,= 400 W resulted in sample warpage of as much as 0.5 mm.
Hence, it is necessary to balance the deleterious side-effect of preheating on warpage with the beneficial

effect on crack mitigation as represented by sample N.
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Figure 10: The change in crack density (a), and sample warpage (b) as a function of deposition and preheat
laser powers. A significant increase in crack density is observed with increasing the deposition laser power
while preheat laser power alleviates cracking. On the other hand, preheated samples show higher warpage
as opposed to samples processed without preheat, regardless of deposition laser power.
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3.3 Ultrasound Surface Wave Speed Measurements

As shown in Figure 11(a), the measured surface wave speed was below the Stellite 21 theoretical
surface wave speed for all the samples. This difference may be explained by the differences in the residual
stress state of the samples. Slower wave speeds are expected when tensile residual stresses are present [67,
68]. Thus, higher stresses in a material result in longer wave arrival times than the stress-free material case.
While the residual stresses were not measured, the substrate warpage was considered as a surrogate metric
to qualify the magnitude of residual stress in the sample. The relationship between warpage and surface
wave speed at 7.5 MHz (i.e., the deepest penetration depth) is shown in Figure 11(b). As expected, an
inverse relationship is observed. Higher surface wave speed measurements were measured in samples with
less warpage; as warpage increased, the surface wave speed decreased. We note that the wavelength of
surface wave in this work is comparable to the size of cracks observed (~ 100 pm to 300 um) and bulk
characteristics (warping). Hence, the effect of microstructure-scale aspects on the surface ultrasound
measurements specific to the frequencies reported in this work is negligible. Additionally, samples with
approximately the same crack density, such as P and Q, exhibited large differences in wave speed. Thus,

indicating that residual stress is the dominant factor in the observed wave speed trend.
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Figure 11: (a) Surface wave speed for all samples at each frequency in comparison with the theoretical
values for Stellite 21 and nickel. (b) Surface wave speed vs warpage at 7.5 MHz. Higher substrate warpage
results from higher tensile residual stresses and leads to lower surface wave speed.
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3.4  Surface Wave Diffuse Ultrasonic Backscatter (SW-DUB)

Figure 12 reports maximum amplitude of the surface wave diffuse ultrasonic backscatter (SW-DUBax)
calculated for all samples including the Inconel 718 substrate at different frequencies. It is observed that
SW-DUBnmax changes as a function of preheat and deposition laser power at any given frequency. From
Figure 12(a), it can be deduced that SW-DUBnma is greatly affected by the preheat condition when a
relatively low frequency is used (7.5 MHz). This outcome is reasonable because, as illustrated in Figure 4,
the penetration depth of the surface waves excited at 7.5 MHz should have reached the heat-affected zone
(HAZ) of the samples. Hence, the high residual stresses generated in the HAZ with respect to the substrate

result in higher SW-DUBpay .

At 10 MHz, shown in Figure 12(b), an increasing trend of SW-DUB.x with a decrease of the deposition
laser power is observed. At this frequency, the penetration depth of the surface waves in Stellite 21 reaches
the intermixing region, in which the coating dilution with the substrate material increases with the
deposition laser power and preheating the substrate [41]. In other words, the SW-DUBnay signals at 10 MHz
are affected by both the preheat and deposition conditions; and it is higher for the samples with smaller

intermixing regions.

Although preheating the substrate increases the intermixing between the coating and substrate, it
nonetheless reduces the strong thermal stresses that accompany the coating deposition at room temperature
[69]. However, preheating the substrate also generates some residual stresses in the HAZ with respect to
the substrate and it serves as one of the multiple macrostructural factors that balance the effect of the
relatively higher intermixing region for preheated samples. Accordingly, the SW-DUBmax signals at 10

MHz are higher for samples deposited at low deposition power but high preheat power.
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Figure 12: Graphical representation of the surface wave diffuse ultrasound backscatter maximum
amplitude (SW-DUB.y) for all samples at different frequencies: (a) 7.5 MHz, (b) 10 MHz, and (c) 15 MHz
The Inconel 718 substrate (S) has the coordinates (s, s) for comparison purposes.
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Figure 12(c) reveals that the SW-DUBmax behavior at 15 MHz is affected by the preheating condition
of the samples and consequently the stress state of the coating. The samples with low crack density resulted
in higher SW-DUBax . Because the penetration depth of surface waves at 15 MHz is confined mostly to
the coating, the surface wave scattering is more affected by the stress state of the coating. In our previous
work, Ref. [41], it was shown that the brittle, inter-dendritic cracking of the Stellite 21 coating on Inconel

718 resulted from high thermal stresses that developed during the deposition process.

In other words, cracking relieved the stress state of these samples. Hence, samples with high crack
density, such as F, O, and P, shown in Figure 6, have the lowest buildup of residual stresses and
consequently the lowest SW-DUBpax . On the other hand, the crack-free sample N resulted in the highest
SW-DUBnmax due to the retained stress state of the coating. These observations suggest that the SW-DUBax
amplitude decreases with crack density due to two factors: the change in the stress state due to cracking,
and the crack orientation (~45°) with respect to the direction of surface wave propagation. This observation
is corroborated in the work of Hauck et. al. [57], who report a similar phenomenon wherein the surface

wave amplitude decreases with crack density.

To analyze the effects from residual stress namely, crack density and warpage, on the SW-DUB signals,
the relationship between them at 10 MHz is plotted in Figure 13. A prominent inverse linear relationship
(R* ~ 98%) is observed between the crack density and SW-DUB . at 10 MHz, as shown in Figure 13(a).

A similar trend is observed at 7.5 MHz and 15 MHz; however, the linear correlation is less pronounced.

The effect of sample warpage on SW-DUBy, signals was also investigated at the three frequencies and
a clear relationship was observed only at 7.5 MHz as shown in Figure 13(b). SW-DUBax is more sensitive
to the lowest frequency (7.5 MHz) because the penetration depth of the ultrasound wave is higher and
reaches the intermixing region. The increase in SW-DUBnax, in this case, is attributed to the residual stresses

that were induced to the substrate due to preheating.
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Figure 13: (a) Relationship between the crack density and the maximum amplitude of the surface wave
diffuse ultrasound backscatter (SW-DUB ) at 10MHz. Cracking relieves residual stresses in the coating,
leading to lower SW-DUByax. (b) Relationship between SW-DUB ax signals and sample warpage due to
preheating of the substrate. Preheated samples yield a higher SW-DUBax at 7.5 MHz

4 Conclusion

In this article, ultrasound surface waves were used to evaluate the quality (cracking and warpage) of
DED-processed Stellite 21 coatings on Inconel 718 under different preheat and deposition laser powers.
Specifically, we observed that the backscatter behavior of ultrasound surface waves was related to the crack
density and processing conditions (laser power, and preheat), which in turn influenced the microstructure
evolution. The ultrasound frequency controls the penetration depth of the surface waves within the sample,
such that the smallest frequency (7.5 MHz) had the highest penetration depth. Thus, several conclusions

can be made.

The signals obtained from the measurements at the three frequencies (7.5, 10, and 15 MHz) studied,
encapsulated the state of the surface coating, intermixing, and the heat-affected zone (HAZ). Thus, future
studies of different coating-substrate combinations can be designed with these outcomes in mind. Under

certain processing conditions, thermal stresses were generated in the Stellite 21 coating that led to cracking.
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Although such cracks should increase the scattering of surface waves, they also relieve the residual stresses
of the sample and lower the surface wave diffuse ultrasonic backscatter (SW-DUB) amplitude. This effect

was more pronounced at 15 MHz.

The thickness of the intermixing region was captured at 10 MHz; a thinner intermixing region results
in a higher SW-DUB amplitude. This outcome is associated with the different scattering properties of the
coating-intermixing-substrate region. The surface wave interacts with a sharper transition from Stellite 21

to Inconel 718, which produces higher scattering due to the impedance mismatch.

The severity of sample warping was captured when a low frequency of 7.5 MHz was used in both SW-
DUB amplitude and the surface wave speed. The sample warpage was caused by the residual stresses
generated from preheating the substrate and such stresses are known to change wave speed and scattering.
Such information can be used for the design of future experiments with a focus on residual stress. Overall,
this work demonstrates the potential for nondestructive ultrasound surface waves to evaluate DED-

processed coatings and thereupon minimize the need for destructive evaluation.
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