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variation, and only the tensile elongation showed a large scatter (mean deviations of akout
35%). Tt will be noted that the only nonballistic variable which would appear to correlate
with the limit velocities is the hardness.* The tensile strength and hardness properties of
heat 2394, purposely treated to higher values than the others, are surely significantly higher
than the properties of the other heats, and similarly the ballistic results are certainly lower
than those of the other heats. Comparison between heat 2394 and the other heats considered
as a group, suggests that the optimum hardness for best ballistic performance (limit velocity)
inalloy Type I may be somewhere between 94 and 99 Rockwell E.

TABLE 5
Reproducibility of Ballistic and Nonballistic Properties of
3/8" Plate of Alloy Type I (7 Mg/Li, 2 Zn, 16 Cd, 4 Ag)

Hardness Tensile Properties
Heart & \a Longitudinal Transverse
Plate Nos. | (ft/sec) | «p» | BIN [L.S. 8] YSs. | E T.%l Ys. | E
G00ke) | (10" psi) | (%) | (10 ps) | (R
2040 1865* 6.0 44.2 | 37.0 | 9
91.5 44.3 | 36.6 |18.5(1)
2045 D 1880130]  90.5 36.7 | 33.5 [41.5(1)] 41.8 | 37.4 | 28(1)
2211 B-2 | 1935* 93.5| 83.8 [43.8 | 34.9 122(1) | 46.8 | 37.9 | 18(1)
B-3 | 1890£10| 93.0{ 83.2 [44.2 | 35.1 |2001) | 47.2 | 38.8 | 13(D)
2394 T-3 | 1715* 08.5| 96.7 |47.5 | 41.2 | 4(1) | 49.8 | 44.5 | 11)
T-4 | 1735* 99.0| 96.7 [49.0 | 40.6 | 4(1) | 50.5 | 44.5 | 1)
Mean 1890 90.9 42.2 | 35.0 |25 45.0 | 37.8 | 17
(First3 | +20 +2.1 +2.3 | +.8 |48 £20 | £.6 |6
Heats)

* Limit velocity shot

(1) Substandard tensile specimen, one-inch gage length.

Alloy Type II - 4 Zn, 4 Cd, 4 Ag + Minor Elements

Again arbitrarily, a second complex alloy type can be identified. For convenience,
we shall term this alloy Type II. The intended composition and measured density of alloy
Type II are summarized in the following Table 6. It is to be noted that heat 2212 was fabri-
cated in a range of thicknesses (Table 7).

TABLE 6
Nominal Composition - Alloy Type II
, o Mg/Li Weight (%)
Heat Nos. | ( 1/ cm®) | weight Ratio| zn| Cd [ag] al [ Cu [Ca [Ba
2044 1.54 6 4 4 |4 10.15] 0.16]0.05| 0.1
2212 1.56 [ 4 4 14 10.15] 0.16§0.05] 0.1

* The small amount of experimental data does not eliminate the possibility that this is
coincidence.
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alloys are chemically much simpler than those grouped in Types I and II. Their nominal
compositions are listed in Table 9.

TABLE 8
Ballistic and Nonbalistic Properties - Alloy Type II
Nf)minal Vi Hardness Longiwdinal Transverse
|Heat No. Thickness ft/sec T.S.J Y.S. E T.S. 1 Y.S. E
(in) “E" [BHN| (10" psi) | (%) (10" psi) | (%)
‘B 3/8 (1) 1859120 88.5 39.4 { 34.9 {18.5(2)
E 3/8 88.5 39.1 ] 35.1 (18 (2)
204448 ¥ 3/8 79.5 29.4 | 25.8 |38
C 3/8 (1) 1825101 90.5
(1) 1770* 93 46.0 1 33.7 1 2 (1)
93.5 46.4 { 44.2 {1
D 3/8 (L) 1765£15 89.0
88.0 39.2 1 35.5 17 (1)
T-1 1/2 2455+10{90.0§{79.01 38.8 1 34.3 {24 (1)} 41.11 36.8{ 13(1)
T-2 3/8 1825+ 95.5185.1} 40.8 ] 36.8 ) 9 (1] 40.8] 37.2 2(1)
T-3 3/8 1915110 | 90 78.41 37.2 30.2 {22 (1)} 40.2§ 33.5{ 14(1
212¢ T-4 1/4 13652101 92.5}78.4{ 38.2 | 33.4 113 (2)
T-5 1/4 1395* 90.0177.91 37.9{ 33.3 {21 (2)
T-6 3/16 1170* 91.5{79.61 38.1{ 35,111 (2)
T-7 3/16 1175* 90.0 74.6 3731 34.8127 (2)

*  Limit velocity shot
(1) Refers to orientation where the axis of the test dart is parallel to the rolling direction.

(1) Refers to orientation where the axis of the test dart is perpendicular to the rolling direction.
(1) Substandard tensile specimen, one-inch gage length,
(2) Standard tensile specimen, two-inch gage length,

The fabrication practice of heats 2047

Nomimd Cmpozﬁilf Aglloy Type M1 and 2048 was quite similar to the heats de-
Mg/LL P scribed in alloy Types I and II. Since there
Heat No. | Weight | Zn | Ag| Al| Ma |(gm/cm®) did not seem to be any particular point in
Ratio displaying the details, the interested reader
2048 53 146 Leoe is referred to the original reports on the
2047 24 4 1.64 subject. 15 All plates in this alloy type were
FS-1h (Dow) 1 3003 1.75 3/8 inch thick. Typical ballistic properties
FS- 1t (Dow) 1 3 1031 175 obtained are summarized in Table 10. While

* Mixed microstructure, all others
completely a-phase (HCP).

the limits obtained on heat 2047 and the FS-1r
Dow plate are not as precise as might be de-

sired, it seems quite probable that the mixed

structure of heat 2048 (a + 3 ) possesses a

slightly higher penetration resistance than that of the completely ¢ structures. It may

be, however, that this is quite accidental since there are quite important chemical differences

between the heats of this group.

15 Frost, P. D., et al., Monthly Progress Report No. 8 on Development of Mg-Li-Based
Alloys for Armor Plate, Battelle Memorial Institute (Restricted), June 1949
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TABLE 13
Ballistic and Nonballistic Properties - Alloy Types IV (Simple £ Phase)
Nominal Longimdinal Transverse
HeatNo. |Thickness| 'L Hardness | b e T+ S TYs [ ©
(in) (fe/sec) E» TBHN | (10°psi) |8 [ (107ps) | (%)
"T1 1/2 2175+30 44 36.3 17.1 14,1 143(1) [18.2 15.3 137D
T-2 1/2 2250120 44,5 | 35.5 17.7 14.3 | 39(1) {18.1 15.2 {37(1)
T-3 3/8 1925125 46.5 | 36.2 17.9 14,1 {37(1) |18.1 15.1 51(1)
2391 { T-4 3/8 187010 46 36.2 17.6 14.2 | 42(1) [18.2 15.4 137(1)
ﬁ T-5 1/4 1530130 49.5 | 37.2 17.8 14.8 | 53(2)
T-6 1/4 1480120 49.5 | 37.5 18.1 15.4 | 66(2)
T-7 3/16 1295110 51.0 | 37.3 18.7 15.8 | 57(2)
gT-s 3/16 1325+10 | 50.5[37.2 | 18.8 | 14.8 |51(2)
T-1 1/2 256510 | 92.0 | 79.6 | 36.3 17(1) |39.6 | 36.1 [12(1)
T-2 3/8 2000* 88.5 172 35.6 28.8 | 23(1) |37.9 32.0 | 19(1)
T-3 3/8 1975.+10 92 77.9 | 40.8 37.0 1 10(1) ]42.3 38.4 | 10(D)
2213 £ T-4 1/4 1325+ 88 73 35.6 | 3L.3 |20(2)
T-5 1/4 1355425 | 90.5 | 74.6 | 37.5 | 36.5 | 19.5(2)
T-6 3/16 1170410 | 92 77.9 Cracked under test
t.T-7 3/16 120025 87.5174.1 | 37.6 L}G.O l 18(2)

* Limit velocity shot.
(1) Substandard tensile specimen, one-inch gage length.
(2) Standard tensile specimen, two-inch gage length.

THE PENETRATION OF ARMOR - EFFECTS OF ARMOR DENSITY,
MECHANICAL STRENGTH, AND BALLISTIC BRITTLENESS ON
FRAGMENT PENETRATION RESISTANCE

From points within an armor, its penetration may be regarded as accomplished against
certain resisting pressures P. Just as the work done in compressing a volume V of a gas
by an amount dV is PdV; so also may one regard the work in penetrating armor by a volume
df2as PdQ. From this viewpoint, the pressures P constitute a measure of the resistance
offered by the armor to the penetration by the attacking missile. The volume Qis estimated
in terms of coordinates fixed originally in the undisturbed plate material. The resistance
pressure P can be expressed as a function of the distance, Z, from the front face in the un-
disturbed plate. After penetration of a plate of armor by a missile with velocity V1, which
attacks with just sufficient energy to accomplish the penetration, one usually finds that
portions of the plate material at the front and back of the armor have been thrown clear.
These we shall term spall particles or just simply spalls. A cross-section of such a typical
plate is shown diagrammatically in Figure 5. Penetration is accompanied by a general dis-
tortion of planes fixed originally in the plate before penetration. This distortion is shown
schematically in Figure 5a, where the dashed lines show the intersection of the distorted
planes (& planes) with the section. Figure 5b shows the same intersections if one were to
remove the warping which accompanies the penetration (2 planes). The distance Z is
measured from zero at the front of the plate to Z = e, the armor thickness at the back of
the plate,

In general during a given penetration, the time average of P acting across a laminar
section between Z and Z + dZ may be regarded* as a concave downward function of Z, as
shown schematically in Figure 6. The successive layers of plate material counted from
the front face of the armor contribute successively more to the time average resistant

* The general case shown in Figure 6 allows tor many relative maxima.
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Figure 18 - Alloy Type IV, heat No. 2391,ZL vs. X

Figure 17 - Alloy Type IV, heat No, 2213,Z, vs. X
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of Mg-Li alloy types discussed in this report at a value of the performance of 245-T4 )
aluminum corresponding to a value of the parameter X = 0.6. This parameter expresses r;:
the ratio of the mass of the plate material shadowed by the missile during penetration to o
the mass of the missile—it may be termed the relative plate mass. The level of performance i
(o V1,) at which we choose to make comparisons is that corresponding to the limit velocity o
of an aluminum alloy plate (density = 2.8 gm/cm? having relative mass of X = 0.6. (This o
is equivalent to a VI,~2190 ft/sec and approximately a 1/4-inch 24S-T4 sheet.) The dif- g

ference in the weight of Mg-Li possessing this level of performance and the weight of
24S-T4 is found by interpolating between observed data points on a Zy, vs. X plot.
This difference expressed as a percent is obtained from the following formula:

-X.

Al

Wt. Saving (%) = 100
A

_ where Xp| is chosen equal to 0.6 and Xj corresponds to X values for equal Zy, of the
material being compared.(Z L, arbitrarily equals 205x 1072 psi). The results so obtained
for the various Mg-Li alloys are summarized in Table 15 below. Negative saving in-
dicates performance which is inferior to 24S-T4, under the conditions given above. It
will be noted that this method for comparison shows that 6 Mg/Li, 6% Al alloy possessed
the greatest weight saving over 24S-T4 aluminum alloy under these somewhat arbitrary
conditions of comparison. The relative rating of the heats listed in Table 15 will not be
altered if the comparison is made at other levels of performance of 24S-T4 but the quanti-
tative comparisons will change appreciably. Further, it should be emphasized that this
comparison of performance is based on fragment-like penetration data—the relative
rating of the various alloy types against armor piercing projectiles may be altered to
favor the harder alloys. At present there is no information available on the armor pierc-
ing penetration resistance of Mg-Li alloys but such is expected to be obtained shortly
by the Naval Proving Ground on certain thick (1 - 1-1/2 inch) Mg-Li alloy plates.

TABLE 15
Probable Weight Saving Afforded by Mg-Li Alloy Armours
over 24S-T4 Aluminum Alloy
Alloy Type Heat No. % Wt. Saving
(at X = 0.6)
I 2211 Negative
I 2394 Negative
II 2212 8%
I No thickness variation available
v 2391 (Binary Mg-Li) 5%
Iv 2213 17 %

SUMMARY AND CONCLUSIONS

This report describes the fragment penetration resistance of four Mg-Li alloy
types being developed in cooperation with the Battelle Memorial Institute under BuAer Con-
tract NOa(s) 9526. The principal results may be summarized as follows:

(1) The simpler 6 Mg/Li 6% Al alloy is found to possess the greatest weight saving
of the Mg-Li alloys over the weight of 245-T4 aluminum alloy plate having equal ballistic
performance.
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