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1.0 INTRODUCTION

Particle impact testing in high-pressure oxygen was performed to evaluate ignition suscetibility of Inconel
718 and Monel 400. Sapphire particles (1.5-mm diameter) under high-pressure oxygen, travelling at
hypersonic speeds, made impact with metal targets, resulting in surface indentations. This report details
the post-test characterization of impact craters observed on three metallic target samples: wrought nickel-
based superalloy Inconel 718 (IN718), additively manufactured Inconel 718 (AM-IN718) and nickel-
copper alloy, Monel 400.

2.0 EXPERIMENTAL METHODS

Surface characterization was performed by light optical microscopy (LOM) and scanning electron
microscopy (SEM), including use of the energy dispersive spectroscopy (EDS) capability of the SEM for
chemical analysis. Impact crater penetration depth measurements were obtained utlizing the working
distance of the electron beam. Penetration depth measurements were not obtained for partial craters or
impact craters that contained overlapping with other impact craters. Impact crater measurements are
summarized in Table 1.

Table 1 — Impact Crater Test Data

Sample Depth

test Mass, Mass, (P)of Diameter

surface pre- post- impact of impact Test

Impact thickness test test crater crater Temperature

Test Target crater  (mm) (9) () (mm) (mm) (D)
Wrought IN718 C 1.270 2.803 2.803 0.268 1.38 850
AM-IN718 A 1.544 2.882 2.882 0.293 0.449 770
Monel 400 E 1.689 2.798 2577 0.449 151 834




Hardness measurements were obtained for tested and untested wrought IN718, AM IN718 and Monel 400
targets. Testing was carried out with a Rockwall superficial brale indenter for Inconel samples under an
indentation load of 30-kgf (HR 30-N) and a diamond indentor under indentation loads was used for
Monel Samples (HR 30-T). Hardness measurements for untested targets were obtained from the impact
test surface (A), the outer diameter wall surface (B) and the bottom hollowed base surface (C). A
schematic of the impact test target is provided in FIG. 1. For tested samples, hardness was only measured
on surface C.

Impact craters were bisected, off-center, with a 0.006-in. wire by electrical discharge machining. The axial
cross-section containing more crater volume was metallographically prepared by standard polishing
techniques and mounted in epoxy thermoset resin. Stereomicroscopy was utilized for dimensional analysis
and microstructural evaluation was achieved by use of LOM subsequent to chemically etching (45-mL HCI,
15-mL HNQs, 5-mL HF, and 85-mL H0 for IN718 samples and 10-g CuSQa, 50-mL HCI, 50-mL H,0 for
the Monel sample). Terminal ballistics was employed to predict impact velocity of projectile.

FIG. 1 — Schematic of particle impact test target. Arrows A, B and C indicate surface from which
hardness testing was carried out.



3.0 EXPERIMENTAL RESULTS

3.1 Surface characterization of wrought IN718

The wrought IN718 particle impact samples contained three primary impact craters and six smaller
secondary impact craters, FIG. 2. Craters A and B were shown to be the result of two separate impact
events occuring in the same region, the impact at Crater A assumed to precede the impact at Crater B.

FIG. 2 — Wrought IN718 particle impact test target.
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FIG. 3 - Wrought IN718 particle impact test target (a) Crater and rater B'(b) Crater C.
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FIG. 4 — (a)-(f) Scanning electron micrographs of wrought IN718 particle impact test target, Crater A
and Crater B overlap (g) EDAX spectrum of area g outlined in (f).
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The undisturbed surfaces of the sample were dull in appearance compared to the bright, shiny interior
surfaces of the craters. Illustrated in FIG. 3, purple-colored, powder-like deposition was observed on the
undisturbed surfaces surrounding the craters, with the highest color intensity seen in the areas of Crater A
and Crater B. Adjacent to Crater B, the purple features possessed a distinct splatter pattern that emanated
from the crater perimeter. Deformation of the sample was observed at the surfaces adjacent to the impact
craters. The deformation was observed as a perimeter of surface ridges, oriented circumferential to the
impact crater, extending outward — a phenomenon termed as petaling.

The interior walls of the primary impact craters contained circumferential and radial features of
deformation nearest to the crater perimeter, characterized by a rough, porous texture, FIG. 4(a-b). Moving
radially inward towards the floor of the crater, the interior wall texture appeared increasingly smooth. The
contrasting textures were distinct, as the porous texture was observed as a lighter color and the smooth
texture observed as a darker color in electron micrographs. Evidence of melting was observed at the
region of impact overlap between A and B with scallop features indicating melt flow on fracture surfaces
seen within this region, FIG. 4(c-f).
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FIG. 5 — (a) Scanning electron micrographs of wrought IN718 particle impact test target, Crater.
A and Crater B overlap; (b)-(c) close-up view of region outlined in (a); (d)-(e) EDAX spectrum
of area g outlined in (c).
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FIG.6-(a) Scanhing electfdh m.icrog'raphs of wrodlght IN718 particle impact test target, Crater C; (b)-
(d) close-up view of region outlined in (a); (e)-(f) EDAX spectrum of corresponding areas outlined in (c).



As shown in FIG. 5 and FIG. 6, a circular region of resolidified molten material and multidirectional
shear bands were observed at the floor of Craters A and C. The spectra obtained by EDS confirmed the
resolidified molten material at the depths of Craters A and C to be oxygen-rich, while the resolidified
molten material at Crater A-B impact overlap contained mostly nickel.

Regional elemental mapping provided a clear outline of the deposition splatter pattern emanating from
Crater B, and results revealed the purple-colored splatter to be localized regions of increased oxygen
concentration. Coarse, oxygen-rich particles were seen unevenly distrubuted along the undisturbed
sample surface and within impact craters. Within Crater A, increased oxygen concetration was
characterized by a ring-like shape at the crater floor and an irregular, smear-like pattern along the crater
walls. Localized oxygen was shown to have a distinct ring-shape pattern at the depth of Crater C, with all
other surfaces of the crater exhibiting markedly less oxygen.

The presence of increased aluminum was observed on the undisturbed test surface and appeared as
concentric rings, appearing to be a result of machining. The interior surfaces of impact craters, exhibiting
significantly low amounts of aluminum, contained Al-rich particles, some of which were also rich in
oxygen as indicated by white arrows in FIG. 8.

FIG. 7 — Elemental EDS maps of wrought IN718 particle impact test target, Crater A and Crater B.



FIG. 8 — Elemental EDS maps of wrought IN718 particle impact test target, Crater C.

3.2 Surface characterization of AM-IN718

The particle impact target composed of AM-IN718 contained one primary impact crater and one smaller
secondary impact crater, FIG. 9. On undisturbed surfaces of the test surface, a columnar texture resulting
from the selective laser melting process was distinct. Contributing to the striped characteristic of the
surface, the texture consisted of distinct, dark columns of melt pools with inter-melt pool regions
appearing light and featureless, shown in FIG. 10.
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FIG. 9 — AM-IN718 particle impact test target, Crater A, and secondary impact crater.
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FIG. 10 — (a) Scanning electron micrograph of AM-IN718 particle impact test target, undisturbed surface
with raster shown, undisturbed test surface; (b) inter-melt pool region; and (c) melt pool region.
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The columnar surface texture was absent throughout the majority of the impact crater surface, maintained
only at the impact crater floor in a 0.70-um-diameter region. FIG. 11(a-b) provide an image of the crater
floor where the melt pool regions appeared deformed and exhibited cracking, contrasting with the
globular, script-like nature of the melt pools observed on undisturbed test surfaces presented in FIG. 10.
FIG. 11(b) also provides a close-up view of shiny, angular particles that appear embedded into the crater
floor. The crater floor also contained mud-cracking and rough surface texture in regions adjacent to
deformed melt pool columns, FIG. 11(c).

As seen within craters of the wrought IN718 target, the interior surface of the impact crater contained
circumferential and radial features of deformation; however, unlike the wrought target, the rough and
porous region of deformation was not seen consistently along the walls nearest to the crater perimeter, but
in a localized region as shown in FIG. 11(d). Petaling features were also seen, visible in FIG. 11(d), with
variable thickness extending along the primary crater perimeter of AM-IN718.
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FIG. 11 - 'Sca.hning'electron micrographs of AM-IN718 particle impact test target, Crater A: (a-b)
crater floor; (c) close-up view of corresponding area in (b); (d) crater wall; (e-h) EDAX spectrum
of corresponding region outlined in (b) and (c).
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Surface oxidation of the AM718 sample was also revealed with relatively high intensity peaks
corresponding to aluminum and oxygen detected and a relative increase in O detected within the melt pool
region, FIG. 10. The spectrum provided in FIG. 11(e), obtained by EDS, confirmed the embedded particle
to contain only Al and O, suggesting this particle to be a fractured sapphire projectile. At the crater floor,
increased relative intensity for oxygen was also observed for the mud-cracked features with adjacent
regions beneath mud-cracked features composed of predominately nickel.

Regional elemental mapping revealed the crater walls predominantly absent of aluminum, titanium with
the exception of a distint circular region at the crater floor. Increased relative intensity for nickel, along
with major alloying elements, Fe and Cr was observed within the impact crater where Al and Ti were
nearly absent.

FIG. 12 — Elemental EDS maps of AM-IN718 particle impact test target, Crater A.

3.3 Surface characterization of Monel 400

The Monel particle impact sample contained nine primary impact craters and eight secondary impact
craters, FIG. 13. Blue discoloration was observed on undisturbed surfaces nearest to the impact craters.
The interior surfaces of the impact craters were remarkably smooth compared to those of the wrought and
AM-IN718 samples. Petaling at impact craters were prounounced, as material deformation at the
perimeter was characterized as smooth with variable thickness extending along the crater perimeter.
Deformation seen at the rim did not extend significantly into the undisturbed sample surface, as no
bulging was observed.
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FIG. 14 - Scanning electron micrograph of Monel 400
particle impact test target, Crater E.

A circular region of deformed, resolidifed molten material was observed at the floor of all craters, FIG.
15a. Higher maginifcation, provided in FIG. 15b, revealed a smear-like texture of the deformation and
chemical analysis identified this region to contain primarily nickel. Regions of the crater wall, nearest to
the perimeter, were characterized by a streak-like formation. The white regions were porous in texture
while adjacent, darker regions contained the same smooth texture observed throughout the majority of the
crater walls.
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FIG. 15— (a) Scanning electron micrographs of Monel 400 particle impact test target, Crater G; (b)-
(c) close-up of corresponding regions outlined in (a); (d) EDAX spectrum of region outlined in (b).
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From EDS mapping results of Craters F, G and H on the Monel 400 test target, surface oxidation is
revealed, along with localized oxygen-rich regions throughout the undisturbed test surface and along
crater surfaces. An oxygen-rich circular region, similar to those seen within craters of IN718 targets, was
apparent at crater floors, with oxygen also exhibiting a splatter-like arrangement on the wall surfaces of
Crater G. This splatter-like feature was also seen at the intersection of crater overlap as well as on
undisturbed surfaces adjacent to Crater G.

FIG. 16 — Elemental EDS maps of Monel 400 particle impact test target, Crater F, G and H.

3.4 Microstructural analysis

The untested wrought IN718 microstructure consisted of uniformly distrubuted fine precipitation with
localized regions of coarse blocky particles (6 micron), likely carbides and nitrides. The untested AM
IN718 microstructure presented a gamma matrix that contained minimal matrix precipitation, with a
localized stringer of carbides and nitrides measuring approximately 1 micron in diameter. The
microstructure of the untested monel sample was characterized by equiaxed grains of nickel-copper solid
solution with twin boundaries present.
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FIG. 17 — Microstructure of untested particle impact test targets: (a) Wrought IN718; (b) AM-
IN718; (c) Monel 400.

The microstructure adjacent to the impact craters of wrought IN718 contained coarse, elongated grains at
Craters A, B and C, with Crater B exhibiting the greatest deformation and Crater A exhibiting the least.
Shear bands were observed within the grains along with needle-like particles and coarse, blocky particles,
likely to be delta-phase and carbides, respectively. In contrast, the microstructure at impact overlap
consisted of coarse, relatively equiaxed grains also presenting shear bands and delta phase, as well as
increasingly coarsened carbides that measured up to 25 microns. The microstructure moving away from
the impact crater edge transitioned into equiaxed grains with decreased grain size. At a depth of
approximately 0.25 mm, an irreglarly shaped particle was observed, its shape and color typical of an
oxide. The microstructure at the impact crater wall of AM-IN718 contained localized regions of elongated
grains containing shear bands and segregated regions of carbide precipitation.

15



Wrought
IN718
Crater A

Wrought
IN718
Crater A

P EARSA B\

Ly e ol shear linés g
{ y* e N L »
L] S ~
| \LWO 733862 Etched Wrought INT1E Particle Impact Test samph A
| i et . vonnou “"‘

Wrought
IN718

- » R : Ju Ml
i _Lwo 733862 Etched Wrought |Nr1s Parl icle Impact Test Sample ;_F 2 % o i el B sl ol

| Crater A8 = 2 : AL P 100 pm LWO 733862 Etched Wrought INT18 Particle Impact Test Sample Crater B

ok ; 2 X 3 e el

250
. a B

Wrought
IN718

9 % : T &
L ] o : s
MC carb"jes _—*g :
"..- 1 - ; . Tk £,
& —— _shear lines \‘-—-__::“‘_
hizd \ \ 9 Y
JILwo 733862 Etched W INT18 Particle Impact Test sampln B ém:?iﬂ! Etch-d Wrought INT1 Particle Impact Test Sample

PRSPl 5N

FIG. 18 — Wrought IN718 particle impact test target microstructure adjacent to (a)-(b) Crater A,
(c)-(d) Crater B (c) Crater A-Crater B overlap (d) Crater C.
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FIG. 19 - AM-IN718 particle impact test target microstructure adjacent to (a) Crater A floor,
(c)-(d) Crater A walls.

For the Monel sample, an elongated grain structure was observed along the surface edge adjacent to the
crater interface except for at the crater floor, where a more equiaxed grain structure was apparent. A
microstructural gradient was present along the crater edge. At the crater floor, a microstructure of slightly
elongated grains transformed into a more equiaxed, fragmented grain structure. Moving away from the
crater floor, evidence of deformation increased as well-defined, elongated grains were more apparent.
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3.5 Velocity approximation

The single wall penetration equation developed by Burton Cour-Palais is as follows (assuming particle
impact occurred normal to the target surface):

0.5 2/,
P =5.24d" /18BHN 25 (p—”) (@) ’
Pt Ct

where P is impact crater penetration, d is diameter of the particle, BHN is the Brinell hardness number,
Py, Pe is density of particle and target material, respectively, v, is velocity, and c; is the speed of sound
through the target materials given by

Eeerp)
Pt

Eq
K=—-—"—
3(1—2v,)

where E;, v, and K are Young’s modulus, Poisson’s ratio, and bulk modulus, repectively, for the target
materials.

Velocity upon impact was approximated to be Mach 1.1, Mach 1.3 and Mach 2.2 for wrought, IN718,
AM IN718 and Monel 400 test targets, respectively.

Table 2 — Mechanical Properties for Target Materials, Impact Crater Penetration and Projectile Diameter

E Vp K Ct Pp Pt
Sample (GPa)  (g/za) (GPa) (km/s) P(m) d(cm) BHN (g/cm®)  (glcm?®)
W IN718 172 0.272 125.73  3.91813 0.027 0.15 381 3.98 8.19
AM IN718 172 0.272 125.73  3.91813 0.029 0.15 381 3.98 8.19
Monel 180 0.32 166.67  4.32499 0.045 0.15 172 3.98 8.91

Table 3 — Burton Cour-Palais Velocity Approximation

\ Mach
Sample (mfs) (ft/s) Number
W IN718 39359 12913 1.15
AM IN718 44993 1476.1 1.31
Monel 744.8 24436 2.17
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4.0 DISCUSSION

The equiaxed grains observed adjacent to the crater floor may be representative of dynamic
recrystalization occuring upon impact of all three samples. The highest energy region is assumed to be at
the crater floor, evidenced by the more equiaxed grain structure seen adjacent to this region. The
microstructure of coarsened, equiaxed grains adjacent to crater overlap on W IN718 is typical of grain
growth achieved by extended annealing. The presence of elongated grains along the crater walls of Monel
and W IN718 Crater B suggests cold-working, deformation occuring below the recrystallization
temperature, ~0.5Tn.

Precipitation also provided insight into heating experienced by the samples upon impact, as increased
precipitation was apparent within regions nearest to the crater interface for all three samples. Carbide
coarsening and agglomeration is yielded as a result of ageing, thus the crater overlap on W IN718 was
determined to be the region to have experienced elevated temperatures for a longer period of time
compared to impact Craters A, B and C.

5.0 FUTURE WORK

X-ray microanalysis is recommended to confirm presence of oxide and identify elemental precipitation
within microstructure near crater.
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