
Army Research Laboratory 
Aberdeen Proving Ground, MD 2 1005-5066 

ARL-MR-486 July 2000 

The Effect of Thermo-mechanical Processing 
on the Ballistic Limit Velocity of Extra Low 
Interstitial Titanium Alloy Ti-6AL-4V 

Matthew S. Burkins 
Weapons & Materials Research Directorate, ARL 

Jeffrey S. ,Hansen 
Jack I. Paige 
Paul C. Turner 
U.S. Department of Energy 

Approved for p&&c release; distribution is unlimited. 



Abstract 

Although titanium alloys have been widely used for aerospace 
applications, they have seldom been used in armor systems. In an 
effort fo provide increased information to armored vehicle designers, 
the U-S- &my Research Laboratory (ARL) and the US. Department 
of Energy’s Albany Research Center (ARC) performed a joint research 
program to evaluate the effect of therm+mechanical processing on the 
ballistic limit velocity for an extra-low interstitial grade of the titanium 
alloy Ti-BAl-4V. ARC obtained MIL-T-4046J, AB-2 plates from 
RMIl Titanium Company, rolled these plates to final thickness, 
performed the anneaIing, and collected mechanical and micro-structural 
information. ARL then evaluated the plates with 20-mm fragment- 
simulating projectiles and 12.7~mm armor-piercing M2 bullets in order 
to determine the ballistic limit velocity of each plate. Titanium 
processing and annealing did have an effect on the ballistic limit 
velocity, but the magnitude of the effect depended on which penetrator 
was used. 

lfonnerly Refractory Metals, Inc. 
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THE EFFECT OF THERMO-MECHANICAL PROCESSING ON THE 
BALLISTIC LIMIT VELOCITY OF EXTRA LOW INTERSTITIAL 

TITANIUM ALLOY Ti-6AL-4V 
J 

1. Introduction 

Although titanium alloys have been used successfully in aircraft for many years, 
the relatively high cost of titanium, coupled with the sparse information about its 
ballistic properties, has prevented widespread use of titanium in ground vehicles. 
As early as 1950, Pitler and Hurlich [l] noted that titanium showed promise as a 
structural armor against small arms projectiles. By 1964, Ti-6Al-4V alloy, extra- 
low interstitial (ELI) grade, had become the material of choice for armor 
applications. Ballistic testing had indicated that reductions in interstitial elements 
such as carbon, oxygen, nitrogen, and hydrogen improved the ductility and thus, 
the ballistic protection of the plate.[2] Consequently, the MIL-A-46077 armor 
specification was developed for ELI grade Ti-6Al-4V. However, with titanium 
production methodology still in its infancy, the effect of thermo-mechanical 
processing on ballistic performance was never completely explored. 

In an effort to provide increased information to armored vehicle designers, the 
U.S. Army Research Laboratory (ARL) and the U.S. Department of Energy’s 
Albany Research Center (ARC) performed a joint research program to evaluate 
the effect of thermo-mechanical processing on the ballistic limit velocity of an 
ELI grade of Ti-6Al-4V. ARC obtained MIL-T-9046J, AB-2 plates from RMI’ 
Titanium Company, rolled these plates to final thickness, performed the 
annealing, and collected mechanical and micro-structural information. MIL-T- 
9046J, a Navy specification in common use by the aerospace community, has 
similar chemical composition requirements as MIL-A-46077 but has no ballistic 
requirements. ARL then evaluated the plates with 20-mm fragment-simulating 
projectiles (FSPs) and 12.7-mm armor-piercing (AP) M2 bullets in order to 
determine the ballistic limit velocity of each plate. The ballistic limit velocities 
were then compared to assess the effect of changes in rolling atid heat treatment. 

2. Background 

Titanium can exist in a hexagonal closely packed .crystal structllre (known as the 
alpha phase) and a body-centered cubic structure (known as the beta phase). In 
unalloyed titanium, the alpha phase is stable at all temperatures as high as 883” C, 
where it transforms to the beta phase. This transformation temperature is known as 

‘formerly Refractory Metals, Inc. 
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the beta transus temperature. The beta phase is stable from 883” C to the melting 
point. As alloying elements are added to pure titanium, the phase transformation 
temperature and the amount of each phase change. Alloy additions to titanium, 
except tin and zirconium, tend to stabilize either the alpha or beta phase. Ti-BAI- 
4V, the most common titanium alloy, contains mixtures of alpha and beta phases 
and is therefore classified as an alpha-beta alloy. The aluminum is an alpha 
stabilizer, which stabilizes the alpha phase to higher temperatures, and the 
vanadium is a beta stabilizer, which stabilizes the beta phase to lower temperatures. 
The addition of these alloyin g elements raises the beta transus temperature to 
approximately 996” C. Alpha-beta alloys, such as Ti-6A1-4V, are of interest for 
armor applications because they are generally weldable, can be heat treated, and 
offer moderate to high strength.[3] 

Ti-6Al-4V alloy can be ordered to meet a variety of commercial and military 
specifications. ELI grade plates, with a chemical composition simultaneously 
conforming to the MIL-T-9046J, B-2 (aerospace) and MIL-A-46077D (armor) 
specifications, were selected for this analysis because this is the only “off-the- 
shelf’ armor alloy. The specifications define alloy chemistry ranges, minimum 
mechanical properties, and, in the case of MIL-A-46077D, ballistic requirements. 
The chemical composition and minimum mechanical properties are listed in 
Tables 1 and 2, respectively. Transverse properties are determined from samples 
taken perpendicular to the final rolling direction. 

Table 1. Chemical Composition of Titanium Plates by Weight Percent 

Al V C 0 N H Fe Other Ti 

MIL+46077D 5 S-6.5 3.54.5 0.04 0.14 0.02 0.0125 0.25 0.40 Balance 
max. max. max. max. max. max. 

MIL-T-9046J 5.5-6.5 3.5-4.5 0.08 0.13 0.05 0.0125 0.25 0.30 Balance 
AB-2 max. max. max. max. max. max. 

As Delivered 6.12 4.02 0.01 0.12 0.008 0.0014 0.19 co.40 Balance 

Notes: Al - aluminum, V - vanadium, C - carbon, 0 - oxygen, N - nitrogen, H - hydrogen, Fe - 
iron, Ti - titanium, and max. - maximum. 

Table 2. Minimum Transverse Mechanical Properties Required for 
25.4-mm-Thick Titanium Plates 

Specification 
Ultimate Tensile Yield Strength, Elongation in area 
Strength (MPa) 0.2% Offset (MPa) (percent) (percent) 

MIL-A-46077D 896 
MIL-T-9046J, AB-2 896 

827 
x27 

14 30 
10 not required 

2 

i * * 
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The starting material was commercially produced, 127~mm-thick Ti-6Al-4V ELI 
alloy plate product manufactured by the RMI Titanium Company. Each plate was 
coated with a silica-based material to reduce oxygen contamination, placed into 
the furnace, and soaked for 2 hours at either 1,066’ C (beta) or 954” C (alpha- 
beta), and step forged to 108 mm first and then 89 rnrn. The step forging was 
done without re-heating. Upon completion, the plates were returned to the furnace 
and re-heated for 20 minutes. The plates were then either unidirectionally 
(straight) rolled or cross rolled at the same temperature used in the forging 
operation (1,066’ C or 954” C). The rolling schedule consisted of two passes at 
12% reduction in thickness, two passes at 15% reduction in thickness, three 
passes at 20% reduction in thickness, and one final pass at the final mill setting of 
25.4 mm. Each plate was re-heated for 20 minutes after every second pass 
through the mill. Following the final pass, the plates were placed on a rack and 
air cooled to room temperature. 

Four different annealing heat treatments were used at the completion of rolling 
and air cooling: (1) a beta anneal at 1,038’ C for 30 minutes with an air cool 
(AC); (2) a beta plus alpha-beta anneal at 1,038’ C for 30 minutes with an AC, 
followed by 788” C for 30 minutes with an AC; (3) an alpha-beta anneal at 788” 
C for 30 minutes with an AC; and (4) a solution treatment and aging (STA) at 
927” C for 30 minutes with a water quenching (WQ), followed by 538” C for 6. 
hours with an AC. As an experimental control, the final heat treatment was 
omitted for some of the plates. Following heat treatment, all the plates were sand 
blasted to remove any remaining protective coating. 

Two plates were produced for each of 11 processing conditions. Table 3 lists the 
processing conditions and the mechanical properties obtained by averaging the 
results from four specimens taken from each condition. Since the MIL-A-46077D 
armor specification has minimum requirements for the transverse direction only, 
ultimate tensile strength, yield strength, elongation, and reduction in area were 
obtained for only the transverse direction. Note that only plate type C4 met the 
minimum elongation requirements of MIL-A-46077D. Also, in many cases, the 
plates failed to meet the yield strength and reduction in area requirements. 
Charpy impact testing, although not a requirement of MIL-A-46077D, was also 
conducted in the transverse longitudinal direction. 

3. Projectiles 

The 20-mm FSP and the 12.7-mm AP M2 projectiles, shown in Figure 1, were 
selected for this study because both projectiles are listed in MIL-A-46077D as 
appropriate for the given plate thickness. The 20-mm FSP, which simulates the 
steel fragments ejected from high-explosive artillery rounds, was manufactured 
from 4340H steel in accordance with specification MIL-P- 46593A. 
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P Table 3. Transverse Mechanical Properties Obtained for 25.4~mm-Thick Titanium Plates 

Ult Tensile Yield Elonga- Reduction Charpy 
Plate Plate Roll Roll Anneal Strength Strength tion in Area Impact 
Type Ident.No. Direction Temp (“C) Schedule Wa) WW (percent) (percent) (JJ> 

Sl 
Cl 
c2 
c3 

C4 
C5 
52 
s3 
S4 

s5 308,309 Straight 1,066 
S6 310,31 I Straight 1,066 

312,313 Straight 
316,317 Cross 
318,319 Cross 
320,32 I cross 

322,323 Cross 954 
314,315 Cross 1,066 
302,303 Straight 1,066 
304,305 Straight 1,066 
306.307 Straight I .066 

954 
954 
954 
954 

788” C, 30 min, AC 972.2 
788’ C, 30 min, AC 966.7 
1,038” C, 30 min, AC 918.4 
1,038” C, 30 min, AC 909.4 
788” C, 30 min, AC 
None 988.7 
788” C, 30 min, AC 886.7 
788” C, 30 min, AC 905.3 
l,O38OC, 30 min, AC 913.6 
1,038” C, 30 min, AC 905.3 
788’ C, 30 min, AC 
None 915.6 
STA 927’ C, 30 min, WQ 994.9 
538” C, 6 hrs, AC 

923.9 12.4 15.8 32.66 
926.0 13.7 33.4 30.63 
816.3 10.4 19.6 30.53 
841.9 10.5 20.6 25.7 1 

939.1 14.2 30.9 45.80 
810.1 Il.7 22.3 30.6 1 
835.6 11.1 12.9 29.04 
812.9 8.1 17.9 35.24 
842.5 a.7 17.3 27.89 

819.1 IO.1 22.2 31.67 
927.4 8.5 15.8 30.25 

Notes: AC = Air cooled, STA = Solution treat and aged, WQ = Water quenched. 
Charpy impact specimens were tested in the transverse-longitudinal direction. 



The 12.7-n-u-n AP M2 is a standard machine gun bullet that has been in service for 
many decades throughout the world. The AP M2 has a copper jacket over a 
hardened (Rc 60-65) steel core. Each projectile was fired from the appropriate 
rifled Mann barrel, and the propellant load was varied in order to adjust velocity. 
For both projectiles, at least 20 mm of undisturbed material was maintained 
between adjacent projectile impacts on the plate. 

nm 

23.2 mm 61 

Figure 1. Projectiles. 

20-mm FSP 
Steel, Rc 29-31 
Mass: 53.8 g 

12.7-mm AP M2 Core 
Steel, Rc 60-65 
Mass: 25.4 g 

4, Methodology 

Projectile velocities were measured with an orthogonal flash x-ray system 
developed by Grabarek and Herr-[41 The titanium plates were placed so that the 
projectile impacted normal to the plate (0” obliquity). The orthogonal pair of x- 
ray tubes permitted the measurement of projectile velocity, vertical pitch, and 
horizontal yaw just before the projectile impacted the titanium plate. A single 
pair of x-ray tubes was used to measure the velocity and length of any projectile 
or target fragments ejected from the rear surface of the target plate. The 
perforation of a paper break screen initiated the flash x-rays. Whenever possible, 
the residual penetrator and target material ejected from the plate were collected 
for analysis. A schematic of the target setup is shown in Figure 2. 

Evaluation was perfomed to obtain a V 50 ballistic limit velocity, hereafter 
referred to as a V~O. The methodology for obtaining a V30 is explained in U.S. 
Army Test and Evaluation Command (ATEC) test operations procedure (TOP) 2- 
2-710 [5] but is summarized here. The V50 is obtained by holding target thickness 
and obliquity constant while varying projectile velocity by adjusting the weight of 
propellant. When a projectile impacts a target, the result is either a complete 
penetration (CP) or a partial penetration (PP). For this investigation, a CP occurs 
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whenever a piece of penetrator or target material perforates the rear break screen 
and subsequently appears in the x-ray image. A PP is any impact that is not a CP. 
For the 20-mm FSP, any PP result when the total yaw (vector sum of vertical 
pitch and horizontal. yaw) was greater than 5” was excluded from analysis in order 
to keep projectile orientation from influencing the results. For the 12.7~mm AP 
M2, PP results when the total yaw was greater than 3O were excluded from the 
analysis for the same reason. 

X-Roy Tubes 

Line-of-Fire --* 

STRIKING c 1.5 meters 

Figure 2. Schematic of Setup. 

As projectile velocity is increased, the projectile impact should produce a 
transition from PPs to CPs at some critical velocity. &sun-ring that the target- 
penetrator interaction can be modeled by a cumulative normal (Gaussian) 
distribution, then a mean (V~O) and standard deviation (SD) can be determined if a 
sufficient number of shots were fired. The V50 was determined with equal 
numbers of PP and CP.results over a designated velocity range specified by the 
MLA-46077 titanium armor specification. 

5. Metallographic Analysis 

A sample was taken from each of the 11 plate types in order to perform 
metallographic analyses and mechanical tensile testing. Photo-micrographs and 
tensile testing data are provided in Appendix A. All plates forged, rolled, or 
annealed in the beta region had a typical structure of plate-like alpha and. 
intergranular beta with alpha at the prior beta grain boundaries. All plates forged, 
rolled, and annealed in the alpha-beta region had a typical structure of equiaxed 
alpha grams and intergranular beta. 

6 



6. Results 

Of the 22 plates provided, h,alf of the plates were evaluated with the 20-mm FSP 
and the other half were evaluated with the 12.7-mm AP M2. V50 limit velocities 
were obtained for all plates. Table 4 lists the processes, plate thicknesses, V50 
limit velocities, and standard deviations for investigation with the 20-mm FSP. 
Table 5 provides the same information for the 12.7~mm AP M2. Detailed ballistic 
test data are presented in Appendix B. Since the thickness of the plates varied 
slightly, the V50 results had to be normalized to a single reference. 

The mechanism for normalizing the data was to use the difference between the 
limit velocity obtained through testing and the limit velocity for the same 
thickness plate obtained from the MLA-46077D specification. Equation (1) 
shows the calculation for the V50 difference: 

V~O Difference = Test V50 - Required VsO (1) 

in which required V50 is derived from the MIL-A-46077D specification. 

Normalization is achieved because the required V50 term changes as a function of 
thickness, thus preventing the results from favoring the thicker plates. A positive 
number obtained for the V50 difference is the margin by which the plate exceeds 
the specification minimum. Plates that exceed the specification minimum are 
listed in bold in Tables 4 and 5. Conversely, a negative value for V50 difference 
indicates the margin by which the plate failed the specification. Figure 3 shows 
graphically the V50 difference for the 11 plate conditions. 

Regardless of the penetrator used, only three plate types (S 1, C 1, and C4) passed 
the ballistic requirements of MLA-46077D. Note that two of these three plate 
types also failed to meet the elongation requirements of MLA-46077D. Prior 
data [6] seemed to show some correlation between reduction in area and ballistic 
performance, but plate type Sl provided good ballistic performance with a 
relatively poor reduction in area. For this program, there was no correlation 
between adequate ballistic performance (as required in MLA-46077D) and 
ultimate tensile strength, yield strength, elongation, reduction in area, or Charpy 
impact energy. 

Beta-processed plates (those that were either rolled or ,annealed at temperatures 
above the beta transus) had lower V50 ballistic limit velocities for both the 20-mm 
FSP and the 12.7-mm AP M2. The magnitude of the effect was much greater for 
the 20-mm FSP (-200 m/s) than for the AP M2 (140 m/s), confirming a trend that 
had been indicated in previous data.121 The plate types that received no 
additional annealing treatment (C4 and S5) gave a performance comparable to 
similarly processed plate types that received an alpha-beta annealing treatment 
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Table 4. VsO Ballistic Limit Results for the 20-mm FSP 

Plate Plate Roll Roll Anneal Thickness Tested SD Required 
Type No. Direction Temp (“C) Schedule (mm) v50 (ds> Ids) v50 (ds> 

Sl 313 
Cl 317 
c2 318 
c3 321 

c4 322 
C5 315 
s2 303 
s3 305 
s4 306 

S5 
S6 

309 
311 

Straight 954 
cross 954 
Cross 954 
cross 954 

cross 954 
Cross 1,066 
Straight 1,066 
Straight 1,066 
Straight 1,066 

Straight 1,066 
Straight 1,066 

788” C, 30 min, AC 
788” C, 30 min, AC 
1,038” C, 30 min, AC 
1,038” C, 30 min, AC 
788” C, 30 min, AC 
None 
788” C, 30 min, AC 
788” C, 30 min, AC 
1,038” C, 30 min, AC 
1,038” C, 30 min, AC 
788” C, 30 min, AC 
None 
STA 927’ C, 30 min, WQ 
538’ C. 6 hrs, AC 

25.32 957 7 949 
25.55 978 9 959 
25.55 775 15 959 
25.58 741 10 960 

25.60 984 7 961 
25.35 734 15 950 
25.27 757 7 947 
25.25 756 23 946 
25.17 734 IO 943 

25 -27 765 8 947 
25.43 784 4 953 

Notes: AC = air cooled, STA = solution treat and aged, SD = standard deviation; WQ = waler quenched. 
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Table 5. V50 Ballistic Limit Results for the I2.7-mm AP M2 

Plate Plate Roll Roll Anneal Thickness Tested SD Required 
Type No. Direction Temp (“C) Schedule (mm) vso (ds) (m/s> v50 (ds) 

Sl 312 Straight 954 
Cl 316 Cross 954 
c2 319 Cross 954 
c3 320 cross 954 

c4 323 
C5 314 
s2 302 
s3 304 
s4 307 

S5 308 Straight 1,066 
S6 310 Straight 1,066 

cross 954 
cross 1,066 
Straight 1,066 
Straight 1,066 
Straight 1,066 

788” C, 30 min, AC 
788” C, 30 min, AC 
1,038' C, 30 min, AC 
1,038” C, 30 min, AC 
788” C, 30 min, AC 
None 
788" C, 30 min, AC 
788” C, 30 min, AC 
1,038” C, 30 min, AC 
1,038” C, 30 min, AC 
788” C, 30 min, AC 
None 
STA 927” C, 30 min, WQ 
538” C, 6 hrs, AC 

25.35 700 8 681 
25.53 698 9 684 
25.63 657 10 686 
25.53 644 6 684 

25.60 700 6 686 
25.25 667 7 679 
25.27 675 10 680 
25.35 663 10 681 
25.17 650 11 678 

25 -22 673 8 679 
25.12 645 7 677 

Notes: AC = air cooled, STA = solution treat and aged, SD = standard deviation; WQ = water quenched. 



-250 1 1 I, ,_,,I I I 1 / 1 I 
Sl Cl’C2 C3’C4 C5 $2 $3’S4 S5 S6’ 

Plate Type 

n 12.7-mm AP ff@ 20-mm FSP 

Figure 3. V~O Difference for Various Processing Conditions. 

(Cl and $2). For the AP M2 evaluations, cross rolling provided no significant 
difference in V50 as compared to straight rolling (Sl versus Cl and C5 versus S2). 
For the 20-mm FSP evaluations, cross rolling seemed to provide a slightly higher 
V50 than straight rolling in the alpha-beta region (S 1 versus C 1); however, straight 
rolling seemed to be slightly better than cross rolling in the beta region (C5 versus 
$2). 

For the ZO-mm FSP, ihe large difference in the V~O limit velocities between the 
beta-processed and alpha-beta-processed plates tends to indicate that the failure 
mechanisms were in some way different. Observation of the rear plate surface 
failures upon perforating and near-perforating impacts showed this to be the case. 
The beta-processed plates failed by a process of adiabatic shear plugging, as 
shown in Figure 4. This plugging, a low energy failure mode that caused a 
titanium plug to be ejected from the rear surface of the plate after the FSP 
penetrated approximately 6 mm into the plate, has been described in previous 
work.[6,7,8] The plates that were alpha-beta processed failed by a mixed process 
of bulging, delaminating, shearing, and spalling, as shown in Figure 5. However, 
this failure occurred only after the FSP had penetrated approximately 15 mm into 
the plate, requiring the FSP to burrow significantly deeper into the armor than for 
the beta-processed plates. 
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Figure 4. Cross Section of Impact Crater From 20-mm FSP for Beta-Processed Plate 
No. 3 15, Type C5, Shot No. 4065. 

0 6 

Scale, cm 

Figure 5. Cross Section of Impact Crater From 20-mm FSP for Alpha-Beta-Processed 
Plate No. 317, Type Cl, Shot No. 4319. 
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Conversely, for the 12.7-n-m-1 AP M2, the relatively small differences in V50 
performance between the beta- and alpha-beta-processed plates would seem to 
indicate little difference in the failure mechanisms. Again, observation of rear 
plate surface failures upon nearly perforating impacts confirmed this, The rear 
surface failure of a beta-processed plate (see Figure 6) looks remarkably similar to 
the rear surface failure of an alpha-beta-processed plate (see Figure 7). The 
failure mode for both the beta- and the alpha-beta-processed plates appeared to be 
a combination of bulging, petaling, and spilling. 

After this battery of evaluations had been performed, some concerns arose about 
whether the surface oxide layer (alpha case) of the titanium plate was responsible 
for the large performance difference between the alpha-beta- and beta-processed 
plates. To determine if the alpha case caused the lower performance for the beta- 
processed plates, four plates (one alpha-beta processed and three beta processed) 
were selected and returned to ARC to be chemically milled (them-milled) to 
remove the alpha case. Chem-milling is the controlled dissolution of a material 
through contact with a strong chemical reagent. The part to be processed is 
cleaned and then covered with a strippable, chemically resistant mask. The mask 
is stripped from areas where chemical action is desired, and then the part is 
submerged in the chemical reagent to dissolve the exposed material.[3] 

Since these data showed that processing changes in titanium produce a greater 
change in V50 for the FSP than for the AP M2, the four plates (No. 303, 3 11, 3 15, 
and 322) were chosen from the plate population that had been tested with the FSP. 
After them-milling, the plates were assigned new identification numbers (377, 
378, 379, and 380, respectively) by ARC. These plates were then evaluated once 
again with the 20-mm FSP, and V50 ballistic limit velocities were determined. 
The data are given iu Table 6. Note that them-milling reduced the thickness of 
the plates and therefore also reduced. the required V50 determined from MIL-A- 
46077D. The V50 differences, calculated with Equation (l), are plotted in Figure 
8. 

Three of the four plate conditions evaluated (C4, C5, and S2) showed an 
approximately 25-m/s increase in the V 50 difference after them-milling. For the 
fourth condition (S6), there was no statistically significant change in the V~O 
difference. Since the performance improvement occurred for both alpha-beta- 
and beta-processed plates (C4 and C5, respectively), the alpha case is not 
responsible for the large differences in V5+ obtained between alpha-beta- and 
beta-processed plates. Based on these results, them-milling appears to provide a 
slight performance improvement over sand blasting. It is beyond the scope of this 
report to discuss the economics of sand blasting versus them-milling. 
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Figure 6. Rear Surface of Beta-Processed Plate No. 302, Type S2, Shot No. 5472 After a 
Nearly Perforating Impact by a 12.7~mm AP M2 Projectile. 

Figure 7. Rear Surface of Alpha-Beta-Processed Plate No. 312, Type Sl, Shot No. 5450 
After a Nearly Perforating Impact by a 12.7-mm AP M2 Projectile. 
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Table 6. Effect of Surface Finish on VsO Ballistic Limit for the 20-mm FSP 

As Received Chem-milled 
Plate Thickness Tested V50 SD Required Vgo Thickness Tested V50 SD Required 
Type W-4 WS> (n-w 0-w bJ-4 w> (m/s> v,, F-N 

s2 25.21 757 7 947 24.89 783 9 928 
S6 25.43 784 4 953 24.94 756 18 930 
c5 25.35 734 15 950 24.77 742 20 922 
c4 25.60 984 7 961 25.25 995 10 945 

50 

C4 C5 S2 S6 
Plate Type 

EB 
As Received 

Chem-milled 

Figure 8. Effect of Surface Finish on V50 Difference for the 20-mm FSP 

7, Conclusions 

Rolling or annealing at temperatures above the beta transus reduces the V50 ballistic 
limit velocity for both the 20-mm FSP and the 12.7-mm AP M2. The magnitude of 
the effect was much greater for the 20-mm FSP (-200 m/s) than for the AP M2 
(240 m/s), confirming a trend that had been indicated in previous data.[2] Of the 
three plates (S 1, C 1, and C4) that passed both the AP M2 and 20-mm FSP ballistic 
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requirements of MIL-A-46077D, two failed to meet the elongation requirements 
of MLA-46077D. In general, there was no correlation between adequate 
ballistic performance as required in MIL-A-46077D and ultimate tensile strength, 
yield strength, elongation, reduction in area, or Charpy impact energy. The plates 
that received no additional annealing treatment (C4 and SS) gave a performance 
comparable to similarly processed plates that received an alpha-beta anneal 
treatment (Cl and $2). Additionally, cross rolling versus straight rolling showed 
a small difference in V50 for the FSP but no significant difference in V50 for the 
AP M2. 

The failure mode between the beta- and alpha-beta-processed plates was different 
for the 20-mm FSP. The beta-processed plates failed by a process of adiabatic 
shear plugging. This plugging, a low energy failure mode that occurred 
approximately 6 mm into the plate, has been described in previous work.[6,7,8] 
The alpha-beta-processed plates failed by a mixed process of bulging, 
delaminating, shearing, and spalling, which required more energy because the 
FSP had to burrow much deeper (-15 mm) into the armor plate before rear 
surface failure occurred. The failure mode for beta- and alpha-beta-processed 
plates appeared to be the same for the 12.7~mm AP M2. This observation is 
consistent with the relatively small differences in V50 performance between the 
beta- and alpha-beta-processed plates. 

The removal of surface oxide layer (alpha case) by them-milling did have au 
effect on the V~O ballistic limit of the plates when tested against the 20-mm FSP. 
No evaluation was performed with the 12.7~mm AP M2 since the data showed 
that processing changes in titanium produce a greater change in V50 for the FSP 
than for the AP M2. Of the four plate types that were them-milled (C4, C5, 52, 
and S6), three plates (C4, C5, and S2) showed a V50 increase of approximately 25 
m/s. The fourth plate (S6) did not show any statistically significant change in V~O. 
Since the performance improvement occurred for both alpha-beta- and beta- 
processed plates (C4 and CS, respectively), the alpha case is not responsible for 
the large differences in V~O data obtained between alpha-beta- and beta-processed 
plates. Based on these results, them-milling may provide a slight performance 
improvement over sand blasting. 
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METALLOGRAPHIC ANALYSIS AND TENSILE DATA 

Table A- 1. Metallographic Analysis and Tensile Testing 
Data for Plate Nos. 302 and 303, Type S2 

HT 854209/l 1 

5.062l5.125” thick 5”- 4.25”- 3.5” 

Transverse Avg 

Direction 

131.3 12 
CHAFW 

1 Test Temperature (“C) 
TL -40 
TL 
-l-T 

TI, Ave 

.2 11.1 12.9 
[MPACT 

Impact Velocity (fps) 1 Energy (ft-lb) 
12.02 21.42 

17 07 I 71 A7 
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Table A-2. Metallographic Analysis and Tensile Testing Data for 
Plate Nos. 304 and 305, Type 53 

PLATE PROCESSING 
Initial Material Forging Rolling Annealing Finishing 
RMI Titanium Step Forged @ 1950°F @ 300 in/min Beta Sand-Blasted 
HT 854209/l 1 1950°F Start: 3.5” thick; End: 1.0” thick 

Annealed Straight Rolled in 8 passes 1900°F for 30 299 BHN 
5.062B.125” thick 5”- 4.25”- 3.5” (12% for 2 passes: 15% for 2 passes; min, Air Cool R.2 30 

20% for 3 passes; 1 pass for final 
thickness) 

MECHANICAL PROPERTIES 
Direction UTS (ksi) YS (ksi) Elong (%) RA (%) 
Transverse 133.2 118.3 8.5 18.3 
Transverse 131.4 117.2 7.7 17.6 
Transverse 132.8 118.1 8.1 17.8 

Transverse Avg 132.5 117.9 8.1 17.9 _, 
CHARPY IMPACT 
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Table A-3. Metallographic Analysis and Tensile Testing Data for Plate Nos. 306 and 307, Type $4 

PLATE PROCESSING 
Initial Material Forging RollinE Annealing Finishing 
RMI Titanium Step Forged @ 195O*F @ 300 in/min Beta + Sand- 
HT 854209/l 1 1950°F Start: 3.5” thick; End: 1 Xl” thick Alpha-Beta Blasted 

Annealed Straight Rolled in 8 poses 1900’F for 30 
5.062/5.125” thick 5”- 4.25”- 3.5” (12% for 2 passes; 15% for 2 passes; min, Air Cool + 305 BHN 

20% for 3 passes; 1 pass for final 1450°F for 30 Rc30 
thickness) min, Air Cool 

MECHANICAL PROPERTIES 
Direction UTS (ksi) YS (ksi) Elong (%) R4 (%) 
Transverse 131.8 122.3 8.4 17.8 
Transverse 131.7 122.5 8,9 17.9 
Transverse 130.4 121.8 No Data 16.2 

g 122.2 x.7 Transverse Av 131.3 17.3 
CHARPY IMPACT 
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Table A-4. Metallographic Analysis and Tensile Testing Data for Plate Nos. 308 and 309, Type S5 

IPLATE PROCESSING 
Initial Material Forging Finishing 
RMI Titanium Step Forged @ 1950°F @ 300 in/min Sand-B lasted 
HT 854209/l 1 1950°F Start: 3.5” thick; End: 1 .O” thick 

Annealed Straight RoIled in 8 passes 301 BHN 
5.062/5.125” thick 5”- 4.25”- 3.5” (12% for 2 passes; 15% for 2 passes; Rc 30 

20% for 3 passes; 1 pass for final 
thickness) 

MECHANICAL PROPERTIES 
Direction Elong FL4 (%) 
Transverse 132.7 118.8 10.3 21.1 
Transverse 132.6 118.8 10.3 22.7 
Transverse 133.0 118.9 9.8 22.x 

Transverse Avg 132.8 118.8 10.1 22.2 
CHAFZPY IMPACT 
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Table A-5. Metallographic Analysis and Tensile Testing Data for Plate Nos. 3 10 and 3 11, Type S6 

PLATE PROCESSING 
Initial Material Forging Rolling 
RMI Titanium Step Forged @ 1950’F @ 300 in/min 
HT 854209/l 1 1950’F Start: 3.5” thick; End: 1.0” thick 

Annealed Straight Rolled in 8 passes 
5.062/5.125” thick Y- 4.25”- 3.5” (12% for 2 passes; 15% for 2 passes; 

20% for 3 passes; 1 pass for final 

Annealing 
STA 

1700°F for 30 
min, Water 327BBN 
Quench + Rc 33 

1 OOO’F for 6 

Direction 
Transverse 

thickness) 
MECHANICAL PROPERTIES 

1 hrs, Air Cool 1 

UTS (ksi) YS (ksi) I Elong (%) I Iu (%) 
145.8 1 135.9 8.1 14.3 

Transverse 142.0 132.5 8.7 17.1 
Transverse 145.2 135.0 X.6 16.0 

Transverse Avg 144.3 134.5 8.5 15.8 

Direction 
TL 
TL 
TL 

CHARPY IMPACT 
Test Temperature (“C) Impact Velocity (fps) 

-40 12.03 
-40 12.02 
-40 12.01 

Enerw (ft-lb) 
21.96 
22.15 
22.83 
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Table A-6. Metallographic Analysis and Tensile Testing Data for Plate Nos. 3 12 and 313, Type Sl 

Initial Material 
RMI Titanium 
I-IT 854209/l 1 

Annealed 
S.O62/5.125” thick 

Direction 
Transverse 
Transverse 
Transverse 

Transverse Avg 

PLATE PROCESSING 
Forging Rolling Adnealing Finishing 

Step Forged @ 1750’F @ 300 in/min Alpha-Beta Sand-Blasted 
1750’F Start: 3.5” thick; End: 1.0” thick 

Straight Rolled in S passes 1450’F for 30 292 BHN 
5”- 4.25”- 3.5” (12% for 2 passes; 15% for 2 passes; min, Air Cool Rc 29 

20% for 3 passes; 1 pass for final 
thickness) 

MECHANICAL PROPERTIES 
UTS (ksi) YS (ksi) Elong (%) RA (%) 

141.4 134,5 __ 12.3 14.3 
140.6 133.6 12.9 17.1 
140.9 133.9 !2.Q 16.0 
741.0 134.0 ,, 12.4 15.8 

CHARPY IMPACT 
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Table A-7. Metallographic Analysis and Tensile Testing Data for Plate Nos. 3 14 and 3 15, Type CS ~ 

1 

Initial Material 
RMI Titanium 
HT 854209/l I. 

Annealed 
5.042/5.125” thick 

Forging 
Step Forged @ 

I950’F 

5”- 4.25”- 3.5” 

PLATE PROCESSING 
Rolling Annealing Finishing 1 

1950°F @ 300 in/min Alpha-Beta Sand-Blasted 
Start: 3.5” thick; End: 1 .O” thick 

Cross Rolled in 8 passes 1450’F for 30 304 BHN 
(12% for 2 passes; 15% for 2 passes; min, Air Cool Rc30 

20% for 3 passes; 1 pass for final 

Direction 
Transverse 
Transverse 
Transverse 

Transverse Avg 

thickness) I 
MECHANICAL PROPERTIES 

UTS (ksi) YS (ksi) Elong (%) RA (0~) 
128.7 117.4 11.5 20.0 
128.4 117.6 11.9 22.6 
128.7 117.4 11.7 24.3 
128.6 117.5 11.7 22.3 

Direction 
TL 
TL 
TL 

TL AVQ 

CHARPY IMPACT 
Test Temperature (“C) Impact Velocity (fps) 

40 12.02 
-40 12.03 
-40 12.03 
-40 12.03 

Energy (ft-lb) 
20.42 
22.66 
24.67 
22.58 
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Table A-8. Metallographic Analysis and Tensile Testing Data for Plate Nos. 3 16 and 3 17, Type C 1 

Initial Material 
RMI Titanium 
HT X54209/1 1 

Annealed 
5.062/5.125” thick 

Direction 
Transverse 
Transverse 
Transverse 

Transverse Avg 

PLATE PROCESSING 
Forging Rolling Annealing Finishing 

Step Forged @ 1750°F @ 300 in/min Alpha-Beta Sand-Blasted 
1750’F Start: 3.5” thick; End: 1 .O” thick 

Cross Rolled in 8 passes 1450°F for 30 299 BH-N 
5”- 4.25”- 3.5” (12% for 2 passes; I5% for 2 passes; min, Air Cool &30 

20% for 3 passes: 1 pass for final 
thickness) 

MECHANICAL PROPERTIES 
UTS (ksi) YS (ksi) Elong (X) RA (%) 

140.8 134.7 IS.0 31.8 
139.7 134.0 12.9 30.3 
140.1 134.2 13.2 38.2 
140.2 134.3 13.7 33.4 

CHARPY IMPACT 
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Table A-9. Metallographic Analysis and Tensile Testing Data for Plate Nos. 3 18 and 3 19, Type C2 

PLATE PPQCESSING 
Initial Material Forging Rolling 
RMI Titanium Step Forged @ 1750OF @ 300 in/min 
HI- 854209/l 1 175O’F Start: 3.5” thick; End: 1 .O” thick 

Annealed Cross Rolled in 8 passes 
5.OKY5.125” thick 5”- 4.25”- 3.5” (12% for 2 passes; 15% for 2 passes; 

20% for 3 passes: 1 pass for final 

Annealing Finishing 
Beta Sand-Blasted 

Direction 
Transverse 
Transverse 
Transverse 

Transverse Avg 

1900°F for 30 296 BHN 
min, Air Cool Rc 29 

I thickness) 
MECHANICAL PROPERTIES 

UTS (ksi) YS (ksi) Elong (Oh) RA (%) 
133.5 118.8 10.3 18.8 
132.7 117.6 10.5 23.4 
133.5 118.9 10.4 16.6 
133.2 118.4 10.4 19.6 

CHARPY IMPACT 
,Jmp-+ct Velocity (fps) 

12.03 
12.02 

Energy (ft-lb) 
21.43 
23.02 
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Table A- 10. Metallographic Analysis and Tensile Testing Data for Plate Nos. 320 and 32 1, Type C3 

PT.ATE PRi-WESSINC 
-  - _ _ -  -  -  _ _ I  - - - - - _ .  I  

Initial Material Forging Rolling Annealing Finishing 
RMI Titanium Step Forged @ 1750“F @ 300 in/min Beta I- Sand-Blasted 
HT 854209/l 1 1750’F Start: 3.5” thick; End: 1 .O” thick Alpha-Beta 

Annealed Cross Rolled in 8 passes 1900°F for 30 297 EM-N 
5.062/5.125” thick Y- 4.25”- 3.5” (12% for 2 passes; 15% for 2 min, Air Cool + Rc 29 

passes; 20% for 3 passes; 1 pass for 145O’F for 30 
final thickness) min, Air Cool 

MECHANICAL PROPERTIES 
Direction UTS (ksi) YS (ksi) Elong (%) RA (%) 
Transverse 132.3 122.8 10.4 21.6 
Transverse 131.5 121.7 10.9 20.9 
Transverse 131.9 121.9 10.3 19.2 

* Transverse Av 131.9 20.6 
CHARl’Y IMPACT 
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Table A-l 1. Metallographic Analysis and Tensile Testing Data for Plate Nos. 322 and 323, Type C4 

Initial Material 
RMI Titanium 
HT 854209/l 1 

Annealed 
5.062f5.125” thick 

Forging 
Step Forged @ 

1750°F 

PLATE PROCESSING 
IT I Rolling 

1750’F @ 300 in/min 
Start: 3.5” thick; End: 1 .O” thick 

Cross Rolled in 8 passes 
(12% for 2 passes; 15% for 2 passes; 

20% for 3 passes; 1 pass for final 
thickness) 

Annealing Finishing 
None Sand-Blasted 

5”- 4.25”- 3.5” 
310 BHN 

k 34 

Direction 
Transverse 
Transverse 
Transverse 

MECHANICAL PROPERTIES 
UTS (ksi) YS (ksi) Elong Co/) RA (%) 

142.9 135.8 13.4 34.4 
144.0 136.6 13.9 28.9 
143.3 136.1 15.3 29.3 

Transverse Avg 1 

Direction 
TL 
TL 

143.4 13 
CHARPY 

Test Temperature (“C) 
-40 
-40 

TL -40 
TL Avg -40 

6. 7 
I 
2 14.2 30.9 

Impact Velocity (fps) I Energy (ft-lb) 
12.03 ! 33.08 
12.03 32.46 
12.03 35.79 

,113 70 
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List of Abbreviations Used in This Appendix 

- 

CP 

AW 

h 

MR 

NM 

PIP 

PP 

PR 

RES 

VR 

Not applicable. 

Complete penetration; penetrator or target material exits the rear surface of the target. 
Asterisks (*CP*) indicate shots that were used to calculate the V50. 

The mass loss in a plate caused by a shot. Mass of plate prior to shot minus the mass of 
plate after the shot. 

Residual length; the length of residual penetrator or the thickness of a target material for 
a CP result- 

Residual mass; the mass of residual penetrator or target material for a CP result. 

Not measured. 

Pen&&or in plate; penetrator lodged in impact crater. 

Partial, penetration; the penetrator is defeated by the target. Asterisks (*PP*) indicate 
shots that were used to calculate the V~O. 

Penetration into plate; the impact crater depth. 

Result of shot; CP or PP. 

Residual velocity; the velocity measured behind the target when a CP result occurs. The 
“COMMENTS” column defines whether this velocity is for penetrator or target material. 

Striking velocity of projectile just prior to impacting the target. 

YAW Total yaw; the vector SUM of vertical pitch and horizontal yaw for the projectile, 
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Table B-l. Firing Data for 12.7-mm AP M2 Versus Plate No. 302, Type 52, at 0” Obliquity 
(Str. Roll @ 1,066’ C; Anneal @ 788’C, 30 min., AC; 25.27 mm thick; 302~BHN hardness) 

5467 
5471 
5466 

685 
688, 
701 

.- 1.25 *cp* 44 3 NM - 6.2 Spa11 
OJ5 *cp* 56 3.9 1.1 PIP -17.x ,, ,_ Spa11 
0.56 CP 154 41.2 25.4 - 15.9 Penetrator 

$5 4.9 3.6 Spa11 

Table B-2. Firing Data for 20-mm FSP Versus Plate No. 303, Type 52, at 0’ Obliquity 
(Str. Roll @ 1,066’ C; Anneal @ 788” C, 30 min., AC; 25.27 mm thick; 302-BHIN hardness) 

1 4088 1 1,153 1 0.56 

CP 55 15.9 46.1 - 61.5 
119 20.5 35.4 

CP 293 - 17.4 NM 95.8 
369 23.2 NM 

Comments 
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Table B-3. Firing Data for 12.7-mm AP M2 Versus Plate No. 304, Type S3, at 0’ Obliquity 
(Str. Roll @ 1,066’ C; Anneal @ 1,038’C, 30 min., AC; 25.35 mm thick; 302- BHN hardness) 

r  

Table B-4. Firing Data for 2O-mm FSP Versus Plate No. 30,5, Type S3, at 0” Obliquity 
(Str. Roll @ 1,066”C; Anneal @ 1,038” C, 30 min., AC; 25.25 mm thick; 31 I- BHN hardness) 

210 21.0 36.5 Plug 
4350 1,052 0.00 CP 279 13.1 42.5 - 86.8 Penetrator 

336 22.0 48.6 Plug 
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Table B-5. Firing Data for 20-mm FSP Versus Plate No. 306, Type $4, at 0’ Obliquity 
(SIT. Roll @ 1,066* C; Anneal @ 1,038’ C, 30 min., AC, followed by Anneal @78X” C, 30 min, AC; 25-I 7 mm 

thick; 3 1 I-BHN hardness) 

Shot Vs YAW RES VR LR MR PR AW Comments 
NO. (m/s> to) Cm/s) (mm) W ,, (md k;) 
4364 706 1.00 PP - - 
4366 721 1.12 *pp* - - - 6 3.4 4-mm bulge w/cracks -- 
4367 725 1.46 *pp* - - - 6 6.5 4-mm bulge w/cracks 

734 
742 
749 

1.25 *CP* 18 1 NM 8 3*0 6x4-mm chip 
1.46 *cp* 47 2 NM 7 3.6 7x4-mm chip 

79 *pp* - - - 9 3.5 Plug Dushed out 4mm 

762 
905 

o... , -- , I 
1.60 1 “CP” 90 1 2.7 [ 0.13 1 8 ] 4.0 1 6x4-mm chip 

chip 1.77 
2.80 

CP 
CP 

135 
127 
224 

1 NM 9 3.7 7x2-mm 
16.3 44.2 - 67.4 Penetrator 
21.0 39.9 Plug 

4368 
4369 
4365 
4379 
4363 

Table B-6. Firing Data for 12.7-mm AP M2 Versus Plate No. 307, Type S4, at 0’ Obliquity 
(Str. Ro!l @ 1,066”C; Anneal @ 1,03S°C, 30 min., AC, followed by Anneal @78X”C, 30 min, AC; 25,17 mm 

thick; 302-EHN hardness) 
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Table B-7. Firing Data for 12.7~mm AP M2 Versus Plate No. 308, Type S5, at 0’ Obliquity 
(Str. Roll @ 1,066OC; No Anneal; 25.22 mm thick; 302-BHN hardness) 

1 Shot 1 Vs ( YAB Comments VR LR I MR I PR AW 

Table B-8. Firing Data for 20-mm FSP Versus Plate No. 309, Type S5, at 0’ Obliquity 
(Str. Roll @ 1,066’ C; No Anneal; 25.27 mm thick: 3 1 l-BHN hardness) 
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Table B-9. Firing Data for 12.7-mm AP M2 Versus Plate No. 3 10, Type S6, at 0” Obliquity 
(Str. Roll @ 1,066’C; STA @ 927’C, 30 min, WQ, followed by Anneal @ 538’C, 6 hrs, AC; 25.12 mm thick; 

32 1 -BHN hardness) 

Table B-10. Firing Data for 20-mm FSP Versus Plate No. 3 11, Type Sd, at 0’ Obliquity 
(Str. Roll @ 1,066’ C; STA @ 927’C, 30 min, WQ, followed by Anneal @ 538’ C, 6 hrs, AC; 25.43 mm thick; 

32 I-BHN hardness) 



Table B-l 1. Firing Data for 12.7-mm AP MY2 Versus Plate No. 3 12, Type Sl, at 0” Obliquity 
(Str. Roll @ 954’C; Anneal @ 788’C, 30 min, AC; 25.35 mm thick; 302-BHN hardness) 

5447 724 0.75 CP 
47 

206 
109 

4.0 2.1 Spa11 
47.2 25.3 - 9.5 Penetrator 
3.9 1.8 _ Spa11 

Table B-12. Firing Data for 20-mm FSP Versus Plate No. 313, Type Sl, at 0” Obliquity 
(Str. Roll @ 954’C; Anneal @ 7SS°C, 30 min, AC; 25.32 mm thick; 302-BHN hardness) 
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Table B-13. Firing Data for 12.7-mm AP M2 Versus Plate No. 314, Type C5, at 0’ Obliquity 
(Cross Roll @ 1,066’ C; Anneal @ 788’ C, 30 min, AC; 25.25 mm thick; 302-BHN hardness) 

Table B-14. Firing Data for 20-mm FSP Versus Plate No. 3 15, Type C5, at O0 Obliquity 
(Cross Roll @ 1,066”C; Anneal @ 788”C, 30 min, AC; 25.35 mm thick; 321-BHN hardness) 



Table B-15. Firing Data for 12.7-mm AP M2 Versus Plate No. 3 16, Type Cl, at 0“ Obliquity 
(Cross Roll @ 954’C; Anneal @ 78X* C, 30 min, AC; 25.53 mm thick; 302~BHN hardness) 

5457 717 4.04 CP 49 47.2 25.3 
50 3.6 1.9 

- 7.2 Penetrator 
Spa11 

,Table B-16. Firing Data for 20-mm FSP Versus Plate No. 3 17, Type Cl, at O0 Obliquity 
(Cross Roll @ 954” C; Anneal @ 788” C, 30 min, AC; 25.55 mm thick; 286-BHN hardness) 

1 Shot 1 Vs 1 YAW 1 RES 1 VR 1 LR 1 MR 1 PR 1 AW 1 Comments 1 
No. (m/s> (“1 (m/s)- (mm) (g) (mm> (Pi) 

4317 910 0.71 PP - - - 11 14.4 &mm bulge 
4325 944 0.56 PP - - - 13.5 12.9 &mm bulge w/cracks 
4319 961 0.75 *pp* - 
4320 970 0.35 *pp* - 

- - 15 
- - 17 

27.4 9-mm bulge w/cracks 
11.2 1 l-mm bulge w/spa11 

disk 80% formed 

- 108.7 Spa11 
- 26.8 1 lx&mm spa11 

w/cracks 1 

1.03 CP 207 1 14.5 1 41.0 1 - 1 91.9 1 Penetrator I 
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Table B- 17. Firing Data for 20-mm FSP Versus Plate No. 3 18, Type C2, at 0’ Obliquity 
(Cross Roll @ 954’C; Anneal @ l,O38’C, 30 min, AC; 25.55 mm thick; 302~BHN hardness) 

Table B-l-8. Firing Data for 12.7-mm AP M2 Versus Plate No. 319, Type C2, at 0” Obliquity 
(Cross Roll @ 954’C; Anneal @ 1,038’ C, 30 min, AC; 25.63 mm thick; 302-BKN hardness) 

Lomments 

I 5485 I 650 I 7.26 I *PP* I - I - I - I 2 -  . - -  

I54891 --- 
-_-- 

- - I  

17 6.3 3-mm w/cracks 
653 I 0.75 I *pp* I  I - - - 1 , 27.5 1.6 1 1 4-mm bulge bulge w/cracks 

181 1 Spa11 
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Table B- 19. Firing Data for 12.7-mm AP M2 Versus Plate No. 320, Type C3, at 0” Obliquity 
(Cross Roll @ 954” C; Anneal @ 1,038* C, 30 min., AC, followed by Anneal @78S” c, 30 min, AC; 25.53 mm thick; 302- 

BHN hardness) 

5503 618 1.25 PP 
5504 632 0.90 PP 

- 
- 

- 
- 

- 25 
- 26 

14.8 3-mm bulge w/cracks 
5.0 5-mm bulge w/cracks 

5499 639 0.79 *PP* 
5495 639 1.03 *cp* 
5505 643 0.71 *pp* 

- 
30 
- 

- 
1 

- 

- PIP 
NM 29 
- 26 

-7.0 3-mm bulge w/cracks 
3.9 Chip 
8.2 3-mm bulge w/cracks 

5502 653 0.56 TP” 110 
5500 670 3.34 CP 152 
5493 682 0.56 CP 58 
5492 701 2.70 CP 96 

5.1 2.5 
4 NM 

4.8 1.2 
4.8 3.3 

PIP 
- 
PIP 
PIP 

-16.0 Spa11 
8.2 Spa11 

-19.0 Spa11 
-15.2 Spa11 

Table B-20. Firing Data for 20-mm FSP Versus Plate No, 321, Type C3, at 0” Obliquity 
(Cross Roll @ 954” C; Anneal @ 1,03S°C, 30 min., AC, followed by Anneal @78S”C, 30 min, AC; 25.58 mm thick; 

302-BHN hardness) 

1 Shot 1 vs 1 YAW 1 Es 1 VR 1 LR 1 MI( ( PR 1 AW 1 Comments 
1 No. 1 h-h) (“) (m/s> (mm) (g) (mm> Cd 

1~35 PP - - - 5 0.9 3-mm bulge w/cracks pp - - - e 
PP - - - A. 

4345 1 734 1.82 "PP" 
( 4346 1 734 1.50 *cp* 145 

748 2.06 1 *CP* 1 37 2 1 NM 1 7.5 4.8 6x4-mm chip 
4349 1 760 1 1.60 1 CP 1 94 3.7 0.5 - 5.8 Chip 

116 21.0 34.4 - 54.4 Plug 4342 810 1.35 CP 
4340 892 0.25 CP 194 21.6 20.7 - 53.6 Plug 
4339 1,063 0.35 CP 271 13.5 41.7 - 83.4 Penetrator 

363 21.4 31.1 Plug 
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Table B-21. Firing Data for 20-mm FSP Versus Plate No. 322, Type C4, at 0” Obliquity 
(Cross Roll @ 954O C; No Anneal; 25.60 mm thick; 302-BHN hardness) 

Table B-22. Firing Data for 12.7-mm AP M2 Versus Plate No. 323, Type C4, at 0’ Obliquity 
(Cross Roll @ 954’C; No Anneal; 25.60 mm thick; 302-BHN hardness) 
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Table B-23. Firing Data for 20-mm FSP Versus Plate No. 377 at O” Obliquity 
(Plate No. 303 with Chem-mill; 24.89 mm thick; 302-BHN hardness) 

1 Shot 1 1 YAW 1 FES 1 VR LR MR 1 PR I AW Comments 

127 1 20.9 1 65.9 1 J Plug 

Table B-24. Firing Data for 20-mm FSP Versus Plate No. 378 at 0’ Obliquity 
(Plate No. 3 11 with Chem-mill; 24.94 mm thick; 302-BHN hardness) 

1 n..o -- A:, I 

1 13.2 10x4-mm chip 
3.7 3-mm bulge w/cracks 

1 5303 1 791 1 0.25 1 *pp* - - 
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Table B-25. Firing Data for 20-mm FSP Versus Plate No. 379 at 0’ Obliquity 
(Plate No. 315 with Chem-mitl; 24.77 mm thick; 302-BHN hardness) 

Shot Vs YAW mS VR MR PR AW Comments 
XT* L-i..\ lo\ (m/s) (br$ (8) (mm) k) 

pp - - - 6 2.8 3-mm bulge w/cracks 5326 
5324 
5327 

5325 
5322 
5329 

709 
709 
710 

713 
723 
742 

1 .OO 
0.56 *cp* 67 2 NM 5.5 1 2.4 1 5x4-mm chip 
0.71 PP 7 I 31 I Dl..n n,,chwl n,,t 3mm - - 

0.56 *pp* - - - 5 
0.71 *pp* - - - 7.5 5.0 Plug pushed out 4mm 
0.9 *PP* - - - 6.5 2.7 3 S-mm bulge 

5323 746 

5321 748 

w/cracks 
0.56 *cp* 132 3 NM 10 6.0 ’ l-l,.1 7 em nl-.;* 

0.25 *CP* 46 lr 
46 1 21.5 1 

) 5328 1 754 1 0.35 1 *pp* - - 

5.7646.2 
51.7 
- 

-  

11 
1l-l 5330 756 0.25 *pp* - - - 1” 

5331 ,763 1.80 *cp* 141 2.3 0.5 9 
5332 770 0 *cp* 124 1 NM 9 

I LA I A-111111 UIIp 

56.9 Penetrator 
Plug 

3.3 Plug pushed out 5mm 
4.1 Plug pushed out 5mm 
5.8 10x9-mm chip 
3.4 5x2-mm chin 

Table B-26. Firing Data for 2O-mm FSP Versus Plate No. 380 at 0’ Obliquity 
(Plate No. 322 with Chem-mill; 25.25 mm thick; 302-BHN hardness) 

Comments 
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