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ABSTRACT ARTICLE HISTORY
Cold spray (CS) has emerged as a representative of solid-state additive manufacturing (AM) via super- Received 25 April 2023
sonic impact. It enables a high deposition rate of solid-state microparticles. Delamination, however,

- - . ) - KEYWORDS
tends to occur when depositing too thick; this remains to be conquered. Here, a CS-like process, Additive manufacturing; cold
warm spray (WS), was presented. Interestingly, it was found that the appropriate increase in par- spray; warm spray; '
ticle temperature can effectively reduce the residual stress amplitude, relieving the concentrated temperature; delamination
tensile stress and safeguarding the additively manufactured components from interfacial delamina-
tion even when depositing too thick. The key role of temperature on delamination was identified in

solid-state AM via supersonic impact.
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IMPACT STATEMENT

It makes a clear understanding of the delamination issue in solid-state AM via supersonic impact, pro-
viding scientific guidance for technological/equipment upgrading and safeguarding the structural
integrity of complex, large-size components.

1. Introduction lightweight, and complex designs of end-use products
[1,2]. Over the past decades, various fusion-based AM

Additive manufacturing (AM) has been under rapid
processes, using laser [3], arc [4], or electron beam [5]

development owing to the great flexibility for personalized,
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as heat sources for melting-solidification of metals to
form deposits, have been extensively researched as main-
stream. Adequate melting of metals ensures metallurgi-
cal bonding among deposited layers, whereas their rapid
solidification is prone to bring problems with high ther-
mal stress [6], grain growth [7], phase transformation
[8], and chemical degradation [9]. DebRoy et al. [10]
reviewed AM of metallic components, highlighting the
mainstream status of fusion-based AM processes while
specifying the above problems to be solved. The advent
of solid-state AM processes via supersonic impact, rep-
resented by cold spray (CS), signals a new direction.
The formation of deposits relies on supersonic impact-
induced extreme deformation rather than metal melting;
hence, solidification-related problems can be minimized.
Moreover, the nature of supersonic impact gives the ben-
efits of high deposition rate and efficiency [11,12], mak-
ing them of great interest to the scientific and industrial
communities.

CS is currently the most representative solid-state AM
process via supersonic impact, which has been written
into the ASTM F2792-12A standard [13]. During CS,
the heated and pressurized process gas (generally air,
N, or He) passes through the de-Laval nozzle to cre-
ate a near-room temperature supersonic flow to accel-
erate microparticles to supersonic speeds (Figure 1(a)).
This process is similar to shot peening and tends to
induce compressive residual stresses in favor of struc-
tural integrity. Moreover, it was recognized as having no
deposition thickness limitation due to the lack of ther-
mal stress (near-room in-process temperature). In prac-
tice, however, delamination frequently occurs for thick
deposits [14-19], compromising component integrity
and restricting the widespread application of CS as AM
process. Vargas-Uscategui et al. [15] explicitly displayed
the delamination issue of thick pure Ti deposits addi-
tively manufactured by CS. Currently, this issue might
be mitigated by optimizing the CS parameters, but the
underlying cause remains unclear. Warm Spray (WS) is
a CS-like process that utilizes the combustion gas pro-
duced by reacting fuel with oxygen as a supersonic flow
and mixes inert gas (generally N,) to control the tem-
perature (Figure 1(b)). It gives microparticles not only
high-impact velocities like CS but also high temperatures
below the melting point, which is more friendly to hard-
to-deform materials. More interestingly, delamination
rarely occurs in WS.

2. Materials and methods

Ni and its alloys are versatile and exhibit excellent per-
formance in high-temperature and corrosive environ-
ments. It is of great significance to advance their AM
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for energy conservation and sustainability. Usually, com-
mon and well-known materials are preferred to avoid
extraordinary phenomena caused by complex composi-
tions. Hence, pure Ni was chosen as the target material
in this study. Gas-atomized pure Ni microparticles with
good sphericity (AMPERIT  176.001, Hoganis Germany
GmbH, Germany) were used for solid-state deposition,
and pure Ni sheets (Kiguchi Technics Inc., Japan) cut
to the 100 mm x 50 mm X 5mm size were heat-treated
and sandblasted as substrates. Pure Ni deposits of dif-
ferent thicknesses were additively manufactured by WS.
For comparison, thick pure Ni deposits were also made
by CS. The average impact velocities of microparticles
during CS and WS were set to ~700m/s, measured
by the particle image velocimetry method. Only dur-
ing WS, the average temperature of microparticles was
governed by N, to ~1000°C, while the substrate tem-
perature was maintained at ~ 300 °C by a temperature
control fixture. In general, geometric distortion correlates
closely with residual stresses. A portable X-ray diffraction
(XRD) analyzer (u-X360s, Pulstec Industrial Co.,Ltd.,
Japan) was employed to measure the surface residual
stresses of deposits based on the cose approach. The
internal residual stresses were mapped by the contour
method in three steps: (1) plane of interest cut with
wire electrical discharge machining (AG360L, Sodick
Co.,Ltd., Japan); (2) deformed contours of cut surfaces
measured with wide-area 3D measurement system (VR-
5000, KEYENCE Corp., USA); and (3) residual stress
reproduced by an elastic finite element program JWRIAN
developed by authors [21-23].

3. Results and discussion

Figure 2 shows the thick pure Ni deposits made by CS.
It is evident that the tendency to delamination increases
with increasing deposition thickness. Visible delamina-
tion was noticed at the deposit-substrate interface when
the deposition thickness reached 13.40 mm (Figure 2(a)).
For a thinner deposit, the interfacial integrity suggests
that delamination is driven primarily by in-process stress
release. To clarify, a residual stress analysis was per-
formed for a non-delaminated deposit with a thickness
of 9.62mm (slightly less than 13.40 mm, Figure 2(b)).
The insets in Figure 2(b) indicate the symmetrical cut-
ting surfaces implemented by the contour method, with
the cutting position marked by the red dash-dotted
line. The results of both XRD and contour methods
show that compressive residual stresses prevail on the
deposit surface and fluctuate with position (Figure 2(c)).
This is a typical feature of CS residual stresses with-
out further details here. It is worth noting that the
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Figure 1. Schematic illustrating the differences between (a) cold spray and (b) warm spray systems [20].

cross-sectional residual stress mapping through the con-
tour method (Figure 2(d)). From top to bottom, the
distribution pattern of residual stresses is compressive-
tensile-compressive. High compressive residual stresses
over 100 MPa exist close to the top surface, attributed to
the peening effect accumulation of microparticles. The
greater the deposition thickness, the higher the com-
pressive residual stresses [16,24,25]. Compressive resid-
ual stress is beneficial to the mechanical properties and
service reliability of components. Nevertheless, the resid-
ual stresses are balanced in individual components. High
compressive stresses concentrated near the top surface
can lead to high tensile stresses concentrated in the inte-
rior shown in Figure 2(d), driving delamination. As a
result, lowering the residual stress amplitude is essential
to avoid delamination.

The pure Ni deposits of different thicknesses were
additively manufactured by WS, as shown in Figure 3.
The deposition thicknesses are 3.15mm (Figure 3(a)),
6.06 mm (Figure 3(b)), 8.75 mm (Figure 3(c)), 12.83 mm
(Figure 3(d)), and 15.05 mm (Figure 3(e)) in sequence.
Symmetrical cross-sections obtained by cutting along red
dash-dotted lines are presented as insets. As we all know
[26-28], the deposition inclination is usually noticeable
in the thick deposits by CS owing to inadequate deforma-
tion of peripheral microparticles (e.g. Figure 2(a and b)).
Compared to CS, WS tends to form thicker deposits with
less inclination. The major difference between CS and
WS in this study is the temperature. Correspondingly, the
above comparison is a side-by-side reflection of the role
of temperature in promoting particle deformation as well
as interfacial bonding. What is more, no delamination

was detected regardless of the deposition thickness (even
exceeding 13.40 mm), indicating the superiority of WS
in the AM of thick components. Likewise, the WS resid-
ual stresses were evaluated by a combination of XRD
and contour methods. The measurement positions of the
XRD method and the subsequent cutting position imple-
mented by the contour method are identical and marked
with red dash-dotted lines.

Figure 4(a) displays the residual stresses on the deposit
surfaces of different thicknesses measured by the XRD
and contour methods. The surface residual stresses
fluctuate around zero and are less than those in CS
(Figure 2(c)). This is because the microparticles in WS
have higher temperatures, which relieves the compressive
stresses caused by the peening effect. As the deposition
thickness increases, there is a tendency for the surface
residual stress to shift from compressive to tensile due to
the enhanced temperature effect. Residual stresses were
measured over the entire surface, and the conclusion is
consistent. Incidentally, the results obtained by the two
methods agree well to support the validity of the contour
method.

More importantly, the cross-sectional residual stress
distributions in the deposits of different thicknesses
were mapped by the contour method, as shown in
Figure 4(b-f). Similar to CS, the distribution pattern of
residual stresses from top to bottom is compressive/ten
sile-compressive. Unlike CS, the residual stress amplitude
does not increase with increasing deposition thickness.
The low compressive/tensile residual stresses exist near
the top surface and are attributed to the compromise
between the peening and temperature effects. Towards
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the interior, the internal heat of deposits was continu-
ously accumulated (maintained at ~ 300 °C), and tensile
residual stresses were ubiquitous. The temperature of
deposits was maintained at a low level (~ 300 °C) dur-
ing WS, so the induced tensile residual stresses are low.
The sum of residual stresses is zero. As a result, there
are compressive residual stresses near the bottom surface
of deposits. Regardless of the deposition thickness, the
residual stress amplitude does not exceed 50 MPa. The

deposit-substrate interface is often the weakest bond-
ing position in the entire deposit [14-16,29,30]. The
low residual stresses at this position provide support for
component integrity. In other words, this finding fur-
ther supports that reducing the residual stress ampli-
tude is the key to avoiding delamination. Meanwhile,
it is direct evidence of the critical role of tempera-
ture on delamination in solid-state AM via supersonic
impact.



746 (&) QWANGETAL.

@) e I > E::::I
100 100 100 100 100
XRD XRD XRD XRD XRD
50 cM 50 cM 50 CcM 50 cM 50 M
< < < Q‘? E |l olamll qllTOT
%0 ae .-:-._::__—_-_:.-..,«%0 rmms g rmman vy mﬂgo WiE MY ISR Y S 0 RN ETINE o l: _T R _1
< = < * ™
<) © © ) S
50 Average 6x WS-01 =30 Average oy WS-02 =0 Average ox WS-03 =0 Average 6x WS-04 -0 Average ox WS-05
=-8.81+12.12MPa & =3.05+17.88 MPa i =0.14+10.09 MPa i =10.33+11.22 MPa i =19.05+23.60MPa ~
-100 -100 100 100 -100
-20 -10 0 10 20 -20 -10 0 10 20 -20 -10 0 10 20 -20 -10 0 10 20 -20 -10 0 10 20
Y-coordinate (mm) Y-coordinate (mm) Y-coordinate (mm) Y-coordinate (mm) Y-coordinate (mm)
(b) (© (a)
T —.
zZ S —
bstr. Y ‘ 7 )
WS-01 (Drickness = 3-15 mm) WS-02 (Drickness = 6.06 mm) WS-03 (Drickness = 8-75 mm)
(e) ® ox
100 MPa
‘ - ‘ ; 8
~ B — Compres51ye %
& Tensile 0
-20
40
60
-80

WS-

=12.83 mm)

4 (D Thickness

== ==u=s Compressive

WS-05 (D ryiciness = 15.05 mm)

Figure 4. Residual stress analysis for warm-sprayed pure Ni deposits with increasing thickness in Figure 3 showing the critical role of
temperature in lowering residual stress amplitude to avoid delamination: (a) surface residual stresses obtained by the XRD and contour
methods; (b—f) cross-sectional residual stress mapping through the contour method.
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Hereafter, Figure 5 schematizes the pattern differ-
ences of residual stress distributions in solid-state AM
of pure Ni via CS and WS. Emphasis is placed on
thick deposits. The residual stress distribution pattern
of thick pure Ni deposits fabricated by CS is general-
ized in Figure 5(a). It is compressive-tensile-compressive
from top to bottom. High compressive residual stresses
near the top surface (caused by the peening effect accu-
mulation in thick deposits) can effectively retard crack
initiation/propagation and, thus, significantly improve
fatigue performance. Nonetheless, the high compressive

residual stresses mean high tensile residual stresses in the
interior, especially at the deposit-substrate interface, trig-
gering delamination. WS adds the significant influence
of temperature on the basis of CS, which transforms the
residual stress distribution pattern from Figure 5(a and
b), as follows:

(1) Near-zero low tensile residual stresses are predom-
inant near the top surface owing to the compro-
mise between the peening and temperature effects
(~ 1000 °C of particle temperature);



(2) Internal tensile residual stresses are generated by
heat accumulation, and the temperature is main-
tained at a low level (~ 300 °C), resulting in low
tensile residual stresses, which is the key to avoiding
delamination;

(3) Due to stress balance, there are low levels of com-
pressive residual stresses near the bottom surface.

4. Conclusions

In summary, a distinct comparison of CS versus WS
was given, identifying the key role of temperature on
delamination in solid-state AM via supersonic impact.
This work leads to new insights into the delamination
issue. High compressive residual stresses on the surface
favor improved fatigue performance. Due to stress bal-
ance, however, high tensile residual stresses inside can
result in interface delamination. Temperature is conven-
tionally regarded as an adverse factor. Nevertheless, it is
found that the appropriate in-process temperature can
effectively relieve the high compressive residual stresses
caused by the accumulation of peening effects and keep
the stress amplitude at a low level, which contributes
to the structural integrity of large-size components sub-
jected to solid-state AM via supersonic impact. This find-
ingis guiding the AM of thick Inconel 718 deposits. In the
future, the temperature-stress-delamination relationship
will be quantified based on a multi-scale modeling strat-
egy to provide scientific guidance for safeguarding the
structural integrity of complex, large-size components.
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