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Quantitative percussion diagnostics (QPD) is a non-destructive evaluation method that has
been used successfully in a number of applications. This technique involves a rod that is
actuated to impact a specimen with a given amount of kinetic energy and the resulting
mechanical response of the specimen as a function of time is measured using a piezo-
electric force sensor. The mechanical energy returned to the rod is then analyzed. Because
contact with the specimen is on the order of a few hundred microseconds, QPD can be used
in situations and for specimen conditions (e.g. high temperature) that are not feasible for
other nondestructive testing methods. The objective of the present study was to evaluate
the use of QPD for characterization of defects in specimens fabricated using two additive
manufacturing methods, i.e. cold spray deposition and laser powder directed energy
deposition (LPDED). Cold spray specimens were produced using commercially pure nickel
with varied process conditions including gas type (i.e. helium and nitrogen) and deposition
rate. In addition, a Ti—6Al-4V specimen was manufactured using LPDED with varying
porosity content. All specimens were characterized using both QPD and destructive
methods (i.e. cross-sectional metallography) to compare results for observed defect char-
acteristics. Cold spray specimens exhibited a lower energy return when they contained
more porosity and/or surface roughness. Microscopic plastic deformation at highly porous
surfaces was indicated during percussion testing that reached a saturation level after
repeated percussion. Overall, the results showed that QPD can effectively evaluate cold
spray and LPDED specimens for porosity and surface roughness.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Quantitative percussion diagnostics (QPD) is a recently devel-
oped nondestructive testing (NDT) method that has been per-
formed using the Periometer® instrument (Perimetrics LLC, Los
Angeles, CA). This testing modality has been used to detect and
quantitatively analyze overall mobility as well as the presence
of fine gap defects such as cracks associated with teeth [1] and
dental implants [2,3]. The effectiveness of QPD has also been
demonstrated to detect weak ‘kiss’ bonds in laminate com-
posite structures [4,5]. The QPD testing system consists of a
probe containing a force sensor that is actuated to tap a spec-
imen. Upon the percussion of the probe against the specimen,
force-time data are recorded by a piezoelectric sensor in the
rod. This relatively low-level impact generates a maximum
stress in the specimen that is nondestructive. The resulting
force-time profile for each percussion, which is characteristic of
the specimen, is recorded over the 0.2—0.4 ms that the rod is in
contact with the specimen. Software in a computer interfaced
to the percussion probe determines the mechanical energy
returned to the rod based on the force measured versus time for
10 percussions each time a measurement is made [4—6]. Fig. 1
shows a schematic of the present QPD test system.
Normalized energy return (NER), i.e. the mechanical energy
returned to the rod relative to the kinetic energy of the rod
right before the impact, is plotted versus time as the QPD test
result. Mechanical energy returned is defined as the force
squared divided by the dynamic stiffness of the sensor in the
percussion rod measuring this force. NER versus time can be
used to determine loss coefficient, a damping parameter
showing overall energy dissipation in a structure, and the
normal fit error (NFE), a parameter that indicates the presence
and severity of cracks and other fine—gap defects [1-4,6—-9]. A
lower amplitude for the NER can indicate more energy dissi-
pation by the structure as a result of a severe defect or the
presence of a higher number of a specific defects (e.g.,
porosity) in the structure. The volume of material tested de-
pends on the attenuation of the percussion energy by
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Fig. 1 — Schematic of the QPD test setup and hand piece
that contains an instrumented percussion rod.

damping processes [5,8]. Further details of the operation of
output parameters of the QPD system are described elsewhere
[1-4].

Conventional nondestructive testing (NDT) techniques
used to detect defects in additively manufactured parts
include ultrasonic inspection, thermography, X-radiography
and shearography [10]. However, these techniques are typi-
cally not able to detect defects during the manufacturing
process and can be either costly or difficult to use on large
and complex shaped surfaces. By comparison, the attributes
of QPD include (1) detection of any type of defect that dissi-
pates mechanical energy applied to the material or consti-
tutes a fine gap in the sample (e.g., a crack), (2) fast (about 5 s
per measurement), portable, low-cost, and easy to operate
making it practical to test large components in service, (3)
can be used to characterize all types of materials and com-
ponents, (4) the small diameter of the percussion rod tip
(about 2 mm) makes it possible to test difficult to access
areas, and (5) it provides quantitative data that indicate the
structural integrity of the specimen. In addition, QPD can be
used with specimens at high temperatures because the
contact time between the percussion rod and the specimen is
only on the order of a few hundred microseconds. These
technical advantages directly address the need for an NDT
device that can be used during both manufacturing and
service to detect defects in localized areas within structures
in various applications [4].

Cold gas dynamic spraying or cold spray (CS) is a solid-state
deposition process, in which powder particles are accelerated
to supersonic velocities (400—1200 m/s) in a gas stream at
relatively low temperatures, below the melting point of the
material. They impact the substrate and form a layer on its
surface [11—-13]. Powder particles typically experience severe
plastic deformation during impact and bond to the substrate
through a combination of mechanical interlocking and/or
metallurgical bonding [11,12,14]. Because the deposition pro-
cess occurs at temperatures well below the melting temper-
ature of the feedstock material, the process limits oxidation,
undesirable phase changes, and thermal stress development
which often plague other thermal spray processes
[12,13,15,16]. Over the past 10 years, cold spray technology has
been used to produce wear and corrosion resistant coatings
[16,17] and also to repair damaged aerospace and defense
components [18]. More recently, cold spray technology has
been developed for additive manufacturing (AM) [19,20].

Laser powder directed energy deposition (LPDED) is an
established metal AM process that creates parts through layer-
by-layer deposition. In this technique a laser beam is focused
on the surface of the substrate and makes a pool of molten
material, the powder feedstock is subsequently fed into the
molten pool, melts and rapidly solidifies to create a layer of
deposited material [21-25]. Compared to other common AM
techniques (e.g., powder bed fusion) LPDED offers large build
volumes and faster build rates, although at the expense of
reduced feature resolution and surface quality. In addition,
because powder is directly injected into the melt pool, LPDED
offers the potential to functionally grade the properties of the
build by changing the powder composition during the deposi-
tion process [23,24]. LPDED is commonly used to deposit a va-
riety of metallic materials and metal matrix composites
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including aluminum, nickel, stainless steel, and titanium al-
loys. Regarding the latter, Ti—6Al-4V components are
commonly produced using LPDED for aerospace, defense, and
medical applications, which take advantage of the excellent
strength-to-weight ratio and corrosion resistance of the mate-
rial [22—24,26].

Additive manufacturing techniques, despite their advan-
tages, commonly exhibit defects that can originate from un-
controlled deposition conditions, unique part geometries, or
poor-quality feedstock materials. Common defects include
porosity, cracks, poor surface finish, and lack-of-fusion re-
gions, which can lead to poor mechanical properties (e.g.,
reduced ductility, low strength, reduced fatigue life) [21,27].
Cold sprayed coatings, for example, can lack good interfacial
adhesion between the substrate and coating often arising
from poor bond line characteristics (lack of mechanical mix-
ing and deforming), defects (e.g. pores or inclusions), or cracks
along the interface. In addition, cold spray coatings can
contain substantial porosity when particle deformation is
insufficient, which results in reduced ductility and cohesive
strength. In order to fully exploit the advantages of AM which
enables custom production of unique part geometries in low
volume, NDT methods are needed for accurate evaluation of
defects to minimize the production of unacceptable parts and
coatings without producing sacrificial test specimens.
Furthermore, NDT methods are needed in materials repair
processes since it is not possible to destructively test a
repaired component. Our study evaluates QPD to understand
the technique applicability for AM processes and understand
how the unique characteristics of QPD may be exploited to
offer an alternative or complementary method to other NDT
methods. In addition, the sensitivity of QPD test to change in
processing parameters (spray gas type and deposition rate in
CS) and corresponding formed defects was studied.

2. Materials and methods
2.1. CS specimens

Commercially pure (CP) nickel powder (Amperit 176, H.C.
Starck) was cold sprayed using a high pressure cold spray
system (Gen III Max, VRC Metal Systems, Rapid City, SD).
Table 1 summarizes the cold spray specimens evaluated in
this study which were sprayed onto different substrates and
under various processing conditions. Two specimens were
sprayed on 304L stainless steel (SS) substrates using com-
pressed air with a gas temperature and pressure of 600 °C

Table 1 — Specimen processing conditions and naming
convention.

Specimen processing conditions Specimen
name
Cold sprayed CP-Ni in air, higher deposition rate CS Ni—H
Cold sprayed CP-Ni in air, lower deposition rate CS Ni-L
Cold sprayed CP-Ni in He CS Ni—He
Cold sprayed CP-Ni in N, CS Ni—N,
Laser deposited Ti—6Al—4V billet LD Ti64

and 5.5 MPa (800 psi), respectively. Nozzle standoff distance
was 15 mm. By controlling the feedstock powder feed rate,
two different specimens were produced, referred to as high
(CS Ni—H, 210 pm/pass) and low (CS Ni-L, 90 pm/pass)
deposition rates. Two other specimens of the same powder
were sprayed on Inconel Alloy 600 substrates. The CS Ni—He
specimen was sprayed using a helium carrier gas operating
at 400 °C and 4.1 MPa (600 psi) and a standoff distance of
25 mm. The CS Ni—N, specimen was sprayed with a nitrogen
carrier gas at 600 °C, 5.5 MPa (800 psi), and a 15 mm standoff
distance. For all cold spray specimens, the substrate surface
was grit blasted prior to deposition.

2.2. Laser deposited specimen

A billet (1.5 cm x 2.2 cm x 9.4 cm) of Ti—6Al-4V alloy was
produced via laser powder directed energy deposition (LPDED)
using a modified laser engineering net shaping (LENS) system
(Optomec) with a 3 kW laser to examine the ability of QPD to
detect internal porosity for this additive manufacturing pro-
cess. Fig. 2 provides an image of the Ti—6Al—4V billet. Porosity
content was varied as a function of billet height (i.e. greater
porosity at the top) by increasing oxygen gas fed during the
deposition. Ti—6Al—4V powder (Reading Alloys) with a particle
size range of 44—105 um was used. Laser power of 710 W and
Ar carrier gas flow rate of 1.5 L/min were used for deposition.
The complete build comprised 225 layers. It is common for
LPDED specimens to show variations in the microstructure
and properties as a function of build height. Among others,
this can be often attributed to variations in heat dissipation
and tempering. For instance, in many cases the porosity
content near the substrate is elevated due to increased heat
conduction and reduced melt pool temperatures. In this
study, however, oxygen content within the process chamber
was increased during the deposition process, in order to have
higher porosity at the top of the billet. Table 1 summarizes the
manufacturing process for specimens and their correspond-
ing assigned names.

Fig. 2 — Shape of the LPDED Ti—6Al—-4V specimen showing
(a) polished and (b) as deposited surfaces. The images
show the billet after being cross-sectionally polished.
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Fig. 3 — Optical micrographs of polished sections revealing porosity content: (a) CS Ni—H, (b) CS Ni-L, (c) CS Ni—He, and (d) CS

Ni—N..

2.3. Specimen characterization

QPD was performed using the Periometer instrument (Peri-
metrics, LLC) on all of the specimens. The resulting normal-
ized energy return-time plots were analyzed and normalized
energy return at peak (peak NER) values were determined.
Three consecutive QPD measurements (M1 to M3) were con-
ducted at each specific location on the surface. Each test
measurement is made from 10 percussions (P1 to P10) that are
displayed by the software as energy return vs. time.

Three different locations on the coating surface of each CS
specimen were tested. For LPDED Ti—6Al—4V specimen QPD
was performed at the bottom and top regions of the billet to
compare the effect of the internal porosity content on the QPD
results. The billet was sectioned and polished from one side
and was QPD tested on both the as deposited (rough) and the
polished (smooth) surfaces, to also investigate the effect of
surface roughness on the test results.

Adhesion strengths of CS specimens were measured ac-
cording to ASTM D4541 [28] using a portable pull-off adhesion
testing instrument (PosiTest ATA, DeFelsko, Ogdensburg, NY,
USA). An Al pull-stub (10 mm in diameter) was bonded to the
top surface of the coating using a high strength adhesive (glue)
with a bond strength of 69 MPa. The device pulled the pull-
stub until failure (either cohesive or adhesive) and the stress
at failure was recorded. Three measurements were performed
for each CS specimen and the average and standard deviation
were determined.

Cross-sectional optical metallography was performed to
measure porosity content and identify coating defects (e.g.,
cracks or bond line defects). CS CP-Ni specimens were cross-
sectioned at the locations where QPD was implemented, and

subsequently ground and polished with 9 um, 3 um, 1 pm and
0.05 pm diamond suspensions. Porosity content of the coat-
ings was measured based on the optical microscopy images
according to ASTM E2109-01 [29] standard for measuring
porosity in thermal sprayed coatings. For each specimen,
percent area porosity on 20 images was averaged with a
magnification of 20 times for a resolution of 3.67 pixels/um.
Image ] software was used for analyzing the images and
measuring area percentage porosity. LD Ti64 specimen was
ground and polished using standard procedures and subse-
quently imaged using a Leica Z16 APO optical macroscope.

A laser scanning confocal microscope (Keyence VK-X250)
was utilized to investigate the surface profile of the impres-
sion caused by the QPD test on CS specimens. This was con-
ducted to analyze the QPD surface impression and determine
if QPD testing resulted in permanent deformation on the
specimen surface.

3. Results and discussion

3.1. CS CP-Ni coatings

Fig. 3 shows microscopic images of polished cross-sections of
the four CS CP-Ni specimens. Porosity of the CS CP-Ni coatings
in area percentage was measured and is presented in Fig. 4.
Higher porosity was observed for CS Ni—H, where the depo-
sition rate (deposition thickness per pass) was greater and a
thicker coating resulted (Fig. 3(a-b) and Fig. 4). It can also be
clearly seen that porosity content is lower when He was used
rather than N (Fig. 3(c-d) and Fig. 4). In Fig. 3(d) there are two
regions distinguishable in the coating sprayed with Ny: an
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Fig. 4 — Area percentage porosity of CS Ni coatings. The
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standard deviation.

outer region with higher porosity and a denser inner region
with lower porosity. This happens when some particles do not
experience large enough plastic deformation or flattening
during impact which leads to the generation of inter-splat
porosities. These particles will be later tamped by successive
impacts from the particles of the next layers. This is called
tamping (or peening) effect which results in densification of
porous regions throughout the deposition process [12].

Adhesion strength values for CS specimens are presented
in Table 2. It was observed that the specimen sprayed with He
has a higher adhesion strength than the one sprayed with N,.
In addition, comparing the compressed air depositions, the
specimen sprayed with a lower deposition rate exhibited a
greater adhesion strength compared to the high deposition
rate. Finally, we note that the samples deposited in air (CS
Ni—-H and CS Ni-L) exhibited lower adhesion strength
compared to that for the specimens sprayed in He and N,. This
difference is consistent with the findings of Li and coworkers
[30] who showed that observed reductions in adhesion
strength for CS Cu samples sprayed in air and He or N, could
be attributed to presence of a thicker oxide film on the powder
particles upon impact with the substrate.

NER-time plots for CS CP-Ni specimens for one of the test
locations from each specimen are presented in Figs. 5 and 6.
For clarity four (i.e., P1, P4, P7, and P10 where P1 represents
the first and P10 represents the 10™ percussion) of the 10
percussions in each measurement are plotted in these fig-
ures. Fig. 5 compares the effect of the change in deposition
rate, and Fig. 6 shows the plots for the two different spray
gases. Little difference in the percussion responses can be

Table 2 — Adhesion strength values for cold sprayed
specimens.

Specimen Adhesion Strength (MPa)
CS Ni—H 13.8 +£0.3

CS Ni-L 155+ 1.0

CS Ni—He glue failure

CS Ni—N, 37.5+4.38

observed in Fig. 5 for the different deposition rates with en-
ergy return being slightly lower for the first few percussions
for CS Ni—H. However, clear differences can be seen when
comparing the energy return vs. time plots for He and N,
depositions shown in Fig. 6. Higher energy return was
observed, and fewer percussions were required to reach the
maximum energy return when He was used compared to
that for CP-Ni sprayed in Nj.

The peak energy return can also increase as number of
percussions at one location increases, particularly during the
first measurement (M1). This is attributed to the strain hard-
ening of splats and flattening of the rough or porous surface by
localized plastic deformation. This effect will be more pro-
nounced if the surface is rougher, since there will be higher
stresses applied on each splat in contact with the probe. Also,
when the surface material is softer, it should deform more and
therefore strain harden more as a result of each percussion
with a constant load. After successive percussions, this
deformation should decrease. As a result, the increase in the
energy return becomes smaller after multiple percussions so
that no change in energy return is observed and a saturation
in surface hardening is reached. Surface hardening due to
percussion was pronounced for the coating sprayed with N,
(Fig. 6(b)), whereas for the coating sprayed with He (Fig. 6(a))
the energy return is nearly unchanged with increasing per-
cussions (P1 to P10) and from the first to third (M1 to M3)
measurements.

Based on the present percussion data (Figs. 5 and 6), pro-
nounced cracking or debonding did not exist in any of the
specimens. Cracks, decohesions, debondings, and openings,
usually result in a significant change in the shape of the en-
ergy return-time response. This change in shape can be
manifest in the appearance of shoulders on the main peak,
extra peaks, and/or a considerable drop in the value of the
peak NER, which persists within increasing number of per-
cussions [1,2,4]. In the present study, the peaks for all of the
specimens were nearly symmetric and uniform in shape,
which indicates that localized defects were likely not present.
Metallographic investigation confirmed the absence of cracks
and debondings as shown in Fig. 3.

Peak values of normalized energy return for CS CP-Ni
specimens for all locations and for all the three test mea-
surements are shown in Fig. 7. Arrows and error bars in this
figure show the peak NER range, with the lowest value of the
arrow/error bar showing the minimum and the highest value
showing the maximum of the peak NER amongst 10 percus-
sions in each measurement. Wherever there was a general
sequential increase in the peak NER with increasing percus-
sions an arrow was used, and wherever a variation in peak
NER was independent of percussion number a normal error
bar was used.

Porosity and peak NER values for the CS Ni specimens are
listed together in Table 3 for comparison. The peak NER values
are for the third measurement at a given location (M3) to
minimize surface roughness effects. In addition, Student's T-
test p-values are given for paired sets of porosity data in Table
4 and for paired sets of peak NER data in Table 5. A p-value
below 0.05 is generally considered indicative of a significant
statistical difference between the paired sets. It can be seen in
Table 3 that Peak NER increases significantly when porosity
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Fig. 5 — NER-time plots for CP-Ni specimens sprayed at different deposition rates. Plots in (a) correspond to the first, second
and third test measurements at a specific location on the coating surface for CS Ni—H. Plots in (b) correspond to the first,
second and third test measurements at a specific location on the coating surface for CS Ni-L. (M1, M2 and M3 represent three
consecutive test measurements at one location on the coating surface, and P1, P4, P7, and P10 represent the first, fourth,
seventh, and tenth percussion, respectively).

decreases significantly when comparing CS Ni—H to CS Ni-L these paired sets is likely related to the difference in adhesion
and CS-Ni He to CS Ni—N,. Some p-values that are greater strengths between specimens sprayed at different deposition
than 0.05 in Tables 4 and 5 (shaded) indicate that some mean rates in air and the specimens sprayed with He and N,. Spe-
values cannot be considered significantly different (high- cifically, it appears that other differences in the microstruc-
lighted). This inability to differentiate the peak NER values for tures that affect adhesion strength such as oxidation can
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Fig. 6 — NER-time plots for CP-Ni specimens sprayed with He and N.. Plots in (a) correspond to the first, second and third test
measurements at a specific location on the coating surface for CS Ni—He. Plots in (b) correspond to the first, second and third
test measurements at a specific location on the coating surface for CS Ni—N,. (M1, M2 and M3 represent three consecutive
test measurements at one location on the coating surface, and P1, P4, P7, and P10 represent the first, fourth, seventh, and
tenth percussion, respectively).
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along the substrate interface seemed to be lower for CS Ni—N,

compensate somewhat for the overall presence of porosity.

compared to that for either CS Ni-L or CS Ni—H, even though

For example, an increased presence of oxides in the speci-

CS Ni—N, exhibited the highest overall porosity. This apparent

mens cold sprayed in air is possible given the other carrier
gases (He and N,) [30]. In addition, we note that the porosity

difference in porosity distribution is consistent with the

CS Ni-L and CS Ni—H. In sum, the present results suggest that

higher adhesion strength for CS Ni—N, compared to that for
while peak NER is affected by porosity it can also be affected

Table 3 — Comparison of mean %Area Porosity and mean

Peak NER values for the third QPD measurement.

by other microstructural characteristics that influence the

damping capacity of the material.

Lower average peak NER was observed for CS Ni—-H
compared to CS Ni-L (Fig. 7(a)). This observation is consis-

Peak NER (M3)

Area% porosity

Specimen

CS Ni—H
CS Ni-L

0.374
0.448

0.452

213
1.45
0.26
2.73

tent with the adhesion results in Table 2, which indicated

CS Ni—He

lower adhesion strength for CS Ni—H than CS Ni-L. This

specimen was sprayed with a greater deposition rate which

0.444

CS Ni—N,
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Table 4 — Paired Student's T-test p-values for %Area Porosity means for paired data sets.

Specimen CS Ni—H CS Ni-L CS Ni—He CS Ni—N,
GS Ni—H 0.0050 1.79 x 10°° _
CS Ni-L 0.0050 2.90 x 10~° 1.58 x 107*
CS Ni—He 1.79 x 10°° 2.90 x 10°° 2.25 x 10°©
CS Ni—N, _ 1.58 x 10°* 2.25 x 10°°

Table 5 — Paired Student's T-test p-values for Peak NER means.

Specimen CS Ni—H CS Ni-L CS Ni—He CS Ni—N,
CS Ni—H 2.94 x 1077 1.14 x 1078 3.88 x 10°°
CS Ni-L 2.94 x 1077
CS Ni—He 1.14 x 1078
CS Ni—N, 3.88 x 10°°

500.0

1420. 1

1000. 0

1000.0 1420.1

Fig. 8 — Test impressions on specimen surfaces revealed by laser surface profilometry: (a) CS Ni—He, and (b) CS Ni—N,. The
arrows point the slight changes in roughness after QPD test.

resulted in the increased porosity (Fig. 3 and Fig. 4). The
increased porosity is due to particles not experiencing enough
plastic strain during the deposition process as a result of the
greater amount of powder being fed towards the substrate at
the same time. This condition leads to a decrease in particle
velocity and to a higher interaction between the impinging
particles and rebounded particles which may cause deceler-
ation of impinging particles when building at a higher feed
rate [31]. The increased porosity contributes to the decreased
adhesion strength and greater dissipation of energy in the
coating during the QPD testing.

Overall lower energy return was observed, and more suc-
cessive percussions were required to reach the maximum
peak NER values for specimens sprayed in N, gas (Fig. 6 and
Fig. 7(b)). Powder particles accelerate to lower velocities before
impacting the substrate in N, compared to that in He. This is
attributed to N, being a heavier gas than He. This lower impact
velocity (i.e. smaller kinetic energy) leads to the powder par-
ticles undergoing less plastic deformation upon colliding with
the substrate [15,16,32]. Consequently, powder splats sprayed
in N, are softer and the formed coatings have higher porosity
content and a rougher surface. These softer splats on the
surface of the sample will therefore strain harden over more
percussions. This strain hardening is evident in the initial
increase in energy return (i.e. reduction in dissipated energy)

from a relatively low value during the first few percussions.
The rougher coating surface created when N, was used also
contributed to the lower initial energy return. The effect of the

Fig. 9 — Macroscopic image of polished LPDED Ti—6Al—-4V
showing (a) high porosity near the top and (b) low porosity
near the bottom of the specimen. Representative pores are
indicated by arrows.
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Fig. 10 — NER-time plots for LD Ti64 billet. Plots in (a) are from subsequent tests on the smooth surface near the bottom of the
billet (lower internal porosity). Plots in (b) are for the as deposited rough surface near the bottom of the billet (lower internal
porosity). Plots in (c) are for the smooth surface near the top of the billet (higher internal porosity), and plots in (d) are for the
as deposited rough surface near the top of the billet (higher internal porosity). (M1, M2 and M3 represent three consecutive
test measurements at one location on the coating surface, and P1, P4, P7, and P10 represent the first, fourth, seventh, and

tenth percussion, respectively).

rough surface on the QPD test data and NER-time plots will be
discussed in more detail in section 3.2.

From inspection of Fig. 7 it is noteworthy that for a given
specimen the initial and final peak NER values vary from one
location to another. This effect can be observed most clearly
for the case of the CS Ni—H specimen (Fig. 7(a)) where peak
NER results vary considerably between locations. This varia-
tion is most likely attributed to differences in local porosity
and surface roughness on the specimen surface. Since QPD is
sensitive to the properties of the specific location being tested,
NER-time plots and peak NER values can change for different
locations on a specimen.

Laser microscope profilometry was performed on the tested
specimens to characterize the degree of surface damage that
might result following QPD testing. Overall, the roughness of
the specimen sprayed with N, was greater than that for the
specimen sprayed with He. In general, residual impressions or
surface damage resulting from QPD were very difficult to
identify. For rough surfaces (Fig. 8), small changes in surface
roughness associated with localized plastic deformation of
surface asperities were observed in the QPD test region. How-
ever, the observed changes in height of the surface roughness
due to QPD were generally less than about 50 pm as shown in
Fig. 8. For smooth polished surfaces, no surface deformation or
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Fig. 11 — Peak NER for the present LD Ti64 billet near the bottom (low internal porosity) and top (high internal porosity) on
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other indications were observed in the QPD test region. These
findings support the notion that QPD is non-destructive when
conducted in the manner described in this study.

3.2 LPDED Ti—6Al—4V

QPD was used for a laser powder directed energy deposited
(LPDED) Ti—6Al—4V billet (Fig. 2) to examine the ability of QPD
to detect internal porosity in a specimen created via this ad-
ditive manufacturing process. Porosity content was varied
along the billet, i. e. greater porosity at the top and lower
porosity at the bottom, by increasing oxygen gas fed during
the deposition. Fig. 9 demonstrates the greater pore number
and size at the top of the billet compared to the porosity at the
bottom of the billet.

The LD Ti64 specimen was QPD tested on locations at the
bottom and top regions with different porosity contents and
sizes, and also on both the as deposited (rough) and the pol-
ished (smooth) surfaces in order to investigate the effects of
the internal porosity and surface condition on test results.
Figs. 10 and 11 show NER-time plots and the corresponding
peak NER values for the LD Ti64 specimen, respectively. Lower
energy return was observed where porosity content was
greater regardless of whether a rough or smooth surface was
tested. This can be seen by comparing Fig. 10(a) with (c) for
smooth surfaces, and Fig. 10(b) with (d) for rough surfaces.
Furthermore, the NER was significantly lower for rough sur-
faces compared to smooth surfaces for the same porosity
content (Fig. 10 and Fig. 11). Student's T-test analysis of the
smooth surface results for the top paired with those for the
bottom of the specimen indicated that these sets were
significantly different (p-value = 1 x 10~*°), with a mean value

of 0.44 at the bottom (low porosity) and 0.39 at the top (high
porosity). Since these data were obtained on a smooth surface,
they are more indicative of the sensitivity of QPD to internal
porosity.

Rough surfaces exhibited energy return data with more
variability during the 10 percussions with an overall
increasing trend from P1 to P10, and from M1 to M3 (Fig. 10 (b)
and (d)). This increase can be attributed to flattening and
strain hardening due to plastic deformation of the powders
on the surface caused by successive percussions at the same
location. The magnitude of this increase eventually reduces
as seen by the closer proximity of the NER-time graphs with
increasing number of percussions in Fig. 10. By contrast, a
relatively small change in the peak energy return with
number of percussions was observed for the smooth surface
(Figs. 10(a) and (c) and 11). Rougher surfaces undergo greater
localized stresses during QPD testing because small surface
asperities make contact with the probe resulting in a small
contact surface area. Since the probe's initial kinetic energy
is constant, these asperity contacts have a significant role in
determining how much stress is applied on the contact sur-
face. For the first percussion they are initially relatively soft
and under higher stress compared to subsequent percus-
sions. As the asperity regions plastically deform, they
become harder while at the same time areas below the
asperity contacts come into contact with the probe,
increasing the contact area and reducing the average contact
stress in the contact region. Consequently, the NER ulti-
mately reaches a maximum value once the average contact
stress in the asperity contact regions reaches a critical value,
below which localized plastic deformation no longer occurs.
We note that a rough surface never becomes fully dense (or
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100% contact area) since the NER is always lower than that
for the corresponding polished surface. However, the cold
spray specimen which ultimately exhibited greater surface
roughness also contained greater internal porosity.

4, Conclusions

Efficacy of QPD for evaluating cold sprayed (CS) commercial
purity Ni, and for Ti—6Al-4V produced by laser powder
directed energy deposition (LPDED) was investigated. The
following conclusions were drawn:

1. Increases in porosity were produced in the cold sprayed Ni
specimens by increasing the deposition rate with air as the
carrier gas, and by altering the carrier gas from He to N,. An
increase in porosity in an LPDED Ti—6Al—-4V specimen was
also achieved by increasing the oxygen in the process
chamber during deposition.

2. Adhesion strength was found to be greater for specimens
sprayed with He and N, carrier gases compared to that for
specimens sprayed with air as the carrier gas. With the
exception of Ni sprayed with N,, adhesion strength was
found to be higher with lower amounts of porosity.

3. The higher porosity in CS and LD specimens correlated
with lower energy return for QPD as long as adhesion
strengths were comparable (i.e. CS Ni—H vs. CS Ni-L and CS
Ni—He vs. CS Ni—N,). Comparisons of QPD data between
samples that had relatively large differences in adhesion
strength did not necessarily exhibit significant differences
in peak energy return despite measurable differences in
porosity. This finding appears to be due to other micro-
structural features, such as increased oxidation and
porosity at the substrate interface, that can influence the
damping capacity of the specimens.

4. Rough or highly porous surfaces also generally resulted in
lower peak energy return than smooth polished surfaces.
Rough surfaces also exhibited an increase in the peak en-
ergy return with sequential percussions that can be
attributed to localized plastic deformation. This increase
could reach a maximum within 30 percussions at the same
position depending on the specimen surface conditions.
Once this maximum was reached, the peak energy return
for a rough surface was still lower than that for a smooth
surface on the same specimen.

5. While testing smooth surfaces offered a more direct
assessment of internal porosity using QPD, greater surface
roughness was generally indicated for specimens with
more internal porosity.

6. Overall, the present results demonstrated that QPD can
provide a rapid assessment of mechanical integrity both
in-situ and post processing. As such, QPD has potential for
saving much time and labor associated with quality control
of additively manufactured parts.
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