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PREFACE 

Mission Research Corporation's (MRC) Survivable Structures Technologies Division in Costa 
Mesa, California was awarded a Phase I Small Business Innovative Research (SBIR) program by the 
U.S. Army's Natick Research, Development, and Engineering Center (Contract DAAK60-89-0011 
dated 30 December 1988) in response to Department of Defense solicitation 88.1 dated 8 January 
1987, SBIR Topic ABB-140. The published description of SBIR topic A88-140 is included below. 

Polycarbonate (PC), used in ballistic protection, is extremely sensitive to 
processing. PC behaves as a ductile polymer when subjected to impact (e.g., from a 
shell fragment). Under certain conditions it behaves in a brittle fashion and cracks and 
spans under ballistic impact. This often is associated with the presence of protective 
coatings on the PC. It is desirable to investigate the mechanisms underlying this brittle 
failure and the relative contributions on the various factors (e.g., crack initiation, crack 
propagation, crazing, surface degradation, moisture effects, etc.) and to recommend ways 
to prevent it. · 

The Background section is divided into three subsections. Section 1.1 discusses the motivation 
for the subject Phase I research and development effort. Section 1.2 summarizes the work plan 
proposed by MRC [Eisler, Jan. 1988 and May 1988] and Section 1.3 summarizes technical effort by 
task. 

Section 2 begins with an introductory discussion of phenomenology and summary of technical 
accomplishments followed by technical discussions of each of the first six of seven tasks in Section 
2.1 through 2.6 respectively. Section 3 summarizes Phase I conclusions. 

Three appendices are provided which include results from Stress Wave Analysis (Appendix 
A), Structural Analysis (Appendix B), and Ballistic Test Data (Appendix C). 

Appendix A is divided into two subsections. The first section of Appendix A, A1, includes 
analytical results for one dimensional stress wave analysis employing the MRC version of the PUFF-
74® stress wave response code. The cases considered include 0.127 to 3.175 em thick steel flyer plates 
impacting 0.635 em thick polycarbonate targets with and without various coatings and interfacial 
bonding layers. Impact velocities ranged from 600 em/sec (19.6 ft/sec) to 60,000 em/sec (1968 ft/sec). 
The purpose of this analysis was to examine phenomenology and develop a credible equation-of-state 
model for polycarbonate which could be used in subsequent analysis. The second subsection of 
Appendix A, A2, includes two-dimensional stress wave analysis employing the AUTODYN® finite 
difference code. Results are presented for the normal impact of steel cylinders approximating the 
geometry of the 5. 7 grain Fragment Simulating Projectile (FSP) against 2 mm thick polycarbonate 
targets with and without coatings. Results for impacts of 20,000 em/second (656ft/sec) are presented 
in Section A2.1 and results for 2,000 em/sec (65.6 ft/sec) are presented in Section A2.2. The low 
velocity impacts considered in Section A2.2 are further divided into analysis which does not include 
a preexisting defect in Section A 2.2.1 and results for a preexisting geometric discontinuity in Section 
A2.2.2. 

Appendix B is divided into two subsections. Section B.1 includes results from the stress 
analysis of ballistic goggles supplied by Natick RD&E Center subject to a static 1 Newton point load 
applied at different locations on the lens. A detailed three dimensional geometry model is employed 
using the COSMOS/M® finite element code. Section B.2 employs the geometry model employed in 

xii 



Section B.1 to conduct a frequency analysis for the first five modes of the ballistic goggle lens. 

Ballistic impact data employing 5.1 grain FSPs is presented in Appendix C. Test data 
generated by MRC for coated ballistic goggles supplied by Natick RD&E Center is presented in 
Section C.l. Data for flat uncoated polycarbonate samples is presented in Section C.2 and data for 
PMMA (polymethylmethacrylate) clad polycarbonate targets is presented in Section C.3. 
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1.0 SUMMARY 

Task 1 • Definition of Ballistic Threats and Contact Forcing Functions of Interest. Projectile­
target interface pressures were analytically determined for: (1) The impact of steel flyer plates 0.127 
to 3.175 em thick (0.05 to 1.25 inches) impacting uncoated and coated PC targets 0.635 em thick (0.25 
inches) at incident velocities of 600, 6,000 and 60,000 em/sec (19.7 to 1968.5 ft/sec); and, (2) The 
impact of steel cylinders representing the impact of 5.7 grain fragment simulating projectiles on 2 nun 
thick PC targets with and without PMMA coatings of various thicknesses at incident velocities of 
2,000 and 20,000 em/sec (65.7 to 657ft/sec). 

In the case of nonpenetrating steel flyer plates impacting uncoated PC, peak contact pressures 
as calculated by the PUFF74 stress wave response code scaled linearly with velocity for incident 
velocities between 600 and 6,000 em/sec. At 60,000 em/sec material behaved nonlinearly, producing 
peak pressures approximately 16 times greater than what would be predicted based on linear elastic 
theory. Impacts of 600, 6K, and 60K em/sec resulted in peak contact pressures of 0.15, 1.5, and 25 
Kbars respectively. 

For the impact of PMMA-coated PC targets which do not result in penetration of the coating 
on the impact surface, closed-form linear elastic analytical solutions indicate peak contact pressures 
between the target and projectile which are approximately 80% larger for a nominal PMMA-coated 
PC target than the corresponding uncoated PC target. 

For the low velocity impact (2,000 em/sec) of PMMA coated PC with 5. 7 grain steel cylinders, 
analysis employing the AUTODYN finite difference code indicated contact pressures between the 
target and projectile of approximately 0.3 Kbars for the uncoated and 0.5 Kbars for the thinly coated 
PC. The PMMA coating on the thinly coated PC (coating thickness was 0.007 em on impact and rear 
surfaces) was severely degraded at 0.7 microseconds and completely penetrated by 1 microsecond. 
At a corresponding location in the uncoated PC target, penetration did not occur till 4 microseconds. 
AUTODYN calculations for the thick PMMA coated PC targets (0.035 em PMMA coating on impact 
surface and 0.007 em coating on rear surface) indicate a total projectile penetration of approximately 
30% of the coating thickness, which occurs at about 0.4 microseconds. The predicted contact 
pressure is on the order of 0.5 Kbars. AUTODYN analysis for the high velocity impact condition 
did not indicate significant differences in contact pressure between the thinly coated PC and uncoated 
PC targets. 

Task 2 - Definition of PolycarbonaJe and Coating Combinations of Interest. The PC coating 
configuration of primary interest corresponds to a ballistic goggle with a thin coating rigidly attached 
to the front and back surface of a 2 mm thick PC substrate. The mreat specification consists of a 
5.7 grain fragment simulating projectile traveling at velocities up to 650ft/sec. Coating thickness and 
mechanical properties are the primary free parameters since rigidly attached thicker coatings 
incorporating different materials are currently being developed for future applications. Other coating 
configurations which manifested ductile to brittle transitions corresponding to existing experimental 
data from the literature were also investigated. This included thick PC targets (0.25 inches) with 
coatings and interlayer material of various thicknesses and types subject to both ballistic and plummet 
drop tests. · 
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Task 3 - Stress Wave Response Analysis. Accomplishments relative to defming the role of stress 
wave response in promoting a ductile to brittle transition were fourfold. First, based on existing 
experimental data from the Los Alamos National Laboratory [Marsh, 1980) and the Stanford 
Research Institute [Curran and Shockley, 1973], an equation-of-state material response model for 
polycarbonate was developed. This model describes equilibrium states of the material in terms of 
pressure, density, and internal energy. This model was then used to perform subsequent stress wave 
response analysis employing· the PUFF74 code and the AUTODYN finite difference code. 

The second effort concerned employing the MRC version of the PUFF74 code to evaluate 
the one dimensional impact of steel flyer plates of various thicknesses on 0.25 inch thick 
polycarbonate targets with and without PMMA coatings of various thicknesses and interlayer types. 
Key observations from this analysis were that: (1) Resulting stress histories were dependent on the 
impedance mismatch between layer materials; and, (2) Interlayer materials significantly altered the 
structure and magnitude of the incident stress pulse and resulting stress fields. Results from this 
effort are included in Appendix A 1 and discussed in more detail in Section 2.3. 

The third effort involved implementing two-dimensional stress wave models for a 0.02 and 
0.002 em/microsecond impact of a 5.7 grain cylindrical steel fragment on rigidly attached PMMA 
coatings and uncoated 2 mm thick polycarbonate using the AUTODYN finite difference code and 
closed form elastic solutions. For the high velocity case the PMMA coating thickness was 0.007 em 
on the front and back surfaces of the PC target. For the low velocity case, a thick PMMA coating 
equal to 0.035 em was included on the impact surface with a thin 0.007 em coating on the back face 
of the PC target. A thinly coated case was also evaluated. 

Analytical results for the high velocity impact did not indicate significant differences in the 
stress states of thinly coated and uncoated PC targets. Additionally, the depths and rates of 
penetration were comparable; i.e., approximately 35 % of the substrate was penetrated in about 0.8 
microseconds. Employing data from Rice [1980] and Curran and Shockley [1973] which indicate 
dynamic tensile strengths of 1 Kbar for PMMA and 1.6 Kbars for PC, it is very clear that the high 
rate of penetration associated with high incident velocity conditions is due to the fact that significant 
amounts of target material are failing in advance of the projectile arrival time. 

In general, the high velocity impact produced tensile stress close to the impact surface of 
the substrate which was on the order of 1.5 to 5 Kbars in the radial direction and 6 to 7.5 Kbars in 
the impact directions. A very high compressive stress was also indicated in the circumferential 
direction of the substrate. Based on these results, the expected damage would be predicted to occur 
prior to penetration by the projectile and be propagated in the circumferential direction of the 
substrate. This was what was observed during the ballistic testing in Task 5. 

These high tensile radial stresses develop at the acoustic velocity of the material and can be 
shown to promote the development of large diameter circumferential cracks on either side of the 
impact region. The large diameter circumferential cracks extend and eventually intersect,resulting 
in a large diameter plug of material being formed in the substrate. As the projectile begins to 
penetrate the substrate the large diameter plug displaces as a rigid body and travels at the same 
velocity as the projectile. Since shear forces at the projectile-target interface are not developed 
though this process, ductile penetration of the target by the projectile does not occur or is arrested 
resulting in a premature brittle failure of the target. Results from this effort are included in 
Appendix A 2.1 and discussed in Section 2.3. 
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Results for the low velocity impact indicate significant differences between the behavior and 
stress states developed in the PC substrates of coated and uncoated targets. For PMMA-coated PC 
the predominate tensile stress is in the circumferential direction and occurs in advance of the 
projectile penetration. This stress state would tend to promote radial fracture as opposed to the 
circumferential fractures associated with the higher velocity impact conditions. This is what was 
observed during the low velocity ballistic testing implemented in Task 5. Analysis also indicates that 
the stress components in the impact and radial directions are compressive which is also consistent 
with this hypothesis. The thin coating tends to produce higher dilatational stresses (i.e., pressures) 
than the thick coating. This is presumably due to the fact that the sample with the thick coating does 
not evidence any penetration into the substrate requiring bulk volume changes whereas the sample 
with the thin coating evidences penetration through 5% of the substrate thickness at about 0. 7 to 1 
microsecond. The individual stress components of the sample with the thick coating however tend 
to manifest higher tensile values than the thinly coated PC target. In general, tensile stresses in the 
PC substrate relative to the dynamic tensile strength of PC are much lower for the low velocity 
impact than the high velocity impact. This suggests that for the low velocity case, brittle failure 
initiates in the target coating as a radial crack, which then dynamically propagates through the 
substrate. Empirical data on crack trajectories from ballistic testing implemented in Task 5 is very 
suggestive of this mechanism. Analytical results for this effort are included in Appendix A2.2.1 and 
discussed in Section 2.3. 

The fourth effort concerns two dimensional stress wave analysis of uncoated and thinly coated 
PC in the presence of a geometric discontinuity. This discontinuity was placed on the impact surface 
of the PC for the uncoated target and on the impact surface of the PMMA for the coated target 
approximately 6 mm from the centerline of the impact location. A three to ~ourfold increase was 
calculated for the amplitude and pulse length associated with the pressure and radial stress 
components in the substrate. The stress component in the impact direction is largely unaffected 
however. More significantly, the sign of the pressure and radial component of stress for the two cases 
evaluated were opposite. This is due to the different signs associated with the reflection coefficients 
of a PC-air and PMMA-air interface (see Table 6 in Section 2.3). For the uncoated PC target the 
pressure pulse remains positive and the radial stress component is tensile. For the thinly coated PC 
target the pressure pulse becomes negative and the radial stress component becomes compressive. 
In the case of the uncoated PC, these results suggest circumferential crack propagation as the 
predominate damage mechanism as opposed to the coated PC where spallation is suggested by the 
stress wave analysis results. Detailed results from this effort are included in Appendix A2.2.2 and 
discussed in Section 2.3. 

Task 4 - Fracture Mechanics and Structural Analysis. The effort accomplished under this task 
was fourfold and included: (1) Assessment of the dynamic stress intensity factor associated with 
multilayered media with different material phases and interface conditions; (2) Static analysis for the 
stress field resulting from the application of 1 Newton point loads at different locations on the lens; 
and, (3) Frequency response analysis for the first five modes of the ballistic goggles supplied by 
Natick. 

Preliminary work associated with the first effort related to determining the dynamic stress 
intensity factor ahead of a stationary crack situated in the coating of a coating-interlayer-PC assembly 
was initiated. Both experimental and analytical evidence was cited which indicates that the dynamic 
stress· intensity factor for a crack proceeding from a brittle material phase to a ductile phase is 
significantly more severe than the case of a crack proceeding from a ductile material phase into a 
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brittle phase. This phenomenon can be re lated to cracks which initiate in the brittle coating of an 
impacted target and promote premature brittle failure of the specimen by subsequent crack 
propagation through the thickness of the target. 

Detailed static stress and frequency analyses employing the COSMOS finite element code and 
closed form analytical solutions were performed as part of the second and third efforts implemented 
under this task. The static analysis did not indicate significant differences between a thinly coated 
and uncoated polycarbonate specimen (see Section 2.4). As the coating thickness is increased, 
however, bending deformation decreases. This reduced deformation for a thick-coated sample leads 
to enhanced stress in the impact region. The frequency analysis indicates a fundamental frequency 
on the order of 529.89 Hz for the uncoated ballistic goggles and 550.9 Hz for a coated version of the 
goggles. As the coating thickness is increased the fundamental frequency also increases. The period 
corresponding to these frequenci~ however, is on the order of 10·3 seconds compared with the force­
time history associated with the impact which is on the order of microseconds, 10-6 seconds. This 
suggests that the steady-state response of the material in terms of stress and displacement may be 
predicted with static analysis and the transient response is dictated by the stress wave behavior. 

Task 5 • Fabrication of PC Materials Employing Processing Variations and Testing. Quasistatic 
penetration tests on ballistic goggles supplied by Natick and uncoated polycarbonate samples 
fabricated at Mission Research were conducted. Two failure modes were manifested during these 
tests (see Section 2.5). A ductile punch plug failure produced by high shear stresses was evident with 
a penetrator identical to the 5.7 grain fragment simulating projectile and a ductile "petaling" failure 
produced by high tensile bending stresses was evident with a rounded conical penetrator. For the 
fragment simulating indentor, the target material appeared to initially fail in shear. When the residual 
thickness of target material was sufficiently thin, the remaining ligament of target material failed in 
tension, producing a dish - shaped plug. 

During the static penetration tests the coated ballistic goggles also evidenced fine 
circumferential cracks in the front surface coating and fine radial cracks were evident in the rear 
surface coating. These cracks were observed almost immediately after load application. In some 
cases large crazes were evident in the substrate toward the rear coating-substrate interface. In 
uncoated flat polycarbonate samples less pronounced rear surface crazing was evident (see Section 
2.5). 

Thirty-three ballistic tests were accomplished in Task 5 using 5.7 grain cylindrical steel 
fragment-simulating projectiles (FSP) with incident velocities of 368 to 847 ft/sec. Ballistic targets 
included uncoated and PMMA-clad flat polycarbonate specimens fabricated by MRC, and coated 
polycarbonate lens supplied by Natick RD&E center. Both ductile and brittle failures were observed 
in polycarbonate (PC) samples with and without protective coatings. 

Brittle failures assumed one of three modes. For impacts near the edge of the ballistic 
goggles supplied by Natick RD&E center, a circumfe rential crack propagated outside the impact 
region and intersected the edge of the lens causing a large region of the lens to separate from the 
target (see Figure 1). For the PMMA-clad polycarbonate impacted at high velocities, circumferential 
cracks (with different radii of curvature) propagated in the polycarbonate substrate outside of but 
concentric with the impact region. At the intersection of the circumferential cracks a large relatively 
undeformed plug (approximately 4 to 6 projectile diameters) with a rough fracture surface was 
removed from the polycarbonate substrate (see Figure 2). The third brittle failure mode observed 
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during testing in Task 5 concerned low velocity impacts, which resulted in very shallow penetrations 
of the PMMA-clad polycarbonate. These samples evidenced a significant amount of radial cracking, 
which propagated through the thickness of the target. 

Ductile failures were observed on all of the uncoated polycarbonate targets and impacts in 
the central region of the ballistic goggles supplied by Natick. The ductile failure consisted of a dish 
shaped "Punched Plug" Failure (PPF) approximately the same diameter as the projectile. In general, 
a ductile failure results in very localized damage, which requires much higher projectile energies for 
penetration. 

Task 6 • Hardening Recommendations. Damage mechanisms and governing parameters that 
promote a ductile to brittle transition in coated PC were identified along with potential hardening 
strategies. These recommendations are discussed in Section 2.6. 

Task 7 • Final Report 

1.1 Program Motivation 

According to a U.S. Army clothing and equipment statement of need approved by the Army 
Chief of Staff (Smith, 1984]: 

Eye injuries are common and disabling during combat, training, garrison, and 
athletic events. Recent combat statistics indicate that between 7 and 1 0 percent of all 
wounded in action are eye wound casualties. Virtually all of these eye wounds can be 
prevented by the wearing of a ballistic protective eye covering. Additionally, such an item 
could be worn during peacetime while conducting training, maintenance, and athletic 
activities, further reducing the number of eye injuries sustained by soldiers. 

Transparent ballistic protection materials also have a variety of other military and civilian 
applications including automotive, aircraft; and helicopter windshields, goggles for Army tank crews, 
head and face protection of military personnel, shop workers, chemical laboratory personnel, specialty 
vehicle operators, police, and riot control personnel, lectern protection of important people, and 
hardened windows on structural assets that may be targets for terrorist or military action (e.g., 
embassies). Transparent ballistic protection materials also afford the opportunity to harden optical 
sensors against debris impact. 

Material requirements for transparent ballistic protection include optical clarity over a range 
of wavelengths, impact resistance, and manifestation of ductile failul'e when the component is subject 
to impact. This last requirement includes resistance to crack propagation, spallation, or radial or 
conchoidal fractures and the predominance of local area or "punched plug failure". Punched Plug 
Failure (PPF) is local yielding about the contact area resulting in a hole without associated in-plane 
cracking. This failure mode results in optical components retaining clarity over most of the optical 
surface except in regions local to the contact area and also mitigates the tendency for ocular injury 
due to expelled target debris, which is often associated with the brittle failure of a target during 
penetration. 

7 



Consistent with the above, organic plastics have distinct advantages over inorganic glasses for 
ballistic protection. Glass shattering is obviously hazardous and in itself can cause injuries sometimes 
more serious than the threat missile. Plastics on the other hand can be designed not to shatter. 
Plastics can also be more easily formed, machined, and polished into intricate shapes than glass. 
Additionally, plastics can behave in a ductile manner when subject to impact conditions, thereby 
offering improved ballistic performance. Plastics are also lighter, can be made more transparent, and 
are more resistant than glasses to the accumulation of water vapor on optical surfaces. Among 
organic plastics, polycarbonate is a material of choice due to its excellent optical clarity and 
unexcelled resistance to ballistic penetration at acceptable thicknesses. 

The main disadvantage of plastics and polycarbonate in particular is susceptibility to scratching 
and degradation of optical and mechanical properties from exposure to ultraviolet radiation or organic 
solvents. These disadvantages, however, can be mitigated by the inclusion of surface coatings. Under 
certain conditions, however, polycarbonate behaves in a brittle fashion and cracks and spaiis under 
ballistic impact. This behavior is often associated with the presence of protective coatings on the 
polycarbonate. The purpose of the currently proposed effort is to investigate the mechanisms 
underlying the ductile to brittle transition in the mechanical behavior of polycarbonate subject to 
bailistic impact and recommend ways to prevent them. 
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1.2 Phase I Work Plan 

The effort included seven tasks as shown in Figure 3 with a six month period of performance. 

Months After Authority to Proceed 

1989 
TASK 1 2 3 4 5 6 7 

1 . Definition of Ballistic 
Threats and Contact Forcing 
Functions of Interest 

2. Definition of Polycarbonate 
and Coating Combinations of 
Interest 

3. Stress Wave Response Analysis 

4. Fracture Mechanics and 
Structural Analysis 

5. Fabrication of PC Materials 
Employing Processing Variations 
and Testing 

6. Hardening Recommendations 

7. Final Report and Phase II Plan 

Figure 3. Phase I Task Schedule. 

2.0 TECHNICAL APPROACH 

As previously mentioned three types of brittle failure were observed during the ballistic testing 
conducted in Task 5. These failures included: (1) Circumferential fractures associated with high 
velocity impact on PMMA clad PC assemblies which led to the removal of large diameter plugs from 
the PC substrate; (2) Radial fractures which initiated in the PMMA cladding and propagated through 
the PC substrate leading to extensive in-plane and through-the-thickness cracking; and, (3) 
Circumferential fracture associated with impacts located within a critical distance to the lateral free 
surface (edge) of the Natick-supplied ballistic goggle leading to removal of a large hemispherically 
shaped segment of the goggle lens. 
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In general, all three types of brittle failure evidenced the beginning stages of a ductile 
Punched Plug Failure (PPF). For every case of brittle failure initiated by circumferential fracture; 
a ductile crater extending in depth approximately 30 to 75% of the substrate thickness was evident 
in the residual large diameter substrate plug recove red posttest. The incident velocities associated 
with brittle failure initiated by radial fracture were too low to result in perforation of the PMMA 
cladding; however, upon posttest examination following separation of the PMMA layers from the PC 
substrate, it was clear that the deformation of the PMMA had resulted in some very shallow local 
yielding in the PC substrate. In the case of the brittle failure associated with the ballistic goggles, a 
deep ductile crater was evident in the segment of lens removed from the goggle by the impact. As 
will be discussed in Section 2.3, it is the diffraction of stress waves reflected from the edge of the lens, 
about the residual crater, that promotes the circumferential fracture and consequent brittle failure 
of the ballistic goggle lens. 

Ductile failures observed for the PC substrate during the ballistic testing consisted exclusively 
of punched plug failures and were associated with uncoated samples or impacts located within a 
central region of the thinly coated ballistic lens supplied by Natick. Ductile failure, as opposed to 
brittle failure, of the lens is desirable particularly for ballistic eye protection since: (1) Damage tends 
to be much more localized; (2) There tends to be less target debris and/or debris with much lower 
residual velocities yielding greatly reduced probability of eye injury; and, (3) In general, ductile failure 
requires much higher projectile energies for target perforation. 

I 

Figure 4 shows a schematic representation of a projectile impacting an infinite beam in 4(a) 
and two stages of PPF in Figures 4(b) and (c). During Stage I (Figure 4b) the projectile and plug 
of target material below the projectile slide at a velocity, V', while the adjacent target material rotates 
at a velocity, V. Initially the projectile and target plug move faster than the adjacent target material 
(i.e., V' > V) resulting in shear at the projectile-target and plug-target material interfaces. With time 
V' decreases and V increases until they are equal, and sliding/shearing ceases, or the contact length, 
h, is reduced to zero and a plugging failure results. In the case where sliding ceases the plate 
continues to deform as a stretching membrane in Stage II, Figure 4(c), until a tensile separation of 
the plug results. Alternatively, if the velocity of the impacting penetrator is too low, deformation 
ceases and the velocity of the projectile is reduced to zero. 

In the case of debris impact with a PC target, the principal deformation mode in terms of the 
absorption of projectile momentum by the target is membrane deformation as opposed to shear. This 
deformation is mainly due to two reasons. First, during an impact the distribution of pressure 
between the projectile and target surface is parabolically shaped with the maximum pressure 
coinciding with centerline of the projectile. Since debris particles tend to have low aspect ratios and 
sharp corners, stress concentrations associated with projectile edges will have sufficient extent to 
interact with the centerline of the projectile where peak contact pressures occur. This will produce 
a much more intense stress field when compared with the case of a projectile with a low aspect ratio 
where the stress concentrations associated with the projectile edges tend to be independent of the 
large contact pressures occurring toward the center of the projectile. For the debris particle, the 
large increase in interface pressure between the projectile and target will tend to fail target material 
in advance of projectile penetration, making penetration much easier. In the case of the 5.7 FSP 
employed in Task 5 of this effort, there is substantial evidence that this occurred based on posttest 
optical microscopic examination of recovered plug material following ballistic impact with PC targets. 
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Figure 4. Ductile Punched Plug Failure (PPF) Process in Uncoated Polycarbonate. 
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The net result is that the shear resistance/stiffness of the target will not be a major factor in the 
absorption of energy from debris impact. However, due to the exceptionally large 100 to 130% strain 
to failure of PC, the amount of energy absorption that can be accommodated by PC though 
membrane deformation dwarfs other plastic materials and deformation modes. 

In order to begin understanding the relative importance of parameters governing the amount 
of energy dissipated in PC through membrane deformation, we formulated the spring-lumped mass 
model shown in Figure 5. The model describes the absorption of strain energy through bending 
deformation of a beam. The bending stiffness of the beam is equilibrated to the spring-coefficient 
of the model and the displacement of the spring by the lumped mass can be related to axial strain 
in the beam due to bending. The model includes two related free parameters which are the effective 
mass of target material, mT, which interacts with the projectile during impact (generally on the order 
of the target plug, which is much less than the total mass of the target) and axial strain,£, induced 
by the displacement of the spring~. The strain energy absorbed by the spring-lumped mass system 
can then be equilibrated to the momentum imparted to the target by the projectile, as determined 
from conservation of momentum between the impacting mass and the sum of the projectile and 
effective target mass. The absorbed strain energy can then be related to the reduction in projectile 
momentum and hence residual velocity of the projectile. If the projectile velocity is reduced by 
100%; i.e., projectile velocity equals 0, then the projectile will presumably not penetrate the target. 

Figure 6 shows results for the velocity reduction of the projectile in terms of the target mass 
involved by the impact event for different values of axial strain. Figure 7 shows velocity reduction 
as a function of tensile strain for a prescribed effective target mass. In general, the effective target 
mass associated with the ductile penetration of polycarbonate is relatively small corresponding to 
target material within 1 to 1.25 projectile diameters. This fact in conjunction with Figures 6 and 7 
indicates that the key parameter for the absorption of impact energy by PC during ductile penetration 
is the structural deformation and associated membrane strain which can accommodate very large 
elongations prior to failure (see Table 1). 

It should be noted that the numerical entries for Figures 6 and 7 are for the beam model 
shown in Figure 5. Analogous results for plates of the same thickness, due- to the higher bending 
stiffness associated with plates, tend to push the results in Figures 6 and 7 toward the ordinate axis 
in the respective plots. 

For the purpose of the Phase I effort, a nonproprietary coating (PMMA) was employed as 
a nominal coating with properties that were presumably representative of PC coating materials. 
PMMA has been used on PC as a protective coating and is mechanically well characterized. Most 
importantly however is that PMMA coatings have been associated with the occurrence of a ductile 
to brittle transition in the mechanical behavior of PC substrates during impact. The static mechanical 
properties of PMMA (Plexiglass) and PC are compared in Table 1. 
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Table 1. Comparison of Polycarbonate (PC) versus Plexiglass (PMMA) 
Static Mechanical Properties 

Tensile Elongation Tensil Ball Notched 
Strength at Break Modulus Hardness Impact 
(N/cm2) (%) (N/mm2) (N/mm2) (ft-lb per inch notch) 

PC 56/67 100/130 2100/2400 110 12/18 

PMMA 5on1 2110 2700/3200 180/200 0.3/0.5 

It is clear from Table 1 that there is a displacement incompatibility between the coating and 
PC substrate due to the lower tensile modulus and higher strain-to-failure of the PC substrate in 
relation to the protective coating. As the coating/PC assembly deforms in response to the impact 
event, the deformation of the PC will be constrained and the coating due to its much lower strain-to­
failure will manifest extensive cracking. Once the macrocracks form in the coating, they can be 
propagated into the PC substrate by one or both of the failure modes shown in Figure 8. 

The first failure mode in Figure 8 shows a macrocrack in the coating being propagated into 
the substrate by tensile stress applied to crack faces producing an unstable crack geometry. The 
source of the tensile stress is threefold. First, tensile stress is induced by compressive stress waves 
from the impact event reflecting in tension from lateral free surfaces of the target or non-specular 
reflection from impedance mismatches at coating substrate interfaces. Second, bending deformation 
will induce tensile stress below the neutral axis of the target which is applicable to macrocracks 
induced in the rear surface coating by bending deformation. Finally, as the projectile penetrates, 
target material is radially pushed away from the projectile which induces tensile hoop stresses outside 
the crater. The unstable geometry of the macrocrack in conjunction with the direction of the 
predominate applied tensile stress results in through-the-thickness propagation of the crack. 

Crack propagation can proceed in any direction depending on the predominate stress 
component and the energy required to create a new fracture surface. In general the most unstable 
crack geometries are those where tensile stress is applied normal to a crack face (see Figure 9). 
Hence, if the maximum principal tensile stress is in the radial direction then the development of 
circumferential cracks is encouraged. Similarly, if the predominate tensile stress component is 
circumferential then radial crack development is promoted. Cracking will occur if the energy 
associated with the applied stress field is greater than the energy required to create a new fracture 
surface. In general, it takes a factor of 27T more energy to create a circumferential fracture surface 
then the corresponding radial fracture surface of the same equivalent crack length. This is due to 
the larger fracture surface associated with the formation of circumferential cracks. It will therefore 
require significantly larger tensile stresses to create circumferential cracks compared to radial cracks 
of the same equivalent length. 

The second failure mode in Figure 8 shows a macrocrack in the coating, which extends 
laterally due to the application of through-the-thickness tensile stress on the crack faces. Through­
the-thickness tensile stress is caused by compressive stress waves from the impact event rellected 
in tension off coating-substrate interfaces. As the macrocrack extends laterally. it increases in velocity 
and interacts with microdefects, which causes the crack to bend and extend into the PC 
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substrate. This mechanism will be discussed in more detail in Section 2.4; however, there is 
substantial evidence for this mechanism both in the literature and from ballistic testing accomplished 
as part of Task 5 in the current effort. 

Based on results from the ballistic testing accomplished in Task 5, radial crack propagation 
through the thickness of a PMMA-clad PC target appears significant in terms of instigating brittle 
failure for low velocity impacts; i.e., where projectile penetration into the PMMA cladding is minimal. 
At higher impact velocities where the resulting stress fields are more severe and the projectile 
partially penetrates into the PC substrate, damage in the PC substrate ·consists of predominately 
circumferential cracking, which begins due to high radial stresses occurring in the substrate. 

Analytical results in Task 3 for two-dimensional stress wave models evaluating a 0.02 (656 
ft/sec) and 0.002 em/microsecond (65.6 ft/sec) impact of a 5.7 grain cylindrical steel fragment on 
PMMA coated and uncoated PC targets show reflected stress waves from coating interfaces at the 
higher impact velocities, which lead to large radial tensile stresses at very early time in the substrate 
as opposed to the predominately compressive stress field at corresponding locations in the uncoated 
sample (see Section 2.3). These high tensile stresses develop at the acoustic velocity of the material 
and can be shown to promote the development of large diameter circumferential cracks on either side 
of the impact region. The large diameter circumferential cracks extend and eventually intersect 
resulting an a large diameter plug of material being formed in the substrate. As the projectile begins 
to penetrate the substrate, the large diameter plug displaces as a rigid body and travels at the same 
velocity as the projectile. Since shear forces at the projectile-target interface are not developed 
through this process, ductile penetration of the target by the projectile does not occur or is arrested 
resulting in a premature brittle failure of the target. 

At higher velocities, beyond the ballistic limit of the target where complete penetration of the 
target by the projectile occurs, the target material begins to behave hydrodynamically and target · 
inertia is no longer involved in the projectile interaction with the target. For injection molded PC 
this fact is illustrated in Figure 10, based on data from Kohlman [1989] relative to the impact of 15.7 
grain fragment simulating projectiles against polycarbonate sheets. Target are_as on the polycar~onate 
sheet were rigidly clamped with one-inch diameter disks. Two phenomenological regions were 
identified relative to these test results. The first region corresponds with complete penetration and 
low incident and residual velocities of the projectile. In this region a large fraction of the projectile 
momentum (relative to the second region) was absorbed by the target material. The target response 
involves the entire inertia of the material, as evidenced by brittle cracking near the target boundaries, 
which are well outside the impact region. In the second region the behavior is more localized and 
the incident and residual velocity of the penetrator is increased. In this region the target material 
behaves hydrodynamically (i.e., provides minimal or no resistance to shear) absorbing a lower fraction 
of projectile momentum and involving lower amounts of material inertia. Coinciding with this 
observation is that no damage is seen except for the residual crater formed via a ductile punched plug 
failure. 

It is clear from the above, that the ductile to brittle transition observed in PC substrates is 
very sensitive to the incident velocity and geometry of the projectile as well as the coating thickness 
and elastic properties relative to the PC substrate. 

In terms of the phenomenology outlined above, additional contributing mechanisms were 
identified during the course of the Phase I effort. These mechanisms are of varying significance 

18 



~~0 

32.0 

310 

1 5. 7 Gn Frog Simu lator Ball istic Data 
Uncoated Polycarbonate - 0.1 ~9" Sheet 

SOURCE: W.G. KOHLMAN, NATICK RESEARCH DEVLOPMENT 
AND ENGINEERING CENTER, 2 JUNE 1989. 

A 
v u 

300 (4 

} ... 
u .. 2.90 
~ ..... 
>. 2.80 .. g 
~ .. c 
~ 
~ 

2.70 
BOUNDARY LOCALIZED 

2.60 
INTERACTION BEHAVIOR 

2!50 

2.40 

230 

0 40 so 12.0 160 200 240 

Residual Velocity (meters/sec:) 

Figure 1 o. 15.7 grain Fragment Simulating Projectile Ballistic Data on Polycarbonate. 

depending on variables specific to the impact event, such as projectile-target contact time, impact 
velocity, projectile and target material, projectile and PC target geometry, and interlayer properties 
between the coating and PC substrate, etc. 

The first mechanism tends to occur for impact events with long contact times (relative to the 
fundamental mode of vibration and the acoustic thickness of the projectile and PC-coating assembly) 
or penetration problems with the associated long incident compressive pulse. Due to the long pulse 
width, the associated structural response tends to mimic or approach a static response. If the shear 
modulus and shear strength of the PC-coating interlayer tend tt> be high, then the PC-coating 
assembly will behave in a mechanically monolithic manner during the large defonnations associated 
with an impact event. Since the coating is present to afford abrasion, environment, and/or UV 
protection for the PC, it tends to be stiff and brittle relative to the PC substrate, which is ductile. 
During large defonnation, if the compliance and thickness of the coating-PC interlayer is insufficient 
to isolate the strains from adjacent material layers, an incompatibility in displacements can occur 
leading to rupture of the coating, failure of the interlayer, and/or premature crack propagation"in the 
PC substrate. 

Note that the end result of this first mechanism is different if the coating is on the impacted 
surface of the PC, both surfaces of the PC, or the back surface of the PC, or if the interlayer 
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debonds. If the coating is on the back surface, the coating will tend to break due to large 
displacements of the PC producing excessive flexural strains in the coating. If the PC-coating 
interlayer remains in intact, the coating and the adjacent PC material will be in tension due to 
bending for some relatively long elapsed time. The coating will fail in tension and due to stress risers 
associated with cracks in the coating will tend to promote failure in the adjacent tensile regions of 
the PC material. If the coating is on the front surface, the PC substrate can accommodate coating 
displacements. The coating however will tend to fail in compression. This damage will not be easily 
promoted in the adjacent PC material since it will also tend to be in compression. This result is 
consistent with data shown in Figure 11 and Table 2. 

Figure 11 (Illinger, 1972] shows the experimentally determined ballistic limit of two layer 
PMMNpolycarbonate configurations subject to 17-grain fragment simulating projectiles. The top 
curve corresponds to PMMA on the impact surface with different thickness of PC on the back 
surface. The bottom curve corresponds to different thicknesses of polycarbonate on the impact 
surface with PMMA on the back surface. 

Table 2 is from data developed by Huyett and Wintermutte [1976] where the results of impact 
tests performed with long steel plummets and 1.5 inch hemispherical indenters (plummet was 
approximately 20 inches long) are reported. The tests were performed on 6x6 inch clamped 
specimens subject to a 20 pound plummet and 12x12 inch simply supported specimens subject to a 
10 pound plummet. For 0.25 inch monolithic PC, failure occurred in the clamped specimen at a drop 
height of 28 feet and the simply supported specimen survived drop heights greater than 38 feet. 
Plummet tests (10 pounds) were also performed employing plexiglass coatings of various thicknesses 
(0.05 to 0.187 inches) on 12x12 specimens. In all cases the PC substrate was 0.25 inch thick and the 
coating was either fusion bonded with chemical solvents or bonded with silicone or urethane 
adhesives. In some cases the coating was placed on the impact surface, the rear surface, or both 
surfaces. 

Table 2. 1 0 Pound Steel Plummet Drop Test Results on PC. 

Specimen 

Plexiglass fusion bonded on both sides 
0.001 inch Plex on impact surface, 0.05 inch Plex 

on rear surface 
0.125 inch Plex on both sides 
0.187 inch Plex on both sides 

0.187 inch Plexiglass fusion bonded on impact surface 
0.187 inch Plexiglass fusion bonded on rear surface 

Adhesively bonded (interlayer thickness ranged from 
0.002 to 0.1 inch) Plexiglass (0.062 to 0.125 inch thick) 
to impact or rear surface 
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Drop Height at Failure 

less than 4 feet 
3-4 feet 
less than 6 feet 

8-10 feet 
less than 4 feet 

Survived 38 feet 
although surface 
coating cracked 
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Although a detailed description of the failure mode and associated damage is not included 
with the experimental results reported above; in general, a large reduction in failure threshold 
indicates brittle behavior. Both sets of data indicate that when protective coatings are on the front 
surface of the PC target, ductile behavior is promoted. When the only coating is applied to the rear 
surface or both surfaces of the PC target, brittle behavior is manifested. Also, consistent with this 
first mechanism are the data in Table 2, which shows that rigid interlayers favor brittle behavior. 
When the interlayer is changed to a flexible interlayer, PC-<:oating configurations which had failed 
in a brittle mode no longer did so. Unfortunately for many applications, neither the use of flexible 
interlayers or the application of coatings to only the rear surface of the PC is acceptable due to other 
constraints associated with current and future applications. 

The second mechanism is related to the difference in plane-strain versus plane-stress fracture 
toughness for PC. Fracture mechanics measurements on PC (McCrum, 1988] show a decrease in 
toughness from G, = 10 KJ/m:! under plane-stress conditions (in relatively thin specimens, 3mm thick) 
to G1c = 1.5 KJ/m:! under plane-strain conditions (in relatively thick specimens). In a thin sheet at 
the tip of a stressed crack, the thickness of the specimen decreases because of Poisson contraction 
resulting in plane-stress conditions at the crack tip. In a thick plate at the tip of a stressed crack, the 
thickness of the specimen is prevented from decreasing by the elastic restraint and consequent 
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through-the-thickness stress imposed by the surrounding material which offsets the Poisson 
contraction. Plain strain conditions therefore prevail at the crack tip. Since yielding is generated by 
shear components of stress and the stress state associated with plane-strain conditions tends to be 
pure triaxial tension, the shear components of stress and the extent of yielding at the crack tip is 
greatly reduced, resulting in reduced fracture toughness. 

Given the occurrence of a through-the-thickness crack in the coating of a PC (produced by 
the impact or preexisting flaws) the stress state at the crack tip will be different depending on the 
interface. In a fusion bonded specimen, the rigid interface ahead of the "flaw will tend to promote 
development of a plain-strain stress state with the associated low fracture toughness relative to a 
pliable adhesive interface, which would tend to promote plane-stress conditions and encourage the 
development of shear stress at the coating PC interface (depending on the shear modulus of the 
adhesive interlayer). Additionally, for an adhesive interlayer, the coating could debond ahead of the 
crack tip, resulting in a free surface which does not permit fracture propagation into the PC substrate. 

A third mechanism is related to the build up of the dynamic stress intensity factor associated 
with a defect or crack in the coating. It can be shown that the order of the singularity and the rate 
at which the stress intensity factor increases with crack length is sensitive to interface properties as 
well as the properties of the materials on either side of the interlayer [Cook and Erodgan, 1972; 
Theocaris and Pazis, 1983; Kuo, 1984; and Chatterjee and Knopoff, 1984]. Figures 12 and 13 
[Theocarius and Pazis, 1983] show this effect for an interface dividing a brittle to ductile succession 
of material separated by an interlayer. Figure 12 shows the variation of stress intensity factor as a 
function of crack length, a(m), for a ductile to brittle succession of materials phases. Figure 13 shows 
the same results for a brittle-ductile succession of material phases. The brittle to ductile succession 
of material in Figure 13 is analogous to a brittle coating configured on a ductile PC. 

Table 3 shows some additional factors that may aggravate the damage mechanisms described 
above. Crazing significantly reduces fracture toughness and if the crazing occurs in a preferential 
direction, it can result in a preferential direction of fracture propagation. The reduced fracture 
toughness can result in accelerated crack velocities, which are a necessary precondition of crack 
branching and curving. If a defect from the crazed region occurs within a critical radius and 
subtended angle of the crack tip then the direction of maximum stress can be perturbed such that it 
is not colinear with the crack. This can cause the propagation of the crack to curve or branch. 
Additionally, residual stress from fabrication can superimpose upon the applied stresses to reduce 
tensile strength and cause preferential crazing. Variations in molecular weight and density can also 
alter molecular free-volume and equation-of-state properties. 

22 



2.0r-----r-----~---..-------. 

Phcse l 
(0) 

Phase li 
( • I 

0.5.._ __ ___. ___ -...~, ___ --~.. ___ ...J 

0.02 0.04 0.06 0.08 0.10 

a {ml -... 

Figure 12. The Variation of the Stress Intensity Factor. Variations normalized at each phase 
to Its Initial value at the initiation of the crack In phase I (K1

10) , as a function of the crack 
length a, In the case of a ductile-brittle succession (phase I 30%, phase 1110% plasticized). 

(o) . (•J 

lO~-----l~-----4~--~~----~~ 
f\c.,c. 

t 
0 

-~ 
... --; ts'----+---4--J..------l~----4 
!Ill: 

-0 

-~ -
-~ 

-Interface 

o.5 .-. ac~) 
0.02 0.04 0.06 0.08 0.10 

Figure 13. The Variation of the Stress Intensity Factor. Variations normalized at each phase 
to its initial value at the initiation of the crack in phase I (K1

10), as a function of the crack 
length a, in the case of a brittle·ductlle succession (phase I 1 0%, phase II 30% plasticized). 

23 



Table 3. Contributing Damage Mechanisms. 

CRAZING 
o Reduced Fracture Toughness 
o Accelerated Crack Velocities 
o Crack Curving/Branching and Preferential Propagation 

RESIDUAL STRESSES FROM MANUFACTURING 
o Reduced Tensile Strengths 
o Preferential Crazing 
o Additional Source of Stress 

VARIATIONS IN MOLECULAR WEIGHT AND DENSITY 
o Alters equation-of-state and resulting stress from impact 
o Alters Molecular Free Volume 

2.1 Task 1 - Definition of Ballistic Threats and Contact Forcing Functions. 

. Initial effort in this task was oriented toward understanding existing experimental data (see 
Plummet Test Data in Table 2) where an abrupt brittle to ductile transition in failure mode was 
observed. In general, the existing experimental literature concerned relatively thick PC substrates 
so the PC configurations and projectile properties initially selected for analysis were thicker than what 
was evaluated at later stages of the program. Contact pressure histories were determined for one 
dimensional impact employing the MRC version of the PUFF74 stress wave response code for the 
surface of coated and uncoated PC configurations ballistically impacted by steel flyer plates of various 
sizes and incident velocities. For this initial analysis the thickness of the PC substrate was taken to 
be 0.635 em (0.25 inches). Plexiglass (PMMA) coatings of 0.05 and 0.2 inches as well as various 
interface conditions between the PMMA and PC substrate where employed (i.e., fusion bonded or 
0.01 inches of silicone adhesive). The pressure histories were then used as input conditions for the 
stress wave analysis conducted in Task 3. 

Pressure histories were determined later in the program on thinner PC configurations 
employing elastic analysis and the AUTODYN two dimensional stress wave finite difference code for 
the surface of coated and uncoated PC configurations employing the 5.7 grain fragment simulating 
projectile. In this analysis the PC coating was assumed to be 2 mm thick and the coating was 

· nominally assumed to be PMMA which is a well characterized material with mature stress wave 
material response models. PMMA also has a high Brinnell hardness with properties representative 
of a PC coating that might be employed for abrasion resistance. 

The elastic analysis assumes that the interface pressure generated from the collision of two 
finite thickness plates can be described by the intersection of two Hugoniots. A Hugoniot describes 
equilibrium states of the material in terms of internal energy, pressure, and specific volume. The 
Hugoniot may be rendered in several forms including pressure as a function of particle velocity. The 
Hugoniot associated with the target (material B) can be described in pressure versus particle velocity 
space by a straight line: P =Z8v where Z8 is the impedance (density multiplied by sound speed) of 
material B. The second Hugoniot associated with the impactor (material A) can be described by a 
straight line with a negative slope in particle velocity versus pressure space: i.e., 
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P= -ZA(v-vo) where ZA is the impedance of material A and V
0 

is the incident velocity (See Figure 
14). I 

At the instant of impact, the particle velocities of materials A and B are equal to v1• Thus 

(la and b) 

Rearranging the terms above and solving for the interface pressure, PI, yields 

(2) 

The relevant material properties for steel, polycarbonate, and PMMA are shown in Table 4. 

Steel 

Table 4. Bulk Sound Speed, Density and Calculated Impedance 
for Steel, Polycarbonate, and PMMA. 

Bulk Sound Speed 
(1 05cm/sec) 

4.62 

Density 
(gm/cc) 

7.750 .. 

lmj:>edance, Z 
(1 o5g/(sec-cm2

) 

35.805 

Polycarbonate 1.93 1.193 1.423 

PMMA 2.22 1.184 2.63 

For an incident velocity of 0.02 cm/microsec (656ft/sec) using the properties shown in Table 
4 and Equation 2, the interface stress associated with the impact of steel on polycarbonate is 2.74 
kbar as compared with 4.9 kbar (79% difference) associated with the impact of steel on PMMA For 
the PMMA/PC interface (front surface) the transmission and reflection coefficients 
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for the stress waves are calculated to be 0. 702 and -0.298, respectively, as compared with the 
PC/PMMA interface (rear surface) where the transmission and reflection coefficients are determined 
to be 1.298 and 0.298 respectively. The net result is a 25% larger compressive stress in the substrate 
at the PMMA/PC interface (3.43 kBar) as compared with the corresponding location in the uncoated 
PC (i.e., at the front surface of the PC, 2.74 kbar). 

In the coating, 1.46 kbar of the original stress pulse would be reflected back into the coating. 
This reflection and transmission process will continue in the coating and ·result in a high frequency 
component to the force-time history impinging on the substrate. This high frequency component will 
have amplitudes which decrease monotonically with time in proportion to the coating-substrate 
interface reflection and transmission coefficients. If the acoustic length (bulk sound speed multiplied 
by contact time) of the coating and projectile are related by a low .integral number, the stress wave 
reflected off of the free surface of the projectile could superimpose constructively or destructively 
with reflected stress waves in the coating. These cases are schematically compared with the force 
time history that would be evident on an uncoated polycarbonate sample (see Figure 15). 

The reflection and transmission coefficients of the various interfaces are shown in Table 5. 
If S0 is the stress level from the incident wave, as0 and bs0 are the stress levels for the corresponding 
transmitted and reflected waves. This indicates that the steel/PMMA interface will transmit 
approximately twice the stress from each traversal of the stress wave reflected from the free surface 
of the projectile to the contact region as compared with the steel/PC interface. Ignoring 
contributions from reflected waves in the coating, the force time history in the coated sample will 
indicate high interface pressures which dissipate rapidly as compared with uncoated polycarbonate. 

Table 5. Transmission and Reflection Factors for Different Interfaces. 

Interface PMMNPC PC/PMMA Steei/PC Steei/PMMA 

Transmission, a 0.702 1.298 0.0765 0.137 

Reflection, b -0.298 0.298 -0.923 -0.863 

Impact Stress, si 2.74 kbar 4.9 kbar 

Transmitted Stress, s1 3.43 kbar 

Reflected Stress, sr 1.46 kbar 

If the amplitudes of the high frequency component of the force time history are sufficiently 
high and the imposed strain rates sufficiently low, plastic strain can accumulate with each cycle of the 
forcing function. This is indicated schematically in Figure 16. The stress, s, during the nth cycle can 
be represented by Equation (3). 

(3) s<n) = s (n) + s (n). 
e p ' 
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where the subscripts 'e' and 'p' represent elastic and plastic contributions to total stress. As the 
number of cycles which exceed the yield stress, sy, increase, the plastic strain increases, resulting in 
a locally elevated stress state. This argument assumes: (1) That the incident velocity is sufficiently 
low that material inertia is governing the penetration process -- i.e., low residual velocity of the 
projectile following penetration; and, (2) The strain rate is sufficiently low that the material can "flow" 
inelastically. 

The material will fracture if s<n> > s<c> where s<c) is a critical fracture strength. Rewriting 
Equation (3), 

(4) 

In Equation 4, the first term can increase with n if s<o> is greater than the strain rate sensitive 
Sy, the second term decreases (due to material degradation) or remains approximately constant, and 
the third term remains constant. For a nominal projectile and high impedance coating material 
(compared to polycarbonate), a high peak stress will be evident in the force time history, which can 
initiate cracking. This high peak stress will be followed by lower amplitude stress reversals which can 
promote inelastic strain accumulation. This is as opposed to the force time history associated with 
an uncoated polycarbonate specimen which will tend to manifest a lower stress level with a long pulse 
duration. If the coating material is sufficiently thin that the frequency of the stress reversals results 
in a strain rate where the material can not inelastically flow then sP (n) may not increase with n and 
the differences associated with the force time histories associated with coated and uncoated 
polycarbonate samples may not be consequential. 

The implications of the above are alluded to in Figure 17 based on experimental data 
[Wheeler, 1972 and Knopoff, 1989) which shows the effect of superimposing occasional overloads 
and/or underloads on a nominal load spectrum in terms of crack growth as a function of load 
application (i.e., increasing n). The nominal load spectrum results in inelastic strain accumulation and 
gradually increasing stress levels, consistent with the hysteresis effect shown in Figure 16. Crack 
growth therefore follows a fairly well defined curve. An overload has the effect of raising the critical 
fracture stress, s<c>, of the material. This is because the stress level at the crack tip is proportional 
to the crack length. In an overload situation the crack extends beyond the length it would have had 
at the nominal stress level. When the stress is suddenly reduced, the stress associated with the crack 
tip is reduced well below the critical level necessary for crack extension at the longer crack length 
associated with the overload condition. In order for the crack to extend at the reduced stress levels 
associated with the nominal spectrum, inelastic strain must accumulate at the crack tip such that the 
local crack tip stress levels exceed the critical stress at the overload condition. The interval of load 
applications where plastic strain accumulates corresponds to the plateau shown in Figure 17 between 
the first and second overload. When sufficient plastic strain has accumulated such that the associated 
stress exceeds the critical stress in the overload condition, crack extension will resume at an 
accelerated rate. In an underload situation, the crack is larger than it would otherwise be at the 
lower stress level. The critical stress required for crack growth is therefore less than the nominal 
value. When the higher stress levels associated with the nominal spectrum are applied, crack growth 
proceeds at an elevated rate without interruption. 

It should also be noted from Table 4 that the acoustic length of the fragment simulator 
(approximately a right circular cylinder 0.442 em in length and 0.38 em in diameter) and the 
polycarbonate substrate (nominally 2 mm thick or 2.032 mm thick with a coating on both sides) are 

28 



CRACK 
LENGTH 

STRESS 
UNDERLOAD 

I UNDERLOAD SPECTRUM 

L-------- 1 NOMINAL LOAD SPECTRUM 

I 
TlME TIME 

OVERLOAD SPECTRUM 

I --- -4 ::a: : .. LOAD 

.,.. /.,.. ""~RST OVERLOAD STRESS 

LOAD APPLICATIONS TIME 

Figure 17. Effect of Load Spectrum on Crack Growth. 

approximately the same. This means that the arrival time of the tensile pulse reflected off the rear 
free surface of the projectile and· the tensile pulse reflected off the rear free surface of the 
polycarbonate target are approximately equal for a location in the middle of the substrate. This is 
an unusual situation which results in the two reflected tensile pulses superimposing and locally 
producing very high stresses creating a "worst case" situation from the standpoint of substrate damage. 

Table 6 compares the various analytical tools employed to estimate contact pressure between 
the target and projectile. Table 7 presents results for the low and high velocity impact conditions on 
uncoated PC targets, PC targets with thin PIVfMA coatings, and PC targets with thick PIVfMA 
coatings on the impact surface. The results are remarkably consistent The PUFF analysis typically 
yields the largest front surface pressures since it is one dimensional and employs a nonlinear 
Hugoniot. The AUTODYN analysis will yield lower front surface pressures than PUFF results since 
hydrodynamic attenuation of the stress pulse by two dimensional effects is included in the 
AUTODYN model. The AUTODYN analysis was also conducted employing the Shock equation­
of-state which represents the shock velocity as a linear function of particle velocity as a opposed to 
the Mie-Gruneisen equation-of-state employed in PUFF. The difference in these equation-of state 
formulations is insignificant for the impact velocities being considered. 

For the low velocity impacts investigated, the PMMA coated targets tend to give consistently 
higher contact pressures regardless of the analysis technique employed. For the high velocity impacts 
considered, the linear elastic and PUFF predictions for contact pressure yield substantially higher 
stress for the PMMA coated PC targets than the uncoated PC targets. This trend is not reflected 
in the corresponding AUTODYN results, however. This is presumably due to the fact that the 
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Table 6. Comparison of Analytical Methods Employed for 
Prediction of Contact Pressures. 

Analytical Method Linear Elastic Theory PUFF74 AUTODYN 

Model Assumptions 
- Material Response 0 Linear Elastic o Nonlinear Elastic o Elastic-Plastic 
- Stress Field 0 One Dimensional 0 One Dimensional 0 Two Dimensional 
- Penetration o No Penetration 0 No Penetration 0 Models Penetration 

Projectile 
- Material 0 Steel 0 Steel o Steel 
- Configuration 0 Infinite Half Space 0 Infinite Plate o Cylinder 
- Size oN/A 0 0.05, 0.25, & o 5.7 grains 

1.25 inches thick 

Targets o Uncoated PC o Uncoated PC o Uncoated PC 
Infinite Thickness 0.25 inches thick 2 mm thick 

o PMMA coated PC o PMMA Coated PC o PMMA Coated 
Infinite Thickness .OS &.2 in. thick .007 & .035 em thick 

o Interlayers of 
Various Types & 
Thicknesses 

Incident Velocities o Contact Pressure 0 600 0 2,000 
(em/sec) Scales Linearly 0 6,000 0 20,00 

with Velocity 0 60,000 

Table 7. Comparison of Analytical Predictions for Peak Contact Pressure. 

Target 

Unear 
Elastic 

UNCOATED PC THIN PMMA COATING 

Unear 
Elastic 

THICK PMMA COATING 

Unear 
Elastic Analytical 

Method Theory PUFF AUTODYN Theory PUFF AUTOOYN Theory PUFF lliJ.DN 

Peak Contact 
Pressure 
(kbars) 0.3 

Peak Contact 
Pressure 
(kbars) 3 

Resulting from Low Velocity Impact (2,000 em/sec} 

0.4 0.3 0.5 0.5 0.5 

Resulting from High Velocity Impact (20,000 em/sec) . I 

Estimate 
0.5 0.5 0.5 

Estimate EstimaTte 
7.4 5.4 5 9.7 4.8 . -
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Linear Elastic and PUFF analysis was conducted without accounting for material damage; 
i.e., the respective targets had infinite strength. 

The AUTODYN analysis employed a 1 kbar dynamic tensile strength for the PMMAcoating. 
When regions of the coating are predicted to fail, the reflected tensile wave from the PMMA-PC 
interface causes failed segments of the coating to recoil from the PC target, which reduces the total 
momentum of the projectile and target system. Additionally, the failure process associated with the 
coating consumes a portion of the projectile energy deposited in the target material, which might 
otherwise be converted to stress. · 

If the coating was thicker such that it could not fail and/or the coating segments were not 
allowed to be detached from the substrate, then the results might be more consistent with the PUFF 
analysis. This is also consistent with experimental results from plummet tests conducted by Huyett 
and Wintermutte (1976] where PMMA coatings were bound to PC substrates employing different 
bonding techniques and agents. In the case where the bonding agent was sufficiently strong to 
prevent flyoff of the coating following coating failure, the drop height required to produce brittle . 
failure was lower than the drop height required to cause brittle failure in targets where coating flyoff 
was not suppressed by the coating-substrate interface. 

2.2 Task 2 • Definition of Polycarbonate and Coating Combinations. 

Pursuant to guidance from the technical monitor, Dr. Healy, we have assumed a ballistic 
goggle lens as a nominal configuration for the polycarbonate and coating. This results in a 2 mm 
thick substrate with a coating estimated to be not more than 0.016 mm on each surface of the goggle. 
Because the coating employed on the goggles is proprietary, we have assumed for the purpose of our 
analysis that it is similar to P.MMA, which is a mechanically, very well-characterized material, is often 
employed as a coating on polycarbonate, and presumably is representative of a coating material due 
to its high abrasion resistance. PMMA also has a low strain to failure, modulus and tensile strength, 
which is similar to polycarbonate, and facilitates a ductile to brittle failure transition in polycarbonate 
when used as a coating. 

2.3 Task 3 - Stress Wave Response Analysis. 

Efforts relative to defining the role of stress wave response in promoting a ductile to brittle· 
transition were fourfold. First, based on existing experimental data from the Los Alamos National 
Laboratory [Marsh, 1980] and the Stanford Research Institute [Curran and Shockley, 1973], an 
equation-of-state material response model for polycarbonate was developed. The second effort 
concerned employing the MRC version of the PUFF74 code to evaluate the one dimensional impact 
of steel flyer plates of various thicknesses on 0.25 inch thick polycaroonate targets with and without 
PMMA coatings of various thicknesses and interlayer types. The third effort involved implementing 
two-dimensional stress wave models for a 0.02 and 0.002 em/microsecond impact of a 5. 7 grain 
cylindrical steel fragment on rigidly attached PMMA coatings and uncoated 2 mm thick polycarbonate 
using the AUTODYN finite difference code and closed form elastic solutions. Fmally, two 
dimensional stress wave analysis of uncoated and thinly coated PC in the presence of a geometric 
discontinuity was implemented. These efforts are discussed in Sections 2.3.1 through 2.3.3. 

2.3.1 EquaJion of State Modeling and One Dimensional Stress Wave Response. One-dimensional 
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hydrocode calculations were performed in order to: (1) Provide a data base for correlating and 
validating two-dimensional calculations; (2) Develop an understanding of the stress wave response 
of ballistically impacted polycarbonate and the influence of adhesively bonded and solvent fused 
coatings, and (3) Evaluate and modify existing material response models to include relevant physics 
models. 

An initial set of calculations was performed using the PUFF74 material response code [Cecil 
and Newlander, 1976] and model parameters documented in a Stanford .Research Institute (SRI) 
report [Curran and Shockey, 1973]. The PUFF74 code is a one-dimensional Lagrangian finite 
difference code, which solves the standard set of hydrodynamic equations. The code has models 
which calculate the effects of elastic-plastic, visco-elastic, visco-plastic, and porous behavior. The SRI 
response model was simply hydrodynamic, although it measured both longitudinal and shear wave 
acoustic velocities and a yield stress. The derived cubic fit to the hydrostat contained a negative 
quadratic term, which generally indicates that an elastic-plastic model may be more appropriate. 

An initial set of calculations was completed as detailed in Table 8. These calculations 
investigated the stress wave response of a polycarbonate layer impacted by a steel projectile as a 
function of impactor velocity and thickness. 

Table 8. Parametric One-Dimensional Hydrocode Calculation Configurations 

Target Thickness Projectile Thickness Velocity Figure Number 
(inch) (inch) (em/sec) 

0.250 0.05 600 A.1 
0.250 0.05 6000 A.2 
0.250 0.05 60000 A.3 
0.250 0.25 600 A.4 
0.250 0.25 6000 A.5 
0.250 0.25 60000 A.6 
0.250 1.25 600 A.7 
0.250 1.25 6000 A.8 
0.250 1.25 60000 A.9 

The calculated stress-time histories at various locations within these configurations are shown 
in the indicated figures included in Appendix Al. The histories are presented for the following 
locations: half-way through the steel impactor, at the steel/polycarbonate interface, one-third through 
the polycarbonate, and two-thirds through the polycarbonate. The results indicate relatively wide 
stress wave pulses, which travel through the thin polycarbonate layer without attenuation and whose 
details are dependent upon the specific thicknesses of the target and projectile. The calculations 
indicate that for the model used, the two lower impact conditions can be considered linear, in that 
the calculated stresses can be simply scaled by the impact velocities. In evaluating the calculations 
involving the higher velocity impact condition, it was determined that the SRI stress wave model was 
not accurate at the higher stress ( > 10 kbars) conditions and greatly over predicted the unloading 
velocities (and hence potential hydrodynamic attenuation). This inaccuracy could lead to unrealistic 
stress histories in the target configurations. 
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Because the SRI model was not accurate at the higher velocities, and because it did not 
include the effects of yielding and plasticity, a small effort was initiated to develop a more satisfactory 
model. The new MRC model was based upon acoustic wave velocities and higher stress level 
Hugoniot data reported by Los Alamos National Laboratories [Marsh, 1980]. The MRC model is 
~elf-consistent, includes yielding, and matches the SRI model at low stress conditions and the LASL 
data at the higher stress conditions. The resulting Hugoniot is presented in Figure 18 in terms of 
stress versus condensation or change in density (rho is density in Figure 18) and compared with . 
existing models and data. The new MRC model will match the results from the SRI model at low 
impact velocities and will produce lower stress and more consistent results at the higher velocities. 

Calculations were performed using the MRC model to investigate the effects of coatings and 
attachment techniques upon the generated polycarbonate stress wave response. Figure A10 presents 
the stress-time histories in a configuration which included a 0.05 inch thick fused-bonded PMMA 
coating. The results show a tensile stress wave traveling through the polycarbonate which is the result 
of the shock impedance mismatch between the PMMA and the polycarbonate. This feature is also 
present in Figure All where the PMMA thickness has been increased to 0.20 inches which suggests 
that this relatively high magnitude ( > 0.5 kbar) tensile stress is independent of the PMMA coating 
thickness. ' 

The results of a final calculation are presented in Figure A12 which show the stresses for a 
0.05 inch PMMA coating which is bonded to the polycarbonate with a thin (0.010 inch) silicone 
rubber adhesive layer. This layer disturbs the structure of the compressive stress wave and 
significantly reduces the tensile stress seen in Figures AlO and All. These results clearly show that 
the one-dimensional stress histories are dependent upon the acoustic shock properties of the layer 
materials. 

2.3.2 Two Dimensional Stress Wave Response. Two dimensional stress wave analysis was 
implemented using the AUTODYN finite difference code employing a 5.7 grain cylindrical steel 
projectile normally impacting a 2 mm polycarbonate target with and without PMMA coatings. The 
incident velocities considered were 0.02 and 0.002 em/microsecond (i.e., 657 and 65.7 ft/sec). The 
target configurations evaluated were: (1) An uncoated polycarbonate material; (2) A 0.007 em 
PMMA coating on both sides of the polycarbonate substrate; and, (3) A 0.035 em PMMA coating 
on the impact surface and a 0.007 em PMMA coating on the back surface of the PC target. The last 
configuration employing the thick front surface PMMA coating was evaluated only for the low 
velocity impact condition. 

The projectile was modeled using a Lagrangian grid and the target was modeled using an 
Eularian grid. A global and enlarged view of the model is shown in Figures 19(a) and (b). The 
"target points" or locations where the velocities, densities, and stresses were post processed are shown 
in Figure A13 for the high-velocity impact and Figure A23 for the low-velocity impact. The models 
were executed for a constant thickness but with material properties corresponding to PMMA for the 
first five and last five rows of elements, which represent the presence of a coating. For the uncoated . 
model the PMMA properties were replaced with those of polycarbonate. The dynamic tensile 
strength of the PMMA is well established (about 1 kbar) and in the analysis was permitted to fail. 
The dynamic tensile strength and the appropriate failure condition of PC are not well established 
hence the PC was not allowed to fail. This prevention of failure was accomplished by prescribing an 
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infinite tensile strength for PC in the analysis. The aim of the analysis during Phase I was to gain 
some gross insight as to how the stress states in the PC substrate developed and how they might be 
correlated with the ductile to brittle transition in the mechanical behavior of PC subject to ballistic 
impact. 
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HIGH VELOCITY IMPACf. Figures A14(a) and (b) show particle velocities for the 
projectile in the impact direction corresponding to an incident velocity of 0.02 em/microsecond. 
Target points 1 and 2 are toward the rear and impact surface of the projectile respectively. Time is 
represented in microseconds. Figures A.lS(a) and (b) show a comparison between the particle 
velocities in the impact and radial directions associated with a target point located toward the rear 
of. the PMMA impact surface. The radial particle velocity associated with the coated sample is 
considerably higher than the uncoated sample. As indicated in Table 4, this is due to the higher bulk 
sound speed of PMMA relative to PC. Corresponding results are shown in Figures AlS(c) and (d) 
for target point 6 located on the top surface of the substrate as well as target points 8 through 14 
shown in Figures A.16, Al7, and A.18. For this condition, the results indicate that for both the 
uncoated and coated samples the velocity of the projectile will go to zero prior to complete 
penetration of the sample. · 

Figures A.19(a) through (t) show the pressure or dilatational component of stress as well as 
the in-depth (TXX) and radial (TYY) stress components in the projectile. Figure A.20(a) for target 
point S in the PMMA impact layer shows an initial pressure of about 5 kbars as compared with the 
corresponding location in the uncoated PC target which indicates an initial pressure of about 3 kbars. 
This initial difference in pressure between the two targets is due to the higher contact pressure 
generated in the PMMA coated target as compared with the uncoated PC target (see Section 2.1 and 
Table 7). The higher pressure in the coated specimen is rapidly truncated, however, due to the rapid 
penetration of the thin PMMA coating by the projectile. This mitigates the influence of the PMMA 
cladding and relieves coating stresses. Thus, Figure A20 indicates that with the exception of this 
initial peak at the impact surface of the specimen the pressure or dilatational component of stress 
is significantly larger for the uncoated polycarbonate close to the impact surface. This is due to the 
fact that the PMMA coating fails dissipating some of the momentum and energy resulting from the 
projectile impact. The difference observed in the stresses near the impact surface of the two targets 
dissipates rapidly in-depth, as shown in Figures A.20(b) and (d) for target points 7 and 8 and Figures 
A.21 and A.22 for the in-depth (TXX) and radial (TYY) component of stress for target points 5, 6, 
7 and 8. 

In Figure A21. the stress componentS for the PC substrate are shown in the impact and radial 
directions for both the uncoated and PMMA clad configurations. The stresses are shown to be well 
in excess of the assumed 1.6 kbar tensile strength of the PC material. Rearranging Equation 5, 

Pressure, P = 1/3 (T96 + T:a + Tyy), 
I 

in tenns of circumferential stress, i.e., 

T"" = 3P- T - T · "" :a YY' 

(5) 

.. (6) 

it is clear given that the pressure. P, is positive at target points S and 6 (see Figure A.20) and the 
stress components in the impact (T;a) and radial (Tyy) directions are tensile (see Figure A.21); the 
circumferential component of stress (T99) will thereiore be highly compressive. Since the principal 
tensile stresses are in the impac~ and radial directions. the most unstable direction in terms of crack 
propagation will be in direction perpendicular to these stress components, i.e., circumferential fracture 
(see Figure 9 and associated discussion). 

This circumferential fracturing will occur on the order of the sound speed of the target 
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material (approximately 2 mm/microsec). At an incident velocity of 0.02 cm/microsec, the projectile 
will penetrate the target at a rate which is at least a factor of ten slower than the acoustic velocity 
of the target. Thus, the circumferential cracking will precede the arrival of the projectile. The large 
diameter circumferential cracks extend and eventually intersect resulting in a large diameter plug of 
·material being formed in the substrate. As the projectile begins to penetrate the substrate, the large 
diameter plug displaces as a rigid body and travels at the same velocity as the projectile. Since shear 
forces at the projectile.target interface are not developed through this process, ductile penetration 
of the target by the projectile does not occur or is arrested resulting in a premature brittle failure of 
the target. This is consistent with posttest observations following ballistic testing in Task 5 (see 
Section 2.5 and Appendix C). 

LOW VELOCITY IMPACf. AUTODYN results for the 0.002 cm/microsec impact indicate 
that the target material is behaving elastically and that pressures and stresses in the PMMA-clad PC 
targets are about 80% larger than the corresponding locations in the uncoated PC targets. This 
difference persists for several microseconds unlike results for the high velocity impact condition where 
the thin PMMA cladding is penetrated almost immediately, truncating the initially higher contact 
pressure in the PMMA--clad targets. 

Figure 20 for target point 5 (see Figure A23) and Figures A28 through A39 show that the 
pressures and principal components of stress for the uncoated PC targets are all below the tensile 
strength of the PC material. For the PC target with the thin PMMA cladding, Figure 20 shows for 
a location near the PMMA impact layer· PC substrate interface that the pressure is negative, and the 
stresses in the impact and radial directions are positive. This suggests in conjunction with Equation 
6 that tensile stress well in excess of the PC strength will develop in the circumferential direction. 
This high tensile stress can easily explain the radial cracking observed in the low velocity ballistic test 
conducted in Task 5 on a thinly clad PC target. The effect, however, is extremely local to the 
interface as is suggested by the analytical results in Figures A28 though A39 which either do not 
show this effect or do not show this effect to as great an extent. The experimental results shown in 
Figures 12 and 13 also indicate the effect of the interface is extremely local. 

Figure 20 also shows that the uncoated and thickly clad PC targets exhibit positive pressures 
and tensile stresses in the impact and radial directions. Using Equation 6, this fact results in 
compressive circumferential stresses. However, the tensile stress in the impact and radial directions 
for the thickly clad PC target, as opposed to the uncoated PC, exceed the tensile strength of the PC, 
suggesting that circumferential failure will also tend to occur in the PC substrate for low velocity 
impact conditions. This fact is different than the phenomenology associated with the thinly clad PC 
targets where brittle failure is promoted at low impact velocities due to radial cracking. 

This is consistent with the results from ballistic testing in Task 5 on the three thickly clad 
samples. These samples are designated in Table C.3 as samples 2-61,2-64, and 2-65 and were subject 
to impact velocities of 686, 708, and 675 ft/sec respectively. Table C.5 indicates that the substrate 
in the samples subject to impacts at 686 and 675 ft/sec behaved in a ductile manner. The small 
increase in impact velocity associated with sample 2-64, however, was sufficient to promote a brittle 
failure due to circumferential cracking. Apparently, the PMMA layer employed on the thickly clad 
.targets in Task 5 was sufficiently thick that the strength of the stress wave due to geometric 
dispersion is severely dissipated by the time it arrives at the substrate. The magnitude of the stress 
wave does not exceed the strength of the PC substrate at the lower velocities and barely exceeds the 
str~ngth of the PC substrate at the higher velocity. The small difference in incident velocities 
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Figure 21 . Reflected and Transmitted Waves Resulting from 
Impact with Two Layer Sample. 

associated with the substrate behaving in a ductile versus a brittle manner suggests that intervening 
regime where radial cracking occurs (as observed analytically and experimentally for thinly clad 
t~rgets) does not oc~ur for more thickly clad targets. 

To understand the source of the radial stresses discussed above, the problem shown in Figure 
21 was considered. Figure 21 shows a two layer semi-infinite target. A cross.section of a compressive 
spherical pressure wave is shown propagating in the top medium which corresponds to the PMMA 
coating in our problem. ·Three rays, R1, R~ and R3, from the spherical pressure wave are shown. 
R2 has an amplitude Ao and is shown incident at the interlayer between the PMMA coating and 
polycarbonate substrate. In addition to reflected components of these p-wnves (not shown), a 
compressive p- and sv-wave from the p-wave associated with R2 is transmitted with amplitude A1 and 
B1 respectively and refracted some angle. Each of the transmitted waves are reflected as p-and sv­
waves from the polycarbonate/rear PMMA layer interface. For a compressive wave incident at 90 
degrees. the reflected wave at the rear PMMNpolycarbonate interface is in compression. The 
compressive wave then reflects off the PMMA impact Jayer/polycarbonate interface in tension (see 
TableS). 

There are three mechanisms associated with the above which directly affect the amplitudes 
of the radial componenu of the various stress waves reflected in the polycarbonate substrate. First, 
since ~ is sphericnlly diverging, the stress wave intensity associated with the p-wave incident at the 
interlayer between the polyc:1rbonate substrate and PMMA impact layer will be inversely proportional 
to the square of the distance tr:1versed. i.e .. proportional to r·:Z where r is the thickness of the PMMA 
layer. Since the thickness of the PMMA layer is constant. the intensity associated with the p-wave 
incident from the PMMA impact layer will be directly proportional to sin~ where e is the incident 
angle of the stress pulse (ignoring damping or viscoelastic effects). 
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The second mechanism concerns the impedance at the interlayer, which is a function of 
incident angle and material properties as shown in Figures 22 and 23 from Arenberg [1948]. Figure 
22 shows for an incident p-wave the amplitude ratio for reflection of a p- and sv wave from a free 
surface. In Figure 23 the Poisson ratio is constant at 0.25. Figure 23 shows the amplitude ratio of 
a reflected p-wave for different Poisson ratios. 

It can be shown employing the respective potential functions [Achenbach, 1976; 
Brekhovskikh, 1980; and Ewing, 1957] that the radial component of reflected P-waves from the 
polycarbonate/rear PMMA layer interface is proportional to [( cjc1)

2cos2a-0.5]V t.L where C1 and c1 are 
the respective she ar and longitudinal wave velocities, e is the incident angle (measured with respect 
to a normal vector from the surface), and V u is the reflection coefficient. Combining this expression 
with the attenuation due to spherical divergence yields for the radial stress component, Srt7 (derived 
from the P-wave) that it is proportional to 

[( cJct)2sin~cosZS-0.5sin~]V LL· (7) 

The wave speeds are a function of the Poisson ratio, v; i.e., (cJcl = (1-2v)/[2(1-v)] and the 
reflection coefficients as previously shown (Figures 22 and 23) are a function of incident angle and 
Poisson ratio. Figure 24 shows a plot of the first two terms in brackets in Equation 7 assuming a 
Poisson ratio of 0.19. This ratio is suspect but is based on data in Curran and Shockey [1973]. 
According to data from Los Alamos National Laboratories [Carter, 1977 and Marsh 1980] the Poisson 
ratio is closer to 0.4. For high ve locity impacts with low residual ve locities, extensive plasticity occurs 
and the material is locally incompressible with Poisson ratios approaching 0.5. A Poisson ratio of 
0.19, however, manifests the largest sensitivity for the first term in brackets from Equation 7. 

Figure 24 shows for incident angles beyond 20 degrees that the second bracketed term in 
Equation 7 dominates. Figure 25 superimposes V t.L as a function of incident angle for different 
Poisson ratios on the plots shown in Figure 24. It is apparent that the angular dependence of V u 
at low Poisson ratios will dominate Srr in terms of deve loping te nsile stresses. As the Poisson ratio 
increases, the sensitivity of the reflection coefficient to incident angle decreases. 

Figure 26 superimposes the reflection factors as a function of incident angle for different 
Poisson ratios on plots of E quation 7 employing bounding values of Poisson ratio and divided by V u· 
The envelope associated with Equation 7 (without the influence of V u.) is eclipsed by the apparent 
sensitivity of V u · Finally, Figure 27 plots Equation 7 in its entirety for different Poisson ratios to 
show the relative amplitude of P -wave radial stress components in the substrate relative to 
compressional P-waves incident on the PMMA impact surface. 

For a layered medium, the reflection and transmission factors are functions of incident angle 
and impedances on adjacent material layers. However, the material properties associated with the 
layer impedances for a normal incidence angle are relatively constant at a specific point during the 
stress time history. This allows consideration of the amplitude ratios in terms of sensitivity to incident 
angle as is discussed above. The discussion above however ignores viscoelastic damping (or 
viscoelastic influence on Poisson ratio) and dispersion as well as the influence of the bond layer. The 
influence of the bond layer will be minimal however since the bond layer thickness relative to the 
incident pulse length is small. Finally, the argument above ignores angle changes due to refraction. 
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The refracted angle in the polycarbonate substrate can be estimated from 

(8) 

Equation 8 is plotted in Figure 28 where it is observed for an incident angle of 90 degrees, which 
results in the largest incident stress at the P'MMA impact layer/polycarbonate interface, that the 
refracted angle is approximately 60.5 degrees. This will result in a reflected angle at the rear P'MMA 
layer/polycarbonate interface of about 60 degrees which from Figure 27 corresponds to a tensile Srr 
equal to about 40 to 45% of the transmitted contact pressure across the PMMA impact 
layer/polycarbonate interface. The peak tensile srr will occur at an in-plane distance from the impact 
zone equal to the substrate thickness multiplied by the cotangent{60.45 degrees}. This corresponds 
to a distance equal to or less than 0.39 inches. If the critical fracture stress, Srr'• is less than the peak 
tensile Srr than the circumferential fracture will occur at a distance farther from the impact zone 
corresponding to a lower critical incident angle, 9c-

Figure 29 shows experimental values (determined from the ballistic testing in Task 5) for 
incident velocity (which is proportional to contact pressure on the impact surface) as a function of 
critical incident angle (see Section 2.5). The critical angle was determined by evaluating the 
expression: arctan{(thickness of PMMA impact layer + polycarbonate substrate)/(rear surface 
polycarbonate substrate crater radius)}. Physically this corresponds to the closest distance from the 
impact region where the radial stresses exceed the fracture strength of the material. That is, 

(9) 

For the one low velocity impact where the observed brittle failure was driven by the 
circumferential cracking in the polycarbonate substrate, it is evident from Figure 29 that the 
approximately 20% lower contact pressures on the impact surface result in a requirement for a higher 
critical angle where a larger percentage of the pressure pulse is developed as radial stresses in the 
polycarbonate substrate. At lower velocities, either the higher critical angles required to initiate 
circumferential failure are not possible or the contact pressure at the impact surface is too low to 
result in excursions of Srr above Srr'· In this velocity regime. the mode of brittle failure transitions 
to radial cracking caused by the circumferential stress component. Although the circumferential 
stresses are lower, the energy required to create a radial fracture surface is lower than the energy 
require to created a circumferential fracture surface by approximately 21'-

An analytical model which considers a plane wave (similar to our problem at very early time 
only) with a unit step function time-dependent pressure pulse incident on a single semi-infinite layer 
was considered (as opposed to the ray model above). The sensitivity of reflection coefficients for 
radial stress components in a polycarbonate material 2 mm thick was assessed, including the 
conversion of incident waves into P- and SV components. 

Figure 30 shows the peak reflected radial stress as a function of incident angle normalized 
with respect to the incident stress level. The solution is for a Poisson's ratio of 0.19. which was 
determ:ned from wave speed measurements reported in Curran et al. [1973]. These data as 
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Figure 30. Normalized Radial Stress versus Incident Angle; Poisson Ratio = 0.19. 

mentioned in Eisler et al. [March 1989] and Eisler and Chatterjee [April 1989] are questionable. 
Analysis was therefore conducted for a Poisson ratio of 0.38 which corresponds to a widely reported 
measured static value. Figure 31 shows the results for the higher value of Poisson's ratio where it 
is evident that the sensitivity of the reflection coefficient to incident angle is decreasing. The 
magnitudes of the stress pulse for a generic field point corresponding to the reflection coefficients 
employed in Figures 30 and 31 are shown in Figures 32 and 33 respectively. The different curves 
correspond to incident angles of 0, 17, 34, 51, and 68 degrees. The late time components 
corresponding to 68 degrees in Figure 32 and 51 and 68 degrees in Figure 33 are due to differences 
in reflection coefficients for the p- and sv-waves resulting in different arrival times at a field point 
producing different total stress states. A problem with polycarbonate is that the associated Poisson 
ratio is not known accurately. Further, due to viscoplastic effects the Poisson ratio for polycarbonate 
is a function of time as well as material state; i.e., in the plastic state polycarbonate becomes -
incompressible with a Poisson ratio approaching 0.5. For high velocity impacts, there is extensive 
plasticity underneath the impact region as opposed to the low velocity impacts where a substantial 
quantity of material behaves elastically. 

The third mechanism involves trigonometry and the fact the incident and reflected angles of 
the respective stress waves are not identical. The reflection angle will dictate the relative proportion 
of the various stress components; e.g., for an incident wave traveling in the impact (z direction) and 
reflected at 45 degrees, the reflected wave will have both significant radial and z components. 

The stress levels at a generic field point involve trade-offs between the competing mechanisms 
above. That is, the incident P·wave from the PMMA impact surface will be maximum for a normal 
incident angle at the PMMA/polycarbonate interlayer. However, the refraction angle, 
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and transmission coefficients as well as relative proportion of p- and sv-waves (which have different 
wave speeds) will also vary with angle affecting the compressive wave transmitted into the 
polycarbonate substrate. Even more significant is the sensitivity of the reflection coefficient at the 
Polycarbonate/rear PMMA interlayer to incident angle and Poisson ratio which dictate the magnitude 
and sign of the reflected wave. Finally, the relative proportion of the various stress components will 
be a function of the reflection angle. 

The total stress state at a field point is a function of both the dilatational (P-wave) and 
deviatoric (shear wave) components. In general, the reflection and transmission coefficients for the 
P-and SV-waves are different leading to different arrival times and total stress levels. Additionally, 
the incident compressional waves are three dimensional so in reality the reflection coefficients are 
functions of the three incident angles and due to viscoplastic effects are also dcrpendent on time and 
stress level. It is clear however that the radial stress component will tend to be a maximum for a 
reflection angle of approximately 65 degrees. This reflection angle results in peak radial stresses at 
a distance of 0.25 to 0.35 inches away from the impact zone which cGrresponds to the location of the 
observed circumferential cracking in the ballistic experiments. This argument also suggests that the 
ductile to brittle transition could occur at different incident velocities for different impact angles and 
that certain combinations of oblique impacts may be worse than normal impacts. 

Other significant differences between the analytical results for the thin and thick PMMA 
cladding include: (1) The thin PMMA cladding is completely penetrated in about 0.7 microseconds 
whereas the thick PMMA cladding is never completely penetrated - the corresponding location in 
the unclad PC target is penetrated in about 4 microseconds, and (2) Significantly longer pulse widths 
are associated with the thick PMMA-clad targets. 
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2.3.3 The Effect of a Geometric Discontinuity on Stress Wave Response. Two dimensional stress 
wave analysis in the presence of a pre-existing geometric discontinuity on the back surface of the 
target was accomplished for an uncoated and thin clad PC target. The discontinuity can represent 
a scratch, surface crazing, or other surface flaw. The results are shown in Appendix A2.2.2. General 
observations include: (1) The stress component in the impact direction is relatively unaffected by the 
presence of the discontinuity; (2) The pressure and stress components in the radial and 
circumferential directions are greatly affected, and (3) For the affected stress components, the 
magnitude of reflected stresses are enhanced by up to a factor of 6 and the pulse width of the wave 
reflected from the free surface associated with the discontinuity is greatly lengthened relative to the 
incident wave. The most significant differences, however, relate to the sign of the reflected stress 
components and the behavior of the singularity associated with the flaw. 

For the uncoated PC target, the interface associated with the discontinuity is PC-air resulting 
in a negative reflection coefficient. In the case of a thinly clad target the interface is PC-PMMA-Air. 
The PC/PMMA reflection coefficient is positive (see Table 5). The net result of this is that the 
reflected waves from the discontinuous region associated with the two targets will be of opposite 
signs. 

Inspection of Figures A40 through A49 show that the reflected pressure for the uncoated 
PMMA tends to be positive while the reflected pressure from the thinly clad target is negative. 
Similarly, the radial component of the reflected stress wave tends to be negative for the uncoated 
target and positive for the thinly clad target. Using Equation 6, it is clear that the circumferential 
component of stress will be compressive for uncoated targets and severely tensile for thinly clad 
targets. For the PMMA clad targets subject to low velocity impact, failure will therefore tend to 
propagate in the radial direction consistent with what was observed during the ballistic testing 
conducted in Task 5. 

From the results of the stress wave analysis, it is apparent that the chief effect of the 
discontinuity is to lower the threshold velocity at which the ductile to brittle transition occurs as 
opposed to altering the type of incipient damage. It should also be noted that the reflected stresses, 
particularly at locations near the discontinuous region, are more severely enhanced for the PMMA 
clad targets than the uncoated targets. This is due to the fact that the order of the singularity 
associated with the flaw is a function of: (1) Material properties associated with the surrounding 
media; and, (2) Geometric properties associated with the flaw. In the case of PMMA clad targets, 
the order of the singularity is a function of the material properties associated PMMA as well as the 
PC. In the case of uncoated targets the order of the singularity is a function of the flaw geometry 
and the material properties associated with PC only. The effect of multilayered media properties on 
stress intensities is considered in more detail in the fracture mechanics task (Task 4, Section 2.4). 

2.4 Task 4 - Fracture Mechanics and Structural Analysis. 

The effort accomplished under this task was fourfold and included: (1) Assessment of the 
dynamic stress intensity factor associated with multilayered media with different material phases and 
interface conditions; (2) Static analysis for the stress field resulting from the application of 1 Newton 
point loads at different locations on the lens; and, (3) Frequency response analysis for the first five 
modes of the ballistic goggles supplied by Natick. These efforts are discussed in Sections 2.4.1 
through 2.4.3 respectively. 
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2.4.1 Dynamic Stress Intensity for Multilayered Media with Different Interface Conditions. This 
effort was motivated by the experimental results for the falling plummet tests presented in Table 2 
and through which an approach for analysis of the stress intensity factor in the presence of an 
interlayer was developed. 

In order to understand the falling plummet results in Table 2, elastic one dimensional stress 
wave analysis was undertaken. This was done to see whether the test results could be predicted on 
the basis· of results from one-dimensional stress wave propagation through multiple layers. MRC has 
developed a one-dimensional multiple layered code based on ray theory that can calculate the stress 
history at any point inside a composite when the loading history is known [Stone and Chatterjee, 
1989]. For a fictitious linear exponentially rising and decaying stress wave incident on a PC-plexiglass 
assembly, the stress history was calculated at the interface of the PC and coating. Figure 34 shows 
calculated results for the interface stress associated with a plexiglass coating (0.187 inch) fusion 
bonded to PC (0.250 inch) and plexiglass (0.187 inch) adhesively bonded (0.1 inch) to PC (0.250 
inches). Except for some tensile waves generated in the case when urethane adhesive is used, no 
significant change in the interface stress is seen which can explain the observed reduction in impact 
strength. 

To see the effect of stacking sequence reversal on the interface stress, the interface stress for 
the case of plexiglass (0.187 inch) on the impact surface fusion bonded to PC (0.250 inches) and PC 
(0.250) on the impact surface fusion bonded to plexiglass (0.187 inches) is compared in Figures 34(a) 
and (b). Both configurations generate a significant amount of tensile stress which may cause 
spallation at the back surface. This is also consistent with PUFF74 results for different interlayers 
(see Figure A12). The two curves in Figure 34 primarily differ in phase which is due to different 
travel times in the two layers that make up the PC-coating assembly. One dimensional stress wave 
propagation alone can not explain the drop in the impact strength shown in Table 2 for these 
specimen configurations. 

Attenuation associated with 2D effects may be responsible for such changes in the impact . 
strength when the stacking sequence is reversed. This is explained in Figure 35. Assuming that the 
attenuation factor is proportional to exp( -itt) where the t is the travel time of the wave after it is 
incident on the composite and }js the attenuation coefficient, the travel time of tensile wave in case 
(a) is twice the corresponding travel time for case (b). If tensile waves are responsible for the brittle 
failures then greater damage would be expected in case (b) than in case (a). This possibility will be 
investigated in Phase II by estimating the reduction in impact strength based on the proper 
attenuation factor of polycarbonate when the acrylic surface is opposite the impact surface and fusion 
bonded to the PC. 

Within this context, adhesive bonding is more successful in preserving the impact strength of 
the PC in comparison to fusion bonding. The stress intensity factor ahead of a crack developed in 
the brittle plexiglass layer is the driving mechanism for the crack to propagate through the PC 
substrate when the interface is fusion bonded. In the case where adhesive is used, the index of the 
stress intensity factor changes from the classical square root to a value that depends on the properties 
of the interphase adhesive layer. It has been analytically shown that for a crack propagating 
perpendicular to an interface of two layers, the stress singularity is dependent on the properties of 
the media in contact [Kuo, 1982]. Experimentally, it has been shown that the 
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singularity changes significantly when a third interphase is present. An analytical solution, however, 
does not currently exist in the literature for this problem. In the presence of an adhesive, whena 
propagating crack reaches the interface, MRC postulates that the stress singularity ahead of the crack 
tip is reduced and stress redistribution occurs such that the crack no longer has the minimum 
threshold energy to be propagated into the polycarbonate substrate. During Phase II an estimate of 
the stress redistribution that occurs in the presence of adhesive layer will be developed. 

Results obtained from plummet tests in Table 2 indicate that there is a significant drop in the 
fracture strength of polycarbonate when it is coated with fusion bonded plexiglass as opposed to the 
adhesively bonded plexiglass coating. This is a very significant result from the standpoint of fracture 
mechanics since it indicates a strong influence of the material interphase on the propagation of cracks 
initiating in the coating. An analytical model of this problem is given in Figure 36. For dynamic 
crack propagation through the coating-PC assembly, growth is controlled by the critical stress intensity 
factor ahead of the crack tip and the distribution of the critical stress intensity factor is assumed to 
be known through the thickness. 

In this case, the experimental result alluded to above can be interpreted as a significant 
reduction of the stress intensity factor as the crack approaches the interface when an adhesive bond 
is present. Previous experiments that support the existence of this phenomena include those 
performed by Theocaris & Pazis (1983), Dally et al. (1978), and Sereda et al. (1977). 

Dally studied the mode-l tensile crack propagation in a composite composed of two materials 
bonded by a high-strength epoxy layer. It is observed that the stress intensity factor at the crack tip 
as well as the crack velocity decrease as the crack approaches the interface layer. Under constant 
loading, the crack has a significant delay before it enters into the substrate. The experiments by 
Sereda et al. (1977) exhibit a different behavior when the two materials were cast on each other 
without the presence of the intervening filler. In the latter experiments, the stress intensity factor 
increases as the crack is approaching the interface and no crack arrest mechanisms were observed. 
Thus the difference between the two experimental results can be attributed to the presence of the 
intermediate bonding layer in the first experiment and its absence in the sec.ond. 

No effort has been made to date to develop analytical models capable of explaining the nature 
of the growth of a crack in the presence of a very thin intermediate layer connecting two materials. 
The main reason for the lack of such models is the complexity in analytical modelling of the effect 
of the third interphase, which has a microscopic influence on the growth of the crack. Chatterjee and 
Knopoff (1984) developed an analytical model where the effect of the intermediate layer is 
incorporated in the analysis of crack propagation by means of boundary conditions that relate the 
displacements and stresses on both sides of the bonding material. In this model, the boundary 
conditions at the interface are either one of perfect bonding or one which has an impedance 
boundary condition. The latter condition simulates imperfect bonding. The crack grows in the first 
medium and responds to the encounter of the interphase. An interphase parameter has been 
introduced to represent the property of the interphase so that it appears in the formalism only 
through boundary conditions at the interface. This model discusses the quasi-static growth of mode­
III crack but the method is applicable to any mode of crack propagation as well. Results indicate that 
in the presence of the adhesive layer, the stress intensity factor decreases as the crack approaches 
the interface (as observed in the above experiments). One such result is given in Figure 37. 
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Using the above results and other established results in the literature, it is possible to develop 
an analytical equation for crack growth in polycarbonate composites. The procedure associated with 
this effort is shown below. 

1. Determination of the tensile stress field generated during the impact of the polycarbonate 
composite. This tensile field will be used as loading in the analysis of crack growth in the composite 
and can be obtained by using existing codes on impact loading of composites in the absence of any 
fracture. 

2. Calculate the static stress intensitv factor in the case of a surface crack in a homogeneous plate 
subjected to lateral load as given by Cherepanov (1979, page 187, see Figure 38). This solution will 
be modified during Phase ll to account for the presence a second and third layer of materials using 
analysis similar to that of Chatterjee and Knopoff [1984] mentioned above. 

p 

Specimen in tension with 
edge crack 

p 

K 
c; 1.1 I + S(tjh)4 

, = Pv 1ri ---;,.__:.... 
1 - 1/h 

(0 < 1/h ::: 0.5) 

Figure 38. Stress Intensity Factor of a Surface Crack in a Homogeneous Plate 
Subject to a Lateral Load. 

3. The critical stress intensitv factor for polvcarbonate will be used. This is given by Cherepanov 
[Op. Cit, page 199]: 

K = (S E d)112
• Ic a • 

where "d" is the maximum value of linear stretching before failure of the multimolecular formation, 
"E" is the Young's modulus and "Sa" is the applied stress when failure occurs. 

4. The growth of the crack through the composite will thc:n be determined by the application of the 
critical stress intensity factor criterion. This will be accomplished during Phase n. 

Some other aspects of fracture mechanics that are of importance in the analysis of crack 
growth in polycarbonate materials also include, for example, the presence of fibrils between the crack 
surfaces. This increases the instability of the crack growth as the crack begins to propagate in the 
brittle phase. This is evident from the analysis of crack stability when resisting forces are present 
between the crack surfaces (Cherepanov, page 136) and is also observed by Morgan and Mones 
[1979]. The initial compressive forces present in the material when the composite is subjected to the 
impact load may be instrumental in accelerating the crack in a later phase due to lateral tensile 
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loading emanating from the edges of the specimen. This occurs by reducing the tensile strength of 
the material ("Greene effect", Cherepanov, page 173). Both mechanisms will further accelerate the 
crack beyond that predicted by the analytical models presented above. 

2.4.2. Static Analysis. Two linear elastic COSMOS plane stress finite element analyses were 
implemented. The models had very accurate representations of the goggle geometry including the 
goggle curvature. Static solutions for a 1 Newton point load using two grid refinements were 
implemented to establish error bounds on the solutions. A plan view of the refined grid is shown in 
Figure 39(a). An edge plot of the deformed shape of the lens is shown· in Figure 39(b). Figures 
B.1(a) and (b) show solutions for radial and circumferential stress for two grid refinements associated 
with an uncoated ballistic lens. The results indicate very good agreement for radial distances in excess 
of 1 em from the load application. For distances closer than 1 em the finite element grid is not 
sufficiently refined to capture the large gradients associated with the application of the point load. 
To evaluate the solution in this region a classical solution of a circular plate will be implemented in 
Phase II using an equivalent lumped stiffness that results in solutions in agreement with the finite 
element solution at distances greater than 1 em. 

An additional problem associated with the finite element solution is the geometrically 
nonlinear character of the problem; i.e., due to the large strain capability of polycarbonate and the 
large displacements associated with the application of a point load, the analysis requires iterations in 
which the load is gradually applied and the analysis is conducted using the deformed geometry of the 
material as opposed to small deformation assumptions which are typically implemented. In small 
deformation linear elastic approaches the analysis is conducted in one load step using the undeformed 
geometry of the structure. The Phase I program resources do not permit running the existing 
COSMOS model to obtain a nonlinear geometric solution. To compensate for this short-coming, the 
small deformation results determined from the COSMOS code can be modified using a correction 
factor empirically determined as a function of displacement from load deflection experiments 
accomplished in Task 5. Large displacement correction factors were determined for the ballistic lens 
by comparison with the linear elastic small displacement finite element solution and for flat 
polycarbonate sheets by comparison with the classical small deformation linear elastic solution for a 
circular plate subject to a concentrically applied point load. The results from this comparison are 
shown for the coated ballistic lens and flat uncoated circular plate in Figures B.2(a) and (b). Figures 
B.3(a) and (b) show small displacement solutions for radial and circumferential stress on the impact 
and rear surfaces of the lens. Figures B.4 and B.5 show some typical contour plots of principal stress 
for uncoated and coated lenses. Figure B.4 shows results for a point load at the center of the lens 
and Figure B.5 shows analogous results for a point load near the lateral cylindrical surface. 

During Phase II the correction factors shown in Figures B.2(a) and (b) will be applied to the 
small deformation solutions in B.3 to obtain approximate geometrically nonlinear static solutions for 
stress and strain. 

2.4.3 Frequency Analysis. Frequency analysis was implemented using the geometry models · 
developed with COSMOS. Deformed plots for the first three modes are compared for the coated 
and uncoated lens in Figures B.6 (a) through (d) and Figures B.7 .(a) and c. Figures · B.7 (b) and (d) 
show the shapes for the fourth and fifth modes associated with the uncoated lens. 

The frequency analysis indicates a fundamental frequency on the order of 529.89 Hz for the 
uncoated ballistic goggles and 550.9 Hz for a coated version of the goggles. As the coating 
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FINITE ELEMENT GRID FOR STATIC ANALYSIS 
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Figure 39. Ballistic Goggle Finite Element Model. 
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thickness is increased the fundamental frequency also increases. The period corresponding to these 
frequencies, however, is on the order of 10'3 seconds compared with the force-time history -
associated with the impact which is on the order of microseconds, 10~ seconds. This suggests that the 
steady-state response of the material in terms of stress and displacement may be predicted with static 
analysis and the transient response is dictated by the stress wave behavior. 

2.5 Task 5 ·Fabrication of PC Materials and Testing. 

Effort in this task was threefold and included: (1) Fabrication of compression molded 
polycarbonate samples for static and ballistic testing; (2) Static penetration tests; and, (3) Ballistic 
testing employing 5.7 grain FSPs. These efforts are discussed in Sections 2.5.1 through 2.5.3 
respectively. 

2.5.1 Polycarbonate Fabrication. Six 13.5 inch x 13.5 inch 75 mil compression molded 
polycarbonate (high melt flow rate general purpose Calibre 300-22 with UV stabilizers from Dow 
Chemical Corporation) panels were fabricated by MR.C. The raw polycarbonate pellets were dried 
for 3 hours at 250°F as per the manufacturer's recommendations. The specimens were fabricated at 
different combinations of temperature and pressure (see Table 9) within the ranges recommended 
by the manufacturer. 

The specimens were cut into 3 inch x 3 inch samples. A subset of these samples were 
laminated with PMMA layers ranging in thickness between 15 and 60 mils using an Epoxy resin 

Specimen 

1 
2 
3 
4 
5 
6 

Table 9. Fabrication Pressures and Temperatures. 

Temperature 

530 degrees F 
450 
550 
450 
500 
513 

Pressure 

800 gauge 
900 
300 
300 
800 
600 

Specific Gravity 

1.24 
1.23 
1.16 
1.19 
1.2 
1.21 

(5 parts Products Research PR2045 and 1 part Hysol HD3490). The samples were then packaged 
in opaque airtight containers for ballistic testing. 

2.5.2 Static Penetration Tests. Static penetration tests were accomplished on ballistic goggles 
and an uncoated polycarbonate sample fabricated by MR.C. A rounded conical indenter (simulating 
a point load) and an indenter machined to represent the shape and dimensions of the 5. 7 grain 
fragment simulating projectile were used. A load-displacement plot for the ballistic goggles (with · 
unknown coating) subject to the conical indenter is shown in Figure 40. Corresponding results for 
the fragment simulating indenter on the ballistic goggles and an uncoated polycarbonate sheet of the 
same approximate thickness is shown in Figure 41(b). Figure 41(a) shows the crater depth as a 
function of load for the fragment simulating indenter. Each data point represents a separate test on 
a discrete sample to avoid hysteresis effects. Three regions were identified in Figure 41(a). The first 
region corresponds to a region where the beveled point of the indenter seats into the sample and 
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material is failing in shear. The slope is very large due to the interaction of the stress concentrations 
on the corners of the indenter with the high stress underneath the centerline of the indenter failing 
material ahead of the indenter path making penetration easier. The conical penetrator did not 
manifest a region I, which corroborates this hypothesis. 

The second regiop corresp~ds to depths wher~ the entir~ point of the penetrator is 
immersed in the target material. Material is failing in sh~ar and extensive plastic flow and larger 
contact areas between the advancing penetrator and target material permits a local redistribution of 
loads so that the effect of material failing in advance of the penetrator is. somewhat mitigated. As 
the residual thickness of target material is decreased below the crater, the stress field is locally 
enhanced resulting in significant plastic flow in Region m. The eventual failure of the material is 
due to the tensile failure of the remaining ligament of target material beneath the crater resulting 
in a dish shaped ductile punched plug. The conical indenter resulted in a ductile petaling failure 
arising from local tensile bending stresses underneath the indenter. 

The results from these tests will be used in Phase II to describe how the energy imparted to 
the target material by the penetrator is partitioned amongst the different damage mechanisms. 
Although the relation between quasistatic and dynamic penetration of polycarbonate at different 
strain rates is uncertain, the static case represents a ductile failure mode which is desirable to 
promote in the dynamic case and in some sense the static case represents an upper bound in terms 
of energy absorption for this mode. From this perspective, it is likely that some insight as to the 
nature of the ductile to brittle transition can be garnered by: (1) Comparing failure modes and 
energy absorbing mechanisms for static and ballistically impacted samples; and, (2) For those samples 
that failed in a brittle manner, determine why the static type of ductile "punched plug" failure mode 
did not occur. 

2.5.3 Ballistic Testing. A 22 caliber smooth bore launch tube pumped by N2 gas using a Lexan 
cylindrical sabot with a 5.7 grain fragment simulating projectile mounted with putty was set-up and 
tested. Redundant velocity measurements employing light screens and electrically conductive euler 
paper in front of the target and euler paper behind the target were implemented. A camera using 
an open shutter technique in conjunction with a xenon flash was used to photograph the projectile 
immediately prior to impact to verify projectile orientation. The results of trial testing indicated 
consistently normal impacts at incident velocities between 300 and 1000 ft/sec. The various military 
specifications and DoD standards listed in the Reference section of this report were also reviewed. 

Since ballistic test data were not available to MRC for the ballistic goggles of concern to 
Natick and no ballistic data were available relative to the 5.7 grain fragment simulating projectile; the 
principal goal of the Phase I ballistic testing was to develop a mini-database to demonstrate 
'phenomenology. Nine ballistic goggles were provided to MRC by Dr. Healy from Natick. One 
goggle was used for static testing leaving 8 goggles or 16 samples if each lens of the goggle were 
tested separately. 

Five groups of ballistic tests with different goals were defined. The first group of ballistic tests 
employed the goggles supplied by Natick and determined the incident velocity corresponding to 
complete penetration of the goggle with a residual velocity as close to zero as possible. The purpose 
of this group of tests was to determine the incident velocity resulting in the maximum amount of 
energy input into the target. The second group of ballistic tests involved goggles that have been 
preconditioned with a shallow scratch penetrating the surface coating of the lens impacted at different 
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velocities. The purpose of these tests was to determine if differe nt failure modes are evoked or the 
same failure mode at a different stress level (incident velocity). 

The impacts associated with the first two groups of tests were designed to impact a central 
region of the ballistic lens. The third group of tests involved off-center impacts of the ballistic lens. 
The impacts were done at various distances from the lateral free surface of the lens to determine the 
influence of stress waves reflected from lateral free·surfaces. This third group of tests was the most 
interesting since for partial penetrations, the reflected stress wave from the lateral free surface must 
interact with the crater promoting a highly complex and locally intense stress field. Furthermore, in 
a debris environment, this region is more likely to be impacted. 

The fourth and fifth group of tests are analogous to the first group of tests except that the 
specimens are flat polycarbonate samples fabricated by MRC. The thickness of the MRC samples 
are similar to the estimated thickness of the polycarbonate substrate in the ballistic goggles supplied 
by Natick. The ballistic goggles have an abrasion resistant coating on the front and back surfaces of 
the lens estimated to be on the order of 1 to 3 mils or up to 6 mils for both surfaces. The fourth 
group of ballistic tests will be on bare polycarbonate samples and the fifth group of tests will be on 
polycarbonate samples with various thicknesses of laminated plexiglass. 

Thirty three ballistic tests employing the 5.7 grain FSP were conducted during Phase I. The 
ballistic test specimens included 16 ballistic goggle lenses supplied by Natick RD&E center, 1 PMMA 
sample, and seven uncoated and nine coated (with laminated PMMA) polycarbonate flat sheet 
samples. The specimens were mounted on a perforated foam fiXture with double stick tape 
approximating the stiffness of the rubber supports on the ballistic goggles. 

Tables C.1, C.2, and C.3 through C.15 describe the sample, test conditions, and residual 
damage for the ballistic goggle, uncoated polycarbonate, and laminated polycarbonate specimens. 
Tables C.4, C.5, and C.6 describe the residual damage to the PMMA impact surface, polycarbonate 
substrate, and PMMA rear surface for the laminated polycarbonate specimens. Figures 2 and 3 show 
typical brittle failure modes for the ballistic goggle lens and laminated polycarbonate sheets. 

Of the 16 tests on the ballistic goggle lens, 15 resulted in ductile failures and in general met 
or exceeded Government specifications with respect to withstanding the specified projectile threat. 
One goggle failed in a brittle manner (sample XI) due to the propagation of a circumferential crack 
outside of the impact region. This behavior arises from stress waves reflected from the edge of the 
lens interacting with the residual crater formed by the projectile. This produces high radial stresses 
outside the impact region and is based on well established phenomenology. 

All of the uncoated polycarbonate flat sheet samples manifested ductile behavior and for 
those samples which failed, a ductile dish shaped punched plug similar to what was observed in the 
static penetration tests was apparent (Section 2.5.2). An exception to this was sample 6A, which in 
addition to a dish·shaped plug, manifested cracking, which appeared to initiate from a surface defect. 
The penetration depths and residual velocities for the uncoated polycarbonate flat sheet samples were 
all very consistent and where not obviously affected by processing parameters. 

All of the coated polycarbonate flat sheet samples failed in a brittle manner. A large area 
crater and extensive radial and circumferential cracking was observed on the rear PMMA layer. A 
small area crater approximately the diameter of the projectile with some radial cracks extending from 
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the edge of the crater is observed on the PMMA impact layer. The polycarbonate substrate 
evidences predominately circumferential cracking with secondary radial cracks. The crater in the 
substrate is intermediate in size between the craters in the PMMA layers and is formed by the 
intersection of two circumferential cracks with different radii of curvature which are asymmetrically 
located on either side of the projectile penetration area. In the center of the substrate plug there 
is evidence of a residual crater formed by the partial penetration of the projectile. The residual 
crater is ductile in nature, whereas the fracture surface of the substrate plug is very rough in 
appearance and shows evidence of substantial crack branching attempts .. 

Two exceptions to these general observations relative to the PMMA-clad samples concerned 
sample 31, which was impacted at 368 ft/sec. This sample did not evidence any projectile penetration; 
however, failure occurred due to radial cracking, which extended through-the-thickness into the 
PMMA and polycarbonate substrate layers. The other exception concerned samples 64 and 65 which 
had PMMA cladding, which was almost twice as thick as the remaining samples (except sample 61 
which also had a thick coating but was impacted at a higher velocity than samples 64 and 65). 
Although the coatings on samples 64 and 65 failed with a phenomenology similar to the other 
PMMA~clad samples, the only damage evident in the polycarbonate substrate was a residual ductile 
crater formed by the partial penetration of the projectile. 

Only two potential problem areas could be identified relative to the ballistic goggles. The first 
problem is related to why the brittle failure shown in Figure 2 occurred. During impact a spherical 
compressive pressure wave at the contact surface is developed which is reflected off of free surfaces 
in the medium as a tensile wave. For debris impact close to the edge of a lens, reflected tensile 
waves from the lateral free surface of the lens are diffracted around the residual crater formed by the 
complete or partial penetration of the projectile (see Figure 42). This penetration produces locally 
high radial stresses at a point, P, on the shadow side of the crater. The solution for the diffracted 
radial stresses interacting with a cylindrical cavity does not explicitly exist. However, the potential 
functions for this problem have been determined [Pao and Mow, 1973]. The radial stress field has 
the character shown in Figure 43, where the stress intensity is shown as a function of distance from 
the shadow side of the crater. The distance R in Figure 43 establishes the radial distance from the 
impact zone where the peak stress intensity occurs. The reflected stress wave spherically diverges 
from the edge of the lens, i.e., proportional to r·2 where r is the radial distance from the crater. The 
incident stress wave is therefore most intense for 9=0 degrees where e is the subtended angle with 
reference to a line which intersects P and is normal toT. In conjunction with R, this establishes the 
site at which the stress levels are most severe and where failure is expected to initiate. Since the 
reflected stress field for this scenario is predominately radial, the expected failure trajectory is 
circumferential (see Figure 9) and follows the maximum radial stress contour at this location (see 
Figure B.5). 

As shown in Figure 2, this failure mode is observed experimentally (sample XI) and does not 
require a fully penetrating crater to evoke this response. This type of failure will also occur at lower 
incident velocities albeit at distances closer to the edge. As the impact occurs farther from the edge, 
the reflected tensile waves are more highly dispersed so that by the time the stress wave arrives at 
the crater, the incident intensity is sufficiently low that the resulting intensification of the stress level 
by the crater interaction is subcritical (as was the case for samples XII, XIII, and XIV). This problem 
will also presumably occur for impacts close to the nose bridge in the vicinity of the holes for the 
snaps, and at lower velocities if the lens is scratched close to an edge. It is also likely that near 
curved boundaries of the lens (e.g., the edge opposite to the impact region in Figure 2) the stress 
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Figure 42. Geometry of Brittle Failure Associated with Debris Impact 
Near a Lateral Free Surface. 
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Figure 43. Diffracted Stress Field for an Incident Wave Interacting 
with a Cylindrical Cavity. 

waves instead of spherically diverging could be focused, producing a much more wlnerable 
region. Unfonunately, Phase I resources did not permit a more thorough experimental demonstration 
of this problem. The wlnerable region for this failure mode at the specified velocity of 650 ft/sec 
(in the absence of scratches or other defects) is suspected to be roughly 30 to 40 % of the lens 
surface area. 

The second problem area concerns the use of thicker coatings to mitigate the likelihood of 
scratches occurring. The ballistic lens currently employs a very thin coating, which cracks almost 
immediately following any sort of load application. If a thicker coating is employed to provide greater 
abrasion and/or scratch resistance, a failure mode similar to what was observed in the PMMA-coated 
polycarbonatc samples would be expected. Some typical failure surfaces are shown in Figure 3 for 
these samples. 
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Following impact the PMMA layers fail first. The impact layer evidences a crater about the 
diameter of the projectile which in early time is rectangular since the front surface of the projectile 
tapers to a rectangle. Radial cracks extend outward from the crater coinciding with the comers of 
the projectile. This cracks are presumably due to stress concentrations at these locations along with 
enhanced circumferential stresses due to material being radially pushed out by the projectile. As the 
projectile penetrates deeper, the crater becomes circular (See Figure 44). 

The rear PMMA surface fails due to bending which produces high .radial and circumferential 
tensile stresses at the rear surface. Both radial and circumferential cracking occurs on the rear 
surface due to these high-bending stresses. When the incident stress wave is reflected off the rear 
free surface producing high tensile stresses normal to the plane of the PMMA layer, the back surface 
PMMA delaminates. When the PMMA delaminates the regions defined by the intersection of the 
radial and circumferential cracks are no longer attached to the polycarbonate substrate. Pie-shaped 
PMMA debris over a fairly large area is expelled off the rear surface of the sample with a fairly high 
residual velocity (see Figure 3). The pie-shaped PMMA spall fragments were recovered for some 
of the experiments. 

D CREATION OF INITIAL 
EARLY TIME CRATER 

RADIAL CRACK 
GROWTH RESULTING _ 

FROM STRESS CONCENTRATIONS 
AT CORNERS OF EARLY TH1E 

CRATER 

FORMATION OF LATE TIME 
CRATER ASSOCIATED WITH 
DEEPER PENETRATION OF 

PROJECTILE TIP 

Figure 44. Stages in Radial Crack Formation on PMMA Impact Layer. 
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Several damage mechanisms are evident in the polycarbonate substrate of the PMMA-clad 
specimens. First, in all cases a partial crater about the diameter of the projectile was observed. This 
crater was caused by the ductile penetration of the projectile. Second, 1 to 3 rings of circumferential 
cracks asymmetrically located on either side of the crater and subtending an angle of 90 to 250 
.degrees were observed. Secondary radial cracks branching off the main circumferential cracks were 
also observed. In the velocity regime of approximately 600 to 800 ft/sec the polycarbonate substrate 
was penetrated due to the intersection of several circumferential cracks. For sample 2-35, in addition 
to the large diameter plug formed by the circumferential cracking, a secondary annular plug 
concentric with the first plug was formed by the intersection of a third circumferential crack 
intersecting the existing crater. In a few cases, a small amount of radial cracking is apparent in the 
plug. In general however the plug shows no evidence of damage except for the ductile residual crater 
and the rough fracture surface corresponding to the boundary of the circumferential cracking. The 
rough fracture surface is caused by cracking branching attempts. At lower velocities, the failure of 
the PMMA-clad sample was due to radial cracks, which propagated through the thickness of the 
sample (e.g., Sample 2-32). 

Tables C.7 through C.15 document posttest observations relative to residual cracking on each 
sample. The first column on these tables entitled "Stress Concentration Group" associates groups of 
radial cracks with a common origin corresponding to a corner of the early time rectangular crater 
(which has four corners). The next three columns shows the subtended angle in degrees of radial 
cracks on each layer of the sample. The arrows associate multiple cracks corresponding to related 
cracks, which have propagated through the thickness of the sample. The difference in angle on the 
various layers for related cracks allude to the extent of crack curving. 

In summary, two major brittle failure modes are observed to occur in· polycarbonate which 
disrupt the ductile damage process and cause premature failure. The first mode shown in Figure 45 
[Petrie, 1986] for an uncoated polycarbonate sample exposed to UV light impacted on the unexposed 
surface corresponds to the development of circumferential cracks caused by enhanced radial tensile 
stresses. When the plate is impacted on the exposed side, a ductile failure (also shown in Figure 45) 
is apparent. The second mode shown in Figure 46 [Petrie, 1985] for an uncoated polycarbonate with 
entrained moisture corresponds to the development of radial cracks which are propagated from the 
tensile surface of the specimen by circumferential stresses. Both failure modes are stress-related 
phenomena which occur at the acoustic velocity of the material. In the case of the MRC ballistic 
tests performed in Task 5, the acoustic velocity of the material is about an order of magnitude greater 
than the projectile velocity. 

In the case of circumferential failure, the rear coating fails due to radial and circumferential 
cracks induced by bending strains. When the coating delaminates, the coating material is removed 
over the delaminated area. This all occurs in very early time. A circular region is then weakened 
at very early time in the substrate due to stress wave effects initiating circumferential cracks. The 
ductile penetration process begins in the substrate but due to the detachment of an annular ring of 
circumferentially cracked material, the plug displaces as a rigid body which arrests the ductile failure 
process. 
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Figure 45. Brittle Failure induced by Circumferential Cracking. 

Figure 46. Brittle Failure induce by Radial Cracking. 
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2.6 Task 6 - Hardening Recommendations. 

Strategies to mitigate the damage mechanisms discussed in Sections 2.0 through 2.5 
are summarized in Table 10. 

Table 1 0. Mitigation of Damage Mechanisms. 

Damage Mechanism 

Flexural Deformation 
o Low Elongation Coating 
o High Modulus Coating 

Stress Wave 
o Transverse Waves 
o Waves in Impact 

Direction 
Fracture Mechanics 

o Mitigate Crazing 

o Attenuate Stress 
Intensity 

o Crack Arrest 
Vibrations 

o Shift Eigenfrequencies 

Hardening Strategy 

o Promote Debondlng 
o Strain Isolation 

- Debonding 
- High lnterlayer Shear Modulus 

lnterlayer Thickness 
- Adhesive Strength 

o Geometry of Lateral Free Surface 

o lnterlayer Impedance and Geometry 

o Promote Hydrostatic Stress Component 
o Residual Compression 

o lnterlayer Properties 
o Allow Coating to Debond 

o Boundary Conditions 
- Damping Material 
- Mass 

Following impact, flexural deformation of a low elongation coating will result in rupture of 
the coating very shortly after load application. As was previously shown, particularly for low velocity 
impact on coated PC targets, this type of damage can lead to brittle failure promoted by radial crack 
propagation through the coating into the substrate. In this event, the ideal method to mitigate 
damage propagation from the coating into the substrate is to promote debonding of the coating. This 
can be accomplished by using bonding techniques which result in a weak coating substrate interface 
and by employing a sufficient impedance mismatch at the coating substrate interface that high tensile 
stresses normal to the plane of impact are developed in the coating. 

Another alternative for this type of coating is to make the coating sufficiently thin such that 
the coating thickness is less than the critical crack length required for crack propagation. The stress 
intensity associated with a crack tip is proportional to crack length so that if the coating is sufficiently 
thin and fractures immediately, the coating will be relatively stress free and the stress intensity factor 
associated with the crack tip will be low, resulting in subcritical stresses from the perspective of crack 
propagation. This approach, however, compromises the abrasion resistance of the PC target and was 
apparently the approach implemented in the fabrication of the ballistic goggles supplied by Natick. 

69 



In the case that the coating is very stiff such that large strains or deformations are not 
developed except in regions very local to the impact, high stress and damage local to the impact 
region will be promoted. The appropriate mitigation strategy is to isolate the coating from the 
substrate. The most extreme method to accomplish this is through debonding. Less extreme methods 
include in-plane dispersal of the high stress associated with the coating by the selection of appropriate 
interlayers and bonding techniques or even providing a geometry at the interlayer, which favors in­
plane reflection of stress waves. The key idea in all of these strategies is to attenuate high stress 
which develops in the coating such that at the interface between the coating-substrate-interlayer and 
the PC substrate, stresses have been severely attenuated. This can be accomplished by providing a 
coating and coating-substrate interlayer with very high longitudinal and shear wave speeds relative 
to the wave speed in the impact direction. Additional methods include providing an interlayer with 
a high shear modulus and sufficient interlayer thickness such that the displacement incompatibility 
between the coating and substrate can be accommodated. The interlayer can also be designed with 
material properties which result in attenuation of the dynamic stress intensity in front of a flaw in the 
coating (see Figures 12 and 13). 

In terms of stress wave damage, the lateral free surface of the target can be designed such 
that the geometry of the target edges reflects in-plane stress waves away from the residual crater 
caused by the impact. This design will mitigate the effect of stress intensification caused by diffraction 
of transverse stress waves around residual craters. This damage mechanism led to the brittle failure 
observed in the ballistic goggles supplied by Natick. Stress waves in the impact direction can be 
attenuated by suitable selection of interlayer impedance and geometries. 

As previously discussed, there are two fundamental-fracture-mechanics related damage 
mechanisms that give rise to the ductile to brittle transition in coated PC (see Figure 47). In the first 
case a crack formed in the impact direction continues to propagate in a colinear manner through the 
substrate. This type of crack propagation is favored by transverse stress waves reflected from the 
target edges which apply tensile loads to the crack face. The second mechanism for which there was 
substantial evidence is the formation of an in-plane crack which branches and curves such that it 
eventually propagates through the substrate. This was observed in one dimensional flyer plate 
experiments on PC [Curran and Shockley, 1973] as well as during the ballistic testing conducted in 
Task 5 (see Tables C.7 through C.15). 

A necessary condition established experimentally for crack branching/curving to occur in PC 
is that the crack velocity exceed 0.22 x the dilatational wave speed of the material [Ramalu and 
Kobayahi, 1985]. Sufficient conditions which were also established experimentally for PC [Sun, et 
al., 1982; and Ramalu and Kobayahi, 1985] are based on the microstructure of the PC material. That 
is, the stress field at a characteristic distance, r

0
, from the crack tip must be perturbed such that the 

maximum principal tensile stress does not occur ate = 0 degrees (see Figure 48). This occurs if the 
crack tip is located beyond a critical radial distance within a critical subtended angle. This is the 
reason why MRC believes that crazing, surface flaws, entrained air and moisture during processing 
favor a ductile to brittle transition in PC. 

As suggested in Table 10, there are three strategies to mitigate these fracture-mechanics-based 
failure mechanisms. In the most extreme case the crack can be arrested by allowing the coating to 
debond such that the crack cannot be propagated into the substrate. Secondly, the stress 
intensification factor can be attenuated by modifying interlayer properties (see Figures 12 and 13) 
such that crack branching does not occur (see Figure 48). Finally, crazing can be suppressed as a 
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Fracture due to Stress Waves: 

Notation: C ~ Compressive; T ~ Tensile 

Main Crack 

Branching 

Transverse Cracking Longi~udinal Cracking 

Stress Waves due to Impact Loading 

Brinnell Type p~~Je~~~~Y' High-Yield 
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Figure 47. Fracture due to Stress Waves. 
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principal deformation mechanism by promoting the hydrostatic stress component during processingor 
residual compression during fabrication. 

The two principal deformation mechanisms in amorphous polymers are shown in Figure 49. 
Thes~ mechanisms include shear yielding which is a function of the octahedral yield stress and crazing 
which is a function of the difference in principal stress, i.e., stress bias. Crazing as shown in Figure 
50 will only occur for combinations of principal stress which result in a net normal tensile stress field. 
The determination of which deformation mechanism occurs depends upon whether the criteria 
associated with crazing ("normal stress yielding" in Figure 50) or the shear yielding is exceeded first. 
The analytical form of the criteria are shown in Figure 49. 

In Figures 50( a) and (b) the locus associated with shear yielding is shown superimposed on 
two different crazing thresholds ("normal shear yielding"). In Figure 50( a) the crazing threshold is 
below the yield threshold in the first quadrant of the principal stress plot. For applied loads which 
result in stress fields corresponding to this first quadrant, crazing will tend to occur preferentially as 
opposed to shear yielding. In Figure 50(b) where the crazing threshold is larger than the yield locus, 
shear yielding will tend to occur preferentially for stress states laying in the first quadrant. When 
shear yielding is the principal deformation mechanism, ductile failure will tend to occur. Crazing on 
the other hand is shown experimentally to be almost invariably associated with brittle failure. We 
hypothesize that crazing results in a distribution of microflaws, which: (1) due to the associated 
reduction in fracture toughness result in accelerated crack velocities; and (2) promote crack branching 
consistent with the mechanism presented above. Thus, by encouraging the development of 
hydrostatic stress or residual compression during or after processing, the crazing threshold will 
intercept the yield locus for larger values of stress bias alleviating the tendency for crazing as a 
principal deformation mechanism. 

The final mitigation strategy involves shifting resonant eigenfrequencies associated with 
vibration of the target by adding damping material to target supports or lumped mass to the target 
itself. Target response associated with vibrations was not seen to be a principal damage mechanism 
for targets investigated in Phase I (due to the relatively low natural frequencies of the Phase I 
targets). It is conceivably an effective strategy for stiffer targets with higher natural frequencies 
and/or forcing functions with thicker pulse widths (such as might occur with thicker targets or 
projectiles, or thicker targets with significant projectile penetration). 

· A goal of the Phase II research would be to quantify the effectiveness of the various 
mitigation strategies now that insight has been garnered relative to the various causes of the ductile 
to brittle transition in PC materials. 

.. 
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3.0 PHASE I CONCLUSIONS 

The ductile to brittle transition in the mechanical behavior associated with the impact 
response of coated PC targets were experimentaUy and analytically investigated as part of this Phase 
I effort. The brittle failure modes resulting from this ductile to brittle transition were seen to be of 
two generic types. The first mode resulted in extensive in·plane cracking and overaU weakening of 
the coating-PC substrate assembly. The second mode resulted in circumferential failure of the PC 
substrate and removal of a large diameter plug from the target. 

The first type of brittle failure tended to occur on coatings of moderate thickness at low 
impact velocities and was promoted by radial crack propagation, which initiated in the coating of the 
PC target and subsequently propagated through the PC substrate. The second type of transition was 
promoted by circumferential crack propagation engendered by reflected stress waves from the PC 
substrate-coating interface. This type of failure was promoted in coatings of moderate thickness at 
high impact velocities and in thick coatings at low and high impact velocities. Coatings that are very 
thin and which fail shortly after load application do not seem to affect the ductile to brittle transition 
in PC; however, the protective function of the coating is severely compromised. 

The brittle failure observed following impact of the ballistic goggles was unrelated to the 
presence of a coating although failure occurred due to propagation of a large diameter 
circumferential fracture. The coating employed on the ballistic goggles was extremely thin and failed 
almost immediately following load application. The brittle failure occurred due to the interaction of 
stress waves reflected from the edge of the lens with the residual crater formed by the initial stages 
of ductile penetration by the projectile. This type of brittle failure results in detachment of a 
hemispherical region of lens material and requires the impact to be within a critical distance of the 
target edge. The surface area corresponding to this vulnerable distance represents something on the 
order of 30% of the lens surface. 

Finally, a brittle failure occurred on an uncoated PC target subject to a low velocity impact. 
This failure occurred due to radial crack propagation originating from a surface flaw following 
fabrication. 

In all cases of brittle failure, the initial stages of ductile crater formation were observed in the 
impact region suggesting that the rheological behavior of the PC material has not changed. Rather, 
alternative failure modes are excited and occur on a time scale much faster than the ductile failure 
process. Both stress waves and fractures are propagated at the acoustic velocity of the medium, which 
is substantially faster than the projectile penetration and the flow rate associated with shear yielding. 

A new Equation.Qf.State (EOS) model was developed for polycarbonate based on 
experimental results reported by the Los Alamos National Laboratory and the Stanford Research 
Institute. Stress wave analysis employing the new EOS formulation was conducted in one dimension 
employing closed form elastic solutions and the PUFF74 stress wave response code. Two dimensional 
stress wave analysis was conducted using the AUTODYN finite difference code. Parameter studies 
were conducted using different projectile and target thickness as well as various interlayers. High 
circumferential tensile stresses which promote radial crack propagation were analytically predicted 
for low velocity impact on coatings of moderate thickness. High radial stresses which promote 
circumferential failure were analytically predicted to occur for high velocity impact on moderately 
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thick coatings and high velocity impact on thick coatings. Analytical predictions correlated 
qualitatively with the results of ballistic testing in Task 5 and quantitatively with respect to the size 
of the damaged region. 

Various fracture mechanics based mechanisms were discussed as contnbuting to the ductile 
to brittle impact behavior of PC. In the case of an in-plane crack initiating in the PC target coating 
following impact, crack branching/curving is required for propagation into the substrate. Experimental 
evidence from the literature was cited indicating that a critical distnbution of microtlaws was 
necessary to effect this behavior. Crazing, entrained moisture, and/or surface flaws are seen as 
necessary conditions to achieve this distribution. In the case of colinear fracture propagation through 
the substrate, experimental evidence from the literature was cited indicating that interlayer properties 
are critical to effect this behavior. Preliminary analysis and a more in-depth approach to analytically 
model these two type of fracture propagation behaviors was defined in Task 4. 

Both static analysis and frequency analysis using closed form small displacement elastic 
solutions and the COSMOS finite element code were implemented. Analytical results indicated that 
for the target configurations examined in Phase I that these effects were not of first order 
significance. 

Finally, a number of countermeasures were proposed for all of the effects contributing to the 
occurrence of brittle failure in coated PC targets. These countermeasures are summarized in Table 
10. Most of the countermeasures are easy to implement and there exist sufficient alternatives that 
where applications prohibit implementation of one countermeasure (for example allowing the coating 
to debond) alternative countermeasures are available. 
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APPENDIX A: STRESS WAVE ANALYSIS 
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Figure A. 48 . Pressure near Rear Surface of PC Substrate 
Outside Impact Region 
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APPENDIX 8: STRUCTURAL ANALYSIS 

B.1 Static Analysis 
B.2 Frequency Analysis 
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APPENDIX 8.1 - Static Analysis 

figure fig! 

B.1 Finite Element Solution using Different Grid Refinements for: 
(a) Radial Stress in Uncoated PC; and, 

155 (b) Circumferential Stress in Uncoated PC. 156 
B.2 Large Displacement Correction Factors for: 

(a) Uncoated Plate; and, 
(b) Coated Ballistic Lens. 157 

B.3 Comparison of Small Displacement Solutions for: 
(a) Circumferential Stress in Coated 
and Uncoated Ballistic Lens; and, 
(b) Radial Stress in Coated and Uncoated 
Ballistic Lens 158 

B.4 Maximum Principal Stress for Static Point Load Applied 
at the Center of the: (a) Uncoated Lens; and, 
(b) Coated Ballistic Lens 159 

B.5 Maximum Principal Stress for Static Point Load Applied 
at the Edge of the: (a) Coated Lens; and, 160 
(b) Uncoated Lens 161 
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Radial Stress in Uncoated PC 
Fn>nt 1.t. Rear Surfaces 1.t. Different Grids 

300 ~------------------------------------------------------~ 

200 

'0 
100 

~ ....... 
"""'vt 

·~ ll 6 ~i 
-~ 

0 
111.2 0 

~ ot::. 
i a:: -100 

-200 

-~~==~~-----~---------r-------~-------.-----~ 
0 2. 6 

f'lnc Grid 
Radial Oist. from l.ood (em) 

~ Coorse Mesh ll Cooru Met:h 

Figure B.la Finite Element Solutions for Different Grid Refinements. 
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Figure 8.1. Finite Element Solutions for Different Grid Refinements. 
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Lorge Displacement Correction Factors 
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Sta tic Analysis -Coated & Uncoated Lens 
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Figure B.4a 
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Figure B.4b 
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Figure 8.4. Maximum Principal Stress (Pa) for Static Point Load 
Applied at the Center of the Lens. 
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Figure 

B.6 

B.7 

APPENDIX B.2 ·Frequency Analysis 

First Two Mode Shapes and Frequencies 
For Coated and Uncoated Ballistic Lens 

Third, Fourth and Fifth Mode Shapes and Frequencies 
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FUNDAMENTAL FREQ. 529.89 Hz 
UNCOATED LENS 

a. 

FUNDAMENTAL FREQ, 550.09 HZ 
COATED LENS 

c. 

b. 

SECOND MODE FREQ , 610.89 Hz 
COATED LENS 

d. 

Figure B. 6 First Two Mode Shapes and Frequencies 
For Coated and Uncoated Ballistic Lens 
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THIRD MODE FREQ. 840.44 Hz 
UNCOATED LENS 

a. 

THIRD MODE FREQ. 715.24 Hz 
COATED LENS 

c. 

FOURTH MODE FREQ. 1011.46 Hz 
UNCOATED LENS 

FIFTH MODE FREQ. 1096.45 HZ 
UNCOATED LENS 

Figure B.7 Third, Fourth and Fifth Mode Shapes and Frequencies 
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APPENDIX C: Ballistic Test Data 

C.1 Natick RD&E Center Coated Ballistic Goggles 
C.2 MRC Unclad Polycarbonate Flat Sheet 
C.3 MRC PMMA Clad Polycarbonate Flat Sheet Sample 
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APPENDIX C.1 - Ballistic Test Data on Coated Ballistic Goggles 

Table Page 

C.l Ballistic Test Data on Coated PC Ballistic Goggles Supplied by Natick 170 
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Table C.l 
Ba \\1st lc Test Oat1 

Colted Polycuonate &.lllsttc Goggles Supplied by lattck 

Penetration Creter Pl119 Pl119 Reslduel Incident Reshluel 
SM~~le Thickness Mass Depth Depth Thickness Mass Mass Yeloclty Yeloclty 

Date/lest Des lgnet lon (Inches) CtrMS) Cinches) Cinches) (Inches) ,,,_,, .,,_, (ft/sec) (ft/sec) c-ntl 

6· 15/04 I 0.0925 17.432 0.0163 0.0418 0 .0762 0 11. 432 640 0 

6-15/05 If 0.0889 17.021 0.0040 0. 0501 0.0849 0 11 .021 640 0 

6-15/06 Ill 0.0908 11 .031 0.0133 0.0525 0.0175 0 17.031 . 650 0 

6-IS/08 IY 0.0854 16.561 0 .0854 0.0854 0.07911 0.0339 16.521 

6·16/01 ' 0.0906 17.012 0.0140 0.086 0.0767 0 17 .012 1141 0 

6·16/02 Yl 0.0863 16.W 0 .0863 0.01163 0.0194 0.0353 16.646 735 4116 

6·16/04 Yll 0.0854 16. 451 0.0304 0.105 0 .055 0 16.4311 6110 0 

6-16/05 Ylll 0.01182 17.0115 0.0296 0.0814 0.05116 0 17.085 175 0 Scratch on l.,act Surface I Inch 
long, 2 •11 deep, 100 •lcrons 
thick 

..... 
6·21/02 ll 0.0843 16.614 0.0843 0.0843 16.517 781 282 ....., -- --..... 
6·21/03 l 0.0891 17.046 0.0408 0.0967 0.04113 0 17.039 741 0 

6-21/04 XI 0.01196 17.085 0.01991 0.08281 0.06971 1.697 IS . 504 151 0 l.,acted 0.3934 Inches froa 
lateral free surface 

6-21/05 XII 0.0865 16.411 0. 01165 0.0865 -- -- 16.431 830 -- l.,acted 0.6582 Inches froa 
laterel free surfece 

6-2UOI XIII 0.01191 17.020 0.0211 0.0810 0.0680 0 17.015 759 0 l.pacted 0.7732 Inches froa 
later1l free surf1ce 

6-22/02 liY 0.0885 11.033 0.0070 0.0565 0.0815 -- 17.026 795 -- l~~pacted 0.6046 Inches froa 
l1ter11 free surface 

6-22112 XY 0.0853 16.620 0.0244 0.0516 0.0609 0 16.621 704 0 0.723 Inch scratch oa rear 
surftce 

6·2Z/13 lYI 0.0851 -· 0.0129 0.0235 0.0722 0 16.496 581 0 Tested at 33or 

Note: I. This s.-ple failed In a brittle .. nner; I.e., a 180° segment, 1.735 Inches 
along the Njor 11111 and 0.75 Inches along the •lnor axis was removed froa 
the goggles. The par-ter nlues listed are as soc leted with the duct lte 
crater loclled approxl .. tely 0 .39 Inches froa the edge of the failed 
s...., le seg~~~e~~t. 





APPENDIX C.2 • Ballistic Test Data on .PC Flat Sheet Specimens 

C.2 Ballistic Test Data on Uncoated PC Flat Plate Samples 175 
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...... 

....... 
. c..n 

Sa.ple Description 

Table C.2 

Ba lllstlc Test Data (6/14 · 2/22) 

Uncoated Polycarbonate Flat Plate Sa.ples 1 

S~~~ple 
Date/Test Designation 

Thickness Planar Dimensions Mass 
( lnchest0.0015) (Inches x Inches) (graas) 

Penetra~lon 
Depth 

( lnchest0.0005) 

Crate~ 
Depth 

( lnches!(I.OOOOS) 

Residual 
Mass of 
SMiple 

(grillS) 

Plug 
Thickness 4 

(tal .. ted Inches) 

Velocities 
Incident 
(ft/sec) 

Residual 
(ft/sec) 

Failure 
llode 
(D.BJ 

6-14/01 

6·14/02 

6-14/03 

6-15/0Z 

6·15/03 

6-lS/07 

6-ZI/01 

--
Motes: 

6-1 0.0719 3.3 X 3.3 -· 
6·2 0.0731 3.3 X 2.9 --
6-3 0.0767 3.4 X 3.0 --
41 0.1027 3.1 X 3.1 19.023 

4A 0.1147 3.2 X 2.9 19.679 

6A 1.0762 3.2 X 2.2 13.222 

2C 0.0636 3.1 X 3.0 11.492 

I. C011111resslon Molded Specl~~e~~s Fabricated by IIRC frc. 
Caliber 300·22 general purpose po lycarbonate pel lets 
supplied by DOll c'-lcal coporatlon. 

2. Penetration depth Is estl.ated by subtracting the 
.easured crater depth fra. the deforMed thickness of 
the semp le and then subtracting the est IN ted depth of 
.aterlal beneath the crater fra. the Initial undefor.ed 

0.0719 

0.0238 

0.0222 

0.0117 

0.0118 

0.0762 

0.0636 

.. terlal thickness. The defonaed thickness Is greater than 
the undefonaed thickness by as .ueh as 25 to IS percent 
due to the fon.atlon of 1 bulge below the crater (the bulge 
Is larger for thinner s~~~ples) . The defo.--d thickness Is 
Is deter.lned using vernier calibers. Due to the fact 
that the bulge Is highly curved, the est liMited accuracy 
of the ~~easur-nt Is ! 0.0005 Inches. 

3. The crater depth Is ~~easured with a dial Indicator equ lpped 
with a very fine point -.chlned and •lcroscoplcally 
ex•lned by lllC. The crater Is ~~easured with respect to the 
1-,act surface which tends to be Irregular close to the 
penetration. 

4. The plug thickness Is estt.ated by subtracting the ~~easured 
crater depth fr• the defor.ed thickness of the s~~~ple 
(see note zt. 

0.0719 .. 0 671 0 

0.0855 .. 0.0500 655 .,,. 
0.0755 -- 0.0545 655 .,,. 
0.047 111.964 0.0910 655 .,,. 
0.047 19.609 0.1029 655 .,,. 
0.0762 13.196 0 840 450 

0.0636 11.427 • 655 .,,. 
5. In addition t o a ductile punch plug failure .ade this s.-ple 

.. ntfested both u,._trtcal through-the-thickness radial cracking and 
clrcw.ferentlal cracking on the t.,.ct surface. 

0 

0 

0 

0 

0 

0/85 

0 

A 0.344 Inch radial crack was evident at 18°. At 0.116 Inches the 
crack branched Into 2 orthogonal se9111ents that extended to the edge 
of the plate . The secondary branches evidenced unsuccessful branching 
attempts for approxl .. tely 0.6 Inches and then transltloned Into 1 s.ooth 
appearance. 

Two clrcu.ferentlal cracks were evident within a radial distance of 
0.09 Inches. The father thin crack subtended an angle gf 44°- 124°. 
The closer thick crack subtended an angle of 142° - 215 . A lip was 
evident on the'crater that 111btended an angle which Included the 
ctrciDferent tal cracks. A ter.lnus of the radla l crack coincided 
with the tenalnus of the father clrcu.ferentlal crack. 





C.3 
C.4 
C.5 
C.6 
C.7 
C.8 
C.9 
C.10 
C.ll 
C.12 
C.13 
C.14 
C.15 

APPENDIX C.3 • Ballistic Test Data on PMMA Clad PC Targets 

Ballistic Test Data on PC Flat Samples with P:MMA Cladding 
Ballistic Damage to P:MMA Impact Layer 
Ballistic Damage to PC Substrate 
Ballistic Damage to Rear Surface P:MMA Oadding 
Posttest Residual Cracks in Sample 2-30 
Posttest Residual Cracks in Sample 2-31 
Posttest Residual Cracks in Sample 2-32 
Posttest Residual Cracks in Sample 2-33 
Posttest Residual Cracks in Sample 2-34 
Posttest Residual Cracks in Sample 2-35 
Posttest Residual Cracks in Sample 2-61 
Posttest Residual Cracks in Sample 2-64 
Posttest Residual Cracks in Sample 2-65 

177 

179 
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 





Table C.3 
Ballistic Test Data 

Polycarbonate Flat Plat S~les with PHKA Cladding 

Sa=ple Description Plug Description 

Thickness Velocities ot-ter 

PHKA PC Res lcllal Mass 
Sa.ple layer Substrate Planar Dimensions Mass Incident Residual of Sa.ple Thickness Mass Front Rear 

Date/Test Designation ( lnchea) (Inches) (Inches x Inches) (grams) (ft/sec) (ft/aec) (griUIS) (Inches) (graas) (Inches) (Inches) 

0.048 0.329 0.493 
6-ZZ/03 2-35 0.031 0.068 3 .1 )( 3.5 22.166 >800 700 . 21.1152 0.0611 0.088 0.165 0.383 

6-22/04 2-33 0.031 0.065 3. 5 )( 3.4 25.952 810 579 25.629 0. 063 0.099 0.393 0.450 

6-22/05 2- 34 O.G27 0. 069 3. 5 )( 3.5 26.189 760 532 25. 611 0.0611 0.255 0.464 0.527 

6-22/06 2-30 0.033 0.068 3.5 )( 3.5 28.813 726 421 28.402 0.068 0.124 0.294 0.466 

6-22/07 2-64 0.056 0.066 3.3 X 3.3 34 .850 686 307 30.397 0. 0 0.0 0 0 

6-22/08 2-61 0.053 0.069 3.4 )( 3.4 35.994 108 248 34.887 0.069 0.328 0.525 0.639 
...... 
........ 6-22/09 2-65 0.0511 0.069 3.4 X 3.1 35.188 675 0 34.693 0. 0 0.0 0 0 
\0 

6-22110 2- 31 0.034 0.0611 3. 5 X 3 . 4 28.736 537 201 27.556 0.068 -- 0.412 0.5511 

6-22/11 2-32 0.031 0.09 3.1 )( 3.1 25.108 368 0 25.061 0.0 0. 0 0 0 

6-16/03 PHHA 0.086 0.0 3.4 )( 3.4 -- 647 -- 19. 578 



Table C.4 
Ballistic lest Dlt• 

Po1ycarbonate PHHA l..,act L1yer Daluge 

Cr•ter Reg lOft frtetured Regl01t 

Dl••ter Clreuaferentl•l Cr•cks bdl•l Cracb 

Sub tended SUbtenaed 
Seoap1e Depth Front Ren Region Size Angle lllllber Region Size Angle lu.ber 

D•te/lest Dlsi9Mtlon (Inches) (Inches) (Inches) (Inches) (degrees) of Cracks (Inches) (degrees) of c,.clts 

6·22/03 2· 35 0.031 0.223 0.223 0.274 45° ••ch 2 0.495 131, 253 2 
0, 195, 270 3 

6-22104 2-33 0. 031 0.160 0.219 Front Surf•ee 1/A . 0 0.973 m. 149 2 
AdJecent to 0, 1114 2 
Crater 

6-22105 2-34 0.027 0.174 0.206 1/A 1/A 0 0.7511 21. 64. 206, 316 4 
0, 90, 114, 246 ' ...... 

(X) 
6·2Z/06 2· 30 0.033 0. 171 0.219 N/A 1/A 0 0 . 526 0, 34 , 104, 180, 204, 236, 2114 0 

6·22107 2-64 0.056 0.1611 0.363 M/A 1/A 0 0.730 354 I 
0, 94, 1110. 274 4 

6· 221011 2·61 0.053 0.218 0.371 1/A M/A 0 1.311 98, 212. 2311 3 
0, 116, 191, 296 4 

6·22/09 2·65 0.0511 0.165 0.361 0.391 M/A H/A 2.170 51, Ill, 155 3 
o. 62, 236, 2116 ' 

6·22/10 2·31 0.034 0.530 0.530 0.6011 0·36 I 0.925 0, 36, 102, 154, 1110, 2114 6 

6·22/11 2·32 0.031 llot llot 0 N/A 0 2.067 Cr1cks Initiate froa corners of 
Measur1ble ·Measurable l~~p~ct ~rea 

o. 90, 180, 252, 293 5 

6-16/03 PII1A 0 .0116 0.163 0.340 0.490 7 l 0 . 755 40, 511, 149, 198, 214 5 
0, 69, 90, 1110, 236, 271 6 



Table C.S 
Ballistic Test Oata 

Polycarbonate Substrate Oa.age 

Crater Region Fractured Region 

Ola.eter Clrcuaferentlal Cracks Aldla I Cracb 

Sub tended Sub tended 
sa...,le Depth Front Rear Region Size Angle H!Bber Region Size Angle Nllllber 

Ode/Test Designation (Inches) (Inches) (Inches) (Inches) (degrees) of Cracks (Inches) (degrees) of Cracks 

6-22/03 2-35 0.068 0.355 0.431 0.491 3 H/A N/A, Radial cracks In plug 0 

6-22/04 2-33 0.065 0.321 0.469 0.592 180° each 2 0.115 282 Radial cracks In plug I 
0, 175, 216, Z5Z, 298 5 

6-22/05 2-34 0.069 0.535 0.611 90 I 0.706 356 No crack lng observed In plug 
44 

6-22106 2-30 0.068 0.365 0.510 0.545 90 111ltlple I N/A Radial cracks In plug 0 
forelng crater 

...... 6-22/01 2-64 0.0148 0.157 N/A N/A N/A 0 N/A N/A D 
co 

6-22108 2-61 0.069 0.559 0.642 0.784 180 I 0.909 20, 128, 201, 238, 286 5 ...... 

6-22/09 2-65 O.G69 N/A N/A N/A 0 H/A H/A 0 

6·22/10 2-31 0.068 0.465 0.663 0.710 32-219, 50-223 2 1.055 Plug not recovered 7 
23, 90, 180 

6-22111 2-32 0 0 0 H/A H/A 0 2.151 33, Ill, 210, 325 4 
0, 80, 141, 189, 256, 295 6 

6-16/03 PHHA N/A H/A H/A H/A H/A N/A H/A N/A H/A 



Table C. 6 

Ballistic Test Data 

Polycarbonate Damage to Back Surface PHHA Cladding 

Crater Region Fractured Region 

Diameter Circumferential Cracks Radial Cracks 

Subtended Sub tended 
Sample Depth Front Rear Region Size Angle Number Region Size Angle Number· 

Date/Test Des I gnat ton (Inches) (Inches) (Inches) (Inches) (degrees) of Cracks (Inches) (degrees) of Cracks 

6·2Z/03 2·35 0.031 0.580 0.580 N/A 
. 

N/A 0 1.26 o. 70. 145, 195. 253. 335 6 

6·2Z/04 2·33 0.031 0.615 0.615 N/A N/A 0 0.311 o. 37. 83. 154. 195, 240, 285, 322 8 

6-22/05 2·34 0.027 0.937 0.937 0.937 40 I 0.420 30, 90, 124, 170, 220. 261. 321 

~ 6-22/06 2-30 0.033 0.606 0.606 0.839 180 - 219 I 1.491 190 and 213 (secondary cracks) 2 
(X) 10. 91. 136, 185. 220. 253, 284 7 
tl.) 

6· 2Z/07 2· 64 0.056 0.265 0.397 N/A N/A 0 2.612 0,39.80,114. 147, 180, 211. 256. 285, 321 10 

6· 22/08 2-61 0.053 0.663 0.748 N/A N/A 0 1.998 20, 68, 108. 153, 167. 228. 286. 311. 329 9 

6·22/09 2-65 0.058 N/A N/A 0 2.465 o. 32, 62, 102. 180. 236, 286, 321 8 

6-22/10 2-31 0.034 1.4~9 1.409 N/A N/A 0 0.652 24, 60, 110. 145, 180, 213, 259 , 302 8 

6·22/ll 2-32 0 0 0 N/A N/A 0 2.355 o. 36, 90, 118. 165, 194, 233. 279. 323 9 

6·16/03 PHHA N/A N/A N/A N/A N/A N/A N/A N/A N/A 



Table C.7 

Sample 2-30 

Posttest Residual Cracks 

Rear 
Stress PMMA Surface 

Concentration Impact Polycarbonate PMMA 
Group Layer Substrate Layer Comments 

1 0 Radial 
Cracking 

2 34 ""'( Observed ~ 10 
in 

2 104 < Plug ~91 

136 

3 180 < >185 

3 204 ( > 190 Secondary Branch off 
Impact Layer 
Circumferential Crack 

4 236 < >213 Secondary Branch off 
Impact Layer 
Circumferential Crack 

220 

253 

4 284 284 

183 



Stress 
Concentrat;on 

Group 

1 

1 

2 

3 

3 

4 

PMMA 
Impact 
Layer 

0 

36 

102< 

154 

180<! 

284( 

36 

0 

Table c.a 
Sample 2-31 

Posttest Residual Cracks 

Polycarbonate 
Substrate 

23 '<' 

90 

180 

SAMPLE 2-31 
PMMA IMPACT LAYER 

1/154 
~--180 

Rear 
Surface 

PMMA 
Layer 

"> 24 

60 

-.. uo 
145 

')" 180 

213 

259 

) 302 

CIRCUMFERENTIAL 
CRACKS 

SCHEr1ATIC VIEW OF RESIDUAL DAMAGE 

184 

Co11111ents 

/ 



Table C.9 

Sample 2-32 

Posttest Residual Cracks 

Rear 
Stress PMMA Surface 

Concentration Impact Polycarbonate PMMA 
Group Layer Substrate Layer Cements 

1 0 0 ') 0 

33 ( ~ 36 

2 90 ( so )I so 

111C; ~liS 

141 Secondary Branch off 
325 Radial Crack 

3 1SO ' 1S9 ) 194 

210 Secondary Branch off 
33 Radial Crack 

233 

4 252 ( , 256 

279 . 

4 293 ( ) 295 

325 " ) 323 

185 



Stress PMMA 
Concentration Impact 

Group Layer 

1 O< 

2 117 

3 149 

4 184~ 

Table C.lO 

Sample 2-33 

Posttest Residual Cracks 

Rear 
Surface 

Polycarbonate PMMA 
Substrate Layer 

0 ~0 

37 

83 

154 

~175 

216~ ~195 

252~ '"> 240 

298~ ~ 285 

322 

186 

Comments 

Secondary Branch Off 
Circumferential Crack 

Secondary Crack Does 
Not Penetrate Through 
Layer, Starts at 
Interface 

175 Substrate Crack 
Branches Off 
Circumferential in 
Substrate 



Stress PMMA 
Concentration Impact 

Group Layer 

1 0 

21 

64 

2 90 <:: 

3 174 < 
206 

4 246 <' 

Table C. ll 

Sample 2-34 

Posttest Residual Cracks 

Rear. 
Surface 

Polycarbonate PMMA 
Substrate Layer 

30 

44 

... 90 

124 

">170 

220 

,.261 

321 

356 

187 

~ .. I 

Comments 

Secondary Branch Off 
Substrate Circum-
ferential Crack 

Secondary Branch Off 
Impact Surface 
Circumferential Crack 

Secondary Branch Off 
Substrate Circum-
ferential Crack 



Stress PMMA 
Concentration Impact 

Group Layer 

1 0 < 

131 

2 195 ~ 

253 < 

3 270 

Table C.l2 

Sample 2-35 

Posttest Residual Cracks 

Rear 
Surface 

Polycarbonate PMMA 
Substrate Layer 

~ 0 

70 

138 

145 

'> 195 

~ 253 

335 

188 

Comments 

2.6 mm Crack Does Not 
Penetrate, Starts at 
Interface 

Secondary Crack 
Branch Off Substrate 
Circumferential 

Impact Layer Crack 
Starts at Impact 
Surface Interlayer 
and Does Not 
Penetrate Impact 
Surface 

7 mm 



Table C.l3 

Sample 2-61 

Posttest Residual Cracks 

Rear 
Stress PMMA Surface 

Concentration Impact Polycarbonate PMMA 
Group Layer Substrate Layer Comments 

1 0 

20 < "> 20 

68 

98 

108 

2" 116 

128 

153 

167 

191 

207 Secondary Branch Off 
Substrate Circum-
ferential Crack 

212 < ., 228 

238 < '> 238 Radial Substrate 
Crack Which Branches 
Off Substrate 
Circumferential Crack 

286 < :> 286 Radial Substrate 
Crack Which Branches 
Off Substrate 
Circumferential Crack 

311 

329 

189 



Stress PMMA 
Concentration Impact 

Group Layer 

1 0 

354 < 

2 94 < 

3 180 < 

4 274 ~ 

Table C. 14 

Sample 2-64 

Posttest Residual Cracks 

Rear 
Surface 

Polycarbonate PMMA 
Substrate Layer 

Ductile ~ 0 
Partial 

Penetration 

39 

80 

.... 114 

147 
,.,. 180 

211 

256 

> 285 

321 

190 

Cements 

354 is Secondary 
Radial Branch Off 
0 Radial 



Table C.l5 

Sample 2-65 

Posttest Residual Cracks 

Rear 
Stress PMMA Surface 

Concentration Impact Polycarbonate PMMA 
Group Layer Substrate Layer Comments 

1 0 < Ductile 
Partial 

~0 

Penetration 

2 51 

2 62 , .. ~ 62 

2 81 

102 

3 155 

180 

3 236 ~ > 236 

286 (: ~ 286 

I 321 

1 

n 

191 






