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Influence of Nitrogen on the Notch Toughness of Heat
Treated O.3-Percent-Carbon Steels at Low Temperatures l 

Glenn W . Geil, Nesbit 1. Carwile, and Thomas G. Digges 

Charpy impact tests were made at temperatures ranging from - .1 960 t? + 10~0 C on 
fully hardened and tempered specimens of O.3-percent-carbon steels with variable llltrogcn. 

The t ransition from ductile to brittle fractures was affected by bot h t he amount and 
form of t he nitrogen in t he steels. Fixation of t he nitrogen as aluminum nitride was bene
ficial as t he aluminum-treated steels had considerably lower t ransition temperatures than 
thos~ of the steels not t reated with aluminum. 

1. Introduction 

It is now widely recognized in the field of metal
lurgy that ferrous metal~, .such as ord~ary carbon 
and low-alloy steels, exhIbIt a characteristIC loss of 
toughness when certain low temperatures are r eached. 
This decrease in th e toughness of the steel may occur 
near room temperature or at much lower tempera
tures, depending upon the composition, manufac
turing process, subsequent treatment of the steel, 
and method of applying stress. Under the condi
tions of stress imposed by a notch and at some tem
peratures or range of temperatures, the behavior of 
the steel can be expected to change from tough to 

i brittle. This change is generally accompanied not 
only by a decr ease in ductility but also by a change 
in the appearance of the facture surface of the steel, 
the fracture surface changing from a fibrous to a 
granular type as the temperature is lowered from 
above to below this transition. 

Different m ethods of testing are employed for 
determining the transition temperature of various 
materials [1 to 8J.2 A convenient and widely used 
method consists of breaking notche~ sp ecimens, 
such as Charpy V-or keyhole-notch, m lmpact at 
accurately controlled temperature. However, it 
should be pointed out that the transition tempera
ture as determined by one method may not agree 
closely with that obtained with some other method. 

I In general, th.e. transiLion temperature i.s lowe~~ed ~s 
the test condItIOns are changed from fracturmg m 
impact to tension, and still lower values are obtained 
in torsion. As the primary purpose of the present 
investigation was to study the specific influence of 
nitrogen on the notch toughness at lo:v temperature 
of fully hardened and tempered specmlens of 0.30-
percent-carbon steels, a single tes t method was used. 
This eliminated the many variable factors arising 
from differences in test methods. The r esults to 
be reported are those obtained on Charpy. V-notch 
specimens fractured at temperatures rangmg from 
- 196° to + 1000 c. 

2. Previous Investigations 

Many investigators have reported studies on the 
notch toughness of ferritic steels in which the effects 

1 This investigation was sponsored in part by the Ordnance Department, 
Watertown Arsenal. 

, Figures in brackets indicate the literature references at tbe end of tb is paper. 

of oxygen, nitrogen, and almninum have been dis
cussed. R esults of several investigations [3, 9 to 12J 
indicate that oxygen in the steel in solution or as 
iron oxide, manganese oxide, etc., has a strongly 
detrimental effec t on the mechanical properties at 
low temperatures. D eoxidation of steel with alu
minum, silicon, vanadium, titanium, or zirconium 
generally improves Lhe mechanical proper ties at low 
temperatures [9 , 11, 13 to 21J. A most of these 
deoxidizers are also effective as grain refiners and 
several also tend to combine with the carbon and 
nitrogen to form carbides and nitrides, their influence 
on the notch toughn ess of steel cannot be attributed 
solely to the removal of the oxygen. The notch 
toughness increases with decrease in the ferrite grain 
size [22 to 26], and it also may be affected by th e 
amount and form of the nitrogen in the sLeel. 

Fast [9J found that the energy absorbed by high. 
purity iron in notched-bar impact tests at room 
temperature decreased with increase in the amount 
of oxygen present ; the effect was small for iron in 
which the carbon is 0.002 percent or more; the addi
tion of 0.018 percen t of oxygen to the iron raised 
the transition temperature about 50 deg C. Allen 
[12J reported from the resul ts of tests made with 
Charpy V -notch specimens, that the transition 
temperature of normalized high-puri ty iron was 
affected mark edly by its oxygen content; as soon as 
th e oxygen increased above 0.003 percent, the transi
tion temperature began to rise sharply. rfhis notch 
bri t tleness in impact is attributed by bo th Fast and 
Allen to a grain boundary film of iron oxide, causing 
a weakening of the cohesion at the grain bound aries. 

According to Fast [9J the presence of nitrogen in 
high-purity iron does not appreciably affec t the 
low-temperature properties, but it is the cause of 
blue bri t tleness, that is, a deer'case in absorbed 
energy in notch-bar impact tests in the range 3600 

to 460 0 C. Other investigators [3, 10, 27] also 
have attributed the blue brittleness of steel to 
nitrogen or ni trogen precipitatcs. However , Hult,
gren and Chang [28] recen tly reported that an 
iron nitride precipitate is not a cause of embrittle
ment of steel. The data ob tained in many investi
gations [11, 15, 27, 29 to 34] indicate that nitrogen 
increases the aging and strain sensitivity of certain 
steels and irons. Some of these data also indicate 
that nitrogen decreases the notch-bar impact values 
and increases the transition temperatures. Nitro-
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gen influences tne gram size of steel, and this affect-I" 
the low-temperature properties. Sufficient data are 
not yet available to permit a separate analysis of 
t hese effects. 

The beneficial action of aluminum on the tough
ness of steels at low temperatures has been attrib
uted by several investigators [11, 15, 29 , 30] to the 
fixation of the nitrogen as aluminum nitride. Ni
trogen in the form of iron nitride or manganese 
nitride is believed to contribute more to strain sen
sitivity and embrittlement than nitrogen present as 
aluminum nitride. Work and Enzian [11] postu
lated that the presence of aluminum nitride in steel 
may even h ave a beneficial effect. They stated, 
"It seems probable that the form in which oxygen 
or nitrogen is present in the steel has a greater 
bearing on the properties than the total content of 
either element." 

3 . Steels and Procedures 

The composition of th e steels used is given in 
table 1. Each steel contained about 0.30 percent 
-of carbon, 0.25 percent of silicon , and about 0.9 or 
1.6 percent of manganese. The nitrogen and oxy
gen contents varied with the practice used in pro
cessing the heats. 

The procedure for processing these steels is de
scribed in some detail in previous reports [35, 36] . 
Essentially, the procedure consisted of using ingot 
iron as the base of 200- to 300-lb charges, melting 
in a magnesia-lined induction furnace without slags, 
and pouring into big-end-up steel molds of about 
50-lb capacity each, equipped with hot tops; steel 
41 was prepared from a melt under slag. In pre
paring the series varying in nitrogen content, 

additions of calcium cyanamide (technical grade) 
were made to the molten charge just before deoxi
dizing with 0.10 percent of aluminum and pouring. 
Each ingot was hot-rolled into a plate 0.5 to 0.6 in. 
thi'ck, and all test specimens were prepared from 
these plates after normalizing (heating at 1,650° F 
for 1 hI', followed by cooling in air) . Metallo
graphic examination of the normalized plates showed 
moderate to pronounced ferrite banding. 

The Charpy specimens were rough machined to 
approximately 0.43 in. square by 2.16 in. long. 
These over-sized specimens were placed in a furnace 
at 1,575 ° F , and, after 30 min, were quenched in 
water at room temperature, tempered at 1,000° F 
for 1 hI', and air-cooled to room temperature. 
At 1,575 ° F , the steels treated with aluminum were 
fine-grained , whereas the steels not treated with 
aluminum were of mixed grain size (table 2). 
Because of this variation in grain size at 1,575 ° F , 
additional specimens of the steels not treated with 
aluminum were quenched from a lower temperature 
(1,500° F ) at which they were also fine-grained. 
The heat-treated specimens were then wet ground 
to size (ends not ground) and notched with the 
no tch located at right angles to the rolled surfaces 
of the plates and normal to th e direction of rolling, 
as illustrated in figure 1. 

Hardness tests (Rockwell C) were made at room 
temperature on the Charpy specimens after frac
turing; two or more readings were made on each 
specimen. Each hardn ess value given in table 2 
is the average obtained from the entire number of 
specimens of that steel. The hardness was quite 
uniform in all the specimens heat-treated from a 
selected steel , but the average hardness of the 0.9-
percent-manganese steels was slightly lower than 

TABLE 1. Chemical composition of steels-p3rcentage by weight 
T he ingots and determinations for carbon, maI) ganesc, phosphorus, sulfur, and silicon were made at the Battelle Memorial Institute. 'rhcse elemen ts were deLer .. 

m ined on drillin gs from the ingot at the base of the hot top. Ana]yses for n itrogen, oxygen , hy drogen, al uminum, aluminum nitride, and aluminum oxide were made 
a t the National Bureau of Standards on samples prepa red from the fractured Charpy specimens by methods as follows: Total nitrogen, oxygen, aud hydrogen by 
vacuum fu sion ; aluminum nitride as described by Beeghly [37]; aluminum oxide b y solution in H N O,; aluminum by spectrochem ical analysis. The determina tions 

J or the gases and their compound s a re comidered to he accura te to within a pproximately ± 0.001 pcrcent. 

Steel 

33 

1 

37 
llO 

Car· 
bon 

0. 28 
.30 
. 29 

1 

M an
ganese 

J. 59 
1 61 
I 64 

1 

Pho, 
phorus 

O. all 
.008 
. 008 I 

Sulfur 

0. 034 

I 
. 030 
. 029 

Aluminum Oxygen Nitrogen 

Silicon ---I' ----;1-----:1---.--1-----;-1--- ·-----;-1---- Hydro' 
Total Atb, Ai& ~i~,~~m.: Total Atb, T otal At& gen 

AhO, 

Steels n ot treated with aluminum 

0.25 

I 

0. 006 
1 > 0. 001 1 O. 002 1 > 0. 004

1 o. all I > 0. 001 I 0. 005 

I 

0. 001 I 0. 0001 I > 0. 001 I 0. 003 
. 25 . 005 >. 001 . 004 >. 001 . 009 >. am . 005 . 002 . 0002 . 001 . 006 
.30 · 004 >. 001 . 002 >. 002 . all >. 001 . 007 . 001 I > . 0001 I . 001 . 003 

Steel treated with O. 05% of aluminum 

76 I 0.30 11. 64 I~- 0. 027 I 0. 24 I 0. 034 I o. 006 1 0. 014 I 0. 014 1 0. 006 I 0. 005 1 O. 007 I O. 007 I O. 0001 I 0. 011 I 0. 021 

41 
138 
144 
150 
180 

17 
168 
198 

0.30 
.30 
.30 
. 32 
. 29 
. 29 
.32 
. 31 

1. 66 
1. 68 
J. 56 
1. 62 
1.54 
. 82 
.92 
. 92 

0. 010 
. 010 
. 009 
. Oll 
. 012 
. 010 
.010 
. 013 

0. 020 
. 029 
. 030 
. 028 
. 026 
. 021 
. 028 
.031 

0. 20 
. 29 
. 22 
. 25 
. 21 
. 24 
.25 
.33 

O. 058 
. 068 
· 058 
· 067 
· 076 
· 051 
. 064 
· 074 

Steels t reated witb 0. 1% of aluminum 

0. 009 
. 006 
· 005 
· 005 
· all 
· 005 
.009 
. 009 

0. 008 
. 014 
. 015 
. 031 
. 046 
. 010 
. 029 
. 060 

0. 042 
.048 
. 038 
. 031 
. 019 
. 036 
. 026 
. 005 

0. 008 
. 005 
. 004 
. 005 
. 010 
. 004 
. 007 
. 007 

a Tot.al aluminum minus alumi num combined as oxide and nitride. 
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O. 008 
. 006 
· 004 
· 005 
. 009 
. 005 
· 008 
. 008 

0. 004 
. 005 
. 008 
. 016 
. 027 
. 004 
. 016 
. 032 

0. 004 
. 007 
. 008 
. 016 
. 024 
. 005 
. 01.5 
. 031 

0.0001 
. 0002 

>' 0001 
>. 0001 
> . 0001 
>. 0001 
>. 0001 
> .0001 

0. 016 
. 012 
. 009 
. 010 
. 020 
. 010 
. Ol7 
. 017 

0. 012 
. 021 
. 023 
. 047 
. 070 
. 015 
. 044 
. 091 



that of the steels containing 1.6 percent of manganese. 
The notched-bar impact tests were carried out in 

duplicate at temperatures ranging from - 196° to 
+ 100 0 C in a Charpy machine of 224 .1 ft-lb capac
ity, with a striking velocity of the hammer of 16.85 
ft/sec. The specimens, except those tested at room 
temperature, were immersed in an insulated bath 
at the desired temperature for a minimum time of 
30 min and then quickly transferred to the impact 
machine and broken. The total time elapsing 
between the removal from the bath and the breaking 
of the specimen in the impact machine ranged from 
3 to 4 sec. For the tests at - 196° C, the insulated 
bath contained liquid nitrogen. For the tests at 
- 120° and - 100° C, the insulated bath contained 
dichloro-difluoro methane (Freon 12), and the 
desired temperature was maintained by the con
trolled passage of liquid nitrogen through a copper 
coil immersed in the bath. For the tests at _ 78°, 
- 70°, - 40°, and - 35° C, the insulated bath con
tained equal parts by volume of carbon tetrachloride 
and chloroform, and the desired temperature was 
maintained by regulated additions of solid carbon 
dioxide. The temperatUl'es of the specimens in the 
r efrigerant bath were measUl'ed by means of a 
thermocouple and a precision potentiometer. For 
the tests at + 100° C, the specimens were heated in 
a bath of boiling water in which a small amount of 
sodium chromate had been added as an inhibitor to 
corrOSlOn. 

4. Results and Discussion 

The relation between the energy absorbed in 
fracturing Charpy V-notch specimens and test tem
perature for the different steels is shown in figures 
2 to 5. In these figures, the value for energy re-

l 
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.01" RADIU S AT BOTTOM 
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,,~ 

~v 

FIGURE 1. Dimensions of Charpy specimen and its location 
in relation to the direction of rolling of the plates. 

quired to fracture each speci:rp.en is plotted against 
the test temperature, and smooth curves are con
structed to repre ent the energy-temperature rela
tionship. An interesting feature is the close 
agreement of the notch toughness values for duplicate 
tests even in the transition temperature range in 
which considerable scatter is normally expected. 

Various criteria have been used for evaluating the 
data obtained in notch-bar impact tests , and no 
single criterion or group of criteria has been accepted 
as a standard. The specific criterion used depends 
primarily upon the type of test and objective of the 
investigation. In the present study, the evaluation 
of the test data is based mainly on the curve showing 
the relation between energy ab orbed and test tem
perature, as given in figures 2 to 5. The transition 

TABLE 2. Heat treatment, austenite grain si ze, hardness, transition temperatw'e, and energy absorbed at 20° C of Charpy V ·notch 
spec~mens 

Transition temperature 

Steel Type ASTM grain No.' Hardness, 1--------;----
Rockwell Energy I Fracture 

H eat trcatment A; quenched from 1,575° F, tempered at 1,000° F 

33 1 6O"f U tI t t t d 'th Al {4 (50%) ________________ __ _ } 
---- - - - ------ . l o-mn S ce, no reae WI ---------- ------ -- -- - - - --- - - &-7 (50%) ___________ ___ __ _ 

37_ -- - - --.- - -. - - -- -- do _ - - -- - - - - -- - - - - -- - - - - - - - -- - - - - - - - - - - - -- --- - - - - - --- - - ---- g ?~~l :::::::::::: ::::::: } 
110_ - - - - -- - - - - - - - - -- do - - - - - - - - - - - - -- - -- - - - - - - - - - - - - - - --- - - - -- - - -- - - -- - - - - - - - -- {t~ ?~g~l ::::::::::::::::: } 
Hi:::::: :::::: _ ~ :~~~~~_ ~~~~l: _ ~_~_:_;_~_~ _:~!~t~ _ ~:_~~ ~_~_~ =::::: ::: ::::::::: :::::: !:::::::::::::::::: :::::::: 
144 _________________ do ______________ • __ _ _ _ _ _ __ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___ _ _ _ _ _ _ _ _ 8 ___ ____ _____________ _____ _ 
150 _________________ do _ _ _ ________________ _____________ ___ __ _ ____ ___ ___ __ _ _ ____ 8 _________ __ ____ ____ ______ _ 
180 ____ ____ _________ do _ _ __ __ ____ _____________ ____ _ ___ ________ __________ ____ __ 8 _________________________ _ 
17_ ______ __ _ ___ 0.9%·Mn steel, treated with 0.1% AI. _ _ __ ______ _ _ ____ ___ _ ___ __ 8 ______ ___ ________________ _ 
168 _________________ do _ _ _ __ ____ __ ___ __ _ ___ ___ _ _____ ___ __________ ________ ______ 8 _____________ ____________ _ 
198 _________________ do . _ _ _ _ _ _ _ _ __ __ _ _ __ _ _ _ _ _ _ ___ _ _ _ _ __ _ _ _ __ _ _ _ _ _ _ _ _ __ ___ _ _ _ _ _ _ 8 ___ ______________________ _ 

Heat treatment B; q uenched from 1,500° F, tempered at 1,000° F 

a At austenitizing tempera ture. 
b Based on the mean val ue of energy absorbed at +100° and -196° O. 
, Based on 50% area of granular fracture. 
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o a bsorbed b appearance' 

27 

28 

28 
27 
27 
27 
26 
28 
27 
24 
25 
26 

27 
28 
28 

°C 
- 44 

-49 

- 44 
-85 
-80 
-81 
-85 
-90 
-92 
-85 
-82 
- 96 

- 44 
-58 
-44 

° C 
-44 

- 43 

- 38 

- 88 
-80 
- 86 
- 86 
- 90 
- 92 
-87 
- 87 
-95 

-44 
- 43 
-38 

Energy 
absorbed 
at 20° 0 

/I·lb 
44 

42 

42 
50 
65 
54 
58 
50 
48 
69 
61 
49 

44 
42 
42 



60 
STEE L 37 

50 

40 

30 

20 

(/) 10 
0 
z 
=> 0 
0 
a. 

~ ~ • 
4 \ • I . 

-> 
~ 1\ 

v \~ 

STEEL 33 
,.!. 50 
0 
0 40 "-
o~ 

30 w 
OJ 
cr 

20 0 
(/) 

OJ 10 " 

~ ~ • 
I./' -1 

~ 
~ , 

>-
lO 0 cr 
w 

0 1-
STEE L 110 

z 50 w 

40 

30 

20 

10 

0 

~ , r\ 
A,O HEAT TREATMENT A \ ---r A). -HE AT TREATMENT B 
oJ. - ENERG Y /1' ~-GRAN ULAR FR ACTURE 

j I V \ 
..g--' \..,i 

-200 - 100 
TEMPERATURE, "C 

,. 

~ 
----

II o· 

o 

61 
0 0 

0 80 

6 0 

40 

20 

" o 

1 1 00 
0 

80 

60 

40 

20 

o 

I 00 

80 

60 

40 

~ 
20 

o 
100 

>-
z 
w 
u 
cr 
w 
a. 

w' 
cr 
:;) 

>-
u 

" cr 
u. 

cr 

" -' 
=> 
z 
" cr 
lO 

"-
0 

" w 
cr 

" 

FIGURE 2. R ein/ions of testing temperature to the energy absol'bed 
and appearance of the fracture of Charpy V-notch specimens 
oj O.3-pel·cent-carbon, 1.6-percent-manganese steels, not 
treated with aluminum. 

Refer to table 2 for heat treatments A and B. 
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FIGURE 3. R elations of testing temperature to the energy absorbed 
and appearance of the fracture of Charpy V -notch specimens 
of O.S-percent-carbon, 1.6-percent-manganese steels tl'eated with 
aluminum. 
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temperature from tough Lo briLLle behavior is desig
nated as the temperature at which the energy ab
sorbed is the mean of the highest and lowest values, 
that is, mean value for tests made at + 100 0 and 
- 196 0 C, respectively. The mean energy value 

occurs approxima tcly at the position of the greatest 
slope of the curve . Thus this transition temperature 
also corresponds to that at which the rate of decrease 
in energ~- is a maximum wi th decrease in test 
temperature. 

The appearance of the fractured surfaces of 
Charpy V -notch specimens also shows a correlation 
with the shape of the above curves. A dull, fibrous 
appearance wi th considerable deformation is char
acteristic of Charpy impact fractures of a tough 
material , whereas a bright granular or crystallinp, 
appearance with very small deformation is typical of 
a brittle mal erial. Partl.v fibrous and partly granuhr 
fractures are often obtained in specimens trsted in 
the transition range from tough to brittle matm·ifl.1. 
Thi s correlation is evident by a comparison of the 
curve represen ting the es timated percentage of 
granular fracture at each test temperature (average 
of duplicate specimens) with the curves based on 
energy values. A transition temperature of each 
steel when based upon 50-percent granular fracture 
corresponds fairly closely to that as determined by 
the energy-temperature curve (table 2). 

The influence of variation in the chemical compo
sition of the 0.3-percen t-cal'bon stcels used in this 
inves tigation on the transition temperature and the 
notch toughness at low temp eratures is summarized 
in figures 6 to 12. The straight lines shown in these 
figures were determined by the method of least 
squares. 

The influence of nitrogen on the notch toughness 
a.t room temperature and on the transition tempera
ture of the aluminum-treated steels is shown by th e 
data given in figures 6 and 7. The slope of th e 
straight line for the notch to ughncss at room Lemper
ature of the 0.9-percent-manganese s teels (fig. 6) is 
significantly d ifferent from zero ,2 whereas the slope 
of the line for the 1.6-percen t-manganese steels is 
not signifi cantly different from zero. Although there 
was a sligh t trend with thc 0.9-percent manganese 
steels for the encrgy absorbed at room temperature 
to decrease as the nitrogen was increased, this trend 
is not believed to be of practical importance; all of 
these aluminum-treated steels are classified as no tch 
tough at room temperature (range of about 50 to 
70 ft-Ib ). However , a definite and significant trend 
is shown in figure 7 in that the transition temperature 
of these s teels was lowered as the nitrogen was 
increased . 

Bo th iron and manga.nese. nitrides have been re
por ted as being detrim ental to notch toughness at 
low temperature. Chemical analyses, therefore, 
were made to ascertain the form of the nitrogen in 
the present steels. The results given in table 1 show 
that the nitrogen in the aluminum-treated s teels ~-as 
in the form of aluminum nitride. Thus, when the 

2 The method used to determine significance is essentially that reported by 
Youden [38J. 

aluminum nitride is plotted against the energy ab
sorbed at room temperature and the transition tem
perature, relationships are obtained that are similar 
to the above, as is illustrated for the laLter in figure . 
This evidence, therefore, indicates that high nitrogen 
present in the form of aluminum nitride was bene-:
ficial to the notch toughness at low temperature of 
these 0.3-percent-carbon steels, containing either 0.9 
or 1.6 percent of manganese. Sufficien t data are not 
available to determine the role of dissolved (un
combined) nitrogen on notch toughness of the e 
steels. 
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A noteworthy feature is the relatively high transi
tion temperature of the three steels not treated with 
aluminum (values shown as dark circles in figs . 6 to 
12) . As the notch toughness of certain heat-treated 
steels is lmown to be affected by wide variations in 
austenite grain size, and as the average grain size at 
1,575° F of the steels not treated with aluminum was 
coarser than that of the aluminum-treated steels 
(table 2), additional tests were made on fine-grained 
Charpy specimen of the former steels when quenched 
from 1,500° F , followed by tempering at 1,000 0 F . 
The results, summarized in figure 2 (compare results 
of heat treatments A with B ) show only minor, if any, 
decreases in transition temperature with a change in 
austenite grains from ASTM No. 4- 5 to No. 7-8. 
The observed difference in transition temperatures 
between the steels treated with aluminum and the 
steels not treated with aluminum, therefore, cannot 
be attributed to a grain size effect. 
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Metallographic examination of the cross sections 
prepar~d from ~ach of the heat-treated s teels (all 
s teels mcluded m table 1) showed no indication of 
free ferri te. E vidently, the relatively high transition 
temperature of the steels not treated with aluminum 
is not due to the presence of free ferri te in the heat
treated Charpy specimens. 

It is believed that the inferior properties at low 
temperatures of the three steels no t treated with 
aluminum may be at tributed to the presence of ni
trides and oxides other than aluminum, or a combi
nation of these compounds. 

The to tal oxygen content of the steels treated with 
~lu~ninum range~ fron~ about 0.004 to 0.010 per:ent. 
fhls oxygen eXIsted m the heat-treated speClmen 
principally as aluminum oxide (table 1). In the 
steels not treated with aluminum, the to tal oxygen 
ranged from 0.009 to 0.011 percen t, with less than 
0.001 p ercen t as aluminum oxide. For the steels 
treated with aluminum, an apparen t trend was indi
cated fo r the transition temperature Lo decrease 
sligh tly with an increase in to tal oxygen (fig. 9) or 
aluminum oxide (fig. 10). However, the slope of 
each str aight line is no L significan tly diffrren t from 
zero, and thus for these steels varia tion in either total 
oxygen or aluminum oxide had no apprecia ble effect 
on the transition temperaLure. :Moreover variation 
in either total oxygen or aluminum oxide had no 
significant effeet on the notch toughness at room 
tempera ture of these steels. 

No significant trends were found when the total 
aluminum was plotted a:gains t the transition tempera
ture or the energy absorbed a t room temperature. 
Trends were shown for both the energy absorbed at 
~oom temperature and the transition temperature to 
mcrease as the amount of uncombined aluminum was 
iJ?-creased, as is illustrated in figures 11 and 12, respec
tIvely. The slope of each line is significantly differ
ent from zero . The data indicate tha t the presence 
of aluminum in excess of that necessary to fix all of 
the oxygen and nitrogen in these 0.3 -percen t-carbon 
steols as aluminum oxide and aluminum ni tride was 
slightly beneficial to no tch toughness a t room tem
pera tures and detrimen tal at low tempera tures. 
However , it should again be pointed out that these 
steels contail~ed var.iaJ:le amounts of nitrogen in the 
form of alummum mtnde and, to a rough approJl.1.ma
tion, the aluminum nitride decreased with increase in 
the uncombined aluminum content. Thus, these 
trends also can be attributed to the variation in the 
aluminum-nitride content of the steels. Moreover 
it should be noted tha t the transition temperature of 
the steels not treated wi th aluminum were consider
ably higher than those of the steels treated wi th 
aluminum. The inferior properties of the steels no t 
trea ted with aluminum presumably might be due to 
the presence of nitrides of iron or manganese or both. 

Increasing the manganese from 0.9 to 1.6 percent 
had no material effect on the transition temperature 
of t his series of steels with variable nitrogen . The 
energy absorbed at room temperature was slightly 
higher in the 0.9-percent-manganese than that of the 
1.6-percent-manganese steels wi th the same to tal 

nitrogen (fig .. 6) or ~ncombined aluminum (fig. 
1l) . As prevlOusly pOInted out, however, the aver
age hardness of the Charpy speeimens of the the 
0.9-percent-manganese steel was slighLly lower than 
that of the 1.6-percen t-manganese steel. 

5 . Summary 

C~arpy impact tes ts were made at temperatures 
rangmg from - 196 0 to + 1000 C on fully hardened 
and tempered specimens (V -no tch) of 0.3-percent 
car?on, 0 .. 9- and lo6-percen t manganese steels with 
vanable mtrogen . All steels were made in induction 
furnaces. 

The steels that had been treated with O.lO-percent 
aluminum in the furnace just prior to pouring had 
better notch toughness at low temperatures, as 
measured by the transition temperature at which 
the fracture changes from ductile to bri ttle, than the 
steels no t treated wi th aluminum. The no tch 
toughness at room temperature of the aluminum
treated steels also was somewhat uperior to that 
of the steels no t treated with aluminum . 

The evidence indicates that the influence of ni
trogen on no tch toughness at low temperatures was 
afIe.cted no t only by the amount pres en t but also 
by Its for!l1: . A trend was ob.ser~ec1 of a l.owering of 
the transItlOn temperature WIth lllcrease lU the alu
minum ni tride conten t of the steels treated with 
a~uminum in excess of that necessary to fix all of the 
mtrogen and oxygen as aluminum ni tride and alu
minu!TI: oxide, respectively . The relatively high 
transltlOn temperature of the steels not treated with 
aluminum may be attributed to ni trides other than 
aluminum, oxid es other than aluminum or a com-
bination of these compounds. ' 
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