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INTRODUCTION 

The tables in this report give the chemistry, hardenability, 

and mechanioal properties of various groups of steels that were chosen 

tor examination in line with the two problems ot reducing the alloying 

elements in armor steel without sacrificing ballistic properties and 

of determining means by which better armor steel can be made with the 

present alloy composition. A considerable number of grain size deter­

minations must be made on these steels before a final analysis of the 

data will be undertaken. 

Among the problems not considered in this report, but which are 

in various stages of progress, are the following: 

1. A study of boron-treated steels in which smaller boron 

additions are made than those selected tor the preliminary 

series. The data ot the preliminary series are included 

in this report. Results described in this report indicated 



q' 

2. 

that the impact and hardenabiltty of low alloy, homogeneous, 

armor steels are not impaired by substituting minute quantities 

of boron for all the molybdenum. On the other hand, boron in 

the same quantities added to steels containing 0.40 per cent 

molybdenum resulted,in the case of cast armor in particular, in 

a marked decrease in impact resistance. To check these find­

ings and to determine the probable limit in molybdenum content 

at which the impact resistance of boron ~ontaining armor steels 

is affected adversely, work is in progress on a series of 

boron ste01s ·,,;1th molybdenum contents varying from O per cent 

to 0.40 per cent. 

2, Attempts to lower the alloy content of face-hardened 

armor. A number ot steels have been cast and rolled into 

1/2-inch plate. Carburization of these plates is complete and 

heat treatments are to follow. Btt.llistic and mechanical 

properties will be determined. 

3. Equipment is being assembled for isothermal quench tests 

on rolled 1/2-inch plate. 

4. The addition of special deoxidizers to armor steels is 

being studied. 

5. A determination or tho effect of hornogeneizing time and 

temp;,rature on hardenabili ty and impact properties of cast 

armor plate is to be made. Plates for these tosts are to be 

furnished by various foundries making armor plate. 

6. An attempt to oarburize plate during the rolling operation 

was only partially successful. A detailed report on this 

problem will be made when final tosts have been completed. 

I 



3. 

The wrought steels listed in the tables on mechanical properties 

were all drawn to a hardness range of 350 to 370 Brinell to correspond 

to the ctmmereial practice for 1/2-inch armor plate, wheread the cast 

steel specimens were drawn tc 270 to 290 Brinell to simulate the practice 

on 1-1/2-inch cast armor plate. All cast steels were homogeneized at 

1900-F. for two hours before quenching and drawing., 



I . 
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4 . 

EXP'ERlMENTAL WORK 

Wrought Boron-Treated Staels 

Chemistry and Hardenability - Tuble 1. 

Hnrdenability data were obtained with the Jominy-type test 

specimen on wrought boron- treated plain carbon, nickel-chromium­

mol ybdenum, and manganese-molybdenum steels. The hardenability of 

each steel is indicated by the length along the bar at which the 

Rockwell "C" hardness drops 5 and 10 points, respectivoly, below the 

quenched end hardness. 

Additions of boron were made to each heat to obtain ingots 

having a desired residual analyses of o, 0.005, a:id 0.010 per cent 

boron. In most cases the residual boron exceeded these amounts. 

With the plain carbon steel, boron additions tncreased the 

hardenability slightly. T'ae same effect can be observed for those 

alloy steels which were not deoxidized with al\uninwn (Honts 8221 and 

8224), but when aluminum was used as a deoxidizer the results are not 

consistent. The boron-free alloy steel heats made with 0.10 per cent 

Al ~s a deoxidizer have exceptionally high hardenabilities which were 

lowered by boron additions, yet a later heat, No • .:.478, which is a 

duplioato of the alwninum-treated, manganese-molybdenum steel, has a 

hardenability much similar to that of the aluminum-free heat, No. 8224. 

It would appear from theso data and the results of check boron deter­

minations on the hardenability test specimens that the boron-freo, 

aluminum-deoxidized alloy Heats 8222 and 8225 exhibit ~n unusual 

hardenability behavior which cannot be accounted for by our present 

information. A turther study is to be. made of this problem. 



5. 

The apparent ineffectiveness of the boron additions is at 

variance with the reported results of other investigators. This 

difference may be ea.used by the larger amounts of boron used in the 

present series of steels. Additional heats are now being processed 

in which the boron additions have been held to 0.005 per cent or 

less. 

Mecilo.nical Propl:11'ties - Tabla 2. 

The lower impact values obtained with the higher boron steels 

are in agreement with the known, embri ttling effect of excessive boron 

contents. In t~e cuse of the plain carbon steel not treated with 

aluminum, a boron content of 0.007 per cent has produced a steel with 

better ductility and toughness than the base composition without boron. 

Thia effect is nott>und with the aluminum-deoxidized plain carbon steal, 

however. 

The mechanical properties for Hettt 8478, which is listed in 

T-dble 1, have not yet been determined. 
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e. 

Cast Boron-Treated Steels 

Chemistry and Hardenability - Table 3. 

Unlike the results obtained with boron-treated wrought steels 

(Tuble 1) 1 the hardenability of oust steels of the same composition 

increased as the boron content increased. The maximum increase due 

to boron developed with the first addition of 0.005 per cent (desired 

residual). Boron was only slightly beneficial to the plain carbon 

comparison steel. Chemical analyses of these steels are now being 

made and the results will be submitted in a later repor*• 

Mechanical Properties - Table 4. 

Tho embrittlement encountered in most of the boron-treated 

steels is undoubtedly caused by the use or an excessive amount of 

this element. Tests now in p ogress will indicate whether smaller 

additions are equally as bad. 
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Wrought Alloy Steels Containing Supernormal 
Amounts of Aluminum and Silicon 

Chemistry and Hurdenability - To.ble 5. 

A u.s. patent issued to 'lulbot and Mearns (U.S. Patent No. 

2,279,079) claims that the co-presence of silicon and aluminum in 

amounts larger than normal permits a closer control of grain size and 

produces a f'iner grained steel than when ei thar one of these elements 

is present alone. It is also claimed that in steels of intermediate 

alloy content, these additions also effect a pronounced improvement in 

hardenabili ty. Tno steels of this series were selected to tes·t these 

premises and ,.1lso to examine the possibilities of using combinations 

of aluminum, silicon, and boron as advocated by Craft and co-workers 

(U.S. Pt:,.tents Nos. 2,280,28fL- 2,280,286) for increased ha.rdenability. 

Tho straight aluminum-silicon combination does not offer any 

outstanding advantage as tar as these tests indicate, but combined 

with boron, tho hardenabilities are iiarkedly increased. Whether or 

not this increaae would be less if aluminum and silicon were present 

in normal amounts may bo determined QY heats that are now being 

processed. With both the nickel-chromium-molybdenum and rnangah~se­

molybdenum types of st~els, the addition of boron permitted the 

complete removal of molybdenum without a consoquent deterioration ot 

the hardenability characteristios. The possibility of substituting 

boron tor part or all of the molybdenum in armor constituted part . 

of the program. 

i I 

Ii 
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12. 

TABLE 5. CEEMISTRY .AND HARDENABILITY DATA ON BORON-TREATED I 
WROUGET ALLOY STEELS CONTAINING SUPERNORMAL AMOUNTS I 

OF ALUMINUM AND SILICON J 
:I 

Jomi52: Hardenabili!:z 
' 

(1) 
Number ot l6ths 

End of an Inch to 
Heat Chemist~, % - Hardness Obtain a Droe of 

:1 No, C Mn Si Ni Cr Mo B Ro 5 Ro 10 Ro 

I NICKEL-CHROMIUM STEEL 

8313 0.23 a.as 0.45 o.54 o.54 47.5 3.0 3.5 
8377 0.25 o.89 o.46 0.54. o.53 - .. 0.003 46.5 s.o 9,5 

NICKEL-CHROMIUM-MOLYBDENUM STEEL 

8374- 0,17 o.8~ o.44 o.53 o.s3 0.34 - - 48.5 5.0 6.5 
8378 0.23 o.e5 o.44 o.54 o.53 0.35 0.005 47.5 11.0 15.5 

MANGANESE STEEL 

8315 0.30 1.49 o.44 .. .. .. - 50.5 3.0 3.5 
8379 f0,28 1.43 0.47 - .. .. - 0.004 so.s a.a 10.0 

MANGANESE-MOLYBDENUM STEEL 

8376 0.21 1,46 o.46 - .. - - o.35 - - 51.0 s.o 7.0 
8380 o.aa 1.45 o.47 - .. - - o.34 0.004 51.5 16.0 22.0 

(1) 0.20 per oent Al added to all heats. 



r 
t 
' 1, 

Mechanical Properties - To.ble 6. 

Mechanical properties of these steels full within the normally 

expected limits. It is of interest to note that wherever molybdenum 

and boron occur together, the Izod values are lowered. Boron alone 

in either of these two base steels gave properties that are the equiva­

lent of those found in the steels containing molybdenum. In view of 

the extremely tight situation regarding molybdenum these findings, if 

they can be substantiated by further tests, may be extremely important 

from the standpoint of molybdenum conservation. A more exhaustive 

investigation of tho probable interrelation between molybdenum and 

boron in low alloy, homogeneous armor type steel is now in progre$S, 



~ 
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HeeLt 
No. 

8373 
8377 

8374 
8378 

8375 
8379 

8376 
8380 

14. 

TABLE 6. MECHANICAL PROPERTIES OF BORON-TREATED WROUGHT STEEIS 

CONTAINING SUPERNORMAL AMOUNTS OF ALUMINUM AND SILICON 

Meohanioal Proeorties(2) 

Ultimate 
(1) Tensile Yield 
Chemist~! % Strength, Strength Ductilitz: 

B lbs./sq.in. lbs. /sq. in. ~ Elong. R.A -~ 

NICKEL-CHROMIUM STEEL 

180,000 168,500 15.5 61.0 
0.003 179,000 161,000 15.0 60.6 

NICKEL-CHROMIUM-MOLYBDE:NUM STEEL 
(3) (3) 

178,200 165,300 15.0 58.3 
o.oos 1'74,500 158,100 14,7 60.2 

MANGANESE STEEL 

- - 175 , 600 165,500 15,2 58.3 
0.004 175,100 167,300 14.7 58.8 

MANGANESE-MOLYBDENUM STEEL 

- - 176;500 164,100 (!) - (!) -
0.004 172,600 157,600 15.5 57.8 

(1) See Te."ole 5, for complete analysis. 

Impact, 
Ft. Lbs. 

bod 

41.0 
38.0 

44.0 
35.0 

32.5 
31.5 

41.0 
32.o 

(2) All results are an average of two tests, except the. Izod re~ulte whioh 
are an average of six tests on two triple-notch specimens. 

(3) One bar cracked. 
(4) Both bars oraoked. 
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Cast Alloy Stools Cor.Ltaining Supernormal 
Amounts of Aluminur,i and Silicon 

Chemistry and Hnrdenabili ty - Tc:&ble '1 o 

The discussion of the wrought steels of the same composition 

(Table 6) will apply for these cast steels as well. 

Mechanical Properties - T~ble 8. 

Tha ultimate tensile and yield strengths of these cast steels 

are lower than the corresponding wrought steels because they were 

drawn to a lower Brinell hardness (2?0-290). In these cast steels, 

as well as in the wrought, Izod values are lowered when boron and 

molybdenwn occur together, but boron alone gives results that are the 

equivalent of those obtained with normal amounts of molybdenum when 

boron is absent. 

I I• 
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17. 

TABIE 8. MECHANICAL PROPERTIES OF CAST 
BORON-TREATED ALLOY STEEI.S CONTAINING 
SUPERNO:RMA.L AMOUNTS OF ALUMINUM AND SILICON 

Mechanical ProEerties( 2 ) 
Ultimate Yield 

(1) Tensile Strength, 
Heat Chemi s trr 1~ Strength, lbs./ Ductilitl 
No. B lbs. /sq-. in. sq. 1n. % El, R,of A 

NICKEL - Cirn.OMIUM STEEL 

8373 138,600 130,800 14.5 41,3 

8377 0-.003 137,250 126,250 15,0 43~5 

NICKEL-CHROMIUM-MOLYBDENUM STEEL 

8374 140,200 131,300 17.0 51.l 

8378 0.005 139,600 127,100 11.0 23.0 

MANGANESE STEEL 

8375 141,700 133,300 10~? 27.4 

8379 0.004 136,000 123,800 14.7 37.6 

MANGANESE-MOLYBDENUM STEEL 

8376 140,000 132,000 15.7 42.5 

8390 0.004 139,500 127,250 14.0 35.5 

(l) s~e Table, tor. complete analyais, 

rm;eact 1 Ft. 
Izod 

33.0 

44.0 

44.5 

26,5 

26.5 

39.5 

39.5 

20.5 

(2) All results are an average of two tests except the I.md values 
which are an average or six tests on two triple notch specimens. 

I I 
I 

Lbs, I 

~: 
II 

i1 
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II 



18. 

wrought Alloy Steels Treated with Special Additions 

Chemistry and Hardenability - Table 9. 

Advantageous effects are claimed for nitrogen additions to 

steels by Smith and Jil'otok (U. s. Pa.tent No. 2,229,140) . The nitrogen­

bearing steels in this group were prepared to test this claim. The 

nitrogen did not seem to have much effect on the hardenability in 

any case. 

Mechanical Properties - Table 10. 

The data wr.>uld indicate a trend towards higher .strengths in 

the nitrogen-bearing steels and those treated with special deoxidizers. 

Other special addition agents are in the process of being tested. 
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Cast Alloy Steels Treated with Special Additions 

Chemistry and Hardenability - Table 11. 

See remarks for the wrought steels. 

Mechanical Properties - Table 12. 

See remarks for wrought steels. The izod impact values of 

the cast steels treated with V-5 and V-7 alloys are higher than those 

:f'or the wrought steels. :l 
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Wrought Talluriurn-Treated Steels 

Chemistry and HQrdenability - Table 13. 

The claim made for a tellurium treatment (U.S. Patent 

Reissue No. 22,021) such as given to the steels listed in Table 13 

is that it produces a consistently fine grain size with an accompanying 

improvement of those mechanical properties associated with fine 

grained steels. A tellurium treatment therofore, cannot be expected 

to increase hardenability, but it is of interest to know how it does 

ef:teot this important property. As the results indicate, tellurium 

additions have a slight tendency to reduce hardenab1l1ty. 

One of the claimed necessary conditicJ_1s for obtaining grain 

refinement by adding tellurium is to have the sulfur content above a 

certain minimum value, consequently the sulfur content of all the steels 

in this series was adjusted to appro~imately Oa04 per cent. 

Mechanical Properties - Table 14, 

One would expect to find an increase in toughness nfter refin­

ing the grain size of a steel, yet, if anything, the toughness of theso 

steels was reduced by a tellurium addition. The degreo of refinement 

as determined by the austen1 tic Sl'ain size has not yet been determined. 
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TABLE 14. MECHANICAL PROPERTIES OFWROUGHT TELLURIUM-TREATED 
NICKEL-CHROMIUM-MOLYBDENUM AND MANGANESE-MOLYBDENUM STEELS 

Mechanical Proi2erties 
Ultimate 

Chemistry(l), f. 
Tensile Yield 

Heat Ingot Strength Strength 
No. No. Ta(2) A1(3) Lbs. /sq. In. Lbs. /sq. In. 

NICKEL-CHROMIUM-MOLYBDENUM STEELS 

8323 1 0.000 0 183,200 143,700 
2 .022 0 183,700 148,100 
3 ,033 0 182,700 141,200 
4 .045 0 181,100 135,600 

8324 1 0.000 0.10 189,000 172,400 
2 .022 0.10 188,900 178,600 
3 ,033 0.10 187,600 175,700 
4 ,045 0.10 185,300 173,700 

MANGANESE-MOLYBDENUM STEELS 

8325 

8326 

1 0.000 0 174,000 158,300 
2 .022 0 177,000 160,800 
3 .033 0 175,200 160,000 
4 ,045 0 176,200 161,100 

1 0.000 0.10 169,800 164,200 
2 .022 0.10 170,200 166,200 
3 ,033 0.10 169,200 165,600 
4 ,045 0.10 168,700 166,300 

(l)see Table 13 for complete chemical analysis. 
( 2)These are added, not actual, amounts. 
(3)0,10 per cent Al added. 

Impact, 
Ductiliti Ft,- Lbs. 

% El. R,of A. Izod 

14.5 55.8 29 
14.0 53.4 19 
14,0 54.0 19 
14.5 si.2 19.5 

13.5 53.5 29.0 
14.2 55.3 23.0 
14.5 55.2 22.5 
14.5 54.8 23.0 

14,5 57.0 22.0 
14.0 53.l 21.0 
14.0 54.4 21.0 
14.5 53.0 22.5 

15. 7 56.9 38.0 
57.0 32.5 

15.2 57.2 33.0 
15.2 56.9 32.0 

I 

I' 
1! 

'I 
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Cast Alloy Steels Treated with Calcium and Selenium 

Chemistry and Hardenability - Table 15. 

According to Gagnebin (U.S. Patent No. 2,258,604} the dele­

terious effect of the film-typo sulfide inclusions is practically 

eliminated by a treatment with calcium and selenium. Those additions 

were tried by adding the calcium and selenium separately as calcium 

silicide and elemental selenium, and also by adding them in the form 

of a special mixture recommended by the patent. 

Although there are some variations 1n lw.rdena bi 1i ty in those 

steels, there does not appear to be any definite trend with respect 

to either the calcium plus selenium additions or the degreo of 

deoxidation, 

Mechanical Properties - Table 16, 

The special treatment of these steels with calcium and 

selenium has contributed nothing to their ductility or impact values. 

Approved: £ , 
e. ,f. ~(_ 

c. H. Loris ~ 
Supervising Metallurgist 

CHL:kh: ic:RB 
J'Ul.y 16 I 1942 

P. C. Rosenthal 

Assistant 
Supervising Metallurgist 
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TABLE 16. .. MECHANICAL PROPERTIES OF C.AST NICKEL- CHROMilil'i-MOLYBDENUM 
AND :WlliNG.ANESE-MOLYBDENUM ST.E~I.S M.ADE WITH C.ALCIUM 

PLUS SELENIUM ADDITIONS 

Mechanical ProEerties* 
Ultimate 
Tensile Yield Impact, 

Chemistry(l} 
1

~ Heat Strength Strength Ductilitx Ft . -Lbs. 
se(2J ca{~l Al(3} No. Lbs./Sq.In. Lbs. /Sq. In. ~ EL R. of A. Izod 

~L- CHROl'.UUM-MOLYBDENUM STE'.ELS 

8229 0 13?,?50 124,100 l?.? 53 . B 41.0 
8230 0.10 133,600 123,100 . 16.0 43.5 35,0 
8231 0,03 0.05 0 137,600 129,700 19;0 55 , 2 37.5 
8232 0.03 0.05 0,10 133,300 125,400 13 , 0 30.8 24.0 
8233 0.10 0.15 0 135,400 126,900 17.5( 5) 50.4 31.0 
8234 0.10 0.15 0.10 133,500 124,100 14.5 38.9 24,0 
8309 0.03 0.05 0 138,300 128,000 18.0 44.? 40.0 
8310 0,03 0,05 0.10 

(4) 
128,750 ( )121,600( )15.7 ) 39.l 33.5 

8311 0.10 0.15 0 117,500 4 .... 4 _ (4 -- 37~5 
8312 0.10 0.15 0.10 136,900 129,300 15.7 40.1 31.0 

MANG.ANESE-MOLYBDENUM STEELS 

8315 0 140,250 126,250 17.5 41.6 37.0 
8316 0.10 129,200 121,700 14.7 30.1 31.5 
8313 0.03 o.os 0 138,500 128,300 9.5 17.7 35.5 
8314 0.03 0.05 0.10 134,000 125,500 14.7 34,4 22.0 
8317 0.10 0.15 0 139,900 127,900 17.7 42.0 29.5 
8318 0.10 0.15 0.10 

(5} 
132.200 ( )122,600(5)14.5 (5)29.3 21.5 

8319 0. 03 0.05 0 142,250 5 130,000 18.5 49.3 36.0 
8320 0.03 0.05 0.10 132,000 126,000 16.2 36.0 28.5 
8321 0.10 0.15 0 133,100 120,300 18.? 49.4 39.5 
8322 0.10 0.15 0.10 134,800 125,100 16.0 37.3 30.0 

( 1) See Table 15 for complete analysis 
( 2} (3) These are adde6 amounts 

* All results are an average or two tests 
( 4) Blowholes in bar 
(5) One specimen only 
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