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ABSTRACT 

Variation&of the hardness and ballistic resistance of 
homogeneous steel armor with temperature were determined for several 
different compositions and hardnesses at Cal. 30 and Cal. 50 scale. 

Sufficiently ductile material exhibits an increase in 
hardness and ballistic resistance on cooling and a decrease on 
heating. The increase in hardness by cooling results in greater 
ballistic resistance than the same increase in hardness obtained by 
heat treatment. However, it is shown that harder material may 
exhibit brittle failure and decreased ballistic resistance men cooled. 
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Effect of Plate Temperature 

Upon the Performance of Homogeneous 

Armor 

1. The problem was authorized by Bureau of Ordnance letter 
Sl3-1(4/173)(QB) of 13 December 1934. The following references are also 
<'f ---.tnterest: 

(a) NPG ltr. S1301/L5-2(17)(Bl6021) of 8 July 1941. 
(b) 10th Partial Report on Light Armor, NRL Report No. 0-1892. 
(c) BuOrd ltr. S13-6(2637)(Re3) of 24 July 1941. 
( d) Gensamer, "Strength of Metals" published by the American 

Society for Metals, 1941. 
(e) 9th Partial :Report on Armor, NRL Report No. 0-1778. 
(f) Takehide Inokuty, Sci. Rep. of the Tohoku Imperial Univer­

sity, 17 (1928), 791, 817. 

2. A study of the effects of temperature on the ballistic re- -
sistance and hardness of soft homogeneous steel armor and face-hardened 
bullet proof steel is presented in the Tenth Partial Report on Light 
Armor, reference (b). The Tenth Partial Report shows that increasing 
the hardness of qTs (Brinell hardness 266 Kg/mm2 at 28° C) by cooling 
improves the ballistic resistance more than the same increase in hardness 
obtained by heat treatment. This has raised the following questions: 

( a) Will STS heat treated to the hardness which gives best per­
formance (Brinell hardness 370-400 Kg/mm2 at room temperature) show im­
provement when the temperature is lowered? 1~ill the hardness for best 
per£orrn.ance at low temperatures be the same as the hardness for best per­
formance at room temperature? 

(b) Will the temperature effect for armor shot with Cal .50 be 
the same as for armor shot with Cal .30? 

(c) Will homogeneous armor which has been heat treated to above 
its optimum hardness and which therefore exhibits brittle failure also 
improve wqen the temperature is lowered? 

The purpose of the investigations reported here is to provide the answers 
to these questions. 

3. For this work, the limit velocity of a sample of armor for a 
given projectile obliquity, yaw and temperature is taken as the striking 

- 1 - DECLASSIFIED 



DECLASSIFIED 

velocity for which the probability of complete penetration by the core 
(bullet without jacket) is 0.5. The source of the scatter of results 
requiring this convention is plate quality and projectile form factors, 
not bullet breakage. Following the usual practice at this Laboratory, 
the performance number used in th is report is as follows: 

p = 

M 
1.374 x io-4 ~ v12 cos e 

e 
d 

Where P is the average deformation pressure resisting penetration 
in pounds per squ~re inch, and 

Mand dare the mass and diameter of the · core. 

For Cal .30 AP :lfl922, M/d3 = 1300 pounds/cu.ft. 

For Cal .50 AP M2 plate testing bullets, M/d3 = 1277 pounds 
per cu.ft. 

d = 0.4276 inch. 

e is the plate thic.kness in the same uni ts as d. 

0 is the angle of obliquity in degrees, in this case zero. 

v1 is the limit velocity in. ft/sec. 

Ti:OUIPMENT AND EXPERDifENTAL PROCEDURE 

4. Plate material used is described in Table 1. Samples were 
flame cut, then heat tr~ated when necessary to change the hardness. STS 
shot with Cal .J0 ·was wet ground equal amounts on both surfaces after 
heat treatment to ,:remove most of the decarburized layer. Corresponding 
to each series of ;ballistic samples, a hardness sample was prepared with 
the same heat treatment~ Hardness samples were ground flat on one face 
and to a depth of 0~04 inch on the face on which impressions were made. 

5. All Cal .30 impacts were made with Cal .JO Ml.922 armor 
piercing bullets. Measurements were made on 20 bullets picked at random 
from the supply of about one thousand. 'Fhe average and extreme values 
for d, M and :M/d3 and the probable deviation from the mean for an individual 
core are: 

Weight of whole bullet - 167.4 grains 
d = 0.2550 ~ 0.0002 inch(~ 0.07%), max. 

min, 
0.2556 inch, 
0.2546 inch 
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M = 86.8 .!. 2 grains (:t_ 0.2%), Max. 87.2 gr. 
Min. 86.5 gr. 

M/ct3 = 1292 • .:!:. J. pounds/ft3 (:t_ 0.2%), Max. 1302. lbs/ft3 
Min. 1282. lbs/ft3. 

However, in this work, as in previous work at N.R.L., M/ct3 for the Cal .JO 
Ml.922 cores is taken as 1300 lb/ft3. 

6. The Cal .30 bullets were fired from a Springfield model 1903 
rifle barrel, without stock, mounted in a vee rest. Cartridges were 
individually loaded with powder drawn from Cal .30 ,o. ball ammunition. 

7. Cal .50 impacts were made with Cal .50 APM2 plate testing 
bullets. A survey .of 25 bullets picked at random from the supply of five 
thousand gave the following average and extreme values and probable 
deviations from the mean for an individual core: 

Weight of the whole bullet = 709.1 grains 
d = 0.4276 .!. 0.0002 inch(:!:_ o.05t), Max. 0.4282 in., 

Min. 0.4270 in. 
M-= 404.,4 :!:_2.4 grains (:_0.6%), Max. 411.8 gr • 

. Min. 401. 5 gr. 
M/dJ = 1277 .!. 8 lb/ft3 <.:t o.6%), Max. 1298 lb/ft3, 

Min 1252 lb/ft3. 

Cal .50 APM2 plate testing bullets with an above or below average total 
weight were found to have a correspondingly high or low core weight. 
Bullets used in the ballistic tests were selected so that the total 
weight was within 1/2% of the average, therefore, the probable deviation 
from the mean of M and M/d3 of the bullets used was only about half as 
great as for the bullets selected at random, or about .!. 0.3%. 

8. A smoothbore heavy machine gun barrel mounted in a vee re:st ,r~s 
used !or Cal .50 impacts. Cartridges were individually loaded and several 
dif'fe~emt powders were tried in a not entirely successful attempt to 
obtain good velocity control. Powder drawn from Cal .30 APMl cartridges 
was the best of those tried in the velocity range 1600 to 1900 ft/sec. 

9. Striking velocities were rnearured using the 122 pound Cal .30 
plate testing ballistic r,endulum. described in reference (e) and a 370 
pound Cal • 50 pendulum of-mmilar design. In the Cal .• 30 pendulum, cores 
which went through the samples were stopped by a piece of 1/4 inch ply­
wood and a series of paper pads. Cores which failed to penetrate the 
plyi~rood had negligible residual velocity and the number of paper pads 
penetrated was a rough measure of higher residual velocities. In the 
Cal .50 pendulum, two pieces of p/8 inch plywood one bullet length apart 
were placed in back of the specimen. Approx:imate limit velocities of 
this plywood were determined for normal and yawed Cal • 50 APM2 plate 
testing cores. A Cal .45 revolver barrel fitted with Springfield bolt 
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action was used and velocities ,vere measured in the Cal .JO pendulum. For 
0°, 30° and 90° yaw, the limit velocities v1ere found to be 216, 263 and 
290 ft/sec respectively. 

10. Residual velocities under 400 ft/sec were determined with a 
maximum error of about 20% v\hich corr~sponds to an error of about 1% in 
the limit velocity for striking velocity of 1800 ft/sec and residual 
velocity of 400 ft/sec and 1/2% in the limit velocity for 1800 ft/sec 
striking velocity and 300 ft/sec residual velocity. Partial penetration 
curves (Plate 3) were used to estimate the additional energy for complete 
penetration of stuck projectiles. The penetration of the point of the 
core beyond the back of the plate was measured by means of a small 
spherome ter. 

11. A few Cal .30 impacts were made with the plate held in a thin 
waterproof box filled with a partly frozen alcohol-water mixture. There 
was 5/8 inch of cooling medium in front and in back of the plate. This 
caused an apparent increase in limit velocity of several percent. Since 
the effect was not consistent, no correction could be made and this method 
was discarded in favor of the following. 

12. For impacts at temperatures above or below room temperature the 
plate was heated or cooled, v,Tapped in several layers of felt and shot 
when the desired temperature was reached. Plate temperature at the tine 
of impact was measured with a type K potentiometer and a copper-constantin 
thermocouple fastened to the back of the plate with a spring clip. A 
reference junction at O" C was used and the thermocouple was calibrated. 

13. Hardness measurements were made with a 10.00 mm diameter tungsten 
carbirle ball and 3000 Kg load applied for 20 to JO seconds. The room 
temperature hardness of ballistic samples is given in tables (2-8). For 
harchess vs. temr,erature studies the sample was placed in the jig snovm 
on plate ( 2). Bel ow room temperature, alcohol cooled with dry· ice was 
used, and above room temperature glycerin was used as a heating medium. 
The jig was sttfficiently well insulated so that the temperature could be 
held nearly constant while the sample acquired a uniform temperature and 
a hardness indent was made. The thermocouple junction wa~ placed so as to 
touch both the ball and the specimen while the impression was being made,. 
The individual hardness measurements are probably accurate to better than 
~ 0.2% and the temperatures are probably accurate to~ 1% of the absolute 
temperature. 

DISCUSSION OF DATA 

14. Impact data are given in tables 2-8. Impacts from which limit 
velocities were estimated are indicated by brackets. P values computed 
from these limit velocities are plotted against temperature in plates 4, 6, 
8, and 10. The variation of Brinell hardness with temperature (Plates 5,6, 
9, arrl 10) was determined for a sample from each of the six sets of armor 
material. These hardness vs. temperature graphs sh0vv that within the range 
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investigated, the hardness and rate of change of hardness increase with 
decreasing temperature. The actual change of hardness with temperature 
(not the percentage change) is nearly the same for all the materials tested, 
indicating that this effect is not strongly influenced by heat treatment 
and small variations in composition. The scatter of points on these graphs 
is mainly due to actual hardness variations in the material. The hardness 
variation is about~ 1/3% for the sample of Cal .30 STS plate material, 
~ 1/2% for the .50 carbon, chrome. moly. vanadium steel and Cal .50 STS, 
and 1% for the 1% nickel steel. The 1% nickel material was inhomogeneous, 
the hardness differing as much as 20 points Brinell on impressions less 
than an inch apart. 

15. The P vs. temperature curves show that the performance of the 
materials tested improves with decreasing temperature until a brittle point 
is reached and the P value drops. The 1% nickel steel becomes brittle just 
below room temperature and the .225 inch, 381 Brinell and .514 inch; 371 
Brinell STS apparently become brittle below the lowest temperature at 
which they were tested. The other materials do not become brittle at the 
lowest test temperature, if at all. 

16. Plate 1 shovrn sections of impacts made at three different 
temperatures on the 1% nickel steel. Unlike the other materials tested, 
this was of poor quality. The laminations- become more apparent at lower 
temperatures, as does back brittlenessw 

17. The scatter in P value-s is 2/3% for the STS samples shot with 
Cal .JO and 1% for the .50 carbon~ chrome. moly. vanadium steel. For the 
260-1/2 Brinell and 371 Brinell STS shot with Cal .50, the scatter was 1% 
and 2% respectively, and for the 1% nickel material, 3t. This scatter in 
P values is about double the hardness. variation on the hatdness samples, 
due partly to the fact that a number o-f' individually heat treated ballistic 
samples were necessary for each plate materi'al, vrhile all the hardness vs. 
temperature measurements for one material could be made on one sample. Also, 
the measurements of limit velocitieS" are less accurate than the hardness 
measurements and the lirni t velocities are affected by laminations and other 
defects not detected in the hardness readings-.. The greater scatter in P 
values for the 1% nickel material and 1/2 inch 371 Brinell STS at low 
temperatures is cue to inhomogeneities in the material, -which affect brittle 
failure more than ductile ~ailure. 

18. The room temperature P coefficient for STS heat -treated to 
varying hardness is given in Plates 7 aad 11. The-se curves ,;,ere drawn 
through the room temperature P and hardness values of the STS used in 
the P .vs. temperature study .. The shapes of the curves were determined 
from the experimental pointsc shown and -from earlier NRL curves. The five 
different hardnesses of STS shvt with Cal .BO (table 8) were apparently 
of poorer quality than the material used in the P vs. temperature study. 
The curves of P vs. hardness varied by temperature were Qbtain~d from 
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the P vs. temperature and hardness vs. temperature curves. The 
comparison of P vs. hardness varied with temperature and P vs. hard­
ness varied by ,heat treatment shows that low temperatures can cause an 
improvement in armor which is not obtainable by heat treatment. 

CONCLUSIONS 

19. Down to -50° C, STS heat treated to a hardness to give best per­
formance at room temperature shows about the same improvement in ballistic 
resistance with decreasing temperature as does 260-270 Brinell hardness STS. 
This does not answer the question of whether or not the hardness for best 
room temperature ·performance also gives the best cold temperature per­
formance, and it will -be ,necessary to make some additional tests before 
a definite answer can !be gt ven. However-, the flatness of the performance 
vs. hardness curve in the vi-cini ty of the maximum performance at room 
temperature combined with the fact that the increase in performance by 
cooling was about the same at the 266 and at the 370 Brinell hardness levels 
suggests that the p:3rf~rmance curve at cold temperature will likely be flat 
and merely shifted upward and to the. :right.. · 

20. The temperature effect on arm.or shot w:i. th Cal • 50 is similar 
to that observed for armor shot with Cal .30. 

21. Homogeneous steel armor heat treated to a sufficiently high 
hardness so that the failure is brittle at room temperature may become 
poorer and more brittle as the temperature is lowered. 
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Cal .• 50 Impa.;ts on 0 .515 Inch Thit:k 1% Nickel Steel 

ImpRct Number 809 
Tes ting Temperature +1 50°c 

Plate Number 3 

{

407 Kg/mrn2 at +28 °C 
Brinell Hardness 

393 Kg/mrnii! at+l50°C 

· Impact Number 813 
Testing Temperature +30°C 

Impact Number 814 
Testing Te.u1perature -+-31 l/2°C 

P~ate Number 5 ~ 
Brinell Hardness 419 Kg/mm at +28°C 

Impact Number 829 
Testing Temperature - -51 l /2 °c 

Plate Number 6 
Brinell Hardness 415 Kg/mm at 28°C 

437 Kg/mrn 2 at - -51 l/ 2°C 

LI s~_fiED 

PLATE I 
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