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Impact and Fracture Mechanics Assessment of a Fused Silica Window

Objective:  Determine the  survival probability of a fused silica window subjected to a large particle impact event within a hypersonic wind tunnel
using numerical  methods (LS-DYNA) and fracture mechanics theories for brittle solids.  If damage is predicted, provide an assessment of the
windows’ service life under repetitive pressure cycling of 14 psi.

Modeling Assumptions and Details:  A finite element (FE) solid model of a 18” diameter, 1.5” thick  disk was constructed based on information
provided by the engineering team at Arnolds AFB (see Appendix).   The FE model idealized a fused silica window that was potted into a steel
frame using Ultracal 60 cement.  The window is subjected to a differential pressure of 14 psi during hypersonic wind tunnel operation.  This pressure
tends to bow the window outward into the wind tunnel (internal side).

It is hypothesized that there exists a potential, during a specific wind tunnel test, for large particle debris (Pyroceram) to impact the window at
high velocities (12.27 ft/s tangential and 10.18 ft/s normal to the window).  A nominal particle  size was determined (see Appendix) and idealized
as a sphere with a diameter of 42.90 mm.

Mechanical property data for fused silica and Pyroceram 9606 is presented in the Appendix.  It should also be noted that the mechanical
properties for fused silica are similar at 25 and 176C.  Data for Pyroceram 9606 at 176 C was not available but is believed to follow a similar trend
as that for fused silica.

The analysis approach consists of model validation, impact simulation and interpretation of the results using fracture mechanics for brittle solids.
Auxiliary static stress models are also used to provide additional substantiation of the fracture mechanics predictions.

The FE model was built using Femap v10.02 and statically analyzed using NX Nastran v6.1.   The transient dynamic impact analyses were
performed using LS-DYNA v971 R4.2 for the Win64 platform.
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Summary:
(i)   Determine stress state in the fused silica window during and subsequent to the impact event using LS-DYNA.
A LS-Dyna model was constructed of the impact event using two simulated particle sizes (42.90 mm (nominal size) and 12.7 mm).
Stresses were calculated during and subsequent to the impact event. Impact stresses were found to be highly localized and the
overall stress state of the window remains unchanged during and following impact.  This result indicates that the particle can hit
anywhere on the window and have approximately the same impact response (i.e., impact force on window and stress state within
the window).  Since fracture is dominantly initiated by tensile stresses, the following key results were determined: (a) the steady-state
tensile stress in the window is ~4.0 MPa (580 psi); (b) the nominal particle created a peak tensile stress of ~17 MPa (2,466 psi) and the
smaller particle created a peak tensile stress of ~6.3 MPa (910 psi).

(ii)   Evaluate the window for its toughness or resistance to impact damage based on standard fracture mechanics principles.
Results from the LS-DYNA model show impact forces of 9,400 N (2,113 lbf) for the nominal particle size (42.90 mm diameter) and 1,060
N (238.3 lbf) for the smaller particle of 12.7 mm.  Crack formation on the surface of the window is a function of impact force and
sharpness of the contacting particle.  A conservative approach was chosen for this analysis where the particle was assumed to be
spherical and therefore presents a smooth contacting surface against the window.  This allows a direct correlation with experimental
fracture mechanics work conducted on fused silica where a spherical indenter having a diameter of12.7 mm was pressed against a
fused silica plate.  In this experimental work, small surface cracks were noted at loads greater than 600 N (134.9 lbf).  Since the
smaller spherical particle is shown to cause surface cracking on the window, fracture mechanics principles would then predict that
for sharper particles the probability of surface cracking is even greater.  Moreover, as the particles become larger (42.90 mm), the
probability of crack formation would likewise scale.  This allows one to conclusively state that if particles between the sizes of 12.7 to
42.90 mm impact the fused silica window at the stated velocities, surface cracking will appear on the window.
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Summary: (continued)

(iii) Provide an engineering assessment of the probability of the window surviving the impact event and if damaged, the largest flaw it could
withstand and maintain its structural integrity
A detailed FEA contact model of the sphere/window system was created to determine the contact stresses due to the particle
debris impact.   The load for this model was the maximum contact force of 9,400 N (2,113 lbf).  Stress results from this model were
then used to drive the fracture mechanics calculations.  In this work, it was argued that a crack of 5.7 mm (0.226”) deep would form
during the impact event.  Given a fused silica fracture toughness of 0.75 Mpa*m^0.5, calculations show that the window is able to
withstand this flaw size and remain stable.  That is, the catastrophic flaw size for the window under a differential pressure of 14 psi is
8.4 mm (0.331”).  Therefore, the window should not fail during impact from Pyroceram debris.

The probability of window failure during the impact event is based on engineering judgment since no direct calculations exist.  In this
work, the worst possible particle configuration was assumed, that is, spherical.  This assumption provides the absolute maximum
impact force.  From this analysis, the impact event was predicted to create a 5.74 mm deep crack.  However, the propagation of
this crack into the window for catastrophic failure is driven by the windows’ steady-state tensile stress field due to the differential
pressure load and is decoupled from the impact event.  Hence, if the particle hits away from the center of the window (i.e., outer
radial impact), the impact induced crack will be more stable (lower tensile stress in the window) and less likely to cause failure of the
window.  Overall, given the conservative nature of this analysis and that the particle would have to hit near the center of the
window, the probability of the window failing in a catastrophic manner is highly unlikely.

Long term stability of the window is difficult to predict since fused silica (glass) will tend to weaken due to moisture exposure.  If the
wind tunnel remains a dry environment then the impact induced crack should remain stable and not propagate during wind tunnel
pressure cycling.  It should be noted that the tolerable crack size is 8.4 mm (0.331”) and visual inspection should be able to detect a
crack that is larger than 1/4th of an inch.
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Analysis Model and Boundary Conditions
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A finite element (FE) model was built of the 18” diameter, 1.5” thick fused silica wind tunnel
observation window.  The yellow band denotes the Ultracal 60 cement that was used to pot the
window into the wind tunnel structure.  It was included in the FE model to provide a more accurate
boundary condition simulation.
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A differential pressure of 14 psi was applied to the model (line symbols on the back surface of the
window model (observer side)).  Units for this analysis were N, mm, kg, second.  As such, the
differential pressure of 0.09653 N/mm^2 was applied.  The model was constrained on the outer edge
of the Ultracal 60 cement (the symbols 123).



Arnold AFB Wind Tunnel Impact and Fracture Mechanics Analysis Rev-0 7 of 41

The particle debris (Pyroceram 9606) was idealized as a spherical particle.  The weight of the particle
was given as 0.24 lb (0.109 kg) with a material density of  161.6 lb/ft^3 (2.589x10^-6 kg/mm^3).  This
data therefore defined the diameter of the particle as 42.9 mm.  The impact velocity of the debris
was provided as 12.27 ft/s (3739.9 mm/s) tangential and 10.18 ft/s (3102.9 mm/s) normal to the
window.  Note:  see Appendix for additional details.
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A stress analysis was performed on the FE model using the given pressure differential of 14 psi.  The
resulting maximum stress of 4.2 MPa (610 psi) correlated well with the analytical calculation of 4.131
N/mm^2 (MPa) (599.2 psi) using the formula for simply supported disk under a uniform pressure
(Timoshenco, Theory of Plates and Shells, 1959).

MPa (599.2) psi
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Impact Analysis of Particle Debris

Analysis Notes:  The debris particle (Sphere with 42.90 mm (1.689”) diameter) was impacted against the fused silica window at a
velocity of 3739.9 mm/s tangential and 3102.9 mm/s normal.  The model was used to provide an idea of the peak stress during
impact but more importantly, a peak contact force.  It is this peak contact force that was leveraged for subsequent fracture
mechanics analysis.

Stresses are presented in N/mm^2 (MPa).  Deflections when given are in mm.
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At the start of the impact simulation, the window has a maximum tensile stress of 3.967 MPa (575.4
psi) due to the differential pressure of 14 psi between the observer side and the wind tunnel side.  This
stress result corresponds well to that calculated with the static stress model at 4.2 MPa (610 psi).

MPa
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The peak contact force during impact is 9,400 N (2,100 lbf).  The maximum von Mises stress at peak
deceleration is 84.35 MPa  (12,230 psi).  This stress is compressive and is located under the impacting
sphere .
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The maximum von Mises stress at peak deceleration is 84.35 MPa (12,230 psi).  This stress is
compressive and is located at the point of contact.   The overall stress state in the window is only
affected locally by the impact.  This would indicate that off-center impacts would be identical to the
stress state shown here.  In other words, the particle can hit anywhere on the window with the same
result.

MPa
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The maximum tensile stress on the surface of the fused silica disk is 17.15 MPa (2,487 psi).

MPa
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At the end of the simulation (0.001 second) the stress in the fused silica window is 5.716 Mpa (829.0
psi).  Given the static stress state of ~4 Mpa, the disk is noted to settle to its static stress condition very
quickly.

MPa
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Impact Analysis of Small Particle Debris (diameter of 12.7 mm)

Analysis Notes:  A small debris particle (sphere with 12.70 mm (0.50”) diameter) was impacted against the fused silica window at a
velocity of 3739.9 mm/s tangential and 3102.9 mm/s normal.   The rational for this additional work was driven by the discovery of an
article Swain, et al. in J. Mater. Sci., vol. 8, p1153 (1973) where a 12.7 mm tungsten carbide sphere was pressed into a block of
fused silica.  In their work, it was determined that cone cracks would form in the fused silica at loads greater than 600 N (135 lbf).
This work provides a direct method to determine if cracks may form in the wind tunnel window during particle debris impact.  That
is, if the impact force exceeds 600 N for a 12.7 mm diameter sphere, then there is a high probability that surface cracking will
occur in the fused silica wind tunnel window.

Stresses are presented in N/mm^2 (MPa).  Deflections when given are in mm.
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At the start of the impact simulation, the window has a maximum tensile stress of 4.042 MPa (586.2
lbf) due to the differential pressure of 14 psi between the observer side and the internal side.  This
stress result corresponds well to that calculated with the static stress model at 4.2 MPa (610 lbf).

MPa
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The peak contact force during impact is 1,060 N (238 lbf).  The maximum von Mises stress at peak
deceleration is 12.72 MPa (1,845 psi).  This stress is compressive and is located under the impacting
sphere .  What is most important is that the peak contact force exceeds the experimentally
measured  fracture threshold of 600 N for a 12.7 mm diameter sphere.  This result indicates that small
surface cracks would form due to debris impact.
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The maximum tensile stress on the surface of the fused silica disk is  6.274 MPa (910.0 psi).

MPa
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At the end of the simulation (0.0005 second), the steady state stresses in the disk are approximately
the same as that at the beginning  (4.288 versus 4.042 MPa).

MPa
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Fracture Mechanics Assessment

Analysis Notes:  Crack growth from an impact induced flaw will be accessed based on fracture mechanics principals.
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In Figure 8.33 (a), a 12.7 mm diameter indenter is pressed against a flat surface of fused silica.  At
loads greater than 600 N (135 lbf), cone cracks are noted to form.  This effect is unchanged between
temperature from 250 to 800 C.  At lower temperatures (150 C), the fused silica is more crack resistant
but still fails at loads of around 700 N (157 lbf).   An example of a cone crack is shown on the right.
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This figure presents data for cone cracking as a function of load (kN) and indenter radius in soda-lime
glass.  It can be assumed that the same trend would hold for fused silica.  Data at a sphere radius of
20 mm is approximately close to the nominal particle size of 21.45 mm (42.90 mm diameter) to be of
engineering use.  At the figure’s maximum sphere radius, the maximum normal load is 2,100 N (472
lbf) for cone-crack formation.  LS-DYNA results calculate a maximum normal load of 9,400 N (2,110
lbf).  This value exceeds the limit shown in the above figure and a high probability of cone-crack
initiation is predicted for the wind tunnel impact event.
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A contact analysis was performed using a 42.90 mm sphere under a load of 9,400 N (2,110 lbf).  The
maximum von Mises stress (dominantly compressive) is 1,318 MPa (191,200 psi).

MPa
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Although high compressive stresses are developed directly beneath the indenter (sphere), tensile
stresses (image on the right) are much less with a maximum at 262.6 MPa (38,090 psi).  It should be
noted that the contact tensile stress of 38,000 psi is more than sufficient to create a crack in fused
silica.

MPa
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The Solid Max Prin Stress (maximum principal stress) is contoured over the fused silica section.  This
stress component is dominantly tensile.  In this view, the stress legend is capped at 7 MPa (1,000 psi)
to bracket the extent of the 7+ MPa tensile field.  The tensile stress field extends about 6 mm (0.236”)
into the 1.5” thick fused silica window.

6 mm

A section of the FEA model of the
fused silica window under impact
from the 42.90 mm particle.
Tensile stresses are formed due to
the contact behavior.

MPa
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At this stage of the analysis, it is probable that a crack has formed on the surface of the window from
the impact of a Pyroceram particle.   Having a small crack in the window does not necessary mean
that the window will catastrophically fail.   What determines the survivability of the window is how
deep this crack penetrates.  Analytical formulas for crack length prediction from an impact event
are not available leading to a more general inference of crack penetration.  From the prior page, a
tensile stress field of greater than 7 MPa exists up to 6 mm deep into the window due the large
particle impact (42.90 mm diameter).  This tensile stress field would initiate and propagate a crack
size to a length of 5.74 mm (0.226”).  This logic would conclude that the large particle impact would
initiate and propagate a crack 5.74 mm deep into the window.  This then provides a starting point to
determine if the fused silica window will be stable or catastrophically fail under the applied
differential pressure of 14 psi.
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From the prior arguments, it is reasoned that a crack of 5.74 mm (0.226”) exists in the fused silica
window from the impact of a large particle.  Further crack propagation is driven by the tensile
stresses state due to the applied differential pressure (14 psi).  The stress intensity for a edge crack
under bending (which approximates the window bending due to the pressure load) is given by
Barsom and Rolfe.  Performing some basic algebra, the allowable crack size to prevent catastrophic
failure is 8.4 mm or 0.331”.   This analysis indicates that the window would be stable with an
embedded 5.74 mm deep crack.
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Appendix

Engineering Guidance

Mechanical Property Data

Engineering Calculations

Cited and Recommend References

Certifying Engineer
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Engineering Guidance
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Mechanical Property Data
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Mechanical property data is provided for fused silica.  For the impact simulation, the most important
mechanical property is the Elastic Modulus of 72.7 GPa.  Although this data is provided at 25 C, the
annealing point of clear fused silica is 1042 C with a softening point at 1585 C.  These high
temperatures would assure that the Elastic Modulus would remain unchanged at the tunnel’s
operation temperature of 176 C.
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Pryoceram 9606 mechanical property data.
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Ultracal 60 cement properties.
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Engineering Calculations
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This calculation was used to determine the maximum stress in the window under a pressure load of 14
psi.
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This calculation was used to determine the radius of the impact sphere based on the volume of the
nominal Pyroceram particle.
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Cited and Recommend References
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Review of Literature Used in this Report:
1.B. Lawn, Fracture of Brittle Solids, Second Edition, 1993

An outstanding book on the fracture of brittle solids and in particular glass.  It was invaluable in the development of this
engineering report.
2.J.E. Gordon, The New Science of Strong Materials or why you don’t fall through the floor, 2006

A laypersons introduction to engineering fracture mechanics.  Good background on why glass is weak and prone to
catastrophic failure.  A good reference for all engineers.
3.A.P. Parker, The Mechanics of Fracture and Fatigue, 1981

The standard introduction to fracture mechanics and very useful to put the “nuts and bolts” together for a fracture
mechanics prediction.
4.J.M. Barsom and S.T. Rolfe, Fracture and Fatigue Control of Structures, 1999

For the interested reader that would like to more about fracture mechanics from an application viewpoint.  Several
excellent case studies are detailed within their work.
5.S. Timoshenco and S. Woinowsky-Krieger, Theory of Plates and Shells, Second Edition, 1987

Whenever you need the direct source for plate formulas.  This work was used to calculate the stress and bending
moment values used within the report.



Arnold AFB Wind Tunnel Impact and Fracture Mechanics Analysis Rev-0 40 of 41

Certifying Engineer
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Work within this report was done under best industry practices and was executed
by George Laird, Ph.D., P.E.


