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Abstract: This paper presents the results of measurements of the spall strength and elastic-plastic
proper-ties, under dynamic and static loads, of the high-strength heat-resistant nickel-chromium
alloy Inconel 625, obtained by the direct laser deposition method. The structural parameters of
the obtained samples and the mechanical properties during static tests were studied. According to
our information, anisotropy in the structural parameters operates primarily at the level of plastic
deformation of alloys. Shock compression of the additive alloy Inconel 625 samples in the range of
6–18 GPa was carried out using a light-gas gun, both along and perpendicular to the direction of
the deposition. The strength characteristics were determined from the analysis of the shock wave
profiles, which were recorded using the VISAR laser velocimeter during the loading of samples. It
was found that the value of the spall strength of additive samples does not depend on the direction
of deposition, and the Hugoniot elastic limit of samples loaded perpendicular to the deposition
direction is about ~10% higher. With an increase in the maximum compression stress, the material’s
spall strength increases slightly, but for both types of samples, a slight decrease in the Hugoniot elastic
limit was observed as the compression stresses increase. On the basis of the measured wave profiles,
shock Hugoniots of the samples of the alloy Inconel 625, loaded both along and perpendicular to the
direction of deposition, are constructed in this pressure range.

Keywords: alloy Inconel 625; direct laser deposition; shock wave; spall fracture; Hugoniot elastic limit

1. Introduction

Active research on the capabilities of additive manufacturing of metallic materials is
currently underway [1–5]. The subjects of the research are mechanical, tribological, and
corrosion related properties, as well as structural and phase-shift analysis of the fabricat-ed
metallic items. The approaches of additive manufacturing methods differ in the type of
material fed into the system (powder, wire), heat source (laser, electron beam, or electric
arc), and the medium where item fabrication is taking place (vacuum or atmosphere with
shielding gas). The powder approach, in turn, can be implemented either by selective fusion
of the material in a local bath of the melt (PBF, powder bed fusion), or by direct feeding
of the powder to the focus of the heat source (DED, direct energy deposition). The most
common materials that are used for studying the patterns of structure formation in additive
manufacturing are austenitic steels and alloys based on nickel, titanium, aluminium, and
copper. For these types of materials, technologies for obtaining high-quality structures
with high properties have already been well developed [3–5].

Nevertheless, there is little literature presenting systematic research results of the
mechanical properties of materials obtained using additive manufacturing technologies
under conditions of dynamic loading [6–12]. It is evident that there is a need for using parts
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and constructions fabricated by additive manufacturing in extreme operating conditions,
such as very high or low temperatures and pulse and impact loading; hence, a need has
emerged for obtaining information on the dynamic strength of such materials. With the
development of methods for fabricating materials using additive manufacturing technolo-
gies, reports, with the measurements of their elastoplastic and strength properties under
shock-wave loading, started to occasionally appear, as well as their comparisons with the
properties of materials obtained by traditional metallurgical methods. Comparative shock
wave loading experiments in the pressure range of 0.2–7.0 GPa with the 304L steel [6] have
shown that additively manufactured samples have significantly higher tear strength and
Hugoniot elastic limit (HEL) compared to the original steel samples. The research work
of Brown et al. [7] compared the elastic-plastic and strength properties under shock-wave
loading of the titanium alloy Ti-6Al-4V obtained by electron beam melting (EBM) and
laser metal deposition (LMD) in both horizontal and vertical deposition directions. An
insignificant difference was revealed in both the measured spall strength and the Hugoniot
elastic limit in 4 sample types. The research work of Jones et al. [8], involving a similar
titanium alloy Ti-6Al-4V obtained using selective laser sintering (SLM), has revealed a
decrease in spall strength by 40%, compared to the forged item. In the research work
of Razorenov et al. [9], no anisotropy of the strength properties of Ti-6Al-4V titanium
samples obtained by direct laser deposition was revealed. A slight increase in the spall
strength and Hugoniot elastic limit in these samples was found, in comparison with the
heat-treated rolled titanium alloy VT6. The research work of Zaretsky et al. [10] did not
reveal a dependency between the dynamic characteristics and the orientation of shock-
wave loading of AlSi10Mg alloy samples that were produced by selective laser melting
(SLM). The dynamic yield stress of the AlSi10Mg alloy obtained by SLM is almost twice
that of its cast counterpart, and the spall strength is four times higher than that of the cast
alloy. The research work of Gray et al. [11] revealed a strong dependency between the
orientation of the Hugoniot elastic limit and the spall strength of tantalum samples that
were fabricated using additive manufacturing. The value of the Hugoniot elastic limit of
the material that was fabricated by additive manufacturing is two times higher than that of
the annealed forged material, while the spall strength is lower by 20–30%. The samples of
09CrNi2MoCu steel obtained by the DLD method demonstrate a strong dependence of the
strength properties under shock-wave loading on subsequent heat treatment, and the value
of their spall strength is slightly lower than that of hot-rolled samples [12]. Thus, the aim
of this work is to study the structural parameters and mechanical characteristics during
dynamic fracture of the Inconel 625 alloy in order to reveal the possible parameters of the
anisotropy of the properties of materials obtained using additive technologies. The data
obtained are novel for understanding the mechanisms of destruction of materials obtained
using additive technologies.

2. Materials and Methods

Samples of Inconel 625 that were obtained using direct laser deposition were used
as a material for investigation. The samples were obtained from powders produced by
Höganäs AB, Höganäs, Sweden. The chemical composition of the powders is provided in
Table 1.

Table 1. Chemical composition of Inconel 625 powder.

Manufacturer
Chemical Composition of Powders, wt.%

Ni Cr Fe Mo Si Nb Mn O2 Other

Inconel 625
Höganäs AB Main 20.8 0.51 8.9 0.43 3.51 0.37 0.07 0.08

Direct laser deposition was carried out in a laser facility that comprised of the LRM-200iD_7L
industrial robot (Fanuc, Oshino, Yamanashi, Japan), the LK-700 laser irradiation source (IPG
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Photonics, Oxford, MA, USA), the FLW D30 laser head (IPG Photonics) with a COAX-40-S
coaxial nozzle (Fraunhofer ILT, Aachen, Germany), the Powder Feeder Twin 150 (Oerlikon
Metco, Pfeffikon, Switzerland), and a process cabin. The samples were obtained with the
following parameters of laser deposition: radiation power—1300 W, productivity—20 mm/s,
layer step—0.4 mm, beam diameter—1 mm, powder consumption—5.3 g/min. The diameter of
the gas-powder mixture at the focal point of the laser is about 1 mm.

For shock wave experiments, special samples were prepared from Inconel 625 that was
obtained by direct laser deposition, and the nominal thickness of the samples was 2 mm.
The samples under study were cut from a workpiece in two directions: perpendicular to
the deposition axis and along it. Figure 1 shows the scheme of the direction of loading of
the samples, which was carried out along the deposition direction and perpendicular to
it. The density of the samples, measured by hydrostatic weighing, was ρ0 = 8.422 g/cm3.
The measured longitudinal speed of the sound was Cl = 5.607 km/s, along the deposition
direction, and 5.751 km/s, perpendicular to the deposition direction.

Figure 1. Schematic representation of shock wave loading of the samples relative to the deposition
direction (green arrow—perpendicular to the deposition axis, red arrow—along the deposition axis).

Shock wave experiments were carried out using a gas barrel unit, wherein the impactor
was accelerated (air or helium was used as an accelerating gas) in the velocity range of
230 ± 10 m/s to 670 ± 10 m/s, which corresponds to the maximum compressive stress in
the test material between 6 and 18 GPa. The compressed gas accelerated a hollow cylinder
made of aluminium or magnesium, to which a 5 mm thick polymethyl methacrylate disk
was glued on the side of the sample, and to which, in turn, the impactor was glued.
The ratio between the impactor thickness and the sample thickness was ~1/4, with the
exception of experiments with the lowest impactor velocity where the impactor/sample
thickness ratio was ~1/2.

Copper or tungsten was used as the material for the impactors, and experimental
samples thicknesses hs, impactor thicknesses himp, and impactor velocities Vimp are pre-
sented in Table 2 A polymethylmethacrylate substrate was used to prevent impactor flexing
during acceleration, and the entire unit was vacuumed before each experiment. In the
experiments, impactor velocity and tilt were monitored by electric contact sensors, and a
VISAR (Velocity Interferometer System for Any Reflection) [13] was used to monitor the
velocity profile ufs(t) of the free rear surface of the sample, with a temporal resolution of
~1 ns. The experimental scheme used for the determination of high strain rate properties is
shown in Figure 2.
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Table 2. Loading conditions and the results of calculations of the shock adiabatic coefficients for
the additively manufactured alloy Inconel 625 (i.e., In625), along the deposition direction and
perpendicular to it.

Sample hs, mm himp, mm/
Material Vimp, m/s US, km/s up, km/s

Along the Deposition Direction

In625_2 1.944 0.465/Cu 675 ± 10 4.972 0.2978
In625_3 1.957 0.395/W 638 ± 10 5.124 0.4055
In625_4 1.952 0.786/Cu 234 ± 10 4.646 0.106
In625_51 1.940 0.463/Cu 350 ± 10 4.763 0.1538

Perpendicular to the Deposition Direction

pIn625_6 2.067 0.480/Cu 350 ± 10 4.741 0.1452
pIn625_7 2.007 0.802/Cu 234 ± 10 4.682 0.1105
pIn625_8 1.964 0.480/Cu 675 ± 10 4.935 0.298
pIn625_9 1.995 0.396/W 638 ± 10 5.178 0.407

Figure 2. Schematic of experiments on recording the velocity profiles of the free surface of the
samples of the additively manufactured Inconel 625 alloy.

3. Results and Discussion

To identify the features of the structural parameters of materials, studies were carried
out using optical and scanning electron microscopy. The studies of the microstructure of alloy
Inconel 625 samples that were obtained by direct laser deposition show significant differences
between samples with longitudinal (Figure 3a) and perpendicular (Figure 3b) direction of depo-
sition. During laser exposure on the powder material, it melts and subsequently crystallises [14].
The temperature gradient that is formed during solidification is directed perpendicular to the
boundaries of the melt bath [15]. These crystallisation conditions cause the directed deposition
of crystallites from the periphery of the melt zone to its centre. The presence of pores with a
size of 10–200 microns, inside which there are unalloyed powder particles, is established (see
Figure 3b). Such defects have a significant impact on the mechanical properties [16].

In both cases, ductile fracture is characteristic; however, in the samples that were cut
perpendicular to the growth direction, more unfused powder particles are present at the
fractures, thus, in this direction during fracture, the presence of unfused particles plays
an important role, compared with the samples that were cut along the growth direction.
A more detailed study (Figure 4) shows that the entire surface of the alloy consists of pits,
similar in size and morphology to the cellular-dendritic structure of the alloy microstructure.
It is shown that in a plane parallel to the growth direction, pores are observed that are
located along the boundaries of the visible melt baths, and they have a flat shape. Such
pores occur due to the lack of fusion of the molten metal powder with the substrate on
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which it is applied [16]. Such a phenomenon can occur due to various reasons, particularly
due to the uneven thickness of the applied layer, the ingress of non-metallic inclusions into
the melt region, etc.

Figure 3. Microstructure of samples of the additively manufactured alloy Inconel 625 along (a) and perpendicular (b) to the
growth direction.
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Figure 4. Structure of the fracture surface of the samples of additively manufactured alloy Inconel 625 along (a) and
perpendicular (b) to the growth direction.

The factors affecting the present anisotropy of the mechanical properties of alloys
made by direct laser deposition are [16]:

• residual tension, which is eliminated by thermal treatment;
• pores located perpendicular to the direction of deposition;
• features of the grain microstructure that are formed, depending on the parameters of

direct laser deposition.

The layered structure of the grown samples is traced; this structure directly affects
their mechanical properties, leading to the existence of a certain difference in the strength
and plastic characteristics of the grown products. Figure 5 shows the tension-strain depen-
dencies for the materials under study. It is shown that relatively insignificant differences
are observed in the deformation behaviour. The elastic modulus along the deformation
axis is 542 MPa, and in the perpendicular direction of the deformation axis it is 526 MPa.
There are differences in the relative elongation. Anisotropy in the structural parameters
operates primarily at the level of plastic deformation of alloys.
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Figure 5. Stress-strain curves of additively manufactured alloy Inconel 625 along (a) and perpendicular (b) to the growth direction.

Figures 6 and 7 show the velocity histories of the free surface of alloy Inconel 625 sam-
ples along the deposition directions and perpendicular to them. On the free surface velocity
profiles, the emergence of an elastic compression wave propagating with the longitudinal
speed of the sound Cl is recorded, then a plastic shock wave followed by a region of
constant parameters is recorded, and finally, a part of the rarefaction wave is recorded. The
amplitude of the elastic precursor is determined by the Hugoniot elastic limit (HEL) of the
material, and this is calculated as follows:

σHEL = 0.5 ρ0 × uHEL × Cl (1)

where uHEL is the free surface velocity of the elastic wave in the precursor (see Figure 6).

Figure 6. The velocity histories of the alloy Inconel 625 samples along deposition directions.

Figure 7. The velocity histories of the alloy Inconel 625 samples perpendicular to the deposition direction.
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After the reflection of the compression pulse from the free surface, tensile stresses
are generated inside the sample, which result in the sample’s fracture, i.e., spalling. The
decrement of the surface velocity ∆ufs (Figure 6), as it decreases from the maximum to the
value ahead of the front of the spall pulse, is proportional to the value of the fracturing
stress, i.e., the spall strength of the material. In the linear (acoustic) approximation, the
spall strength of the material is calculated as follows:

σsp =
1
2

ρ0 × Cb × (∆ufs + δ) (2)

where δ is the correction for the distortion of the velocity profile, due to the difference in
the velocities of the elastic front of the spall pulse and the velocity of the plastic part of
the incident unloading wave in front of it [17]. The spall thickness hsp = Cl∆tsp/2 was
estimated from the oscillation period after spalling on the free surface velocity profile [18].
In the experiments under the lowest compression stress (Figures 6 and 7), spall fracture
did not occur due to the low velocity of the impactor and the PMMA substrate located on
the backside of the impactor, which prevented the impactor from unloading completely.

To calculate the spall strength according to Equation (2), it is necessary to know the
bulk sound speed Cb. It is known that the longitudinal speed of sound Cl is related to

the bulk sound speed via the relation c2
l

c2
b
= 3 1−ν

1+ν where ν is the Poisson’s ratio. The lon-

gitudinal speed of sound Cl is related to the Young’s modulus E, the Poisson’s ratio and
the initial density via the relation cl =

√
E
ρ

1−υ
(1+υ)(1−2υ)

. From the reference data for the
alloy Inconel 625, obtained in the solid solution state by casting, E = 204.8 GPa, ν = 0.312,
and ρ0 = 8.440 g/cm3. Calculations based on the above ratios and the available data for
the alloy Inconel 625 obtained by casting yielded the following values: Cl = 5.815 km/s
and Cb = 4.636 km/s. The measured longitudinal sound speed for the additively obtained
material demonstrates its dependency on the deposition direction and thus has lower
values. Anisotropy will also manifest itself in the values of the Poisson’s ratio that are not
known for the additively manufactured alloy.

It is necessary to determine the bulk sound speed cb of an additively manufactured
material under study in order to calculate the spall strength. It is necessary to determine
the bulk sound speed from the linear dependency of the shock wave velocity on the particle
velocity in the form US = c0 + bup, where c0 takes the value of the bulk sound speed cb at
zero particle velocity, and b is the inclination of the Hugoniot. To calculate the shock wave
velocity, we use the relation presented by Kanel et al. [18]:

US = cl
hs/cl − ∆t/2
hs/cl + ∆t/2

(3)

Here ∆t is the difference in time between the emergence of the middle of the plastic part
of the compression wave and the elastic part of the compression wave on the free surface
(see Figure 8). Relation (3) takes into account the interactions between the incident wave
and the reflected wave near the sample’s surface. Particle velocity is defined as up = umax/2,
where umax is the maximum value of the free surface velocity (see Figure 8). The obtained
values of the shock wave velocity and particle velocity for the additively manufactured
alloy Inconel 625, along the deposition direction and perpendicular to it, are presented in
Table 3 and in Figure 8. The points obtained for both deposition directions for the alloy
Inconel 625 can be described by the linear relationships US = 4.497 + 1.61 up when loaded
perpendicular to the deposition direction, and by US = 4.502 + 1.55 up when loaded along
the deposition direction. Figure 8 also shows the US-up dependency for the alloy Inconel
738 [19]. The value of the bulk sound speed Cb = 4.636 km/s for the cast alloy Inconel
625 lies practically on the linear dependency US-up for the alloy Inconel 738. It can be seen
from the figure that the Hugoniot elastic limits for the additively manufactured samples
of the alloy Inconel 625 are situated somewhat lower, which may be associated with the
existing insignificant porosity of the samples under study.
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Figure 8. Dependence of the shock wave velocity on the particle velocity of the alloy Inconel
625 (i.e., IN 625), obtained by additive manufacturing under loading along the deposition direction
and perpendicular to it. The value of bulk sound speed of Inconel 625, obtained by casting, is shown
at up = 0. Data for the alloy Inconel 738 (i.e., IN 738), have been presented [19].

Table 3. Results of measuring the elastic-plastic and strength properties under shock wave loading of an additively
manufactured alloy Inconel 625 (i.e., In625) along the deposition direction and perpendicular to it.

Sample uHEL, m/s σHEL, GPa ∆ufs, m/s σsp, GPa
.

V/V0, s−1 hsp, mm
.
εx, s−1 σx, GPa

Along the Deposition Direction

In625_2 45.6 1.08 213.3 4.80 3.20 × 105 0.47 8.68 × 106 12.60
In625_3 43.5 1.03 204.6 4.58 3.07 × 105 0.41 34.13 × 106 17.59
In625_4 49.3 1.16 – – – – 0.29 × 106 4.35

In625_51 49.3 1.16 197.5 4.35 2.52 × 105 0.60 0.82 × 106 6.34

Perpendicular to the Deposition Direction

pIn625_6 54.1 1.31 202.6 4.40 2.23 × 105 0.64 0.60 × 106 6.03
pIn625_7 55.5 1.34 – – – – 0.30 × 106 4.61
pIn625_8 50.3 1.22 209.6 4.70 2.92 × 105 0.49 7.27 × 106 12.56
pIn625_9 51.2 1.24 207.6 4.47 2.49 × 105 0.38 31.37 × 106 17.87

Figure 9 shows the σHEL values obtained as a function of the maximum compres-
sive stress σx and which were calculated using relation (1) for the additive alloy Inconel
625 when loaded along the deposition direction and perpendicular to it. The maxi-
mum compressive stress in each experiment was calculated as σx = σHEL + ρ0US(umax −
uHEL)/2 [20]. It can be seen that when the samples are loaded perpendicular to the de-
position direction, they demonstrate higher values of the Hugoniot elastic limit in the
investigated range of compressive stresses between 4 and 18 GPa, compared to the samples
loaded along the deposition direction. In both cases, a slight decrease in σHEL is recorded
as the compression stress is increased. Table 3 summarises the values of uHEL, σHEL and σx.
A slight decrease in σHEL with increasing pressure is due to the fact that, with increasing
pressure, the deformation rate in the shock wave increases, which leads to an increase in
the concentration of twins and a slight drop in the Hugoniot elastic limit, as was observed,
for example, on titanium alloys [21].
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Figure 9. Dependency of the Hugoniot elastic limit on the maximum compressive stress of the
alloy Inconel 625, obtained by additive manufacturing: 1—loading along the deposition direction;
2—loading perpendicular to the deposition direction; 3—Inconel 738 [19].

Spall strength values of the alloy Inconel 625, obtained by additive manufacturing,
calculated using relation (2) under loading along the deposition direction and perpendicular
to it are presented in Figure 10 and in Table 2. Table 3 also presents the calculated strain

rates in the rarefaction wave using the ratio
.

V
V0

= −
.
u f sr
2Cb

[22] where
.
u f sr is the measured

rate of velocity drop of the test sample’s free surface in the unloading part of the shock
compression pulse. Figure 10 shows that with an increase in the maximum compressive
stress, the ability of the material to resist the maximum tensile stresses increases slightly.
It should be noted that an increase in the spall strength is not related to an increase in
the rate of deformation in the rarefaction wave (see Table 3). As a rule, the spall strength
increases with an increase in the strain rate in the rarefaction wave but, such dependences
are typically obtained at approximately one maximum compression stress [23,24]. In the
research works [25–27], an insignificant increase in the spall strength of metals was noted,
depending on the maximum compressive stress, the nature of which is similar to that
obtained in the research work described in the present paper. The obtained spall strength
values for the additively manufactured alloy Inconel 625 significantly exceed the spall
strength values for the alloy Inconel 738 [19] obtained using conventional technology.
However, the values of the Hugoniot elastic limit obtained in this work for the additively
deposited alloy Inconel 625 are ~30% lower than those for the alloy Inconel 738.

Figure 10. Dependency of the spall strength on the maximum compressive stress of the alloy Inconel
625 obtained by additive manufacturing: 1—loading along the deposition direction; 2—loading
perpendicular to the deposition direction; 3—Inconel 738 [19].
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The measured profiles of the free surface velocity at different maximum compressive
stresses were used to determine the maximum compression rates in plastic shock waves.
The compression rate was defined as

.
εx =

.
u f s/2US, where

.
u f s is the maximum surface

acceleration in a plastic shock wave [28]. The calculation was performed assuming that
the plastic shock wave is stationary or close to stationary. The results of evaluating the
compression rate, depending on the maximum compressive stress behind the first plastic
shock wave, are presented in Figure 11 and in Table 2. As can be seen in Figure 11, with
an increase in the shock compression pressure, the compression rate in a plastic wave
(both under loading along the deposition direction and perpendicular to it) changes in a
similar way. The compression rate can be described by power-law dependencies on the
maximum compression stress,

.
εx = A(σx/σ0)

β (σ0 = 1 GPa) [28], with indicator β = 3.4 and
coefficient A. Deposition directions affect coefficient A insignificantly, and the latter takes
on the following values: A = 1800 s−1 along the deposition direction and A = 1500 s−1

perpendicular to it.

Figure 11. Dependency of the compression rate in a plastic shock wave on the final compression
stress behind the wave of the alloy Inconel 625 obtained by additive manufacturing: 1—loading
along the deposition direction; 2—loading perpendicular to the deposition direction.

4. Conclusions

It is shown that the anisotropy of the structure of materials affects the mechanical
properties during static tests. It is shown that relatively insignificant differences are
observed in the deformation behaviour. The elastic modulus along the deformation axis is
542 MPa, and, in the perpendicular direction of the deformation axis, it is 526 MPa. There
are differences in the relative elongation. As aforementioned, anisotropy in the structural
parameters operates primarily at the level of plastic deformation of alloys. The factors
affecting the present anisotropy of the mechanical properties of alloys made by direct laser
deposition are: residual tension that is eliminated by thermal treatment; pores located
perpendicular to the direction of deposition; features of the grain microstructure that are
formed, depending on the parameters of direct laser deposition. The spall strength and
the Hugoniot elastic limit were measured, shock Hugoniots were constructed, and the
compression rate in the plastic shock wave of alloy Inconel 625 samples, obtained by the
direct laser deposition method, was determined in the compression stress range of 6–18 GPa.
The measurements were carried out along and perpendicular to the direction of deposition
of the samples. The measurements showed that there is a negligible (i.e., practically absent)
influence of the deposition direction relative to the impact direction on the dependence of
the shock wave velocity vs. the particle velocity and the value of the spall strength. There
is also no anisotropy of the power-law indicator of the dependence of the compression rate
on the compression stress. The value of the Hugoniot elastic limit of samples, when loaded
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perpendicular to the deposition direction, is higher by ~10% of its values for samples
loaded along the deposition direction. At the same time, in both cases, a slight decrease
in this value is observed with an increase in the pressure of shock compression, while the
resistance of samples of both types increases slightly.
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