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T ests were made to determine th e influence of boron addi t ions with simple and complex 

intcnsifiers on t he cleanliness, structure, austeni te, an d :\,r cQuaid-E hn grain sizes, harrlen

ability, notch toughn ess (Charpy impact) a t room and low temperatures and te nsile p roper

t ies of " spli t" hea ts of both experim ent al and commercial steels. Thc tcsting program wi th 

thc experim ental s teels was extended to in clude a study of t he effect of deoxidation on the 

above proper( ies and the influence of boron on t ranMormat ion temperatures and weldability 

and t he recovery of boron on remeltin g. 

Boron was determin ed ch emically by a distillatioll-colorim etri c m eth od, or spectro

graphi cally , and in some ~ tccls by both m ethods. 

The prescnce of boron had no signifi can t influence on t he cleanlin css, hot-working, 

transformati on temperat urcs, softenin g by temperin g, weldabili ty, or te nsile proper ties of 

t he stcels. HO\ye\"er , boron lowered t he coarsening temperature of a us tenite. The harden

abili ty of many of t he experimental, and all of t he comm ercial stee ls, was markedly in creased 

by boron , but n o cOITelation was found between hardell abili ty an d t hc amoun t of boron 

added or retaincd in the s teels. Thus the m agn itude of the effect of boron 0 11 hardenabili ty 

appears to depend upon t he form in which i t exists in. a usteni tc and n o t necessaril y upon the 

amoun t presen t. The hardcnabili ty of s teels wi th high-soluble ni t rogen was not m aterially 

enhan ced by boron , bu t i t was possible to re tain its effect in high-nitrogen steels (low-soluble 

nit-,rogen) by fi xin g the ni trogen was nitrides. 

A small am oun t of boron was often benefi cial to n otch to ughn ess at room temperat ure 

of stcels when fully h ardcncd and tempered a t low temperatures whereas its presen ce, 

espccially in relatively large amoun ts, was usually cither without effect or was detrim ental 

to notch tough ness at room and low temperatures ,,,hen the hardened steels were te mpered 

at hi gh t empcra t ures. 

I. Introduction 

It is now recognized that the hardenabili ty of 
some types of steel is materially improved by th e 
addition of small amounts of boron. Apparently, 
the efl'ectiveness of the treatment with boron 
depends upon the steel-making practice and th e 
amoun t and form of boron retained in the steels. 
The op timum effect on hardenability is obt'1ined 
wh en boron is added in the form of simple or com
plex ferro alloys, commonly called " intensifiers," 
"special addition agents" or " needling agents," to 
thoroughly deoxidized heats in which the amount 
recovered is within the range of about 0.001 to 
0,005 percent. As one of the main roles of alloying 

elements in steels is to increase the depth of harden
ing or hal'denability, this significant effect 'of 
boron suggested the possibility that it might be 
substi tuted for a part or all of th e strategic 
elements commonly used as alloying agents in 
steels. 

Boron-Treated Steels 

During 1917- 20, a study was made at the 
National Bureau of Standards [l] l in cooperation 
with the Buren u of YLines , to determine the effect 
of boron and other elements on some properties of 
steels for ligh t armor. The boron steels were 
difficult to hot roll into plates because of a complex 
eutectic tha t was fu sible at the temperatures used. 

1 Figures ill braekets ind icate the literature references at end of th is paper . 
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The boron steels also had relatively low ductility , 
and it was stated that this group could almost 
be dismissed from further consideration. How
ever, the boron in these steels ranged from about 
0.06 to 0.6 percent, and it was soon thereafter 
claimed that an addition of 0.001 percent boron 
was sufficient to change the structure of iron-carbon 
alloys, and 0.007 to 0.010 percent made a "se1£
hardening" (deep-hardening) steel [2]. 

The present investigation was carried out at the 
N ational Bureau of Standards under the auspices 
of the War Metallurgy Committee, National 
Research Council to which funds were transferred 
by the Office of Scientific Research and Develop
ment to carryon the project (NRC- 31) for a 
period extending from October 1942 to September 
1944. The plans for the investigation were pre
pared jointly with a representative of the War 
Metallurgy Committee and in addition , the testing 
program for the commercial steels was prepared 
with, and approved by, the Subcommittee on 
Special Addition Agent Steels of the War Engin
eering Board, Iron and Steel Committee, and 
Army Ordnance. The purpose of the investiga
tion was to determine quantitatively the effects of 
boron on some properties of steels used for armor 
plate and other military applications, and it was 
divided into two main parts; namely, (1) a study 
of the interrelationship between boron, carbon, 
and alloying consti tuents on some of the properties 
of steels made in the laboratory, and (2) a study 
of the properties of boron-treated steels of selected 
chemical composition made commercially under 
predetermined deoxidizing practices. Special at
tention was to be directed to the development of 
spectrographical and chemical methods for the 
accurate determination of small amounts of horon 
in steel. A study was made of the cleanliness and 
structures of the steels a,s hot-rolled , normalized 
and heat-treated ; determinations were made of 
the austenite and McQuaid-Ehn grain sizes, 
hardenability (Jominy), notch toughness (Charpy 
impact) at room anrllow temperatures and tensile 
properties at room temperature. The investiga
tion was extended with experimental steels to 
include a study of the effect of deoxidation practice 
and composition of ferroalloys containing boron 
on the recovery of boron and its influence on the 
above properties; a determination of the recovery 
of boron on remelting in an induction furnace 
under both sligh tly and strongly deoxidizing 
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conditions; and the determination of the effect of 
boron on the transformation temperatures (AI, 
A 3 and AT") and weld ability of some of the experi
mental steels . The results obtained during the 
course of the investigation were presented in some 
detail in progress reports to the sponsor and issued 
as restricted reports through the Office of Scientific 
Research and Development [3 to 12, incl.]. 

The present paper includes a complete presenta
t ion of these data on hardenability and impact 
testing and only a summary of the remaining 
test data. 

II . Steels 
1. Composition 

The chemical composition of the experimental 
steels is given in tables 1 to 7 and that of the com
mercial steels in table 8. (The term "none" as 
used in the tables and figures means not added or 
determined .) 

The experimental steels are grouped according 
to heats, and the ingots comprising a heat are 
numbered to increase consecutively in most cases 
with the order of pouring; each ingot was assigned 
a separate number. The commercial steels are 
designated by numerals prefixed by the letter, C. 

T ABLE I.-Chemical composition (percentage by weight) of 
experimental cm'bon-manganese steels 

Identification Boron 1 

Si Al N 2 ------
Total Reeov. 

Added ered 

C Mn P S 
H eat Sleel 
No. No. 

---- --------------------
888S- 1 9 0.2 1 I. 54 U. 012 0. 020 0.28 ------ -.-- . - l\onl' (3) 

8888- 2 _. 10 .20 I. 58 ---- ------ .24 ------ ------ 0.0015 0. 0012 
8888- 3 II . 20 I. 55 ------ ---- . 25 ------ ---- . 003 .0028 
8888- 4 12 . 18 I. 50 ------- ------ . 25 ------ ------ .006 . 0062 

8889- \. I . 29 1. 60 . 011 . O~O . 26 ------ 0.006 None (3) 

8839-L __ .28 1. 60 ------ ------ . 23 0.05 .005 0.0015 .0015 
8889- 3 --- .27 I. 59 ------ ------ .26 .06 .006 .003 .0030 
8889-4 --- _ 2i I. 51 --_._- ------ .26 . 05 .005 . 006 . 0060 

8890- 1.. __ _ 47 I. 56 . 011 .020 .24 ------ ------ None (') 
8890- 2. -- . 47 1. 58 ------ ------ .2:1 ------ --- - 0.0015 . 001 5 
8890-3 .... .46 I. 57 ------ ------ .23 ------ ------ .003 . 0033 
8890- 4 ___ 8 . 44 1. 57 -_._--- ------ .23 ----- ------ . 000 .0062 

8892- 1.. __ 17 .29 0.82 .010 .021 .24 ------ ------ Kone <. 0001 
8892- 2.. .. 18 .30 . 82 ------ ------ . 23 ----- ------ 0.0015 . 0016 
8892· 3.. __ 19 .29 .82 ------ ------ .23 .. .. - ------ .003 . 0031 
8892-4 -- 20 _ ~8 . 79 --- --- ---- .22 . 006 . 0065 

889 1- \. ... 13 .29 I. 26 . 01 8 .021 . 23 --- --- ------ None (3) 

889 1- 2 --- 14 . 28 1. 25 --- .. ------ .23 - ----- ------ 0. 001 5 . 0020 
889 1- 3 -- 15 _ ~8 1. 25 .. - .. -----> . 23 ------ ------ .003 . 0035 
8891- 4 .. 16 _ 27 1. 21 ------ ------ . 2~ ._ .. -- ---_.- .006 . 0069 

! Two pounds of al um inum per ton (0. 10 percent) were added to each heat 
before Jnaki ng the boron additions with .F erroboron as required in the furn ace. 

2 D etcrm ilJatio ll s W('I'(' made by t he \' aCllUm -fu sion method. 

1 

l " ' hen no boron was added , determi nations of boron recovered usuall y I 
Wf'rc not m ade . 
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TABLE 2.- Chemical composition (percentage by weight) of expe1'imental carbon-manganese steels prepared with different 
deoxidation pmctices 

The chemical composition of steels 1, 2, 3, and 4, deoxidized with 0.10 percent of aluminum is given in lable 1. These steels are also included in a study of 
the properties as afleeted by deoxidation practice. 

The boron addition s we re made as required in the furnace . 

Identification 

Heat No . 

9362-1. ..... ___ . _ ... ____ . ___ . 
9362-~ . __ . _____ __________ ___ _ 
9362-3 . _ ..... _____ .... _ .. __ .. 
9362-4 .. _ .. _ .. __ .. _____ .. __ _ . 
9362- 5 .. _ . . .. ____ .. __ .. _ .. __ _ 
9362-6 .. _ .. _____ ...... _ .. ___ . 

9089- 1. .... _____ .. ___ .... ___ . 
9089-2 ..... ___ .. __ .... _ .. ___ . 
9089-3 ..... .. ___ .. ___ .... ___ _ 
9089-4 ..... _ ... _. ____ ...... _. 

Steel 
No, 

C Mn P S Si Ti Zr AI 

Added 

TREATED WITH 0.05% AI; BORON ADDITIONS MADE WITH GRAI NA L NO. 79 

76 
77 
78 
79 
80 
81 

0.30 
.30 
. 30 
. 29 
. 29 
.29 

1. 64 
1. 62 
1.61 
1. 64 
1. 62 
1. 62 

O. J I 0.027 0.24 
.24 
. 24 
.25 
.24 
.25 

< 0.01 
.02 
. 02 

.03 

. 03 

. 03

1 

0.005 
. 003 
. 003 
.004 
. 004 
.004 

0. 02 
. 02 
. 01 
.04 
. 04 
.02 

None 
0.00035 
.00075 
. 0015 
.003 
. 006 

NOT TREATKD W ITH AI; BORO N ADDITIONS MADE W1'l'lI GRAIN AL NO. 79 

33 
34 
35 
36 

0.28 
. 29 
. 28 
. 28 

1. 59 
1. 59 
1. 62 
1. 65 

O.Oll 0.034 0.25 
.26 
.26 
.31 

O. 17 
.22 
.29 

0.01 
.01 
.02 

0. 03 
. 05 
. 08 

0.006 
.006 
.006 
. 006 

None 
0.0015 

. 003 

.006 

Boron 

R ecovered 

s~r~%I~ I ~~£:I 'fotal 
ble 

0.0001 
.0002 

None 
0.0002 

.0004 .0002 

. 0008 None 

. 0017 .... _do_ .. 

0. 0010 
.0018 
. 0003 

:r-;.Tone 
None 
None 

0.0001 
. 0004 
. 0006 
. 0008 
.0017 

0. 0010 
. 0018 
. 0033 

NOT TREATED WITlI A I; BOHON ADDITIONS MADE WITlJ SYNTHETI C MIXTURE OF COMPOSITION SIMILAH TO GRANIAL NO . 7 9 

9090-J . __ .... _ ........ __ .... . 
9090- 2 _____ ..... _ .. _ .. __ ... _. 
9090-3 .......... _____ .... ___ _ 
9090-4 . _ ... ______ ...... _ .. __ . 

37 
38 
39 
40 

0.30 
.30 
. 30 
. 29 

1. 61 
1. 60 
1. 60 
1. 67 

0.008 0.030 0.25 
.27 
. 28 
.27 

O. 16 0.004 0. 02 
. 20 . 006 .04 
. 22 . 007 .07 

0.005 
0. 006 
0. 005 

.006 

0~~1~ '''o:~~~!~ · .. ·~i:~·II .... O:-~~~: 
. 006 . 0051 one . 0051 

:\0'1' TREATED WITH AI; TREATED WITH SYNTHETIC MIXTURE OF COMPOSITION SIMILAR TO ORAI NAL NO . 79 EXCEPT THA'f 
BORO N WAS OMIT'fED 

9450-1 ' ___ ................ __ _ 
9450-2' .... _ ..... _______ .. ___ _ 

9450-3 ' ... 
9450-4 '. _"' .. ___ .... _ .. _____ _ 

110 
JIl 
112 
1I3 

0.29 
. 29 
.28 
. 29 

1. 64 

1. 60 
1. 69 
1.72 

0.008 0. 029 

..- .. -.. "-"---1 

0.30 
. 27 
.30 
. 29 

0. 03 0.006 0.01 0.010 
. 05 . 007 . 005 
. 09 . 007 . 09 . 011 

N one 
None 
None 

one 

'fREATED WI'l' H 0.10% AI ; BORON ADDITIONS MADE WITH SILCAZ N O.3 

9360- 1. __ .... ___ ._._ ... _ ..... 
9360- 2 .. ____ .. _____ ..... ____ . ~~ I O: ~~ I ;~: I .. ~ ~~~~ _ .. ~~~~~ .I O:~; ~: ~~ I O~~~ O:~~ 0. 006 O.~O~;~ I .. - o ~ooo;' "-O~OOO; - .... O~0003 
9360-3 ___ ....... _ ..... _ ... __ _ 66 . 29 I.n6 ______ .... ______ . 29 . 02 .005 . 05 .00075 .0004 . 0002 .0006 
9360-4 __ .. _______ . __ .. _ .. _ . __ 67 .30 1. 63 .. _ .... _ .. __ .... . 36 . 02 . 005 .06 . 0015 .0005 . 0003.0008 
9360-5. __ ._ .. _ ........ _ .. __ .. 68 .29 1.65 .. ____ .. "_. __ ,, . 41 .02 . 007 .06 .003 . 0025 None . 0025 
9360-6. __ ...... __ .. _ .. _ .. ___ . 69 .29 1.66 __ ._._ ....... _.. . 57 .03 . 004 .07 .009 .006 . 0041 N on e . 0041 

NOT TREATED WITH AI; BORO N ADDITIONS MADE WITH SILCAZ N O . 3 

9361- 1. ._ ............... ____ _ 
9361- 2_ . ... .. _ .... __ .. _ .... .. 
9361- 3. _ ... ____________ .. __ .. 
9361-4 .. _ .. . _ .. ___ .... _ .... __ 
9361 - 5 .. _ .... _____ ...... __ ... 
9361-6 ....... ____ .. ____ .. ___ _ 

J 1:1 phosphoric. 

70 
it 
72 
73 
74 
75 

0.30 
.30 
. 31 
.30 
.30 
. 30 

1.54 
1. 54 
1. 56 
1. 55 
1. 56 
1. 56 

0.013 0.030 

2 Determinations w ere made by the \·acuum·fusion method. 
3 N ot t reated with synthetiC mixture . 
• Same amount of synthetic mixture as for steel 38. 
o Same amount of s ynthetic mixture as for steel 39 . 
6 Same amount of synthetic mixture as for steel 40. 

Boron-Treated Steels 

0.19 < 0.01 
.21 <. 01 
. 26 .02 
.23 .02 
. 36 .03 
.50 . 03 

0.003 
. 006 
.003 
.003 
.004 
. 004 

N il 
Nil 
Nil 
N il 

0. 01 
.02 

0. 006 

. 010 

None 
0.00035 
.00075 
. 00 15 
. 003 
. 006 

0. 0004 
.0005 
. 0008 
.0027 
. 0086 

None 
0. 0001 

.0007 
N one 
None 

0.0004 
. G006 
.0015 
.0027 
. 0086 
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TABI,E 3.-Chemical composition (percentage by weight) of experimental nitl'ugen steel.~ 

Identification 'ri Zr Baron 3 I 

Ileat No_ 

I 

907!)-1.. __ _ 
9079- 2.. __ _ 
9079-3.. __ _ 

0099- 1. __ __ 
0099- 2.. __ _ 
9699-3.. __ _ 
9699-4.. __ _ 
9699-5.. __ _ 
969!)-6 ____ _ 

9080-1.. __ _ 
9080-2.. __ _ 
9080-3.. __ _ 

9'iOO- 1.. __ _ 
9700-2.. __ _ 
9700-3.. __ _ 
9700- 4.. __ _ 
9700-5 ____ _ 
9700- 0 ___ __ 

9081 - 1.. __ _ 
9081-2.. __ _ 
9081-3.. __ _ 

9701-1 ____ _ 
9701- 2.. __ _ 
9701-3.. __ _ 
9701- 4 __ __ 
9701-5.. __ _ 
9701- 6 ____ _ 

10138- 1.. __ 
10138-2.. __ 
10138-3.. __ 
10138-4 .. __ 
10138-5.. __ 
10138- 6 .. __ 

I 
Anen I Al m ethod Recovered 

C Mn P S Si Cr (to- Re- Re- Vac- (modified ) Av. Fenoalloy 
Stcel tal) Add- Add Add- I 

Na. ed cov- ed cov- uum (to- ed I ered ered fusion 
Acid I To-

tal) 
Acid I Acid I soln- t al 2 soln- in sol- Total 

ble I ' b le ' uble' 

STEELS WITH LOW NITROGEN 

41 0.30 1. 66 0.010 0. 020 0_ 20 NOlle 0.055 None ______ NOlle ______ 0_ 003 ______ 0. 004 0.0035 None __________________ None . 
42 . 29 1. 64 ___________ _ . 20 None .041 None ______ None ______ .OOL _____ . 003 . 003 0.0060.00310.00110.0042 Ferroboron . 
43 .30 1. 6'; __________ __ .20 NOlle . 048 0.20 0.13 None ______ .003 ______ .004 .0035 .006 .0044 None . 0044 Do. 

138 .30 1. 68 . OlD .029 . 29 NOlle ______ None ______ None ____ __ . 005 ____________ . 005 None ______ ______ ______ TOlle . 

139 .29 1. 67 __________ __ . 28 None ______ None ______ None ____ __ _005 0.005 ______ . 005 0.0015 . 00050.0011 . 0016 ·Ferroboron . 
140 .29 1. 63 __________ __ .32 None ______ None ______ None ____ __ . 006 .005 ______ . 006 .0030 .0012 .0018 .0030 Do. 
141 _29 1.65 __________ __ . 36 None ______ 0. 20 . 12 Non e ____ __ _006 . 002 .007 .006 .0030 .0022 . 0013 . 0035 Do . 
142 .29 1. 67 ___________ _ .31 NOlle ______ . 06 . 03 0.01 < 0.01 . OO~ . 002. _____ .004 .0015 .0009 .0001 . 0010 GrainaINo. i9. 
143 . 28 1. 68 _____ _ ____ __ . 29 None ______ .20 . II None ____ __ .006 .001 .007 . 007 .00]5 .0014.0001 .0015 Ferroboron . 

STEEL S WITH INTERMEDIATE NITROGEN 

44 0. 24 1.64 0.018 0.031 0. 33 NOlle 0.060 NOlle ______ NOlle ______ 0.008 ______ 0.0090.0085 NOll e __________________ None . 
45 . 24 1.65 ______ ______ . 33 None . 037 None ______ None ______ . Oll ______ . 006 .00850.006 0.00310.00:l80.0059 Ferroboron. 
46 . 21 1.63 ______ ______ _35 None . 043 0.20 0.20 NOlle ______ .011 ______ .011 . Oll . 006 .0053 ______ . 0053 Do. 

144 . 30 1.56 .009 .030 
145 .30 1. 56 __________ __ 
146 .30 1. 56 __________ __ 
147 .29 1. 51i __________ __ 
148 _29 1.56 __________ __ 
149 .29 1. 55 __________ __ 

47 0.26 1. 65 0. 016 O.OJI 
48 . 26 1. 67 __________ __ 
49 . 26 1.65 __________ __ 

1 EO . 32 1. 62 . 011 . 028 
151 .30 1.64 __________ __ 
152 .30 1. 54 ___________ _ 

153 . 31 1.60 __________ __ 
154 .30 1. 62 __________ __ 
155 .30 1.63 __________ __ 

180 
181 
182 
183 
184 
185 

. 29 J. 54 . 012 . 026 

.29 1. 55 __________ __ 

. 28 1.46 __________ __ 

. 29 1.49 __________ __ 

.29 1.55 __________ __ 

.28 1. 55 __________ __ 

. 22 NOlle ____ __ None ______ None _____ _ 

.22 None ______ None __ . ___ None _____ _ 

. 23 None _____ _ None ______ None _____ _ 

. 26 None ______ 0.20 . Il None ____ __ 

. 2~ None ______ . 06 . 02 0.01 < 0. 01 

. 23 None ______ . 20 .Il None _____ _ 

.007 ____________ .007 NOlle __________________ NOlle. 

. 009 ____ __ .009.009 0.0015 .0007 .00ll .0018 Ferroboron . 

.010 0.009 .008 .009 .0030 . 0014.0012.0026 Do. 

.010 .004 . 015.013 .0030.0023.0014.0037 Do . 

.008 .003 .011.01 0 .0015. 0005 . 0005.0010 Graillsl ~o. 79. 

.008 . 003 . 012.01 0 .0015 . 0015.0005.0020 Ferroboron . 

STEEL S WITH HIGH N ITRO GEN 

0.27 NOlle O.OM None ______ None ______ 0.015 ______ 0. 0]3 0.014 NOlle __________________ None. 

. 27 No ne .044 NOlle ______ None ______ . 01 5._____ Oil .0130.0060.00220. 00310.0056 Ferroboron. 

. 31 None . 053 O. ~O 0.17 None ______ _ 016 ______ . 014 .015.006 . 0049 NOlle .0049 Do. 

.25 :."Jone ______ N01:C ______ None ___ __ _ . 014 ______ ______ .0 14 None __________________ None. 

. 25 NOlle ______ None ______ None _____ _ . 013 0.017 ______ .0130.00]5 .00060.001 1 .0017 Ferroboroll . 

.29 K01:e ______ None ______ None ____ ._ .018 . 0]6 ______ .018 .0030 . 00J9 . 0013 .0032 Do. 

.29 NOllc ______ 0.20 . 10 NOlle ____ __ . 017 .002._____ .017.0030 . oon .0002 .0025 Do . 

. 24 None ______ . 06 .02 0. 01 < 0. 01 

. 25None ______ .20 .06None ____ __ 
.014 .008 .015 . 014 . 0015.0004 .0005 .0009 Grainal -0.79. 
. 015 .001 .0.16 . 016.0015.0013.0000.0013 Ferroboron. 

.21 NOlle ______ None ______ None ____________ . 028 

.23 None ______ None ______ None ______ ______ . 026 

.24 None ______ 0.20 . 17 NOlle ______ . 017 .002 

. n NOllC ______ . C6 . 02 0.01 <. 01 .022 . 020 

. 22 Nor e ______ None ______ None ______ ______ .025 

. 23 ~one ______ 0.20 .] 5I None ____________ .001 

.027 .027 NOlle __________________ None. 

.025 . 025 O. 0015 .0007 . 0007 . 0014 F erroboroll . 

. 017 .OJ7 . 00]5 .0014 .0005 .0019 Do . 

.019 . 02] .0015 . 0006 .0000 .0006 Grainsl No. 79. 

.023 . 023.0030 .0010 .00]6 .0026 F erroboron . 

. 024 .024.0030 0024 .0000 . 0024 Do. 

See footnotes at en a of table_ 
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TABLE 3.-Chemical composition (percentage by weight) oj experimental nitrogen steels- Continued 
, 

lele Il ti fication Ti Zr X Boron 3 

~-----

I 
Allen 

Al method Recovered 
C Mn P S Si Cr (to· Re· He· Yac- (modified) Av. Ferroalloy 

Heat Ko. Steel tal) Add· cov- Add· eo\"· lIum ---- (to· Add · 
TO. ed cd ed ered ered fu sion Acid I To· 

tal) 
Acid I Acid I 

b~~u; tal ' solu· insol· Total 
ble' ublc' 

STEELS WITH HIGH NITROGEN WITHO GT AKD WITH TITANIUM 

9702- L. .. . 
9702- 2 .... . 
9702-3.. .. . 
9702-L .. . 
9702- 5 .. .. . 
9702- 6 ... . . 

10139- \. .. 
10139- 2 ... . 
10139--3 ... . 
10139- 4 .. . 
10139- 5 ... . 
10 139--6 ... . 

156 0.31 
157 . 32 
158 .32 
159 .31 
160 .30 
161 . 31 

186 .29 
187 .30 
188 .29 
189 .29 
190 . 27 
191 .26 

1. 60 O. 010 O. 02B 
J. 62 . .......... . 
J. 65 ........... . 
J. 63 ........... . 
J.61 ....••.•...• 
J. 64 ........... . 

J. 56 . 010 . 027 
J. 56 ........... . 
J. 57 ........... . 
J. 57 ....••...... 
J. 56 ........... . 
J. 06 ........... . 

0.25 NOlle ...... None . . .. . . None ...... 0.010 0.0 10 O.OlB 0.01; 0.00150.0005 O. ODDS 0.0013 Ferroboron . 
. 24 NOlle ...... 0.025 0.01 NOlle ............ . 015 .020 .020 .0015 . 0005 .0007 .0012 Do. 
. 26 None ...... . 050 .01 None ............ . 012 .019 . 019 . 0015 .0006 .0005 .0011 Do. 
. 27 NOlle ...... . 075 
.26 NOlle ...... .10 
. 26 KOlle ...... .20 

. 02 NOlle .......... . . 

.03 NOlle ... .... .. .. . 

. 08 1 None ........... . 

.010 . O~O .020 . 0015.0006.0006.0012 

. 006 .020 .020 .0015 .0007 .0008 .0015 

.002 . 019 .019 . 0015 .0010 .0000 .0010 

. ]7 None ______ None ______ None _____ _ _____ _ .025 .023 
.024 
.023 
.021 
. 017 
.025 

. 023 .0015 . ODDS .0005 .0013 

. 024 .0015 .0010 .0000 .0010 

.023 . 0015 .00 11 .0000 .0011 

.02] .0015 .0012 .0000 .0012 

.015 .0015 .0011 . 0000 .00 11 

.025 .0015 .0012 .0000 .0012 

. 1S NOlle ...... 0. 10 . 04 NOlle ............. 010 

. 19 NOlle ...... . 15 .07 NOlle ............ . 00 1 

. 1B NOlle ...... .20 . ]2 NOlle ...... ...... .003 

.19 NOlle ...... .30 . 15 No"e ... ... .013 .002 

. 23 NOlle ...... .60 . 36 None ...... ...... .002 

Do. 
Do. 
Do. 

Do. 
lJo . 
Do. 
])0 . 

Do. 
Do . 

S'r EE T,S \vITIT HIGIT NITIWGEN, WI'I'HOUT A"D WITU CUROMIUM 

9704-L. . . . 
9704-2 .... . 
9704-3 .... . 
97C4- 4 .... . 
9704·5 .... . 
9704-6 .... . 

10140-L. .. 
10140- 2 ... . 
10140-3 ... . 
10140-1.. .. 
10140- 5 .. . . 
10140- 6 .. . . 

168 0.:12 
169 . 32 
170 .32 
171 .32 
172 .31 
173 .31 

198 .31 
199 .31 
200 .28 
201 .20 
202 .30 
203 .26 

0.921 0.010 0.02S 
.91 .......... _. 
. 90 ....... .. .. . 
.83 ........ _._. 
.80 ........... . 
.83 ........... . 

.92 . 013 .031 

.92 ..... _ ..... . 

.92 ........ _ .. . 

.92 ......... '_. 

.91 ........... . 

. 92 . .. ..... ... . 

0.25 No ne ...... None _ ... _. NOlle ...... 0.013 ............ 0.013 None ............... _ .. None. 
. 25 NOlle ...... NOlle ...... None .. _ ... . 013 0.016 ...... . 0130.00150.00060.00080.0014 FelToboroll . 
.24 0. 50 ...... NOlle ...... NOlle ...... .01<1 .016 .. _ .. . 
.25 .50 ...... 0.20 0.10 None ...... ...... . 002 0.017 
. 22 . 75 ...... NOll e None None .. _... .012 .015 ..... . 
. 25 .7b. ..... 0.20 0.08 NOlle ...... . 019 .003 .017 

. 33 None .. _ ... NOlle _._._. NOlle ..... . .031 .033 .033 

.28 None ...... None ...... None .. _... ...... .031 . 028 

. 25 0.48 ...... None .... _. None ...... ...... .029 .028 

. 29 .51 .... . . 0.20 .25 NO lle ....... 018 .005 .019 

. 25 .72 .•••.. None ...... None ...... ...... .027 .028 

. ~4 .75 ...... 0. 20 .25 None ...... .016 .005 . 017 

.014 .0015 .0005 . DOll .0016 

. 017 .0015 . 0010 .0001 .00ll 

. 012 . 0015 .0005 .0011 .0016 

. 018 .001 5 .0011 .0000 . 001l 

Do. 
Do . 
Do. 
Do . 

.032 None __________________ N one . 

.028 0.00 15 .0005 .0009 .0014 Ferroboroll . 

.028 .001 5 .0004 .0010 . 0014 Do . 

. 019 .0015 .0010 .0000 .0010 Do . 

. 028 .00 15 .0005 .0010 .0015 Do . 

.017 .0015 .0012 .0000 .0012 Do. 

ST EELS WITH nIGH NITROGEN, Wl'l'ITO UT Ai'fD WITH ZLRCO NlUM 

9703-1.. .. . 
9703-L .. . 
9703- 3. 
9703· 4 .. . 
9703-5 ... .. 
9703-6 ... . 

10141- 1.. .. 
10141- 2 .. 
10141- 3 ... 
10141- 4 
10141- 5 
10141- 6 

162 0.31 
163 .31 
164 .29 
165 .29 
166 .31 
167 .2g 

]92 .26 
193 .26 
194 . 26 
195 .25 
196 .24 
197 . ~7 

J.64 0.010 0. 0281 

J. 64 ....... '.'_.1 
1.66 ........... . 
J. 66 ...•.•.• _ ..• 
J. 65 ........ _ .. . 
J. 64 ........... . 

1. 62 . 014 . 030 
J. 62 ........ _._. 
1. 60 ........... . 
J. 61 ........... . 
1. 61 ........ _ . . . 
J. ;59 ..••...... _. 

I Soluble in 1:1 or stronger sulfuric acid. 

0.25 None ...... Nonel .. _ .. . 
. ao None ______ None

l 
__ ___ _ 

. 26 None ______ None _____ _ 
,24 ]\Tono ____ ._ None __ . __ _ 

None .. _ ... 0.020 
0.025 < 0.01 ..... . 

.000 <. 01 ..... . 

.075 < .01 ..... . 
.27 J\Tone ______ None _____ _ .10 < .01 ..... . 
. 25 No ne __ . ___ None _____ _ .20 <. 01 ..... . 

.21 None ______ None ______ None ___________ _ 

.ZO None __ ____ None ______ 0.07 . 03 ____ . _ 

.26 None .. _ ... NOll e .. _ ... . 20 .07 ..... . 

. 32 None ...... No"e ...... . 40 . 22 ..... . 

.27 None __ . __ , NOlle . ____ . .70 . 45 ..... . 

.55 None ...... NOl!e .... _. 1. 30 .62 ..... . 

O. 019 O. 019 O. 020 O. 001510.0011 O. 0003 O. C01'1 }' erro boron . 
.019 .019 . 019 .0015 .00 10 .0005 .0015 Do. 
.018 .020 . 020.0015.0008.0002. DOlO Do . 
. 018 . 019 .019 .0015 . 0007 .0006 .0013 Do. 
. 019 .019 .0 19 .0015 .0007 .0007 .0014 Do. 
. 019 . 020 .020 .00 15 .0005 .0004 .0009 Do . 

. 019 .019 .019 .0015 .0005 .0008 .0013 

. 018 .018 .018 .0015.0006.0008 .0014 

. 018 . 018 . 018 .0015. 0008.0008.0016 

.020 .019 . 019 .001 5.0010.0003.0013 

. 017 .016 .016 .001 5 .0011 .0000 .0011 

. 018 . 015 . 01.1 . 0015 .0011 .000 1 .0012 

Do . 
Do . 
Do . 
Do . 
Do . 
D o . 

, Soluble in 1:1 or stronger sulfuric acid containing approximately 10% (by volume) of bydrogen peroxide (pOI·hydrol) . 
3 Two pounds of aluminum per tOil (0.10%) were added to each beal before making the boron additions as required wilh ferro boron in Ihe furnace or 

Grai nal No. 79 in the ladle. 
, 1:1 phosphor ic acid . 
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TABLE 4.-Chemical composition (percentage by weight) of experimental nickel steels 

The cbemical composition of steels 17, 18,19, and 20, without nickel is given in table 1. These steels arc a lso included in a s tud y of the properties as affected 
by variation in nickel conten t . 

Heat No. Steel No . 

93 12- 1. __ _________ ______ ___ ______________ 98 
9312- 2 _ __ _ _____ _ _ _ __ __ ___ _ _ _ _ ___ __ _ _ _ ___ _ 99 
9312-3______ __ __ _ __ _ _ _ _ __ __ ______ _ _ __ __ __ _ 100 
9312-4- ________________ ______ ____________ 101 

9313- 1. _____________________ _______ ____ _ _ 
9313- 2 __________________________________ _ 
9313-3 ________________________ __________ _ 
9313- L _______ __________________________ _ 

102 
103 
104 
105 

9314-1. __ _ __ ___ ___ _ __ _ _ ___ ___ __ _ _ __ _ _ ____ 106 
9314- 2_ __ _ _____ ____ __ _ _ ___ _____ _ _ ___ _ _ _ __ 107 
9314-3_ _ _ _ _ ____ ____ _ __ ____ ______ ___ __ ___ _ 108 
9314-4.. ____ _ ___ _ _ _ _ ___ __ _ _ _ _______ _ _ ____ _ 109 

C Mo p S 

STEELS WITH 0.35% N ICKEL 

0.30 
. 29 
. 29 
. 29 

0.30 
. 30 
. 29 
. 28 

0.30 
. 29 
. 29 
. 28 

0.83 0.014 0.031 
.82 ----------
.82 ---------- -- --------
. 81 ------ - -- - ----------

STEELS WITH 0.6% NI CKEL 

0.85 
.85 
.85 
. 82 

0.011 0.028 

STEELS WITH 1.1% NICKEL 

0.82 0.01l 0. 030 
.81 ---------- ----------
. 81 ---------- ------ -- --
.81 ---------- -------- . -

Si 

0. 25 
. 27 
. 30 
. 28 

0.28 
.31 
.26 
. 32 

0.24 
.25 
.25 
.26 

Boron 1 

Recovered 
N i 

Added --::--1 i~~~?-:-I Tot I 
soluble Z ble 2 a 

0.35 None --- - -- ---- ---.- - ---- --------.-
.35 0.0015 0.0007 0.0010 0.0017 
.35 . 003 .0014 . 0017 . 0031 
. 35 . 006 . 0024 .0026 . 0050 

0.56 None --------- . . - - -------
. 56 0.001 5 O. 0009 0.0008 O.OOli 
.56 .003 .0017 .0010 .0027 
.56 .006 .0030 .0022 .0052 

1.06 None ---------- ----- ----- ------ ----
1. 06 0.0015 0.0008 0.0006 0.0014 
1. 06 .003 .0015 .00 11 .0026 
1. 06 . 006 .0026 .0018 . 0044 

i '".fwo pounds of aluminum per ton (0.10%) were added to each heat before making the boron add itions with Fen 'oboron as req u ired in Lhe furnace. 
2 1:1 phosphoric. . 

T ABLE 5.- Chemical composition (percentage by weight) of experimental chromi1lrn steels 

rl'be chemical composition or steels 1, 2, 3, 4, 13, 14, 15, 16, 17, 18, 19, and 20, without chromium is given in table 1. T hese st eels are aJso incl uded in a study of 
t be properties as affected by variat ion in chromium con tent. 

Identification Boron i 

------------------------- -------- ------------
Reco\~e red 

C Mn P S Si Cr Ti N 3 

TIeat No. Steel Added 

1 I 

F erroalloy No. Acid ACid 
solu- msol- Total 
bJe ' uble 2 

STEEL S WITH 0.8% Mil AND 0.25% Cr 

9309- L ________________ ___ _ 86 0.30 0.83 0.014 0. 031 0.24 0.27 None ----.--- --.----- -------- None. 
9309- 2 ___ ________________ _ _ 87 .30 . 84 -------- -------- . 26 . 27 0.0015 0.0008 0. 0010 0. 0018 Ferroboroll . 
9309-3 _______ _________ ____ _ 88 . 29 . 84 -------- -------- . 25 . 27 . 003 . 0014 . 0015 . 0029 Do . 
9309-4 ____________________ _ 89 . 28 .83 -------- .------- . 26 . 27 . 006 . 0024 . 0024 . 0048 Do. 

STEELS WITH 0.8% Mn AND 0.50% Cr 

90 0.30 0.84 0. 013 0.030 0.25 0.48 N one -------- -------- None. 
9310- 2 ___ ~~ ________________ _ 91 .30 . 83 -------- -- ------ .26 . 48 0. 001 5 0. 0006 0.0007 0.0013 Ferro boron . 
93 10- 3 ___________ _________ _ 92 . 29 . 84 -------- -------- . 27 .48 . 003 . 0012 . 0012 .0024 Do . 
9310- 1. ______________ _____ _ 93 . 28 .81 ---- ---- .-.----- . 26 .48 . 006 . 0028 . 0022 . 0050 Do . 

See footnotes at end of t able . 
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I 

TABLE 5.- Che1m:cal composition (percentage by weight) oj experimental chromium steels-Continued 

Identification 
---------------

H eat No. 

9311-1 ____________________ _ 
93 11 - 2 ________________ ____ _ 
9311- 3. ___________________ _ 
93 11 -4 ____________________ _ 

9695-1 __________ __ _______ _ 
9695-2 ____________________ _ 
9695-3 ______________ __ ___ _ 
9695-4. ________ ____ _______ _ 
9695-5 __________________ __ _ 
9695-6 _______________ _____ _ 

9696-1 ___________________ _ 
9696-2 _______ _______ _____ __ 

9696-3 ____________________ _ 
9696-4 ______ . _____________ _ 
9696-5 ___________ ____ _____ _ 
9696-6 ________________ ____ _ 

9697- 1 ____________________ _ 
9697- 2 __ ____ ______________ _ 
9697- 3 ____________________ _ 
9697-L ___________________ _ 
9697- 5 _____ _______________ _ 
9697- 6 ____ ________________ _ 

9698-! ____________________ _ 
9698- 2 ___________________ _ 
9698- 3 ______ __ ___________ _ 
9698-4 ____________________ _ 
9698-5 ___________________ _ 
9698- 6 ___________________ _ 

Steel 
No. 

94 
95 
96 
97 

114 
11 5 
11 6 
117 
118 
Jl 9 

120 
121 
122 
123 
124 
125 

126 
127 
128 
129 
130 
131 

132 
133 
134 
135 
136 
137 

0 

0.30 
.30 
.30 
. 29 

0. 30 
. 29 
. 27 
. 28 
.32 
. 29 

0. 29 
. 29 
.30 
. 29 
.30 
.30 

0.3 1 
.30 
. 29 
. 28 
.31 
.30 

0.29 1 

. 29 

.31 

.3 1 

. 29 

.33 

Boron i 

-------- --------------

Mn 

0.84 
. 83 
. 84 
. 83 

1. 24 
1. 25 
I. 21 
I. 20 
I. 24 
I. 29 

1. 28 
J. 27 
I. 25 
1.22 
1. 28 
I. 32 

I. 64 
1. 63 
1.65 
I. 61 
1.60 
1. 68 

Recovered 
P S Si Or 'l'i N 3 -----------

Added 

I I 
A"id ACId 
solu- insol- Total 
ble 2 uble 2 

STEELS WITH 0.8% Mn AND 0.75% Or 

0. 013 0.033 0.24 
. 24 
. 26 
.27 

0. 74 
. 74 
. 74 
. 701 

o 
o 

None 
0. 0015 
. 003 
. 006 

0.0005 0.0010 
. 00 11 . 0016 
.0021 . 0027 

0. 0015 
. 0027 
.0048 

STEELS WITrr 1.25% Mn A.\ID 0.25% Or 

0. 009 0. 030 0. 28 
. 22 
. 22 
. 22 
. 26 
. 31 

0. 25 
. 25 
. 25 
. 26 
.25 
. 25 

o 
o 

. 04 

. 12 

0. 009 
. 007 
. 005 
. 006 
. 006 
. 006 

N one 
0. 0015 0. 0007 0. 00 10 0. 0017 

. 003 . 00 12 . 0017 . 0029 

. 006 . 0030 . 0027 . 0057 

. 001 5 . 001l . 0000 . 00 11 

. 006 .0032 . 0001 . 0033 

STE I<: L S WIT H 1.25% Mn A:'\TD 0.50";, Or 

0. 010 0. 029 

--------1--------
-- ------1-- -- ----

0. 26 
.25 
. 25 
. 22 
. 28 
. 36 

0. 50 
.50 
. 50 
. 48 
. 49 
.50 

. 04 

. 13 

0. 009 .\lone ______________________ __ 

. 008 0. 001 5 O. 0009 O. 0005 O. 0014 

. 008 . 003 . 0015 . 0015 . 0030 

. 005 . 006 . 001 8 . 0033 . 0051 

. 007 . 00 15 . 0010 . 0001 . 0011 

. 007 . 006 . 0034 . 0004 . 0038 

STEELS WI'rH 1.6% Mn A.\ID 0.25% Or 

O. Oil 0.030 0. 26 
.26 
. 26 
. 25 
. 29 
.39 

0. 26 
. 24 
.25 
. 25 
. 25 
. 25 

o 

o 
. 04 
. 14 

0. 009 
. 009 
. 009 
. 007 
. 006 
.008 

STEELS WITll 1.6% Mn AN D 0.50% Or 

N one 
0. 00 15 

. 003 

. 006 

. 00 15 

. 006 

0. 0006 0. 0010 0. 0016 
. 0014 
. 0030 
. 0009 
.0039 

. 0017 

.0019 

. 0000 

. 0000 

. 003 1 

. 0049 

. 0009 

. 0039 

1. 58 1 0.0 10 I 0.026 0.23 1 

. 22 

. 22 

.21 

. 25 

.32 

0. 48 1 

. 48 

.49 

. 48 

. 48 

o 
o 
o 

0. 009 I None 
. 007 0. 0015 1. 60 

1. 54 
1. 50 
1. 51 
1. 61 . 49 

. 05 

. 16 

. 006 . 003 

. 005 . 006 

. 007 . 001 5 

. 006 . 006 

0. 0006 0. 0010 
.0013 . 001 5 
. 0023 . 0034 

0. 001 6 
. 0028 
. 0057 

. 001 1 . 0000 . 001i 

. 00'10 . 000 I . 0041 

Ferroalloy 

None. 
Ferroboron . 

Do. 
Do . 

N one. 
FCl'roboron . 

Do . 
Do . 

Grainal No. 79. 
Do . 

None. 
Ferro boron . 

Do . 
Do . 

Graina l No. i 9 . 
Do . 

None. 
Ferroboron . 

Do . 
D o . 

Grai nal ~o. 79, 
Do . 

1\VIIC. 

Fcrroboron. 
D o . 
Do . 

G rai nal No. 79 . 
D o . 

12 l bs. of a1um inum per ton were added in the furnace to each heat before splitt ing. Boron addit ions were m ade with Ferroboron in t he furnace or with 
Grainal -0. 79 in t he ladle. 

21:1 Phos phoric. 
3 Determin ations were made by a m od ified Allen method . 
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TABLE 6.- Chemical composition (percentage by u eight) of e.'Cperimental nickel-chromium steels 

Iden ti fi cation Nitrogen 1 B oron 4 

H ea t C\'o. 

10101- 1.. ______ __ 
10101-2 ________ __ 
10101- L ______ __ 
10 101-4 ______ __ __ 

10101-L ______ __ 
1010 1- 6 _________ _ 

10 102- 1.. _______ _ 
10102- L ______ __ 
10 102- L _______ _ 
10 102-4 _________ _ 
10102- 0.. ______ __ 
10102- 6 _________ _ 

10 105- L ______ __ 
10105-2 ________ __ 
10 I 05-L ______ __ 
lO105-L ______ __ 
10105-5 ________ __ 
10105-6 ________ _ 

10103B-L ____ __ 
lO103B- 2 ______ __ 
10103B-3 ______ __ 
10103B-4 _______ < 

10103B-5.. ____ __ 
lO103B-6 ______ __ 

10104- L ______ __ 
10104- L ______ __ 
10 104-L ______ __ 
10104-4.. ______ __ 
10104-5 ________ __ 
10104-6.. ______ __ 

10106-L ______ __ 
10106-L ______ __ 
10 106-L ______ __ 
1 OJ 06-4 _________ _ 
10106-5 ______ __ 
10106-6.. ______ __ 

Recovered , as determined 

C Mn P S Si Cr Ni Ti Zr Acid C hemicall y Steel '1'0-
Xo. solu- ta l ' Added Spec-

ble ' tro-
Acid I Acid I graph-
solu- insolu- Total icall y 
ble ' ble 5 

S'rEELS WITH 0_8% Mn, 0.5% N i, BORON ADDED WITH FERROBORON 

264 
265 
266 
267 
268 
269 

0.30 0.82 0. 012 0.034 0.25 0.48 0. 55 ____________ 0.010 ~TOlle 

. 31 

. 31 

.31 

. 29 

. 28 

252 0.30 
253 .30 
254 . 30 
255 .29 
256 .26 
257 .26 

270 
271 
272 
273 
274 
275 

0. 31 
.31 
.30 
.30 
. 31 
. 30 

240 0.29 
241 .30 
242 .29 
243 . 28 
244 .29 
245 .28 

246 
247 
248 
249 
250 

251 

276 
27i 
278 
279 
280 
281 

0.31 
. 30 
.30 
. 30 
. 27 
. 27 

0.29 
. 30 
. 30 
. 28 
.28 
. 28 

.81 

.81 

. 81 

. 81 

. 79 

.26 

. 31 

.27 

. 25 

.25 

. 48 

. 50 

. 49 

.49 

. 48 

.55 

.54 

.55 

.56 

. 55 

. 011 

. 009 

.008 
_007 
. 007 

O. 0007 O. 0004 O. 0004 0.0008 O. 0007 
. 00 10 • 0004 . 0005 . 0009 . 0008 
. 0015 . 0006 . 0008 . 0014 . 0011 
. 003 . 0017 . 001l . 0028 .0028 
. 006 . 0019 . 0034 . 0053 . 0051 

STEELS WITH 0.8% Mn, 1.0% Ni, BORON ADDED W ITH FERROBORON 

0.80 0.012 0. 033 
.78 
. 79 
. 78 
. 78 
. 78 

0.23 0.50 
. 25 .50 
. 23 .50 
. 23 .50 
.23 . 50 
.22 . 50 

1.05 __ __________ 0.009 

1. 06 
1.07 
1.06 
1.05 
I. 07 

.008 

.0Oi 

. 0Oi 

. 007 

.005 

None 
0.OC07 
.0010 
. 0015 
.003 
. 006 

0.0004 0.0006 
. 0005 .0009 
.0007 .0011 

0.0010 
.0014 
. 0018 

0.0007 
. 0008 
. 0011 

.0014 . 0017 .0031 .0026 

. 0023 . 0027 . 0050 . 0049 

STEELS WITH O.S% M il , 1.0% N i, BORON ADDED WITH GR A IN AL N O. 79 

O. S4 0. 019 0.028 
.87 
.86 
.86 
.86 
. 89 

0. 28 0. 51 
. 27 . 51 
.28 .51 
.30 . 50 
.34 .50 
.30 .50 

O. 89 ____________ 0.007 O. 007 

.94 0.01 0. 003 .003 .007 
· 94 . 02 . 002 .002 . 007 
· 94 . 03 . 003 .002 . 006 
· 89 . 04 . 008 .003 .006 
. 89 . 09 . 015 . 001 .005 

Xo ne 
0.0007 O. 0002 O. 0003 0.0005 0.0005 
.0010 .0003 . 0002 . 0005 . Oe05 
. 00 15 . 0007 . 0001 . 0008 . 0006 
. 003 .0014 . 0001 .0015 . 0013 
. 006 .0026 .0000 . 0026 . 0032 

STEELS WITH 1.6% Mn, 0.5% Ni , BORO N ADDED WITH FERROBORON 

1. 59 0.018 0.029 0.31 0.52 0.46 ____________ O.OOS ~OllC 

I. 58 
I. 57 
I. 57 
1.56 
1. 56 

.33 

.30 

.31 

.30 

. 29 

.51 

.52 

.51 

. 51 

.50 

.47 

.42 

.48 

. 52 

. 45 

.008 

.009 

. OOS 

. 007 

. 008 

0. 0007 0. 0003 0.0006 0.0009 O. 0009 
. 0010 
.0015 
.003 
. 006 

. 0003 

. 0003 

.00 12 

.0028 

. 0007 

.00 11 

. 0017 

.0033 

STEELS WITH 1.6% Mil, 1.0% N i, BORON ADDED WITH FERROBORON 

1. 56 0.013 0.031 
I. 56 
1. 56 
1. 57 
1. 55 
1. 56 

0.25 0. 50 
. 25 .50 
. 22 . 50 
. 24 .50 
.28 .50 
.25 . 50 

1. 09 ____________ 0. 010 
I. 09 ____________ . 008 

1. 09 
1. 08 
1.10 
1. 09 

. 008 

. 009 

.007 

.007 

~O1l 0 

0.0007 
. 0010 
. 0015 
. 003 
. 006 

0.0004 
.0004 
. 0006 
.0010 
. 0025 

0.0007 
.0004 
.0011 
. 0021 
. 0038 

STEELS WITH 1.6% Mil , 1.0% N i, BORON ADDED II'ITll GRAI NAL ~O . 79 

1. 60 O. 020 0.025 O. 27 
1. 50 ______ ______ .32 

1. 61 
1.60 
1.60 
1. 65 :::::r:::-

. 27 

.29 
.30 
. 30 

0.50 
. 50 
_ 49 

. 49 

. 50 

. 50 I 

1. 00 __________ J O. 008 0.007 :\Tone 

. 95 0. 01 0.004 .004 .007 0.0007 
· 97 . 02 .003 . 002 . 006 .0010 
.97 
. 95 

. 03 .003 

. 06 . 014 
.002 . 008 
. 001 .OOS 

. 0015 
. 003 

.97 . 10 .018 .002 .007 .006 

0.0004 0.0001 
.0006 .0000 
. 0014 .0000 
.0018 .0000 
. 0030 .0000 

.0010 

. 0014 

.0029 

. 0061 

0. 0011 
. 0008 
.0017 
.0031 
.0063 

.0008 

. 0015 

. 0026 

. 0049 

0. 0007 
. 0011 
. 0014 
. 0030 
.0045 

O. 0005 O. 0005 
. 0006 . 0007 
. 0014 . 0019 
. 0018 . 0019 
0030 . 0035 

I D eterminations were made by a modified Allen method . 
, Solu ble in 1:1 or stronger sulfuri c acid . 
, Solu ble ill1:l or stronger sulfuric acid containing approximately 10 percent (by volume) hydrogen peroxide (pm·h yd ro\). 

Fcrroalloy 

NOlle. 
F erroboron . 

Do . 
Do . 
Do . 
Do . 

~Tone . 

Ferroboron . 
Do . 
Do . 
Do. 
Do . 

None. 
Grainal No. 79 , 

D o. 
D o . 
Do. 
D o . 

None. 
Ferroborol1 . 

D o. 
Do. 
Do. 
Do. 

None. 
Fcrroboron . 

Do . 
Do . 
Do . 
Do . 

None. 
Grainal No. 79 . 

D o . 
D o . 
D o . 
D o. 

• 2 lb. of aluminum per ton were added to each heat before m a king t he boron additions with Ferro boroll or Grainal N o. 79 as requ ired ill the furnace. 
, 1:1 phosphoric acid. 
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T ABUJ 7.- Chemical composition (percentage by weight) oj pxperimental chromium-molybdenum steels 

Identificat io n 

]Jeat No. Steel 
No. 

c ~In p S Si Cr Mo 

S'rEELS WITH 0.8% Mn, 0.5% Cr, 0.3% Mo, BORON ADDED WITH FERROBOIW.'\' 

I ~~~:~~ :: :::::::::: ::::::::: ::: 
10095-3 ___________ ____________ _ 
10095-4. _______________________ _ 

10095-5 _______________________ _ 
10095-6 ____ __ _________________ _ 

204 
205 
206 
2()7 

208 
209 

0.29 
. 28 
.28 
. 27 
.26 
.27 

0.82 0. 007 0.027 
_ 84 ___________________ _ 

.83 

.83 ___________________ _ 

.80 

.82 

0.27 
.25 
_ 25 

. 25 

. 24 

.25 

0. 48 
. 49 
. 49 
.48 
. 49 
.49 

0. 30 

.30 

N one 
0. 0007 
. 0010 
. 0015 
.00;1 
. 006 

STEELS WI TH 0.8% Mil , 0.5% Cr, 0.3% M o, BORON ADDED WITH G RAIKAL NO. 79 

10100-1 _______________________ _ 
10109-2 _______________________ _ 
10100-3 _______________________ _ 
10106-4 ______________________ _ 
10100-5 ______________________ _ 
10100- 6 _______________________ _ 

258 
259 
260 
261 
262 
263 

0.30 
. 29 
. 29 
. 29 
.27 
. 28 

0.79 0.012 0.029 1 
. 79 ______________ __ ___ _ 
. 79 _______________ __ __ _ 

. 80 

.82 ___________________ _ 

.83 

0.26 
.22 
. 22 
.23 
.23 
.25 

0.50 
.50 
.50 
.50 
.50 
.50 

0.31 

.31 

None 
0.0007 
. 00 10 
. 00 15 
_ 003 
. 006 

S'I'EELS IYITIT 1.6% j\{n , 0.5% Cr, 0.3% Mo, nORO N ADDED WITn GRAI NAL j O. 79 

10099-1 
10099-2 
10099-3 
10099-4 _____________________ __ _ 
10099- 5 _______________________ _ 
10099- 6 _____________________ __ _ 

234 
235 

236 
237 
238 
239 

0.30 
. 29 
.29 
. 29 
. 29 
. 28 

1. 58 
L 60 
1.60 

0. 014 0. 029 

[, vl ___________________ _ 

:: ~~ I:::::::::: :::::::::: 

0.2 1 
.21 
. 26 
. 22 
. 27 
. 27 

0.50 
.50 
.50 
.50 
.50 
. 50 

0.3l 

.34 

None 
0. 0007 
. 0010 
.00 15 
. 003 
.006 

STEELS WITlI 1.6% Mil , 0.5% Cr, 0.3% Mo, nORON AD DED WITH l'ERRODORON' 

1

10584- 1 -------- - -------------
10584- 2 ______________________ _ 
10584- 3 _______________________ _ 
10584-4 _______________________ _ 
10584- 5 _______________________ _ 
10584-6 __________________ _____ _ 

294 
295 
296 
297 
298 
299 

0.28 
.28 
.28 
.27 
. 26 
.26 

1.64 
1.64 
['63 
1.64 
1.62 
1.62 

0.012 0.023 0.27 
. 27 
. 27 
.26 
.27 
.26 

0.47 
. 46 
. 44 
. 45 
. 45 
.46 

0.33 
.33 
.32 
.33 
.33 
.32 

None 
0.0007 
.0010 
.ool5 
.003 
. 006 

STEELS \vITil 1.6% lIIn, 0.5% Cr, 0.15% lIIo, nOR O.'\' ADDED Wl1'lI FE RROnORON 

)Jone. 
0.0005 Fel'roboron. 
. 0009 Do . 
. 0012 Do_ 
. 0023 Do. 
. 0048 Do. 

~TOl1e. 

0. 0005 G raill al :\'0. 79. 
. 0005 Do . 
. 0008 Do. 
. 0013 Do . 
. 0030 Do . 

0. 0000 
. 0003 
. 000<l 
. 0007 
. 0013 
. 0026 

0.0003 
.0010 
.0014 
.0026 
. 0048 

No ne. 
a rainal No. 79 . 

Do . 
Do . 
Do . 
Do. 

None. 
FcrroborOll. 

Do . 
Do . 
J)o. 

Do . 

10096- l 
, 10096-2 

10096-3 

~; 1 

0. 29 1 

.30 
1. 57 1 
1. 55 0.010 1_~~~~~ .1 0. 26 1 

.26 
0.50 1 0.16 
.50 _________ _ 

NOlle 1 __________ 1 None. 
0.0007 0.0005 Fcrl'obol'on . 

. 10096-4 _______________________ _ 

; 10096-5 

I 10096-6 

224 
225 
226 
227 

. 30 

. 28 

. 27 

. 27 

1.57 
1. 55 
1. 57 
1. 56 

.26 

.25 

.25 

.2 

,49 
. 47 
. 49 
.50 . 16 

.0010 .0009 Do. 

. ool5 

. 003 

.006 

.00l3 

. 0025 

. 0049 

Do. 
D o . 
Do . 

I
I STEELS WITH 1.6% Mn, 0.5% Cr, 0.05% Mo, BORON ADDED WITlI FERROBORO K 

10094- 1 
10094- 2 ______________________ _ 
10094- 3 _______________________ _ 
10094-4 ______________________ _ 

10094- 5 __ 
10094-6_ _ _ ____________ ______ _ 

1 Sec footllote at end of tab le. 

Boron-Treated Steels 

216 
217 
218 
219 
220 
221 

0.30 
. 30 
.30 
.30 
.29 
. 28 

1.53 
1. 46 
1.53 

0.009 0.032 

1. 53 ______________ _____ _ 

:: ~ I:::::::::: :::::::::: 

0.25 
.26 
.24 
.25 
.25 
.25 

0.50 
.50 
.49 
.50 
.49 
.50 

0.04 

.04 

None 
0. 0007 
. 0010 
. 0015 
.003 
. 006 

0.0000 None . 
.0005 Ferrobol'on. 
. 0009 D o . 
. 00 12 Do . 
.0024 Do . 
.00 18 Do. 
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TABLE 7.-Chemical composition (percentage by weight) of experimental chromium-molybdenmn steels- Continued 

Identification 

----~eat N---:----I-S~~ 
No. 

C Mn p S Si Cr Mo 

Boron 1 

Added I Recov· 1 ered Ferroalloy 

S'I'EELS WITH 1.6% Mn, 0% Cr, 0.3% Mo, BORON ADDED WITH FERROBORON 

10098- 1 .......... . . . .......... . 
10098- 2 ..... . ................. . 
10098-3 .. . .......... . ......... . 
10098-4 ....................... . 
10098-5 ... . ................... _ 
10098- 6 .................. . . 

228 
229 
230 
231 
232 
233 

0.30 
. 30 
.31 

:~: I 
. 26 

1. 51. 0.013 1 
1.53 
1.53 : ::: : :: .. :1"::::: :::: 
1.50 .......... 1 ......... . 

1. 51 . .. ................ . 

0.029 

1. 49 .......... 1 .. . ...... . 

I 

0.21 
. 22 
.25 
.25 
. 22 
.25 

0.32 

. 32 

None 
0.0007 
. 00lO 
. 0015 
. 003 
.006 

0. 0005 
. 0011 
. 0013 
. 0025 
. 0047 

None. 
Ferroboron . 

Do. 
Do. 
Do. 
Do. 

STEELS WITH 1.6% Mn, 0.75% Cr, 0.15% Mo, BORON ADDED WITH FERROBORON 

10097- 1. ............... . ...... _ 
10097- 2 ..... .. ....... . ........ . 
10097-3 ....................... _ 
10097-4. _ ........... . ......... _ 
10097- 5 .... . .. . ............... _ 
10097-6 ... . ....... . ..... . .. . .. . 

2lO 
211 
212 
213 
214 
215 

0.30 
. 29 
.28 
.28 
.28 
.26 

1.53 
1.50 
1. 48 
1.49 
1.47 
1.48 

0.013 0.032 0. 26 
. 29 
.29 
.31 
. 28 
.27 

0. 74 
. 74 
.74 
.73 
. 75 
. 73 

0.17 

. 17 

None 
0.0007 
. 00lO 
.0015 
.003 
.006 

0.0006 
. 0009 
.00 12 
. 0024 
. 00<13 

None. 
Ferroboron . 

Do. 
Do. 
Do . 
Do . 

1 21b of aluminum per ton we re added to each heat before making the boron add itions with Ferroboron or Grainal No. 79 as required in the furnace . Dcter
Ininations for boron "'ere made by spectrographic analysis. 

TABLE 8.- Chemical composition (percenta ge by weight) of the commercial steels 
Determinations for carbon, manganese, phosphorus , sulfur,silicoll, nickel , c,hromiUlTI , rnolybdenUlll, and copper wore m ade at Buick Motor Division, General 

l\{otors Corporation , and vanadium , titanium, zirconium , and aluminum at Battelle IVIemoriallnstitute-. Detenninations for nitrogen by a modified Allen 
m et hod and boron by cbemical and spectrogra pbic analyses were made at the Nation al Bureau of Standards. A ll samples [or cbemical analysis were pre. 
pared from Bar NC.l of each steel as hot·rolled by mill ing the entire erosssectioll after turnin g H. ill. from the diameter o[ the I ~·in . rounds. 'r he specim ens 
for spectrographiC analysis werc %2·in . ronnd s prepare d wit h the center at half·radiu s of the 1 ~ ·in . round s (Bar No. I) of tbe steels with boron addi tion s of 
0.001 percent Or greater and g o·itl. disks (% in . to H in . thick) of the stcels with boron add itions less than 0.001 percent . 

Steel No . C Mn p s Si C r Mo v 'l'i Zr Cu 

Nitrogen Boron 

Al 
(to' 
tal ) ~~~d 

ble 1 

Recovered, as determined 

To. Add. Chemically 
ta l ' cd --------- S{,'~~ 

Acid Acid grapb. 
solu· insol· Total ieally 
ble 3 uble 3 

Ferroalloy 

cu .. .......... 0.44 1.580.0170.019 0.40 0.01 0.05 0.01 Nil 0. 019 O. 004 0.02 0. 040 0. 003 0. 003 O. 0011 0.0009 0. 0000 0. 0009 0.0013 Sileaz No.3. 
07........ . ... . 43 1.59 . 018 .OIG .45 .01 .05 . 01 Do. .027 .005 .02 .050 . 003 .004 . 0015 . 0016 .0000 .0016 .0017 Do. 
C8 .. . ....... . . . 43 1.58 .0 19 .019 . W . 01 .05 .01 Do .. 053 .010 .02 .058 . 003 .003 .0022 .0031 . 0000 .0031 .0042 Do. 
C9 . . ........ _ . . 43 1.58 . 019 .019 .32 .01 .05 . 01 Do. . 020 . 004 . 02 . 030 . 002 . 004 . 0006 . 0003 . 0000 . 0003 . 0004 Grainal No. 79. 
CIO . .. . ...... . . 42 1.60 .019 .018 .32 . 01 .05 . 01 Do. . 030 .006 . 02 .047 . 002 . 003.00 13.0006 . 0000 . 0005 . 0009 Do. 

ClI . ..... .. . _. 
Cl? ......... . 
C13 .... . ..... . 
C I4 ...... . . . _. 
C15 ......... _. 

CI6 .......... . 
C17 ........ _ .. 
C I8 ..... . .... . 
CI9 .......... . 
C20 .......... . 

C21. ......... . 
C22 ..... . _ . .. . 
C23 ...... _ . . . . 
C24 .......... . 
C25 .......... . 
C26 .......... . 
C4145 ........ . 

.42 1.59 .019 . 018 

.43 1.56 . 020 . 019 

. 43 1.58 . 020 .017 

. 43 1.59 . 018 . 019 

. 43 1. 58 .020 . 019 

. 3~ .01 

. 31 .01 

.31 . 01 

.32 . 01 

. 31 . 01 

. 42 1.59 . 019 . 021 .33 . 01 

. 43 1. 62 . 019 .019 .35 .01 

.43 1. 64 .020 . 019 . 37 .01 

. 43 1.58 . 019 .018 .31 .01 

. 43 1.58 .019 . 020 .31 . 01 

. 42 1.57 . 019 .020 

. 43 1. 57 . 019 . 021 

. 43 1. 57 . 021 . 020 

.43 1.57 . 019 . 019 

.43 1.57 .019 . 021 

. 43 1.57 .021 . 020 

.43 .95 .017 .019 

. 32 .01 

.35 .01 

.35 .01 

. 42 .01 

.34 . 01 

.36 .01 

.21 . 09 

1 Soluble in 1 : lor stronger snHaric acid. 

.05 . 01 

.05 .01 

. 05 .01 

. 05 . 01 

. 05 . 01 

Nil . 052 . 007 .02 .053 .002 
Do. .00 1 . 002 . 02 . 049 . OM 
Do. . 001 . 002 . 02 .045 . 004 
Do. . 001 . 002 . 02 .042 . 002 
Do. . 001 . 002 . 02 .025 . 004 

· 04 . 01 < 0.004 . 005 . 004 . 02 
. 0'1 .01 < . 004 .013 . 004 . 02 
· 04 . 01 <. 004 . 030 . 005 . 02 
. 04 .01 . 015 . 004 . 003 . 02 
.04 .01 . 027 . 015.002 . 02 

· 04 . 01 .070. 020 . 003 . 02 
· 05 . 01 .004 . 005 . 003 . 02 
. 04 .01 .020.012.005 .02 
. 05 .01 . 025 .015 .0 lO . 02 
.05 .01 <' 004 .001 .002 . 02 
.04 . 01 < . 004 Nil .002 . 02 
.92 .20 Nil .001 . 002 .05 

. 047 .002 

. 054 . 002 

. 069 . 002 

.040 . 002 

. 045 . 002 

. 054 . 002 

.03 1 .003 

. 046 . 004 

.045 .003 

. 048 .004 

. 046 .004 

. 0:l8 . ODS 

. 003 . 0019 .0011 .0000 . 0011 . 0014 Do . 

.005 .0020 . 0009 . 0013 . 0022 . 0020 F crroboron . 

. 004 . 0030 .0017 . 0011 .0028 .0028 D o . 

. 005 .0040 .0026 . 0010 . 0036 . 0040 Do . 

. 004 None . 0000 <.0001 <. 0001 ....... None . 

· 003 . 0013 . 00 12 . 0000 
· 004 . 0027 . 0025 . 0000 
· 003 . 0040 . 0038 . 0000 
· 005 . 000'1 . 000 I . 0000 
· 004 . 0003 . 0003 . 0001 

· 005 . 00 II . 0006 . 0000 
· 005 . 0005 . 0004 . 0003 
. 005 .00 10 . ODDS .0000 
.005 .00 16 .0011 . 0000 
. 005 . 0019 . 0007 . 0009 
.004 . 0036 .0015 . 00 11 
.007 None .0000 . 0000 

.0012 

. 0025 

.0038 

.0001 

. 0004 

. 0014 Bortam . 

.0029 Do. 

. 0046 Do. 

.0003 Grainal No . 1. 

. 0004 Do. 

.0006 . 0005 Do. 

.0007 . 0005 Silvaz No. :l. 

. 0003 .0012 Do . 

.0011 .0016 Do . 

. 00 16 .0015 Borosil . 

. 0026 .0027 Do . 

. 0000 ...... . None . 

'Solu ble in 1 : 1 or s tronger sulfur ic acid containing approximatel y 10 percent (by volum e) h ydrogen peroxide (pcrbydrol) . 
3 1 : 1 pbosphoric acid . 
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Except for boron and nitrogen , the values for 
the various clements given in the tables for the 
experimental steels were obtained at the Battelle 
Memorial Institute on drillings from the ingot at 
the base of the hot top (fig. I ,A ), whereas the 
valu es for the commercial steels were obtained in 
the above laboratory or at Buick Motor Division, 
General Motors Corp. on specimens prepared 
from n~-in. rounds as hot-rolled. For the experi
mental s teels, th e phosphorus and sulfur contents 
were detcrmined only on one ingot from each of 
the heats and t he molybdenum content of the 
chromium-molybdenum steels (table 7) was usually 
determined on the first and last ingot prepared 
from the heat. 

D etrrminations for nitrogen and boron were 
made at the National Bureau of Standards on 
samples of the expe rimental steels prepared fron1 
the %-in. plates as hot-rolled or as hot-rolled and 
heat-treated (fig. I ,B, sect ion B) and on samples 
prepared from ] %-in. rounds of the commercial 
steels as hot-rolled . 

The nitrogen content of some of the steels was 
drtermined by both the vacuum fusion and modi
fied Allen methods (table 3) . As the values ob
tained by the two methods agreed closely, the 
more rapid and convenient Allen (modified) 
method was used for making a majority of the 
determinations for this clement . 

At the start of the investigation, the boron con
tent of the steels was determined by dissolving 
the sample in hydrochloric acid, distill ing the 
boron as methyl borate , and titrating with stand
ard alkali. Values obtained by this method 
agreed closely with t hose obtained by a distilla
tion-colorimetric meLhod usi.ng phosphoric acid 
and turmeric. The latter method was used for 
determining most of the valu es given in the tables. 
The concentration of boron was also determined 
in some of the experimental and all th e commercial 
steels treated with boron by comparing the arc 
spectra of a specimen of the steel with the spectra 
of standards. The procedure used for determin
ing boron spectrographica lly is described in detail 
in another report [13] but those used for determin
ing boron chemically [14] and nitrogen by a 
modified Allen m ethod [15J have not been pub
lished. The amounts of boron added and re
cove red are given in tables 1 to 8. However , 

Boron-Treated Steels 

J 1 
a 

I 
I 

n 
<.) 

1 
<II 

o 

l 
\0 

I 
<t It') 

L A 

i"-l--' 
~ 2 41-5'4 

B 

0.5- .6" 

I ~" 
4 

F IGlTHe I. - Forms and dimension of ingot s and hot-rolled" 
pi ales of ex perimental steels. 

unless otherwise stated , the amount retained is 
used as a basis for making comparisons through 
out the text . 

2. Preparation 

(a) Experimental 

The experimental steels were made in a mag
nesia-lined induction furnace at th e Battelle 
M emorial Institute. The general practice was to 
usc ingot iron as the base material; to melt wi th
out a protecting slag; and to make all additions 
in the furnace. All of the iron (200 to 325 Ib) 
with small amoun ts of ferrosilicon and ferro
manganese were included in the initial charge. 
Additions of ferromanganese, ferro silicon , silicon
manganese alloy, graphi te, and 2 Ib of aluminum 
per ton (0.10% ) were made just prior to pouring 
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the first in a series of either four or six ingots each 
weighing about 50 lbs. Boron additions were 
made in the furnace , with ferro alloys of the type 
composition given in table 9, at the required 
intervals during pouring in order to produce ingots 
from each heat varying primarily in boron content. 
The metal was poured directly in to big-end-up 
steel molds equipped with hot-tops (fig. 1, A). 
Usually, it required abou t 2 minutes to make the 
boron additions and to pour the heat (in some 
cases, about 5 minutes), and the temperature of the 
m etal at the time of pouring as determined with 
an optical pyrometer for some of the heats ranged 
from about 2,800° to 3,050° F . 

TABLE 9.- Chemical composition of the felToalloys tlsed fOT 

the boron additions 

Compo~ition. percent by wright 

Designation 

c I Mn I SI I °rl I Zr I A I I Cu I Ca I B I y 

EXPERIMENTAL STEEL S 

Fcrroboroll ________ __ ____________ . __ ___ __________ _________ 12.1 ____ _ 

Grainal No. 79 _____ 0.05 7.5 3.4 19.6 3.6 13.0 1. i ___ __ 0.54 ____ . 
Synthetic mi xture ' __________ __ ______________ ____ ___ _ 
Si leaz No. 3 ___ _____ . _____ 0.4 37.66 9.39 3.88 7. 16 _____ 9. 76 . 55 ____ _ 

COMMERCIAL STEELS 

Sileaz No. 3 _________________ 39.54 9.84 7.491 6.60 _____ 9.68 0. 4J ___ _ 
Grainal No. 79 ____ _ _____ . _________ 23.52 5.7612. 22 __________ . 65 __ __ _ 
F erroboroll ____ ___ _ _____ ____ 2.63 _____ __ __________________ 11.56 __ __ _ 
Borta m _____ · _______ ___ __ 24.0020. 26

1
17.76 __ ___ 14.05 __________ 1. 33 __ .. __ 

GrainalKo. L ________ __ _____ I. 22

1

13.38 _____ 10.38 _____ __ __ _ 0. 38 26.88 

~i~;~:t~:~_~:::::: ::::: ::::: !~: ~~ _ ~ : o~ ~ : ~: _ ~: ~~ ::::r::: 2 ~9:~~ 

1 This synthetic mixture, with composition similar to Grainal So. 79, was 
prepared with fcrrobol'on, ferrom anga nese, fcrrotitanium, zirconium-alumi
num, aluminum , and copper. 

Except for four heats (9702, 10139, 9703, and 
10141 , table 3) prepared to determine the effects 
of titanium or zirconium on the properties of high 
nitrogen steels containing about 0.0015 percent of 
boron, an ingot without boron Wl,S prepared from 
each heat for use as a basis for comparing the 
properties of the steels comprising the heat. This 
was considered essential because of the wide 
variation in hardenability often observed in steels 
that are nearly alike chemically. 

The general practice, however, was modified in 
preparing thE' steels used for studying t he effect 
of nitrogen content and the deoxidation practice 
on the properties of boron-treated steels, and for 
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determining the amounts of boron recovered after 
remelting . In preparing some of the steels with 
variable nitrogen (heats 9079, 9080, and 9081 , 
table 3) the charge was melted under an atmos
phere of natural gas and sufficient slag was added 
to the molten bath to insure complete coverage; 
the flow of gas over the batl} was stopped, and 
calcium cyanamide was added before removing 
the slag and deoxidizing with aluminum in the 
usual manner. Additions of aluminum ranging 
from 0 to 2 lb per ton were used in the heat,; 
(8889, table 1 and 9089, 9090, 9361, 9450, 9362, 
and 9360, table 2) prepared to study deoxidizing 
practice. Some of the steels used to deter
mine the recovery of boron on remelting were 
prepared by the usual melting practice, whereas 
mill scale was added to other heats as described 
in some detail in table 14. 

All the ingots, except those used for determin
ing the recovery of boron on remelting, were 
rolled at t he Bureau in the temperature range 
from about 2,050° to 1,600° F into plates n~ in. 
thick (fig. 1, B, section A) and a portion of each 
plate was further reduced to a final thickness of 
0.5 to 0.6 in. (fig. 1, B, sections B, C, and D ). 
These plates were cooled from the finishing tem
perature in air. No difficulty was encountered 111 

hot-rolling any of the stet-Is. 

(b) Commercial 

The commercifLl steels ·were from a Special 
Addition Agent Heat prepared at the Duquesne 
Works, Carnegie-Il:inois Steel Corp. for the O]"rl
nance D epartment, United States Army. The 
procedure for processing this basic open-hearth 
heat is given in some detail in a report [16] pre
pared by the producer for the purchaser. Essen
tially, the procedure for making the boron additions 
consisted in adding ill the mold one of the fcrroal
loys, listed in table 9, at regular intervals through
out the pouring of the ingot, starting after pouring 
6 to 8 in. of metal and continui.ng up to the base 
of the hot-top. Thirty-two ingots (each 22 by 25 
in., 8,600 lb) were prepared from this heat and the 
steels selected for usc in the present investigation 
(C6 to C26) arc listed in table 8 in the order of 
pouring. The fifteenth ingot (CIS) was prepared 
without boron in order to have the base steel 
from n car the middle of the pour. Each ingot 
was hot-rolled and cut into six pieces 5.5 by 5.5 
in. by 10 ft and the bottom- center was further 
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} 'lGl' R8 2.-·Typ ical inchtsion content of the ex perimental and commercial steels . 

· U ncLchcd , A, TI , a nd OJ experim enta l steels, X500; D , E , a nd F , com 
mercial stcels, X 100. 

Boron 
l~ i gu )'e Stoel No . -------------;--- 'l'i 

Agcnt Amount 
----1------1---------------

A .. _ ......... 64 ........... N one ... . .. . ............ . 
n __ __ ____ ____ 4 __________ ._ FcrroborO ll ________ _____ _ 

C ............ 80 ........ .. . Gra inal N o. 79 .. . ...... . 
D . ........... C8 .......... Silcaz No. 3 .......... . . . 
E ............ C 15. . ....... N on e ... . ............. .. . 
F . ........... C2L . . ...... Grainal N o. L . . .. ..... . 

Boron-Treated Steels 

Percent 
N one 

0. 0000 
. 0008 
. 0031 

<. 0001 
. 0006 

Percent 
< 0. 01 

)Jone 
0. 03 
.om 
. 00 1 
. 020 

ho t-rolled into billets (3 by 3 in. ) and finally into 
n~-ilL round bars that were used in this study. 
In addition, 1%-in. round bars, as hot-rolled , from 
a basic open-hearth heat of SAE 4145 (without, 
boron) were obtained for use with steel C15 of the 
above he9,t as rcieren ces in the test ing program. 

3. Cleanliness and Structure 

(a) Experimental 

Microscopic examination was made of polished 
and unetched sections prepared longit udinally to 
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the direction of rolling from the %-in. plates as 
hot-rolled of all the experimental steels (fig. 1, B, 
section B). The inclusions were mainly manga
nese sulfide (rlongated by rolling), with a few sili
cates and oxides in the base steels either not de
oxidized or deoxidized with aluminum (fig. 2, A) 
and in the Ferroboron-treated steels containing 
high or low nitrogen (fig. 2, B) . Variations in 
the deoxidation practice and composition of the 
ferro alloys used for making the boron additions 
had no appreciable influence on the cleanliness 
exccpt for the presence of titanium and zirconium 
inclusions (nitrides) in t he steels treated with 
ferroa11oys containing these clements. The num
ber, form, size and distribution of the inclusions 
were similar in the steels when treated with Grainal 
No . 79 (fig . 2, C) or Silcaz No .3 for the same boron 
content. 

The number of nitride inclusions usually in
creased with amounts of retctined titanillm or 
zirconium. In the steels with relatively high 
proportion of either of these elements, the nitride 
inclusions were often coalesced in streaks, as is 
illustrated for a commercial steel in the typical 
photomicrographs of figure 2, F. However , no 
boron inclusions were identified in any of these 
steels as hot-rolled. All the steels were consid
('red as being relatively clean and representative of 
good steel-making practice. 

Al though all of the experimental steels had sa tis
factory hot-working properties, considerable varia
t ions were observed in the degree of ferrite banding 
and in the amounts of free ferrite in the structures 
of the 7f-in. thick plates as hot-rolled and as 
normalized. The amount offerrite banding and of 
proeu tectoid ferrite (free ferrite ) in hypoeu tectoid 
steels will vary with the chemical composition of 
the steels and the rate of cooling through the 
transformation temperature range. As the rate 
of cooling from the normalizing temperature was 
of the same order of magnitude in the %-in. 
plates (normalizing temperature was 1,650° F for 
all steels except that 1,575 ° F was used for the 
four steels containing 0.45 percent carbon and 
1,675° F for the steels comprising the nickel
chromium and chromium-molybdenum series), all. 
indication of the effect of boron additions with 
the various ferro alloys on the ferrite banding and 
amount of free ferrite may be obtained by a 
comparison of thesc structures. Obviously, the 
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comparisons arc valid only for the range m cooling 
rates used; not for markedly different rates . 
The general trend was for the ferrite banding and 
amount of free ferrite in the structures of the 
plates normalized at 1,650 F to be decreased by 
the addition of boron in the plain carbon-man
ganese steels and in similar steels with additions 
of either nickel or chromium as is illustrated in 
the typical photomicrographs of figure 3, A and B. 
However, the data obtained with these steels 
clearly indicate that variations in composi tion of 
felToalloys , amount of boron retained, and in 
deoxidation practice affected these factors pri
marily thl"ough their influence on the grain size at 
the normalizing temperature (1,650° F). Appre
ciable banding usually occurred in the fine
grained steels (fig. 3, A and C), whereas the 
coarse-grain steels (regardless of how produced) 
were relatively free from streaks of ferrite (fig. 3, 
B and D ). 

Some banding was observed in th e structures of 
plates of all the nickel-chromium steels normalized 
at 1,675° F. These steels were also fine-grained 
at the temperature used in normalizing. It 
should be pointed out, however, that all the fine
grained steels of hypoeuctoid composition, such as 
those containing chromium-molybdenum and 0.8 
percent of manganese with and without boron, did 
not show ferrite band ing in structures produced 
by normalizing relatively thin sections. 

The structures of the ,10rmalized pJates consisted 
of ferrite and pearlite (fig. 3, E ) in most of the 
steels and pearlite and bainite in a few of the 
relatively deep-hardening steels. The specimens ' 
subsequently used for test purposes were prepared 
from the plates as normalized. 

(b) Commercial 

A section was prepared from a 1 %-in. round .bar 
of each of the commercial steels for rating of the 
inclusion by microscopic methods. This section 
was hardened, und a longitudinal face extending 
from the surface to the center of the original bar 
(fig. 4, A, shaded area) was polished for micro
scop ic examinaLion. No sigmficant difference 
was obseJTecl in the type or distribution of Lhe 
inclusions from surface· to cPllter of the 1 7~-in . 

rounds. 
The number, size, type, and distribution of 

inclusions observed are illustrated in typical 
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F TG URE 3 .- SIr1lctuTe of e:t pen"mcntal and commercial st eel~ as normalized at 1 ,650° F . 

Etched with 1 % nita!. A, B, 0, and D , X IOO; E, and F , X500. 

Fi~ lll'C Steel ,",0. 

Percent 
A__ J ______ ._._ None. ___________________ None 
B __________ 4 __ . _______ Fcrroboron ______ _________ 0. 0060 
o ____ 45 _________________ do _ ___ ________________ . 0059 
D ____ 70 __________ None ________ ._.___________ None 
lL. _______ 76 __ ._. __________ do __ ______________ _____ None 
F __ __________ 010 __________ Grainal No . 79 ______________ 0.0006 
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photomicrographs of figure 2, D , E, and F . The 
inclusions were chiefly manganese sulfide string
ers and oxide in the sted s without bo ron (fig. 2, E ) 
and those treated with Ferroboron or Borosil, 
whereas the steels tl"ealNl with Silcaz No.3 (fig. 
2, D ), Grainal No. 79 , Silvaz No.3, Grainal No.1, 
or Bortam also contained numerous titanium 
(possibly zirconium in some steels) inclusions. 
The number of the titan ium inclUSIOns in the 
steels treated with these complex ferro alloys con
tain ing titanium appeared to increase with the 
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A. INCLUSION RATING B. GRAIN SIZE 
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'---~--', -~ 

~- I " DIAM.-J 

C. JOMINY D. IMPACT 

FIGU RE 4 .- Fof 1nS and di·m.ensions oj some of the test 
specimens. 

amount of the addition. These inclusions were 
sometimes segr egated in streaks (fig. 2, F ), how
ever, they usually were fairly uniformly dis
tributed (fig. 2 , D ). Except for the presence of 
th e titanium inclusions, all the steels were con
sidered to be clean. 

The structures produced in the n~-in. rounds of 
the commercial steels of the Special Addition 
Agent H eat (steels C6 to C26) by normalizing at 
1,650° F consisted of proeutectoid ferri te in a 
matrix of pearlite varying to some extent in 
degrees of fineness. The ferrite was uniformly 
distributed principally in the parent austenite 
boundaries (fig . 3, F ), with no material difference 
in structure from surface to center of the bars. 

The specimens subsequently used for test 
purposes, which were prepared from the normal
ized bars, had initial structures similar to that 
shown in figure 3, F. These steels, as normalized , 
were practically free from banding (a slight band-
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ing was observed in a longitudinal section of C15, ! 

without boron), although a pattern effect of the I 
original ingot was observed in each steel. 

III. Testing Procedure 

The general procedures, as described below, 
were regularly followed in preparing, heat-treating 
and testing specimens used in the determination 
of the temperatures of transformations, grain sizes, 
hardenability, notch toughness and tensile prop
erties of the steels. An attempt has been made to 
record, in the text, all important departureR 
from these procedures and other essential detail Q, 
necessary for clarity . 

1. Transformations 

The temperatures of the transformations (AI 
and A 3) in specimens heated or cooled relatively 
slowly were obtained with a linear expansion ! 

apparatus (dilatometer) of fused quartz , mechani
cal dial indicator, Chromel-Alumel thermocouple, 
and precision potentiometer . However, these 
tests made on two steels (1 and 4) were supple
mented by determinations made with a precision 
micrometric thermal-expansion apparatus in which 
the specimens were heated and cooled at con
siderably slower rates. 

Small specimens (approximately 0.1 5 in. square 
by 0.04 in. thick) were used in determing the 
temperature of the Ar" transformation (austenite 
to martensite). These specimens were hea ted in 
vacuum or dry nitrogen to the quenching tempera
ture, held at this temperature for 15 minutes, and 
then quenched directly in helium at room temper
ature. Photographic time-tempera ture cooling 
curves were obtained during the quench by means 
of a string galvanometer apparatus. The pro
cedures for preparing the specimens, heating and 
quenching and obtaining the cooling curves were 
essentially the same as those previously described 
in some detail [17] . 

2 . Heat Trea.tment 

An electric furnace of the muffle type with 
atmosphere control was used for all normalizing, 
annealing, and hardening operations, and electric I 

furnaces with forced circulation were used for 
tempering. E ach furnace was equipped with an 
automatic con trol and an indicating or recording 
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pyrometer. The temperatures of many of the 
operations were also checked and obtained by 
means of a Chromel-Alumel thermocouple and 
a precision potentiometer . Except for the 

I 
M cQuaid-Elm test, the furnaces ,.vere at the de
sired temperatures when the specimens were 
inserted , and the timing of the operation was 
s tarted at this point wi th the specimens prepared 

I from th e experimental . steels. However, this 
procedure was modified with the commercial 
steels in that the actual time r equired for the 
specimens to reach thc temperature of the furnace 
was not included in the measurement of t ime. 
A r edu cing atmosphere was used for all normal
izing, anneal ing, and hardening treatments. 

3. Austenite and McQuaid-Ehn Grain Sizes 

Determinations were made of the grain sizes 
es tablished at tempera tures ranging from those 
uscd in l1ard ening (1 ,475 ° to J ,600° F) to 1,900° F. 
Small sp ecimens, prepared from ini t ially normal
ized plates (fig. J , B , section B ) or bars (fig . 4, B) , 
were heated in a furnace at th ese temperatures for 
30 minutes (commercial steel) oj' 45 minutes 
(experimental steels) and then cooled in a mann e)' 
suitable for delineating the austen itc grains. 
(Th e grain size at th e temperatures used for 
normalizing the experimental steels wa s deter
mined from th e normalized plates. The initial 
co ndition , therefore, was as hot-rolleel, and the 
t ime in the furnace was 60 minutes.) The cross
sections of the specimens were polished and then 
etched with nital preparatory to estimating the 
grain size by comp aring the microscopic image 
at 100 diameters with an American Society for 
Tf'st,ing 'Matrrials standard gra in size rhn,rt 
prepared on the ground-glass fix ture of the c.tmera 
extension of the microscope. 

Similar speeimens prepared from each steel were 
packed in a commercial carburizer, heated with 
the furnace to 1,700° F , held at th is temperature 
for 8 hr , and then cooled witb tllC fUl'llace 01' in 
the carburizing box in a il' (JV[cQuaid-Ehn test). 
The polished specimens were ei ther etched in 
ni tal o1' boiling sodium picrate prior to es timating 
the gra in size of the case and core by comparing 
with tbe American Society for Testing N[aterials 
char t. In some cases tbe grain size measurements 

Boron-Treated Steels 

were mad e on two 01' more specimens, but the 
usual procedure was to use only one specimen for 
each condition whea the grains were clearly 
delineated in that specimen. 

In many of the steels considerable difficulty was 
encountered in clearly delineating the parent aus
tenite grains with proeutectoid ferrite . In numer
ous cases, aeicular ferr-ite was formed not only in 
the prior austenite boundaries but also in the 
interior of the grains, and pronounced banding of 
ferrite was often obtained in the final structure by 
following the usual procedure for outlining austen
itc grains in a hypoeutectoid steel. Excessive 
banding of ferri te during the comse of this treat
ment was especially noticeable in th e deep-har
dening steels, and thi banding is a factor that must 
be considcred as a possibili ty of influ encing the 
accuracy of the observations. 

4 . Harden ability 

An end-qu ench (Jominy) tesL was made on a 
specimen prepared from each steel. With th e 
experim.ental steels, oversize specim.ens were pre
pared from the l}Hn. thick plates as hot-rolled in 
such a manner that the water-cooled end of each 
spccim.en was from the same r elative position (fig. 
I , B , section A, with water-cooled end adjacent to 
section B ) of the original ingot. These specimens 
were then normalized prior to finishing to size (fig. 
4, C). With th e eommercial steels, the specimens 
(fig. 4, C) were prepareci from 17~-in . rounds after 
normalizing. The specimens were placed ve rti
cally on th e end to be water-cooled in a furnace 
with a slightly reducing atmosphere at the harden
ing temperature, hcld in t he furnace for 45 minu tes 
before cooling in a fixture in accordance wi th t he 
prorfld nro roconullcndoc] by tho Amrrican Society 
for Testing Materials r18]. Two flat surfaces wer e 
wet-ground 180 degrees apart along th e leng th of 
the quenched specimen, and Rockwell "e" harcl
ness m easurements were made along the center 
line of each of these flat surfaces at intervals of 
}{6 in. for the req uiTed cl istance from the quenched 
encl . The procedure was to grind the quenched 
bar to a depth of 0.015 in. , except those quenched 
from high tempera tures were ground to a depth of 
0.030 to 0.045 in. A special fixture for holding the 
specimen was constructed and calibrated to expe
dite testing and to insu re accuracy. 
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5. Notch Toughness 

Charpy impact tests were made with quenche~l 
and tempered specimens of the form and dimen
sions shown in figure 4, D and figure 5. 

The manner of preparing th e specim~ns of the 
experimental stpcls from normalized 7~ -in. thick 
plates and of the commercial steels from normal
ized 1h-in . r01lllds is also illustrated in figures 5 
and 4, D respectively. All specimens were rough
machined to 0.41 to 0.45 in. square by about 2.16 
in. long, heat-treated and then finished by wet 
grinding to size (ends not ground), and no tched. 
The notch was located at right angles to the 
direction of rolling in the experimen tal steels 
(fig. 5), whereas in the commercial steels, the 

F~-r------------------~~ f 
45° 'V' NOlCH, .079" DEEP 
.01" RADIUS AT BOTTOM 

-LI r 0. 
?~1.0B'±1.08"-j h m 2.16'~ 

DIRE~TION OF ROLLING .394 "/ 
• fJ 

/, ' 

F IGO R E 5.-Location of Charpy specimens in j'elation to the 
direction of Tolling the experimental steels. 

notch was located parallel to the radius of the 
l%-in. round passing throu gh the center of the 
specimen (fig. 4, D ). 

Tests were carried out in duplicate at room or 
low temperature in a Charpy machine of 224.1 
ft/lb capacity, with a striking velocity of th'e 
hammer of 16.85 ft /sec. The procedure for mak
ing the tests at low temperatm'e consisted of 
cooling the specimens in an insulated bath con
taining equal parts of carbon tetrachloride and 
chloroform for a minimum of 30 minutes at the 
desired temperature, and then quickly transferring 
to the impact machine and breaking. The desired 
kmper~tures were obtained by regulated additions 
of solid carbon dioxide, and as this material passes 
directly from the solid to a gas, no dilution occurred 
in the liquid bath . The temperature of the cool-

. ing bath ,vas measured by means of a copper
constantan thermocouple and an indicating poten
tiometer. Rockwell" C" hardness measuremen ts 
were made on the fractured specimens at room 
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temperature. The harclnesi' values gIven in 
figures 54 and 55 are the average of all the speci
mens used for each condition; a minimum of four 
determinaLions were made on each specimen. I 

The values for notch toughness, summarized in 
the figures, arc the averages obtained on duplicate 
specimens, except in a very few cases where the 
tesLing procedure was faulty , th e value was not 
included ; in several cases abnormally high values 
for energ'y were required to fracture or bend th e 
specimens because of a wedging action between 
hammer, specimen, and frame of the machine. 

6. Tensile 

The tensile tests were made in duplicate with 
specimens prepared longitudinally to the direction 
of roll ing from initially normalized 7~-in. - thick 
plates (fig . 1, B , section C) or n~-in. rounds (com
mercial steels). Prior to the quenching and tem
pering treatments, the experimental steels were 
rough machined to %-in. rounds and the com
mercial steels to %-, 0.52- to 0.55-, or I-in. d iameter 
in the reduced sections. The %-in . rounds of the 
commercial steels were prepared with their centers 
at half-radius, whereas the oversize %- or I-in. 
rounds, and those tested in the annealed or 
normalized condition, were prepared from the 
center of the 17~-in . rounds. T he reduced section 
of all the specimens was finished by wet grinding 
to size. 

IV. Results 

1. Transformations 

Tests were carried out to determine the effect 
of boron additions made with Ferroboron on the 
temperatures of the A t (ACt and Ar I ) and A 3 
(Ac3 and Ar3) transforma tions of t he following 
experimental steels containing 0.30 percent of ear
bon and (1) 0.8 and l.6 percent of manganese 
(steels with l.6 pel'Celi't of manganese with boron 
additions made with Grainal No. 79 and Sileaz 
No.3 also were included), (2) l. 6 percent of man
ganrse and variable nitrogen , (3) 0.8 percent of 
manganese and variable nickel or chromium , (4) 
0.8 percent of manganese, 0.5 pm:Cen t of clu'omium 
and variable nickel. The results (illustrated for 
some of the steels in fig. 6) show that boron had 
no significant influence on th e temperatures of 
At and A 3 transformations of the steels investi
gated. Variations in nitrogen from about 0.005 
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FIGU RE 5.- I nfluen ce of boron on the transformation tem
pemtures of expeTi mental steels containi ng 0.3 percent of 
carbon , 0.8 or 1.6 percent of manganese and vm'ying 
amounts of nickel and chl·omium. 

to 0.025 percen t in s teels with and without boron 
also had no appreciable effect on the tempera t ures 
of the transformations on slow hea ting (Ac, and 
AC3), but there was a sligh t trend for the tempera
tures of the transforma tions on slow cooling (A T, 
and A T3) to increase with the nitrogen conten t. 
There was also a trend for the temperature of 

C3 to be raised by the addition of titanium or by 
aluminum. However , the differences observed 
were usually within the limits of experimental errol' 
of the procedures. The temperature of A C3 was 
no t affected by a change in chromium from nil t o 
0.75 percen t, whereas the temperature of this 
transformation decreased with increase in n ickel 
conten t . 

A change in rate of heat ing from about 10 Lo 
125 deg F per minute had no noticeable effect on 
the temperature of the transformations (Ac, lomd 
AC3) in 0.75 percen t chromium steels con taining 0 
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and 0.0048 percent of boron (s teels 94 and 97 , 
table 5). The temperature of the A T3 Lransfor
maLion decreased in both of these steels wi th in
crease in the rate of cooling and t his trend was 
obtained wi th the A Tl transformation. 

The temperature of the star t of the decomposi
tion of austenite to martensi te (Al·11 or JIJ,) was 
not affected by boron (addit ion made with F erl'o
boron) in steels con ta ining 0.30 percen t of carbon 
and (1 ) 1.6 percent of manganese and variable 
nitrogen; (2) 1.6 percen t of manganese and 0.5 
percen t of chromium ; (3) 0.8 percen t of manga
nese, 0.5 percen t of clu'omium and variable nickel. 
The start of this transformation was not affected 
by variation in nitrogen or by the addi tion of 
titanium to the steels tes ted . 

2. Austenite and McQuaid-Ehn Grain Sizes 

(a) Experimental Steels 

The grain-coarsening temperature of the experi
mental steels varied wi th the base composition of 
the heat, deoxidat ion pracLice, boron content , and 
chemical composition of th e ferro alloy used for 
making the boron add itions. 

The grain sizes established at the temperature 
used in hardening are included with the data given 
in the hardenability charts. The base steels 
(withou t boron) that were deoxidized with alumi
num were fine-grained at the temperatures used 
in hardening (fig. 7, A); their coarsening tempera
ture was between 1,650 0 and 1,750° F . The grain 
coarsening temperature was usually lowered by 
the addition of about 0.001 5 percen t of boron with 
F erroboron (Fig . 7, A and B ); the trend was for 
the average size of the gra ins at the ha rdening 
temperature to increase with fur ther increase in 
boron content (fig. 7, B and C). I t was possible, 
ho\vever , to prepare steels t rea ted wi th F en-oboron 
for relatively high boron content that were fine
grained in the temperature range used for harden
ing and normalizing. In general, the treatment 
of the steels with a complex ferro alloy con taining 
boron was more effective than wi th F erroboron in 
preventing grain coarsening at heat-treating tem
peratures. This is to be expected as Grainal No. 
79 and Silcaz No.3 contain appreciable amounts of 
grain growth inhibi tors (aluminum and titanium) 
and the maximum amount of boron retained was 
usually lower than that of the heats prepared with 
Ferro boron . H owever , the t rend was for the 
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coarsening temperat ure of austenite to be lowered 
by boron irrespective of the composition of the 
ferro alloy used. 

The effect of titanium on the austenite grain 
size of aluminum killed steels containing boron 
varied with the titanium, boron, and nitrogen 
content. The results obtained indicated that the 
role of each of the elements, titanium and nitrogen, 
is to raise the coarsening temperature of aus
tenite in these steels, but the presence of both of 
these elements tend to neu trahze their effective
ness as grain growth inhibitors. At steel-making 
temperatures, titanium reacts with nitrogen to 
form titanium nitride, a compound insoluble in 
austenite at heat-treating temperatures. UnliJ~e 

alumina and some other insoluble oxides or undis
solved carbides in austenite of plain carbon steels, 
t itanium nitride inclusions of microscopic dimen
sions did not raise the grain coarsening tempera
ture of these steels containing 0.0015 to 0.003 
percent of boron to that of the high-nitrogen steel 
without boron. Many of the high-nitrogen steels, 
with and without boron, and several with boron 
and titanium or zirconium were fine-grained at 
1,900° F . 

The grain size established in the hypereutectoid 
zone by carburizing at 1,700° F for 8 hI' varied to) 
some extent with the base composition of th e 
s teels. In general, the steels without chromium, 
nickel, or molybdenum were somewhat coarser 
grained than the steels containing one or more of 
t hese elements, and there was some indication of 
coarsening due to boron in the former steels, 
especially when the amounts were relatively high. 

(b) Commercial Steels 

The grain size at the temperature used in 
hardening (1,550 ° F ) the commercial steels is 
given in figure 30 and the influence of boron on the 
grain size at this temperature is illustrated in the 
typical photomicrographs of figure 7, D , E , and 
F. At 1,550° F, all the steels were fine-grained 
(fi g. 7, D and F ) except those containing relatively 
high additions with Ferroboron or Borosil; a fe\\' 
intermediate size grains were observed in speci
mens of the steels trea ted wit.h low additions of 
Ferroboron, Borosil, Silcaz No.3 (fig. 7, E ) and 
Bortam . The trend was for the size of th e grain 
at this temperature to decrease slightly with 
increase in boron when the additions were made in 
the mold with Silcaz No.3 (fig . 7, E and F ), 
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Grainal No. 79, Bortam, Grainal No.1 and Silcaz 
No.3, and to increase with boron in the steels 
treated with Ferroboron or Borosil (fig. 30). 
This latter trend for the grain size at the hardening 
temperature to increase with boron was similar 
to that of the experimental steels treated with 
Ferroboron, as illustrated in figure 7 A, B , and C. 

The base steel (C15 ) was fine-grained at 1,650° 
F , the temperature used for normalizing, but 
some coarsening occurred at 1,750° F. Some 
coarse grains were observed in a specimen heated 
at 1,650° F of steel C6 treated with a relatively 
sm all addi tion of Silcaz No.3, whereas the coars
ening temperature was above 1,750° F in steel 
C8 similarly treated except for higher additions of 
this complex ferro alloy. Thus the trend was 
for the austenite grains to increase in size by 
the addition of boron, but the grain growth tend
ency was somewhat counteracted by including 
sufficient amounts of certain grain refining ele
ments with the additions. 

The size of the grains established in both the 
carburized case and in the core (McQuaid-Elm 
test) also varied with the different s teels. Inter
mediate to fine grains (American Society for 
Testing :Materials Grain No.5 to 8) were obtained 
in th e case of all steels except those treated with 
relatively high addition of boron with Ferroboron 
or Borosil ; the average size of the grains of the 
latter steels (C13, C14, and C26) ranged from 
American Society for T esting Materials num
ber 4 to 6. Intermediate to coarse grams were 
observed in the core of all the steels. 

3. Hardenability 

Grossmann [19] has presented data showing the 
relation of carbon content to hardness (Rockwell 
C) for a structure containing 50 percent marten
site in plain carbon and low-alloy steels. This 
structure is obtained in the zone where the forma
tion of pearlite is most rapid during the quench
ing of a bar that hardens at the surface but re
mains unhardened in a part of the interior. The 
location of this zone is usually readily revealed by a 
change in appearance from the hardened case to 
the unhardened core of a fractured or polished 
and etched cross section. As the point of in
flection in hardenability curves showing the 
relation of the depth of hard ening to structure 
(or hardness) corresponds to a structure of about 
50 percen t martensite,. a determination of this 
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FrcUHE 7.- l nflllence of boron on the gmin size at tempemtures used in hardening experimental and commercial steels. 

Etched with 1% nitai, X JOO; A, H, and OJ experimental s tee ls ; D , E, and F , 
commercial steels. 

Boron 
Tcm p· ASTM 

Figure Stee l No . I--------,-----I craturc Grain No . 
Agcn t A.monnt 

----1-----1-----·-- ------ ------

Percent 
A _________ L _________ NOI1(L ____________ Kone 

B ........ _ 2 .......... FcrroboroIL ..... 0.0015 
0 ... ...... 4 •.......••..... <lo ..... ... .... . 0060 
D ......... 015 ....... Nonc ............. < .0001 
E ......... C6 ........ Si leaz No.3....... . 0009 
P ........ _ ('8 ............. do ........ . ... .0031 

I Boron- Trea.ted Stee ls 

OF 
1,575 8. 
1,575 7, fell' 4 to 6. 
1.575 3 to 7. 
l , 550 8. 
1,550 7, fcw 5. 
1, 550 8. 

poin t, either by microscopic examination or by 
hardness testing, in suitable specimens quenched 
und er controlled conditions is a method com
monly used as an index to hard enability. Ac
cording to Jominy [20], however, a decrease in 
hardness of about 5 points R ock well C from the 
water cooled end of tbe J ominy bar corresponds 
roughly to the Jormation of fl,bou t 5 percent pearl
ite (95% of martensite) , and sllch a point on the 
Jominy bar is a value that is used for a pract.ical 
detel'minfl,tion of hardenability. 
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The relation of carbon content of the present 
steels to Roekwell C hardness for structures con
taining 50 and 95 percent martensite is given in 
table 10 . . The hardness values used for 50 percent 
martensite were obtained from the data reported 
by Grossmann [19], whereas the hardness values 
for 95 percent mar tensite were established from 
the results of some of the end-quench tests . The 
latter values were 5 to 10 points Rockwell Clower 
than those obtained ~{6 inch from the water-cooled 
end of the bar. Some of these hardness values are 
appreciably lower than those that were recently 
reported by Hodge and Orehoski [21 ] for steels of 
similar carbop conten t and structures. 

T A BLE lO.- Relation oj carbon content to hanlness Jor 
structures containing 50, or 95 percent martensite 

Carbon, % 

0.20 ________ _______ ____ _________________________ _ 
0.30 _________________ ________ _____ __ ____________ _ 
0.45 ____________ ________ _____________ ___________ _ 

Hardness, Rockwell C 

50% mar· 95% mar-
tensi te 1 tensi Le 2 

32 
35 
42 

37 
45 

50 

1 Data obtaineclfrom GrossmanJl [19] (Metal T echnology, June 1942 TP1437). 
2 Da ta obtained [rom the end-quench tests. 

End-quench tests were made on initially nor
malized specimens quenched from the usually 
recommended temperature range of an the ex
perimental and commercial steels listed in tables 
1 to 8, and the results are presented in harden
ability charts of figures 8,11,13,14, 19,21,24,26, 
and 30. The curves of all the steels comprising 
an experimental heat are assembled in the same 
group , and the curves for the commercial steels 
are grouped accord ing to the trade name of the in
tensifier used . The curve for the steel without 
boron (C15) is also included in each group in the 
latter figure. Data on the chemical composition 
of the steels, trade name or type of intensifier, 
quenching temperature and grain size at the 
quenching temperature are given with each of 
these charts. 

Although the relative hardenabili ty of the 
various steels is obtained by a comparison of 
these curves, it is considerably more convenient 
to show the magnitude of the hardenability 
effect cI ue to boron (or other variable) from heat 
to heat by comparing the distances from the 
quenched end of the J ominy bars corresponding 
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to the same selected hardness v alues or structures. 
Comparisons, therefore, are m ade of the harden
ability of the various steels on the basis of the 
distances from the quenched end of the bar for 
hardness values corresponding to both 50 :md 9;j 
percent of mar tensite. Obviously, the greater 
the distance from the q uencn ed end at ,,-hich 
either of these two structUl'es is produced , th e j 
greater is the hardenability of the steeL 1 t 
should be pointed out that the order of arrange
ment of the steels as given in terms of harden
ability possibly would change with a change in 
basis for comparison or method for determining j 
hardenability . Furthermore, the standard end
quench test is not sui table for determining the 
hardenability of steels that h arden throughout 
in %- to I -in. or larger rounds by cooling in still 
air. Some of the experimental steels used in 
the present investigation, notably those contain
ing both nickel and chromium (fig. 24), or chi'o- j 
mium and molybdenum (fig . 26) were of the deep
or a.ir-hardening type. However, the end-quench 
test was also carried out on specimens of the 
latter steels with the thought that some indica- I' 
tion, perhaps not especially precise, would be 
obtained of the difference in hardenability arising 
from heat to heat and from the additions of vary-
ing amounts of boron . 

(a) Experimenta l Steels 

1. Oarbon-manganese . - The curves 0 b tained 
from the results of the end-quench tests of the 
carbon-manganese steels listed in table 1 are 

I 

given in figure 8. I 
The effect of boron on the hardenability (on 

the basis of the distance from the quenched end 
of the Jominy bar for 50 and 95 percen t of mar
tensite) of these steels with 0. 3 percent of carbon 
and variable manganese, and with 1.6 percent of 
manganese and variable carbon is shown in I 
figure 9_ Boron had a marked influence on the 
hardenability of these steels. However, the 
improvement in hard enability due to boron 
varied not only with the boron con tent but also I 
with the base composition (carbon ancl man
ganese) of the steels. With steels containing 0.3 
percent of carbon and 0.8 or 1. 25 percent of 
manganese or 0.2 percent of carbon and 1.6 
percent of manganese, the hardenability increaseci 

. con tinuously with increase in boron , bu t the 
improvement in harcl enability wi th 0.006 percen t 
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STEEL C Mn 8 
NO. % % % 

I 0.29 1.60. NQNE 
2 .28 1.60. .0.0.15 

3 .27 1.59 .0.0. 30. 

4 .27 1.61 .0.0.60. 
5 .47 1.56 No.NE 

6 .47 1.58 .0.015 

7 .46 1.57 .0.0.33 

8 .44 1.57 .0.0.62 
9 .21 1.54 No.NE 

10. .20. 1.58 .0.0.12 

0. 

ASTM STEEL C Mn 8 ASTM 
GR AIN NO. NO.. % % % ~RAIN NO. 

8 II 0..20. 5 5 p .0028 7 
7 12 .18 .50. .0.0.62 4To. 6 

7 13 .29 1.26 NONE 8 

6 14 .28 1.25 .0.0.20. 7 
6 TO. 7 15 .28 1.25 0.0.35 7 
4TQ6 16 .271.24 .0.0.69 5 TO. 6 

4 TO 6 17 .29 p .82 .0.0.0. 1 8 

4 TO. 5 18 .30. .82 .0.0.16 7 
8 19 .29 .82 .0.0.31 7 
8 20. .28 .79 .0.0.65 6 

12 16 20. 24 28 32 

DISTANCE FROM QUENCHED END OF SPECIMEN - SIXTEENTHS OF INCH 

FIGU RE 8.- 1Iardenability cUrves oj experimental carbon-manganese steels. 

The chemical composition of the steols is given in table 1. Each heat was deoxidized with 0.10 percent of aluminum before adding the boron in the furn aee 
with Ferroboron. Specimens were normali zed at l ,575° F (s tee ls 5 to 8) or 1,600° F (stee ls I to 4, 9 to 20) and end-quenched from 1,475° F (stoels 5 to 8) or 
1.570° F (steels 1 to '1 and 9 to 20) ; AS,], l"! grai n num ber at the qllenclling temperature. 

of boron was no greater than with 0.003 percen t 
in the 0.3 percent carbon, 1.6 percent manganese 
steel. The latter two steels (0.003 and 0.006% 
of boron) were deeper hard ening than the 0.001 5 
percent boron steel with similar carbon and 
manganese content . \Vith the 0.45 percent car
bon steels, the maximum increase in hard enability 
was obtained with the retention of 0.0062 percent 

j of boron, although 0.0033 percent was not as 
'I effective as 0.0015 percent. 

The influence of carbon on the harden abili ty of 
the 1.6 percen t manganese steels and the effect of 
manganese on the hardenability of steels with 0. 3 
percen t of carbon is shown in figure 10. Obvi
ously, the hal'd enability of the steels, with and 
without boron, increased with increase in manga
nese. An interesting feature is that the manganese 
was more efl'ective in increasing the hardenability 
of steels with boron than in the steels without this 
elemen t . Comparison of the curves also show 
that th e depth of hardening of 0.8 percent manga
nese steel with about 0.006 percent of boron was 
eq uivalent to that of 1.6 percent manganese steel 

Boron-Treated Steels 

without boron. That is, the increase in harden
abili ty due to 0.006 percent of boron was equiva
lent to that produced by an increase in about 80 
points of manganese. Except for the steels with 
0.003 percent of boron, the hardenability of the 1.6 
percen t manganese steels also increased wi th 
increase in carbon content , An inclication of the 
effectiveness of boron as a substitute for carbon 
in order to prod uce equivalent h ardenabiIi ty may 
be obtained by a comparison of these curves. The 
steels with 0.1 8 percent of carbon and 0.006 p er
cent of boron hardened to a somewhat greater 
depth than did the plain steel with 0.47 percent of 
carbon. That is, the incr ease in hardena bility due 
to about 0.006 percent of boron was equivalent to 
tbat produced by about 30 poin ts of carbon. 

The results summarized in figures 9 and 10 
also show tha t the effectiveness of boron in 
improving hardenability tended to increase with 
manganese content up to 1.6 percent and with 
carbon con ten t up to abou to. 3 percent, prov idecl 
comparisons arc made of the steels (without 
boroll, with those containing boron that developed 
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FIGURE g.- I nfluence of boron on the harden ability of experi
mental carbon-mctnganese steels. 

The chemical composition of the steels ( J to 20) is givel1 in table I. 

the maximum hardcnability) on the basis of 
change in distances from the quenched end of 
the Jominy bar for structures of either 50 or 95 
percent of martcnsite. Thc percentag'c change, 
however, decreased slightly with increasc in carbon 
in the steels wi th 1. 6 percent of manganese. 

2 . D eoxidat i on practice.- Th c hardenability 
curves obtained from th e rcsults of the end
quench tests of t hc carbon-manganese stecls 
deoxidized in different ways and listed in table 2 
are given in figure 11 and data from t hese curves 
are assembled in figure 12. The hardenability 
of these steels varied with the boron content, 
deoxidation practice and composi tion of the ferro
alloys used as intensifiers. 

For steels deoxidized with aluminum before 
making th e'~boron additions (fig. 12), the harden-
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FIGURE lO.- Relation of carbon and mcmganese content to 
the hardenability of e:1 perimenial steels. 

The chemical com posit ion or the sleels is gil'en in table 1. 

ability was enhanced by all additions of boron with 
Ferroboron, by 0.0008 percen t or more of boron 
with Grainal No. 79, and by 0.0025 percent or 
more of boron with Silcaz No. 3. The harden- I 
ability was increased only slightly by 0.0001 , 
0.0004 or 0.0006 percent of boron in the steels 
treated with Grainal No. 79 and by 0.0003, 0.0006, 
or 0.0008 percent of boron in the steels treated 
with Silcaz No.3. Unfortunately , steels with 
similar low amounts of boron were not prepared 
with Fen'oboron. The maximum harclenability ! 
that was attained in the steels treated with Silcaz 
was somewhat greater than that of the steels 
t rea ted with F erro boron or Gminal. (The lower 
hardenability of the Grainal treated steel may be 
due to its much lower boron conten t; its sili con i 
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lJoron AnM Bocoo A~M 
Steel Grai n No . StTeel G rain No. 
No. I t 1 5- 50 .}- No . 

___ I _______ A_ g.C_"_t_________ A Ill O ll~ ~~_( _'~ _______ ~_el_It ______ ~llOl1n t at ] ,575
0 

F . 

76 NOlle . _____________ • _____________________ _ 
77 Grai nal No. 79 ___________________________ _ 
78 _____ do ___________________________________ _ 
79 _____ do _____________ •... _______ . __ . _______ _ 
80 _____ do _________________ __________________ _ 
81 _____ do ___________________________________ _ 
33 None __________________________________ __ _ 

34 Grai nal No. 79 ___________________________ _ 
35 _____ do __________________________________ _ 
36 _____ clo ___________________________________ _ 

37 None ____________________________________ _ 
38 Synthetic mixture _____________ __________ _ 
39 _____ clo _____________________ ______________ _ 
40 _____ do ____________________________ _______ _ 

110 None . ___________________________________ _ 

Boron-Treated Steels 

Percent 
None 

0.0001 
.0004 
. 0006 
. 0008 
. 0017 
KOlle 

0. 0010 
. 0018 
. 0033 
None 

0. 0014 
. 0024 
. 0051 

None 

4 to 7 
4 to 8 

8 
7 to 8 
4 to 7 

3 t9 8 
8 

7 to 8 
4 to 7 

III None ____________________________________ _ 
112 _____ do ___________________________________ _ 
113 _____ do ___________________________________ _ 
64 _____ clo __________________________________ _ _ 
65 Si leaz .'.To. 3 ______________________________ _ 
66 _____ do ___________________________________ _ 
67 _____ do ___________________________________ _ 
68 _____ clo ___________________________________ _ 
69 _____ do ___________________________________ _ 
70 None ____________________________________ _ 
7l Si leaz .'.To. 3 ______________________________ _ 
72 _____ do ___________________________________ _ 
73 _____ do ___________________________________ _ 
74 _____ do ___________________________________ _ 
75 _____ do ___________________________________ _ 

Percent 
None 
None 
Kane 
None 

0. 0003 
. 0006 
. 0008 
. 0025 
. O~ll 

None 
0.0004 
. 0006 
. 001 5 
. 0027 
. 0086 

8 

8 
8 
8 
8 
8 

8 
3 to 7 
4 to 8 

8 
8 
8 
8 
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FIGuRE 12.-- l njluence oj boron on the hardenability oj 
experimental Cal' bon-manganese steels treated with di.o·er
ent intensifiers. 

T he chemical composition of tho stoels (0.3% C, 1.6% Mnl is gh-rn in 
tables 1 and 2. 

content was also appreciably lower than that of 
t he steel treated with Silcaz). 

For the steels not initially deoxidized with 
aluminum, the treatment with Silcaz No . 3 for 
boron content of 0.0004, 0.0006 , and 0.001 5 per
cent resulted in a decrease in hardenability but 
with higher amounts (0.0027 and 0.0086% of 
boron) the hardenability was improved markedly. 
The decrease in hardenability of the steels with 
low boron (0.0004 and 0.0006 %) is believed to be 
due principally to a difference in grain size at the 
hardening temperature of 1,575° F; the harden
ability of a steel usually increases with the size 
of the austenite grains. As the heat was not 
killed with aluminum before adding the intensifier, 
the base steel was relatively coarse-grained at the 
hardening temperature. Some grain refinement 
(at 1,575° F) resul ted from the treatment with 
sufficient Silcaz to produce a boron content of 
0.0004 percent. These steels were fine-grained 
when treated with this intensifier for a boron 
content of 0.0006 and 0.0015 percent. The 
hardenability of the steels comprising the heats 
treated with Grainal No. 79 or with a synthetic 
mixture similar in chemical composition to the 
Grainal was improved considerably by all addi-
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tions of boron. However, the retention of about 
0.001 percent of boron was just as effective as, 
amounts ranging up to about 0.005 percen t. I 
The increase in hal'denability of the steels treated 
alike with the synthetic mixture or Grainal No, 
79 was of the same order of magnitude and was 
about the same as the maximum attained in thel 
steels treated with Silcaz No.3. It is noteworthy 
that the steel treated with Silcaz No.3 for 0.0015 
percent of boron (Steel 73) was not as deep 
hardening as the base steel .Or other steels with 
greater or less amounts of boron. These results 
were checked wit h another end-quenched specimen! 
of the same steel (0.0017 % of boron). 

For the steels treated with a synthetic mixture I 
withou t boron (fig. 11 , steel llO to 113) the harcl
enability of the base steel (wi thout ti tanium, 
zirconium, or aluminum, steel 110) was greater 
than that of the other steels from the same heat 
that containpd 0.03 to 0.09 p ercent of titanium, 
0.006 to 0.007 percen t of zirconium and 0.005 to 
0.09 percent of aluminum. TIlis heat was not 
deoxidized with aluminum previously to making I' 
the additions of the synthetic mixture containing 
titanium, zirconium, and aluminum (the chemical 
composition of the mixture was similar to Grainal 
No. 79, except that boron was omitted. ) The 
base steel was relatively coarse-g-rained at the 
hardening temperature of 1,575 ° F, whereas the ! 
steels with titanium and zirconium were fine
grained. The observed difference in hardenability 
of the steels comprising this heat , therefore, is 
believed to be due primarily to a difference in ; 
grain size at the hardening temperature, or to the I 
absence or presence of titanium of zirconium 
inclusions in the austenite. 

T Ile steels treated with Silcaz No.3, Grainal 
No. 79, or a synthetic mixture contained varying ! 
amoun ts of titanium and zirconium in addition 
to boron. That the improvement in hardena
bility was due primarily to the boron content and 
not to titanium or zirconium is shown by a com- I 
parison of the hardenability curves of these boron
treated steels with those for the steels similar in 
composition except for the .Omission of boron. 
The steels containing titanium, zirconium, and 
boron were deep-hardening (except as pointed out 
for 71, 72, and 73) relative to the steels with only 
titanium and zirconium. 

An indication of the reproducibility of the hard
enability of the experimental steels from heat to 
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llea t is obtained by a comparison of the values of 
.~he base steels given in figure 12. Except for the 
romewhat higher hardenability of one of the base 
steels (steel 1), the values for the steels prepared 
111ike agree very closely. The steels killed with 
illuminum (except steel 1) were shallower harden
lng than the nonkilled steels . This difference in 
hardenabi.lity may be explained on the basis of 
~ariations in grain size at the hardening tem
perature. 

3. Nitrogcn. - The curves obtained from the 
res ults of the end-quench tests of the nitrogen 
pteels listen in table 3 are given in figures 13 and 14 . 

Three preliminary heats, namely, 9079, 9080, 
~nd 9081 were made to determine whether t he 
1)resence of about 0.015 percent of nitrogen affected 
:the hardenability of steels with 0.0 and 0.2 per
cent of titanium, treated with FelToboron for 
10 .006 percent of boron. Unfortunately, the car
bon in two of t he heats was below the desired 
amount . The preliminary results, hmvever, indi
:cated that t he hardenability of sLeels with about 
p. 010 and 0.015 percent of nitrogen ~Vl1S not en
hanced by the addition of 0.006 percent of boron 
l(less than 0.006 % of boron retained in some of 
the steels) without titanium whereas the harcl en
ability was improved in the boro n- treated steels 
containing a small amoun t of titanium . Addi
tional heats, therefore, were prepared with varia
ble nitrogen, 0.0 and 0.2 percent of titanium added 
as ferrotitanium , and 0.0015 and 0.003 percent of 
boron added as Ferroboron. One steel from each 
of these heats was also treated with Grainal No. 
79 for a boron content of 0.0015 percent. Other 
heats were made with a high nitrogen co ntent, 

land 0.0015 percent of boron added with Ferro
boron with and without titanium, zirconium , 
chromium, or chromium and titanium. The hard
enability of the base steels (without boron) was 
not materially affected by a change in nitrogen 
from 0.003 to 0.027 percent, as is shown in figure 
15. However, variations in nitrogen of this mag
nitude had a pronounced effect on the hardena-

Ibili ty of the steels that were treated with Ferro
boron and did not contain titanium. In the low
nitrogen (0.003 to 0.005% ) steels, the addition 
of boron markC'dly improved the hardenability, 
whereas this property was not significantly affected 
by the additions in the steels containing about 
0.010 percent or more of nitrogen. That is, the 
beneficial dfect of boron on hardenability of the 

IBoron-Treated Steels 
I 

steels COlllpn smg these heats was obtained only 
in the low-nitrogen steels. The act ion of boron 
in increasing harden ability , however, was main
tained to a considerable degree in the high-nitro
gen steels by the addition of titanium eiLher as a 
separate addition with ferro titanium or as a com
plex intensifier (Grainel No. 79). 

The effect of titanium on the harden ability of 
two additional heats of high-nitrogen-boron steels 
(0.020 percent of nitrogen, 0.0015 percent of boron, 
addition with Ferroboron ) is also shown by the 
curves of figure 16. There was some difference in 
the hardenability of the two steels without 
titanium each with 0.0013 percent of boron, and 
the value for one steel containing titanium appears 
to be out of line with the remaining steels of this 
particular heat. The trend was for the harden
ability of the steels of each heat to increase with 
titanium (retained) from 0 to about 0.08 percent 
and then to decrease with further increase in 
titanium (only one heat with retained titanium in 
excess of 0.1 percent). 

The hardenability of the steels from two heats 
containing high nitrogen and varying amounts of 
clll'omium (fig. 17) was not materially increaseet 
by 0.0015 percent of boron (addition with Ferro
boron), whereas the harden ability was improved 
by boron when the steels were also treated with 
titanium. 

The harden ability data for the steels treated 
with zirconium are given in figure 18. Additions 
ranging from 0.0 to 0.20 percent of zirconium were 
made to one heat, bu t the maximum amount 
recovered was less than 0.01 percent. Consider
ably higher additions, therefore, were made to 
some of the steels of the other heat and a ma)"'lmum 
concentration of about 0.6 percent of zirconium 
was attained. All these steels were treated for 
high nitrogen and for 0.0015 percent of boron 
(with Ferroboron). The hardenability of the 
steels comprising the heat with less than 0.01 
percent retained zirconium (steels 162 to 16.7) 
decreased with increase in amount added. The 
hardenability of the steels of the other heat (steels 
192 to 197) was not appreciably affected by the 
retention of zirconium lip to about 0.07 percent, 
but the hardenability was improved when the 
amount of zirconium was in excess of 0.20 percent. 
The presence of zirconium nitride inclusions was 
observed only in the latter steels with the relatively 
high hardenability. The wide difference in hard-
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FIGURE 13 .--Hardenability CUI'ves oj experimental ni tTogen steels containing 0.3 pel'cent oj carbon and 1.6 percent oj manganese I: 

Tbe chemical composi tion of tbe steels is given in table 3. E ach beat was d eoxidized with 0.10 percent of a lumi.num before addi ng t he boron in tbe furn ace 
with Ferroboron or in tl1e ladle with Grainal No. 79. Specimens were normalized at 1,6500 F and end-q uen ch ed from 1,575° F . 

Boron ASTM Boron ASTM 
Steel 

Ti N Grain Stee l --------- ---------- 'Pi N Graiu 
No. N O. a t No. No. at 

A gent Amowlt 1575° F Agent Amount J575° F 

Percent Percent Percent P ercent Percent Percent 
41 None ____________________ None None 0. 0035 8 149 FerroborolL . __________ ._ 0.002D 0. 11 0.010 8 
42 Ferroboroll ______________ 0.0042 None .003 3 to 6 47 None ________ ____________ None None . 014 8 
4~ _____ do ___________________ . 0044 0.13 . 0035 8 48 F errobDrorL _____________ 0.0053 None . 013 8 

138 None ____________________ Non e None . 005 8 49 _____ do ___________________ .0049 0. 17 . 015 8 
139 IT'el'rOborOlL . ____________ 0.0016 N one . 005 7 to 8 150 None. ___________________ None N one . 014 8 
140 _____ do ___________________ . 0030 N one . 006 7 to 8 "l 51 F erroboroLL _______ . _____ 0. 0017 None .013 8 
141 _____ do ___________________ .0035 0.12 . 006 8 152 _____ do ___________________ . 0032 None . 018 8 
142 Gra in a l No. 79 ___________ . 0010 . 03 . 004 7 to 8 153 _____ do ___________________ . 0025 0. 10 .017 7 to 8 
143 Ferroboro tl ______________ . 0015 . 11 . 007 8 154 Graln ol No. 79 ___________ . 0009 . 02 . 014 8 
44 None ____________________ Non e None . 0085 8 155 F erroborOll . _____________ .0013 . 06 .016 8 
45 Ferroborou ______________ 0.0059 None .0085 8 180 None ____________________ N one )Jane . 027 8 
46 _____ do ___________________ . 0053 0.20 . 011 8 181 F eJ'J'obo I'OIL _____________ 0.0014 None .025 8 

144 None ____________________ N one None . 007 8 182 _____ do _______ . ___________ . 0019 0.1 7 . 017 8 
145 FerroboroIL _______ • _____ 0.0018 )Jane . 009 8 183 G rainal Ko. 79 ___________ . 0006 . 02 . 021 8 
146 _____ do ___________________ .0026 N one . 009 8 184 FcrroborolL _____ . _______ . 0026 None . 023 8 
147 ___ __ do ________________ ___ . 0037 0.11 .013 8 185 _____ do _______ . ___________ . 0024 0.15 . 024 8 
148 Grain a l No . 79 ___________ . 0010 .02 . 010 8 
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DISTANCE FROM QUENCHED END OF SPECIMEN - SI XTEENTHS OF IN CH 

FIGURE 14.- IIardenabili ty cuI'ves of experimental high-ni trogen steels containing 0 .3 percent of carbon and 1.6 
percent oj manganese. 

I T he cbemical com position o[ the steels is given in table 3. E ach heat was deoxidi zed wi t h 0.10 percent o[ a lum inum be [ore add ing the b oron in t he furn ace 
wit h F crrobol'on. 

I Specimens were normalized a t 1,650 0 F and cnd-qllenched from 1,575 0 F . 
,==================~====~====~====~====~==A=s='r=N[==~==================~====7=====~====~====~=A=S=1=' N[== 

Stee l N o. B 

Percent 
156 ... ____ . . _ .. ___ . . ____ . __ . 0.0013 
157 ______________________ ___ .OGl2 
158 ..... __________________ .. .001l 

, 159 ____ . _______ . __________ __ . 00 12 

I 

; 

I 

160 ... ____ . __ . ________ .. __ .. .0015 
.1 61 ... __________ .. ______ . __ . .0010 
186 .....• ____ . ________ . . __ . . .0013 
187. ________ . ______ . ________ .0010 
188 ... ______ . __ . ______ . . ____ . GOIl 
189 ... ____ . ____ •.. ____ .. __ __ . 0012 
190 ... __ __ . __ . ________ . ____ . .001l 
19L ... __ .. __ . ________ .... . . .0012 
168 ... __ . ________ . __________ N one 
169 . ________________________ 0 0014 
170 ... ______ . ______ . ________ . 0016 
I) L ... __ . . ____ . ______ ... __ . .001l 
172 ..... __ . ____ ..... ____ .. __ . 0016 
173 ... ______ .. ____ .. ________ .0011 

Boron-Treated Steels 
7450!H--47- - 7 

0 1' '1' i Zr 

Percent Percent Percent 
N on e N one N one 
N one 0.01 N on e 
None .01 N one 
N one .02 None 
None . 03 N one 
None .08 None 
None None None 
None 0.04 None 
N one . 07 None 
None . J2 N one 
1\Tonc .15 None 
None . 36 N one 
N one None None 
None None N one 

0.50 None NOlle 
. W 0.10 None 
. 75 None None 
. 75 0.08 None 

~~~~ Stee l N o. B 01' '1'i ZI' *~~~ 
J ,575° F 1,575° F 

8 

8 
E 
8 
8 

7 to 8 

198 .... __ ... __ ....... ______ . 
199 ... ____________ . ________ . 
200 ... __ • __________ . ________ 
201. .. __ . __ . __ .. ____ . __ . ____ 
.202 .... __ . __ ....... ______ . __ 
203 ... ______ . __ . __ . __ . __ ____ 

162 ..... __ '.' __ .. ____ . ... __ .. 
163 __ . ______________ . ______ . 
164 .. . ____ ____ .. __ __ __ . __ __ . 
165 ... ______ . __ . ____________ 
166 __ . ______________ . ____ . __ 
167 ... __________ . __ . ________ 
197 __ .. ____ . __ . ____________ . 
193 __ . ______________________ 

194 .... __ . __ . __ . __ .. ______ .. 
195 .. ____ . ________ . __ . ______ 
196 ... ______________________ 
197 .. __________ . ____________ 

Percent Percent 
N or:; c Non e 

0.0014 N on e 
.0014 0. 48 
.0010 . 51 
. 0015 .72 
. 0012 .75 
.00J4 N one 
.0015 N oc e 
.0010 N oD e 
. 001 3 None 
. 001' Tone 
.0(09 None 
.0013 N on e 
. 0014 N one 
. 00Lb N one 
. 0013 None 
. 0011 N one 
. 0012 N on e 

P ercent P erCFlI t 
N OI :c N one 8 
None None 8 
N one N one 8 

O. ~5 No ne 8 
None None 8 

0 25 N one 8 
N one N one 8 
N one < 0.01 
N one < . OL 
1 orw < . 01 8 
None <. 01 8 
l\Tonc <. OL 8 
None N one 
N one 0.03 8 
None .07 
None . 22 4 to 8 
Non e . 45 4 to 8 
None . 62 8 
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FIGU RE I5. - Influence of nitrogen on the hardenabili ty of 
experimental steels containing 0.3 percent of carbon and 
1.6 percent of manganese. 

(S teels, 42. 138 to 155. and 180 to 185, table 3). 
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FIGURE I6 .- Influence of titanium on the hardenability of 
boron-treated experimental steels containing high nitrogen , 
0.3 percent of carbon, and 1.6 percent of manganese. 

The chemical composition of the steels is given in table 3. 
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FIGURE I7 .- Influence of chromium on the he rdenability ofl 
experimental steels c01l.taining high nitrogen, 0 .3 percent ofi 
carbon, and 0.8 percent of manganese. i 

Steels 168 to 173 and 198 to 203, table 3. I 
I 

ZIRCONIUM- PERCENT 

FIGURE IS.-Influence of zirconium on the hardenability 
of boron-treated experimental steels containing high nitro- i 
gen, 0 .3 percent of carbon, and 1.6 percent of manganese. 

'I' he chemical composition or the steels is given in table 3. 
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enability of the two steels (162 and 192) not 
treated with zirconium, each containing about 
0.0015 percent of boron might be due principally 
to a differen ce in carbon content (table 3). These 
results serve again to emphasize the interrelation
ship of carbon and boron and the hardenability of 
steels containing low to medium carbon. 

A correlation of the nitrogen values (table 3) 
with hardcnability show, in general, a fair agree
m en t between the proportion of nitrogen soluble 
in 1 to 1 sulfuric acid and the hardenability of the 
boron steels with and without titanium. In the 
high-nitrogen steels prepared without titanium, or 
with zirconium , practically all the nitrogen was 
soluble in sulfuric acid, whereas in the steels con
taining titanium a large percentage of the nitrogen 
was usually insoluble. Whether the boron en
hanced the harden ability of these steels without 
titanium or zirconium depended primarily upon 
the nitrogen con ten t . If the values for soluble 

60 

increasing hardenability. The exceptions were 
high acid-soluble nitrogen-boron steels without 
titanium (steels 156 and 162) and with titanium 
(steels 183, 157, 158, 159, and 187) that had fair 
to good harden ability. Microscopic examination 
showed the presence of titanium nitride, a com
pound insoluble in sulfuric acid at 3500 F , in all 
the steels treated with ti tanium. 

For the high-nitrogen steels treated wi th zir
conium, practically all the nitrogen was soluble in 
sulphuric acid. Microscopic examination, how
ever , sho\ved that zirconium nitride inclusions 
were formed with the addition of sufficient zir
conium . These inclusions were insoluble in aus
tenite at heat-treating temperatures but were 
soluble in sulfuric acid, It is clear, therefore, that 
nitrogen compound s may readily exist that are 
soluble in a given acid and insoluble in austenite 
at heat-treating temperatures, A close correlation 
in all cases between acid-soluble ni trogen and 
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DISTANCE; FROM QUENCHED END OF SPECIMEN - SIXTEENTHS OFINCH 

FIGURE 19.-11ardenability curves of experimental nickel steels containing 0.3 percent of carbon and 0.8 percent of manganese. 

'rhe chemical composit ion of t be steels is given in table 4. Eacb heat was d eox id ized wit h 0.10 percent of alum inum before adding t he boron in t he furnace 
with Ferroboron. SpeCimens were n ormali zed at 1,650° F and end-q uen cbed from 1,575° F. 

Steel ' n, B I AS'I'M I ASTM 
Grai n No. Steel No. B Grain No. 
at 1,575° F at 1,575° F 

--- ---------------------- ---------------.------- --- ,---1,---

Percent 98 _____________ ____________________________________ _ 104- __ __ __ ___________ ________ _______ __________ __ ___ _ 
0. 0027 8 99 _________________________________________________ _ 105 _____ __ ___________ ______ _______ __ ______ __ _______ _ 
.0052 2t08 100 ________ ______ ________________________________ __ _ 8 106 ____ ___ __ _______ ____ ____ ____ _______ __ ___________ _ 
None 8 LOl _____________________________ ___________________ _ 

Percent 
None 

0.oo l7 
.0031 
. 0050 
None 

0.0017 

2 to 8 107 __ _________ _____ _________ _________ _______ __ _____ _ 
0.0014 8 102 _________________ ___ _______ __ _______ ______ ______ _ 

103 ______________ _____________________________ ___ __ _ 

nitrogen wer e high, then the boron was usually 
r elatively ineffective in improving the harden
ability, and such a steel was comparatively shallow 
hardening. If sufficient titanium were added to 
combine with the nitrogen to form titanium nitride, 
then a large percentage of the nitrogen was in
soluble in acid, and the boron was effective in 

Boron-Trea.ted Steels 

8 108 __ ___ __ ______ __ __ ____ __________ ____ _____________ _ 
.0026 8 

8 109 __________ _______ __________ __ ___________________ _ 
. 0014 2t08 

hardenability of boron-treated steels should not 
be expected . It should also be pointed out that 
the additions of titanium or zirconium in excess of 
that required to react with the nitrogen in boron
treated steels, may form carbides or enter into 
solution in the austenite and thus affect the 
hardenability. 
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Steels 98 to 109, table 4. 

T he results of this study indicate that the role 
of titanium or zirconium in enhancing the harden
ability of boron-treated steels containing high 
nitrogen is to act as a "fixer" for nitrogen by 
forming nitrides insoluble in a ustenite at harden
ing temperatures and thus to decrease the amount 
of soluble nitrogen available for reaction. with 
boron. Both titanium and zirconium appear to 
have a greater affinity than boron for nitrogen, 
and the presence of sufficient amounts of either of 
these clements in high-nitrogen steels treated with 
boroll has a desirable over-all effect on h3,;,den
ability .similar to that of a boron addition to a 
low-nitrogen steel. 

4. N ickel.- The curves obtained from the r esults 
of the end-quench tests of the nickel steels listed 
in table 4 are given in figure 19 . 

As is illustrated in figure 20, the hardenabil ity 
of the steels without boron was only moderately' 
i.mproved by the additions of nickel ranging up 
to 1.1 percent. There was a slight improvement 
in hardenability due to boron, especinlly Iyith 
0.0044 percent, in the heat with 1.06 percent of 
nickel. The high-boron steel, however , contained 
some coarse grains at the hardening temperature 
of 1,575° F , and this is a factor that tends to 
increase hardenability. The effectiveness of boron 
in improving the hardenability of steels with 0.3 

1.\(:" 
percent of carbon and 0.90 percent of manganese, 
therefore, was not materially enhanced by the 

98 

addition of nickel ranging up to 1.1 percent. All 
these steels were relatively shallow-hardening. 

A comparison of the hardenability of the steel 
with 0.0065 percent of boron without nickel and 
the steel withou t boron but with 1.06 percent of 
nickel show that the inerease in hardenability due 
to boron was somewhat greater than that produced 
by the nickel. 

5. Chromium. - The curves obtained from the 
res ults of the end-quench tests of the chromium 
steels listed in table 5 are given in figure 21. 

The hardenability of the steels, with and without 
chromium and with varying amounts of manganese 
was enhanced in all cases by the addition of boron 
either with Ferl'oboron or GrainaJ No. 7Q. The 
effeetiveness of boron in improving harclenability, 
however, varied with the base composition of the 
heats and with the intensifiers used. Further
more, the increase in this property due to boron 
was no t always directly proportional to the amount 
added or retained in the steel. In some heats, the 
maximum effects were obtained with additions of 
0.0015 or 0.003 percent, whereas in the other heats 
the steel with 0.006 percent of boron had the 
maximum hardenability. 

The infl uence of boron additions made with 
eit.her FeIToboron or Grainal No. 79 on Lhe harden
ability of steels with varying amo unts of chromium 
and 0.8, 1.25, or 1.6 percent of manganese is shown 
in figures 22 and 23. For the heats ,vith 0.8 per
cent of manganese (fig. 22), the l1ardenability was 
a maximum, with the highest boron content in 
each of the heats with 0.0,0.25 , 0. 5, and 0.75 per
cent of chromium, but the increase in hardenability 
due to about 0.0015 percent of boron was equiva
lent to or greater th itn that produced by about 
0.0030 percent. It should be ngain pointed out, 
that the grain size at the hardening temperature 
of these steels treated with Ferroboron tended to 
increase with boron content and the improvement 
in hardenability of the steels with the highest 
boron might be partially due to a grain-size effect. 
The hardenability of the 0.0065 percent of boron 
steel without chromium was of the same order of 
magnitude as that of the 0.75 percent of chromium 
steel without boron. That is, the increase in 
hardenability of the 0.8 percent manganese steels 
due to 0.0065 pereent of boron was equivalent to 
that produced by about 0.75 percent of chromium. 
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F JGURE 21.- Ha j·denability curves oj experimental chromium steels containing 0.3 percent oj carbon. 

'1' he chemical composition of t he steels is given in table 5. Each h eat was deoxidized with 0.10 percent of aluminum before addi ng th e boron in the furnace 
with Fcrroboron or in t he Indio with Ominal No. i9. Speci mens wer e n orm alized at 1,650° F and end-Quenched from 1,575° F . 

Steel 
No. Agent 

B oron 

86 None . ________________ .. _________________ _ 

87 Ferroboron . - - _________ .. --- ---------- - - --
88 ___ __ do __ ______ .. ----- - .. --------- .. -- ----
89 ____ _ do ____ ____ .. -- ___ --------------------
90 NODe . ___ ---_ --- -- ---- - - .. ---- ------- -----
91 Ferroboron . ___ __________ .. _____________ _ 
92 ____ _ do ______________ .. ___________________ _ 

93 _. ___ do ____ _____________ -- ------- ---- ------
94 NODe ___ __ __ - _____ . ---- ____ _ --- ---- ------ -
95 Ferroboron . ______ . ______ - __ . --- --- -------
96 ____ _ do . __________ -_ -- --- ______ --- .. ---- ---
97 ____ _ do _. ____ .. ___________________ -- -- -----

]]4 Non~ _______ _______________________ -- - __ __ 

115 Fcrroboron . ____________ -- ___ --_ --- --- ---
116 ____ _ do _______________ _ . - ___ _____ --- - -- ----
117 ____ .do _____________________ -___ -_ -- ---- ---
lIS Graina l No. 79 ___ __ ________________ ______ _ 
ll9 _____ do ________ _____ ___________________ _ ---

Boron-Treated Steels 

AS'l'M 
Grain N o. 

Amount at 1,575° F 

Percent 
No ne 

0.0018 
. 0029 
. 0018 
Tone 

0. 0013 
.0024 
. 0050 
None 

0.0015 
. 002i 
.0048 
None 

0.0017 
.0029 
.0057 
. 0011 
. ii033 

3 to 8 
8 

8 
4 to 8 

8 
8 

7 to 8 
6 to 8 

8 
8 
8 

4 to 8 
8 
8 

Steel 
No. Agent 

Boron 

120 N one _________ ________ ___________________ . 
121 F crroboroD ___________ ____ _____________ __ 
122 _____ do . ________________________________ __ 
123 _____ do .. _____________ _____ ______________ __ 

124 Grain al No. 79 __ __________________ ______ __ 
125 _____ do . ____________ .. ____________________ ... 
126 None ___________________________________ _ 

127 Ferroboron .. _________________ _______ __ ---
128 ____ _ do ________________ _______ ___ ________ __ 
129 _____ do ____ ________ _______ _______ - --- ____ __ 
130 Grainal No. 79 ___ _____________________ .. _ 
131 _____ do _______________ .. ________________ __ 
132 None _______________________________ -- - --. 
J33 F erroboroD ____ ________________ ___ ---- --
134 ____ _ do _______________ _____ ------ -- -- -- ----
J35 ____ _ do ______ ______ _______ __ ______ --- --- --. 
136 Gra inal No . ;9 _____________ _____________ _ 
137 ___ __ do .. ______________ ____ ___ __ ___ .. ___ --

A STM 
Grain No. 

Amount at 1,575° F 

Percent 
None 8 

0. 0014 8 
.0030 • 7 10 8 
. 0051 4 to 8 
. 00 11 8 
.0038 8 
None 7 to 8 

0. 0016 7 to 8 
.003 1 6 to 8 
.0049 4 to 8 
.0009 7 to 8 
. 0039 7 to 8 
None 7 to 8 

0. 0010 6 to 8 
.0028 6 to 8 
.0057 4 to 7 
. 0011 8 
. 000J 
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FIGU RE 22.-Injluence of boron on the hardenability of 
experimental chromium steels containing 0. 3 percent of 
carbon and 0.8 or 1.25 percent of manganese. 

Steels 86 to 97 and 114 to 125, ta ble 5. 
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FI GURE 23.-Injluence of boron on the hardenability of 
expen:mental chromium steels containing 0.3 percent of 
carbon and 1.6 percent of manganese. 

Steels 126 to 137, table 5. 

100 

For the heats with l.25 percent of manganese, 
(fig. 22) the increase in hardenability due to boron 
additions with Ferroboron was again a maximum 
in the steel containing the highest boron from each 
of the two heats with 0.0 and 0.25 percent of 
chromium, but the addition of about 0.0015 per
cent of boron resulted in about the same improve
ment as 0.003 percent. With the 0.5 percent 
chromium steels, the addition of about 0.0015 
percent of boron with either Ferroboron or Grainal 
No. 79 was as effective in increasing hardenability 
as considerably higher additions made with the 
same intensifiers. Furthermore, a lower harden a
bility was obtained with 0.003 percent than with 
0.0015 or 0.005 percent of boron when the additions 
were made with Ferroboron. The addition of 
boron with Grainal No. 79 was more effective in 
improving the hardenability of each heat with 
0.25 or 0.5 percent of chromium than was the 
treatment with Ferroboron. A noteworthy fea
ture is the marked improvement in hardenability 
due to the addition of 0.001 to 0.0015 percent of 
boron with Grainal No. 79 to the steels with 0.25 
and 0.50 percent of chromium and with Ferro
boron to the latter steel. 

The hardenability of the steel with 0.0069 per
cent of boron (addition with Ferroboron) without 
chromium was greater than that of the 0.50 
percent chromium steel without boron. Thus, 
0.007 percent of boron was equivalent to more 
than 0.5 percent of chromium in increasing the 
hardenability of steels containing 1.25 percent of 
manganese. 

For the heats with l.6 percent of manganese 
(fig. 23), the harden ability of the steels without 
chromium increased with increase in boron from 1 

0.0 to 0.003 percent then remained constant with 
further increase in boron (additions made with 
Ferroboron). The increase in hardenability clue 
to similar amounts of boron (additions with 
Ferroboron) was greater for the 0.25 percent 
chromium steel than for the steel with 0.50 per
cent. Since the hardenability of low alloy steels 
usually increases with the chromium content, this 
effect of small additions of boron made with Ferro
boron on these l.6 percent manganese steels with 
varying amounts of chromium was unexpected. 
End-quench tests were repeated with specimens 
of each of the steels containing about 0.0015 
percent of boron and spectrographic analyses for 
chromium and manganese were made on the end-
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quenched bars from all the steels comprising the 
two heats. The results of the original and check 
tests agreed closely. Microscopic examination 
showed no evidence of free carbides in the Jominy 
bars after the end-quench test of either of the two 
s teels. Deoxidation practice and additions of 
Ferroboron were similar for both heats and the 
percentages of the various elements (table 5) 
were quite similar in all these steels (except for 
chromium content). Furthermore, when com
parisons are made on the basis of the results re
produced in figure 23, the hardenability of the 
steels with 0.003 percent of boron was not im
proved by a change in chromium from 0.0 to 0.50 
percent. For the steels treated with Grainal No. 
79, the hardenability of the 0.50 percent chromium 
steels was somewhat greater than that of 0.25 
percent. However , the retention of approximately 
0 .001 percent of boron was about as effective as 
0.004 percent. 

The slope of the curves of figures 22 and 23 
show that the effectiveness of boron in improving 
hardenability was somewhat enhanced in the 0.8 
percent manganese steels by the presence of 
chromium and considerably enhanced by its 
presence in the steels containing low additions 
of boron (especially with Grainal No. 79) and 
1.25 or 1.6 percent of manganese . In general, the 
effectiveness of boron increased with increase in 
both clll'omium and manganese and boron addi
tions with Grainal No. 79 were more effective 
than with Ferroboron. 

6. Nickel-Chromium.- The curves obtained 
from the results of the end-quench tests of the 
nickel-chromium steels listed in table 6 are given 
in figure 24. 

As already pointed out, the standard end
quench test is not well suited for determining the 
hardenability of steels that harden throughout in 
%-in. or larger rounds by cooling in still air, such 
as the present steels with 1.6 percent of manganese. 
It is obvious from the results of the end-quench 
test that comparisons of the hardenability on the 
basis of the distances from the quenched end of 
the bars corresponding to a hardness value of 
Rockwell C 35 (50% of martensite) cannot be 
made with all the 1.6 percent of manganese steels. 
However, a comparison of these steels, as usual, 
can be made of the distances corresponding to 
Rockwell C 45 (95% of martensite). 

The effectiveness of boron in improving the 

Boron-Treated Steels 

hardenability of the steels with 0.5 percent of 
chromium and varying amounts of nickel and 
manganese varied with the chemical composition 
of the intensifier and the amount of boron retained. 
Improvement, in some cases insignificent, was 
obtained by the additions of boron, but the in
crease in hardenability due to similar amounts 
was usually considerably more marked when the 
additions were made with Grainal No. 79 than 
with Ferroboron. Furthermore, a ma}"'lmum was 
obtained for the steel of each heat with the small
est addition (0.0007 % added, 0 .0005 to 0.0010% 
retained) of Ferroboron whereas the increase in 
hardenability from the treatment with Grainal 
No. 79 was not so critically dependent upon the 
final boron content (fig. 25). 

The hardenability increased slighLly with a 
change in nickel from 0.5 to 1.0 percent in these 
0.5 percent of chromium, 0.8 or 1.6 percent 
manganese steels without boron and also in the 
0.8 percent mangn,nese steels treated alike with 
F erroboron. However, a decrease in hardenability 
was obtained in the steels with 1.6 percent of 
manganese and about 0.003 to 0.006 percent of 
boron (additions wit.h Ferroboron) with a change 
in nickel from 0.5 to 1.0 percent. The results of the 
tests with the 1.6 percen t manganese steels agree 
closely with those obtained on 1.6 pereent of 
manganese, 0.25 and 0.5 percent clll'omi,um steels 
without nickel (fig . 23), in that boron additions 
were considerably more effective when made with 
Grainal No. 79 than with Ferroboron; and treat
ments with Grainal for abo ut 0.001 percent re
tained boron were approximately as effective as 
higher amounts. However, the relatively low 
values for hardenabili ty obtained with some of the 
presen t steels treated with Ferroboron was unex
pected , especially in view of the results reported 
for similar steels by Lorig, Rosenthal , and Udy 
[22] . They found that additions of 0.0015 or 0.003 
percent of boron with Ferroboron or 0.002 percent 
of boron with Graina.l No. 79 were about equally 
effective in increasing the hardenability of wrought 
steels containing 0.5 percent of chromium, 0.5 
percent of nickel with and without molybdenum, 
and that the addi tion of 0.006 percent of boron as 
Ferroboron produced slightly, but noticeably less, 
hardenability t han the other additions. 

As already pointed out, the effectiveness of 
boron in increasing hardenabili ty varied with the 
nitrogen content of the steels investigated. In high 
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FIGURE 24.- Hardenability curves of experimental nickel-chromium steels containing 0.3 percent of carbon. 

The chemical composition of the steels is given in table 6. Each heat was deoxidized witb 0. 10 percent of aluminum before add in g tbe boron in thc furnace 
witb Ferroboron or Grainal "o. 79. Specimens were normalized at 1,675° F and end·queuched from 1,600° F. 

Steel 
No. 

Agent 

Boron 

Amount 

ASTM 
Grai n No. 
at 1,600° F 

Steel 
N o. 

Agent 

Boron 

Anloun t 

AS'fM 
Grain No. 
at 1,600° F 

- -- - - - - - --------- - - - - - - ----- ---1-- ---- ·_--- _·_---_·_ - ---- - ----

264 NOlle . _. _________ . _________ " __ .. _________ _ 
265 F r rrohOrDu ______ _______ __ _____ _____ _ . __ _ . 

266 ..... do .. . ......... ' .................... . . 
2fi7 ..... do .... ........... . .. ... ... . ......... . . 
2G8 ..... do ...... ... ..... . ....... ......... "' .. 
209 . . .. do ....... .. ...... . ..... . .............. . 
252 None ........ . .. . . . . . .... . .. . ......... . . . 
253 FCIToborO D ____ . __ _______ ___________ .. ____ _ 

254 .. . .. do ......... .. ....... .. .... . ...... .. . 
255 .. • .. do ... . ........ ... . .. .. ....... . .. .. . . 
25ti .. . .. do ..... .... .. . ... . ... . ........... .. . 
257 .. • .. do .•............ . ... . . . ...... . .. ... .. 
270 None ....... .. ..... . ..... . . . " .... . ... ... . 
271 Gra inal No. 79 .. .... .. . ......... . .. . . . . 
272 .• . . . do ... . " " ......... ' . . ........ .. ..... . 
273 ... . . d o . . . ........ ... . . .... . ... . ... " ... . . . 
274 ..•.. do .. ... . . ......... . . . . . . .. ... .. ...... . 
275 _. __ .do __ . ___ • ___ __ _______ __ _ • __ _ • _____ __ . _ 
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Percent 
None 

0.0008 
.0009 
. 0014 
.0028 
. 0053 
N one 

0.0010 
. 00:4 
. 0018 
. 003 1 
. 0050 
None 

0. 0005 
.0005 
. 0008 
. 001 5 
.0026 

7 to 8 
8 

240 None ......... .. ... . ..................... . 
241 F crroboron .... ... ..... . ..•. . . .. .......... 
242 . •. .. do .............. ..................... . 
243 .•... do ..... . ................... ..... . .... . 
244 ..... do ... . .... . .... . .... . .. ... . .......... . 
245 ••... do .... . . . . , ., . . ... • ... . ....... ,., . . . 
24! i None __ ________ __ • ______ •. • _. _______ _____ _ 

247 Ferrohoron ..... .... ... . ... . ....... ' . . " .. 
248 .. ... do . . ....... . ... .. ... . . . ....... . ..... . . 
249 . .. . . do .. . .......... . . . . .... . ......... .. . . 
~50 . .. . . do ...... . ...................... . .. . . . . 
251 ..... do ........ . " ' ....... . .. . ... . ... . .... . 
276 J\Tolle __ _____ _____ . ___________ ___ . _. ___ ___ _ 

277 Grainal No. 79 _____ ____ _____ ________ _____ _ 

278 ..... do ........ ~ ........ . ... . . . .. " .. . ... . . 
279 ..... do ......•..... .. .. .... . .. ...... . .. . .... 
280 ..... do ........ .. ....... . .... . . " ..... ,., .. . 
281 ..... do .. . ....... . .... . ..... ... ..... . . ... . 

Percent 
None 

0.0009 
. 0010 
. 0014 
.002D 
.001;1 

Non e 
o 0011 
. OOOS 
. 0017 
. 003 1 
. 0063 
N one 

0. 0005 
. 0006 
. 0014 
. 0018 
. 0030 

7 
7 

7 to 8 

7 
7 

7 

7 to 8 
7 to 8 

J oUIna1 of Research 



r 

o 05~. NICKEll"ERRO 
BORON) STEELS 264 ro 269 
~ 10" .. NICKEL (FERRO

BORON) STEELS 252 TO 257 
0 10% NICKEL (GRAINAL NO. 
79) STEELS 270 TO 275 

~ 12 t---n+---+------l 
... 
o 

~ 8 .... 
z 
"' w .... 
~ 4 r:I'4:l9==~g:::_::--L;. 

" ~ 0 

" ~ 20 
<> z 
w 
:::> 

ROCKWELL C 45 
(951, MARTENSITE 
ROCKWELL C 35 

(501, MARTENSITE) 

o 16 1-:;11--+-":>--+---'- -1 
::Ii 
o 

'" ... 
~ 12 
z 
I! 
VI 

Ci 8 Ii--"-- -'-Iort------+--J 

4 ~---+----+--l 

STEELS WITH 0.8 '\\ MAN 
o GANESE 0 .5% CHROMIU~ 

ROCKWI'.LL C 45 
(951, MARTENSITE) 

RC,47 I I" 
40~-oq--o~I--r_-~ 

005% NICKEl {FERROBORON) 
STEELS 240 TO 245 

36 _ 61.0% NICKEL (FERROBORON) 

14 STEELS 246 TO 251 
J I 0 1.0% NICKEL (GRAINAl NO 79) 

I~I~I ~~=TE~E, L=S~2=76=TO==2~81==~ 
32 l-

I ~ 
I I 

28~,HLI-+-----+--+--~ 

, I 
I I 

24Hrr-~-+----+--r_-~ 

8 f---- -f----+--+---l 

4 ----r-~--r_-~ 

STEELS WITH 1.6°1, MANGANESE, 
o 0 570 CHROMIU~ 

o 002 .004 006 0 .002 .004 .006 
BORON - PERCENT 

FIGURE 25.- lnjluen,ce of boron on the hardenability of experi
mental nickel-chromium steels containing O.S percent of 
carbon. 

The cbemical composition of the steels is given in table 6. 

nitrogen steels, withou t titanium or zirconium, 
additions of 0.0015 or 0.003 percent of boron with 
Ferroboron were usually ineffective in increasing 
hardenability, but the boron effec t was retained by 
includ ing sufficien t amounts of either titanium or 
zirconium to react with most of the nitrogen and 
thus form nitride inclusions that were insoluble in 
austeni te at the heat-treating temperatures used. 
The resul ts of the determinations for nitrogen of 
the steels listed in table 6 show that some of the 
values were on the high side of the range normally 
obtained with the induetion heats . In these 
aluminum-killed steels treated with Ferroboron , 
all the nitrogen was soluble in 1 to 1 or stronger 
sulfuric acid, and presumably a large percentage 
was availn.ble for reacting with the boron at the 
hardening temperature, whereas in the aluminum
killed steels treated with Grainal No. 79 , a large 
port ion of tb e nitrogen at h eat-treating tempera
tures existed as titanium or ' zirconium inclusions. 
The hardenability of the latter steels, with low 

Boron-Treated Steels 

acid-soluble nitrogen, was considerably enhanced 
by boron. However, no very definite correlation 
appeared to h ave existed between total nitrogen 
and hardenability. For example, the trend was for 
the hardenability of the steels comprising heats 
10101 and 10102 that were treated with Ferro
boron, to decrease with a decrease in nitrogen 
values, a condition that is th~ reverse of that 
ordinarily expccted from the results previously 
described . 

Lorig, and coworkers [22] found tha t incomplete 
deoxidation had an adverse effect on the harden
ability of boron-treated steels. Insufficien tly de
oxidized heats often showed complete obliteration 
or irregularity in the hardenability effects du e to 
the boron additions, and they reported tha t the 
low hardenability values of such heats were in no 
way connected with the analysis. 

Since the Grainal No. 79 eontained abou t 13 
percent of aluminum and other elements (titanium 
and zirconium) that are effective a deoxidizers, 
the steels processed from heats treated with this 
intensifier should be somewhat more thoroughly 
deoxidized than those deoxidized solely with 0.10 
percent of aluminum. However , it seems reason
a ble to expec t tha t the addition of 0.10 percent 
of aluminum to an induction melt just prior to 
treating with Ferroboron 'would be ample for 
deoxidation of the heat and thereby prevent undue 
loss of boron or a change of its condition into a 
form incapable of exerting its full effect on harden
ability . Thus the observed irregularities in the 
harden abili ty of these boron treated nickcl
chromium steels and in some of the following 
chromium-molybdenum steels cannot be entirely 
attributed to their nitrogen conten t or to the 
deoxidizing practice. 

7. Chromium-molybdenum.- The curves ob
tain ed from the results of the end-quench tests of 
the chromium-molybdenum steels listed in table 
7 are given in figure 26. The effect of boron on 
hardenability, based upon the penetration in the 
end-quenched bar for hardness values of Rockwell 
C 35 and C 45 is shown 111 figures 27 and 28 , 

For the chromium-molybdenum steels compri s
ing the two heats containing 0.8 percent of man
ganese (fig. 27) the hardenability was increased 
somewhat by relatively small additions of boron 
with F erroboron and with all additions of Grainal 
No. 79, The improvement was insignificant, 
however, with the higher addition of boron with 
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FIGURE 26.- Hardenability curves of experimental chromium-molybdenum steels containing 0.3 percent of carbon and 0.8 or 1.6 
percent of manganese. 

The chemical composition of the steels is given in table 7. Each beat was deoxidized with 0.10 percen t of aluminum before addi ng the boron in the furn ace 
with Ferroboron or Grainal No. 79. Specimens were normalized at 1,675° F and end-quencbed from 1,6000 F. 

Steel 
No. Agent 

Boron 

204 None __ _____________ ____________ _________ _ 
205 F erroboron __________ ____________________ _ 
206 _____ do ______ ____ ____ _________ ____________ _ 
207 _____ do ______________ ____ _____ ____ ________ _ 
208 _____ do ____________ _____________ _______ ___ _ 
209 _____ do ____________ _ _____________ ________ _ 
258 None _______________ __________ ___________ _ 
259 Grai nal No. 79 _________________ ____ . ____ _ 
260 _____ do ____________ . ________________ . _. ____ _ 
261 _____ do ____________________ . _. __ _ . _____ . __ 
262 _. ___ do _______ .. _ .. . _______ .... __ . ______ ... 
263 _____ do ________________ . _________ .. __ _ .. __ _ 
234 None . _______ . ___________________________ _ 
235 Grainal No. 79 _____ . _____ . ___ .. ___ . ____ .. _ 
236 ____ . do __________ . __ ._ . ___ . ___ . ___________ _ 
237 _. ___ do ___ . _____ . _. __ ________ _____ ________ _ 
238 _____ do ____ .... _ . .. ______ .. .. __ . .. __ ._ . .. .. 
239 .... _do. _______ . _. __ . ___ . ________ _________ _ 
294 None_. __ ._. __ . _. __ __ ______ __ __ _____ ._ .. . _ 
295 F erroboroll ____ ... ___ _____ .. _ .... __ ._ .... _ 
296 ___ • _do ______ . _. __ . _. ____ ________ __ _______ _ 
297 ___ • do . ___ ._. _______ ____ . _ .. __ .... _._ .. _ .. 
298 __ • __ do ___ ._ .......... _ .. .. .. ____________ _ _ 
299 _____ do ......... ___________________ . ___ .. _. 

104 

Amount , 

Percent 
N one 

0.0005 
. 0009 
. 0012 
.0023 
. 0048 
None 

0.0005 
. 0005 
.0008 
. 0013 
.0030 
. 0000 
. 0003 
.0004 
. 0007 
.0013 
. 0026 
None 

0. 0003 
.0010 
.0014 
.0026 
. 0048 

A STM 
Grain No. 
at 1,600 0 F 

7 to 8 
7 to 8 
7 to 8 
7 to 8 
7 to 8 
7 to 8 

8 

7 to 8 
6 to 8 
7 to 8 
7 to 8 
7 to 8 
6 to 7 
6 to 7 
6 to 7 
6 to 7 

7 
7 to 8 

7 
6 to 7 
6 to 7 
6 to 7 
6 to 7 

Steel 
No. Agen t 

Boron 

222 None _________ __ __ .. ___ ___ ._ .. . __________ . 
223 F erroboroll ___ ___________________________ _ 
224 ____ _ do _______ __ . ___ .. _______ ._. __________ . 
225 ___ __ do _ . . _ .. . __ . __ _________ ... __ __ .. __ . __ _ 
226 _____ do __________ . ________________________ . 
227 _. ___ do __ . _. ___ __ .... _._. _____ __ . __ .. ___ _ 
216 None_. ___ . ___ _________ __________________ . 
217 Ferroboron . _____ . _. ________________ . ___ ._ 
218 __ . __ do ___ . ________ ._ .. ________ .. ___ ...... _ 
219 _ .. __ do ____ . ______ . ______ .. ___________ . __ ._ 
220 ___ __ do ___ . ___ . _____________ ___ . ____ _ . ___ ._ 
221 Ferroboron _________ .. _________ .. _____ .... 
228 None ___ . ___ . _________________ . ____ ______ _ 
229 Ferl'oboI'Oll .. __ . __ .. __ .. ____ . _______ .. .. .. 
230 _____ do ___ ._. _____ . ________________ _____ _ 
231 _ .. _. do _________________ _______ . _ .. ______ ._ 
232 _____ do _ .. __ . _____ __ . _. _________ • _____ . ___ . 
233 .... _do ___ . _____________ _______________ . __ _ 
210 N one ____ ._. _________ . _______ . ____ _______ _ 
211 Ferroboron ____________________ " __ .. ____ _ 
212 _. ___ do ______________ . ___ . ________ . ___ . ___ _ 
213 ._. __ do __ ._ .. . _. _. ________ __ ____ . __ ______ _ 
214 .. _._ do . _________ .. _____ _ .... . _. ___ .. .. . _._ 
215 ._. __ do ..... ______ . _. ______ ________ _______ _ 

Amount 

Percent 
None 

0.0005 
.0009 
.0013 
.0025 
. 0049 
. 0000 
. 0005 
.0009 
. 0012 
. 0024 
.0048 
None 

0.0005 
. 001 1 
.0013 
. 0025 
.0047 
NOlle 

0. 0006 
. 0009 
. 0012 
.0024 
.0043 

ASTM 
Grain No. 
at 1.600° F 

7 to 8 
6 to 7 
6 to 7 
6 to 7 
6 to 8 
6 to 7 
7 to 8 
7 to 8 
7 to 8 
7 to 8 
7 to 8 
7 to 8 
7 to 8 
6 to 7 
6 to 7 
6 to 7 
6 to 7 
7 to 8 

7 
6 to 7 
6 to 7 
6 to 7 
6 to 7 
6 to 7 
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F I GUR E 27.- I njluence of boron on ihe hardenabili ty of ex
pel'imental chromium-molybdenum steels containing 0.3 
pel'cent of carbon and 0.8 or 1.6 pel cent oj manganese. 

T he chemical composit ion of the steels is given in ta ble 7. 

Ferroboron, flnd th ere was a wide variation in 
t h e hardenability of two steels (259 and 260) from 
t he same heat, each treated wi th Grainal N o. 79 
and with 0.0005 percen t of r etained boron . The 
v ari ation in harden ability of these two steels of 
similar chemical composition was equivalent to 
or greater th an the improvem en t obtained in many 
cases by boron. 

The chromium-molybdenum steels comprising 
some of th e h ea ts with 1.6 percen t of m angan ese 
were deep-hardening, similar to some of the nick el
chromium steels already described . As is illus
t rated in figures 27 and 28, the hardenabili ty 
attained a maximum in the steel from each heat 
wi th r elat ively low boron (usually less than 
0.001 %) when the addit ions were made with either 
Grainal No. 79 or F erroboron. The harden
ability of tlu ee of t hese hea ts, however , was no t 
materially improved by the tr eatment with F erro-

Boron-Treated Steels 
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o .002 .004 o .002 .004 
BORON - PERCENT 

FlG U UE 28.- f njluen ce of boron on Ihe hal'denability of 
experimental chromium-molybdenum steels containing 
0 .3 percent of carbon and 1.6 peT cent of manganese. 

T he chemical composit ion of t he steels is given in table 7 . 

boron for the high est boron conten t; in one case, 
the hardenability of th e boron-treated steel was 
inferior to that of the base steel wi thout boron 
(steels 233 and 228, r espectively) . 

Thus, the effectiven ess of boron in improving th e 
harden ability of th ese steels varied with the b ase 
composition of the steels, composition of th e 
intensifier s, and amount of boron retained . In 
gen eral, th e r elatively low addi tions were more 
effectiv e than th e high, and the h ardenability of 
the steels tr eated with Grainal o. 79 was superior 
to that of the steels of similar base composition 
treated with F erroboron. 

The in fluence of molybdenum , chromium, and 
mangan ese on th e hardenability (based upon the 
penetration for a hardness value of Rockwell C 45) 
is shown in figure 29 . The harden abili ty of th e 
steels, wi th and without boron, increased wi th 
increase in molybdenum, clu'omium or m an
gan ese. These data also show t he wide variation 
in harden ability of t he steels from each of th e 
several h ea ts tr eated with varying amounts of 
boron. For steel tr eated with Ferroboron, th e 
minimum valu e for hardcn ability was of the same 
order of m agnitlide as that of the base steel from 
the same h eat. However , t he m aximum improve
m en t in h ardenabili ty due to the addition of boron 
increased with t he amounts of molybdenum, 
chromium, or m anganese. This indicates that 
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FIG URE 29.-Relation of molybdenum, chromium, and man
ganese to the harden abi lity of experimental steels con
l.aining 0. 3 percent of carbon. 

Steels 204 to 239, 258 to 263. and 294 to 299, ta.ble 7. 

the effectiveness of boron in increasing harden
ability is enhanced with increase in each of these 
elements. 

(b) Commercia l Steels 

The curves obtained from the results of the 
end-quench tests of the commercial steels listed 
in table 8 are given in figure 30, and the distances 
from the quenched-end of the Jominy bars cor
responding to hardness values of Rockwell C 50 
and C 42 (approximately 95 and 50 .percent of 
martensite, respectively, table 10) ary summarized 
in figure 31. 

In all cases, the hardenability was materially 
improved by the addition of boron in the ingot 
mold, but no definite correlation was obtained 
between the degree of hardenability (on the basis of 
the distances from the quenched-end for 95 or 
50 percent martensite), and the amount of boron 
retained in the steels or the composition of the 
ferro alloys used for the additions. As is shown in 
figure 31, only a small difference in hardenability 
was obtained by varying the boron additions 
(retained boron ranging from about 0.0001 to 
0.004%) with Silcaz No.3, Grainal No. 79, 
Ferroboron, BOl'tam, or Borosil. The average 
hardenability of the steels treated with these ferro
alloys containing boron was slightly superior to 
the hardenability obtained by the smallest addi
tion of either Grainal No.1 or Silvaz No . 3 (about 
0.0001 and 0.0007% of boron, respectively) and 
slightly inferior to the maximum obtained with 
higher additions of the two latter ferroalloys. 
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These differences are not considered significant, 
As already pointed out, however, boron tends to 
lower the coarsening temperature of austenite, and 
the presence of the grain-growth inhibiting ele
ments contained in the complex ferro alloys may 
be of distinct advantage in preventing grain coars
ening at heat-treating temperatures. 

As all the steels had approximately the same 
low-nitrogen content (table 8), it is believed that 
this element affected equally the hardenability of 
each of the steels treated with boron. 

The average hardenability of the boron-treated 
steels was of the same order as that of C4145 
when comparisons wore based upon the distance 
from the quenched end of the J ominy bars for 
Rockwell C 50 and somewhat inferior on the basis 
of a Rockwell value of C 42 . However, a con
siderably higher value for hardness at 27f in. from 
the quenched end was obtained in the SAE steel 
than in the special steels. 

These results, therefore, show that the harden
ability of the steels comprising a basic open hearth 
heat containing approximately 0.43 percent of 
carbon, 1.6 percent of manganese, 0.30 percent of 
silicon was markedly improved by the addition 
of boron in the ingot mold, but the magnitude of 
the effect was not critically dependent upon the 
amount of the addition or the composition of the 
intensifier used. 

(c) Effect of Austenitizing Tempera ture 

Grange [23] presented evidence indicating that 
the increase in hardenability conferrod by boron 
was affected by the austenitiz ing temperature and 
prior heat t reatment. The hardenability of a 
boron-treated steel did not increase regularly with 
increase in size of the austenite grains or with the 
increase in the austenitizing temperature, and it 
appeared that any treatment that precipitated a 
boron constituent substantially destroyed the effect 
of boron in subsequently reheated and quenched 
speClIllens . He described a hoat treatment for 
precipitating a boron constituent and the prepa
ration of the heat-treated specimen for micro
scopic examination. The heat treatment that 
he found best for hypoeutectoid steels consisted 
of austenitizing at a high temperature (about 
2,000°F) and then quenching in lead or salt at 
1,200°F, holding in the bath at this temperature 
for a time sufficient to precipitate the constituent 
and finally quenching in water or brine. 
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FIGURE 30.-Hardenability C11Tves of commercial steels containing 0.45 percent oj carbon, 

'rhe chemical composition of the steels is given in table 8. Specimens were normalized at 1,6500 F and end-Quenched from 1,5500 F; ASTM grain nllmber 
at 1,5500 F, 

No evidence of a boron constituent was observed 
in the metallographie examination of all the steels 
as normalized, in some end-q ueJ1.ched bars, aus
tenitized at the usually recommended tempera
ture, of steols with low or high hardenability,' in 
some end-quenched bars of steels with low-liarden
ability aus tenitized at 1, 900°F, or in specimens 
of the latter steels as ho t-rolled . However, a 
chain-like constituen t was observed in several end
quenched bars of boron- treated steels of high 

Boron-Treated Steels 

hardenability austenitizcd at 1,900°F , Except 
for one steel, this constituent was also clearly 
observed in specimens of all the boron-treated 
steels of high hardenabili ty that were subj eeted 
to a special heat treatment, similar to that de
scribed by Grange. The excep tion was steel 0 19 
that contained 0.0001 percen t of boron by chemi
cal analysis and had the expected increase in 
hard nability due to boron (fig. 31) but only a 
trace of the boron constituent was observed micro-
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FIGU RE 31.- Comparison of the hardenability of commercial 
steels containing 0.45 percent of carbon and varying 
amounts of boron additions with different intensifiers. 

The chemical composition of the steels is given in table 8 and intensifiers 
in table 9. Specimens were normalized at 1,650° F and end-quenched from 
1,550° F . The AS'l' M grain number at 1,550° F is given in fig ure 30. 

scopically in several specimens specially heat
treated. Furthermore, in some of the boron
treated steels of high hardenability, the boron 
constituent was obtained in small specimens 
quenched directly from 2,000°F in a sodium 
hydroxide-water solution at room or low temper
atures. 

Although the boron constituent was preferen
tially formed in grain boundaries of the parent 
austenite, it was also observed within these 
grains. It was never observed, however, in the 
decarburized zones of any of the specially treated 
specimens. 

In specially treated specimens of boron-steels of 
l'elatively low hardenability, such as 48, 72, 73, 
233,251, 299, the amount of boron constituent, if 
observed at all, was minute and was only revealed 
with difficulty, whereas in similarly treated speci
mens of boron-treated steels of relatively high 
hardenability the amounts observed were usually 
considerably greater and the constituent could be 
readily found. Although this correlation of the 
boron constituent in specially treated specimens 
and hardenability as determined in the end-quench 
test was observed, there were some irregularities. 
For example, the commercial steels 014 and 019 
had approximately the same hardenability when 
quenched from the recommended temperature 
(fig. 31 ), but quite different amounts of the con
stituent were observed in the special heat-treated 
specimens. 
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As some of the irregularities observed in the 
hardenability curves obtained in the end-quench 
tests might have been due to the selected quench
ing temperature, or time at this temperature, it 
was decided to carry out the test on similar speci
mens quenched from 1,900° F of some of the 
experimental steels that showed relatively low 
hardenability when quenched from the usually 
recommended temperature range. Similar high
temperature tests were made on several of the 
commercial steels to determine if the hardenabili ty 
of these steels was affected by a change in austenite 
gram SIze. 

A few end-quench tests were made, in which the 
time the specimens were held at the austenitizing 
temperature was varied, in order to determine if 
the low hardenability obtained in some of the 
experimental nickel-chromium and chromium
molybdenum steels was due to incomplete solution 
of carbides at the time of quenching. Only a 
slight improvement in hardenability was obtained 
in steels 245 (table 6) and 233 (table 7) by in
creasing the time at 1,600° F from 30 to 60 min
utes (total time in furnace 45 and 75 minutes) . 

The curves obtained from the results of the end
quench tests of some of the experimental steels. 
quenched from 1,900°F are given in figure 32. A 
comparison of these curves with those previously 
obtained from the end-quench test (quencheci 
from 1,575° or 1,600°F) show that in some cases. 
the hardenability of boron-treated steels was in
creased, and in other cases it was not affected or 
was decreased by quenching from the higher tem
perature. Normally, a change would be expected 
in hardenability with variation in quenching tem
perature provided the size of the grains also varied 
with the temperature; the hardenability generally 
increases with the grain size of austenite. The 
improvement observed by quenching from the 
higher temperature in boron-treated steels 14, 72, 
and 260 may be explained on the basis of a differ
ence ill grain size at the two quenching tempera
tures used, as improvements of the same order of 
magnitude were obtained in each of the base steels 
(13, 70, and 258) from the same heats due to an 
increase in their austenite grain sizes. It is inter
esting to note that when quenched from 1,900°F, 
the hardenability of steel 70 without boron was 
again superior to its companion steel 72, which 
contained 0.0006 percent of boron. 
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Boron ASTM Gra in No. at- Boron ASTM G ra in No. at-
Stee l ____________ ___________ Steel 

~. I I ~ 
____ ___ ~~ ___ Amount ~~~ ~~Oo ~ 1,0000-= ________ ~gent ___ ~~~unt 1,5750 F ~~~_ 1,900~ 

Percent 
13 None. _______ . ___ . _. _____ None 8 1 to 8 
J4 Fcrroboron ______ . _______ 0.0020 2 to 8 
70 None ___ _______ . ___ . _____ None 3 to 7 I to 3 
72 SHeaz No . 3 __ . ___ _____ __ 0.0006 8 2 to 7 
76 None ____ . _____ . ___ . _____ None 8 1 to 1 
79 Graina! No. 79 ___________ 0. 0006 8 -2to 8 

258 None ____________________ None 3 to 6 

Although some of the improvement in harden
ability with increase in quenching temperature of 
steels 79 and 231 (tr eated with Grainal No. 79 and 
F erroboron, respectively) may be due to a grain 
size effect, the test results suggest that some factor 
other than grain size is primarily responsible for 
the observed change. This is fur ther substantiated 
by the results of tests m ade on steel 259 in which 
a marked decrease in hardenability was obtained 

Boron-Treated Steels 

Percent 
259 Grainal No. 79 ___________ 0.0005 3 to 6 
260 _. ___ do. __________________ .0005 7 to 8 Ho 6 

228 None ___ _________________ None 7 to 8 2 to 6 
231 Ferroboron _______ _____ ._ 0.0013 6 to 7 2 to 6 

168 None. _________________ __ None 8 8 
169 FerroborolL . ____________ 0.0014 8 8 
170 _. ___ do _______ . __ ____ .. ___ . 0016 8 8 

by increasing the quenching temperature (size of 
the austenite grains n.lso increased with tempera
ture) . A slight decrease in hardenability with 
increase in quenching temperature, such as was 
obtained in several steels from the same heat 
might be characteristic of the method (end-quench 
test) used in determining hardenability [24] . 
However, a change in quenching t emperature 
from 1,575° to 1,900° F did not materially affect 

109 



the hardenability or austenite grain size of the 
high nitrogen steels with or without boron. 

A wide difference is shown in the hardenability 
CUTves of figure 33 that were obtained from speci
mens quenched from 1,600° F (the usual recom
mended temperature range) of a steel (8585) used 
hy Lorig and coworkers and u sterl (268) of similar 
chemical composition (boron addition with Fcrro
boron) used in the present study. (All curves were 
obtained from end-quench tests carried out at the 
National Bureau of Standards and check determi
nations by spectrographic analysis for manganese, 
nickel, chromium, molybdenum, and boron also 
indicated that the steels were chemically alike) . 
The hardenability of steel 268, however, was 

W 
..J 
.. 50 
<> 
CII 

<> 
en 40 
CII w 
z 
o 
a: 30 
~ 
..J 

d 20 

~ 
<> 
Ii 10 

'r-;;- r-..- ... 5~5 I (16JO'Fi 

\ '-.;1"" I i 
\ '- 268 (,gOO'FI 

"- ... 
" "- ..... -....., 

~r-. r i68 1(160r-FII-- '-~ ..... --- --
I----- ...... -- -. -

o 4 8 ~ ~ W M ~ ~ H W 
DISTANCE FROM QUENCHED END OF SPECIMEN - SIXTEENTHS OF INCH 

FIGURE 33.-Variation in hardenability f rom heat to heat 
of boron-treated experimental steels . 

E ach hea t was d eoxid ized with 0.10 percen t of aluminum before adding 
t he boron in tbe furn ace with F e[[oboron. 

I Quench AS'fM 
ing G rain 

Steel No. C Mn Si Ni Cr B tem- No . a t 
p t? ra- Qucnch-
ture in g temp. 

-----------------------

Per- Per- Per- PeT- PeT- Per-
cent cent cent cent cent cent OF 

8585 ___________ 0.30 0. 86 0. 43 0.56 0.51 0. 0024 1,600 -- ----- ---
268 _________ . __ . 29 . 81 . 25 .56 . 49 .0028 1,600 8 
268. ___________ . 29 .81 . 25 .56 . 49 . 0028 1, 900 1 to 8 

materially increased by a change in quenching 
temperature from 1,600° to 1,900° F. As both 
steels were prepared in the same laboratory using 
the same melting practice, similar base materials, 
ferroalloys, etc ., it is somewhat surprising to find 
this marked difference in hardenabili ty from heat 
to heat of boron-treated steels. It should bc 
pointed out that the steels were not worked alike, 
but subsequent tests indicated that this variable 
was not responsible for the observed effects. 
If such variations are characteristic of commercial 
steels when quenched from the usual recommended 
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temperatures, then the practical usefulness of 
treating steels of this particular base composition 
solely with Ferroboron is indeed questionable. 

The effect of variation in quenching temperature 
on the hardenability of several of the commercial 
steels initially normalized at 1,650° F is shown in 
figure 34. The minimum hardenability of cach 
steel was obtained on quenching from 1,425° F; a 
temperature below AC3. As there was an incom
plete solu tion of ferrite in the austenite at this 
temperature, a low hardenability would be ex
pected. The increase in hardenabili ty of the base 
steel with change in quenching temperature from 
1,550° to 1,900 0 F is again believed to be due to 
a grain size effect. Variations in quenching tem
perature from 1,550° to 1,900 0 F had no material 
effect on the hardenability of steels C14 and C19, 
but thc hardenability of steel C12 appeared to be 
partially destroyed by increasing the quenching 
temperature above 1,550 0 F. That is, the harden
ability of steel C12 attained a maximum when 
quenched from 1,550° F and then decreased with 
increase in quenchulg temperature to 1,650° or 
1,900° F . 

(d) Discussion 

It has been shown that the hardcnability of 
many of the experimental steels, which were pre
pared by induction melting without a slag, and 
all the steels comprising a basic-open hearth heat 
were markedly improved by a small addition of 
boron. However, no definite correlation was ob
tained between the hardenability effect due to 
boron and the amounts added or Tctained in the 
steels. In many of the experimental steels, the 
optimum hardenability was obtained with small 
additions of boron (0.001 percent or less retained), 
while in other steels the hardenability increased 
continuously with the amount retained. In still 
other steels, the addition of boron as a simple or 
complex ferro alloy or intensifier was either with
ou t effect, or impaircd thc hardenabili. ty. In 
general, relatively small amoun ts of boron were 
more effective than large; the complex intensifiers 
were more effective than the simple ones; the im
provement in hardenability was not so critically 
dependent upon the amount of boron present 
when the additions were made with the complex 
as with the simple intensifiers; and the effective
ness of boron increased with increase in the 
amounts (within limits) of manganese, chromium, 
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F IGUHE 34,- EjJect oj quenching temperature on the hardenabilily of commel'cial sleels containing 0 .. 15 peTcent oj carbon and 
1 ,6 pel'cent oJ manganese. 

The ehemical composition of the steels is given in table 8. Slieeimcns were normalized at 1,650° F before end·qua!lching from temperature as indicated. 

Boron As'rM Grain No. at-
Steel No. 

Age nt Amount 1,425° F 1,550° F J,65O° F 1,900° P 
----- -------

Percent 
C I5 .......•...... .. .. _ .... . •.•.. . .. ..... .... None . .... .... ...... ..... ..... .. ...... _ < 0,0001 8 2 to 4 
C I2 ... .... _ .. ........ _ ..... _.... ............ Fen-oboron ................... . ....... . . 0022 7 to 8 4 to 5 2t04 
Cl4 .......... _ ................................... do ........ __ . __ .......•..... ____ .. . 0036 7 to 8 4 to 6 2 to 4 1 to 3 
CI9 .... __ .•....... ______ .. ____ .. ............ G raina! No, 1 .. __ ....... .. __ . ... __ ... . . 000 t 8 7 to 8 6 to 7 2 to 6 

or molybdenum. The magnitude of the effect du e 
to boron seems to depend upon the form in which 
the boron exists in austenite; not necessarily upon 
the total amoun t present. The response of 
boron-treated steels, therefore, varies with the 

-I deoxidation practice, anti eviticnce was obtained 
that the hardenability of certain heats is sensitive 
to prior thermal treatments or structures. High 
soluble nitrogen (and possibly oxygen) is detri
mental to the enhaflcement in hardenability due. 
to boron, but it is possible to retain the effect in 
high nitrogen steels by "fixing" the nitrogen with 
strong nitride forming elements, such as titanium 
or zirconium. 

4. Notch Toughness 

A certain correlation exists between the appear
ance of the fractures and the energy absorbed in 
fracturing heat-treated Charpy V-notched steel 

Boron-Treated Steels 
745694- 47--S 

specimens. A d\l ll fibrous appearance with con
siderable deformation is characteristic of Charpy 
impact fractures of a tough material, whereas a 

( 

bright, crystalline appearance with very small, if 
any deformation is typ ical of 'a brittle material. 
Partly fibrous and partly crystalline fractures are 
obtained in specimens tested in the transition 
range from tough to brittle materials. That is, 
the appearance of the fracture is a good criterion 
for detecting the .abs()nce or presence of notch
brittleness at the test temperature. Examinations 
were made of the fractured surfaces of all the 
Charpy (V -notched) specimens used for test pur
poses. The above correlation was observed in 
nearly all cases. Obv iously, in some cases, there 
was an appreciable difference in the values of 
dup1icate specimens tested in the transition range. 
A noteworthy feature of the many tests carried 
out was the close agreement of the values obtained 
for duplicate specimens. 
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FIGURE 35.-lnfluence of boron on the notch toughness at 
room temperature of experimental carbon-manganese 
steels. 

The chemical composition of the steels is given in table 1. The Charpy 
specimens were quenched from 1,575° F in water and tempered as indicated . 

(a) Experimental Steels 

1. Carbon- mangancsc.- The results of the 
Charpy tests made on the carbon-manganese 
steels listed in table 1 are summarized in figures 
35 and 36 and table 11. 

The general trend was for the notch toughness 
at room temperature (+ 70 0 F ) of the steels ful ly 
hardened and then tempered alike (fig. 35) to be 
increased slightly by the boron when heat-treated 
for high hardness (tempered 450 0 F ) and to be 
decreased slightly by boron at low hardnesses 
(tempered at 1,000 0 or 1,200 0 F ). The differences 
obtained were not large, and the trend is not 
considered significant. At subzero temperatures, 
however, the notch toughness was adversely 
affected by boron in some of the steels tempered 
at 1,000 0 or 1,200 0 F. As is illustrated in figure 
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36, differences in degrees of toughness were shown 
in the 0.2 percent carbon steels (9 to 12) tested 
at - 40 0 and - 95 0 F and in the 0.3 percent carbon, 
0.8 and 1.2 percent manganese steels (17 to 20 
and 13 to 16) tested at - 95 0 F. This low-tem
perature brittleness was most pronounced in the 
high boron (0.006%) steels. The slope of the 
energy-temperature curves for specimens tem
pered at 1,000 0 F (fig. 36) and the appearance of 
their fractures indicate that all the steels except 
13 (and possibly 17 and 18) lVere within the brittle 
range at -95 0 F. The beginning of the transition 

TABLE ll. - Effect of van:ation in mte of cooling from the 
tempering temperature on notch toughness (Charpy impact ) 
at room and low temperatures of some experimental 
carbon-manganese steels 

Steel 
No . 
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'- - -- _. 
2 ______ 
3 ______ 
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FIGU RE 36.- Effect of test temperature on the notch toughness 
of experimental carbon-manganese steels 

'rhe chemical composition of the steels is given in table 1. The Charpy 
specimens were quenched from 1,4750 F (steels 5 to 8) or 1,5750 F (steels 1 to 
4 and 9 to 20) in water and tempered at 1,0000 or 1.200° F. 
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range (from tough to bri ttle material) of steels 17 
and 18 appeared to be about - 95 0 F and that of 
steels 3 and 4 at - 40 0 F. Steel 12 was well 
within tbe brittle range at -40 0 F . The dele
terious effect of 0.006 percent of boron in steel 12 
on its notch toughness at low temperature sug
gested the possibility that this steel might be 
susceptible to temp er bri ttleness. Accordingly, 
specimens were quenched in water from the tem
pering temperature (1,000 0 F ) and then tested at 
room temperature and - 40 0 F for comparison 
with the results obtained on the specimens cooled 
III all'. Additional tests were also made to 
determine the effect of the rate of cooling from the 
tempering temperature on the notch toughness a t 
room temperature of the 0.3 percent carbon, 1.6 
percen t manganese ste,els. The results, given in 
table ] 1, show that the no tch toughness of these 
steels was not affected by variations in the rates 
used for cooling the specimens from the tempering 
tempera t ures. 

The notch toughness at room temperature of 
the 1.6 percent manganese steels fully qu enched 
and then tempered alike decreased somewhat with 
increase in carbon from 0.2 to 0.3 or 0.45 percent, 
whereas the toughness at -95 0 F was not so 
noticeably affected by this change. The notch 
toughness at room or subzero temperatures was 
no t improved in the 0.3 percent carbon steels by 
incr easing the manganese from 0.8 to 1.2 or 1.6 
percent. 

2. Deoxidation practice.- The results of the 
Charpy tests made on the carbon-manganese 
steels that are listed in table 2 are summarized in 
figures 37, 38, and 39. 

The spread obtained in values was not large for 
all the steols comprising a heat, either deoxidized 
or not treated with aluminum, when the specimens ' 
were fully hardened and tempered alike and then 
tested at room temperature (fig. 37) . Again, there 
was a slight trend for the no tch toughness at 
+ 70 0 F to be higher in some of the boron-treated 
than in the base steels when tempered for high 
hardness and to be lower when tempered for low 
hardness. The differences in value for the steels 
treated with the various intensifiers were not 
appreciably greater than those obtained in the 
base steels prepared with or without aluminum. 

The magnitudes and trends of the effects on 
no tch toughness of the steels tempered at 1,000 0 

F , resulting from changes in test temperature, 

Boron-Treated Steels 

boron content with various intensifiers, and de
oxidation are shown in figures 38 and 39. Varia
tion in test temperature from + 70 0 to - 95° F 
had no significant effect on the notch toughness 
of two of the base steels (64 and 76) deoxidized 
with aluminum but the notch toughness of another 
steel (1) similarly prepared and all base steels 
(33, 37, 70, and 110) not deoxidized with alumi
n urn were adversely affected by this change. 
Variations in test temperatures from + 70° to 
-95° F also had no appreciable effect on the 
notch toughness of some of the steels containing 
boron, such as 66, 73, and 74, whereas in other 
boron-treated steels the toughness was adversely 
affected, especially in those with high boron . In 
general , the resistance to notch bri ttleness at 
+ 70°, -40° and - 90 0 F of the fine-grained 
steels with relatively small amounts of boron 
compare favorably with that of the fine-grainf>d 
steels (aluminum-killed) without boron (fig. 39). 

A noteworthy featme is the high notch tough
ness at -95° F of all the steels comprising a heat 
deoxidized with aluminum and treated with 
Grainal No. 79 (steels 76 to 81, fig. 39) and several 
steels from each heat that was treated with Silcaz 
No.3. 

Thus the notch toughness of these 0.3 percen t 
carbon , 1.6 percent manganese steels vari ed with 
the hardness, test temperature, boron content 
and state of deoxidation. 

3. Nitrogen.- The results of the Charpy tests 
made on the nitrogen steels listed in table 3 are 
summarized in figures 40 to 43. 

The notch toughness at room temperature ot the 
steels increased witb increase in tempering temper
ature. There was an appreciable scatter in the 
values obtained, especially after tempering at the 
higher temperatures and testing at low tempera.
tures. 

Variations in nitrogen from 0.004 to about 0 .030 
percent had no m arked influence on the notch 
toughness at room temperature of the steels heat
treated for various hardness values or on the notch 
toughness at low temperatures (-40 0 and -95 0 F ) 
of th e steels tempered at 1,000° F (fi g. 40). Some 
trends, believed to be insignificant, were observed, 
such as a decrease in toughness at room tempera
ture with increase in nitrogen from low to medium 
values for the steels with 0 and 0.0015 percent of 
boron without titanium wh en tempered at 1,000 0 

or 1,200 0 F . It should be pointed out, however, 
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FIG URE 37.-lnfl1tence of boron additions made with various 
i ntensifiers on the notch toughness at room temperature of 
experimental steels containing 0.3 percent of carbon and 
1.6 percent of mangancse_ 

The chemical composition of the steels is given in tablcs l and 2 and inten
s ifiers in table 9. 'J'he Cbarpy s pecimens were quenched from 1,575° F in 
water and tempered as indicated. 
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'l' b e cbemical composition of the steels is given in tables 1 and 2, T hc 
Charpy specimens wcre Quenched from 1,575° l' in water and tempcred at 
1,000° F . A, Steels 1 to 4, deoxidi zed with 0.10 percent 01 AI, trcated wi t h 
F erroboron ; B , steels 64 to 69, deox idized with 0.10 percent 01 AI, treated with 
SHcaz No, 3; C, steels 76 to 81, deoxid ized with 0.05 perccn t of AI, treatcd with 
Grainal No. 79; D , steels 70 to 75, not deoxidized with AI, treated with Silcaz 
No.3; E, steels 33 to 36, not deoxidized with AI, treated with Grainal No, 79; 
F , steels 110 to 113, not deoxidized with AI, treated with synthetic mixture 
without boron; G, steels 3i to 40, not deoxidized with AI, treated with syn
thetic mixture containing boron . 
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FIG U R E 39.--lnfluence of boron additions -made with vari01ts 
intensifiers on the notch toughness at + 70°, - 40° and 
- 95° F oj experim ental steels -()on6ai'ning &.3 percent of 
carbon and 1.6 percent of manganese_ 

The chemical compOSition ,of the stcels is given in tables 1 and 2. The 
Charpy specimens wcre Quenched from 1,575° F in water and tempered a t 
1,000° :1<' . Steels I to 4, deoxidized with 0. 10 pOl'ceot 01 AI, treated with 
Ferroboron; stcels 76 to 81, deoxidized with 0.05 percent of AI, treated with 
Grainal No. i9; steels 64 to 69, deoxidized with 0. 10 percent of AI, treated w ith 
Silcaz No. 3; steels 70 to 75, llot deoxid ized with AI, treated with Si lcaz No.3 ; 
stcels 33 to 36, not deoxidized with AI, treated with Grai nal No, 79; steels 37 
to 40, not deox idized with AI, treated with synthetic mixture containing 
boron, 

that with low nitrogen, there was a significant 
trend for the notch toughness at room and low 
temperatures of th e steels with boron (0.0015 and 
0,003%) and [Lbout 0_10 percent of titanium to be 
lower than that of the base steels or tbe steels con
taining low concentrations of t itanium (treated 
with Grainal). The effect of titani um on the 
notch toughness at + 70°, - 40°, and - 95° F of 
the steels with high nitrogen and 0.0015 percent 
of boron (additions with Ferrobol'on) is shown in 
figure 41). The addition of 0 to 0 .15 percent of 
titanium had no material effect on the notch 
touglmess at + 70 0 01' - 40 0 F of these boron
nitrogen steels, but the notch toughness was 
usually decreased with the addition of 0.36 per
cent. (At the higher hardness, tempered at 
450° F , the toughness at + 70 0 F of the latter steel 
was as high as that of the stef'ls with low titanium.) 
The trend was for the notch toughness at - 95 0 F 
(steels tempered at 1,000° F ) to decrease slightly 
with increase in titanium. 
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FIGU R E 40.--Inflt.ence of nitrogen on the notch tot!ghness 
at +7"0°, - 40° and - 950 F of experimental.<teels contain
ing 0.3 percent oj carbon and 1.6 percent oj manganese. 

' I'he chem ieal com posi t ion of Lhe steels (1 38 to 155 and 180 to 185) is given if] 
table 3. 'rho C harpy spec iJll(' [l s were quen ched fro III 1.575° F in wa ter and 
tem pered as indicated. 

The effect of chromium on the notch toughness 
at + 70 °, -40°, and _ 9·5° F of th e high-nitrogen 
steels is shown in figure 42 . At relatively high 
hn,rdness (Rc 4G to 49, tempered at 450° F ) the 
addition of chromium up to 0.75 p E' l"cent had no 
m arked effect on notch tough ness at + 70° F , 
whereas the values obtai.ncd with th e chromium 
steels tempered at 800°, 1,000 °, or 1,200 ° F were 
10lver than similarly treatcd steels without chro
mium. It should be pointed out tha t chromium 
steels resis t softening by trmpcring and somewhat 
high er values for hardness after tempering at the 
higher temperaturcs were obtained on these steels 
than on the steels wit hout chromium; notch tough
ness us un11y decreases with increase in hardness 
of heat-treated steels. The trend also was for the 
notch toughness at - 40° and _ 90° F to decrease 
with increase in chromium. The adtlition of 
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FIG tIRE 4J .--Influence of titaniwn on the notch toughness at 
+70°, - 40° and - 950 F oj ex peTimcntai high-nitrogen 
steels contrlining 0 .3 percent. oj carb(,n, 1.6 percent oj 
mangane.~e, and 0.0015 percent oj boron . 

rl~ he chem ical co rn posit ion of t he s tee ls is give n in table 3. 'rhe C harpy 
specim ens were q uenched frOI11 1,575° F in watcr a nd tempered as indicated . 
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FrCCHE 42 .- I?1flucnce of chromium on the notch toughness at 
+7'Oc, - 40°, and - 950 F oj experimental high nitrogen 
steels containing 0.3 peTcent oj carbon and 0.8 percent of 
mnngnnese. 

T he chemica l composition ol lhe steels (168 to 1i3 and 1 9~ to 203) is given in 
t.abl e 3. r(' hc C harpy specilllens were quenched from ],575° F in water and 
tempered as iDdic~tcd . j,'" 1\,. 
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FIGURE 43.-I nfluence of zirconi um on the notch toughness at 
+70°, -40°, and - 95° F of ex perimental high-nitrogen 
steels containing 0.8 percent of carbon, .1.6 percent of 
manganese and 0.0015 percent of boron. 

T he chemical composition of the stcels is given in table 3. Thc C harpy 
specimens were Quenched from 1,575° F in wut(, f and tem pered as indicated. 

about 0.10 or 0.25 percent of titanium to different 
heats adversely affected the notch toughness at 
+ 70 0 , - 40 0 , and - 95 0 F of the high-nitrogen 
steels with chromium and boron when tempered 
at relatively high temperatures. 

The addition of 0.20 percent of zirconium (less 
than 0.01 % retained) to steels with high nitrogen 
and about 0.0015 percent of boron (steels 162 to 
167) had no appreciable effect on the toughness 
for any of the conditions investigated. A note
worthy feature was the high values for notch 
toughness at low temperature of all the steels 
comprising this heat. 

At relatively high hardness (Re 45 to 48 tem
pered at 450° F ), retained zirconium up to 0.6 
percent had no matcrial effect on the toughness 
of the steels at + 70° F (fig . 43 ). However , the 
toughness ~t + 70° F of the specimens tempered 
at 800 0 , 1,000°, or 1,200° F rapidly increased 
with increase in zirconium up to about 0.1 per
cent; remained constant or slightly increased with 
further increase in zirconium to ahout 0.45 per
cen t and then decr eased with the higher addition 
(0.6 percent) . The notch toughness at - 40 0 

and - 95 0 F of the steels tempered at 1,000° F 
(Re 25 to 30) also rapidly increased with increase 
in zirconium to about 0.1 percent and thereafter 
decreased with the zirconium. The values for 
notch toughness at + 70° F of the steels with 0.0 
and 0.6 percent of zirconium were of the same 
order of magnitude when treated alike. 

116 

4. Nickel.- The results of the Charpy tests 
made on the nickel steels listed in table 4 are 
summarized in figure 44. 
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FIGURE 44.-[ nfiuence of boron on the notch toughness at 
+ 70°, -40°, and - 95° F of experimental nickel steels 
cont~ining 0.3 pacent of carbon and 0.8 peTCent of 
manganese. 

'l' he cbemical composition of t he steels is given in table 4. Tbe Cbarpy 
specimens were Quenched from 1,575° F in water and tem pered at 450°,800°, 
1,0000 or 1,200' F. A, tem pered at temperature as indicated, tested at +700 

F, B, tem pered at 1,0000 F. tested at temperature as indicated. 

The notch toughness at room temperature of 
the fully hardened 0.8 percent manganese steels 
with nickel ranging from nil to 1.1 percent and 
boron from 0 to 0.0065 percent increased con
tinuously with increase in the tempering temper
atures used (decrease in hardness). This tough:.. 
ness was not materially affected by variations in 
boron or nickel contents. For steels tempered at 
1,000 0 F , the trend was for the notch toughness 
at + 70°, - 40 0 and - 95° F to decrease with 
increase in boron and a change in test temperature 
from - 40 0 to - 95° F adversely affected the 
notch toughness of the steels without nickel. 
The toughness of nickel steels, with or without 
boron, was not appreciably affected hy variations 
in test temperature. 

5. Chromium.- The results of the Charpy 
tests made on the chromium steels listed in table 
5 are summarized in figures 45 and 46. 
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percent oj manganese as Jully hardened and tempered 
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The chemical composition of the steels is given in tahle 5. T he Cbarpy 
specimens were quencbed from -' ,575° F in water and tempered as indicated. 
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FIGURE 46.- 1 nfiuence of boron on the notch toughness at 
+ 70°, - 40°, and - 95° F of experimental chromium 
steels containing 0.3 peTcent oj carbon, and 0.8, 1.25 or 
1.6 percent of manganese. 

'I'be cbemical co mposit ion of the steels is given in table 5. T he Charpy 
specirnen s~wcre quenched from 1,5750 F in watcr and tempered at 1,0000 F. 

Boron-Treated Steels 

The notch toughness at + 70° F increased with 
increase in tempering temperature of the fully 
hardened steels. For any selected tempering 
temperature used, the values for notch toughness 
of the steels comprising each heat fall within a 
rather narrow range, except for the steels treated 
with Grainal No. 79 for high boron (0.006 % 
added, 0.003 to 0.004% retained). The notch 
toughness at + 70° F of th e latter steels (119, 
125, 131 , and 137) was inferior to that of the 
remaining steels comprising each group or heat. 

The relat ion of energy absorbed to boron con
tent of the steels tempered at various tempera
tures is given in figure 45. At relatively high 
hardness (tempered at 450° F ), the trend again 
was for the steels treated with either Grainal No. 
79 or F erroboron for relatively low-boron content 
to have slightly higher values for notch toughness 
at + 70° F than the steels without boron. At 
relatively low hardness (high tempering tempera
tures) the boron additions usually were not bene
ficial ; in the case of the high-boron steels treated 
with Grainal the notch toughness was definitely 
lower than that of the base steel. 

The general trend was for the notch toughness 
at + 70°, - 40°, and - 95° F of the steels tempered 
at 1,000° F to decrease with increase in boron, 
especially when the additions were made with 
Grainal No. 79 (fig . 46). For the 0,8 percen t of 
manganese steels with chromium, change in test 
temperature from + 70° to - 95° F had no marked 
effect on the notch toughness. At test tempera
tures of + 70° and - 40° F the notch toughness 
of the 0.8 percent manganese steels was not im
proved by chromium, but the addition of 0.25 to 
0.75 percent of chromium was effective in prevent
ing cold brittleness at - 95° F. That is the tran
sition range from tough to brittle material of these 
0.8-percent manganese-chromium-boron steels was 
below - 95° F. The addition of chromium to the 
steels with 1.25 or 1.6 percent of manganese with 
or without boron did not result in an improvement 
in notch toughness at + 70° or - 40° F; at - 95° F 
the notch toughness of the boron steels was, in 
general, increased slightly by the presence of about 
0.25 percent of clu·omium. The general trend 
also was for the notch toughness at all test tem
peratures of the clu'omium steels to decrease 
slightly with increase in manganese contento 
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6. Nickel-chromium.- The results of the Charpy 
tests made on the nickel-chromium steels listed 
in table 6 are summarized in figures 47 and 48. 
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FIGURE 47.- Influence of bOTon on the notch toughness at 
Toom temperatuTe of experimental nickel-chTomium steeis 
containing 0.3 percent of carbon and 0.8 or 1.6 percent 0/ 
manganese. 

'r he chemical composition or the stcels is given in table O. The Charpy 
s pecimens were que"ched from l ,GOO ° F in wa ter (s teels wi th 0.8% Mn) or 
oil (steels with 1.6% M n) and tempered as ind icated . 

The no tch toughlless at + 70 0 F of the fully 
hard ened 0.8 percent manganese steels increased 
sligh tly with change in tempering temperature 
from 450 0 to 8000 F but the toughness of the 1.6 
percent manganese steel was no t improved by 
this change in temperature. However, the notch 
toughness at + 70 0 F, of all the steels increased 
rapidly with further increase in the tempering 
temperature (decrease in hardness) . 

Additiom of boron had uo marked effect on the 
notch toughness at + 70 0 F of the steels tempered 
alike at 450 0 or 800 0 F (fig. 47) , but the trend was 
for the toughness of the steels tempered at 
1,0000 or 1,200 0 F to decrease with increase in 
boron from about 0.001 to 0.006 percent. This 
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F I GURE 48 .- Influence of boron on the notch toughness at 
+ 700 , - 400 , and - 950 Ji' of experimwtal nickel-chro
mium steels containing 0.3 percent of carbon and 0.8 or 
1.6 percent of manganese. 

rr he chr mical composit ion of t he stoels is gh-en in table 6. '1"' 11e Charp y 
s pecimens were quenched from I ,GOO o 'E' in water (steels with 0.8% Mn) or 
oil (steels with 1.6% M o) aod tempered a t 1,000° F . 

trend for the toughness to decrease with increase 
in boron content was especially noticeable in the 
steels prepared with GriLin~l No. 79 . 

The notch toughness at - 40 0 and - 95 0 F of 
the steels tempered at 1,000 0 F (fig. 48) wa'S no t 
ap preciably affected by the additions of boron 
with Ferroboron, whereas the toughness at these 
temperatures deer'eased with increase in boron of 
the steels prepared with Grainal. A noteworthy 
feature is the high-notch toughness at low tem
peratures of the nickel-chromium steels containing 
0.8 percent of manganese with and without boron 
additions made with either F erroboron or Grainal 
No. 79 . The values for no tch toughlless of these 
steels with 0.5 percent of. nickel were of the same 
order of magnitude as those obtained with 1.0 
percent of nickel. The notch toughness at - 95 0 

F, however , was lowered appreciably by increasing 
the manganese from 0.8 to 1.6 percent. 

7. Chl'omium-molybdenum.- The results of the 
Charpy tests made on the chromium-molybdenum 
steels listed in table 7 are summlll'ized in figures 49 
and 50. 

In general, the notch toughness at + 70 0 F of 
the four heats with relatively high hardenability 
(steels 210 to 215, 222 to 227, 234 to 239, 294 to 
299) decreased slightly with change in tempering 
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trmperature from 450 0 to 800° F , whereas the 
toughness of the remaining heats (lower harden
ability) t'ither was not affected or was improved 
by this change in temperature. As is to be 
expected, the notch toughness of all the ste Is 
increased with increase in tempering temperature 
:trom 800 0 to 1,200 0 F. 

The general trend was for the notch toughness 
at + 70 0 F of the s teels fully hardened and then 
tempered at 450 ° to 1,200° F to be improved 
sl igh tly by low boron (additions with either Ferro
boron or Grainal No. 79), but with about 0.001 
percent or greater the notch toughness was eith er 
not furth er affected or was lowered (fig . 49) . 
'With specimens tempered at 1,000 ° or 1,200° F , 
the notch toughness values at + 70 0 F of many 
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Fr (TH8 49.- Influence of boron on the n otch tou ghness at 
room temp eTature of experimental chram.imn-molybdenv m 
steels containing O. S percent of carbon and 0 .8 or 1.6 
perrent of manganese. 

The chemical composition of the steels is given in table 7. The Charpy 
specimens were quenched from 1,6000 F ill water or oil and t empered as 
indicated, 
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FI n RE SO. - Influen ce oj boron on the notch t01tghness at 
+70°, -40°, and - 95° F oj experimental ciu'omiwn
molybdenum steels containin g O. S percent of carbon and 
0.8 or 1.6 pe1'cent of manganese. 

The chemical composition of the steels is given in table 7. Steels 2C4 to 233 
an d 234 to 299 Lreated with Ferroboron; s teels 234 to 239 and 258 to 2G3 treated 
with Gra ina l No . 79. T'hc Charp y specimens wore Quenched from 1,600° .F 
in water or oi l and tempered at 1,000° F . 

of the steels with about 0.003 to 0.005 percent of 
boron were appreciably lower than those of the 
base steels. 

The notch toughness at room temperature of 
the steels with 1.6 percen t of manganese, 0. 5 per
cent of chromium, with and wi thout boron, was 
not appreciably enhanced by variation in molyb
denum from 0.04 to 0.33 percent. It should be 
pointed out, however , that all the specimens were 
tempered alike at each temperature, and the hard
ness after tempering at 1,000 ° or 1,200 ° F in
creased with the molybdenum content; the rela
tively high er hardness of the molybdenum steels, 
therefore, would tend to lower their toughness. 
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In general , the notch toughness of the 1.6 percent 
manganese, 0.3 percent molybdenum steels, with 
and without boron, was sligh tly improved by the 
presence of 0.5 percent of chromium, but a change 
from 0.5 to 0.75 percent of chromium was without 
effect in the steels containing 0.15 percent of 
molybdenum. Increasing the manganese from 
0.8 to 1.6 percent in the steels with 0.5 percent of 
chromium and 0.3 percent of molybdenum ap
peared to improve the toughness in certain heats 
and in others to decrease the toughness. 

The addition of boron with Ferroboron or 
Grainal No . 79 usually was not beneficial to notch 
toughness at any of the test temperatures of the 
steels tempered at 1,000° F (fig. 50). The trend 
was for the notch toughness at + 70°, - 40°, or 
- 95 ° F to decrease with increase in boron. Sim
ilar trends also occurred with variations inmolybde
num, chromium, and manganese, except that the 
toughness at room temperature was not appre
ciably affected by changes in chromium or in the 
manganese content of the steels comprising the 
heats treated with Ferroboron. 

(b) Commercial Steels 

The resul ts of the Charpy tes ts made on the 
steels listed in table 8 are summarized in figures 
51 to 54. 

Boron 

Steel No. 
Agent Amount 

Percent 
C IO ... ... •......... .. . Grai nal No. 79 ......... _. _.' .. ..... _.. 0.0006 
C I3 ...... . _. _.. ...... Fcrroboron . . . . _...... . ... .. ....... ... . 0028 
C20 . .. _ . ... _ . ........ Grainal No. L .. _ .... _ ... . ... _...... .. . 0004 

The notch toughness at room temperature of the 
fully hardened steels, varied with the tempering 
temperature as illustrated in figure 51. In general, 
the notch toughness decreased with increase in 
tempering temperature from 400° to 600° F and 
thereafter increased with the temperature. The 
spread in values for the steels of each group, i. e., 
treated with the same intensifier, when heat
treated alike varied to some extent with the tem
pering temperature. For steels tempered at 
1,200° F (fig. 52), the notch toughness at + 70° F 
was not materially affected by the additions of 
boron with Ferroboron, Grainal No.1 , or Borosil 
(note that in figs. 52 and 53 horizontal lines are 
drawn through the points representative of the 
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toughness at room tempe1 ature of commel'cial steels con
taining 0.45 percent of carbon. 

The chem ical com position of the steels is gi ven in table 8 and intensifiers 
in table 9. The Charpy specimens were quenched from 1,5500 F in oil and 
tempered as ind icated . 

values obtained with the base steel) . The notch 
toughness of the steels treated with Silcaz No.3 
and those with the high additions of Grainal No . 
79, Bortam, or Silvaz No.3 was somewhat inferior 
to that of the base steel (CI5) . The trend was 
for the toughness to decrease with increase in 
boron additions with Silcaz No.3 , Ferroboron, 
Bortam, Graina! No.1 , and Borosil. For steels 
tempered at 1,000° F , the values for notch tough
ness at + 70° F of all the steels treated with boron 
were somewhat lower than that obtained for the 
base steel; the values for the steels treated with 
the highest additions of Silcaz No.3 and Bortam 
were on the low side of the range. The trend was 
for the toughness to decrease slightly with in
crease in boron additions with Silcaz No. ;), 
Bortam, Silvaz No.3, and Borosil. For the steels 
tempered at 800° F and treated with the highest 
additions of Silcaz No.3, BOl'tam, Silvaz No.3, and 
Borosil, the values obtained for notch toughness 
at + 70° F were on the low side of the range 
whereas those for the steel treated with the inter-
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FIG U RE 52,- Notch toughness at rO(lm tempel'ature of com
mercial steels as quenched and tempered. 

The chem ic." l compo.sit io.n of the stecls is gh' en ill table 8, The Cha rp;' 
spec imens were quenched from 1,n50° F in oil and tem pered as indicated . 
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Frau ag 53.- Notch toughness at +700 and-70° F of 
commercial steels as quenched and tempered. 

T he che mica l compos itio.n o.f t he ~ teels is given in ta ble 8. T he Charpy 
speci.mens w{lrc quenched from] ,550° F in oil and tempered at 4500 or 1,000° F 
as indicated. 
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FIGURI!; 54,- E,O'ect of test tempemture on the notch tough
ness of some boron-treated comme.,-C'ial steels as quenched 
and tempered. 

T he chemic." l co mpos ition of t he stcels is gi " cn in table 8, The Charpy 
spec imens were quenched from 11550° F in oil and te m pered at 1,0000 F. 

mediate addition of Grainal No. 79 were on the 
high side. When tempered in the range of 400 0 to 
600 0 F, the notch toughness at room temperature 
of many of the steels treated with boron shows a 
definite improvement that is believed to be 
significant. 

The notch toughness of all the special steels 
tempered at 1,000 ° F decreased appreciably with 
change in test temperature from + 70 0 to - 70 0 F 
(fig. 53). F ur thermore, the addition of boron 
wi th the various intensifiers vvas not beneficial to 
low-temperature toughn ess. For steels tempered 
at 450 0 F , the toughness was, in general, only 
slightly lowered by this change in test temperature 
and the values at - 70° F for all steels with boron 
were higher than that of the base steel without 
boron . 

The influence of test temperature on the notch 
to ughness of steels 010, 0 13, and 020 fully 
hardened and then tempered at 1,000° F is shown 
in figure 54. Although the energy-test temperature 
curves for the three steels fall at different levels, 
the slopes for steels 010 and 013 were quite similar 
and somewhat steeper than that for steel 020 . 
The notch toughness of each steel was no t mate
rially affected by a change in test temperature 
from + 70° to 0° F, but with further decrease to 
- 70° F , the toughness decreased rather rapidly. 
The order of merit of the steels did not change 
throughout the entire range investigated, all steels 
had values within the range of 15 to 20 ft/lb at 
- 1l0° F . It should be pointed out that the hard
ness value for steel 020, which con tained a small 
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amount of vanadium, was on th e average two Rock
well C points higher than tha t of the other steels 
tempercd alikc at 1,000° F, and this is a factor that 
would tcnd to lower its toughness. 

(c) Discussion 

As Charpy impact tests were not carried ou~ on 
specimens of the experimental 0.20 and 0.30 per
cent carbon steels fully hardened and then tem
pered within the range of 450° to 600° F (some 
tests were made with 0.45 carbon steels tempered 
at 600° F), the exact shape of the energy -tempering 
temperature curve was not established for these 
steels in this temperature range. It is possible, 
therefore, that some of the experimental steels 
(especially the deeper hardening types with 1.6 
percent of manganese) would show a decrease in 
notch toughness at room temperature with an 
increase in tempering temperature from about 
450° to 600° F, similar to the commercial steels . 

The relation of notch toughness at room tem
perature to hardness (Rockwell C) of quenched 
and tempered 0.3 percent carbon steels without 
boron is shown in figure 55 . Except for the omis
sion of the high-nitrogen and nonkilled steels, the 
average hardn ess and notch toughn ess values for 
each base steel with 0.3 percent of carbon, were 
used in establishing this relationship. The average 
values for all th e stcels are indicatcd by the posi- ' 
tion of thc curve and the spread by the vertical 
lines. The values for the high-nitrogen steels, with 
and without boron, and h igh boron steels treated 
with Grainal No. 79 often were in the lower part or 
below this range, whereas the values for the steels 
with low boron were usually well within , and wlwn 
treated for high hardness, above the range. 

Some idea of the relative harden ability and 
notch toughness of the experimental and com
mercial steels each with 0.45 percent of carbon and 
1.6 percent of manganese may be obtained from 
the results summarized in table 12. 

The experimental steel without boron was 
slightly deeper hardening than the commercial 
steel, but with similar additions of boron the order 
of superiority was reversed . These r esults, there
fore, indicate that addition of boron in the ingot 
mold of relatively large capacity is equally as, or 
more, effective than in the furnace in enhancing 
the hardenability of steels of the selected type com
position. Furthermore, the trend was for the 
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FIGURE 55,- Relation oj notch toughness at room temperature 
to Rockwell C hW'dness oj experimental steels containing 0 ,3 
peTcent oj caTbon as Jully q'uenched and tempel'ed. 

The curve represents the relat IOnship between the average notch toughness 
and hardness values and the vertical lines the approximate range in values 
for notch toughness, (The values for all the hase steels (withou t boron) with 
0,3 percent of car bon, listed in tables I to 7, are included in this chart except 
t hose with high niirogen and those not deoxid ized w i t h aluminum.) 

values for notch toughness at room temperature of 
the steels as fully hardened and tempered at low 
temperatures (450° and 600° F ) to be slightly 
higher in the commercial than in the experimental 
steels and considerably higher when tempered 
alike at 1,000 0 F. The notch toughness 9.t - 70 0 F 
of specimens tempered at 1,000° F was also greater 
in the commercial steels. 

The notch toughness of the fully hardened and 
tempered steels, v3.ried with the h'l,rdness (temper
ing temperature), test temperature, boron con
tent, composition of intensifiers ; in th e case of the 
experimental steels the notch toughness also varied 
with the base composition and state of deoxidation. 

The addition of small amounts of boron was 
often beneficial to notch toughness a.t room tem
perature of the stee~s when fully hardened and 
tempered at low temperatures (high-hardnesses), 
but th e presence of boron, especially as relativel)' 
high additions with intensifiers containing tita-
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T ABLE 12.- Compm·ison of hardenability and nolch toughness 0/ e."Cperimental and commercial steels with 0.1,5 percent of 
caTbon and 1.6 pel' cent of manganese 

Compos itiOJ1 , percent Hardenabi li ty Charpy impact specim en l tempered at-
16ths inch from 

wator-cooled 
end for Roek- 4500 F 6000 F 1,0000 F well C value 

Steel No. of-· 
C Mn P S Si B ' 

En9rgy Energy Energy 
JIard- a bsorbed , Hard- absorbed, Hard- absorbed , 

50 42 ness, Rc ft- Ill at ness, R c ft-Ib at ness, R c ft-Ib at-

+ 70' F + 700 F +700 F 1-700 F 

EXPERIMENTAL 

5._. _____ . __ .. ____ . 0. 47 1. 56 0.011 0. 020 0.24 None 5.5 7.0 54 6. 8 51 5.4 33 39 17.9 
6. _____ ._ . __ .. ____ . . 47 1. 58 --- -- --- -------- .23 0.0015 9.5 1l.5 55 12.8 50 11. 2 33 38 17.3 
7 . _________________ . 46 I. 57 --.---.- -- -_ .--- .23 . 0033 7. t 8.6 54 12.9 50 7. 3 33 41 20.5 
8. __ ._ .. _._. __ . __ ._ . 44 1. 57 ---------------,; .23 . 0062 10.7 t2.5 54 12.6 50 8.5 32 41 17.3 

COMMERCIAL 

C I5. ____ ._._ .. ___ . 0. 43 I. 58 0.020 0. 019 0.31 None 4.4 5.8 53 9.3 50 6.6 32 63 27.0 
C I2._ .. ___ . __ . ___ . . 43 1. 56 . 020 . 019 .31 0.0022 13. 0 15.4 53 14.9 50 7.5 3 t 60 27. G 
C I3 __ . __ . ____ . ___ . . 43 l. 58 .020 . 017 . 3t . 0028 13. 2 15.6 51 16.4. 50 11.5 32 58 25. G 
C 14 ______________ . . 43 l. 59 . 01& .019 . 32 . 0036 13. 2 16.3 53 14.6 50 9.6 3 t 58 22.8 

I Tho specimens, initially normali zed, were heated at 1,550° F for 1 hour and Quenched in st ill oil at 1000 to ]200 F . The quenched specimens wore trans
ferred, w ithou t coolin g to room temperature, to a furnace at Lhe indicated temperature , he lel at this te mperature for 1 hour a nd tben coo led in a ir. Charpy 
t ests were made in duplicate. Refer to text for d eta ils of t he pre paration of speci mens and test ing proced ures. 

\! Boron addiLions were made with Ferroboron : values by chem ical analys is. 

nium was usually either without effect or was detri
mental to notch toughness at room and subzero 
temperatures when the steels were tempered at 
high temperatures. 

The notch toughness of the follo''''ing steels fully 
hardened and tempered at 1,000° F was not 
affected appreciably by a change in test tempera
ture from room to - 95° F. 

C i\[n N i Cr Mo 

% % % % % 
0.3 O. 8 O. 4 to 1. 1 0 0 
. 3 .8 0 . 25 to . 75 0 
. 3 .8 . 4 to 1. 0 .5 0 

5 . Tensile 

T ensile tests were made on normalized and on 
heat-treated specimens of many of the experi
mental and several of the commercial steels. As 
these data were presented in some detail in the 
original reports [5 to 11] to the sponsor, only a 
summary of the results will be included in the 
present report in order to show the characteristic 

N B Remarks 

% % 
Low __ ______ __ o to O. 005 Boron additions as Ferroboron 
Low to high ___ o to . 005 Do. 
Low __________ o to .005 Boron additions as Fe rroboro n 

or Grainal No. 79. 
.3 1. 25 0 .25 0 __ ___ do ___ ____ _ o to . 003 Do. 
. 3 1. 6 0 0 0 0.015 __ ___ ____ o to .005 Boroll addition s a.s ~erroboron 
.3 1. 6 0 0 0 0.005 ____ __ ___ o to . 001 Boron additions as Ferroboron 

Orainal No. 79 or Silca z 
N o.3. 

. 3 1. 6 0 0 0. 3 Low __ ________ o to .005 Boron add ition s as Fen'oboron 

The notch toughness at low temperatures of the above steels, especially those containing 0.8 percent 
of manganese and nickel , and the relatively high notch toughness at room temperature of boron-treated 
steels heat-treated for high hardness values are considered significant factors t hat may be of importance 
industrially_ 
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trends due to boron and other elements on the 
tensile properties. 

The beneficial effects of alloying elements on 
the mechanical properties of structural steels are 
fully obtained only when they are in the heat
treated condition; that is, when fully hardened 
and tempered. The results of the tensile tests 
made on the steels in the annealed or normalized 
condition, therefore, are considered to be of minor 
importance. Obviously, the tensile properties of 
normalized steels will vary with the rate of cooling 
from the austenitizing temperature and with the 
presence or absence of elements that confer the 
property of deep-hardening, such as manganese, 
chromium, and molybdenum. No marked or 
consistent improvement in the tensile properties 
of the steels as annealed or as normalized could be 
attributed to the addition of boron. However, 
an interesting feature of the test results obtained 
with the commercial steels was the combination of 
greater yield and tensile strengths and reduction 
of area of each steel as normalized (cooled in air) 
as compared with the same steel as annealed 
(cooled slowly in furnace). 

(a) Experimental Steels 

A general summary of the results of tests made 
on tensile specimens of the experimental steels, 
containing 0.3 percent of carbon, as quenched 
from the usually recommended temperature in 
water (or oil, fully hardened) and then tempered 
alike at 450°, 600°, 800°, 1,000°, or 1,200° F 
follows: 

1. Carbon-manganese (steels 1 to 4, 13 to 20, 
table 1) .- The tensile properties were not mater
ially affected by boron (additions with Ferroboron) 
in steels with 0.8 , 1.25, or 1.6 percent of manganese, 
except possibly a slight improvement in the re
duction of area due to boron in the 0.8 and 1.25 
percent manganese steels and a decrease in yield 
and tensile strengths of 1.25 and 1.6 percent of 
manganese steels with the higher additJions of 
boron when tempered at 450° F . 

2. Deoxidation practice (all steels listed in table 
2).- The tensile properties of these steels with 1.6 
percent of manganese were not significantly 
affected by boron, additions with Ferroboron, 
Orainal No. 79 or Silcaz No.3, or by variation in 
deoxidation practice used. (There was a slight 
trend for the reduction of area to be unproved by 
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boron III some of the steels when tempered at 
450° F.) 

3. Nitrogen (all steels listed in table 3) . - V aria
tion in nitrogen had no marked I:\ffect on the 
tensile properties, except for a decrease in duc
tility with increase in nitrogen in steels with about 
0.003 percent of boron and 0.10 percent of titan
ium (steels 141 , 153, and 185) when temperrd at 
600° F. 

The effects of titanium, chromium, and zir
conium on the tensile properties of high-nitrogen 
steels with about 0.0015 percent of boron varied 
to some extent with the tempering temperatures 
used. When tempered at 450° F for relatively 
high strengths, the yield and tensile strengths of 
steels with titanium decreased with increase in 
concentrations of this element, whereas the effects 
due to variation in chromium (without titanium 
or zirconium) were negligible. The strengths of 
the chromium steels, however, were slightly de
creased by small additions of titanium. The 
reduction of area increased with sman additions 
of titanium and then decreased with the higher 
additions. The reduction of area of the steels 
with about 0.2 or 0.45 percent of zirconium was 
also superior to that with lower or higher additions. 
When tempered at 1,200° F for relatively low 
strength, variations in titanium or zirconium had 
no significant effect on the yield and tensile 
strengths, but the strengths of the chromium 
steels were superior and the ductility of the steels 
containing relatively high titanium or chromium 
was somewhat inferior to those of the base steels. 

4. Nickel (all steels listed in table 4).- The 
tensile properties were not materially affected by 
nickel or boron, except for a slight improvement 
in reduction of area due to boron in steels with 
0.35 or 0.6 percent ot ·nickel when tempered at 
450° F . 

5. Chromium (all steels listed in table 5) .- The 
effect of chromium on the hardness and tensile 
properties of steels, with and without boron, 
varied with the tempering temperatures of the 
fully hardened steels. The yield and tensile 
strengths of the base steel when tempered at 450° 
F were usually increased by the presence of 
chromium. However, the strengthening effects 
due to chromium were manifested after tempering 
at relatively high temperatures primarily through 
the action of chromium in resisting softening by 
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tempering. There w tS a distinct trend for the 
strengths dnd hardness of the steels tempered at 
1,200 0 F to increase with the chromium content, 
but this was often accompanied by a corresponding 
reduction in ductility (elongation and reduction of 
area) . When tempered at either a low or high 
temperature, the strengths of the steels with high 
boron prepared with Ferroboron were usually 
lower than those of steels with 0 or 0.003 per
cent, whereas the values for the steels treated 
with Grainal No. 79 were generally on the upper 
side of the range. 

6. Nickel-chrom'ium (all steels listed in table 6) .
The effect of boron on the tensile properties of the 
nickel-chromium steels varied \\' ith the composi
tion of the intensifiers and tempering temperatures. 
When tempered at 450 0 or 600 0 F , the trend was 
for the yield and tensile strengths of the steels 
prepared with Ferroboron to decrease with in
crease in boron, whereas these properties were not 
significantly affected hy changes in boron addi
tions with Grainal No. 79. 'When tempered at 
1,200° F , there was only a very slight trend for the 
strengths of the steels treated with Ferroboron to 
decrease with increase in boron, but the strengths 
of the Grainal-treated steels increased slightly 
with boron content. Variations in boron, how
ever, had no marked effect on the ductility of the 
steels tested . 

7. Chromium-molybdenum.- A study was not 
made of the tensile properties of the steels listed 
in table 7. 

(b) Commercia l Steels 

The two steels without boron and one steel pre
pared with each type of intensifier were elected 
for a study of the hardness and tensile properties 
as affected by quenching from 1,550° F in oil and 
then tempering at various temperatures. Steels 
C7, C1O, C13 , C15, C17 , C20, C23, C26, and 
C4145, a,re reported in table 8. 

When the steels were tempered alike at temper
atures varying from 450° to 1,200 0 F, the values 
for yield strength , tensile strength, and hardness 
were not materially affected by boron as is illus
trated in figure 56. Similarly, the ductility 
(elongation and reduction of area) was not appre
ciably improved by boron when the steels were 
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tempered at 800 0 F or higher. The spread in the 
values obtained in each of these properties was no 
greater than the variation to be expected from 
heat to heat, duplicate specimens, and testing 
procedure. However, when tempered at 450 0 or 
600 0 F for relatively high hardness, the ductility 
of the steel without boron was somewhat inferior 
to that of each of the boron-treated s teels tes ted 
from this same heat. It should be pointed ou t 
that the ductility of the steel without boron , 
especially when tempered at 600 0 F was only 
slightly less than tha,t of the steels containing 
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FIGURE 56.- Influence of tempering temperatw'e on the 
tensile properties at room temperature of two commercial 
steels quenched as various size rounds. 

The chemical composition of t he steels is given in ta ble 8. A ll tensile 
specimens were Quenched from 1,550° F in oil, except tbe I· inch rounds or 
steel 015, which were Quenched in water. The yield strength was determined 
by the 0.2-percent·otfset method . 

Stee l No. 
Boron AS'1'M 

--'----.------,--.-- Grain N o. 

Agent Amount a t 1.550° F 

P ercent 
0 15 ............. N one............................ < 0. 0001 8 
0 10 ............. Gra inal No. i 9.................. . 0006 8 
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relatively high additions either with Ferroboron 
or Borosil (steels C15, C13 , and C26). 

(c) Discussion 

Some of the trends reported for the experimental 
steels are not considered especially significant be
-cause the differences in values for the tensile 
properties were not greater than those that may 
be expected as arising from I ~'quality" or from 
testing procedures. Howe),er, when both the 
·experimental and commercial steels were quenched 
and tempered for high hardness there was some 
~vidence that the ductility was improved by small 
additions of boron. 

McQuaid [25] has expressed the opinion that 
maximum properties are attained under heat
treating conditions in which the austenite is 
chemically homogeneous and it is cooled suffi
·ciently fast to prevent the formation of free ferrite . 
Kinzel [26] pointed out that where low-tempering 
temperatures are involved, the nature of the 
martensite obtained in SAE 1300 series (plain 
manganese steels) is much akin to that obtained 
in plain carbon steels in which the normal man
ganese content is one-third to one-half as much. 
They apparently lack the homogeneity obtained 
with other alloy steels. This is true even in those 
sections that appear to be thoroughly hard ened. 
However, the addition of relatively small amounts 
Df nickel, chromium, or vanadium does permit 
the metallurgist to obtain optimum properties in 
fully hardened steels. The addition of boron is 
most useful in conjunction with the important 
amounts of other alloying elements, and it plays 
but a small role in steels that are not thoroughly 
-quenched. Boron does not change the character 
Df martensite. 

Lorig [27] was of the opinion that the lower 
-ductility of commercial steel C15 as quenched 
-and then tempered at 450° F possibly might be 
-clue to the presence of free ferrite. He found that 
the ductility of quenched and tempered tensile 
specimens prepared from this steel increased with 
·decrease in size (within certain limits) or decrease 
in amount of free ferrite. 

Additional tests with tensile specimens of 
various diameters were carried out to determine 
whether the low ductility observed in this steel 
(C15) as quenched and tempered was due to 
incomplete hardening during the quench. Charpy 
(V-notch) impact and tensile specimens of steels 
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ClO and C15 were prepared, tested and examined 
microscopically in the usual manner . The results 
of the tensile tests summarized in table 13 indi
cated clearly that the presence of free ferrite in the 
structure produced by incomplete quenching 
steel C15 was detrimental to ~its ductility, when 
tempered at 450° F. Previous results (fig. 56) 
indicated that this deleterious effect of free ferrite 
is minimized by increasing the tempering tempera
ture to above about 800° F. Both the fully 
hardened boron-tl~eated steel (C10) and the in
completely hardened nonboron steel (C15) had 
the same reduction of area when tempered alike 
at 800°, 1,000°, or 1,200° F. 

The main role of boron in improving this 
ductility, therefore, appears t,o be due to its action 
in increasing hardenability (depth of hardening) 
and thereby ensuring complete hardening in a 
larger size than is possible in nonboron steels. That 
is, the tests were carried out on specimens of a 
"critical" size favorable for showing the improve
ment in harden ability due to boron. Obviously, it 
would be expected to find the difference in duc
tility to be nil if the steels were heat-treated in 
considerably larger sections where the suppression 
of appreci'Lble amounts of free ferrite is impossible 
in the boron-treated steel. 

The results of the Charpy tests (table 13), how
ever, indicate that the elimination of free fcrri te in 
the tempered specimens (specimens quenched in 
water, tempered 450° or 600° F) did not improve 
the notch toughness at room temperature. Again, 
steel ClO without the presence of free ferrite was 
somewhat tougher than steel C15 with or without 
free ferrite when tempered alike at 450° or 600° F. 

The addition of boron had no effect on the 
resistance to softening by tempering of any of the 
quenched steels. 

6. Weld ability 

Arc-welding tests were made on 7Hn.-thick 
plates of some of the carbon-manganese steels 
listed in table 1 (steels 1 to 4,5,8, 13, 16, 17, and 
20). The plates were heat-treated (quenched 
fr0m 1,575° or 1,475° F in water and tempered at 
1,000° or 1,100° F ) for Vickers (Vn 30) hardness of 
250 to 280 (Rockwell C 23 to 27 by conversion) 
prior to notching and assembling for welding. The 
welds were made by filling an open root, V -notch 
with metal from coated electrodes (Arcos Chro-
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'fA B L !'; J 3.- Effect of cooling rate on t.he formation of Fee ferri te and the ductili ty as determined in tensile and impact tests of 
commerrial steels Cl0 and C15 . 

SLOe l No . 
D iameter 
of speei

mcn 
Quen ching medium Hardness, 

R c 

TENSILE T ES T S 1 

Strength,l ,ooOlb/in .' 

Yield' 'r ensilc 

Perccntage-

Elonga
iion 

Reduc
tion of 
area 

Structure' 

CI5 .. ______________ _ in. { 
0. 53 Oil _______________ __ 53 

54 
211 
207 

275 
273 

8.5 
9.0 

28. 9 Numerolls areas of free ferrite, un iformly dis-
31. 0 lributed. 

C15 _______________ __ 

C 10 _______________ __ 

C I5 ~ ______________ _ 

C 15 ______________ . __ _ 

Steel -"0. 

avg. 54 209 274 8. 8 30.0 

.375 _____ d o _____________ __ 53 
53 

223 
224 

282 
283 

13.6 
7. 1 

44.8 
8. 1 

.375 

.375 

. 20 

avg. ___ 53 

__ ___ do .. __ ___________ 54 
53 

""g. __ . 54 

Water _______________ 52 
53 

avg __ 53 

OiL ________________ { 53 
52 

avg oo __ 53 

400 

223.5 

2[9 
210 

211.5 

232 
233 

232.5 

228 
226 

227 

282.5 

278 
278 

278 

282 
282 

282 

280 
280 

2S0 

CHARPY TE ST S 3 

Tempered at , 0 F 

450 

10. 4 

14.6 
15.0 

14. 8 

14. 3 
13.6 

14.0 

17. I 

17. 1 

600 

26.5 

44. 9 
49.6 

47.3 

50.0 
'19. 3 

49.7 

54. 5 
51. 2 

54.4 

Quenchi ng med ium 

"'ard lless Energy lJ' 1 Energy TI d Energv 
.0. absorbed arc ness absorbed, .o. arRness absor bed , 

R c fl-Ib ' R c ft-lb c ft-lb 

CIL ____ _________ ___ OiL ________________ { 54 
54 

12.4 
10.2 

53 
53 

9.0 
9.6 

49 
50 

6.6 
6.6 

----1----------------

======== 

Trace of free fer ri te neeelies. 

No frcc ferriLo, few Ti in clu sions. 

No free ferrite. 

No frce fcrrile. 

Stru ciUTC' 

Traces of frcc fe rr ite. 

:wg __ __ 54 11. 3 53 9. 3 / 50 6. 6 

CID.. ____________________ dO-- _____________ { : : ~~: ~ :~ ~~:~ !~ ~~:~ No free ferrite. 

avg ____ 54 22.1 53 19. 5 

C I5 - --------------- Waler _______ ________ L::::::::::::::::: 54 8.0 
53 ________ __ 

avg __ oo ___________ __ 54 8.0 

49 

50 
49 

50 

16.1 

4.8 
5.3 

5. I 

No frec ferrite. 

1 The specimens ini t ially normalized at 1,6500 F were healed at 1,5500 F for 30 minutes and t hen quenched in still oi l .or by stir ring vigorously in water. 
'Phe Quenched specimens we re tempered at 4500 F for 1 hr and then cooled in ai r. Refer to tex tfor proced ures used in fini shing the specimens to s ize and testing. 

2 'r'em pered martensi te. 
3 Specimens, approximately 0.425 in. square by 2.16 ill. lon g, were quen ched from 1,5500 F in oil or by stirring vigorously in watcr. The quenched speci

men s were tempered at temperatu re as indicated for 1 hr and tben cooled in air . R efer to text for proced ure used in fini shing the specime ns to size (fi g. 4, D ) 
and testing. Charpy tests were made at f oom temperature. 

• 0.2 percent offset met hod. 
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mang %2- and :K6-in. diameters) containing 18 
percent of chromium, 8 percent of nickel and 3.75 
to 4.75 percent of manganese. All welds were made 
manmJly using direct current, reversed polarity 
and a split weave with a cover pass at an average 
speed of 8 to 9 in. per minute. Two specimens for 
metallographic examination and hardness surveys 
and two specimens for tensile testing were prepared 
from each plate after welding. 

All the welds were considered as being of good 
quality and were apparently free from cracks, 
excessive porosity and slag inclusions. The struc
tural features of the welds were similar in all the 
steels, and no correlation was found between boron , 
carbon, and manganese contents and the structures 
of either the heat-affected zone of the plate or 
weld metal. 

The results of Vickers hardness surveys (30-kg 
load) showed that the maximum increase in plate 
hardness from welding occurred in the series of 
steels containing 0.4 percent of carbon, 1.6 percent 
of manganese (stegls 5 and 8 with 0 and 0.006 
percent of boron, respectively) . These two steels 
had relatively high hardenability and contained 
the highest percentage of carbon. The steels 
with 0.3 percent of carbon, 0.8 or 1.6 percent of 
manganese, with or without 0.006 percent of 
boron, did not show an increase in plate hardness 
from welding. 

Variations in boron, carbon, and manganese 
contents of the steels investigated had no appre
ciable effect on the maximum hardness value of 
the weld metal. Similarly, variations in boron or 
manganese in steels with 0.3 percent of carbon 
had no significant effect on the tensile properties 
(strength and ductility) of the welds, but the 
ductility of the steels with 0.45 percent of carbon, 
with or without boron, was inferior to that of the 
steels with 0.3 percent. The fracture of all the 
tensile specimens occurred in the weld metal; not 
in the plate metal. 

The addition of boron, therefore, did not ad
versely affect the weldability of the steels as 
determined by the described tests. 

V. Recovery of Boron on Remelting 
Heats were prepared in an induction furnace in 

a magnesia-l ined crucible without a slag under 
usual melting conditions, and other heats were 
similarly prepared, except that 1 percent of mill 
scale was included in the original charge. Each 
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melt (about 70 lb) was deoxidized with 0.10 per
cent of aluminum just prior to adding 0.006 percent 
of boron, with either Ferroboron or Grainal No. 
79 in the furnace and pouring into a steel mold . 
A part (6 to 20 Ib) of each ingot was retained, and 
the remainder was remelted under the original 
conditions (regular melting practice or with 1 % 
of mill scale), and additions of carbon, manganese, 
silicon, and 0.05 percent of aluminum were made 
to the melt (no boron was added) just prior to 
recasting. A part of each ingot was again re
tained, and the remainder was remelted using t1le 
same pi'ocedure as was used for the first remelts. 
The part of the ingots retained after each melt 
was forged into approximately n f-in. rounds. 
Analysis for carbon, manganese, and silicon was 
made on samples prepared from the ingots and 
boron on samples from the forged bars. The 
results, summarized in table 14 show that approxi
mately 60 percent of the boron was retained after 
remelting in an induction furnace under normal 
conditions and abou t 25 or 50 percent (originally 
treated with Ferroboron or Grainal No. 79 , 
respectively) under the oxidizing condition pro
duced by the addition of mill scale. There was a 
further loss of boron on again remelting, but even 
under the oxidizing condition boron was retained 
in sufficient amounts to have a substantial influ
ence on hardenability. Unfortunately, each of 
the elements, carbon, manganese, and silicon , 
varied over such wide ranges that the hardena
bility effect due to boron could not be accurately 
determined. Whether the boron existed in a 
suitable form to affect hardenability, therefore, 
could not be established by these tests. 

VI. Summary 
Tests were made to determine the influence of 

varying amounts of boron additions made with 
different intensifiers (ferro alloys containing boron ), 
on the cleanliness, structure, austenite, and 
McQuaid-Ehn grain sizes, hardenability, notch 
toughness (Charpy impact, V -notched specimen) 
at room and low temperatures and tensile proper
ties at room temperature of experimental and 
commercial steels. The study was extended with 
some of the experimental steels to include the 
effect of variation in deoxidation practice on the 
above properties; the effect of boron on tempera
tures of transformations when slowly heated and 
cooled (Ae and Ar) and when rapidly cooled (Ar") ; 
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TABLE l4. - R ecovery of boron on remelting 

The steels were prepared in an induction furnace at Battelle Memorial 
InsLitute. Each melL was dcoxidized with 0.1 perce nt aluminum before 
making the boron addition in the furnacc , and each remelt. was again 
deoxidi zed with 0.05 percenL alnminum just before pouring. Additions 
of carboll, manganese and silicon werc made to some of the remclLs. 

I 
Composit ion, percent 

I 
Boron 

Heat No. Steel Remarks 
No. 

C Mn Si Re· Per-
Add- cent 

ed cov- recov-ered 1 ered 

STRAIGHT MELTING ; BORON ADDED AS FERROBOllON 

10107. ._ .. _ 282 0.27 1. 88 0.48 0.006 0.0064 107 Melt. 
10i l l. ... __ 286 . 26 1. 5 1 .17 Non e . 0037 58 First remelt. 
10115 ______ 290 . l4 0.71 . 15 None . 0002 5 Secund remelt. 

STRAI GH T MELTING; BORON ADDED AS GRAINAL NO. 79 

10108 __ .. __ 283 0.27 1. 73 0.29 0. 006 0.0044 73 Melt. 
10112 .... __ 287 . 30 1. 73 .35 INane . 0027 6l First remelt. 
10116 .... __ 291 . 23 1. 27 . l7 None .0010 37 Second remelt. 

MILL SCALE ADDED ' ; BORON ADDED AS FE RR OBO R ON 

10109 __ .. __ 284 0.24 1. 23 0. 18 0.006 0.0056 93 Melt. 
10113 __ .. __ 288 . 31 1. 70 . 28 None . 0013 23 First remelt . 
10117. . . .. _ 292 .23 1. 07 . 15 None . 0003 23 Second remelt. 

MILL SCALE ADDED 2; BOIlON ADDED AS GRAI NAL NO. 79 

lOllO __ .. __ 285 0.26 1. 37 0.20 0.006 0.0027 45 Melt. 
10114 __ .. __ 289 . 29 1.89 .28 None . 00l·J 52 First remelt . 
lO1l8 .... __ 293 . 25 1. 03 . 15 None .0002 14 Second remelt . 

1 Boron was determined by spectrographic analysis. 
2 Addition of 1 percent mill scale was made in the furnace with each charge. 

the effect of boron on weldability; and the recovery 
of boron Oil induction melting and remelting under 
normal and oxidizing conditions. 

The procedures used for preparing the steels, 
test specimens, and carrying out the various tests 
are described in some detail, and the results are 
summarized in the text. The results of the deter
minations of the austenite and McQuaid-Ehn 
grain sizes, transformation temperatures, and the 
data obtained from the tensile and the welding 
tests are embodied in abridged form in the present 
paper. However , the complete data are included 
in restricted progress reports issued by the Office 
of Scientific Research and Development. 

Approximately 250 experime.ntal steels were 
made as "split" heats in an induction furnace and 
20 commercial steels as a split heat in a basic open 
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hear th furnace. Thus, a steel from each heat 
(except in a few special cases) was used as a basis 
for determining the magnitude of the effect of 
boron on the mechanical properties. 

Boron was determined chemically by a distilla
tion-colorimetric method by using phosphoric acid 
and turmeric with an accuracy of ± 0.0002 percent 
of boron in the lower part of the range from 0.0005 
to 0.006 percent and ± 0.0005 percent in the upper 
part of this range; the average difference between 
determinations by chemical and spectrographic 
methods was about 0.0003 percent of boron. 

Variations from nil to 0.006 percent of boron 
additions made with either simple or complex in
tensifiers had no significant influence on the fol
lowing proper ties of the steels: (1) Cleanliness, 
except titanium or zirconium inclusions in some 
steels treated with complex intensifiers (non
metallic inclusions), (2) hot working (experimental 
steels), (3) transformation temperatures (Ac!, AC3, 
AT3, ATI and AT", experimental steel ), (4) resist
ance to softening by tempering, (5) weldability 
(experimental steels), and (6) tensile of fully har
dened and tempered specimens, except possibly 
an improvement in ductility when tempered at low 
temperatures. 

Boron lowers the coarsening temperature of 
austenite. However , steels with relatively high 
additions of boron can be r endered fine grained 
at heat-treating temperatures by the judicious use 
of grain-growth inhibi tors such as aluminum, 
t itanium, and zirconium. 

The influence of boron on hardenability and on 
notch toughness (Charpy impact, V-notched speci
mens) of fully hardened and tempered steels 
varied with the base composition of the steels, the 
composition of Lhe in Lell ifiers, and the amount of 
boron present. 

The increase in hardenability due to boron was 
greater for basic open-hearth than for experimental 
steels prepared in an induction furnace. The 
notch toughness at room and low temperatures of 
th e commercial steels fully hardened and tempered 
at high temperatures was also superior to that of 
the experimental steels of similar composition h eat 
treated alike. 

The hardenability, as determined by the end
quench test, of many of the experimental and-.all 
the steels comprising a basic open-hearth h eat 
were markedly improved by additions of boron. 
However , no definite correlation was found be-

129 



tween the hardenability efleet and the amounts of 
boron added or retained in the steels. 

In many of the experimental steels the optimum 
hardenability was obtained wi th small additions 
of boron (0.001 percent or less retained), while in 
other steels the hardenability increased continu
ously with increase in boron. In other steels, the 
addition of boron as a simple or complex intensifier 
was either without effect or impaired the hardena
bility. In general, relativelY small additions were 
more effective thftll large, and the complex intensi
fiers were more effective than the simple ones. 
The effectiveness of boron in enhancing the har
denability increased with the amounts (within 
limits) of manganese, chromium, and molybde
num. The hardcnability of the boron-treated 
steels also varied with the state of deoxidation of 
the heat, and the final nitrogen content. High 
soluble nitrogen (and possibly oxygen) was detri
mental to the boron effect on hardenability, but 
it was possible to retain the effect in high-nitrogen 
steel~ (low-soluble nitrogen) by fixing the nitrogen 
with strong nitride-forming elements such as 
titanium or zirconium. 

For the commercial steels, the magnitude of the 
harden ability effect was independent of the amount 
of boron added or retained and the composition 
of the intensifiers. 

The hardenability of some of the experimental 
and commercial steels treated with boron was 
affected by variation in quenching temperatures. 
In certain steels, the degree of hardenability was 
increased by increasing the quenching temperature 
above the usual recommended range, whereas in 
other steels the hardenability was not affected or 
was decreased by this change. 

The magnitude of the hardenability effect due 
to boron appears to depend upon the form in 
which it exists in austenite; not necessarily upon 
the total amount present. 

The addition of small amounts of boron was 
often beneficial to the notch toughness at room 
temperature of the steels when fully harden ed aD d 
tempered at low temperatures. 

When the steels were fully hardened and tem
pered at high temperatures the presence of boron, 
especially as relatively high additions with in
tensifiers con taining titanium, was usually either 
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without efrect or was detrimental to notch tough
ness at room and subzero temperatures. 

The notch toughness of many of the steels fully 
hardened and tempered at 1,000 0 F was not af
fected appreciably by a change in test temperature 
from room to -95 0 F (see p. 123). 

Appreciable amounts of boron were retained in 
steels after remelting in an induction furnace 
under both normal and highly oxidizing conditions. 

The authors gratefully acknowledge their in
debtedness to the many individuals who assisted 
in preparing and carrying out the test program. 

The plans for the investigation were prepared 
jointly with C. H. Lorig, Battelle Memorial 
Institute, as the representative of the War M etal
lurgy Committee. In addition, the pl ans for 
obtaining and testing the commercial steels were 
made with and approved by the Subcommittee on 
Special Addition Agent Steels of the War Engi
neering Board, Iron and Steel Committee, R. B. 
Schenck, Buick Motor Division, General Motors 
Corporation, Chairman. 

The experimental steels were made and analyzed 
(except for boron and nitrogen) by the members of 
the staff of the Battelle Memorial Institute, the 
commercial steels were from a heat made at the 
Duquesne Works, Carnegie-Illinois Steel Corpora
tion, for the United States Army Ordnance and 
wer e analyzed (except for boron and ni trogen) at 
Buick Motor Division and Bat telle M emorial 
Institute. 

The full-time and efficien t assistance of G. D e 
Vries, Ellen H . Connelly , H. H essing and Carolyn 
R. Irish were largely responsible for th e completion 
of the proj ect. Machining of the specimens was 

. done under the supervision of H. J. Kaiser ; develop
men t of a method for chemical analysis for small 
amounts of boron and its determination by this 
method were contributions by H. A. Brigh t, J. L . 
Hague, K. D. Fleischer, and Martha S. Richmond; 
the development of a method for spectrographic 
analysis for boron and its determination were 
carried out by B . F. Scrihner and C. H . Corliss; 
determinations for ni trogen by vacuum fusion were 
made by M. Marie Cron, and its determination by 
a modified Allen method was made by K. D . 
Fleischer, all members of the staff of the National 
Bureau of Standards. 
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