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INTRODUCTION 

Fractional vacuum fusion analyses of six oast and four rolled armor 

plate samples have been completed. 

In performing a vacuum fusion analysis (for "total" oxygen, as oon­

traated to the "fractional" method used here), the sample is melted at 

about 1600 9 C. in a graphite crucible contained in a furnace evacuated to a 

base pressure of less than O.OOO1 mm of mercury. The absorbed and dis­

solved gasea (oxygen, hydrogen, and nitrogen) are liberated, and the var­

ioue oxide,, silicates, and aluminatea present are rapidly and completely 

r~duoed. Because the melt is saturated with carbon from the ~raphite cru­

cible, all the oxygen is converted to co. Nitrides break dovm to yield 

free nitrogen, and the hydrogen contained in the steel is evolved as free 

hydrogen. 



2. 

By means of a high --speed mercury diffusion pump, the gases from the 

sample are rapidly pumped from the furnace into an evacuated collection 

.l/ stem made of glass tubing. Connected to this system a.re vacuum gages 

for measuring changes in preRsure as gas is collected. 

The gases are then removed (by an automatic Toepler pump) from the 

collection system and collected ov~r mercury in test tubes. A modified 

Bureau-of-rines-type Orsat apparatus is used to analyze the gas. 

The fractional vacuum-fution method used for this work is a modifi­

cation of the "total" method described above. This modification involves 

heating the empty crucible to shout 2300°C. for out-gassing and pumping 

off the gases until the amount evolved is very low (about 1 cc per ~our at 

1600°C.). The temperature is then lowered to 1320°C., and tin equal to 

twice the weight of the steel sample is dropped into the crucible, and any 

gas in it is pumped out. The collection system is t~en isolated from the 

pumps used in this preliminary evacuation. 

The temperature is lowered to 1060°C., ~nd the sample is dropped i.nto 

the tin which fluxes the steal causing it to melt at this terr.p3rature. Fl'IO, 

the least refraotory of th3 oxides present, is ra.pidl~r raduced at 1060°C., 

and when present th3 rate of evolution of gas is indicated by a rise in 

pressure in the syste1n, which reaches a maximum in two or thr -:: e minutes. 

When most of tho FeO is reduced, the pr,ssure gradually falls until it 

reaches the base pressure, a point where it remains more or lass const~nt. 

This pressure is slightly higher than the starting pressure bocause traces 

of MnO are now being reduced. This is considered the end of tho 1060°C. 

fraction, so the tube of gases collected is removed for analysis, and a 

new collaotion tube is installed. The tempsrature is th'3n raisJd to ll 70°C., 



where MnO is rapidly reduced, but no more than slight trac ~s of Si0 2 , ~1203 , 

or oth3r more refractory oxides are brok~n down. Tho rat e of evolution 

rises and falls us before. Following the 1170°C. fraction, the t cmpcratura 

is raised to 1320°C. for thi reduction of Si02 e.nd th ':)n t o 1600°C. for '-.1 203• 

These oxides are the ones that may be found in plllin carbon stcols. 

Howev.:,r, alloy steels may contain sa\• <3 ro.l oth,~r oxides, and the fraction in 

which their oxygen is obtained may be judg~d roughly by exa~ination of th~r­

modynamic data. Expurimental data indicate thnt Cr203 is !' :J duc ~d principally 

at 1170°C., while Ti0 2 app~ars to be roducod partly in the 1320°C. fraction 

and po.rtly at l600°C. 

The nitrogen in low alloy, aluminum-killed stsels is obtained in th ,3 

1600°0. fraction. High-chromium steels which usually contain considorabl~ 

nitrogen yield most of it at 1170°C. 

In regard to more oomplcx compounds, Reeven)found that in th~ co.so 

of MnSi03 he obtained the MnO and Si02 at their respective usual tempera­

tures of reduction. 

Tho accuracy claimed for the methodist .0011, 02 and! .001/o N2 for 

10-gram samples. Hydrogen valuas are gonerally erratic and are not vary 

si~nificant unless the complete history of tho sample is lmown. For in­

stance, an ingot ooolad slowly may ba low in hydrogen, whil e one coole-:l 

rapidly may have a quite high hydrogen cont <J nt. If o.no.lyzed at this sb.ge , 

one could pradiot that the stael high in hydrog~n would ba more susceptibl 0 

to flaking than the oth.~r. However, after hot rolling or h0at trAatment, 

both steels may show the same low hydrogen analysis even though flakes are 

present in one of them. 

(l)A.I.M.E., !!,!, 1934, PP• 82-100. 



RESULl'S 

Table l gives the chemical analysis, mechanical properties, and 

ballistic properties of the ten plates that ware analyzed for gas content. 

The data contained in Table l were suppli~d either by the producer or by 

Watertown Arsen~l. with the exception of the r~stdual aluminum content, 

which was detf'1nnined at Battelle remorial Institute. 

Table 2 gives the fractionnl and total gas analysis, acid soluble 

residual aluminum, the inclusion type (acoording to Sims and Dahle( 2) for 

the cast plate and the Chevrolet method( 3) for the rolled plate), and im­

pact values for single- and double-width standard Charpy specimans with 

a key-hole notch. 

The tables are divided into two sections; the first rives data rel~­

tive to cast plate, and the second gives data cono~rning the rolled plate. 

In both sections the plates are arranged in order of increasing oxygen con­

tent. 

DISCUSSION 

Table 2 shows a relationship between total oxygen content and r~s id­

ual aluminum. The plates low in total oxygen arc high in residual aluminum, 

and those high in oxygen are low in aluminum in both tho rolled and cast 

materials. There is also a relationship between the inclusion type of the 

cast plate and the residual aluminum content. Type III inclusions are 

associated with high residual aluminum contents, and Type I most frequently 

(2'8ima, c. E. and Dahle, F. B. "Effect of Aluminum on the Properties of 
Medium Carbon Cast Steel~ Trans. A• F,A., Vol. 46, 1938, PP• 65-103. 

~)"R-'l'.ting of Inclusions, the Chevrolet Mathod", Metal Progress, Vol. 35, 
Feb., 1939, P• 169. 
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TABLE 1. CHEMISTRY AND ?.'.ECHANICAL AND BALLISTIC 
PROPERTIES OF ROLLCO AND CAS! PLATE 

... . 
Chemical Analysis .!i 

I 

Plate C i~ Si s p Ni Cr Mo Cu V Zr Al Deoxidizer .3 
._. 

CAST I -G645 .27 1.48· .40 .017 .022 .51 0.04 
.·, 
·. 1 ·., 

J 

..:.l 

W2332 .27 .78 .35 .033 .035 1.00 • 51 .40 0.03 2#.Al J1 .. 

PlO • 21 1.09 • 82 .on .019 1.61 0.02 

~ 
I: S99 .31 1.06 .25 .038 .019 .47 .59 .49 0.02 

FAS .28 • 79 .18 .016 .020 .52 .72 < 0.01 

AHV2 • 29 1.52 .41 .036 .034 .09 <0.01 2# HC-Fe'l'•:·.· 
3# CaSi . ·• . -

ROLLED 
JT3427 .26 1,05 .22 .014 ,018 • 54 0.06 

JTH2'1. .26 1.05 .22 .014 .018 .54 0.06 

CI8ll .25 1.58 ,24 .021 ,015 .98 .52 .44 0.06 2-/1: Al 
ton 

GLll9 .30 .70 .81 .oso .021 .64 .15 .11 0.04 

GL119 .30 .10 .81 .030 .021- .64 ,15 .11 0,04 . ' ... . -, •. 
. " ........ 

JT2420 .26 2,05 ,19 • 015 !022 .51 0.03 
. _ .... 
. .. 
- --· .... 
- . -

JTH20 .28 2.0& .19 .016 .022 .61 0.03 - . -... 

I I •...,. • ..... 
-- .. . . • . . . , 



... ... 
{.....; -.. : .. ·.· . ,·:, .. ·: 
'-: .. · . . . 

' .. . . 
i"-" .. -'-,. ·: 

Meohanioal Properties .. 
. 

Rolled Plate Tensile Yield " ~ Reduction - ~ 
'Deoxidizer _ Direction Strength Stren~h Elon1ation Area Izod Brinell -

! 
... : 1 ..... 

37 ~ ,·. 125,-000 107,000 17.0 ae.2 56,3 252. .. · . ..... FT}, ,·. ·' ,,·. ' 

I a# Al 131,500 114,000 12.0 22,7 19,0 . 277 :57 :J 
PT ,·. ' .. 

' . ' r 134,860 127,450 16.0 56.9 290 37 · 

}~ PTl 
,✓ , O.rpyz 

II J; 118,350 97,250 21.5 57,8 33.5 248-255 

- -- -•~ 

·•""v 123,500 108,500 19.5 52.5 46,5 211 '· -~ 
-.·) 

j 2# HC-FeTi; 104,750 85,500 21,5 52.8 44-45 226 
3# CaSi 

:) .. , 
. ' ... 

Longitudinal 144,600 143,800 18.0 67.0 82,0 248-269 a1 ; .. . ., 
•,• Tran1verae 144,800 122,850 16,5 61, 1 45,0 PT 

' 
42 

• 'I tongi tudinal 144,800 143,800 18,0 67.0 82,0 248-269 ~7 ~, Tran1verae 144,800 122,850 16,5 61,l 45,0 PT • • 
42' -..•,. 

-."-. 2# Al per 128,900 112,100 21.5 63,l 62,0 277 37 ~'. . ton PT 

Longitudinal 277-285 
Tranaver1e 

... Longitudinal 277-285 37 :. ... Tran1verse ii.. , 

• Longitudinal 151,600 138,400 15,5 64.4 56,0 241-286 :r: 37 , 

~ !l'UITerse 153,300 137,300 14,0 48.3 :58,0 Pl'E 
~ 

i~ Lon&i tudinal 151,800 138,fOO 15,5 54.4 56.0 241-286 37 
\• TruaTerae 163,SOO lS?,300 14.0 48.S :58.0 Pl' ' 
i 
;-. 
. 
~ · .. 
' • ' .. • .. .. . 

;)--~ I . 
' ' I ., 



. •, 
··-:;:--================================-= 
,:-. :p·.----------------------------------Ballhtioa 

inell 

·. ' 
:: '. 252 

. ,.: 
277 

~: 290 
-.·. 

8-255 

Ballistio Limit Shook Plate 

37 mm MSlAP-1936 (+61) r/,. 75 nun Tl2AP-PP, SB. Passed. B. L. on 0645 
PTP, 2-3/8'' x 2-7 /16". (Plate 646). plate 646. Setisfactory plate • 

37 mm MSlAP-1448 (+148) r/s. 
PTP, 2-3/8" x 2-3/8". 

37 mm M5L\P-1938 (+138) r/s. 
PTP, 2-5/8" x 2-5/8". 

i 

3frmn MSlAP-1944 (+112) r/s. 
FTP, 1-1/2" x 211

• 

37 JTUT1 MSlAP-2047 ( +214) f /s. 
PTP, 2" x 2-3/4". 

31 mm M51AP-1490 (+142) f/s. 
PTP, 2-1/2" x 2-1/2". 

37 mm M51AP-1603 (+111) r/a. 
PTP, CPi 2" x 2-1/2" on companion 
42182 pate. 
~7 mm MSlAP-1603 (+111) t/1. 
PTP, CP, 2" x 2-1/2" on companicn 
42182 plate. 
37 mm Jl51AP-1583 (+89) t/s. 
PTP, 1-7/8" x 2-3/4". 

37 mm IISlAP-1611 (+111) r/s. 
PTP, CP, 2-3,8" x 2-1/2 11

• 

37 mm M51AP-1611 (+111) f/s. 
PTP, CP, 2-3/8" x 2-1/2".· 

31 mm MSlAP-1570 (+90) r/s. 
Pl'P, CP, 2-1/2" x 2-5/8". 

37 • M61AP-1570 (+90) t/1. 
PTP, c,, 2-1/2" x 2-5/8". 

(o 

75 mm Tl~\P-PP. Passed. Satisfactory 
plate. 

75 mm Tl2AP-PP, SB. Passod. 
Satisfactory plate. 

75 mm Tl2AP-PP, SB. Passed. 
Satisfactory plate. 

W2332 

PlO 

S99 

75 mm MIU proof slug. PP, SB. 1/2" Bow. FAS . 
Passed. Satisfaotory plate. 

75 mrn ·Tl2AP. PP on oompanion plate HV-1 AHV2 
Passed. Satisfactory plate. 

75 mm Tl2AP-CP, Cl. Passed. JT:5427 
Satisfactory plata. 

75 mm Tl2AP-CP,Cl. Passed. JT3427 
Satisfactory plate. 

75 mm Tl2AP, PP, crack on LB. 75 mm MKl CI811 
slug, PP, LB. Satisfactory plate. 

75 mm Tl2AP•PP, MB. 75 mm proof slug. GL119 
CP, 20" x 11" cracks on LB. Satisfactory · 
plate. 
75 mm Tl2AP-PP, MB. 75 mm proof slug. GL119 
CP, 20" .x 11" cracks on LB. Satisfactory 
plate. 
75 mm.Tl~\P-CP, 2" crack on MB. CL. JT2420 
Satisfactory plate. 

75 mm Tl2AP-CP, 2" crack on MB. JT2420 
CL. Satisfactory plate. 
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TABLE 2. GAS ANALYSIS' RESIDUAL ALUI.!I:JUr,: CONTENT' INCLl.i SION R.ATrnG, 
AND IMPACT ST~lENGTH AT •40°F. OF ROLLED Al-ID CAST PLATE 

Gas XnaI I 
SlS 

, er Cent£ Obtained n Various Fractions 

111o•c. 132o•c. 1600°c. Total 
Plate 02 H2 N2 02 H2 Nz 02 H2 N2 02 H2 
CAST 
~ .0002 nil nil nil nil nil .0023 .00004 .0018 .0025 .00004 

W2332 .0002 nil nil .0003 .00002 nil .0026 .00006 .0036 .oo~1 .00008 

Pl0 .0003 .00002 nil .0002 nil nil .0038 .00014 .0039 .0043 .00016 

S99 .0005 .00003 nil .0025 .00008 nil .0021 .00007 .0020 .0051 .00018 
, 

FA5 .0005 .00004 nil .0051 .00015 nil .0028 .00008 .0048 .0084 .00027 I: 

AHV2 .0022 .00007 nil .0043 .oooos nil .0042 .00009 .0022 .0107 .00019 

ROLLED 
JT3427 .0002 .00002 nil .0006 .00010 nil .002 .00036 .0012 .0028 .00048 

JT3427 .0006 .00002 nil .0009 nil nil .0013 nil .0011 .0028 .00002 

CI811 .0002 .0000
3 

nil .0004 nil nil .0022 .00001 .0016 .0028 .00004 

GL119 .0004 .0000
3 

nil .0005 .00007 nil .0024 .00006 .0034 .0033 .00015 

GL119 .0002 nil nil .003 nil nil .003 .00018 .0038 .0035 .00018 

JT2420 nil .0001
0 

nil .0010 .00008 nil .002 nil .0023 .003 .00018 

JT2420 .0003 .0000
3 

nil .0006 .00002 nil .0032 .00010 .0009 .004i .00016 

I 
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,poo8 

~16 ,, 

~le 
I ,po27 

~019 
~ 
• 

po48 

poo2 

' 000 ' 4 

po15 
' 
~Ole 

po1e 
', 

po16 
i 

i 

c::: 
i 

= 

Residual 
N2 Alumin\lYI 

.0018 0.04 

.0036 0.03 

.003A 0.02 

.0020 0.02 

.004e,<o.o1 
I. ' .. 

.0022 <0.01 

.0012 0.06 

"" 1 •'-'- l 
o.oe 

.0016 o.oe 

.0031: 0.04 

.0038 0.04 

• 0023 
. o.os 

.0009 0.03 

•40'F. Charpy Impact Values, 
Inolusions Foot Pounds 

'Type liiiount §Iiigie Wiatfi Dou'6Ie Width Plate 

III Cle&.n 16-3/4 40-3/4 

II Dirty 11-1/2 20 

II 4: III Slightly dirty 5 - 16-1/2 33 

W2332 

PlO 

$99 

FA5 

AHV2 

I Dirty 29 57 

I Dirty 14 44-1/2 

I Dirty 16-1/4 23 

0<2 s<2 Excellent Longitudinal 35½ Longitudinal 43--51} JT3 42 7 
Transverse ll¼-30½ TrfLnsverse 26-56¼ 

O<a S<z Excellent Longitudinal 35½ Longitudinal 43-51} JT 3427 
Transverse ll¼-30½ Transverse 26-56¼ 

02¼ Szt Fair Longitudinal 4ll Longitudinal 94i--84½ CI811 
Transverse 35 Transverse 68 

03 s21 Poor Longitudinal 23½ Longitudinal 41 GLll9 
Transverse 2o¼ Transverse, 36--} 

03 s21 Poor Longitudinal 23½ Longitudinal 23½ GL119 
Transverse 20¼ Transverse 20~-

09 Szf Poor Longitudinal 30¼ Longitudinal 61¼ JT242) 
Transverse 2&;- Transverse 50 

08 Longitudinal 3o¼ Longitudinal 61¼ s2½ Poor JT2420 
Transverse 26¼ Transverse 50 

~ 



occur in those steels having J. low residu9.l :1lu:ninum cont ':lr.t. Type II i r. ­

clusions occupy an interm-:,diate posi.tion. In th ra roll -: d pkto the oxide 

inclusions tend to increase as the ros idu11l aluminum dc~creas JS. 

It is apparent that most of thJ oxygen is obtaine d in th 3 l600°C. 

fraction for those st :i:, ls high in residual :1luminum, whila those that hav .-, 

low 3.luminum contents have most of thG oxygen r clmov0:i in the 1170 and 1320°C. 

frJ.otions. This trend is in ngreernent with our knowlodgc of th1 r~lative 

stability of the various oxide ii,clusions in ;,tc::l. 

The data from which this report was wri ttcn o.re recorded in B .r:. I. 

Notebook 988, pngas 1 to 6 nnd Notebook 968, pages 13 to 24. 

SupJrvising tfotallurgiat 

CHL: o.d/mf'r 
July 16, 1942 

M, W. Mallet 

{ I, /f, . <'/'« 
.A. R. Elsea 
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