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SECTION I
INTRODUCTION

A. O0BJECTIVE

The objective of this investigation was to measure and evaluate the
material characteristics of a hyperstrength cement mixture consisting of a
hydraulic cement and a water-soluble polymer. The material was produced in
the form of flat plates by the Mond Division of Imperial Chemical Industries,
PLC, Runcorn, Cheshire, England, designated NIMS 127® (New Inorganic Mater-
ials). The samples were made in the Research and Development facility of the
Mond Division. A few samples of laminated plates formed with a reinforcing
nylon mesh, designated NIMS 127R® were also tested for resistance to ballistic
impact, but the main testing program was concerned with unreinforced NIMS 127,

B. BACKGROUND

The NIMS 127 composition consists (by weight) of 100 parts of calcium
aluminate cement, 4 - 8 parts of hydrolyzed polyvinyr acetate polymers and
10 - 15 parts of water. The dry components (in particulate form) are mixed
with the water and converted to a plastic dough-like material that can be
extruded, compression-moulded, or calendared. The plate samples were prepared
with a twin-roll mill, followed by cold-pressing one or more layers taken from
the mill and then by oven-drying. Although the process is considerably sim-
pler than the forming of laminated plates from fiber-reinforced epoxy preim-
pregnated tapes, for example, it is a manufacturing operation and not compara-

ble to field pouring of concrete.

The material had been reported to have unusually high strength in tension
for a cementitious material, The test and evaluation program was undertaken
with the aim of providing information that could be used by the Air Force in
deciding whether the material is promising for some kind of structural use,

C. SCOPE
The testing program procedures and results are given in the following
three sections. Section !l describes standard static tensile, compressive and
flexural tests to determine moduli, elastic Timits and ultimate strengths, and
fracture toughness tests. These tests followed the outlined procedures estab-
lished within the standards of the American Society of Testing and Materials.
1
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The ASTM Standard Test Methods used are,
1. Tensile Properties of Plastics (D368-82)
2. Compressive Properties of Rigid Plastics (D695-80)

3. Flexural Properties of Unreinforced and Reinforced Plastics and
Electrical Insulating Materials (D790-81)

4. Plane Strain Fracture Toughness of Metallic Materfals (E399-831)

The test specimens used in all of the tests conducted were made from
supplied panels of approximately 5 mm and 10 mm thickness. All tests were

performed at room temperature. .

Section II! is concerned with environmental history effects. The flexur-
al properties were used to judge the effects of two kinds of environment:l
history - moisture and temperature. Moisture environment was provided by
soaking the specimens in distilled water for periods of 1 day and 7 days.
Thermal environments from 80°C to 150°C were provided by heating dry in an
autoclave at atmospheric pressure for periods from 1 to 30 hours. All testing
was performed at room temperature after removal from the environmental

exposure.

Section IV reports on dynamic tests. These include high-strain-rate
compressive tests with a split Hopkinson's Bar, dynamic modulus measurements
by vibration tests and also by wave propagation tests and damping measurements
by vibration tests. Ballistic impact tests are also reported. The dynamic
tests are not routine tests and do not follow ASTM standards.

Sections V and VI present discussion of results and conclusions., The
material does have exceptionally high-static strength in tension and compres-

sion, for a cementitious material.

Average static compressive strengths were around 310 MPa [45 kips per
square inch (ksi)] for specimens from 5 mm thick plates and 334 MPa (48 ksi)
for specimens from 10 mm thick plates. Average static tensile strengths were
around 73 MPa (11 ksi) for specimens from 5 mm thick plates and 67 MPa
(9.7 ksi) for specimens from 10 mm thick plates. This falls approximately in
the range of 70 - 100 MPa tensile strength quoted as typical by the manufac-
turer and exceeds the range of 200 - 250 MPa compressive strength quoted.

The material is, however, very brittle, which will limit its applications
in situations where dynamic loading is expected.
2
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SECTION II
STANDARD STATIC TESTS

A. TENSILE TESTS
The ASTM test standard D638-82 was selected for the testing of the
tensile properties of the material. The tensile tests were performed on
dumbbell-shaped specimens and are referred to as Type I and Type III for the
. ' material thicknesses of 5 mm and 10 mm, respectively. The plan dimensions for
these specimens are given in Figure 1. Intact specimens are shown in
. Figure 2.

Strain gages were applied to each tensile specimen within its gage
length. Most of the gages were the single-element type and were precisely
aligned in the principal uniaxial loading direction. On some specimens, dual-
element type gages were used to obtain Poisson's ratio.

The load-deflection curve of each tested specimen was autographically
recorded, with the corresponding strain level superimposed on the readout.
The speed of testing was set at 5.0 mm/min for the crosshead on all tests.
From the data obtained, reliable stress-strain histories were produced by
simple data reduction. Typical fc.ms of the test data and the reduced data
are shown in Figure 3. The tensile strength, elastic modulus, and rupture
strain have been evaluated for each test. A summary of these results is given
in Table 1. In the table, the samples are identified by a four-digit plate
number, followed by X or Y to indicate whether parallel (X) or perpendicular
to the final rolling direction in the plate fabrication and the sample number
(1 to 5) of that group. Locations of the individual'specimens in the panels
from which they were cut are summarized in Section II.E.
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TABLE 1., TENSILE TEST RESULTS .

5 mm Tensile Tests (ASTM D638-82)

Sample ElasticGModu1us Tensile Strength Max Strain Poisson's
( x 107 psi ) ( psi ) ( in/in ) Ratio

1917-X2 6.64 10079 0.002077

1917-X3 6.47 10784 0.002123

1917-x4 6.87 9574 0.001990

1917-X5 7.17 10895 0.001990

Mean 6.79 10333 0.001974

St.D. 0.303 621 0.000195

1917-Y1 6.15 9790 0.001852 0.26

1917-Y2 6.50 11325 0.002227

1917-¥3 6.96 11753 0.002353

1917-v4 6.88 10263 0.001896

1917-Y5 6.05 10851 0.002127

Mean 6.51 10796 0.002091

St.n. 0.41 790 0.000214

10 mm Tensile Tests (ASTM D638-82)

Sample E]astic6Modu1us Tensile Strength Max Strain Poisson's
( x 10° psi ) ( psi) ( in/in ) Ratio

1958-X1 5.39 10645 0.002337 0.27

1953-x2 6.05 10225% 0.002393

1958-X3 5.76 10438 0.002356

1958-X4 5.70 9019 0.001950

1958-X5 5.61 9266 0.001988

Mean 5.70 9919 0.002205

St.D. 0.24 729 0.000217

1958-Y1 4,75 8752 0.001896 0.26

1958-Y2 5.56 9303 0.002080

1958-Y3 6.24 9427 0.001972

1958-Y4 5.56 10345 0.002400

Mean 5.53 9457 0.002087

St.n 0.61 661 0.000220




Ll AR Y

COMPRESSIVE TESTS
Compressive properties of the materia)l were evaluated by use of the
outlined procedures in the ASTM standard D0695-80. (Compression tests using
nonstandard size samples have results closer to the manufacturer's tests.) The

B.

compression test specimen dimensions follow the prescribed values set in
Section 6.7.1 of the standard. These dimensions were 12.7 mm wide by the
material thickness and by a length such that the greatest slenderness ratio
was between 11:1 and 15:1. These lengths were selected at 18 mm and 36 mm for

the 5 mm and 10 mm thick specimens, respectively. Plan dimensions are shown

in Figure 5. All cut surfaces were machined to obtain as near perfect right -

rectangular prismatic sections as possible, Intact specimens are shown in

Figure 6,

Testing was accomplished under controlled displacement conditfons of the

loading crosshead while the load-defurmation curves were autographically
recorded. The crosshead speed was selected at 1.0 mm/min for all compression :
) tests. From the test data curves, simple data reduction was done to establish

the compressive properties. The compressive strength, elastic modulus, and
strain at failure have been abtained for each test and are summarized in
Table 2. The elastic modulus values of the small specimens are based on the
slope of the testing machine load-deflection curves and are lower than i
expected, possibly because of machine elasticity. Typical forms of the test !
data and reduced data curves are shown in Figure 8, |

Failure of the compression test specimens was accompanied by an explosive
separation of the material in a vertical plane. This plane was normally in-
plane with respect to the thickness of the material and most likely due to
tensile stresses on this plane. Protective shielding was required during
testing. Some examples of failed compression specimens are shown in Figure 7.

.................................
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Figure 6. Intact Compression Specimens,
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TABLE 2. COMPRESSIVE TEST RESULTS

5 mm Compression Test (ASTM D695-80)

Sample ElasticBModu1us Compressive Strength Maximum Strain
( x 10° psi ) ( psi ) ( in/in )
1915-X2 0.999 43854 0.0509
1915-X3 1.0000 45497 0.0522
1915-X4 1.235 46221 0.0561
1915-X5 0.950 45837 0.0577
1915-X6 0.924 44158 0.0573
Mean 1.022 45113 0.0548
St.D. 0.124 1048 0.0039
1915-Y1 1.015 42951 0.0472
1915-Y2 0.993 45782 0.0537
1915-Y3 1.000 45093 0.0524
1915-Y4 0.99 47256 0.0580
Mean 0.995 45371 0.0530
St.D. 0.015 1567 0.0039

10 mm Compression Test (ASTM D695-80)

Sample ElastiCGModulus Compressive Strength Maximum Strain
( x 10° psi ) ( psi ) ( in/in )
1850-X1 1.132 43265 0.0434
1850-X2 1.161 42421 0.0394
1850-X3 1.159 45113 0.0430
1850-X4 1.197 48020 0.0459
1850-X5 1.189 49235 0.0475
Mean 1.168 45611 0.0439
St.D. 0.026 2952 0.0031
1850-Y1 1.244 52766 0.0493
1850-Y2 1.241 54382 0.0500
1850-Y3 1.224 53159 0.0492
1850-Y4 1.239 50857 0.0461
1850-Y5 1.258 52409 0.0467
1850-Y6 1.195 44036 0.0398
Mean 1.224 51268 0.0468
St.D. 0.022 3723 0.0038 ]
12
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C. FLEXURE TESTS

Flexural strength tests were conducted in accordance with the ASTM
standard D790-81., From Table 2 of the standard and for a support span-to-
depth ratio of 16, the specific dimensions of each specimen were set at
13 mm x 76 mm x 5 mm and 13 mm x 152 mm x 10 mm for the 5 mm and 10 mm thick
material, respectively. Lengths shown are for the span between supports.
Total specimen length was 192 mm for the 152 mm span and 104 mm for the. 76 mm
span. Plan dimensions are given in Figure 9 and intact specimens are shown in
Figure 10.

The flexure tests followed Method II and Procedure A of the standard.
Method II is a four-point bend configuration. The loading points were
selected to be at third points between the supports. Procedure A is a desig-
nated practice for brittle materials. The load point deflection curve rate
was set at 5.0 mm/min for all flexure tests.

Load-deflection curves for the flexure tests were autographically
recorded. From simple linear elastic beam theory, the ratio of the beam
midpoint deflection to loadpoint deflection is 1.15 for a four-point loading
at third points. From this and reduction of the load-deflection curves the
flexure modulus, flexural strength, and extreme fiber strain at “.ilure were
obtained. Typical forms of the load-deflection curve and reduced data curve
are shown in Figure 11. A summary of these results is given in Table 3.

The flexural strength S¢ and modulus E, were calculated by the formulas

S¢ = Pe L/bd? (1)

Ey = 0.213 L3m/bd® (2)
where Pf is the failure load, L is the length between supports, b is the
width, d is the depth, and m is the slope of the straight portion of the load-
deflection curve.

Failure of the flexural test specimens was entirely from rupture of the
outermost tensile face. After breakage, halves of the test specimens would
scatter wildly, so that protective shielding was required during testing.
Failed test specimens are shown in Figure 12.
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TABLE 3. FLEXURE TEST RESULTS

5 mm Flexure Test

! Sample F1exure6Modu1us Flexure Strength Max Strain
( x 107 psi ) ( psi ) ( in/in )
' 1913-X7 5.001 17575 0.00372
h 1913-x8 4.940 16055 0.00348
N 1913-X9 5.126 18636 0.00413
- 1913-X10 5.029 14208 0.00362
. 1913-X11 4,883 19094 0.00447
;: Mean 4,996 17114 0.00381
- St.D. 0.092 2001 0.00049
1913-Y7 5.317 18722 0.00388
1913-Y8 5.156 19127 0.00407
1913-Y9 5.183 21191 0.00469
- 1913-Y10 5.088 19705 0.00436
L‘ 1913-Y11 5.317 18685 0.00393
" Mean 5.232 19431 0.00417
- St.0. 0.078 1190 0.00034
2 10 mm Flexure Test
Q
- Sample FlexureGModu1us Flexure Strength Max Strain
{ x 10° psi ) ( psi ) ( in/in )
i 1951-X6 5.750 17559 0.00386
“ 1951-X7 4,920 17648 0.00396
% 1951-X8 5.161 17679 0.00386
- 1951-X9 5.600 18693 N0.00424
1951-X10 5.231 17140 0.00365
3 1951-X11 5.046 18175 0.00437
: Mean 5.285 17816 0.00399
: St.D. 0.324 542 0.00027
.'
“ 1951-Y6 4,711 14704 0.00340
5 1951-Y7 5.070 16930 0.00374
- 1951-Y8 5.046 16905 0.00331
Y 1951-Y9 4,921 17870 0.00427
‘y 1951-Y10 4,850 17291 0.00394
: 1951-Y11 4,717 17694 0.00399
Mean 4,886 16899 0.00386

v St.D. 0.156 1144 0.00029
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D. FRACTURE TQUGHNESS TESTS

Fracture toughness testing of the material was conducted by conforming to
the ASTM standard E399-81. The specimen configuration for the fracture tough-
ness testing was that of a standard compact tension specimen. Dimensions for
both the 5 mm and 10 mm thick material are shown in Figure 13. In accordance
with section 7.1 of the ASTM standard, the specimen size was determined
empirically to constitute plane strain conditions during testing. Intact
compact tension specimens are shown in Figure 14,

A1l relevant testing parameters were met,except for the requirement of an
existing fatigue precrack at the root of the starter notch. This condition
could not be met because of the inability to prevent complete brittle failure
of the specimen during the low-level cyclic fatique process required to gener-
ate the precrack. Fracture toughness testing was,therefore,done without prior
precracking on specimens with a straight-through 90-degree V-notch. Therefore,
results given for the Mode I plane strain fracture toughness should be consid-
ered an upper bound,

The testing of each specimen was done by autographically recording the
relative crack opening displacement versus the applied load. The crack open-
ing displacement was measured at the open end of the compact tension specimen
starter notch by use of a double cantilever clip gage. Direct computation of
the toughness of the material was made by interpretation of the test history
(Figure 5) and the test specimen dimensions. A summary of these results is in
Table 4.

The fracture toughness KIC and the strength ratio RSC are calculated in
accordance with ASTM E399-8]1 by the formulas

Kic = Pq flasw)/Bul/? (3)
and
Ree = 2P, (24 + a)/B(W - a)zoys (4)

The meanings of the dimensions and loads in Equations (3) and (4) are
illustrated in Fiqures 13 and 14; Gys is the yield strength in tension and
f(a/w) is the value of an algebraic function of a/w given in section A4.5.3 of

18
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2' TABLE 4. FRACTURE TOUGHNESS TEST RESULTS

%

% 5 mm Fracture Toughness (ASTM E399-81)

.

k Sample Toughness KIC Strength Ratio RSC

. (ksi/in ) (%)

N

> 1912-X4 1.23 17.1

X 1912-X6 1.30 18.2

: 1912-x7 1.25 17.4

y 1912-x8 1.36 18.0
Mean 1.285 17.7
St.D. 0.058 0.512
1912-v4 1.19 15.1
1912-Y6 1.17 15.1
1912-Y8 1.24 15.3
Mean 1.20 15.2
St.D. 0.036 0.115

10 mm Fracture Toughness (ASTM £399-81)

Sample Toughness Kie Strength Ratio Rec
(ksi/Tn ) (%)
1949-X3 1.20 16.3
1949-x4 1.06 14.8
1949-x7 1.01 14.3
Mean 1.09 15.1
St.D. 0.098 1.04
1949-v1 1.02 15.1
1949-Y8 0.99 14,4
1949-Y9 1.13 16.3
Mean 1.05 15.3
St.D. 0.074 0.96

20




the ASTM standard. RSC is the ratio of the apparent strength of the specimen
to the ultimate tensile strength of an unnotched specimen. In the Table the
ratio has been converted to a percent by multiplying by 100.

Failure of the compact tension specimens was abrupt with a Mode I crack
extension running through the length of the body. Failed specimens are shown
in Figure 16.
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Figure 15. Fracture Test Record.
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Figure 16, Failed Fracture Specimens.

E. SPECIMEN BLANKS

Before the supplied panels were cut into the required specimen dimen-
sions, the panels were marked with the rough shape of each specimen blank and
labeled. The labeling of the specimens consisted of a four-digit panel desig-
nation, principal testing direction (x or y), and a specimen number. The x-
direction is the direction of the final rolling in the plate fabrication. The
general layouts of these blanks are shown in Figures 17 to 20. The roughly
cut blanks were a couple of millimeters greater in each of the directions than
actuaily required by the ASTM standard.

Since this 4is a high-strength, brittle material, the final machine
finishing was done with carbide tooling at moderately low speeds, This
avoided chipping of the specimens, while providing smooth surfaces.

Within each of the test panels supplied, varying thicknesses in the range
of 0.2 mm and 0.6 mm had been noticed. This caused some difficulty in the
machining process but was not a major problem.
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Figure 18. Layout for Compression Test Specimen Blanks,
(a) 1C mm, (b) 5 mm Thickness.

23

CE ATt St LY e NN

'.4";‘.-"’ . -".. e O . e e . RN Y e e T T T e Pt A Tt Tt s
P B I T Sy 1 I N ST P N A T A T oty S R




e e e I S S A At S Y fag At St et B i - A S L e g e - o g LI |

¥ Y YT
; Y Y1
x: Y Y
Y& Y
XS Y5 Y21
X “ Y22
: :g EdSEAFA et be o
x8 i -
X Y1l
Yid
X10 Y1i
XTT Y14
X2 Y18
3
po|rtohnts (o e |
fom X - oy [ o 0= -
el od o[> 2=] 2] > 2 x,‘ E:EQ O] k";q"’ v ‘;,ﬁ
; T 111
[i X158
1951 1913
(a) (b)
Figure 19. Layout for Flexure Test Specimen Blanks.
(a) 10 mm, (b) 5 mm Thickness
P - e
vi |2 Y3
X5 I x10 x10 xs‘
4 5 6
4 10 Y Y Y
X 1 X3 Y x9I xul
I d - Y? Y8 Y9
X3 x8 Y9 v8 Y7 X8 "3t
- - | Yi0
X2 t X7 Y6 Y5 \L x? le
L ] L el
X1 I X6 l Y3 v2 Y1 xé ’“1
1849 1912 '
(a) (b)

Figure 20. Layouts for Compact Tension Fracture Toughness Specimen
Blanks. (a) 10 mm, (b) 5 mm Thickness.

24




SECTION I1I
ENVIRONMENTAL HISTORY EFFECTS ON FLEXURAL PROPERTIES

) A, MOISTURE HISTORY EFFECTS
' Environmental testing was conducted on flexure test specimens that had
been immersed in a distilled water bath for periods of 24 hours or 7 days.
The bath of distilled water was de-aired and kept at room temperature
throughout the soaking duration. The dimensions, loading configuration, and
loading rate were the same as those of the dry run flexure tests per ASTM
. D790-81; see Figure 9. Specimens were cut from Plate Numbers 1913 and 1951,
. at locations shown in Figure 19.

The environmental parameters evaluated from these tests were water ab-
sorption as measured by per cent weight increase, flexure modulus, flexural
strength, and extreme fiber strain at failure. Typical relationships for the
reduced load-deflection curves and the per cent of weight increase with water
absorbed during soaking are shown in Figures 21 and 22. A summary of these
results is given in Tables 5 and 6, and trends with times of immersion are
shown in Figures 23 to 26.

During the soaking period, a soft chalky film formed at the surface of
the water bath, Air bubbles were also noticed to accumulate densely on the
material surface, and they did not appear to separate from the surface of the
material.
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Figure 21. Typical Flexural Stress-Strain Curves
After 0, 1 or 7 Days Soaking.
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. Figure 22. Typical Water Absorption (Schematic).
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TABLE 5. FLEXURE TESTS OF 5 MM THICK SPECIMENS AFTER MOISTURE EXPOSURE

5 mm Flexure Test - 24-Hour Immersed

i
3 s
Y Sample F]exuresModulus Flexure Strength Max Strain Absorption ¢
( x 107 psi ) ( psi ) ( in/in ) (%)

1913-X16 3.600 14893 0.00493 0.20

1913-X17 3.853 15584 0.00496 .26

Mean 3.727 15239 0.00495 N.23

St.D. 0.179 489 0.00002 0.04

1913-Y16 3.677 13636 0.00406 0.00

1913-Y17 2.967 11641 N.00463 0.32

1913-v18 3,763 14660 0.00475 0.00

Mean 3.469 13312 N.00448 0.11

St.n. 0.437 1535 0.00037 0.18

5 mm Flexure Test - 7-Day Immersed h

) Sample FlexureGModulus Flexure Strength Max Strain Absorption
X ( x 10° psi ) ( psi ) ( in/in ) (%)
: 1913-X13 2.550 11648 0.00792 1.72 '
. 1913-x14 2.786 12049 0.00790 1.85
. 1913-X15 2.701 12049 0.00758 1.65
Mean 2.679 11915 0.00780 1.74
St.D. 0.119 232 0.00019 0.10 \
1913-v13 2,916 13281 0.00691 1.32
1913-v14 3.551 15343 0.00659 n.11
1913-Y15 3.095 14459 0.00648 0.94
: Mean 3.187 14361 0.00666 0.79
St.D. 0.327 1034 0.00022 0.62
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TABLE 6. FLEXURE TESTS OF 10 MM SPECIMENS AFTER MOISTURE EXPOSURE

y 10 mm Flexure Test - 24-Hour Immersed

o

N Sample F1exure6Modu1us Flexure Strength Max Strain Absorption

( x 107 psi ) ( psi ) ( in/in ) (%)

N 1951-X16 4,128 16218 0.00435 0.06

N 1951-x17 3.930 15118 0.00414 0.22

3 1951-X18 3.930 15118 0.00435 0.12
Mean 3,996 15485 0.00428 0.15

: St.D. 0.114 635 0.00012 0.08

4

‘ 1951-Y16 3.997 14816 0.00394 0.17

. 1913-Y18 3.680 13654 0.00412 0.29
1956-Y1 3.876 14637 0.00410 0.20

3 Mean 3.926 14369 0.00405 0.22

y St.D. 0.218 626 0.00010 0.06

. 10 mm Flexure Test 7-Day Immersed

. Sample F1exure6Modu1us Flexure Strength Max Strain Absorption

. ( x 107 psi ) ( psi ) ( in/in ) (%)
1951-X13 3.915 14543 0.00475 0.46
1951-x14 3.330 14123 0.00489 0.46
1951-X15 3.759 14921 0.00515 0.46
Mean 3.668 14529 0.00493 0.46
St.0D. 0.303 399 0.00020 0.00
1951-Y13 3.700 13861 0.00473 0.49
1951-Y14 3.728 14001 0.00473 0.55
1951-Y15 3.795 13315 0.00480 0.60
Mean 3.674 13726 0.00475 0.55
St.D. 0.070 362 0.00004 0.06
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B. THERMAL HISTORY EFFECTS

Four-point bend flexural tests were performed on 5 mm thick specimens.
The dimensions and loading configuration were the same as those of the
flexural tests described in Section I1.C per ASTM D790-81. Additional control
specimens, not subjected to a thermal history, were tested, cut from the same
plates as the thermal history specimens.

Some preliminary tests on 10 mm thick specimens subjected to a 120°C
environment for 24 hours showed that many of the specimens, which were from
plates that had evidently been formed by laminating together two 5 mm plates,
delaminated during the thermal exposure, and all of them showed less than 10
per cent of the flexural strength of the control specimens. Most of the
remainder of the test program was carried out on 5 mm thick specimens.,

After some exploratory trials, it was determined that a temperature range
from 80°C to 150°C with exposure times ranging from 1 to 24 hours was a suit-
able test spectrum, After removal from the autoclave, the specimens were
allowed to coo) at room temperature for 1 to 1.5 hours before testing. Re-
sults reported in the following table are averages for four replications of
the flexural strength and flexura)l modulus (except for a few cases where there
were only three replications). Since these parameters varied somewhat from
plate to plate, the values reported in the following table have been norma-
lized by dividing by the average value for four control specimens from the
same plate. As the table shows, all the thermal histories caused an increase
in the flexural modulus after a 24-hour exposure. In some cases, shorter
exposure times decreased the modulus, most notably at 120°C, which was also
the temperature where the greatest increase in modulus occurred (28 per cent)
in 24 hours.
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N
) TABLE 7. THERMAL ENVIRONMENTAL HISTORY EFFECTS ON FLEXURAL PROPERTIES
(Strength and modulus have been normalized by dividing by the average value

; for control specimens from same plate.)
3,
4 EXPOSURE TEMPERATURE 80°C PLATE NO, 1941
y) Exposure Time 0 1 3 5 7 24
‘ (hr)
- Flexural Strength 1.00 0.768 0.733 0.818 0.853 0.9%
¢ /127 MPa
j Flexural Modulus 1.00 1.005 1.005 0.972 1.022 1.131

/35.8 GPa
N EXPOSURE TEMPERATURE 100°C PLATE NO. 1940

Exposure Time 0 0.5 1 3 5 7 24
. (hr)
S Flexural Strength 1.00 0.830 0.904 0.878 0.948 1.00  0.956
- /117 MPa
Flexural Modulus 1.00 0.939 0.987 0.989 0.960 0.915 1.077

; /37.8 GPa
N EXPOSURE TEMPERATURE 120°C PLATE NO. 1940
N Exposure Time 0 0.5 1 3 5 7 28
2 (hr)
(- Flexural Strength 1,00 0,908 0.921 0.980 0.921 0.932 0.745

/117.0 MPa
9 Flexural Modutus 1.00 0.820 0.857 1.06 1.06 1.06 1.28
. /37.8 GPa

EXPOSURE TEMPERATURE 150°C PLATE NO. 1982
o Exposure Time 0 0.5 1 3 5 9 13
N (hr)
N Flexural Strength 1,00 0.828  0.933 0.619 0.636 0.425 0.299
- /125.8 MPa
- Flexural Modulus 1.00 1.10 1.16 1.20 1.21 1.17 1.09
2 /41.4 GPa
N Exposure Time 21 25 30
- (hr)
N Flexural Strength 0.343 0.377 0.361
\ /125.8 MPa

Flexural Modulus 1.11 1.14 1.14

/41.4 GPa
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Strength was degraded by all the thermal histories, but the decrease
showed quite different dependence on exposure time at different tempera-
tures. For example, at 80°C the retained strength after 1 hour was 0.768 of
the control value, but further exposure showed 0.955 of the strength retained
after 24 hours. At 150°C, on the other hand, the retained strength factor
after 1 hour was 0.944 and after 25 hours it was 0.377. Each value reported
in the table is the average for four replications. Some individual specimen
results are shown in the appendix.

Figures 27 through 30 show the trends in flexural strength with exposure
time at four temperatures. The error bars denote actual scatter bands at the
various exposure times. The maximum exposure time initially planned was 24
hours, but at 150°C a group of specimens was exposed for 30 hours to rule out
significant further degradation.
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SECTION TV
DYNAMIC TESTS

. A. HIGH-STRAIN-RATE COMPRESSIVE TESTS WITH SHPB
1. Test Equipment and Procedures

The Kolsky apparatus or Split Hopkinson's Pressure Bar (SHPB) system
methods used do not follow an ASTM standard. A brief descriptiom of the
apparatus and oprocedures 1is, therefore, given here. For a historical
background on the development of SHPB systems, and more details about
their application, see the section by T, Nicholas in the book Impact
Dynamics by Zukas et al, (1982), Reference 1. Two SHPB systems were
used. Tests of 10 mm diameter specimens were made with a small system
with 19 mm diameter pressure bars and a 58 cm (23 inch) long striker bar
propelled by a torsion spring. This system was inadequate for testing

19 mm diameter specimens. Fortunately a new system with 76 mm diameter
pressure bars and a 76 cm (30 inch) long striker bar propelled by a gas
gun, designed for testing concrete, was completed at the University of
Florida during this investigation. Although it had a larger than desir-

IR AL ALA

able area ratio of pressure bar to specimen, it was used to test the 19 mm
specimens.

N Figure 31 shows a schematic of the SHPB with a Lagrange diagram
{x - t plane) above it illustrating the propagation of the longitudinal
elastic stress waves in the striker and two pressure bars. Dimensions
shown are for the new larger system. Maximum loading time of approximate-
ly 300 microseconds is determined by the time required for the elastic
compressive wave set up in the striker bar to return as an unloading
tensile wave. The strain gages on the incident pressure bar are posi-
X tioned so that this length of incident compressive pulse, £rs has passed
the gage station and the trace has returned to zero, so that there is a
dwell period before the reflected wave, e from the specimen arrives.

A full strain-gage bridge is permanently mounted on each pressure
bar, 152 cm (60 inches) from the specimen interface. The amplified
signals are recorded by a transient recorder consisting of a four-channel
Nicolet 4094 digital storage oscilloscope.
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Figure 31, Schematic of Bars and Lagrange Diagram

The recorded signals are displayed hy the oscilloscope and also stored
on floppy diskettes for subsequent analysis. Fiqure 32 shows an example
of the axial strain signals versus time, recorded by a Hewlett Packard
7470A digital plotter from the stored signals in the digital oscillo-
scope, Compressive strain is plotted upward. After the passage of the
first incident pulse, of nominal length 300 microsec (from the beginning
of the rise to the beginning of the fall), there is a dwell time before
the arrival of the reflected pulse from the specimen, which is recorded at
the same gage station as the incident pulse. Another channel shows the
pulse transmitted through the specimen into the transmitter bar. Because
the two gage stations are equidistant from the specimen, the transmitted
pulse arrives at the transmitter-bar gage station at approximately the
same time as the reflected pulse arrives back at the incident-bar station,
delayed only by the transit time of the leading edge of the pulse through
the specimen,
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Figure 32, Strain Pulses in Pressure Bars - lLarger
System with 19-mm Specimen,

. For purposes of analysis, the digitally recorded pulses are time -

' shifted, so that time zero coincides with the 1initfal arrival at the
specimen interface. One-dimensional elastic wave analysis in the pressure ’
bars then furnishes both force and velocity versus time at each interface ’
of the short specimen, from which the dynamic stress-strain relation is
deduced, ]

For a strain pulse propagating in the positive direction (away from
the striker) in a pressure bar, elastic bar-wave theory furnishes the

relationship - E
»
V=o-coE (5) .
;
, between the particle velocity v and the strain e (negative for compres-
t sion), where ¢, 1is the elastic bar-wave propagation speed. In the v

)
incident bar at the interface with the specimen the incident strain

pulse €. gives velocity “Cot and the reflected strain pulse N

1 [
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propagating in the negative direction gives particle velocity +coeR, SO
that the net particle velocity vy of the incident bar interface is

Vi= - Sl - ) (6)
The transmitter bar interface particle velocity vy is similarly found as
Vi = - € (N

where €y is the strain in the transmitted pulse. All these strains and
particle velocities vary with time, while o is constant., The nominal
strain rate Es in a specimen of initial length L. is (vy - VI)/Ls or

C
e=-L—:-[eT-eI+eR]. (8)

s

Equation (8) gives, at any time, the average strain rate along the
specimen, (negative for compression) regardless of the specimen length, if
the three recorded strain pulses at the gages are appropriately shifted in
time (eI forward and the other two backward) before combining them. This
can be accomplished by a simple computer program with digitally recorded
data. In many analyses the further assumption is made that the stress in
the specimen is essentially uniform along the short specimen length after
the initial rise; then the same force acts on each pressure bar interface
so that

EA(e, + €) = EAer (9)

where E and A are the elastic modulus and cross section area of the
pressure bars, This implies that

€r * = (10)
so that Equation {8) takes the simpler form
2¢
e = .2
€ T %R° (11)
s
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If the assumption of Equation (9) is not valid, then Equation (8) can be
integrated instead of Equation (11) to determine specimen strain versus
time. This will require a simple digital computer analysis because of the

different time shifts between € and the other pulses.

When the simpler Equation (11) can be used, the integration can be
performed with an integrating operational amplifier in the recording
circuit. Then, with appropriate scaling, the reflected pulse of Figure 32

3 represents specimen strain rate, the transmitted pulse represents specimen
\ stress and the integrated reflected pulse represents the specimen strain,
all plotted versus time. They can be read out point by point from the
memory of the digital storage oscilloscope. They can also be replotted as
f stress versus strain on the digital oscilloscope display and then copied

by the xy-plotter.

Although the 10 mm long specimens of the present investigation were
short enough that the simpler analysis would have given almost the same
results, the method of Equation (8) was used to obtain the strain rate for

; all the data reported in this investigation.

The specimen stress at the transmitter bar interface, LA is given by

ogr = E(A/A) e (12)

while the specimen stress at the incident bar interface, %> is given by

o1 = E(A/As)(eI + eR) (13)

where As is the cross section area of the specimen, which should be less
than or equal to the pressure bar cross section area A, and E is the K

pressure bar elastic modulus. An estimate of the average stress along the

specimen length is then given by

g =

| —

(OSI + GST) (14)

while an error estimate for the stress difference from the average is

given by

o - a _|. .
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Figure 33. Example of Average Specimen Stress o, Strain Rate e
and Strain e Versus Time.

Figure 33 shows an example of plots of the average stress (by Equa-
tion 14), specimen strain rate (by Equation 8), and strain e {obtained by
numerical integration of the strain rate), all plotted versus time
measured from the instant when the leading edge of the incident pulse
arrived at the specimen. This is the processed data deduced from the
recorded pulses of Figure 32. The results are replotted as stress versus
strain in Figure 34, Two stress scales are shown, kips per square inch
and megapascals.

As is shown in Figure 33, the specimen strain rate (average along the
length) is not constant during the test but decreases from a maximum that
occurs near what is believed to be the end of an essentially elastic de-
formation to a minimum very near the maximum stress and then increases
again as the specimen fails completely. The decrease in strain rate is
not a purely material effect, but is an interaction between the specimen
and the incident pressure bar, which is slowed by the resisting force of
the specimen. In the following subsection the test results will be
reported as maximum stress versus the strain rate at the maximum stress.
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2. Dynamic Compressive Test Results

Figure 35 shows the locations in the plate from which large (XL and
YL) 19 mm diameter specimens and small (XS and YS) 10 mm diameter speci-
mens were cut from Plate 1850, Al) these dynamic compression specimens
are for thickness direction tests of nominally 10 mm long cylinders. The
X-direction is the direction of the final rolling in the preparation of
the plate, .nd the Y-direction is perpendicular to it. The right-hand
part of the figure shows locations in the 5 mm thick Plate 1912 from which
another series of specimens of length 5 mm and diameter 10 mm were cut.

Figure 36 displays the ultimate compressive strength versus the
strain rate at the maximum stress for seven of the XS specimens, along
with five of the in-plane static strengths found in the tests of Section
IT.B. This was an unusually consistent set of dynamic test results.
Figure 37 shows these same points, alorg with seven of the YS specimen

(KShH T T T T (MPa)

STRENGTH
-600

80| I s

— . et o
/’ 1500
6°7J {400
ol fa00
4200
201
—4100
0 ] 1 4 i
100 200 300 400 500

STRAIN RATE (™)

Figure 36. Ultimate Strength Versus Strain Rate at the Ultimate Strength
for Seven 10 mm Thick by 10 mm Diameter Specimens of Type XS,
Also shown are five static compression test results.
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dynamic test results and additional static tests and exhibits greater
scatter in the results. All the numerical values for the points plotted
in the figures of this section are tabulated in three tables in the
appendix.

In Figure 36, the two lowest-speed dynamic tests (at failure strain
rates of 10/sec and 35/sec) were obtained by a technique of direct impact
of the 1.83-meter (6-foot) long incident pressure bar against the specimen
instead of the usual split-bar technique where the loading pulse is
furnished by a 58 cm (23-inch) long striker bar and transmitted to the

(KSI) T T T T (MPa)
. STRENGTH ) 600
80 L] ° A _

/ a 4500
60> —400
40 —4300
e XS 200

ZOF A YS
—4100

0 1 1 | 1

100 200 300 400 500
STRAIN RATE (™)

Figure 37. Dynamic Compression Test Results of 10 mm Specimens Showing
Ultimate Strength Versus Strain Rate at the Maximum Stress.
Also shown are 10 static compression test strengths,

specimen through the incident pressure bar. Two more direct-impact 1ow-
speed tests are shown by the hollow triangles in Figure 37. The direct
impact by the incident bar provides a longer loading pulse than the usual
striker-bar pulse, so that enough loading time is available for failure to
occur at the lower speed. This provided data in the important transition
region between the static tests and the usual SHPB range (above about
50/sec).
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Above the transition region in Figure 36, the strength appears to
reach a maximum at a failure strain rate of about 200/sec and then to
decline at higher rates. The scatter in Figure 37, however, makes such a
specific conclusion questionable. What can be concluded from these
results is that there is a transition region from the static range with
strengths around 50 ksi (345 MPa) to the Hopkinson bar range with
strengths around 80 ksi (550 MPa), with possibly a slight decrease at the
higher rates.

A1l the results reported in Figures 36 and 37 are for 10 mm diameter
specimens, tested with the small SHPB system. These have been reproduced
in Figure 38 along with additional points from tests of 19 mm diameter
specimens marked X for the XL series and + for the YL series. These
larger specimens, tested in the new larger SHPB system, show a great deal
of scatter, possibly because of the large area mismatch between specimen
and pressure bar, and possibly because the specimens were cut from
positions near the edge of the plate.

(KSI) T — —T T (MPa)
x STRENGTH +
A A + —600
ao - * Y “ ;.
ren £ qsoo
60[®- N * da00
40 -4300
e XS |
. YS 200
20+ x XL
0

)] } i 1
100 200 300 400 500
STRAIN RATE (S™Y)

Figqure 38. Dynamic Compression Test Results Showing Ultimate Strength Versus h
Strain Rate at the Maximum Stress. Points Marked With Solid ’
Circles and Triangles are for 10 mm Diameter Specimens, Repro
duced From Fiqure 37. Ten Static Compression Test Strengths are
Shown on the Left Ordinate Scale.
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Figure 39 reproduces the dynamic data of Fiqure 38 along with six more
points at still higher rates., It was noticed in some of these higher-rate
tests that considerable heating occurred. Brilliant sparks were observed
even with the laboratory lights on, and cakes of flattened specimens felt
warm when they were removed from the ends of the steel pressure bars after
the tests., It is possible that some thermomechanical effects are respon-
sible for the drop-off in ultimate strength in some of the tests at the
higher rates.

Figure 40 shows the results for 10 mm diameter specimens cut from the
nominally 5 mm thick Plate 1912, tested in the small bar system. The
hollow squares (X-series) and diamonds (Y-series) were obtained by direct
jmpact of the incident bar against the specimen to produce a longer

(KSH) { ! T r 1 (MPa)
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A L4 . —600
80 o o A X & ¥
f(‘/‘ x 500
60[* .« * + -400
-4300
a0f-
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+ YL -‘100
l | 1 1

1
0 200 400 600 800 1000 1200
STRAIN RATE (S™")

Figure 39. Dynamic Tests of Figure 2 Reproduced Along with
Four Tests at Higher Strain Rates. Plate 1850,

loading pulse than the striker bar of the normal Hopkinson's Bar system
provides. The solid squares and diamonds represent points obtained by the
normal Hopkinson's Bar technique.
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Trends in the dynamic testing regime are a little difficult to
establish . from this data, because of the scatter, but all the dynamic
ultimate strengths are around or above 60 ksi, well above the static
strengths (average about 50 ksi) shown on the left ordinate scale in

P

Figure 38.
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Figure 40. Results for 10 mm Diameter, 5 mm Long Specimens. Hollow

Square and Hollow Diamonds are for Direct Impact by the
Incident Bar. Plate 1912,

Figqure 41. Longitudinally Fractured Specimen.
Length = Diameter = 10 mm.
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Failure at the lower impact speeds was by a single longitudinal crack
as shown in Figure 41. At higher speeds, further fragmentation occurred
into a fine angular gravel.

DYNAMIC MODULUS AND DAMPING FROM VIBRATION TESTS ON BEAMS
1. Steady Forced Vibrations

The experimental equipment and procedures used for the flexural
vibration damping and modulus measurements are quite similar to those
described by Gibson et al, in Reference 2, which also gives references to
earlier papers dealing with the development of the method. The apparatus
was assembled at the University of Florida while Professor Gibson was a
visiting professor there.

The specimen, a flat beam, is centrally supported on a shaker as
illustrated in Figure 42, forming two symmetrically placed cantilevers.
The shaker is driven by an osci]]ator' through a power amplifier with
variable frequency and controllable power. The acceleration at the
support is monitored by an accelerometer from whose record bath the

Accelerometer
Clamping Block

Specimen

[ 00eme0enmeE SO0 0000 S00NOROROORSIRRTITRC000000 5 SER00a000 SABOOAD0ORRER TV vy

o~

Target
Shaker I Clamping
Motion Block

Displacement Transducers

Figure 42. Modified Specimen-Transducer Configuration,

applied force and the support displacement amplitude at resonance are
determined. Displacements are also monitored near each tip by a non-
contacting eddy-current probe acting on an aluminum-foil target cemented
to the specimen. Both tips are monitored to ensure approximately

symmetrical motion,
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For harmonic motion at a resonant frequency fr = wr/Zn, a separation
of variables solution of the partial differential equation for the
deflection of an undamped cantilever of stiffness EI, density p and cross-
sectional area A is

y(x,t) = Re{Alsin er + A

cos A x + A sinh AX + A4cosh er) exp(IQ?t)} (15)

2 3

where A, = (pAwrz/EI)l/d (16)

is the eigenvalue and x is the coordinate measured from the support at

x = 0. The constants Al to A3 can be determined in terms of A4 by using
the two free-end boundary conditions at x = L and the zero slope condition
at x = 0. Then it can be shown that the tip-to-support deflection ampli-
tude ratio is

a(L)/a(0) = {(cos er + cosh er)/(l + cos er cosh \rL)l (17)

For the undamped beam, this ratio becomes infinite when the denominator
vanishes., Thus

cos er cosh er +1=0 (18)

is the eigenvalue equation for the resonant frequencies.

Damping is accounted for in the analysis by replacing the modulus F
by the complex modulus E'

*

E = E' + §E" = E'(1 + in) where i = /-1 (19)
£' is the storage modulus,
E" is the loss modulus,
and n = E"/E' is the damping ratio.

The complex eigenvalue is
*
A = [korz/E'[(l + 1n)]1/4. (20)

r

For light damping the principal complex root is
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*
Moo= AL - i(n/8) ], (21)
Equation (17) with the eigenvalue replaced by the complex eigenvalue

according to Equation (21) then leads to
n = C.[a(0)/a(L)] (22)

where Cr depends upon er. The values of er and Cr have been tabulated
in Reference 2 for the first five modes of vibration.

Since the displacement is not measured exactly at the tip, the proce- -
dure is further refined by using the mode-shape function ¢r(x) given in
Reference 2. Then in Equation (22)

a(L) = Lo L)/ (x )] alx,) (23)

where x_  is the position of displacement measurement. Also the displace-

)
ment amplitude a(0) of the support is obtained from the measured accelera-

tion amplitude there, a(0), at resonance by
_ . 2
a(0) = a(O)/wr . (24)

In the first serijes of tests, the acceleration amplitude was held
constant, while the frequency was varied until the maximum tip displace-
ment amplitude occurred at the lowest resonant frequency fr. This deter-
mined W, = 21tfr for the first mode of vibration. The storage modulus E',
which for 1light damping is approximately equal to the usual elastic
modulus E, is then calculated by

vl 2,, 4
£' = pAwr /)\r [ (25)

where 1 is the area moment of inertia of the cross section, and the
damping factor n is given by FEquations (22) through (24). Results are
given in Table 8 for four specimens, two nominally 7 mm thick and two
nominally 10 mm thick, The thicker plates had a higher resonant frequency
and also about 4.5 per cent higher storage modulus, which may be a
difference 1in specimens rather than a frequency dependence of the
modulus.
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TABLE 8. FLEXURAL VIBRATION DAMPING AND MODULUS RESULTS (FIRST SERIES)

Spec. Thickness Length L Width Densi&y f E' n
)

(mm) (mm) (mm) (9/cm®)  (Hz)  (GPa)

7.94 152.2 25.2 2.43 245 47.5 0.031
7.98 152.2 25.83 2.41 250 48.7 0.030
10.91 152.0 25.26 2.46 347 50.8 0.032
10.88 152.2 24.79 2.48 344 51.0 0.037

0.0305 Plate No, 2080
0.0345 Plate No. 1957
0.0325

7 mm, E' =48.1 GPa (6.98 x 10 psi), n
10 mm, E'

A1l 4, €'

6
50.9 GPa (7.39 x 108 psi), n
49,5 GPa (7.18 x 10° psi), n

nonou
nonon

Two variations of the test were carried out. The lowest-mode resonant
frequency of the 7 mm thick specimens from Plate 2080 was varied from
about 250 Hz to 483 Hz by shortening the cantilever length from 150 mm to
110 mm to determine whether a frequency dependence could be noted, and
these tests were repeated in a vacuum bell jar to verify that air damping
was not significant. As the results summarized in Table 9 show, there was
no noticeable frequency dependence over this limited range of frequencies
for either the 7 mm specimens or the 10 mm specimens from Plate 1957 for
which the resonant frequency was varied from about 348 Hz to about 667 Hz.

The small difference noted between the storage moduli of the two sizes
of specimens tested in the first test series is therefore attributed to
differences in the specimens rather than to any frequency dependence. For
the tests reported in Table 9, three lengths for a given thickness were
obtained by cutting off the ends of the longer specimen after testing, so
that the central part of the beam consisted of the same material in all
three lengths. Two beams were prepared for each thickness, giving four
tests in air for each length.

The same specimens were also tested in vacuum to verify that the air
damping was negligible for these small amplitudes of vibration. As may be
seen in Table 9, there was no significant difference between the measure-
ments in air and those at a gage pressure of -53.34 cm (-21 inches) of
mercury, obtained by ~lacing the whole apparatus in a bell jar. In fact,
for this whole series of tests there was little variation from the average
values of the Modulus of Elasticity and Damping Factors as shown below.

Modulus E = 51.8 GPa (7.51 x 10% psi) (26)
Damping Factor n = 0,032,




\
! TABLE 9. RESULTS Of VIBRATION MODULUS AND DAMPING TESTS
o
L Length Pressure Thickness fr E n
3 (mm) (mm) (Hz) (GPa)
' 150 atm 7 257 ~52.0 0.0331
150 atm 7 242 52.1 0.0305
< 150 atm 10 347 50.9 0.0336
-, 150 atm 10 349 52.3 0.0302
5 150 =21 in 7 257 52.2 0.0304
150 =21 in 7 243 52.5 0.0285
150 =21 in 10 347 50.8 0.0322
‘" 150 -21 in 10 349 52.5 0.0276
172 atm 7 701 57,7 0.0309
o 122 atm 7 374 50.6 0.0322
. 122 atm 10 544 51.9 0.0342
122 atm 10 538 51.4 0.0339
- 122 =21 1n T 02 52.7 0.0309
X 122 =21 in 7 374 50.6 0.0302
= 122 =21 in 10 545 52.5 0.0319
' 122 =21 in 10 539 51.5 0.0327
o 110 atm 7 500 52.5 0.0304
3 110 atm 7 464 51.0 0.0315
[ 110 atm 10 657 50.5 0.0367
A 110 atm 10 677 52.8 0.0343
3 110 21 in 7 501 52.6 0.0292
110 -21 in 7 464 51.1 0.0306
N 110 -21 in 10 657 50.5 0.0361
- 110 -21 in 10 677 52.9 0.0333
2. Damping Factors from Free Vibration Decay
The free-vibration tests were undertaken because some preliminary
free vibration tests had apparently shown a much greater damping based on
Al the logarithmic decrement in free vibration than was found in the forced-
- vibration tests. The relationship between the various measures of damping

can be seen from the following simple argument.

- [f a cantilever beam is regarded simply as a linear spring of stiff-
ness k resisting the vertical motion of a mass m, then the deflection y as
a function of time is given by the following equations.

£ o

Without damping y = yoexp(iubt), where w = (k/m)llz (27)
X 52
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and y, is the amplitude of the undamped motion., With damping, k is
replaced by the complex stiffness k*.

*
k = k(1 + in), where n is the damping factor, (28)

the measure of damping reported in the forced vibration measurements.

With damping the solution is

Y=Y, exp{it[-%(l + 1n)]1/2. (29)

1/2

n <1, [-%(1 + 1n)112 may be replaced by (k/m)i/2(1 +-% in) (30)

and the solution becomes

] 1 L
y = yoexp(- zubrm) exp(lubt)

where now Y, is the initial displacement.

The ratio of the displacements y(t) and y(t + 1) at times separated
by one period = = 2ﬂ/ub of the oscillatory motion represented by the last
factor in Equation (31) is

y(t)/y(t + <) = exp( u m) (32)

since yoexD(i“bt) = yoexp[iub(t + 1)].

The logarithmic decrement & is given by

$ A 5 = anfy(t)/y(t + ©)] = =n (33)

Thus, according to this simple analysis, the logarithmic decrement in
free vibration should be Pj times the damping factor. The analysis is
. approximate in that the mass in the real system is distributed rather than
. Tumped, but experience with vibrating systems suggests that this simple
model works reasonably well for lightly damped systems when comparing a
damped free vibration with a lowest-mode forced vibration., Some of the
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approximation gets cancelled out by taking the ratio of successive maximum
displacements. The fraction of critical damping, r, is given by

n= /e, = 5/ (41 + 62)1/2 (34)

or = 5/2n when 5 € 2% Thus £ = n/2 since n = &/ (35)
Table 10 lists the values of n calculated in this way for seven free-
vibration specimens tested at the University of Florida. Several of them
show higher damping factors than the values around 0.03 in Tables 8 and 9,

based on forced vibration tests, but they are of the same order of
magnitude,

TABLE 10. DAMPING FACTORS FROM FREE VIBRATION TESTS

SPECIMEN LENGTH THICKNESS DAMPING FACTOR
NO. (mm) (mm) n
M-1 159 8 N0.060
M-2 220 11 0.046
M-3 220 8 0.041
M-4 304 8 0.036
M-5 220 11 0.065
M-6 220 ) 11 0.071
M-7 317 11 0.034

DYNAMIC MODULUS FROM WAVE PROPAGATION TESTS

The wave propagation studies were performed before the vibration
tests reported in the previous section. As will be seen, the dynamic
modulus determinations by several different methods gave a considerable

variation in results,

The first wave propagation tests undertaken were performed on some of
the same specimens that were later used for dynamic compression SHPB
tests. These were ultrasonic wave speed measurements (propagation through
the thickness direction of the plates) to determine dynamic moduli. Since
the results gave unexpectedly high values for the elastic modulus E,
another method was used to determine E from bar-wave velocities measured

on a bhar cut from one of the plates. This gave a lower value.
54
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It was suspected that the discrepancy between the bar-wave in-plane
measurement of £ and the determination bhased on through-the-thickness
longitudinal and shear wave velocities might be caused by anisotropy which
made the thickness stiffness greater than the in-plane stiffness, If this
were the case, it would invalidate the method by which E was calculated
from the ultrasonic data. Some additional tests were made to resolve the
discrepancy. Some specimens were cut from a 10 mm thick plate with which
the ultrasonic measurements could be made both in the thickness direction
and in an in-plane direction. These tests showed that the material is
macroscopically very nearly isotropic, so that the suspicion of anisotropy
was unfounded. There was considerable variation from point to point in
the plate, however, indicating some nonuniformity, but all of the measure-
ments gave significantly higher modulus E (of the order of 55 GPa) than
previously reported static data or the preliminary bar-wave test result,

Suspicion then shifted to the bar-wave test, An accelerometer
mounted on one end of the bar could have loaded the end sufficiently to
give lon:. ~ times between reflections and therefore apparently lower bar-
wave speeds. Another method was then used with a shorter bar 93,7 mm
(3.69 inches) long, mounted in the split Hopkinson's bar. This gave a
somewhat higher bar-wave speed closer to the ultrasonic data. Several
additional bar-wave and ultrasonic tests were then made with results as
summarized in Tables 11 and 12.

The in-plane bar-wave speed measurements were made on four bars of
nominally square cross section cut from the four edges of one of the 10-mm
thick panels. Bars B and D are in the rolling direction, while A and C
are in the transverse direction, cut from Plate 1957,

Bar-wave measurements in the thickness direction were made as fol-
lows. A bar was formed by stacking together 16 of the 10 mm thick, 19 mm
diameter, Hopkinson Bar specimens that had been fabricated from
Plate 1850, A 1light film of grease between the specimens caused them to
adhere when pressed together, It had been thought that these oil-film
interfaces might introduce enough delay into the transmission that a lower
speed and consequently Tlower apparent modulus E would be found in the
thickness direction. This was not the case, however, since the modulus
determined for the thickness direction of Bar 1850 is slightly higher than
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any of the in-plane moduli determined on Plate 1957,

Table 11 summarizes the dynamic modulus results from the different
bars as obtained by different measurement methods. The results obtained
on any one bar by a given method were highly reproducible with a variation
between readings of less than one per cent, mainly occasioned by the reso-
lution of the digital oscilloscope used to record, which resolves to 0.5
microsecond.

TABLE 11, DYNAMIC MODULUS AS DETERMINED FROM BAR-WAVE
SPEEDS BY DIFFERENT METHODS

METHOD ACCELEROMETER STiPB STRAIN GAGE
¢, (m/s) E (GPa) o {(m/s) € (GPa) o (m/s} E (GPa)
BAR
B 4090  40.8 4220 43.5 4240  43.8
D 4320 45.5 4340 46.0
A 4240  43.9 4290 44,9 Plate 1957
C 4220  43.5 4320 45.7 Density 2440 kg/m’

Thickness Direction, Plate 1850 4230 46.9 Density 2620 kg/m3

The accelerometer method tests were made with a small accelerometer
mounted on one end of the bar, The other end was tapped with a light
hammer to induce longitudinal vibrations. Except for the initial tran-
sient, the period of the longitudinal vibration is equal to the round-trip
transit time of the bar-wave. Several successive oscillations were dis-
played on the oscilloscope and the total time divided by the number of
oscillations to get the transit time. In the SHPB method, the bar was
mounted between the two pressure bars of the Split Hopkinson Pressure Bar
system and the transit time recorded by subtracting known transit time
from the pressure bar/specimen interraces to the gages mounted on the
pressure bars. Only one bar was tested with a strain gage mounted
directly on the specimen (Bar B)., Again, except for the initial tran-
sient, the period of the oscillation observed was equal to the round-trip
transit time along the bar. The strain-gage method gave almost exactly
the same result as the SHPB method for Bar B, while the accelerometer
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method gave an apparent slightly slower wave speed and lower modulus,
This may be caused by the small added mass of the accelerometer and added
length of the attachment through a small plastic nut that was cemented to
the end of the bar with the accelerometer screwed into it, although it is
not clear why the discrepancy between the two methods is greater for Bars
B and C than for Bars D and A. In any case the SHPB method is judged to
be the most reliable, and the indicated differences among the four bars
are believed to be real material differences. The modulus was determined
by the formula

E = poc . (36)

The density p was determined by weighing and measuring each plate.

From the bar-wave tests, it is concluded that the dynamic elastic
modulus E for this material varies within the following range

E =44 to 47 GPa (6.4 x 100 to 6.8 x 100 psi), (37)

which falls within the range of static tensile moduli reported in Sec-
tion II.A. The longitudinal vibrations in these measurements were at a
frequency of the order of 6 kHz, Since the variation between directions
in Table 11 is of the same order as the variation between two specimens in
the same direction, the material is approximately isotropic in its elastic
response. Therefore,the analysis used to deduce the modulus from ultra-
sonic wave speeds, which assumes i{sotropic response, is a reasonable
approach,

The ultrasonic wave speeds were measured with a Panametrics Time
Intervalometer System 5054, which applies a short broadhand pulse repeti-
tively to a quartz transducer on one face of the specimen, which can be
used both for sending the ultrasonic pulse and receiving reflections from
the opposite face, A second receiving transducer was mounted on the
opposite face, which records the arrival of the first pulse and of
successive reflections back from the first face. Both the longitudinal
wave speed < and the shear wave Speed Cp were determined. For < two
Panametrics V-106 transducers with half-power bandwidth 2.25/0.5 MHz were
used. For Co two Panametrics V-153 shear transducers with bandwidth

1.0/0.5 MHz were used.
57

M R o 00 gt e Sade N 0%




A precisely controlled variable oscilloscope sweep speed was used to
display and overlap two successive signals on two successive sweeps. The
, sweep repetition period required to overlap the signals is the time
between the two signals. The two signals used were the first arrival at
the receiving end and the first reflection back to the sending end. The
moduli are then calculated by Equations (38) and (39), well-known equa-
tions of the theory of elasticity, where A is the Lamé constant and o is
the density. Results are given in Table 12,

TABLE 12. RESULTS OF ULTRASONIC TESTS

[ Cy G A 13 Density
(m/s) (m/s) (6Pa) (GPa) (GPa)  (kg/m®)
DIRECTION
ROLLTING 5330 3000 22.0 25.3 55.8
TRANSVERSE 5030 2920 20,8 19.7 51.7 g
THICKNESS 5230 2970 21.5 23.7 54.6 .
Plate 1957 2440 -
Plate 1850 5380 3100 25.2 25.4 63.0 2620 g
{Thickness direction only) '
2 2
A+ 26 = o Shear Modulus G = nC, (38)
. CG(3A+ 26) ool . A
Young's Modulus E = S Poisson's Ratio v = 70 6) (39)

Table 13 summarizes the modulus ranges as determined by various
methods.

TABLE 13. ELASTIC MODULUS RESULTS 3

Static Tensile [Section I1.A] 6 6
E = 38 to 47 GPa (5.5 x 10° to 6.8 x 10° psi) N

Bar Wave Tests [Eq. (37)] 6 6 B
E = 44 to 47 GPa (6.4 x 10° to 6.8 x 10° psi) "

Vibration Tests [Eq. (36)] o
E = 52 GPa (7.5 x 106 psi) N

Ultrasonic Waves [Table 12] ,
£ = 52 to 63 HPa (7.5 x 109 to 9.1 x 10° psi)

T NP
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The flexural vibration tests (at from 242 to 677 Hz) and the
ultrasonic wave tests in the MHz range seem to suggest a frequency
dependence of the modulus, but the bar wave tests at a longitudinal
vibration frequency of around 6 kHz do not fit the pattern, since they
fall within the range of static tensile moduli.

D. BALLISTIC IMPACT TESTS ON PLATES

1. Unreinforced Single Panels

The first ballistic tests were made on 7 mm thick plates., Two 7 mm
panels were cut into 152 mm (6 inch) square plates. The eight plates were
subjected to ballistic impacts by a flat-ended steel cylinder fired from a
gas gun, The impactor dimensions were diameter 9,52 mm (3/8 inch) and
length 25.4 mm (1 inch). The mass of the impactor was 14.8 grams. The
two panels tested were given the numbers 2096 and 2102, and the four
plates from each panel labeled A, 8, C, and D. Two plates from each panel
were impacted at approximately 30 m/s and two from each panel at approxi-
mately 25 m/s in a preliminary test series to check on reproducibility and
estimate the impact speed needed for perforation. The plates were clamped
on four sides,

No perforations occurred, but in all the plates of the higher-speed
group a roughly conical spall occurred on the back side, which reached
almost through the thickness, leaving less than one millimeter in one
case., Cracks were also formed from the impact point to the boundary in
all impacts at both speeds, and two of the plates then came apart with
very little force required when they were handled, including one of the
lower-speed group. It thus, appears that the plates had been severely
damaged and had essentially no residual strength after impact. The nature
of the brittle failures was made clear by enhancing the crack patterns
with flaw detectors (Figures 43 to 58).

Figures 43 and 44 show typical crack patterns on the back face after
impact at the two speeds. In the low-speed impact of Ffiqure 43, there was
no spall visible without the enhancement, but the enhancement showed that

several cracks ran all the way to the boundary. In Figure 44, at the
higher speed, the heavier cracks visible ha‘® actually separated, and the
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pieces have been put back together for the photography. The lighter

cracks became visible after enhancement.

Because the cracks extended all the way to the boundary, it was

decided to test larqger specimens. A new specimen holder was fabricated
and three 23.5 cm x 23.5 cm (9.25 in x 9.25 in) of the same thickness
(7 mm) were impacted at speeds of 25.1, 28.3, and 32.1 m/s. The lowest

and highest speeds in this series were almost the same as in Figures 43
and 44, and the damage patterns were similiar, as may be seen in the back
face photographs of Figures 45 and 46.

At the lowest speed none of the cracks in the larger plate extend all
the way to the boundary, as may be seen in Figure 45, At approximately
the same speed, cracks extended all the way to the boundary of the smaller
plate in Figure 43. At the higher speed of Fiqure 46 the spall region is
similar to that of Fiqure 44 and cracks extend all the way to the boun-
dary. Some improvement in impact resistance was found with laminated

plates.




Figure 43. Back Face of 152 mm Square, 7 mm Thick Plate
After Impact at 25.32 m/s.
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Figure 44,

Back Face of 152 mm Square,
After Impact at 31.59 m/s
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7 mm Thick Plate




Figure 45, Back Face of 235 mm Square, 7 mm Thick Plate

2095 After Impact at 25.3 m/s.
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2., lLaminated Plates :
Two NIM 1279 panels (Nos. 2080 and 2081) of size 350 mm x 350 mm x 7
mm (13.8 inches x 13.8 inches x 0,28 inch) were cut into eight 152 mm (6-inch)

square plates, Four two-plate sets:

2080A/2081A, 2080C/2081D, 2080D/2081C, 20808/20818
were chosen, matched to minimize the voids between the two plates in a set
and placed so that the rolling directions of the two plates in a set were
- orthogonal. The contiqguous faces were painted evenly with epoxy resin
(Measurements Group, Inc., M-bond adhesive resin Type AE with curing agent
Type 15).

by four C-clamps at room temperature for 15 hours.

Then they were placed between two aluminum plates and clamped
To avoid hard contact,
several layers of tissue paper were placed between the aluminum plates and
the specimens before clamping. After the clamps were removed, the bonded
specimens were left intact at room temperature for 1 week before the
impact tests. The thickness of each two-plate set was measured with a
s micrometer before and after bonding. The average thickness increase from

the adhesive resin layer was found to be less than 0.25 mm (0.01 inch), b
Before impact testing, three of the specimens were examined with the

ultrasonic C-scan system. Some small regions indicated imperfect bonding.

The impactor was a blunt-ended steel cylinder of diameter 9.52 mm
(3/8 inch), length 25.4 mm (1 inch) and mass 14.6 grams (0.515 ounce).
Results of four impact tests are summarized in Table 14 and discussed
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below.
TABLE 14, RESULTS OF BALLISTIC IMPACTS ON LAMINATED SPECIMENS
: SPECIMEN IMPACT SPEED REBOUND SPEED DAMAGE :
! No. plate pair
1 2080A/2081A 28,44 m/s 6.35 m/s None apparent
2 2080C/2081D 38.86 m/s 93.84 m/s None apparent
3 20800/2081C 53.14 m/s no rebound Extensive cracking, no spall
4 20808/20818 54,39 m/s no rebound Delamination, cracking, and
spall from inside face of
front plate.
65
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Number 1 was run first at the average of the two impact speeds that
caused extensive damage in single panels, as illustrated in Figures 43 and
44, Number 4 was run next at about double this speed; then Number 2 was
run at an intermediate speed and finally Number 3 was a replication of the
test of Number 4. Ultrasonic inspection showed no apparent debonding in
Numbers 1 and 2. No cracks were visible even with flaw-enhancement
fluid. Figures 47 to 54 illustrate some of the damage on Numbers 3
and 4, Figures 47 and 48 show photographs of the front and back surfaces
of Number 3., Figures 49 and 50 show the outside and inside faces of the
front plate of the delaminated specimen, Number 4. A smal) conical frag-
ment that was spalled from the inside face of the front plate has been k
replaced in Figure 49, Figure 51 shows the inside face again with the
conical fragment removed and Figure 52 shows an eniargement of the conical
hole with the conical fragment placed upside down near the hole., Fig-
ures 53 and 54 show the outside and inside faces of the back plate of the
delaminated Specimen 4 with extensive cracking but no spall from back
plate.

As compared with the single panels of Figqures 43 and 44, the lamin-
ated panels had better impact resistance -- no apparent damage at 38.86 m/s,
but extensive damage at 53 and 54 m/s. This is still not a severe impact,
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- Figure 47. Front Face of Laminated Specimen Number 3
. After Impact at 53.14 m/s.
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Fiqure 48, PRack face of Specimen ‘lunher 2 with

Extensive
Cracking but Yo Spail.
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. Figure 49, OQutside Face of Delaminated Front Plate 202017
5 of Specimen Number 4 after Impact at 51.32% m/s.
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Figure 50. Inside Face of Delaminated Front Plate of Specimen MNunber 3
With Conical Spall Fragment Replaced at Center.
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Inside Face of Delaminated Front Plate of Specimen Numher
Fragment Removed.
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Fiqure 51.
With Conical Spall
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Enlarged View of Conical Spall Hole of Figure 44 and
cal Fragment Placed Upside Down Above the Hole.
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. Figure 53, OQutside Face of Delaminated Back Plate 2081B with
- Extensive Cracking But No Spall.
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Figure 54. Inside Face of Delaminated Back Plate
2081B of Specimen Number 4,

74




} 3. Nylon-Mesh Reinforced Panels
During a visit by the principal investigator to the laboratories of

: the New Inorganic Materials group of Imperial Chemical Industriés PLC at
Runcorn, England, a 7 mm thick nylon-mesh-reinforced plate that had been

¥ ballistically impacted and had stopped a 38-caliber bullet at 300 m/s was
shown,

This motivated some tests at the University of Florida on reinforced
plates. Two 7 mm NIM 127R® panels were each cut into four 15.2 c¢m
- (6=inch) square plates similar to those of the tests on the unreinforced

plates that were badly damaged by impacts at 25 m/s and 30 m/s as illus-
- trated in Figures 43 and 44. The impactor was a blunt-ended steel cyl-
- inder of diameter 9.52 mm (3/8 inch), length 25.4 mm (1 inch) and mass
f 14,6 grams (0.515 ounce). The first test on a reinforced plate showed
complete perforation at 82.2 m/s with the immediately apparent damage
confined to the vicinity of the hole on the back face. Flaw enhancement
fluid, however, revealed some cracks running from the damage area but
apparently not reaching the boundary; see Figures 55 and 56. The damaged
plate appeared to have considerably more integrity and retained strength
than the unreinforced plates. It was decided to make some kind of
residual strength tests to give some quantification to this observation.

Accordingly each damaged plate was subjected to a three-point bend
test. One of the four plates cut from each panel was tested as an undam-
aged control specimen for comparison. The other three were first impacted
at three different speeds (of order 30, 50, and 80 m/s). Figures 57 and
58 show back-face damage in two plates impacted at subperforation speeds.
The spall diameter in the 52.5 m/s impact is comparable to that sr the
¥ perforated plate of Figures 55 and 56, but some back-face material still
.. adheres near the center. The cracks are somewhat more extended than in
4 the perforated plate, some reaching the boundary. Spall and cracking are
L both less extensive in the 30.8 m/s impact of Figure 58 than in the 52.5
9§ m/s impact of Figure 57.

Retained strength after impact could be characterized in several
different ways. Tests could be made in tension, compression or bending,
for example, and different types of tests on various sizes of coupons cut

from the damaged plates could produce different results. The three-point
75
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Figure 55,

Back Face of NIM 127R® Plate Impacted at 82.2 m/s
Showing Damage Around Perforation and Cracks ,
Revealed By Enhancement. .




Figure

Front Face of NIM 127R® Plate Impacted at 82.2 m/s
Impacted by Blunt Impactor Showing Perforation
and Cracks Revealed by Enhancement.
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Figure 57. Back Face of NIM 127R® Plate Impacted at
52.5 m/s Showing Damage But No Perforation.
Cracks Revealed By Enhancement.
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” Fiqure 58. Back Face of NIM 127R® Plate Impacted At 30.8 m/s
X Showing Limited Damage Near Impact Point and
. Cracks Revealed By Enhancement,
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bend test was arbitrarily selected because it was easy to perform, gave a
clearly identifiable point of maximum load, and had been surprisingly
reproducible in previous tests on fiber-reinforced epoxy plates. All the
tests were made on the full-size 15.24 by 15.24 mm (6-by 6-inch) plates,
supported near two edges by rounded wedge supports 12.7 mm (5 inches)
apart and centrally loaded across the full width by a wedge with a rounded
edge. The tests measured the residual flexural strength of the whole
structural element rather than the local strength. The results are
particular to the size of the specimen. A larger plate subjected to the
same impact and subsequently tested for its structural strength would show .
a larger fraction of its strength retained. The residual strength factors
quoted should, therefore,not be interpreted as absolute values character-

istic of the material, but as relative rankings for the impacts at
different speeds.

Two examples of the load-deflection curves in the three-point bend
tests on damaged plates are given in Figures 59 and 60. The loading ram
speed was 1.27 mm/min (0.05 in/min). The pdint marked Pg¢ identifies the
first load at which substantial further cracking occurred accompanied by a
load d*op. Pmax is the maximum 7load sustained. The example of
Plate 2174B is more typical than the other one shown in that its final
Pmax is considerably higher than Pge The final failure at the maximum
load was accompanied by formation of a crack all the way across the width
of the plate directly underneath the loading wedge. The undamaged contro)l
specimen response was essentially linear all the way to a Toad Py at which
the load dropped almost to zero as the crack formed all the way across the
specimen under the loading wedge. The control tests were stopped at that

point.
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Table 15 summarizes the failure load results for the

Besides the loads Po of the undamaged plates and Pg¢ and

damaged plates some strength-reduction factors P¢/P, and pmax/Po
It should be kept

listed for each of the damaged plates.

these strength-reduction

configuration and plate size.

TABLE 15.

eight tests.
Pmax of the
are

in mind that

factors are peculiar to the particular test

CYLINDRICAL BEND TEST RESULTS FOR NIM 127R® PLATES

PLATE NO. 2174A 2174C 21748 2174D 2176A 2176C 21768 21760
Impact
speed (m/s) 30.8 51.8 81.2 0 30.8 52.5 82.2 0
kgf 371 336.6
Po (1b) (774) (742)
kgf 161 85.5 74.4 76.2 113.4 65.8
Pe (1b) (355) (195) (164) (168) (250) (145)
Pf/Po 0.459 0,251 0.211 0.226 0.337 0.19%
kgf 186 174.6 163.3 173.3 127.9 152
Pmax (1b) (410) (385) (360) (382) (282) (335)
Dmax/P0 0.530 0.497 0.465 0.515 0.380 0.451

The nylon mesh reinforcement gives a significant improvement in the

impact resistance, but the impact loadings used here were not very severe.

S S
‘_(Al.)(-_ P
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A. STANDARD STATIC TEST RESULTS

SECTION V
SUMMARY OF TEST RESULTS

Lol I S e it i el S-S Sl At

Table 16 summarizes the strengths, moduli and maximum strain determined
in the standard tensile, compressive and flexural tests described in Sec-
tion 11 and Poisson's ratio as determined in the tension tests. The flexural
and compressive strength results and flexural modulus fall in the ranges of

typical values reported by the manufacturer,

The tensile strengths reported

are at the low end of the range of 70 - 100 MPa quoted by the manufacturer.
The compressive moduli reported here are not believed to be accurate. The
static compressive moduli are probably of the order of the flexural modulfi.

TABLE 16. SUMMARY OF STATIC TENSILE, COMPRESSIVE
AND FLEXURAL PROPERTIES

Specimens From 5 mm Thick Plates
Tensile

Strength 67 MPa (9.7 KSI)

Maximum Strain 0.002 IN/IN

Modulus 46 GPa 6
(6.6 x 10° psi)

poisson's Ratio 0.26

Specimens From 10 mm Thick Plates

Tensile
Strength 73 MPA (11 KSI)
Maximum Strain 0.002 IN/IN
Modulus 39 GPa

5.6 x 106 psi

Poisson's Rates 0.26

Compressive
310 MPa (45 KSI)
0.05 IN/IN

7.0 GPa" 6
(1.01 x 108 psi)

Compressive
330 MPa (48 KSI)
0.045 IN/IN

8.2 GPa. ;
(1.2 x 105 psi)

Flexural
126 MPa (18.3 KSI)
0.004 IN/IN

35 GPa 6
(5.1 x 10°psi)

Flexural
120 MPa (17.4 KSI)
0.004 IN/IN

35 GPa

(5.1 x 10°

psi)

The compressive moduli reported here are believed to be much too low.
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y The average values of fracture toughness Kic and the strength ratio Rsc
(apparent notched strength expressed as a percentage of the unnotched
strength) determined by compact tension tests as described in Section II.D are

given in Table 17.

TABLE 17. FRACTURE TOUGHNESS SUMMARY

. 5 mm Kic = 1.20 ksivin Rge = 15% for 5-mm
- 10 mm Kye = 1.05 ksi/in Rge = 15% for 11-mm

The tests were conducted in accordance with the standard ASTM E399-
81, except that it was not possible to initiate the prescribed fatigue
precrack at the root of the starter notch because of complete brittle
failure of the specimen during the low level cyclic fatique process. The
reported results should therefore be considered as upper bounds.

B. MOISTURE ENVIRONMENT EFFECTS .
For the specimens from 5 mm thick plates the weight increase after 7 days

immersion averaged 1.5 per cent (excluding one reported value of 0.11 per

cent). This is of the same order as the value of approximately 1.3 per cent

reparted by the manufacturer for 3 mm thick plates. For the 10 mm thick

- plates the average value was 0.5 percent in 7 days. y

Trends of strength and modulus decrease and maximum strain increase ver-
sus time immersed in water were shown in Figures 23 to 26, as determined by o
the flexural tests reported in Section [[[.A, Table 18 summarizes the per

cent changes shown in Figures 23 to 24,

o
4

3%




TABLE 18. MOISTURE ENVIRONMENT EFFECTS ON PROPERTIES OF FLEXURAL SPECIMENS
CUT FROM 5 MM and 10 MM PLATES (approximate per cent changes, as
shown in Figures 23 to 26 for 1 or 7 days immersion in water)

Max imum
Weight Strain
Increase  Modulus Decrease Strength Decrease Increase
7 days 1 day 7 days 1 day 7 days 7 days
5 mm Plates 1.5 29 41 17 to 31 24 to 31 85
10 mm Plates 0.5 22 27 8 to 23 11 to 28 23

C. THERMAL ENVIRONMENT EFFECTS

In preliminary tests many of the flexure-test specimens, cut from 10 mm
thick plates {formed by laminating two 5 mm plates), delaminated during heat-
ing at 120°C and all of them showed less than 10 per cent of the flexural
strength of unheated control specimens., The remainder of the thermal environ-
mental study was carried out with 5 mm thick plates.

Because of variations in the control specimen properties between plates,
the thermal environmental effects displayed in Table 7 of Section IIl.B were
normalized by dividing the average property value after exposure by the aver-
age property value of unheated control specimens cut from the same plate.

Table 7 shows that strength was degraded by all the thermal exposures (at
80, 100, 120 or 150°C for } to 30 hours), but the trends with time were quite
different at the different temperatures, as may be seen also in Figures 27
to 30. At 80 and 100°C, the strength initially decreased with time at temper-
ature to a minimum at about 3 hours and then recovered to almost its initial
value after 24 hours; the initial decrease was greater (27 per cent) at 80°C
(27 per cent) than at 100°C (12 per cent) and in both cases recovery was to
within 5 per cent of the control specimen strength.

At 120°C the strength decrease was less than 10 per cent during the first
7 hours, but about 25 per cent at 24 hours. At 150°C strength had decreased
by about 70 per cent after 13 hours and then leveled off.

The flexural wmodulus was actually 1incressed by 24 hours of thermal
exposure, as much as 28 per cent at '20°7, Some of the shorter exposures
produced a decrease, the qgreatest decrzase was 18 per cent after 0.5 hour at
jzoer,
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D. DYNAMIC COMPRESSIVE STRENGTHS

The dynamic compression tests were described in Section IV.A. and results
summarized as plotted points of ultimate strength (maximum stress) versus
strain rate at the maximum stress in Figures 36 to 40, The strain rate is not
constant in these tests, and the strain rate at the maximum stress may not be
the optimum parameter to plot against.

Except for initial unusually consistent set of results shown in Fig-
ure 36, the results show a great deal of scatter and it is not easy to arrive
at a reasonable formula to fit the trend of dynamic strength as a function of
strain rate. The dynamic compressive strengths measured varied from 399 MPa
to 582 MPa (57.9 ksi to 84.2 ksi). These were substantially higher than the
average static compressive strengths of 310 MPa (45 ksi) for 5 mm plates and
330 MPa (48 ksi) for 10 mm plates.

E. DYNAMIC MODULUS AND VIBRATION DAMPING

Table 13 of Section IV.C. summarizes the elastic modulus results. The
modulus varies considerably with the different methods of measurement. It is
belfeved that the most useful comparison is the dynamic modulus from bar-wave

tests:
Dynamic E = 44 GPa to 47 GPa (6.4 x 10% to 6.8 x 108 psi)
compared with
Static E = 38 GPa to 47 GPa (5.5 x 108 psi to 6.8 x 10° psi)

Other methods gave higher values for the dynamic modulus, up to
63.6 GPa (9.1 «x 106 psi) by ultrasonic wave speeds.

Damping factors measured were of the order of 0.03. See Tables 9 and 10
of Section IV.B. Values as high as 0.07 were obtained in some free-vibration
damping tests, but the value of 0.03 is considered more representative.

F. BALLISTIC IMPACT TESTS

Four groups of ballistic impact tests were performed, as described in
Section IV,D. A1l were on nominally 7 mm thick panels. Results are summar-
ized in Table 19, All but Group (b) were on 152 mm square (6-inch) targets,
In all cases the impactor was a 14.6 gram (0.515 ounce) flat-ended steel
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cylinder of diameter 9.52 mm (3/8 inch) and length 25.4 mm (1 inch).

The single plates of Group (a) were extensively damaged by 1ow-speed
impacts at 25 to 30 m/s. Damage around the center of the larger plates of
Group (b) was similar to that of Group (a), although at the lowest speed no
cracks extended all the way to the edges of the larger plate., Very little
strength was retained after impact by any of these single plates.

Somewhat better impact resistance was obtained by laminating two of the
plates together to form a two-lamina target in Group (c). No apparent damage
was sustained in 30 m/s impacts, but extensive damage occurred in 50 m/s
impacts. Thus, doubling the thickness (by lamination) approximately doubled
the speed at which extensive damage appeared, as compared with Group (a).

The nylon-mesh-reinforced plates of Group (d) performed even better, and
the damaged plates had sufficient integrity to exhibit enough retained
strength to make it worth measuring. Three-point bend tests were performed on
the damaged plates and undamaged control specimens. In Tables 15 and 19, Po
denotes the maximum load supported by undamaged plate, Pf is the first failure
l1oad of the damaged specimen where a load drop occurred in the load-deflection
curves (see Figures 59 and 60) and Pnax 1s the maximum load reached by the
damaged specimen, Examples of values of strength-retention fractions Pf/Po
and Pmax/Po are given in Tables 15 and 19, The Pf/P0 values show considerable
variation, while (except for one case) the Pmax/po factors varied only from
0.45 after 80 m/s impact to 0.53 after the 30 m/s impact. It should be
remembered that these factors pertain only to this particular type of test and
this particular size of target.
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SECTION VI
CONCLUSTONS

1. The static tensile, compressive and flexural properties, as
summarized in Table 16 are impressive. Expecially impressive for a cementi-
tious material is the tensile strength of the order of 70 MPa (10 ksi).

2. The fracture toughness is not impressive, and the fact that an
initial fatigue crack could not be formed without completely fracturing the
compact tension specimen was an early warning signal of dangers of brittle
failure in impact loadings.

3. The strength decrease of up to 3) per cent, modulus decrease of up to
41 per cent and maximum strain to faflure increase of up to 85 per cent for
5 mm small flexure specimens immersed in water for 7 days might present some
problems for designers of structures exposed to a moisture environment, but
would not rule out the possibility of using larger panels, suitably protected,
in such structures.

4, The thermal degradation of strength makes the single-lamina panels
unsuitable for use where prolonged exposure to temperatures above about 100°C
will occur. The laminated 10 mm ; 1els were especially susceptable to dela-
mination damage during heating even without external load. If laminated
panels are to be used, some further investigation aimed at avoiding mismatch
between the thermal expansions of the laminas and optimizing the adhesive
should be carried out.

5.‘ Dynamic compressive strengths of small short cylinders were
significantly higher than the static and dynamic moduli somewhat higher.

6. The catastrophic brittle failures of unreinforced plates even at
quite low levels of ballistic impact indicate that the material 1is not
suftable for cladding of structures that may be subjected to such impact.

7. The nylon-mesh-reinforced panels performed considerably better than
the unreinforced panels in ballistic impact, but were still not impressive.
[t is possible that a composite plate with a ceramic facing and several layers
of the reinforced plates laminated together could be effective, but that has
not yet been tried. The cost-effectiveness as well as the performance of such
an arrangement would need to be investigated.
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APPENDIX A --DETAILS OF TEST RESULTS

Tables A-1 to A-4 give the individual specimen results used to calculate
the average results for the thermal environment effects reported in Sec-
tion I11.8,

Tables A-5 to A-7 give the numerical results used for plotting the points

in Fiqures 36 to 40, showing the variation of the maximum dynamic compressive
stress with strain rate at the maximum stress in the Split Hopkinson Pressure
Bar tests described in Section IV.A,




TABLE A-1., DATA FOR 80°C ENVIRONMENT

Specimen Exposure Cooling

No. Time Time Pmax Flexural Strength Flexural Modulus
(hr)  (min)  (kgf) (MPa) (ksi) (GPa) (x 10%psi) )
41-52 0 ——- 62.9 128 18.6 36.1 5.22
41-51 0 --- 58.6 120 17.4 36.2 5.24
41-53 0 .- 65.4 134 19.3 36.1 5.22
41-50 0 --- 61.6 126 18.3 34.7 5.02
Average 127 18.4 35.8  5.18 ;
S.D. 5 0.68 0.62 0.09 :
N 41-61 1 72 50.2 108.0 15.7 38.2 5.53
41-62 1 79 45.6 92.7 13.4 35.1 5.08 .
41-63 1 86 44.3 91.8 13.3 34.6 5.01 f
Average 97.5 14,1 36.0 5,21
s.D. 7.43 1.11 1.59 0,23
41-54 3 72 47.7 95.5 13.9 34.3 4,96
41-57 3 78 47.8 96.0 13.9 39.4 5,70
41-58 3 84 43.8 87.7 12.7 34.3 4,96
Average 93.1 13.5 36.0 5,21
S.D. 3.80  0.57 2.40 0.35
41-60 5 65 49.4 99.3 14.4 36.9 5.34
41-72 5 72 52.3 104.7 15.2 34.3 4,96
41-79 5 79 53.6 107.7 15.6 33.1  4.79
Average 103.9 15.1 343 5.03
S.D. 3.48 0.50 1.59 0.23
41-68 7 73 54.4 115.7 16.8 37.6 5.44
41-69 7 8l 53.2 118.6 17.2 37.2  5.38
41-70 7 90 44.8 90.7 13.2 34.9 5,05
Average 108.3  15.7 36.6  5.29 :
S.D. 12.52 1.80 1.19 0,17
- 41-64 24 87 52,7 110.4 16.0 40.0 5.79 .
41-65 24 95 58.1 123.1 17.9 41.1  5.95
41-66 24 102 58.4 119.1 17.3 39.2  5.67
41-67 24 109 58.1 132.6 19,2 41,7 6.03
Average 713 17.% 30.5  5.86
S.D. 7.98 1.15 0.97 0n.14 '

93 R




> e v e wsw

TABLE A-2. DATA FOR 100°C ENVIRONMENT

Specimen Exposure Cooling .
No. Time Time Prax Flexural Strength Flexural Modulus .
(hr)  (min)  (kgf) (MPa) (ksi) (GPa) (x 10%psi)
40-1 0 - 48,81 118.9  17.2 39.4 5.70
40-2 0 .- 45.97 115.2  16.7 36.1 5.22 e
41-5 0 49.00 121.8  17.7 38.9 5.62 Py
41-5 0 - 45,97 111.9  16.2 36.8 5.32 s
Average 117 17.0 37.8 5,47 , =
S.D. 3.74  0.56 1.38 0.29
40-5 L 13 38.0 96.0  13.9 30,9 4.47 R
40-6 L 80 39,2 100.0  14.5 36.7 5.31 .
40-7 lf 88 41.1 102.1 14.8 37.2  5.38 o
40-8 1/5 97 38.6 95.1  13.8 37.3  5.40
Kverage 98,3 14.3 35.5  5.13
S.D. 2.87  0.42 2.68 0.39 "
40-9 ] 83 4.7 101.9  14.8 37.3 5,40 :
40-10 1 92 43.1 106.8  15.5 38.0 5.50 8
40-11 1 100 42.5 106,8 15,5 37.6 5.44 -
40-12 1 107 43.1 107.8  15.6 36,1 5.22 _
Average 105.3 15.3 37.3  5.40 -
S.n. 2.30  0.32 0.71 0.10 -
40-13 3 64 39.8 98.0  14.2 40.4 6.84 .
40-14 3 70 43.6 105.8  15.3 36.6 5.29 o
40-15 3 78 43.3 110.0  16.0 37.3  5.40 ,.
40-16 3 85 39.2 97.1 14.1 35.4  5.12 5
Average 102.7 14,9 37.4  5.41 ;.
S.D. 5.39  0.79 1.85 0.27 Z
40-21 5 62 47.7 119.6 17.3 36,8 5.32 "
40-22 5 69 44.8 107.8  15.6 33.9  4.90 - B
40-23 5 76 63.1 105.8  15.3 35.7  5.16 ~3
40-24 5 84 45.9 110.4  16.0 38.7 5.60 :
Average 110.9 16,7 36.3 5.2% .
S.DI 5028 0.76 1074 0.25 :'
.I
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TABLE A-2. DATA FOR 100°C ENVIRONMENT (CONTINUED)

Specimen Exposure Cooling )

No. Time Time Pmax Flexural Strength Flexural Modulus

(hr)  (min)  (kqf) (MPa) (ksi) (GPa) (x 106psi)
40-17 7 70 46.5 113.7 16.5 42.5 4.70
40-18 7 80 46.8 14,7 16.6 37.0  5.35
40-19 7 88 51.7 125.4 18.2 34,3 4,96
40-20 7 95 46.6 115.6 16.8 34,7 5,02
Average 117.4 17.0 34,6 5.01
N S.D. 4.70 0.69 1.60 0.23

40-31 24 84 44.9 109.4 15.9 39.4 5.70 ;

40-32 24 9 40.6 97.7 14,2 36.6 5.29
41-33 24 99 52.7 127.8 18.5 41.2  5.96
41-34 24 109 46.0 112.5 16.3 45.4 6.57
Average 111.9 16,2 40,7 5.89
S.D. 10.74 1.53 3.19 0.46
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TABLE A-3., DATA FOR 120°C ENVIRONMENT

Specimen Exposure Coo0ling

No. Time Time pmax Flexural Strength Flexural Modulus
(hr)  (min)  (kgf) (MPa) (ksi) (GPa) (x 10%psi)
40-60 Y 77 43.4 101.1 14,7 29.5 4,28
40-61 1f 84 45.6 107.5 15.6 30.9 4.48
40-62 y§ 40 44.4 105.9 15.4 33.5 4.86
40-63 I 97 47.6 110.4  16.0 30.2  4.38
Average 106.2 15.4 31.0 4.50 ’
S.0. 3.37 0.47 1.51 0.22
40-39 1 85 42.7 106.2 15.4 35.6 5.6
40-42 1 93 45.5 109.9 15.9 30.3  4.39
40-40 1 100 40.9 103.4 15.0 31.0 4.50
40-41 1 108 44,7 111.2 16.1 32.5 4.7
Average 107.7 15.6 32.4 4,70
S.D. 3,08 0.40 2.04 0.29
40-35 3 70 67.5 116.7 16.9 37.8 5.48
40-36 3 77 42.6 106.8 15.5 39.3 5,70
40-37 3 85 45,9 113.,7 16.5 40.4 5.86
40-38 3 94 48.9 121.6 17.6 42.7  6.19
Average 4.7 16.6 30.1  5.82 )
s.D. 5.36 0.76 1.79 0.26
40-47 5 67 46.6 1M.7 16.2 38.5 5.58
40-48 5 75 44.5 107.5 15.6 39,0 5.66
40-49 5 83 441 109,2 15.8 40,4 5.86
40-50 5 92 41.1 102.6 14.9 43.0 6.24
Average 107.8 15.6 40.2 5.83
S.N. 3.33 0.47 1.75 0.26
40-43 7 77 44.9 109.8 15.9 39.7 5.76 .
40-44 7 84 431 102.8 14.9 38.2  5.54
40-45 7 90 47.8 115.0 16.7 38.7  5.61
40-46 7 98 45.7 108.6 15.8 44.3  6.42
Average 109.7 15.8 - 40.2 5.83
S.D. 4.30 0.64 2.41 0.35
40-5] 24 69 35,2 86.1 12.5 49.0 7.1
40-52 24 79 37.5 93,2 13.5 50.3 7.30
40-53 24 90 33.6 82.2 11.9 46.3  6.72
* 40-64 24 97 ———- - - .- --
Average 37.72 12.6 48,5 7.03
S.D. 4.55% 0.66 1.66 0.24
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TABLE A-4, DATA FOR 150°C ENVIRONMENT

Specimen Exposure Cooling
No. Time Time Pmax Flexural Strength Flexural Modulus
(he)  (min)  (kgf) (MPa) (ksi) (GPa) (x 10%si)

32-50 0 - 55.5 130.3 18.9 38.7  5.61
32-52 0 - 54,1 128.0 18.6 40.7  5.90
32-53 0 - 48.8 116.4 16.9 42.3  6.14
32-49 0 — 54,5 128.5 18.6 43.8 6.35
Average 125.8 18,7 41.4  6.00 o
S.D. 5,49 0.79 1.89 0.28
32-20 y; 68 52.5 117.5 17.0 45.6 6.61
32-21 y? 70 46,7 104.9 15.2 44.4  6.44
32.22 bz 79 43.0 96.6 14,0 44.5  6.45
32-23 Lé 87 43.3 97.7 14,2 46.9 6.80
‘Average 104,2 15,1 45,4 6.58
S.D. 8.33 1.19 1.0t 0.15
32-33 ) 73 50.1 120.6 17.5 51.6 7.48
32-34 1 80 50.3 120.1 17.4 47.2  6.85
32-35 ] 86 49,4 118.0 17.1 48.7 7.06
32-36 1 94 48.5 116.0 16.8 44,6 6.47
‘Average 8.7 17.2 18,0 6.96
S.D. 1.83 0.27 2.53 0.37
32-9 3 75 40.9 93,8 13.6 47.3  6.86
32-10 3 84 32.3 74.0 10.7 50.4 7.3
32-11 3 9 24.1 55,2 8.01 50.4 7.3)
32-12 3 99 38.8 88.4 12.8 50.1 7.27
Average 77.9 17.3 49,6 7.19
s.D. 14,95 2.16 1.30 0.19
32-37 5 66 24.3 57.7 8.37 53,2 7.72
32-38 5 73 33.1 30.6 1.7 48.0 6.96
32-39 5 31 38.4 92.8 13.5 49.6 7.19
32-40 5 90 36.8 88.9 12.9 50.5 7.32
Average 80.0 11.6 50.3  7.30
S.D. 13.6 1.98 1.89 0.7
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- TABLE A-4, DATA FOR 150°C ENVIRONMENT (CONTINUED)
d
) Specimen Exposure Cooling
' No. Time Time pmax Flexural Strength Flexural Modulus
¥ (he)  (min)  (kgf) (MPa) (ksi) (GPa) (x 10%psi)
0 32-5 9 90 25.9 59.4 8.67 50.4 7.31
» 32-6 9 99 22.7 52.4 7.60 62.5 6.16 .
N 32-7 9 106 20.0 50.5 7.32 50.7 7.35
~ 32-8 9 113 22.7 51.9 7.52 50.1 7.27
Kverage 5T.5 776 53700 ’
S.D. 3.45 0.50 3.43 0.50
ﬁ 32-1 13 68 18.2 42.0 6.09 46.4 6.73
. 32-2 13 77 26.1 59.3 8.60 49.8 7.22
32-3 13 85 14.2 32.8 4,76 42.5 6.16
32-4 13 9?2 7.0 16.2 2.35 42.5 6.16
Average 37.6 5.4% 45,3 6.57
S.D. 15.58 2.26 3.05 0.44
32-13 21 98 20.7 47,4 6.87 45.8 6.64
32-14 21 106 20.0 45.8 6.64 45,8 6.64
32-15 2] 112 9.0 21.2 3.07 43.8 6.35
32-16 21 118 25.9 58.2 8.44 48.9 7.09
Average 43,72 6.27 46,1 6.69
S.D. 13.54 1.97 1.82 0.26
32-41 25 78 24.8 60.4 8.76 48,7 7.06
32-17 25 86 16.1 36.5 5.29 41.3 5.99
32-18 25 93 18.6 41.8 6.06 48.9 7.09
32-19 25 93 22.7 51.0 7.40 48.9 7.09
‘Average 47.% 6.87 47,0 6.82
S.N. 9. N 1,32 3.26 0.47
32-24 30 80 17.6 40,3 5.84 42.0 6.09
32-25 30 85 20.0 45.8 6.64 42.0 6.09
X 32-31 30 91 19.5 46.9 6.80 54,2 7.86
N 32-32 30 96 19.9 48.5 7.03 50.2 7.28
.. ‘Average 453 6.58 7.7 6.83
> S.0. 3.08 0.45 5.29 0.77
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TABLE A-5. SHPB RESULTS FOR XS AND YS SPECIMENS

Specimen Method Spring Impact *Strain Rate at *Maximum Stress
No. Drawback Speed Max Stress (KSI)  (MPa)
(in) (in/sec) (m/s) (s-1) '

YS-3 Direct 4.5 239 6.07 10 61.9 427

XS-7 Direct 4.5 239 6.07 14 61.5 424

¥s-2 Direct 5 272 6.91 26 69.0° 476

. ) Xs-9 Direct 5 272 6.91 35 67.9 468
, YS-7 SHPB 4,5 348 8.83 50 87.8 605
' XS-6 SHPB 4.5 348 8.83 116 75.8 523

E YS-10 SHPB 5 393 9.98 141 87.1 601
: XS-5 SHPB 5 393 9.98 207 79.5 548
XS-8 SHPB 5.5 432 11.0 298 79.3 547

YS-8 SHPB 5.5 432 11.0 358 73.4 506

YS-5 SHPB 6 475 12,1 365 80.4 554

XS-1 SKP8 6 475 12.1 400 77.0 531

r YS-9 SHPB 6.4 508 12.9 387 84,2 582
XS-10 SHPB 6.4 508 12.9 466 77.4 533

*not failed in the test, nor permanent deformation found after test.
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TABLE A-6. SHPB RESULTS FOR XL AND YL 19 MM DIAMETER SPECIMENS PLATE 1850

3 Specimen Gas Gun Impact *Strain Rate at *Maximum Stress
X No. Pressure Speed Max Stress (xSI)  (MpPa)
3 (psi) (in/sec) (m/s)
i XL-5 120 69.6 1.77 58.3 sec”! 60.8 419
(33) (60.5) (417)
Y YL-10 120 69.9 1.78 13.5 sec™} 61.0 421
y (4) (60.6) (418)
y XL-6 135 133 3.38 164 sec” 57.9 399
: YL-9 135 104 2.64 111 sec™} 58,3 402
: XL-4 150 117 2.97 102 sec™} 94.9 654
YL-4 150 155  3.94 206 sec'} 87.9 606 '
XL-7 175 219 5.56 395 sec” 61.8 426
YL-6 175 219 5.56 401 sec'{ 62.4 430
N XL-10 200 260  6.60 446 sec” 78.7 543
. (452) (82.5) (569)
3 YL-3 200 263 6.68 416 sec™] 87.5 603
(425) (91.3) (630)
’ XL-8 250 338 8.59 664 sec™} 78.9° 544
. YL-5 250 331 8.40 673 sec™) 79.3 547
: XL-1 300 398 10.1 916 sec” 71,7 494
: YL-7 300 398 10.1 912 sec'i 60.2 415
/ XL-9 400 506  12.9 1180 sec”, 79.3 547
' YL-8 400 505  12.8 1180 sec” 79.7 550
\ *Data in parentheses were based on the average method of Equations
> (8) and (14); other data in these columns is based on Equations (11)
. and (12); see Section IV.1.

TABLE A-7. SHPB RESULTS FROM 5 MM LONG SPECIMENS (PLATE 1912)

el e 8

. Specimen Method Spring Impact *Strain Rate at “Maximum Stress
: No. NDrawback Speed Max Stress (xS1)  (MPa)
(in) (in/sec) (m/s) (s'l)

Y8 Direct 4,5 238 6.05 46 60.3 416
Y1 Direct 5 264 6.71 122 63.5 438
x4 Direct 5 264 6.71 183 60.8 419
Y5 SHPB 3.5 263 6.68 13 65.7 453
C1 SHPB 4 300 7.62 134 77.7 536
Y7 SHPB 4 300 7.62 356 70.3 485
Y6 SHPB 4.25 327 8.3 117 78.9 544
Y8 SHPB 4,25 327 8.31 265 771 532
Y4 SHPB 4.5 348 8.84 483 66.0 455
X6 SHPB 4,5 348 8.84 551 62.5 43)
X9 SHPB 4,75 369 9.37 710 66.3 457
X10 SHPB 5 393 9.98 757 66.5 459
Y11 SHPB 5 393 9.88 924 59.5 410
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