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Introduction

§ To	accomplish	modeling- and	simulation-assisted	

qualification	and	certification,	and/or	ICME,	we	need	

approaches	for	exploring	the	process-structure-
properties-performance	relationships.

§ For	the	sake	of	variety,	we’ll	take	a	look	at	a	different	

(non-laser-based)	additive	technology:	thermal	spraying.

§ We	generally	spray	powders	made	of	pure	metals,	and	

sometimes	mixed	multi-metal	powders.

§ Microstructural	complexity	and	porosity	defects	are	

often	desirable	for	the	application	requirements.

§ The	very	same	concepts	presented	here	are	being	used	

to	analyze	high-rate	properties	of		laser-based	additive	

parts.
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The	thermal	spray	process

http://www.ust.com.au/thermal-spray.htm

http://www.gordonengland.co.uk/cps.htm

M.R.W. Brake et al, Surf. Coat. Tech. 310 (2017) 70. 3



Sprayed	materials	are	very	complex

Tantalum
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Sprayed	materials	are	very	complex

https://www.imrtest.com/metallurgical-analysis 5



3D density map from x-ray 
tomography (Advanced Photon 
Source, ANL) at ~0.8-µm 
resolution performed on 
rectangular specimens cut from 
a second batch of material 
produced with the same spray 
conditions. A subset of the data 
is shown for clarity.

449 µm

827 µm442 µm

Ta (1) and Ta-oxide (2) 
phases are distinguished 

from pores.

spray direction
Sprayed	materials	are	very	complex
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Microstructure	creation
§ Porous	microstructures	were	created	using	a	simple	space-

filling	algorithm.

§ Place	“seeds”	at	the	centroid	of	each	splat	to	achieve	 desired	average	

feature	 size.

§ Grow	seeds	 radially	until	all	space	is	filled.

§ Bias	the	rates	of	growth	in	each	direction	 to	achieve	elongated	

features.

§ Remove	 some	fraction	of	splats	to	achieve	 desired	porosity	(10%).
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Flyer	plate	impact

search. Each fiberglass bundle was approximately 5 mm in
width and 0.68 mm in thickness. The details of the manufac-
turing process can be found in Yuan et al. The density of the
GRP was 1.959!0.043 kg /m3, with a longitudinal wave
speed of 3.2!0.1 km /s and bulk wave speed of 2.6 km/s.16

The six independent elastic constants and elastic compli-
ances of the tetragonal symmetry stiffness matrix are shown
in Table I, where, the stiffness matrix !C" is given by

!C" = #
C11 C12 C13 0 0 0

C12 C22 C23 0 0 0

C13 C23 C33 0 0 0

0 0 0 C44 0 0

0 0 0 0 C55 0

0 0 0 0 0 C66

$ ,

with C22=C11, C23=C13, and C55=C44.

III. EXPERIMENTAL METHODS

A. Plate impact experimental configuration

The plate impact normal shock compression experiments
were conducted using the 82.5mm single-stage gas-gun at
Case Western Reserve University. The experiments involve
the normal impact of a flyer plate with the GRP target. The
waves transmitted through the GRP were monitored at the
free surface of the GRP target plate by means of a multibeam
VALYN™ VISAR system. The measured motion at the free
surface is then used to obtain the shock wave characteristics
as the wave propagates through the GRP specimen.

The schematic of the plate-impact experimental configu-
ration is shown in Fig. 2. A fiberglass projectile carrying the
flyer plate is accelerated down the gun barrel by means of
compressed helium gas. The rear end of the projectile has

sealing O-ring and a plastic %Teflon& key that slides in a key
way inside the gun barrel to prevent any rotation of the pro-
jectile. In order to reduce the possibility of an air cushion
between the flyer and target plates, the impact is made to
occur in a target chamber that has been evacuated to 50 "m
of Hg prior to impact. A laser-based optical system, utilizing
a UNIPHASE helium-neon 5 mW laser %Model 1125p& and a
high frequency photodiode are used to measure the velocity
of the projectile. To ensure the generation of plane waves,
with the wave front sufficiently parallel to the impact face,
the flyer and the target plates are aligned carefully to be
parallel to within 2#10−5 rad by using an optical alignment
scheme by Kim et al.26 The actual tilt between the two plates
is measured by recording the times at which four isolated,
voltage-biased pins, which are flushed with the surface of the
target plate, are shorted to ground. The acceptance level of
the experiments is of the order of 0.5 mrad. A VALYN™
VISAR laser interferometer is used to measure the history of
the normal particle velocity at the rear surface of the target
plate. A COHERENT VERDI 5W solid-state diode-pumped
frequency doubled Nd:YVO4 cw laser with a wavelength of
532 nm was used to provide a coherent monochromatic light
source.

B. Target assembly

In all experiments, the Al 7075-T6 and D7 tool-steel
flyer plates were 75 mm in diameter, while the target GRP
plates were 54 mm by 54 mm square pieces of various pre-
determined thicknesses. In order to avoid the development of
tensile stress state in the GRP target, the thickness of the
flyer plate is chosen such that the time at which the release
wave from the free %back& surface of the flyer plate arrives at
the impact surface much later than the time of the arrival of
the release wave from the free %back& surface of the target
plate. A typical target holder with the GRP specimen is
shown in Fig. 3. The target holder is made of aluminum.
Besides being useful in holding and aligning the target, the
target holder also provides the ground for the trigger and the
tilt measurement systems. One ground pin and four trigger
pins are mounted near the periphery of the GRP specimen.
The GRP specimen and the ground and the trigger pins are
all glued in place by epoxy and lapped flush with the impact
surface, shown face-down in Fig. 3. In all the experiments
conducted in the present study a thin %60–125 nm& aluminum
coating is applied to the rear surface of the GRP specimen so
as to facilitate laser based diagnostics using the multibeam
VALYN™ VISAR.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

In the present study, a series of plate impact experiments
were conducted to develop an understanding of the structure
of shock waves in the GRP under normal shock compression.
Four different thicknesses of GRP specimens %i.e., 3, 7, 13.5,
and 20 mm&, were utilized for characterization. In the experi-
ments the amplitude of the shock compression was varied
from 0.04 to 2.6 GPa. Table II details the flyer plate material,

TABLE I. Elastic constants and elastic compliances of the S2-GRP.

Elastic constants GPa Elastic compliances 1#10−2 GPa−1

C11 31.55 S11 4.5039
C33 20.12 S33 6.2074
C44 4.63 S44 21.60
C66 4.94 S66 20.24
C12 15.86 S12 $1.8696
C13 9.75 S13 $1.2766

Al 7075-T6/D7 tool steel Flyer

GRP Target

VISAR Probe

82.5 mm Single Stage Gas Gun

Fiberglass Projectile
Target Holder

FIG. 2. %Color online& The normal plate-impact configuration employed in
the present investigation.

093526-3 Tsai et al. J. Appl. Phys. 105, 093526 !2009"

Downloaded 17 Jan 2012 to 159.226.231.246. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

L. Tsai, F. Yuan, V. Prakash, and D.P. Dandekar, J. Appl. Phys. 105 (2009) 093526.
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Flyer	simulation	geometry	creation

§ The	corners	of	the	microstructure	model	are	cut	off	to	create	

a	disc	of	porous	“material.”

§ The	disc	is	enclosed	on	two	of	the	three	sides	(“top”	and	

circumference)	by	another	material.

§ On	the	opposing	(“bottom”)	side,	a	target	plate	(rectangular	

in	cross-section)	with	one	buffered	and	one	unbuffered	

window	material	(cylindrical	in	shape)	is	inserted	into	the	

domain.

§ The	voxel	domain	is	converted	into	a	finite	element	model	

that	has	cubic	elements.
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Graded	AlCu flyer	model

Cu
6061-T6 Al

7075-T6 Al

LiF
~ 20M finite elements

Al
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Cross-section	of	Ta	flyer	model

pores (10%)
6061-T6 Al

7075-T6 Al

LiF

Ta

200 m/s
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Validation	VISAR	on	AlCu flyer	plates

300 m/sec
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Simulated	VISAR	in	Al	w/	no	pores

200 m/sec, Buffered LiF Window
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Simulated	VISAR	in	Al	w/	no	pores

200 m/sec, Buffered LiF Window

14



Simulated	VISAR	in	Cu	w/	no	pores

200 m/sec, Buffered LiF Window
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Simulated	VISAR	in	304L	w/	no	pores

200 m/sec, Buffered LiF Window
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Simulated	VISAR	in	Ta	w/	no	pores

200 m/sec, Buffered LiF Window
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Simulated	VISAR	in	Al	w/	10%	pores

200 m/sec, Buffered LiF Window
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Simulated	VISAR	in	Cu	w/	10%	pores

200 m/sec, Buffered LiF Window
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Simulated	VISAR	in	304L	w/	10%	pores

200 m/sec, Buffered LiF Window
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Simulated	VISAR	in	Ta	w/	10%	pores

200 m/sec, Buffered LiF Window
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Simulated	T	in	Al	w/	no	pores

200 m/sec, Buffered LiF Window
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Simulated	T	in	Al	w/	no	pores

200 m/sec, Buffered LiF Window
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Simulated	T	in	Cu	w/	no	pores

200 m/sec, Buffered LiF Window
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Simulated	T	in	304L	SS	w/	no	pores

200 m/sec, Buffered LiF Window
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Simulated	T	in	Ta	w/	no	pores

200 m/sec, Buffered LiF Window
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Simulated	T	in	Al	w/	10%	pores

200 m/sec, Buffered LiF Window

27



Simulated	T	in	Cu	w/	10%	pores

200 m/sec, Buffered LiF Window
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Simulated	T	in	304L	SS	w/	10%	pores

Buffered LiF Window
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Simulated	T	in	Ta	w/	10%	pores

Buffered LiF Window
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Simulated	VISAR	in	Ta	w/	no	pores

200 m/sec, Unbuffered LiF Window
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Simulated	VISAR	in	Ta	w/	10%	pores

200 m/sec, Unbuffered LiF Window
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Ta	VISAR:	largest	velocity	excursions

Unbuffered LiF Window
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Excursions	arise	near	surface	pores

pores

6061-T6 Al

7075-T6 Al

LiF

Ta
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Plastic	strain	in	Ta	w/	no	pores

6061-T6 Al

7075-T6 Al
LiF

Ta
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Plastic	strain	in	Ta	w/	10%	pores

pores (white) 6061-T6 Al

7075-T6 Al
LiF

Ta
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Plastic	strain	in	AlCu w/	no	pores

6061-T6 Al

7075-T6 Al
LiF

Al/Cu
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Plastic	strain	in	AlCu w/	10%	pores

pores (white) 6061-T6 Al

7075-T6 Al
LiF

Al/Cu
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Capabilities
• Parallel Conformal All-Hex with Sculpt
• Dense Cartesian grid input
• Builds coarsened adaptive mesh from Cartesian data

• Reduces element count by order of magnitude
• Filters microstructure mesh

• removes non-manifold, small volumes, protrusions 

Challenges
• Representing increased geometric complexity of 

microstructures with conformal hexes
• Robust Parallel Implementation
• Representing selected surfaces and interfaces 

(non-microstructures) with sharp features
• Plan B– build microstructure faceted model in 

Sculpt… Build tet mesh in Cubit, DREAM.3D, …

Mesh Generation for Microstructures 

Initial Cartesian Grid 
456 X 456 X 116 = 34.5M Hexes
Adapted Mesh w/Sculpt
4.5M Hexes

Toward	conformal	interfaces	…

Conformal (“smooth”) Interfaces
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Summary

§ We	have	performed	“direct	numerical	simulations”	of	flyer	

plate	impact	of	thermally	sprayed	metals.	These	simulations	

include	a	spatially	explicit	representation	of	porosity.

§ Simulated	velocimetry	depends	strongly	on	the	details	of	the	

microstructure	near	the	probe	location.	Large	variabilities	and	

inhomogeneities arise	from	microstructure.

§ We	are	developing	a	conformal,	hexahedral	meshing	

capability	to	“smooth	out”	voxellated interfaces	and	eliminate	

the	artifacts	they	can	produce.
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