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- PREFACE

This report summarizes research conducted by the University of
~\ Dayton Research Insti~~ w h  a subcontract to California Research and

~\ -JPeehno± —for-t?!~~~ Ii orce Materials Laboratory, Wright-Patterson Air
- - ~ 

Force Base , Ohio , under Contract F33615-75-C-5052. The program was
-

- .~ ~~ divided into three phases. Work on Phase I of this contract was presented
>~‘ in AFML~TR_76_3L~, entitled “Ordnance Impacts on Jet Engine Fan Blades” . The

- - experimental work performed in Phase II , entitled “Imp~~t c’f Soft Bodies on
Jet Engine Fan Blades” , is presented in UDRI-TR-76-~~~~ A~1d will be published
as an AFML Technical Report . The numerical work performed in Phase II ,
entitled “Numerical Analyses of Soft Body Impacts on Rigid and Deformable
Targets” , has been presented in APML-TR-76-202. This report describes the
work performed in Phase III and summarizes much of the work of Phase I.

This contractual effort was conducted in support of Project No. 7351
• and Task 735106 for the Metals Behavior Branch of the Metals and Ceramics

Division during the period Janua 197 Part of this work,
concerned with ballistic per oration of engine fan blading, was funded by
the Joint Technical Coordinating Group for Aircraft Survivability, under
Project 5.1.2.9 entitled, “Fan and Turbine Blade Damage Tolerance”. This
work was jointly monitored by Mr. J. M. Frederick of the Air Force Aero
Propulsion Laboratory and Capt. J. S. Wilbeck of the Air Force Materials
Laboratory.

This report was submitted by the authors in February 1977 for
publication as an AFML Technical Report.
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SECTION I

INTRODUCTION AND SUMMARY

• 1.1 Background

Impacts of projectiles or fragments on rotating turbine

blades can cause substantial or even catastrophic damage.
- 

_ j Such impacts produce severe local d is tor t ion. Depending on
the nature of the blade material , the impact site , and the

relative dimensions of the blade and the impacting bod y ,
the local damage may be so ext en sive tha t a port ion of t he
blade breaks off. In addition to such local damage , some
of the projectile ’s momentum is transferred to the blade .

• I This impulse wi l l  dynamically deflect the blade , possibly
causing interference with stationary elements of the engine,

or even failure of the blade at the hub .

The local damage and momentum transfer to the blade need
- - 

to be understood in order to:

o help assess the possible damage to an engine

or blade design from projectile impacts under
-

• various conditions

o provide guidance in the development of impact-

resistant blade materials and blade designs.

H 1.2 Objectives and Approach

The object ives  of this  inves t igat ion have been :

a. To adapt and apply the WAVE-L 2 - D  hydrodynam ic-
e l a s t i c -p las t i c  numerical code to the analyses

of specific normal-incidence projectile impacts
on titanium and composite material turbine blades.

b. To develop a technique for more realistically

s imulating 3-D obli que-incidence pro jec t i le
impacts within the WAVE-L code.

—— —- ~~~~~~~~~~~~~
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c. To use these numerical methods to examine the

nature and extent of local damage produced by
such impacts , including the hol e size, and
material deformation, fracture, cracking, and
delamination around the hole.

d. To determine , from the numerical solutions ,

- I the time -and space-resolved characteristics of
the impulse delivered to the blade from the
projectile impact.

e. By comparing results of several solutions , to

[1 determine how local damage and impulse are
affected by different basic blade materials , and

F f. To test the credibility of the numerical method

and material models by making comparisons with
independent experimental observations . 

- -

The basic numerical code used in this study is WAVE-L.

This is a general-purpose , two-dimensional Lagrangian finite-

difference code based on Wilkin ’s HEMP method1. WAVE-L treats
hydrodynamic-elastic-plastic material properties , and in

- 

addition , contains provisions for treating the propagation of

explicit cracks.

Table 1. summarizes the numerical cases treated in this

study. All cases involve .50-caliber core projectile impacts

onto flat plates which represent turbine blades. The blade
material properties , and the numerical modeling of fracture
are described in Section II. The numerical solutions obtained

by California Research ~ Technology (CRT), and comparisons
with experimental data obtained by the University of Dayton
Research Institute (UDRI) are discussed in Section III

(normal incidence impacts) and Section IV (oblique impacts).

2
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The UDRI experimental reports are contained in Appendix B
• and Reference 14.

1.3 Summary and Conclusions

1.3.1 Numerical Calculations

Figure 1 summarizes the time histories of the percentage

of initial projectile momentum which is transferred to the

• target plate for all the normal impact cases calculated in

this study. The important influence of ductility is illus-

trated by comparing the curves for Case 1 (Titanium with

realistic 10% ductility) and Case 4 (“brittle ” Titanium ,
having no ductility). Ten percent ductility increases the momentum

transfer by about 50 percent.

Figure 1 illustrates that the Boron-Aluminum and Graphite-

Epoxy composites (Cases 2 and 3) behave quantitatively differ-

ently than the Titanium cases. The du ct i l i ty of the realistic
Titanium is responsible for the longer time to “decouple” from
the projectile-target interaction . In addition , the compres-

sive y ield and tensile strengths of the Titanium are approxi-
mately a factor of 3 greater than the corresponding properties

of the composite materials. These material characteristics

are clearly important in determining the amount of momentum

transfer from the projectile.

Figures 2, 3, and 4 show the projectile and target config-
urations at the end of the normal (90°) impact numerical cal-

culations for Case 1 (Ti), Case 2 ‘(B-Al), and Case 3 (Graphite-

Epoxy), respectively. The right vertical axis is the projec-

tile axis of symmetry . The approximate region of fractured

material which is detached from the target is indicated on

each of these figures. Note that this region is substantially

larger in the brittle composite targets than in the ductile

4
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Figure 2. .50—Cal. Projectile Impact at 1600 fps into 1/8 in.
Titanium Blade. Local Blade Distortion and Failure at
52 isec. (No further local damage or momentum
transfer is occurring.)
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Figure 3. .50—Cal. Projectile Impact into B —Al Blade at 1600 f p..
Grid Distortion, at 30 psec Showing Heavily—Shattered
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f rom Role. (Material is strongly anisotropic and is

• weak in depth direction)

~ L 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- - ... •~~~ ~~~~~~~~~~~~~~~ . .  - - .



F---- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

06 ~~8 ~~..IF~~4IR ~~~~~th ~C TEI~tI&06Y IIWE-I. ~~ E
M14 I~ P070-cRSE 3 R!9!0 8~~Y PEtETRRTL~ 4 !NW ORAPHI1E-E?8XY

~~~~~~F

— .5

I \ ‘N. Axis of _~~~~~

Symmetry

___ 
~~~~~~~~

0 — 
____ ____ 

____ 

______ 

_____________________

— __— —— — K
— — — ~~~~~~ — _ _

— •0.
_ _ _  _ _ _  — 

K— —
— — 4. K —

K
u -

~ 
—1 

~~~~~~~ 
— —

K
K4.4

~ 0 5 — Approximate 
—

Boundary of K
Fractured Region 

K

K X

— —

K

Shattered Debris
1.0 (blade fragments) —

K

I I
1.5 1.0 0.5 0

Radius (cm)

Figure 4. .50 Cal. Projectile Impact into Graphite/Epoxy
Blade at 1600 fps. Grid Distortion at 31 psec
Showing Heavily—Shattered Region Near Hole and
Delamination of Blade.

8 

—,--~~— ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~~~



—~~~ ~—_.‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ 
— ‘~~~~~~“-~~ — 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ -_-- -- -‘-_ •--~ —~-----— 
— 

—

---~~~~

Titanium . Also, the compos ite plates suff ered delamination,
or ply separation, even beyond the region of severe fracture .
(An anisotropic tensile strength model was used for the corn-

posites.) The Boron-Aluminum suffered delamination out to
about 2 cm from the impact point , wh ile the Graphite-Epoxy
exhibited delamination out to about 1.2 cm. The greater mom-
entum transfer to the Titanium plate as compared to the corn-

- - -

~ 
~
- -
. 

posite plates is responsible for the larger plate deflection
in Figure 2, as compared to Figures 3 and 4.

A modification of the 2-D plane strain equations
has been completed which improves the - simulation of 3-D
oblique impact problems . This modified approach uses a semi-
elliptica l coordinate method in place of the usual cylindrical
coordinates of the 2-D WAVE-L code . The method is described

in Section 4.1.

L- Fi gure 5 compares the time histories of mo’nentum transfer
to the target plate for the three oblique-incidence cases

calculated using the semi-elliptical method. The 1/2-in.

Aluminum plates in Cases 6 and 7 receive more of the projec-

tiles ’ momenta than the 1/8-in. Titanium plate in Case 5.
(Aluminum was used for these thicker  plates to reduce costs
of exper imental comparisons.)  The lower velocity impact on

* an Aluminum plate (Cas e 6) t r an s f e r s  the largest percentage
of the p ro jec t i l e  momentum to the ta rge t .

In constructing Figures 1 and 5, al l  of the momentum

• t ransferred to target mater ia l  is plotted. However , not all

of this momentum is retained in the targe t plate , since a
por ti on i s carr ied away in target  debris ma te r i a l .  Table 2

~~~~~~ ~ 
summariz es the ca lcu lat ed mom en tum whi ch is carried away in

target debris , an d the momentum retained in the intact port ion

of the target plate.

_  _  A
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Table 2. Percentage of Project i le  Axial Momentum Transferred
to Target Debris and to Intact Portion of Plate

- - 
Impact Conditions Momentum Transferred

(% of In i t i a l  Proj ectile Momentum)

Case V0 0 Target Intact Target Total
( f t/ sec)  Target Debris

1 1600 90° 1/8” Ti 8.2 1.8 10 .0%
- - 2 1600 90° 1/8” B-Al 1.0 1.9 2 . 9 %

3 1600 90° 1/8” Gr-Ep 0.5 1.3 1.8%
4 1600 90° l/8” Br i t tle  2 . 3  4 .5  6.8%

Ti
5 1600 60° 1/8” Ti 9.0 2.0 11.0%
6 1655 45° 1/2” Al 20 .0  1.0 21 .0%
7 

- 
1886 45° 1/2” Al 16.0 2 .5  18.5%

Note that Cases 2, 3, and 4 in Table 2 use an ideal
brittle failure model which is responsible for the fact that
in those cases most of the transferred momentum (about 70%)

is trapped in the target debris. Thus, any uncertainty in
the amount of material ductility can have an important effect
on predictions of momentum transfer to the intact target .

1.3.2 Experimental Comparisons

• Experimental measurements were made of the momentum

transfer to the intact targets for Cases 1, 2, 3, and 5, and

of the change in total projectile momentum for the 1/2” Aluminum
Cases 6 and 7. (For some shots corresponding to Cases 1, 2,

3, and 5, the change in projectile momentum was measured , but

the data were not consistent.) Table 3 shows a comparison

between the experimental results and the predicted results

based on the numerical solutions.

11
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Table 3. Comparison of Experimental and Numerical Results
for Percent Momentum Transfer

Case Obliquity Momentum Experimental Numerical
Transfer to Value Value

1 90° Intact  Target 7 .6  8 .2

2 90° Intact Target 3.0 1.0-2 .9

3 90° Intact Target 1.0 0.5-1.8

5 60° Intact Target 10.8 9.0
-
- 

-~ 6 45° Intact Target 38.0 21 .0
plus 

-

7 450 Target Debris 26.0  18.5

The predictions of momentum transfer to the intact
compo s ite targets are somewhat uncertain because the compres-
sive yield and failure proper ties, especially under dynam ic
loading conditions , for both Boron-Aluminum and Grap hite-
Epoxy are not well understood . The perfectly brittle models

used for both compos ites imply that the numerically predicted
momentum which is trapped in the target debris (see Table 2)
was maximized. Therefore , ~n Table 3, a range of uncertainty
is indicated,based on the target debris momentum be ing between
0 and the value indicated in Table 2. Note that the experi-
mental values do not include error estimates ; the experiments

exhibit some inconsistencies, especially wi th  the B-Al and
45° oblique Al targets , but the exact nature of the experimental
error is not completely understood (see Appendix B).

The normal impact cases (Cases 1, 2, and 3) compare
well with the UDRI experimental results. The major uncertainty

- ; in axisymmetric impact probl ems is in determining the realistic
dynamic mater ial proper ties , especially the failure and strength
properties.

12
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As indicated in Table 3, the semi-elliptical technique
for approximating three-dimensional behavior in a two-dimen-
sional code ~-.urked well in the 60° Titanium impact case
(Case 5). However , in this case , only 9% (compared to 10.8%
experimentally) of the projec t i le  momentum was transferred to
the intact target .  Also , project i le  yaw was not a signif icant
factor in this thin target (1/8”) case . Figure 6 shows the

projectile-target velocity field at 32 ~isec , and the develop-
ment of translation and yaw for the 60° Titanium Case 5 solution.

:~ ~1. The development and influence of projectile yaw is discussed
in Section 4 4 Cases 6 and 7, the two 450 Aluminum plate
case s, were chosen as severe tests of the semi-elliptical
approximation method. -

Cases 6 and 7 revealed an important aspec t of oblique
penetration dynamics; i.e., the development and significance
of projectile yaw. Figure 7 shows the experimental and numer-
ical predictions for the 45° obliquity impacts into 1/2”
Aluminum plates.  The differences in Figure 7 between the
calculations and the experiments corresponding to Cases 6 and 7
are due, we believe , to projectile yaw. The nature of the

computational-experimental discrepancy can be broken up into
- — two parts .  1) In the experiment , the projec t i les  have an

initial yaw which could significantly influence the subsequent

projectile target dynamics. In the numerical calculations ,

~~

-- 

~-j ~ 
the ideal 0° yaw configuration is modeled. 2) In the numerical
calculation , yaw of the projec t i le  is not treated during the
penetration process. However , the experiment and post analysis

— of the numerical ca lculations demons trate that signif icant yaw
will  develop while the project i le  penetrates the 1/2” Al plate.
This is true even if there is zero yaw initially. The cap-

ability of treating projectile yaw can and should be added to
the semi-elliptical method.

13
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As described in detail in Section 4.4, the .50-caliber
projectiles exhibited unexpected yaw characteristics in the
UDRI experiments. This projectile yaw can be critical in

• determining the proj ec t i le- target  interact ions and fa i lure
mechanisms. The scatter in Figure 7 is believed to be due
to a variable initial projectile yaw (±2.8°). The zero yaw

case is experimentally unlikely; however, the dashed line in
Figure 7 represents a first estimate of the unyawed momentum
transfer. The experimental data in Table 3 comes from this

dashed line. The influence of yaw should be investigated
further.

1.3.3 Conclusions

The results of the CRT numerical study and the UDRI

experimental study, have led to the following conclusions:

1. Brittle behavior of materials:

a. reduces momentum transfer to the target
b. increases the hole size and the volume of

severely-damaged material near the penetration

path of the projectile.
2. The percentage of the projectile ’s momentum trans-

ferred to the intact blade increases with in-

creasing ductility, yield strength , and tensile
strength of the blade material , and with de-
creasing impact velocity.

3. The Boron-Aluminum and Graphite-Epoxy composites
exhibit delamination or ply separation to rela-
tively large radii. The damaged region could be

considerably reduced by introducing some duc-
- 

I tility into these composites , and/or by increasing

H the bonding strength. Ductility however , would

increase the momentum transmitted to the intact

blade.

16
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4 Yaw , or the angle between the relative velocity

vector and the projectile axis , appears important
in determining the projectile-target interaction
and damage mech an isms. Such yaw is usually present - -

I at impact , and it develops further due to asym-
I 

- 
metric loading during the penetration process.
Projectile yaw increases the momentum transfer

to the target.
5. For normal impacts on composite targets , the

major uncertainty in numerical calculations is

the specification of important dynam ic mater ial
properties such as ductility , and yield and
failure surfaces.

6. The semi-elliptical 2-D method for simulating
three-dimensional oblique impacts can be valuable

~~

_ ¶ f- both quantitatively and qualitatively. For

large obliquities , the quantitative predictive
- ability of this method can be improved by adding

the capability for treating yaw of the projectile

as it penetrates through the target The semi-
-
~ elliptic method is still approximate , but it is

far better than the plane strain approximation

since the plane strain approximation ignores 3-D
- 

- 1 stress contributions from the radial motions of
- 

target material .

1k 17 

—-•-.,-— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _________________



- - .~~~__ - ~- - _~~ • - - 
~~~~~~~~~~~~~~~~~~~ , . _  - - -

II

—

SECTION II 
-

NUMERICAL METHOD

The basic numerical code used in this study is WAVE-L .

This is a two-dimensional Lagrangian finite-difference method
based on Wilkin’s1 hydrodynamic-elastic-plastic HEMP formula-

- - tion.

-
- 

WAVE-L has been previously employed for analyses of
projectile penetrations into armor targets2’3 and into earth

media4’5. Generic documentation for the code appears in

References 1 and 6.

For the normal-incidence impact solutions , the usual

axisymmetric version of WAVE-L is employed . A modified ver-
sion of the code, using a semi-elliptical coordinate method ,
has been developed to simulate oblique- incidence impacts.
This new technique is described in Section 4.

2.1 Initial Geometric Conditions

Figures 8 and 9 show the details of the .50-caliber
core projectile and the initial computational grid used to

define normal-incidence projectile impact problems . The .50-
caliber projectile is treated as a rigid body ; its periphery
is defined by a series of closely-spaced points. The target

blade is divided into a net of Lagrangian computational cells.
The net distorts to accommodate material deformation. The
computational cells extend to a radius of 3” to match the

UDRI experimental configuration.

2.2 Material Properties

As stated above , the steel projectile is considered

to be a rigid body in the calculations. This assumption is

reasonab le , in that only minor distortions of the projectile
are expec ted dur ing impac t and penetration of the Titanium ,
compos ite , and Aluminum blade materials in this study.

18
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The impor tant proper ties used to model the Titanium
alloy (Ti-6A1-4V) , the Boron-Aluminum and Graphite-Epoxy
composites , and Aluminum blade mater ials are summarized in

-

- 

- 
Table 4.

- • 
Titanium was modeled as a hydrodynamic-elastic-plastic

I material with a yield value of 165 ksi in both tension and -
~

- 
•
i compression. A detailed description of the material model is

in Appendix A Failure in tension (leading to the explicit
cracking described in Section 2 3) can only occur after the

strain (ductility) reaches 10% This simple model agrees

well with experimental stress-strain curves for ôAl-4V
Titanium alloy 7,8.

- - Both Boron-Aluminum and Graphite-Epoxy are considered

brittle in tension , i.e., elastic to a brittle failure surface.
No experimental data were found describing failure of these

— materials under compressive loads , so they were treated as
- 

elastic-perfectly plastic under compression . The failure
surface is characterized by a von Mises criterion .

Test data9’~° show that the elastic properties and tensile

failure properties of Boron-Aluminum and of Graphite-Epoxy
-

• 
are functions of the angle-ply orientation of the fibers

(Figures 10, 11, and 12). The preferential orientations

- 

of fibers in turbine blades imply that even normal-incid.ence
- H impacts on these composites will be three-dimensional in

nature. Thus a bullet impact and penetration will lead to
somewhat different material behavior in the direction along

ri -i ~
- the blade , across the blade , and through the blade . Since

the numerical method is two-dimensional (axisymmetric), the

- three-dimensional nature of the composite blade materials

must be approximated. For the present study, this was done I
by averaging the elastic properties measured in all directions

(i.e. ply orientation from 0=0 to e= 9o ° in Figures 10 to 12),

21
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making the materials elastically isotropic. Tensile failure

proper tie8, however3 are strongly anisotrop ic in the model.
The assumed tensile failure strengths for Boron-Aluminum were

53 ksi parallel to the target surface and 20 ksi normal to

the surface. The corresponding values for Grap hite-Epoxy
were 42 ks i and 20 ksi , respectively. - -

~~ 

-~ The 606l-T6 Aluminum material model is described in

Appendix A and the most important properties are summarized

ri j in Table 4. - 
-

2.3 Fracture and Crack Propagation 
- 

-
-

In analyzing the response of blade materials to projectile

impacts , it is important to account for the effects of fracture
and crack propagation . This requires not only realistic fail-

ure criteria , but also consideration of the effects of failure

on the subsequent development of the stress field (at times

after failure). Failure in one region usually results in both

stress relief and stress concentration in other regions.

In the failure model used in this study , tensile failure

occurs if any principal stress exceeds a critical tensile

H - stress , 
~~~~~

. This approach is related to the fundamental stress

intensity factor (K1) used in micromechanica l approaches to
fracture (see Reference 11). Tensile failure produces a

crack with specific orientation (orthogonal to the critical

stress which caused it), while the material retains tensile

strength para l le l  to the crack. The following sketches illus-

trate the opening of a tensile crack in an element of material

and the subsequent tensile properties of that element : 

~—-•-~ - --- —- _t_#t~
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Tensi le stress es (a) exceed the
a / critical tensile failure value (at)

~
- / in the indicated principal stress - I

/ ‘~~~~~ 

- 

direction
/ a

Plane which exper iences tens ile stress
• 

(T >a
~~.

• / Crack opens and relieves the tensile
/ stress such that no forces or tractions

/ exist on the crack surfaces; i.e., zero

/ normal and shear stress on the crack
surface .

)‘ ,~~
] In the directions perpendicular to the

~~ 1 I crack surface , the material  can maintain

~ L / tensile stresses up to a , the cri t ical/ I ~~~~.. tensile failure value .
a / f

WAVE-L treates the fol lowing aspects of a single tensile fracture
- I in a computational cell:

o The orientation of a tensile crack is determined.

O The crack width is computed. Stress relief occurs

on the open crack ’ s free surfaces; i.e., no norma l
or shear stresses are allowed across the crack free
surfaces as long as it remains open.

o If a crack closes , its subsequent tensile strength
(perpendicular to the crack) is zero.

o The tensile strength of the material is unaffected j
in direct ions paral lel  to the crack ( this  is true
if the crack is open or closed) .

I k 27
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Subsequently, if the tensile failure criterion is ex-
ceeded in a direction perpendicular to the first crack (either

in the r-z plane or in the hoop direction), a second tensile
crack can develop. The presence of two cracks is treated in
an analogous fashion, except that the stress boundary conditions
must be satisfied on each crack. If a third crack develops,

- - I then the cell is considered to be pulverized, and no tensile
stresses are permitted in any direction .

As an aid in interpreting field plots, the following
plotting conventions are used to indicate that tensile failure
has occurred in a Lagrangian cell:

Single crack in r— z plane. The line is
/ plotted in the direction of the crack
7 (normal to the principle stress causing

the crack.)

1 0 Hoop crack; i . e . ,  a00 >a t caused the crack.

[0] Hoop and r-z plane cracks .

Two r-z plane cracks ; only hoop tension is
+ I permitted.

-
~~~~ Completely fractured - no tension permitted.

( 1 Generalized plastic strain exceeds input
value (currently 10%).
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SECTION I I I

NORMAL-INCIDENCE IMPACTS OF .50--CALIBER PROJECTILES

3.1 Titanium Blades

Starting with the initial geometric conditions in Figure
9, the normal impact of a .50-caliber projectile at 1600 fps
into a 1/8-in. Titanium plate was analyzed. Figure 13 shows
the projectile and plate 4 psec after the i-mpact. At this

time, the projectile nose has penetrated about 2/3 through

the plate. Distortion of the plate is represented by the
confi guration of the Lagrangian grid in the left view in
Figure 13. Local velocities of Titanium are seen in the 

- 

-

velocity field in the right view in Figure 13. Material near
the initial impact point has flowed outward and upward along
the advancing projectile surface. Titanium on or near the

nose tip is being driven downward and outward .

Figure 14 shows the Lagrangian grid and the velocity

field 11 psec after impact. The nose has fully penetrated

the plate. (Grossly distended cells ahead of the nose rep-
resent low-density shattered debris.) A layer of Titanium
about 0.5-mm thick next to the projectile surface is severely

distorted. A lesser degree of distortion extends several mm
out into the plate. In the velocity field , debris from the
front surface is moving up and out ; the rest of the plate
has a downward component.

-
- The plate distortion after 30 psec is seen in Figure 15.

Shattered debris moves along the projectile surface both ahead

~~~~

‘
: , and behind the plate. The plate is appreciably depressed

- - downward by the project i le , and tensile cracking appears
around the hole.

Figure 2 is the final plot from this solution , at a
time of 52 ~asec after the impact. The projectile nose is

p - — -—~~~~~~~—~~ -~~~~~~~
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completely throug h the Ti tanium pla te , and no fur ther  damage
:1 or momentum t ransfer  is occurring . The analys is  was there-

fore terminated at this point. An extensive region of

shattered mater ia l  is emerg ing from the rear of the plate .
A much smaller mass of debris  is ejected from the front
surface.  The heavy line in Figure 2- delineates severely
damag ed or cracked Titanium which wi l l  be removed to leave
an open hole. The surface of the plate near the projectile
has been pushed down about 1.5 mm. Some elast ic rebound will
occur , but some of this deflection is due to plastic distor-
tion of the Titanium.

A summary of the most important quant i ta t ive predictions
of this calculation follows:

o Total axial momentum lost by projec t i le  = 10%

— o Total mass removed from target = 1 .22  gins
- I o Axial momentum t ransferred to intact target  = 8 . 2 %

o Axial momentum t ransferred to target  fragments = 1.8%

3.1.1 Zoning Test

Since the cost of numerical solutions is quite sensitive

-
• 

to the computational cell size (or numerical resolution),

7 it is desireable to use the coarsest resolution which will
provide acceptable accuracy. In order to determine if coarser

resolution could be employed for bul le t -b lade  impact problems ,
a part ial  solution was performed in which larger cells were
used. Figure 16 shows a comparison of the initial grid -

for this coarser zoning with the finer Zoning described

in the previous section . Figure 17 compares the T i tan ium

plate distortions and the boundary of fractured material after

approx imately 30 psec. The solutions are seen to be quite

similar. (The differences in the shattered region are due

to deletions of grossly-distorted cells. This region has no

effec t on continuing damage or impulse.)
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The momentum transfer to the Titanium plate in the
fine- and coarse-zoned cases is nearly identical , as is seen
in Figure 18.

3.1.2 Effects of Brittle versus Ductile Tensile Properties

A portion of Case 1 in Table 1 was calculated twice in

order to investigate the influence of brittle versus ductile
material behavior. Case 4 is the “britt le” material calcu-

-~~~~ 
- 

lation. The only difference between the brittle and ductile

calculations was the tensile failure criterion . In the
idealized br i t t le  case , a tensi le  crack develops if any
principal stress exceeds 10 kb (145 ksi). In the rea l is t ic
ductile case , tensile failure is not permitted until a 10%

- 
- - 

generalized plastic strain has developed in the material.

This 10% ductility value is reasonable for Ti-6A1-4V , e.g.see

Fi gure 19 which is taken from Reference 7 ) .

Figure 20 compares the momentum t ransfer red  versus time
curves for the “b r i t t l e” versus real is t ic  ductile Ti cases.

- 

- The percent momentum transfer predictions in Figure 20

- - 
include all the momentum delivered to the target and target
debris. This figure demonstrates that brittle behavior

reduces the duration and amount of momentum transfe r to a

target. Brittle behavior also increases the damaged region

near the penetr ation path of the bullet (see below) .

Figure 21 shows the damaged target  mater ia l  at approx-
imately 30 psec for the rea l i s t ic  ducti le Case 1 and the
idealized “brittle” Case 4. The larger damaged reg ion for

the brittle case is evident in this figure. Also , note that

the effect of the increased damage is to allow earlier
decoup ling between the target and penetrating projectile.
Thus , the forces ac ting between the projectile and target are
reduced with the brittle behavior of the Ti as compared to the

- I realistic ductile behavior .
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3.2 Boron-Aluminum and Graphite-Epoxy Composite Blades

and Quantitative Comparisons wi th  Titanium Blades

The eventual widespread use of composite turb ine blades
depends on 1) cost savings related to reduced aircraft  weight ,
and 2) the composite blade performance as compared to Titanium

-J blades. Therefore, in this section the results of the Boron-

-t Aluminum and Graphite-Epoxy numer~ -a l solutions are described
and compared to the Titanium so1ution.~ (Section 3.1). The

most significant changes in the composite materials proper-
ties as compared to the Titanium properties involve

o the factor of three reduction in yield strength (Y)

and tensile strength (at),
o the lack of ducti l i ty , i .e. the composites are

brittle, and

o the decrease in material bulk density (p)

Table 4 summarizes these material properties for the composites

and the Titanium .

The large changes in material properties resulted in
- - important composite blade response  characterist ics which

dif f er sig n i f i c a n t ly f r o m  the Titanium b lade response .  In
part icular , the target f racture  characterist ics and the
momentum transfer from the projectile to the target differ 

—
dramatically.

Figures 2 ,3, and 4 , in Section 1.3, show the nature of
the target damage for the Titanium , Boron-Aluminum and Graphite-

Epoxy plates near the end of the projectile-target interaction .
In the composite cases there is a relatively large damaged

region consisting of fractured target debris material which has

_ _ _  1
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essentially decoupled from the target by 30 Ilsec. Also ,
note that some debonding of the ply layers occurs out to rela-

tively large radii with the 20 ksi bonding strength assumed

for both composite materials. Delamination of the blade

material extends to about 2 cm radius for the Boron-Aluminum
blade and to 1.2 cm radius for the Graphite-Epoxy blade .

-~ Figure 1 compares the momentum transfer vs time curves

for the normal impact cases on the Titanium , Boron-aluminum,
and Graphite-Epoxy blades. The dramatic difference between the
Titanium and compos ite blade response is due to the material
property differences indicated in Table 4. The yield strength
for the T itan ium is roughly three times higher as compared to
the composite materials. The separation of the momentum vs

time curves in Figure 1 is initially due to the differences
in yield strengths . However, at later times the perfectly
brittle composite material model leads to an earlier decoupling
of shattered target mater ial from the remainder of the intact
composite blades. Thus, t~~ ear lier decoup ling also limits
the duration and magnitude of momentum transfer between the

projectile and intact target. In addition , some of the differ-
-
- - ences between the Boron-Aluminum and Graphite-Epoxy response

is due to the difference in density . The higher the dens ity , —

the greater the inertial resistanc e to penetration which reduces
tensile strains which reduce tensile failure.

3.3 Experimental Comparisons for Normal Impacts

— 
- IJDRI conducted two ser ies of exper iments intended to

duplicate the impact conditions used in the numerical calcu-
— 

lations. Their experimental procedures and results are
reported in detail in their reports which are dup licated as
Reference 1~4 and Appendix B. The conditions which they examined in the
first series of experiments are described in Reference 14.
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and are outlined below :

Impact velocity - nominal 1600 ft/sec = 448 rn/sec

(Ve loc ities var ied from 323 m/sec to
517 m/-sec)

L Projectile - .50-caliber hardened steel ogive

Impact Obliquity -90° and 60° (the 60° case is

described in Section 4.4)

Target Material - 1/8-in , thick Titanium
1/8-in, thick Boron-Aluminum

1/8-in, thick Graphite-Epoxy

Figure 22 shows comparisons of the experimental and numer-

ical predictions of the percentage of initial projectile momentum

which was transferred to the various targets as a function

of initial projectile velocity. The agreement is satisfactory .
The calculated values are shown as a range for the composites

due to the inherent uncertainties in dynamic failure criteria

in composites and the resulting uncertainty in the amount of

momentum carried off in target debris. The target debris mass
and momentum predicted by the WAVE-L code are treated as upper

limits since real mater ials usually behave stronger under
dynamic condit ions , and static brittle properties were used
in the calculation.

The calculated momentum transfer for the Titanium plate
was 8.2% as compared to an experimental value of 7.6%. The

experimental-numerical difference is less than 8%. Thus,
normal impact calculations can agree very well with the experi- 

—

ments when physically real istic mater ial models are used in the
calculations. The primary uncertainty is with regard to the

composite ductility and failure properties under dynamic
conditions.
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SECTTON IV

OBLIQUE IMPACTS

Two-dimensional numerical codes are rigorous only for —

axisymmetric (normal) impacts of pro jec t i les .  Obli que impacts
have previously been treated by two approaches ;

o 3-D codes - such codes are available , but at this
time , they are of marginal utility for most real
problems , due to complexity , high cost , and severely
limited spatial resolution .

o Plane s train (2-D)  s imulation - the pro jec t i le  is
treated as an infinitely wide wedge , and therefore
this technique is of some qualitative utility , but
plane strain calculations are not quantitatively

accurate because motion and stress relief outside
of the x -y  plane are not allowed.

In this study,  a modificat ion of the 2-D p lane s train
equations has been performed which improves two-dimensional
analysis capability for treating oblique impacts. The need —

for improving the plane strain equations can be seen in the
following example which was performed early in this study.

An axisymmetric impact of the .50-caliber project i le  into
a Titanium plate at 1600 ft/sec was performed using the standard
WAVE-L cylindrical symmetry code , and then repeated using the-
plane strain version of the WAVE -L code . Figure 23 shows a corn-

-
~~~ par ison of the radial compressive stress vs time for the f i r s t

6 jisec. In the realistic cylindr ical cas e, the radial stress
is initially about 8 kbar and then gradually rises to a peak
of 24 kbar . In the plane strain approximate simulations , the
initial stress is higher (about 12 kbar) and the radial stress
rises more rapidly to a peak of about 25 kbar and then at about

1- - -- 1
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Figur e 23. Comparison of Peak “Radial” Compressive Stress versus Time
from the Cylindrical and Plane Strain Penetration Calculation s
of a Normal Impact into a Ti Plate at 1600 fps .
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2 iisec , the plane strain radial stress decreases and levels off
— at a low value of about 13 kbars . This is a characteristic

feature for thin plate wedge impacts. A wedge will  ini t ial ly
have higher stresses as compared to cylindrical penetrators
because in the cylindrical case there is a hoop str ain (c 00 )
relief component which is not present in the plane strain case.
At later times the reflected wave from the rear target surface
causes an over estimation of relief processes in the plane

strain case as compared to the cylindrical case.

The semi-elliptical coordinate scheme is a two-dimensional
simulation technique which reduces to cylindrical coordinates
in the limit of normal impacts. As the impact obliquity increases ,
the approximations become activated. This 2 -D approximation
method is described in Appendix A , and it has been applied to
impacts at 600 obliquity on a Titanium blade and 4 50  obliqui ty
on Aluminum blades. 

f

In summary , oblique projecti le penetrations through targets
are seen experimentally to produce roug hly elliptical holes.
In the new semi-elliptical method , the usual plane strain coor-
dinate system of the WAVE-L code is replaced with a semi-elliptical
coordinate scheme which nominally matches the penetration hole in the
target. Using semi-elliptical coordinates , the equations of motion
are specified to account for geometric divergence outside the 2 -D
primary plane of the solutions.  The primary p lane is the plane which
includes the project i le  symmetry axis and velocity vector.

4.1 60° Projecti le Impact on Titanium Blade

Case S is the 60° oblique impact of the .50-caliber pene-

trator on the Titanium plate. Figure 24 shows the configuration
and initial conditions in the primary plane of the penetration .
Figure 25 shows the velocity field S psec after impact. At this

47

—U--- ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ —- ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~ -- -



~ 
- -

~~~
—-

~~~~~
- 

~~~
-
~~

--
~

- - 

~~~~~~~~~~~~~~~~
-

~~~~~
---

~~~~~~~ 

-

~~~~~~

os sis is ~~,j~maua ~ ~m Iwss~sv ~~~~C4 ~~~~~~
Nm os ~~~~~~~

. S ~~~~~~ULL NtT~~1J~~ 11115 I11*IM~W. SIP
cia.i o

I I I

—3.0 — —

—2.0  — —
Projectile is
Treated as a 

-
Rigid Body

— 

Obtuse Side 

\\~\ 
~~~~~~~~~~~~Side

£

1.0 — 
~~~~~~~~~~~~~~~ 

—

~~~~~~~~~ 8-in. Titanium

2.0 — 

Obliquity 
—

3.0 I I I
—2.0  —1.0 0 1.0 2.0

Widt h (cm)

Figure 24. Initial Projectile and Target Grid Configuration for
the 60° Oblique Impact on a Titanium Plate (Case 5) .

48

- 
-



t ime , the dominant interaction is on the acute side of the
pro jec t i le - ta rge t  interface.  The target is accelerating normal
to the penetrator surface.  On the obtuse side, the penetration
dynamics are much less severe and the target material is flowing
up the penetrator surface as indicated in Figure 25 .

-
- 

i Figure 26 shows the velocity f ield at 10 iisec . The
mater ia l  on the acute side is easily deflected towards the
target rear free surface as the projectile nose moves through
the blade . The material on the obtuse side of the impact is
compacted and driven outward by the advancing projectile nose.
Also the material near the front surface on the obtuse side
has a character is t ic  “ splash” format ion.  This splash does not
occur on the acute side of the impact.

Figure 27 shows the velocity field at 25 usec , and Figure
1, in Section 1.3 , shows the final velocity f ie ld  at 32.5  usec.
Note in Figure 1 that the axis of the projectile has been shifted
from the initial trajectory. This indicates that a slight yaw

— would develop which would lead to proj ectile tumbling.  Note
that in these calculations , rotation and yaw of the projectile
were not treated , however , translational motion due to asymmet-
rical forces on the two sides of the p ro jec t i l e  was treated.

- From the translational behavior , the yaw and rotational
I behavior can be inferred. In th is  thin  plate impact , rotation
1. during actual plate penetration is not a factor , however , for

thicker targets,projectile rotation and yaw can create , ser ious
difficulties in predicting projectile-target interactions .

I Figure 28 shows the predicted axial momentum transfer
curve for -the Ti oblique Case 5. The corresponding curve for

- the normal impact conf igura t ion  is also on this figure . The
I 

two curves are very close indicating similar final momentum
transfer. However , the oblique penetration remains in contact
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for a longer duration than the normal impact case and therefore
some increase in the predicted momentui~ ~ransfer would be expected .
We estimate that the total momentum transferred form the projectile

will be 11% in the 60° oblique case as compared to the normal
impact case value of 10%

4 2 45° Projectile Impact on Aluminum Plates

Cases 6 and 7 were intentionally chosen as severe tests
of the semi-elliptical technique By choosing a thicker target
(1/2-in 606l-T3 aluminum) , by choosing proj ectile velocities
near the V 50 velocity (V 50 - 1565 ft/ sec) , and by increasing
the obliquity,  the limitations and strengths of the 2-D approx -
imate numerical technique become more evident. Cases 6 and 7
are identical except for their impact velocity . Case 6 uses
an impact velocity which is 100 ft/sec greater than V50 (1665
ft/sec) while Case 7 uses an impact velocity which is 321 ft/sec
greater than V50 (1886 ft/sec).

The intial configuration of the projectile and target and
the intial computational grid for both cases are shown in Figure
29. The obliquity is 45° and the initial asymmetrical geometry
between the projectile and target on the acute and obtuse sides
of the impact is evident in this figure. An expanded view of the
initial geometry showing the relationship of the projectile and
target surfaces is also on Figure 29. At much greater obliquities
the projectile would probably glance off the aluminum front

surface. Qualitatively, Cases 6 and 7 are nearly identical;
and in the velocity field plots which follow, Case 6 will be
used as the nominal example. Quantitatively , comparisons will

be presented between Cases 6 and 7 and between the 60° and 45°
obliquity cases.
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Fi gure 30 shows the velocity field at 13 jisec for Case 6.
The interaction is very strong on the acute side of the impact.

I The primary target response consis ts of momentum and mater ial
-
~ velocities directed primar ily in a direction normal to the

projectile-target interface. On the obtuse side of the impact ,
-~ the target material is flowing upward near the penetrator surface.

Figure 31 shows the veloc ity field at 32 iisec. The target
rear surface material on the acute side is visibly deforming,

- while the upward flowing material on the obtuse side of the I -
-- impact is increas ing in mass. Note the significant translation

of the projectile from its initial trajectory. The translational
motion is more significant in this 450 obliquity ca se than was
previously observed in the 60° case.

-
- Figure 32 shows the velocity field at 57.4  ~sec. At this

time the projectile tip has penetrated through the target.
- 

- 
Figure 33 shows the velocity field at 71.5 Psec. At this time
the numerical solutions was terminated since the momentum and

H energy interac tions between the projec tile and target have
nearly ended. The velocities in the target have been reduced
dramatically except in the debris material near the exit hole.
(The veloc ity scale length of 1000 ft/sec has remained cons tant

— in Figures 30 to 33.)

The predicted translation of- the projectile at 72 psec is

also shown on Figure 33. Figure 34 shows the magn i tude and
direction of the projectile translation as a function of time .

-

- I 

Note that initially the projectile moves away from the acute
-

- 
side of the impact configuration, and at later times, the
projectile begins to move back. In the 45° obliquity cases , the
•xiting projectile trajectory is translated ( and therefore
yawed) toward the obtuse side. In the 60° Titanium case ,
however, the reverse motion from the obtuse side toward the
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acute side was greater than the initial motion and the projectile
in the 600 case exited with a net translation -directed toward
the acute side.

Fi gure 5 shows the momentum t ransfer  from the project i le
to the target material as a function of time for the 4 50

obliquity Al Cases 6 and 7 , as well as for the 60° obliquity Ti
Case 5. The calculations were terminated before the total mom-
entum was transferred.  However , as indicated in Fi gure 5 ,
reasonable extrapolations can be made to obtain the final predicted
momentum t ransfer  values indicated in ‘fable 2.

~The rotation and yaw of the proje’tile due to the net -:

torques on the projectile were not treated in these initial
semi-elliptical calculations . Translational motion was treated
based on the differential forces on each side of the projectile ,
but rotation of the projectile could lead to significantly
different penetration paths. A penetration path defines the
target mater ial  which flows along the penetrator surface . This
penetration path must be plre-specified at initial conditons and
is not variable in the current version of the code . The trans-
lational motion of the projectile introduces some errors since

the actual project i le  path is somewhat different than the
initially chosen path. However , this error would become intol-
erable for yawed cases since the distance between the initial

cho sen pa th and the actua l path would become larg er and larger
as the penetrator sliced through the target. A variable pene-
tration path based on the calculated dynamic projectile response ,
including rotation and yaw , could be added to the WAVE—L codes.
As will  be discussed in the comparisons with the UDRI experimental
data , the inf luence of rotation and yaw in the thick targets
(1/2-in.) was seen experimentally to be significant .

62

- - - ~~~~ —‘—9 
_ _ __ _ C - _~ ______a__ ,_~ _ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~9~~•~-99-•’~~-9 9- ‘— ~~~~~~~~ 

______ _—- ‘—-9_’___ -__ ’____ ____ __ __________



______ — -.--- ------ . - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ______________

- ~~~~~~~~~~~~~~~~~

[H -

H 
_ _  ~~~~~~~~~~~~~~~~~~~~ 

~~~~~

--

~~~~

_ _ _

4.3 Experimental Comparisons for Oblique Impacts

4.3.1 60° Impacts on 1/8-in. Titanium Plates

Fi gure 35 shows the experimental data for the 60° oblique
impacts on the 1/8-in . Titanium plates.  The momentum t ransfer
to the intact plate decreases rapidly as the impact velocity
increases. Also on this figure is the predicted value of 9%
from the Case 5 calculation .

The agreement is very good when one considers that

1) the semi-ell iptical technique is a 2-D - -

- - - approximation to a 3-D problem , and 
- 

-

2) uncertainties exist in the experiments because
in all the Titanium impact cases , except one ,
the .50-caliber projectile broke in two or
more pieces . (The effect of projectile break-up

on momentum transfer for oblique penetrations is
not understood.)

4.3.2 4 50  Impacts on 1/2-in . Aluminum Plates

Appendix C contains the UDRI experimental procedure and
their experimental results on the thick aluminum (1/2 - in . )

~:. targets at 4 50  obliquity. The projectile velocity was measured
before and af ter impact, and the total projectile momentum
transfer was calculated. Mass loss of the target was consis-
tently small. This mass loss resulted from the petalled portions
of the targe t rear surf ace being br oken off , or small particles
being pulled out by the grooves of the ogives. The average

target mass loss was .16 grams .

In the exper imental program , V50 was determ ined to be
1565 ft/sec. Penetrations of the 1/2-in, thick Aluminum

targets at 45° obliqu ity were then performed up to 842 m/sec =

2762 ft/sec. The following parameters were measured during
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I twelve experiments and are l is ted in Table 5: the impact and

residual veloci t ies  of the pro jec t i le , the momentum lost by
the projectile , the mass lost by the target , and the angular
change in the trajectory of the projectile.

The momentum transfer data is plotted in Figure 7. The
project i le  loses more than 50% of i ts momentum for an impact

-
~~ velocity near V50. A minimum momentum loss of 10.5% occur s for
9- the maximum velocity of 2762 f t/ sec .  There is considerable

scatter  in the data;  especially at the lower impact velocit ies.
Similar projectile impact velocities results in widely different
momentum transfer values.

An uncontrol lable  yaw of the p ro j ec t i l e  was experi-

- 
—~‘j mental ly observed in the photograp hs used to determine the

init ial  impact velocity.  (Yaw occurs when the project i le  velo-
- city vector is not al igned wi th  the pro jec t i le  symmetry ax is . )

This initial yaw or observed wobble was usually less than ±2.8°.
However , we believe that th is  yaw variation is a major cause
of the scatter in p ro jec t i l e  momentum . This is an important

— conclusion of this experimental and numerical investigation.
Also , experiments w i th  ear th  penetrators  have indicated tha t
small yaw angles (1°- 5°) can have s ign i f i can t  influence on the
stress loads between a p ro jec t i l e  and target 12 .

-:Vi t Pro jec t i l e  yaw is relevant not only during in i t ia l  impact ,
9 1

but also during the penetrat ion process and the exi t ing process.
Fi gure 36 from the UDRI experimental results show a dramatic

I - example of projectile yaw during the exiting phase of the

projectile. At 138 iisec , in Figure 36, the p ro jec t i l e  is exiting
in an upward or ienta t ion ; however , as shown very clearly in the
5 remain ing  f rames , the p ro j ec t i l e  rota tes  and its f inal

- t r a jec tory  is directed in a downward direct ion . The importance
of p ro jec t i l e  yaw and ro ta t ion  in determining the p ro jec t i l e -
target  in teract ion should be examined in more detail both experi-

- 

- 

mentally and computationally.
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TABLE 5. EXPERIMENTAL DATA FROM THE 45° OBL IQUITE IMPACTS
INTO 1/2-IN. ALUMINUM PLATES

Shot # V~ V~ t~sP ~~M 0
(m/s) (m/ s) (%)  (gm) (degrees)

H 5862 456 178 60.9 -0.30 9.4
5841 457 226 50.7 -0.05 12.1

5860 462 167 63.9 -0.01 5.0
5850 493 182 63.2 -1.00 6.2
5854 519 330 36.5 -0.10 8.9

5857 524 309 40.8 -0.05 6.4
5846 589 386 37 .7  ~0 . O 7  5.6
5855 628 495 21.1 0.00 4.1

5852 637 492 22.7 -0.10 5.4

- 

- 5861 641 507 20.8  -0 .12  5 .7
5849 688 539 21.7 0 .00  3.1
5863 842 754 10.6 -0.20 0.0

V j = impact velocity

Vr = residual velocity
t~P = percent momentum transferred from projectile

t~M = target mass loss
0 = change in projectile trajectory
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In the numerical calculat ions the effects of rotation and
yaw were basically ignored due to computational difficulties C

which were not within the scope of the current effort. Figur e
7, in Section 1.3, shows the predicted momentum transfer as a
func t ion of the t wo impact velocities used in Cases 6 and 7.
The predicted values are low . However , we believe that the major
portion of this error is due to the neglect of physical yaw
induced interactions. The numerical calculations assumed zero
initial projectile yaw , whi le the exper iments were conducted
with some initial yaw. Also, add itional errors occurred in the
neglect of the yaw wh ich develops dur ing the pene tra tion and
exiting of the projectile through the target . (Note that yaw
deve lops in ob lique impacts during the penetration even if there
is no initial yaw.) To obtain better quantitative agreement
with experiments for large obliquity impacts , the semi-elliptical
technique can be improved to include the important physical
interactions which develop from projectile rotation and yaw.
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SECTION V

RECOMMENDATIONS

The fo llowing recommenda tions are made ba sed on the resu lts
of this numerical-experimental investigation of normal and
oblique impacts on fan blades :

o Compos ite blade ma terials shou ld be investigated
further to better understand the influence of

ductili ty, y ield, and pl y (or an isotrop ic) tenei le
etrength8 on local blade damage and momentum transfer.

• o The influence of pro jectile yaw and rotation
upon impac t, during target penetration , and
dur ing the exi ting phase should be investigated

— further us ing both experimen tal and numerica l
techniques.

o The numer ical approach for norma l impacts shou ld
be app lied to other b lade ma terials of potential
interest , including advanced composites. Sensi-

-
~ tivity studies can be performed on parameters

wh ich are ei ther uncer tain or var iab le

o The semi-elliptical approximation techn ique
can and should be expanded t o include t he effec ts
of pro ject i le  yaw and rotation . Once this code
modification is completed , the 2-D technique will

be a powerful tool for investigating quantitative
aspects of real ist ic  3-D oblique impac ts on turbine
blades as well as ot her thicker t ar get s of in t erest
to the Air Force .

~
- —1
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APPENDIX A
• 

DETAILS OF THE TITANIUM AND ALUMINUM MATERIAL MODELS
- ‘- 

- 
AND OF THE SEMI-ELLIPTICAL COORDINATE METHOD

A .1 Titanium Constitutive Model.

The Titanium is treated as a hydrodynamic-elastic-p iastic
material .  The hydrodynamic properties are based on the Mie-

:—~ 
I 

Gruneisen equation of state

p = f (p ) + yp e (A-i)

where f and y depend only on density (p). y is the

Griineisen ratio which is assumed constant at a value of I = 1.18
for Titanium (Ref. 1). The shock Hugoniot is specified by an

experimentally measured (Ref. 13) linear relationship between

shock velocity (D) and Hogoniot particle velocity (U11). In

par ticular , we use

D = A + B U H  (A-2)

where for Titanium (Ref. 13)
r 

-

A = .4786 cm! sec

B = 1.066

Equation A-2 specifies the shock Hugoniot , and fur thermore,
it determines the form of f (p )  in the hydrodynamic equation
of state (Eq. A-l) . The result  for f (p )  is

p A 2
~- ’( l+u ) (l-~ii)

f(p) = — -—9- (A-3)
( l- ( B - l )~~)2

- - 
where 

~ 
= p/p0 

- 1 , p0 
= 4.51 gm/cm 3 .
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Note that the hydrodynamic equations of state (Eqs. 1 and 3)
depend only on t he three exper imentally determ ined parameters ,

- A , B , and y.

The elastic properties are spec if ied by any two elastic
constants. However, one of the elastic constants , namely the

- bulk modulus, K, is determ ined by the hydrodynamic equation
- of state.

I 

In par ticular ,

K = p0 =p 0A
2 = 1.03 Mbars.

- 
C p p 0

-
~~~~ The shear modulus , G, is used as the second elastic constant.

G = 6.2 x 106 psi = .43 Mb represents a handbook value for

TI- 6A1-4V alloy (Ref. 7).

Using these values of K and G , the complete set of
- elastic constants and wave speeds are determined . Table A-l

- summarizes these elastic properties. Note that Young ’s modulus

-~ 

- 

of 16.3 x 106 psi agrees very well with measured values on

- 
Ti-6Al-4V in Ref. 7.

Table A-i . Elastic Properties of Ti-yAl-4V

Bulk modu lus , K = 1.03 Mb = 14.9 x iø6 psi
fr -

~~ 
-

Shear Modu lus, G = .43 Mb = 6.2 x io 6 
p~~~j

- 
- Young ’s Modu lus , E = 1.13 Mb = 16.3 x 10 6 psi

Poisson ’s Ratio , -
~~ 

= .32

Di~ati~nal Wave CD .6 cm/Ijsec = 19 ,500 f t/sec

Shear Wave Speed , Cs= .3 cm/1isec = 10 ,000 f t/sec
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A perfectly-plastic yielding model is assumed for Titanium.

The yield value is Y = 165 Ksi. For tensile failure , we assume
a nominal strain to failure (ductility) value of 10%.

A.2 Aluminum Constitutive Properties

The Aluminum material model is also hydrodynamic-elastic-

plastic in nature. The hydrodynamic portion of the 6061-16

Aluminum is mode led with the Los Alamos hydrodynamic equation
of state described in Table A-2. This equation of state

implies an elastic bulk modulus of .791 Mb . The elastic shear

modulus is G .274 Mb.-

Table A-2. Hydrodynamic Equation of State for 606l-T6 Al

- - Los Alamos Form .

~~~~A + B c  + C c 2

C

where

A = ~i (a 1 + a 2 I i i J )
2 - -

B- = b0 + b1ii+b 2 ii

C = c 0 + c 1ii

H
l~~J — ~~~~~~~~~~~~~~~: : - ~~~ -- —9-- 9 9—- ~~--_-- - - - 
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CONSTANTS:

Alum inum*

p
0 

2.7

a1 1.1867

a 2 0 .7630

b 0 3 . 4 4 5

1.545

b 2 
- 

0.9 643

c O . 4 3 ~~80

C
1 

0 .5487

C
O 

1.5

* Source of data:
L- 4 0l , 8 Jan. 1960 , R. L. Bjork , The RAND Corporation

The inelastic properties are treated with a plasticity

model including the effects of work hardening . The plastic
yield surface is described by the following equation which is

a fit to the experimental data in Reference 8.

Y (Mb ) — .00292 + .02598 . 12233 C
r

2
, O1c~1.lO6

Y ( M b ) — .0043, C~~~ > .106

*h~ re £ p is the general ized p las t ic  s train

~ 4 .a&ure is t rea ted  using the ulitmate tensile failure
• ~~~ø I4 I  Mb , which is equivalent to a 10.6%

- -  i t  ‘; i i~~~ t e n - ~i 1e  fa i lu re  is treated wi th  a direc-
- .- ~~~~~~~~~~ crack propagat ion .

lb
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A .3 Semi-Elliptical Coordinate Method

The new semi-el l iptical approach involves the 2-D solution
of the impact dynamics in the same x-y  plane as is used in p lane
strain simulations ( i . e . ,  the plane which is defined by the
velocity vector and the normal to the target surface at the
impact point). Our approach differs from plane strain , however ,
in that an ell ipti cal coordinate scheme is used in the gover-
fling equations of motion . Divergent  motion (outside of the
primary x-y plane) is thus taken into consideration in a manner
which is analogous to azimuthal divergence in axisymmetric
solutions. Use of the elliptical coordinate scheme in the target
representation does not affect the impacting projectile geometry ,
which is ef fec t ive ly  treated as an axisymmetric bod y.

Consider a ri g id -p ro jec t i l e  penetration through a thin
plate. The projectile penetration path makes a trace (or
carpet) on a horizontal plane at any dep th , y, in the target.
If the projectile is cylindrical , this trace is an ellipse with
major and minor semi-axes of length “a” and “b” respectively.
This elliptical approximation provides the necessary basis for
an elliptical coordinate scheme with the elliptical parameter
c 2 = a 2 -b 2 or c = ~Ja 2 -b 2 . In this el l ipt ical  system , the
governing equations of motion are specified so as to take
into account geometric divergence out of the primary (x,y) plane.
Table A-3 compares the terms affecting divergence in axisym-
metr ic , plane s train , and elliptical coordinate systems. Note

in this table that the elliptical terms degenerate to the
axisymmetric case when c becomes small relative to x.

- I - —
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Table A-3. Comparison of Axisymmetric , Plane Stra in , and
Semi-Elliptical Strain Rates and Equations of

Motion 
-_______________ __________  ________________

Plane
Axisymmet-r -ic Strain Semi-Elliptical

Strain Rate , £ 33 = X/X xx

H x2 - c2 
-

= ~~~ll + ~~12 + °ll~~33 
(c111-033)x

ay x x2-c2

3a 22 3012 0-,~~~,

_ _  + _ _  + 0
3y 3x x x 2 -c 2

An important aspect of the elliptical coordinate scheme

is that every point in the primary plane on the obtuse side of
the impacting body has a paired , or conjugate point on the acute
side. Conditions at conjugate points are generally not the same
for ob lique impacts. (For normal impacts , conjugate points
would have the same physical conditions.) Conjugate points are

- - - 
not coupled in the present formulation . This situation seems

reasonably appropr iate , at least for an initial formulation ,
since conditions on the obtuse and acute sides of an oblique
impact are dissimilar and probably weakly coupled.

Conditions at conjugate points in the primary (x,y) plane

of a solution provide the basis for estimating the stresses off
of that plane . However , this aspect of the scheme has not yet
been implemented. One obvious way to determine out-of-p lane
conditions is by interpolation around the ellipse between
the conjugate points. Through such interpolation , the stresses

throug hout the 3-D field can be estimated.

~ 1 1 
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APPENDIX B

PROJECTILE IMPACT ONTO THICK ALUMINUM TARGETS

MOUNTED AT 4 50  TO TRAJECTORY
—9
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SECTION I

INTRODUCTION

Jet engine fan blades are frequently damaged when debris from the

runway or other objects are ingested by the engine. Often, the impact can
: cause the fan blade to break into fragments which are also ingested by the

— 
engine. Computer programs can be a particularly efficient tool for
analyzing the failure of both actual and proposed fan blade materials .
However, before the results can be applied to a large class of impacting

-

. 

objects and fan blade materials , they must be verified for several cases
by laboratory measurements. Therefore , a multi-phase program composed
of computer and analytical techniques and experimental data was initiated
to investigate the failure modes of fan blades.

• During the first phase , projectile impacts onto fan blade materials
were investigated. Computations of the momentum transfer were made with
a two-dimensional Lagrangian wave propagation computer routine (WAVE-L).
The momentum transfer for identical conditions was measured in the
laboratory . Good agreement was obtained for impacts at 90° , but agree-
inent was less satisfactory for impacts at oblique angles (60°) . In this
phase , the computations were extended to calculations of oblique impact
of projectile cores with thicker targets closer to the perforation velocity.
This report discusses the laboratory portion of this phase of the study .

Thick aluin i --i targets were mounted at 45° to trajectory and were
impacted at velociti~ -9~~ar V-50 (50% of the projectiles impacting at this
velocity perforate t h -  target) . These condit ions were difficult to simu-
late correctly for th~ computer and therefore provided a stringent test
of the program.
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SECTION II

EXPERIMENTAL PROCEDURE - - I

Thick aluminum targets were impacted at an oblique angle with
nondeformab].e ogives, and projectile velocity was measured before and after
impact. The momentum transferred to the target was determined from the
projectile mass and change in velocity. (A schematic of the ballistic
range is shown in Figure 1.)

The targets were 12 mm thick plates (15 x 18 cm) of 606l-T6 aluminum.
The plates were simply supported at an angle of 45° to trajectory as shown
in Figure 2; the edges were fre e to rotate but the target could not
displace.

The projectiles were reproductions of cores of 50 caliber AP (Armor
Piercing) ammunition. They were hardened to Rockwell C 45-50 to coincide
with the rigid projectile model used in the computer calculations . The
ogive and a two-piece copper sahot are shown in Figure 3.

XENON FLASH

CAMERAS

ç4

~AY HEADS 

LASERS

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

FIDUQALS

Figure 1. Ballistic Rang e .
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/5°

Figure 2. Targets Simply Supported at 450
to Trajectory

A = 35.05 mm
B 25.15 TflTfl
C 11.13 mm
D 2.36 mm

Figure 3. 50 cal . Ogive and Two-Piece
Copper Sabot.
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The momentum transfer was determined from measurements of the mass,
- - impact velocity and residual velocity of the projectile. The projectile

mass was measured to within ± 0.1 grams . The velocity at impact, V~, was
determined from elapsed-time flash photographs and electronic counter

- 

- reasings . The camera stations were separated by 45 cm; the nearest station
was approximately one meter from the target. The camera shutters were left
open , and spark light sources were triggered as the projectile interrupted
laser beams across the trajectory.

-

- The velocity after impact , V , was also determined from time and
distance measurements. The projectile position was determined at two stations
15 cm apart . A pair of orthogonal x-radiographs of the projectile were
made at each station. Since the trajectory changed during impact, the two
pairs of orthogonal views were needed to define the proj ectile position.
A schematic of the residual velocity measurement stations is shown in
Figure 4.

r-

~
-----_- 14.85cm -1

tCG

TRAJLCTQRY
- ~

_) /4FTER IM~~CT

C.G.

Figure L~ Residual Velocity Measurement Stations .
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V-50 is the velocity at which the projectile has a 0.5 probability
of penetrating the target. A series of nine shots was used to determine
V—50. Projectiles first were fired at low velocities at which target
perforation did not occur; the velocities were increased until perfora-
tion did occur. V-50 was defined as the average of six test velocities;
the three highest velocities where perforation did not occur and the three
lowest velocities where perforation did occur. V-50 was determined to be
474 m/s. The impact velocity and momentum transfer are plotted in
Figure 5.

tO

9
-.- ,

•

~ 8 
6P=199m(V i )—

~~~~~~~~~~~~~~~~ ,,
“

0
0

4
v~

_ 1

‘ I .~ v-so
47’4m,t

.— a

300 350 400 450 500 550
IMPACT VELOCITY (m/s)

Vi

L
Figure 5. Momentum vs. Velocity for Shots Used

to Determine V-50.
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SECTION III

RESULTS I -

The following parameters were measured for this project: the impact - 
- -

and residual velocities of the proj ectile, the momentum lost by the pro-
jectile, the mass lost by the target , and the angular change in the trajectory
of the projectile. The data are tabulated in Table 1 (at the end of this

section ) for the 12 shots for which sufficient information was available ;-

to calculate the momentum lost by the projectile. The momentum trans-

ferred to the target is plotted as a function of the impact velocity in
Figure 6.

A high-speed framing camera was used to observe the projectile during —

impact , penetration, and separation from the target . Several frames are
shown in Figure 7 for the shot (5862) with th~ lowest residual velocity of

- - a perforating projectile. The projectile impacted and plowed through the

target with no plugging or spallation evident.
Petalling was observed on the back side of several targets . Figure 8

shows the back side of a target for which perforation did not occur. The

cracked portion , shaped like a spade , was pushed out of other targets by

perforating projectiles, and sections frequently broke off. Figure 9 shows

- 

- 

the back side of a target where perforation did occur and a portion of the

target broke off.

Mass loss by the target was consistently small. Change in the.target

mass resulted from petalled portions being broken off , small particles being
pulled out by the grooves of the ogives , and occasionally , part of the
projectile remaining in the target. The average target mass loss was 0.16

grams.

The projectile trajectory changed as the projectile impacted the

- 

- thick , angled targets . The deviation of the trajectory was greatest for

lowest impact velocities, as shown in Figure 10. Similarly, the lowest

residual velocities of the projectile also corresponded to the greatest
deviation of the trajectory , as shown in Figure 11.

- • -
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- Figure 6. Momentum Transferred as a Function of

Impact Velocity.
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Figure 8. Target for which Perforation Did Not Occur .
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Figure 9. Perforated Target .
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I
All of the factors that affect momentum transfer were held constant

except the impact velocity. Nevertheless, scatter in the data is evident;

at the lower impact velocities , similar projectile impact velocities result
In widely different momentum transfers. A slight uncontrollable wobble of
the proj ectile was noticed in the photographs used to determine V~. This

slight wobble (usually less than ± 2.8°) allowed the tip of the projectile

to be slightly off trajectory. Thus, at the instant of impact a random
moment was imparted to the projectile. The principal cause of scatter in

the momentum transfer data is therefore considered to be the random surface
forces between the projectile and the target during penetration, resulting
from an uncontrollable wobble of the projectile at impact.

Errors in reading the film were estimated and their effects on the
velocity calculations computed. Distances were read from the film to
within ± .02 cm and the actual distance between fidicials was determined to

within ± .0]. cm. Calculations of the distance the projectile traveled be-

tween X-rays required eight measurements from the film: two projectile
diameters (to find magnifications), two projectile lengths (to locate the
center of gravity) , and four measurements of the projectile position ( from
the center of gravity to a fidicial). Since the fidicial separation was

known within ± .01 cm and all of the other distances were measurable on the
film to within ± .02 cm, the projectile displacement between X-rays could be
determined within ± .2 cm. Typical time for the projectile to traverse the
distance between X—rays was approximately 600 microseconds . Neglecting
error in the counter , the velocity measurements were accurate within ± .3
meters/second.
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TABLE 1. SHOT DATA

Vi V P1 AP AM 9
Shot # (in I s)  (m”/s) (gm) (kgm/s) (gm ) (degrees)

5841 457 226 19.3 4.47 —0.05 12.1

5846 589 386 19.3 4.29 +0.07 5.6

5849 688 539 19.3 2.88 0.00 3.1

5850 493 1.82 19.3 6.01 —1.00 6.2

5852 637 492 19.4 2.81 —0.10 5.4

5854 519 330 19.5 3.69 —0.10 8.9

5855 628 495 19.6 2.60 0.00 4.1

5860 462 167 19.0 5.61 —0.01 5.0

586]. 641 507 19.1 2.55 —0.12 5.7

5862 456 1.78 19.0 5.28 -0.30 9.4

5863 842 754 18.9 1.68 —0.20 0.0

5857 524 309 19.3 4.13 0.05 6.4

= impact velocity

Vr = residual velocity
M = projectile mass

AP = projectile momentum change
AM target mass change

0 change in projectile trajectory
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SECTION IV

CONCLUSION AND S UMMARY

Impacts of 50 cal. ogive projectiles onto thick aluminum targets
mounted at an angle to trajectory were investigated . Impact and residual
velocities and the changes in the trajectory during impact were measured .
Projectile velocities near V—50 were of particular interest ; they are -

•

characterized by low residual projectile velocities and large deviat ions
-~ in the projectile traj ectory . Momentum transfer was determined to within

± 1.0%.
It is recoumiended that the tumble and spin of the projectile be measured

after impact. Yaw of the projectile before Impact should be eliminated,
or at least measured. The projectile momentum transferred to the target
varies for similar impact velocities . Projectile yaw at impact is con-
sidered to be a major cause of the variance.
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