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ABSTRACT OF THE DESCLOSURE 
The process of making a low temperature weldable 

steel plate of plain carbon grade and unusually high im 
pact resistance and yield strength in normalized condi 
tion. The steel contains carefully controlled amounts of 
carbon, manganese, sulfur, phosphorus, silicon, aluminum 
and nitrogen, plus alloying elements which may include 
chromium, copper, and nickel, certain of which com 
ponents can be achieved as residual elements in Scrap. 
The alloy will be used especially as plate. 

DESCRIPTION OF INVENTION 
The present application is a division of application Ser. 

No. 655,465, filed July 24, 1967 for Low Temperature 
Steel, now abandoned, and it is a continuation-in-part of 
Ser. No. 883,490 filed Dec. 9, 1969 for Low Temperature 
Steel Process, now abandoned. The product subject mat 
ter is claimed in our application Ser. No. 45,392, filed 
June 11, 1970 for Low Temperature Steel, now aban 
doned. 
The present invention is concerned with a process of 

making a cross rolled normalized steel of plain carbon 
weldable grade with small alloying additions, which has 
favorable properties for low temperature service. 
A purpose of the invention is to produce a weldable 

steel for use particularly in plate form in low tempera 
ture applications such as tanks and pressure vessels, at 
very moderate cost. 
A further purpose is to produce steel plate for low 

temperature service without expensive alloying additions 
by control of the relative quantities of carbon, manganese, 
silicon, chromium, copper, nickel, aluminum and nitro 
gen, without other significant alloying additions. 
A further purpose is to obtain superior impact re 

sistance combined with unusually high yield strength in 
carbon steel plate with minor and inexpensive alloying 
additions while permitting welding, the steel merely being 
normalized. 
A further purpose is to produce weldable steel plate 

for low temperature service in normalized condition by 
introducing controlled amounts of aluminum and nitrogen 
in essentially a plain carbon steel, and adjusting other 
alloying elements to compensate. 

Further purposes appear in the specification and in the 
claims. 
The drawings are curves useful in explaining the in 

vention. 
FIG. 1 shows the effect of structure on tensile prop 

erties, plotting stress in pounds per square inch as ordinate 
against the inverse square root of the mean ferritic grain 
diameter. 

FIG. 2 shows the effect of structure on toughness, 
plotting the transition temperature in degrees Fahrenheit 
as ordinate against the logarithm to the base 10 of the in 
verse square root of the mean ferritic grain diameter as 
abscissa. 

FIG. 3 shows the effect of additions of aluminum and 
nitrogen in the steel on the austenitic grain coarsening be 
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havior, plotting ASTM austenitic grain size as ordinate 
against temperature in degrees Fahrenheit as abscissa. 

FIG. 4 shows the effect of sulfur content on impact 
resistance, plotting impact resistance in foot-pounds 
against transition temperature in degrees Fahrenheit. 

FIG. 5 shows the effect of rolling practice on impact 
resistance, plotting impact resistance in foot-pounds as 
ordinate against transition temperature in degrees Fahren 
heit as abscissa. 

FIG. 6 is a block diagram showing steps in the process 
of the invention. 

Before considering the description in detail, it may be 
well to present in summary certain highlights in respect 
to the present invention: 

(1) Carbon steels without special processing and spe 
cial compositions do not have favorable properties in low 
temperature service (that is, do not have Charpy impact 
values of at least 15 ft./lbs. at -75. F.) even at moderate 
strength levels, of the order of 45,000 p.si. yield strength, 
in plate thicknesses. 

(2) It has been asserted that special finishing at low 
temperatures from hot rolling of carbon steel plate can 
produce the low temperature properties desired. As ex 
plained below, this was tried without success using steels 
made by open hearth practice. 

(3) It has been found that normalizing of carbon steels 
is far more effective in producing desired low temperature 
properties than mill processing techniques. However, start 
ing with ordinary open hearth steel, the desired low tem 
perature properties were not obtained by normalizing or 
normalizing combined with controlled mill processing as 
later explained. 

(4) We find that we want as part of our invention, and 
can get, in steel in the normalized condition, a fine ferritic 
grain size in excess of ASTM 10.5, preferably at least 11.0, 
and most desirably higher than that, which would be espe 
cially desirable where the carbon content is from 0.20% 
to 0.25%, inclusive. Generally, the higher the carbon con 
tent, the finer should be the ferritic grain size. Controlled 
rolling or normalized carbon steel without control of the 
carbon, manganese, aluminum and nitrogen will not pro 
duce the desired grain size, especially when the aluminum 
and/or nitrogen is low. The grain refinement increases 
impact resistance, and also increases tensile properties, 
especially yield strength. 

(5) It has been determined that aluminum and nitro 
gen are both necessary to provide aluminum nitride which 
in turn keeps the austenitic grain size small during nor 
malizing treatment. Generally, the finer the austenitic 
grain size, the finer will be the resulting ferritic grain size. 

(6) Ordinary open hearth practice and basic oxygen 
steel-making practice produce steels which are of low 
nitrogen content. 

(7) By the conjoint addition of aluminum and nitrogen 
to an open hearth steel, it was possible to produce low 
temperature properties with some improvement in tensile 
properties in carbon steel. An important aspect of the in 
vention, therefore, is the controlled addition of aluminum and particularly of nitrogen. 

(8) In order to get the highest tensile properties in 
carbon steels it is also necessary to control the addition 
of manganese and the carbon level. However, there are 
definite upper Jimits to these additions because of the need 
to maintain Weldability. It is possible, however, as shown 
by our data to increase the contents of carbon and man 
ganese so as to obtain a yield strength of 45,000 to 55,000 
p.s. i. in view of the presence of aluminum and nitrogen 
in a normalized steel. The ultimate tensile strength, how 
ever, is largely controlled by the level of manganese and 
carbon. Limitations in existing specifications and accepted 
control of steel making make it difficult to obtain a tensile 
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strength much in excess of 85,000 p.s. i. and a yield strength 
much in excess of 45,000 p.s. i. in the heavier gages of 
normalized steel plate (up to about 2 inches inclusive). 
There is a considerable need for a steel plate for low 

temperature vessels which can contain liquified gases at 
temperatures in the range between zero and -60 F. 
Such a steel must be of low cost and therefore cannot 
have high contents of any expensive alloying ingredient. 
It must be weldable since welding is an essential method 
of fabrication. It must be unusually tough, having a high 
impact resistance at low temperature. It must also be of 
unusually high tensile properties considering the other 
characteristics. 

Table 1 below shows the required mechanical prop 
erties: 

TABLE 1.-MECHANICAL PROPERTY 
SPECIFICATIONS 

Gauge, inches ----------------------- Up to 2' inc. 
Yield strength, p.s. i. ------------------ 45/55,000. 
Tensile strength, p.Si. ----------------- 65/85,000. 
Transverse Charpy-V-Notch at 
-75 (ft-lbs.) ------------------- 15. 
To meet the above requirements, it is necessary that 

the steel be of what would normally be considered a car 
bon grade, in order that it may be of low cost and of 
high weldability without preheat, 

It has been difficult to find a commercial carbon steel 
which has the desired low temperature impact properties, 
since the transition temperature from ductile to brittle 
in most carbon steels is well above -75. F., and which 
also has the required tensile properties. Faced with the 
problem, it did not seem to be practical to make a simple 
modification in a carbon steel grade to meet these unusual 
requirements. lt should be remembered that the Well 
known “scissors function' indicates that where tensile 
properties are increased, ductility is correspondingly de 
creased. Accordingly, it has been found that carbon steels 
which will meet the tensile properties fall short of the 
impact requirements, often by a rather wide margin. This 
is true even though the steels have been normalized. 

In an effort to solve the problem, silicon killed steel 
meeting ASTM specification A36, having 0.20% carbon 
and 0.90 to 1.1% manganese was teemed into various 
ingots, and alloying additions were made in the mold. The 
ingots were of 26 x 59 inches size, hot topped, full weight. 
Alloying additions were made in the mold of 6% nitrogen 
containing nitrided electrolytic manganese, regular elec 
trolytic manganese, and high purity aluminum to produce 
the compositions listed in Table 2. The maximum addition 
in any case was 0.35% by weight. 
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rolling temperature of approximately 2350 F. Initially 
controlled rolling procedures were used, involving low fin 
ishing temperatures. The low finishing temperatures were 
achieved by holding the plate prior to the last pass until 
the temperature had dropped to the desired value. In Sub 
sequent rolling low finishing temperatures were given up 
and rolling was carried out according to usual steel rolling 
mill procedures, finishing at a temperature of about 1800 
F. (4 inch) or 1950 F. (1 inch). Except for a limited 
study of the effect of straight-away rolling, all of the slabs 
were turned after the scale-breaking pass and cross rolled 
completely. A total of 25 plates were made and data for 
18 of these is given in Table 2. Other plates will be dis 
cussed later. 
The heat treating practices used to normalize the plates 

are indicated in Table 3. 
TABLE 3-IIEAT TREATING PRACTICES 

Furnace tem- Minimum total 
Gauge, inches perature, F. time, hours 
To (inclusive): 

1,625 34-1 
1,625 14 
1,625 12 
1,625 2 
1,625 24 
1,625 2% 
1,625 234 

A minimum soaking time of /2 hour at 1600 F. 
t10 F. was provided. In some cases the plates were held 
in the furnace for of the order of 4 hour beyond the 
time mentioned. The plates after heating were air cooled 
in still air. 

CONTROLLED ROLLING 

An attempt was made to obtain the properties required 
by controlled rolling. It appeared from the literature, par 
ticularly Phoenix Steel Corporation, The Low Temper 
ature Steel Story, and R. W. Vanderbeck, Welding Re 
search Supplement (March 1953) 114S, that it might be 
possible to obtain required properties by using low finish 
ing temperatures and relatively large final reduction to 
obtain a very fine grain size. 

Plates A, B and C in Table 2 were rolled to 1 inch 
gauge from stocked slabs of ASTM-A36 steel made by 
aluminum fine grain practice. The various plates were 
finished at successively lower temperatures, plate A at 
1900°F., plate B at 1550 F. and plate C at 1450 F., 
and each was subjected to increasing amounts of deforma 
tion in the final pass. The maximum final reduction was 
50%. The effect of normalizing after rolling was also 
determined. 
The microstructures in plates A, B and C in the as 

rolled and normalized conditions were observed. It was 
TABLE 2-CHEMICAL COMPOSITION AND DETAILS OF MANUFACTURE 

Chemical composition percent by weight Rolling practice 

Finishing Plate size, C. Min P S Si Ni Cr Cu Sn Al N Mn/C Procedure temp., g inches e 

20 1,10 . 014 ,035 .27 .09 .06 .17 .08 . 032 .0045 5.5 Normal cross rolling--- 1,900 x 84 x 420 
20 1,07 .014 .035 .26 .09 .06 .6 .018, .030 . 0046 5.3 Controlled cross rolling- 1,550 1 x 84 x 360 

.18 .05 .016 . 032 .26 .09 .06 . 8 .018 . 032 .0043 5.8 -----do------------------ 1,450 1 x 84 x 340 

20 19 .01 .025 26 03 03 - 08 . 007 . 040 01 5.9 Normal cross rolling-------------- 0. 9 
20 1.19 .02 .024 .26 .03 .03 .07 . 007 .039 .01 5.9 g is: 3: 
21 .24 . 013 . 024 .26 .03 .03 .09 .007 .039 .006 5.9 1,780 1 x 96 x 324 
,21 1.2 .012 024 .26 .03 .03 .08 . 007 .037 . 006 5.8 1825 1x 96 x 324 

94. ,02 .034 .18 ,09 .06 8 . 007 .046 .00 5.0 Normal cross rollin 1870 1 x 9 
... 10 .03 032 .20 .09 .06 .20 .009 .050 005 5.8 1. S. 3. 
1.05 .012 . 034 . 19 .09 .06 .19 .008 .050 005 5.5 1,890 1 x 96 x 315 

K------- 15 85 006 .027 .26 .07 .04 .16 007 .057 ,010 5.6 Normal cross rolling-------------- 1830 34 x 96 x 4 
L.------- , 16 . 81 .004 . 026 .24 .06 . 03 - 6 .01 .053 .007 5. ---- Eacross rolling:::::::::::::: 16i ;:38:38 

M------- .21 137 .03 .031 .27 .09 .05 .16 . 011 .036 .0090 6.2 Normal cross rolling-------------- 1,770. 1 x 96 x 320 
.21 1.44 .013 .03 .27 .09 .05 . 16 .010 . 040 .0093 6.5 Normal straight away rolling----- 1,720 1 x 72 x 430 

18 1, 19 .008 .03 .9 .06 03 .13 .009 .058 .010 6. 6 Normal cross rolling. ------------- 1860 15 
18 i. 19 .008 . 031 . 19 .06 .03 .13 .009 .058 .010 6.6 g 1. S. }: i. ;:0 
8 . 12 .009 .03 .20 .06 .02 . 13 , 007 . 037 .014 6.2 1,840 34 x 96 x 430 
18 1.12 .009 .031 .20 .06 .02 . 13 .007 . 037 .04 6.2 1,830 -3 x 96 x 360 

Two slabs 7 x 96 inches were obtained from each ingot. found that low finishing temperature and increase in final 
The slabs were heated uniformly in the furnace to a 75 reduction produced a slight improvement in grain size in 
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the as-rolled condition. Lowering the finishing temper 
ature and increasing the final reduction tended to reduce 
the occurrence of Widmanstätten side plates and refine 
the regular ferritic and pearlitic constituents. Banding was 
evident in all three steels. The microstructure also showed 
that normalizing had a pronounced effect upon the struc 
ture. After normalizing, each of these steels was a uni 
formly fine grain mixture of ferrite and pearlite, but band 
ing was still evident. In the normalized condition, each 
of the steels had a considerably finer grain size than in 
the controlled rolled condition. Comparison of the micro 
structures of the normalized steels, using quantitative 
metallography, also showed that the structural differences 
initially introduced by controlled rolling were removed 
by normalizing. From this it was concluded that, from 
the standpoint of structure, controlled rolling would not 
be of value in producing the desired result if normalizing 
were to be used. 
The longitudinal tensile and impact properties of plates 

A, B and C in both the as-rolled and normalized condi 
tions are shown on Table 4. The transverse as-rolled 
properties were not determined. The transverse normalized 
properties were found to be the same as those shown 
in the table. 

TABLE 4-LONGITUDNA, TENSILE AND IMPACT PROP 
ERTIES OF PLATES A, B AND C 

Yield Tensile Elongation 5t. b. 
strength, strength, percent in transition 

Condition Plate p.s.i. p.s.l. 2 in temp. F. 

A. 48,000 75,000 32 O 
AS-rolled.----- B 47,500 76,500 32 --9 

C 50,000 75,000 32 -20 
A. 47,500 77,000 32 -59 

Normalized.--B 49,000 75,000 33 -65 
C 47,500 77,500 33 -62 

Notwithstanding that considerable changes in micro 
structure were accomplished by processing, comparison 
of results shown in Table 4 with the desired properties 
listed in Table 1 shows that the desired properties were 
not obtained in either the as-rolled or the normalized 
conditions. While the tensile and yield strengths of all 
of the steels were adequate, the transition temperatures 
of the impact resistance values were about 15% too high 
in the normalized condition and rather higher in the as 
rolled condition. 
The analysis of the data in Table 4 suggests the possi 

bility that the steel is behaving anomalously. It is evident 
that neither controlled rolling nor normalizing was very 
effective in altering the tensile properties. These results 
were not expected in view of the microstructures obtained. 
Usually with carbon steels, the yield strength and to a 
lesser extent the tensile strength will increase as the grain 
size decreases, but for a reason which is not apparent, 
this did not occur in the steels under investigation. 

Processing had a more pronounced effect on impact 
resistance than it did on yield strength. The greatest im 
provement appeared to be due to normalizing. It was 
also noted that the transition temperatures in the nor 
malized specimens are grouped fairly closely together. 
These findings suggest that the differences introduced by 
controlled rolling were eliminated to a large extent by 
normalizing. This agrees with the observations based on 
microstructure. 

VARATIONS IN ALLOYING ELEMENTS 

Experiments were initiated to obtain more effective 
properties in the steel under investigation by normalizing. 
As a first step, the influence of ferrite grain size on 
mechanical properties was investigated quantitatively. It 
was necessary to obtain samples which were otherwise 
similar and which had the correct analysis, but which 
differed in grain size. Samples of as-rolled plate B were 
heat treated under various conditions of time and temper 
ature. Care was taken to maintain a fairly constant pearlite 
content in all of the specimens. The average grain size 
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6 
for each specimen was determined using the linear inter 
cepts method, ASTM Standards (1961, Part 3) Metals 
Test Methods 647, but corrections were not made for 
pearlite content. The mechanical properties were deter 
mined as in previous experiments. 
The semi-empirical theory of Petch, Journal Iron and 

Steel Institute (May 1953) 25; N. J. Petch, Fracture 
(Wiley 1959) 54-64, was employed. The mechanical prop 
erties were correlated with the inverse square root of the 
mean grain diameter, D-1/2 for each specimen. The re 
sults are shown in FIGS. 1 and 2. 
The plot of transition temperature in FIG. 2 involved 

approximating the position of the curve for 15 foot 
pounds, since the scatter of the experimental results was 
too great to permit exact plotting from the data. The 
other curves on FIG. 2 were determined directly from 
the data, and they support the approximation of the curve 
relating toughness to grain size for 15 foot-pounds. 
FIGS. 1 and 2 show several interesting features. The 

yield strength and the impact resistance increase as grain 
size decreases. This seems to indicate that the Petch 
theory holds for steels having carbon contents as high as 
0.20% since previous work suggested that it had only 
been explored for steels of considerably lower carbon 
contents. R. J. Irvine and F. B. Pickering, Journal Iron 
and Steel Institute (November 1963) 944; W. B. Morri 
Son and J. H. Woodhead, Journal Iron and Steel Institute 
(January 1963) 43; J. Heslop and N. J. Petch, Philo 
sophical Magazine (September 1956) 866; A. Cracknell 
and N. J. Petch, Acta. Met. (March 1955) 186 and R. 
Phillips, W. E. Duckworth and F. E. L. Copley, Journal 
Iron and Steel Institute (July 1954) 593. 
The results of FIGS. 1 and 2 are encouraging in that 

they suggest that it should be possible to achieve the 
properties desired using the steel in question. However, 
the data suggest also that the alloying composition must 
be changed. It would seem that allowing a suitable toler 
ance, an ASTM ferritic grain size of about 11.3 must be 
secured. From the controlled rolling experiments it seems 
that the optimum attainable ferritic grain size from the 
steel without alloy change cannot reliably exceed ASTM 
10.5. 
From the intercept values of the yield strength in FIG. 

1 (depending on the slope) the so called “friction stress' 
or the component of strength due to solution hardening 
was found to be 29,000 p.s. i. This appears to be substan 
tially higher than would be expected from a steel of the 
Same content of manganese and silicon. This suggests 
that minor alloying elements present as residuals in the 
carbon steel add to the friction stress and thus to the 
mechanical properties in this steel. Examination of the 
chemical analysis in Table 2 tends to support this. Since 
the residual alloy content cannot be depended upon, it is 
necessary to consider that low residuals may be present 
in a particular steel. It would seem, therefore, that in the 
case of low residuals alloying additions would have to 
be made. It was thought that the combined grain refining 
and solution hardening effects of small further additions of 
either silicon or manganese can offset the effect of low 
residuals. 
The slope of the yield strength curve in FIG. 1, which 

is usually referred to as ky, is also significant. This meas 
ures the increase in yield strength due to an increase in the 
inverse Square root of the mean grain diameter. The 
greater the value of ky, the greater the corresponding in 
crease in yield strength of given decrease in grain size. In 
this particular case the value of ky (1900 p.si. mm.1/2) is 
at least 20% lower than the lowest value found in the 
literature for any carbon steel. N. J. Petch, Fracture 
(Wiley 1959) 54–64; R. J. Irvine and F. B. Pickering, 
Journal Iron and Steel Institute (November 1963) 944. 
This means that the steel under investigation responds in 
yield strength to structural changes less than most other 
steels. It is therefore urgently needed to increase the ky 
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value. It appears evident from the literature that the value 
of ky can be increased by decreasing the carbon content. 
The results in FIG. 1 show that the ultimate tensile 

Strength varies with grain diameter. 
An intensive study was made of the effects of grain 

refining additions and slight increases in manganese con 
tent. In these initial experiments the carbon content was 
kept at its original high level to simplify interpretations 
of the results. 
Aluminum and nitrogen were added together as grain 

refining elements. Generally in steels which contain alu 
minum for grain refinement, residual nitrogen forms alu 
minum nitride. In the present tests additional nitrogen was 
also added. The purpose was first of all to further refine 
the grain size if possible. The second purpose was in the 
hope that nitrogen would contribute to solution hardening 
effects and thus raise the yield strength. R. J. Irvine and 
F. B. Pickering, Journal Iron and Steel Institute (Novem 
ber 1963) 944; L. A. Erasmus, Journal Iron and Steel 
Institute (January 1964) 32; R. Phillips, Carbon Steels 
(BISRA Special Report 81) 36: W. C. Leslie, Nitrogen in 
Ferritic Steels, American Iron and Steel Institute (January 
1959) 57; J. A. Rinebolt and W. J. Harris, 43 Transactions 
American Society for Metals (1951) 1175; R. Phillips and 
J. A. Chapman (BISRA Special Report 81) 60; J. W. 
Halley, 167 Transactions American Institute Mining 
Metallurgical and Petroleum Engineers (1946) 224. 
TWO ingots were modified from a regular A36 steel 

heat, silicon killed and made to aluminum fine grain 
practice. The base composition was 0.20% carbon, 1.08% 
manganese and 0.26% silicon. Nitrogen and additional 
aluminum were added to one ingot with the aim to in 
crease the nitrogen content to 0.01% and the aluminum 
content to 0.05%. Slight increases in manganese or silicon 
having been thought necssary to overcome the effect of 
possible low residuals, it was decided to add the nitrogen 
in the form of 6% nitrogen-containing nitrided electro 
lytic manganese. Assuming a residual nitrogen in the 
heat of 0.005% and 50% recovery of nitrogen, the 
nitrided electrolytic manganese was added in quantities 
of 3 pounds per ton. The anticipated increase in man 
ganese content from this addition was roughly 0.15%. 
This was believed to be adequate to counteract the effect of 
low residuals. Aluminum was added in a quantity of 4 
pound per ton. This addition was based upon an assumed 
aluminum residual of 0.03% and an expected aluminum 
recovery of 80%. Similar additions of aluminum and 
manganese were made to the second ingot except that the 
manganese used was regular electrolytic manganese so 
that no nitrogen was added with the manganese. After 
teeming the ingots were processed in accordance with 
normal mill procedure. Plates D through G in Table 2 
are the products of these ingots. 
The mechanical tests were performed according to the 

Same procedure followed previously. In addition to the 
mechanical tests, austenitic grain coarsening experiments 
were conducted. The specimens were soaked for 2 hours 
at a series of temperatures above A3 followed by con 
trolled cooling to outline the austenitic grain boundaries 
with proeutectoid ferrite. The various grain sizes produced 
were determined by the intercept method and the resulting 
values were converted to the equivalent ASTM numbers. 

TABLE 5.--MECHANICAL PROPERTIES OF MODIFIED A36 

i5 ft.-lb. transition 
Elon- temp. F. Ferritic 

Yield Tensile gation grain 
strength, strength, percent Longi Trans- S120, 

p.s.i. p.S.i. in 2' tudinal werse ASTM 

54,500 80,000 33 -80 -75 11.3 
54,000 82,500 34 -75 -75 12 
51,000 79,000 36 -75 -75 1. 
50, 500 77,000 33 -80 -80 1.2 
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The longitudinal tensile properties and the longitudinal 

and transverse impact properties of the four plates in the 
mill normalized condition are shown in Table 5. The cor 
responding ASTM ferrite grain sizes are also given. The 
preliminary microstructural examinations had shown that 
the plates had relatively coarse grain structures in the 
as-rolled condition and it was expected would not exhibit 
the desired properties. 

All of the normalized plates mentioned in Table 5 had 
the required properties. Major improvements were ob 
tained in yield strength, impact resistance and ferritic grain 
size. Slight improvement had also been made in tensile 
Strength and elongation. The highest yield strength 
achieved was 54,500 p.s. i. and the lowest transition tem 
perature was -80. F. The average yield strength was 
52,500 p.s. i. and the average transition temperature for 
impact resistance was -77 F. As is usual with cross 
rolled steel, each of the plates was, at the 15 foot-pound 
impact response level, essentially isotropic with regard to 
toughness and hence the value of -77 F. for the transi 
tion temperature is applicable to both the longitudinal and 
transverse directions. The average tensile strength and 
elongation values achieved were 79,500 p.s. i. and 34% re 
Spectively. The ferritic grain sizes vary between ASTM 
11.1 and 11.3, an average being 11.2. This represents a 
distinct improvement over the controlled rolled plates 
which had an average ferritic grain size of 10.1. The 
values also for the average ferritic grain size are close 
to the ones estimated on the basis of the Petch analysis. 
The data show that the hoped for added improvements 

in ferritic grain size had not occurred to any appreciable 
extent from the additions of nitrogen but that there had 
been increases in yield strength. Accordingly steels D 
and E which contained the extra nitrogen had almost the 
same grain size values as steels F and G, but steels D 
and E had significantly higher tensile properties. The 
average difference in yield strength between the steels 
was 3500 p.s. i. This appears to be due to solution hard 
ening effects. The data of FIGS. 1 and 2 on the effects 
of structure on properties when applied to the grain size 
values obtained with steels D through G only account 
for an increase in yield strength up to about 50,500 p.s.i. 
In other words, they only explain the yield strength values 
in steels F and G. Thus, the difference in yield strength 
between steels D and E and steels F and G must be at 
tributed to solution hardening affected by a difference in 
composition. By examining Table 2 it is evident that the 
only significant difference in composition is the increase 
in nitrogen. 
While an increase in yield strength of 3500 p.s. i. is not 

large by ordinary standards, it must be remembered that 
the increase in yield strength associated with grain refine 
ment was only about 3000 p.s.i. 

Austenitic grain coarsening studies were conducted in 
order to further establish the effect of the aluminum and 
nitrogen additions on grain size. Austenitic grain size was 
used rather than ferritic grain size so as to eliminate the 
error due to the transformation from austenite to ferrite 
in which some of the solid solution elements have an ef 
fect on grain size. 
The technique used was to compare the coarsening be 

havior of the modified steels with that of the controlled 
rolled steels. FIG. 3 shows the findings for steels B, D 
and F where the ASTM austenitic grain sizes were plotted 
against the test temperatures. The corresponding alumi 
num and nitrogen contents are shown on FIG. 3. It will 
be noted that there are startling differences between the 
various curves on FIG. 3. 

Steel D with the highest overall aluminum and nitro 
gen contents, had the finest austenitic grain sizes and the 
highest coarsening temperature. Steel F, with interme 
diate aluminum and nitrogen contents, had intermediate 
austenitic grain sizes and intermediate coarsening tem 
perature. Steel B, which was produced by controlled roll 
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ing, has the lowest aluminum and nitrogen contents, and 
with them the coarsest austenitic grain size and the low 
est coarsening temperature. Thus, there appears to be a 
correlation between austenitic grain size, coarsening tem 
perature and the amount of aluminum and nitrogen pres 
ent. As far as the austenitic grain size is concerned, it 
was concluded that the additions of aluminum and ni 
trogen had the desired effect. 

It was considered that essentially the same conclusion 
could be drawn with respect to the ferritic grain size. 
Ordinarily, such a conclusion would be untenable since 
the ferritic grain size comparisons upon which it is based 
are between steels which exhibit differences in alloy con 
tent other than those in aluminum and nitrogen and un 
like the austenitic grain size which is almost entirely de 
pendent upon the aluminum and nitrogen levels in so 
far as they affect the number and disposition of the alu 
minum nitride precipitates, the ferrite grain size is fairly 
sensitive to effects arising from the presence of other al 
loying ingredients as well. However, in the present case, 
a careful comparison of the compositions of steels A 

O 

5 

20 

10 
impact properties which are achieved were attributable 
to the ferrite grain size improvements and to a small but 
significant solution hardening effect of the nitrogen. Thus, 
the ultimate conclusion to be drawn from the results of 
the present analysis is that the aluminum and nitrogen 
additions through their effects on grain size and solution 
hardening, were in essence responsible for the improved 
mechanical properties which were observed. 
A series of experiments was now conducted to deter 

mine the effects of general variations in alloy content, of 
rolling practice and of plate thickness. Variations in al 
loy content were achieved by ingot mold additions and 
by use of heats with selected carbon, manganese and 
silicon contents. 

Eventually a full heat of the steel was made. It was 
produced with a base manganese content of 1.10% and 
this was adjusted in the ingots required for the tests to 
approximately 1.35% using mold additions of regular 
electrolytic manganese. The important additions of alu 
minum and nitrogen were in this case made entirely in 
the ladle. 

TABLE 6.-MECHANICAL PROPERTIES 

15 ft.-lb. transition 
Yield Tensile Elongation, temp., F. 

Inch, C, Mn, Si, strength, strength, percent in 
gauge percent percent percent Residual p.s.i. 9.S.l. 2' Longitudinal Transverse 

.9 .94 ... 8 .33 50,000 74,500 34 -80 1 -60 (12) 
19 1.10 .20 .35 48,400 73,500 36 -80 -70 (3) 
19 1.05 19 .34 48,500 75,500 38 -80 -75 

34 .15 85 26 27 44,600 69,500 230 -85 -60 (12) 
% . 16 ... 81 .24 .25 47,100 66,650 228 -100 -60 (11) 

21 1.37 .27 30 63,000 85,000 30 -100 -75 
21 1.44 27 .30 57,000 83,000 34 -100 -75 

1% 18 19 19 22 47,700 71,500 36 -80 -80 
.8 1.9 19 .22 48,700 71,000 36 -80 -75 

% .18 1.12 20 .21 49,100 70,000 230 -80 -60 (11) 
3 .18 1.12 .20 .2 51,500 70,500 229 -75 -75 

2 20 1.37 .26 .33 53,000 80500 3. -80 -80 
134 9 1.38 .26 .32 51,000 80,000 34 -80 -80 
5. .2 . 37 .26 .33 53,500 80,500 32 -90 -80 
14 20 1,33 .26 .33 54,000 82,000 34 -00 -80 

.20 1.32 .25 .31 55,000 84,000 31 -100 -85 
% ... 20 1.33 .27 34 55,000 83,000 227 -100 -100 
5: .19 1.31 .26 .33 56,000 88,000 225 -90 -80 

1 Walues shown in parentheses are energies absorbed in ft.-lbs. at -80. F. 
2 Elongation in 8'. w 

TABLE 7-EFFECTS OF ALLOY CONTENT ON MECHANICAL PROPERTIES 

15ft.-lb. transition 
temp., F. Ferritic 

Si and Yield Tensile grain 
C, Mn, residuals, Al, N, strength, strength, Longi Trans- Slze, 

percent percent percent percent percent p.S.i. p.S.i. tudinal Wel'Se ASTM 

.5 .85 .53 .057 010 44,600 69,500 -85 -60 0.2 
19 .94 .51 .046 010 50, 500 74,500 -80 -60 10.6 

, 18 i.19 .4l 058 010 48,700 71,500 -80 -5 10.8 
20 1.21 40 .037 006 50,750 78,000 -80 -75 11.2 
20 32 .56 050 .00 55,000 84,000 -100 -75 1.7 

.21 1,37 .59 .036 009 57,000 85,000 -100 -75 11.9 

through C with those of D through G in Table 2 will show 
that outside of the differences in aluminum and nitrogen, 
the alloy differences which exist are differences of kind, 
rather than amount and, as will be appreciated by those 
experienced in the art, are of such a nature that while it 
is conceivable that they may have had some slight effect, 
it is highly unlikely that they could be responsible for the 
very substantial grain size improvements which were ob 
served. Thus, the aluminum and nitrogen levels being the 
only other really significant differences present, it is, as 
indicated above, felt to be a reasonable conclusion that 
the aluminum and nitrogen additions had the desired ef 
fect with respect to the ferrite grain size as well as to the 
austenitic grain size. 

It will be recalled that an earlier analysis of the find 
ings indicated that the improvements in the tensile and 

Table 6 shows the mechanical properties of plates H. 
60 through Y. Steels H through Rwere made by mold 

65 

additions, the specific analyses being listed in Table 2. 
Steels S through Y were made from the experimental 
heat and had an average analysis as follows: 

Percent 
C ----------------------------------------- 0.20 
Min ----------------'... ---------------------- 1.35 
p 014 

---- 027 
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In addition to the mechanical properties, the table also 
gives the gauge and the carbon, maganese, silicon, and 
residual alloy contents for each of the steels listed. The 
residual alloy content was taken as the sum total of the 
nickel, chrome, and copper contents. By use of horizontal 
lines, the table also divides the plates according to heat, 
Thus plates H through J were from one heat, and plates 
K and L were from another heat, etc. 
An analysis of the data in Table 6 showed that alloy 

content, plate thickness, and rolling practice each had 
significant effects on mechanical properties. The most im 
portant of these was considered to be alloy content. To 
illustrate more clearly its effects, data taken from Table 
6 and additional data on ferrite grain size and on alumi 
num and nitrogen contents were listed in Table 7. To 
avoid confusion with the effects of the other variables 
mentioned, the steels in Table 7 were with one exception 
selected on the basis that they were all rolled using essen 
tially the same practice and to the same thickness (i.e. 
the 1' gauge). The exception referred to is the first steel 
listed in the table. It was rolled to the 34’ gauge. The 
data on this steel were included in order to show the 
effects of relatively low alloy contents. 
The general trend in the results in Table 7 is rather 

evident. As the alloy content was increased, the tensile 
and impact properties and the ferritic grain size were 
all improved. The improvements in impct resistance and 
the very substantial improvements in ferritic grain size 
were unexpected. Instead, it had been thought before the 
tests that the ferritic grain size would stay the same or 
at best improve only slightly and that as a consequence 
the impact resistance would decrease with increasing alloy 
content because of the associated solution hardening 
effects and increases in pearlite content. However, it ap 
pears that what actually happened was that in addition 
to the solution hardening effects and increases in pearlite 
content, the alloy increases also effected significant im 
provements in ferritic grain size and that these improve 
ments were sufficient not only to maintain but in a number 
of cases to improve the impact resistance. Of special sig 
nificance in this connection is the fact that the data in 
Table 7 clearly shows that the improvements in ferritic 
grain size correlate especially well with the increases in 
carbon and maganese contents and to a lesser degree with 
those in combined silicon and residual contents but bear 
no obvious relation to the aluminum and nitrogen con 
tents. In view of earlier findings as to the effects of alumi 
num and nitrogen, this result was thought to be of para 
mount importance. In particular, it was considered to 
show that the presence of aluminum and nitrogen, al 
though necessary, is not in itself sufficient to insure the 
ultra-fine ferritic grain sizes and other structural require 
ments needed to achieve optimum properties. Thus, the 
conclusion was drawn that the choice of a composition 
range, especially the carbon and manganese limits, is : 
equally as important to the development of a steel with 
the desired properties as is the use of aluminum and nitro 
gen. 

It will be recalled that in addition to alloy content, it 
was mentioned that plate thickness and rolling practice 
also had important effects on mechanical properties. 
Thus, it will be appreciated that prior to selecting a com 
position range, it is necessary to consider the magnitude 
of the effects of these variables. 

Returning to Table 6, the effects of gauge on properties 
are indicated in the results on steels O through R and S 
through Y. Both series show essentially the same trend. 
With increasing gauge, the tensile and longitudinal im 
pact properties decrease whereas the transverse impact 
properties either remain fairly constant or tend to increase 
slightly. For the most part, the magnitude of the changes 
in the various properties is not too great. However, in the 
case of the yield strength the changes are thought to be 
large enough that it may be necessary in certain instances 
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12 
to compensate for the effect of gauge by the use of 
increased alloy contents. 
The variation in the transverse impact properties with 

gauge is of interest. Usually the effects of changes in gauge 
are attributed to the influence which attendant changes in 
cooling rate have on the austenite to ferrite transforma 
tion temperature. For example, increasing the gauge de 
creases the average cooling rate thus causing higher trans 
formation temperatures and concomitant increases in 
grain size and decreases in pearlite content. These changes 
lead in turn to decreases in both tensile and impact proper 
ties. Since there is no reason to believe that the structural 
changes should be anisotropic, the associated decreases 
in mechanical properties would be expected to occur in 
both the longitudinal and the transverse directions. Thus, 
the fact that the transverse impact properties remained 
fairly constant or in some cases even increased slightly 
with increase in gauge was unexpected. 

Microstructural examinations in this connection pro 
vided an explanation. These studies showed that the antici 
pated differences in grain size and pearlite content with 
changes in gauge were not the only differences present. 
There were in addition significant differences in inclusion 
morphology, and this was especially evident in the case 
of the sulfide inclusions. In the heavier gauges, the sul 
fides appeared to be elongated to about the same extent 
in both the longitudinal and transverse directions. In the 
lighter gauges, however, the sulfides were obviously longer 
in the longitudinal than in the transverse direction. Al 
though all of the steels under consideration had been 
cross-rolled using essentially the same practice, these dif 
ferences were undoubtedly an effect of rolling. Most 
important in this connection was the fact that they were 
with one exception very similar to the differences ob 
Served when comparing cross-rolled to fully straight 
rolled steels. The exception mentioned was that the dif 
ferences arising with change in gauge were greatly at 
tenuated by comparison with those seen between cross 
rolled and straight rolled steels. 
In any event, however, the similarity in the two cases 

was thought to be significant because, as is well known, 
Cross-rolled steels exhibit significantly greater transverse 
impact properties than do straight rolled steels and it is 
generally agreed that this is primarily an effect of the 
differences between the two in inclusion morphology or, 
as it is more often called, mechanical fiber structure. Thus, 
in view of the similarities noted, it was considered that 
the unusual variation in transverse impact properties with 
gauge was explainable as an effect of varying degrees of 
Cross-rolling which were manifested by noticeable differ 
ences in mechanical fiber structure and which arose en 
tirely as a result of rolling to different gauges but with 
otherwise the same practice. 

It often happens in applications involving the lighter 
gauges that the steel will be melted to the lean side of the 
composition range in order to take advantage of the in 
crease in mechanical properties which normally occurs 
with decrease in gauge. The foregoing results are thought 
to be especially significant in this connection in that they 
strongly indicate that such a practice should not be ap 
plied in the event that transverse impact properties are 
an important part of the mechanical property require 
ments. 

In order to show the importance of rolling practice on 
impact properties in general as well as to develop sup 
porting evidence on behalf of the explanation of the varia 
tion in transverse impact resistance with gauge, plates M 
and N in Table 6 were rolled using different practices. 
Both plates were produced using slabs from the same 
ingot. Plate M was cross-rolled and except for a small 
amount of Cross-rolling which was needed to make width, 
plate N was straight-rolled. The variation in impact re 
sistance with temperature for each plate is shown graph 
ically in FIG. 5. It is evident from these data that rolling 
practice had a pronounced effect on toughness. As indi. 
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cated earlier, the cross-rolled plate exhibited the higher 
transverse impact properties. The data also showed that 
the opposite was true in the case of the longitudinal di 
rection. Accordingly, the straight-rolled plate exhibited 
the higher impact properties. Aside from its importance as 
general knowledge, this finding was of special interest be 
cause by analogy with the explanation of why the trans 
verse impact resistance of the steels in Table 6 decreased 
with decreasing gauge, it suggested an additional reason 
why the longitudinal impact resistance of these steels was 
observed to decrease with increasing gauge. 

In view of the effects which a change in the morphology 
of the sulfide inclusions was observed to have on impact 
resistance, an effort was made to establish the magnitude 
of the effect arising from sulfur content itself. Although 
extensive studies in this connection were beyond the scope 
of the investigation, a careful analysis of the data avail 
able from the various other studies were conducted pro 
vided some information. While far from conclusive, the 
indications of this analysis were, as might be anticipated, 
that the lower the sulful content the better. As an exam 
ple, the temperature variation of impact resistance of 
plates M and W are presented graphically in FIG. 4. These 
data show that plate M with the higher sulfur content had 
the lower impact resistance. Aside from sulfur content, 
plates M and W were very similar to each other with re 
spect to composition, processing, and microstructure. 

Using the data in Tables 6 and 7 as well as the indica 
tions of the analyses of these data, a composition range 
for a steel exhibiting mechanical properties as indicated 
in Table 1 was established. In setting the upper limits of 
this range, consideration was given to the requirements 
that the steel be weldable without the need for preheat 
and that it be of reasonable cost. In seting the lower 
limits of the range, consideration was given to the im 
portance of grain size and to the effects of alloy content 
in general as well as to those of aluminum and nitrogen 
in particular in achieving the ultra-fine ferritic grain sizes 
required. 
The most important alloying ingredients were consid 

ered to be carbon, manganese, silicon, sulfur and, of 
course, aluminum and nitrogen. The limits set for these 
ingredients were as follows: 

Carbon --------------. 0.007 to 0.10%. 
Manganese ----------- 0.15 to 0.25%. 

Over 1.00 to 1.50% and pref 
Sulfur ---------------. erably 1.15 to 1.35%. 
Silicon --------------- 0.35% max. 
Aluminum ------------ 0.15 to 0.35%. 
Nitrogen -------------. 0.04 to 0.10%. 

It will be appreciated that other elements will occur in 
residual quantities within the steel as a consequence of 
the manufacturing process. With certain of these elements 
strict controls are an absolute necessity. For example, it 
is well known that both tin and pohsphorus have pro 
nounced adverse effects on impact resistance. Thus, it is 
essential that these elements be held to the lowest prac 
tical levels. Copper, nickel, chrome, and molybdenum, on 
the other hand, can have beneficial effects, and it may in 
certain instances be useful to take advantage of these ef 
fects. For example, to met the varying requirements of 
different applications, it may be necessary in some cases 
to add copper to improve the steel's corrosion resistance. 
Or, in other applications, it may be necessary to melt to 
the lean side of the carbon range because of unusually 
stringent welding requirements and therefore to substitute 
either chrome or molybdenum which are not as detri 
mental to welding to build up sufficient alloy content to 
achieve the required mechanical properties. Or, as an 
other example, it may be necessary to add nickel to devel 
op the required transverse impact properties in an ap 
plication where because of the sizes ordered, it is impos 
sible to take full advantage of the effects of cross-rolling. 
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Thus, in view of these considerations, the limits set on 
residual ingredients were as follows: 

Percent 
Tin (max.) ----------------------------- 0.20 
Phosphorus (max.) ----------------------- 0.02 
Copper -------------------------------- 0.02-0.30 
Nickel --------------------------------- 0.02-0.25 
Chromium ----------------------------- 0.02-0.25 
Molybdenum ---------------------------- 0.02-0.10 
The recognition of the significance of the ferrite grain 

size to mechanical properties and the incorporation into 
the design of the steel of the fact that the alloy contents 
in general and especially the carbon and manganese con 
tents are equally as important as the presence of aluminum 
and nitrogen to the achievement of the required ultra fine 
grain sizes is throught to be major distinguishing charac 
teristic of the invention. Other investigators who have 
worked on similar type steels have generally not taken 
advantage of the combined effects of both alloy content 
and aluminum and nitrogen. For example, in United 
States Patent 3,155,495 granted Nov. 3, 1964, Nakamura 
used aluminum and nitrogen to achieve fine grain sizes 
but owing to the fact that the steels he used in his exam 
ples had a low manganese content of decidedly less than 
1%, and thus also much below 1.15%, and also because 
of their relatively low carbon content, he did not achieve 
any grain sizes substantially finer than ASTM 10 by nor 
mal processing (i.e. normalizing-air cooling from above 
the critical). Also, possibly because of the use of these low 
carbon and maganese contents Nakamura overestimated 
the minimum nitrogen content needed to effect fine grain 
sizes. For example, in his claims, Nakamura indicated that 
a minimum aluminum nitride content of 0.03% is neces 
sary. It is easily shown that this corresponds to a minimum 
nitrogen content which is in excess of 0.010%, especially 
when the fact is considered that as a practical matter his 
steels actually always have nitrogen in excess of the 
amount which is combined in the aluminum nitride. 

In summary, the test results show that the properties 
of an A36 carbon silicon killed steel are not adequate 
for the low temperature service contemplated both where 
controlled rolling is used and also where normalizing is 
employed. Controlled rolling is beneficial on properties and 
structure in the as-rolled condition but these effects were 
eliminated by the heat treatment. The most significant 
benefit on impact resistance was obtained by normalizing. 

Experiments were made with modifications of alloy 
content. Utilizing the Petch analysis, it was found that 
both yield strength and impact resistance increased as the 
ferritic grain size decreased, and it appeared that with 
this steel a minimum ferrite grain size of ASTM 11.3 is 
required to achieve the required properties. 

Since ferrite grain size values of this magnitude connot 
be obtained on a practical basis using A36 as produced 
with fine grain practice, efforts were made to obtain fur 
ther grain refinement. It was also observed that high 
residual alloy content was beneficial in obtaining mechani 
cal properties. Since high residual alloy content cannot be 
relied upon, it would appear to be necessary to compensate 
for this by alloy additions. It, therefore, is contemplated 
to increase the additions of manganese or silicon, or both. 
Two levels of nitrogen content, one of which corres 

ponded to a residual content and the other of which cor 
responded to a nitrogen addition, were investigated. The 
increased nitrogen content very markedly improved the 
structure and the mechanical properties. The average fer 
ritic grain size achieved was 11.2, while both the tensile 
and impact properties were within the required range. 
The test tensile properties occurred in steels with the 

increased nitrogen content. In other respects, the proper 
ties and structures of the steels were similar, and it is 
evident that with the exception of the effects of the in 
creased nitrogen, the other improvements were due largely 
or entirely to the grain refinement. A series of austentic 
grain coarsening studies were conducted, Based on these 
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it appears that both the austentic and ferritic grain sizes 
and the mechanical property improvements are due to the 
aluminum and nitrogen additions. 

Subsequently studies were carried out to determine the 
effects of general variations in alloy content, of rolling 
practice, and of plate thickness. Briefly, these studies 
showed that each of these variables had significant effects. 
With regard to alloy content it was determined that this 
variable, especially the carbon and manganese contents, 
was equally as important as the presence of aluminum and 
nitrogen to the achievement of the required ultrafine fer 
ritic grain sizes. It was also shown that beneficial effects 
on impact resistance could be achieved by cross rolling as 
opposed to straight rolling. And finally, evidence was 
presented which showed the usual effects of gauge and 
also indicated an unusual effect of gauge in that trans 
verse impact resistance tended to increase with decrease 
in gauge. 

It would appear that a cross-rolled steel plate which is 
normalized will have the properties sought if it has the 
following analysis: 

Percent 
Carbon --------------------------- 0.15-0.25 
Manganese ------------------------ Over 100-150 
Sulfur (max.) --------------------- 0.035 
Phosphorus (max.) ----------------- 0.020 
Silicon --------------------------- 0.15-0.35 
Chromium ------------------------ 0.02-0.25 
Copper (max.) -------------------- 0.30 
Nickel (max.) ---------------------- 0.25 
Molybdenum ---------------------- 0.02-0.10 
Tin (max) ------------------------ 0.02 
Aluminum ------------------------ 0.04–0.10 
Nitrogen -------------------------- 0.007-0,010 

Thus, it will be seen that aside from carbon, manganese, 
sulfur, phosphorus, silicon, aluminum and nitrogen, the 
steel of the invention contains between 0.08 and 0.94% 
of other alloying ingredients, the balance being iron. 

FIG. 6 shows in the form of a block diagram steps 
which will be followed in carrying out the process of the 
invention according to usual mill practice. 

In view of our invention and disclosure, variations 
and modifications to meet individual whim or particular 
need will doubtless become evident to others skilled in 
the art to obtain all or part of the benefits of our inven 
tion without copying the process shown, and we, there 
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fore, claim all such insofar as they fall within the reason 
able spirit and scope of our claims. 

Having thus described our invention, what we claim 
as new and desire to secure by Letters Patent is: 

1. Process of making a weldable steel plate having 
superior tensile and impact properties at low temperatures, 
which comprises making up a steel ingot having a compo 
sition as follows: 

Percent 
Carbon --------------------------- 0.15-0.25 
Manganese ------------------------ Over 100-150 
Sulfur (max.) --------------------- 0.035 
Phosphorus (max.) ----------------- 0.020 
Silicon --------------------------- 0.15-0.35 
Aluminum ------------------------ 0.04-0,10 
Nitrogen -------------------------- 0.007-0.010 
a total remaining alloy content of between 0.11 and 
0.87%, the balance being substantially iron, cross-rolling 
the ingot to produce a plate and normalizing the plate. 

2. A process of claim 1, in which the remaining alloy 
content Substantially consists of at least one of chromium, 
copper, nickel, molybdenum and tin. 

3. A process of claim 1, in which the remaining alloy 
content substantially consists of: 

Percent 
Tin (max.) ---------------------------- 0.02 
Phosphorus (max) ---------------------- 0.02 
Copper -------------------------------- 0.02-0.30 
Nickel --------------------------------- 0.02-0.25 
Chromium ----------------------------- 0.02-0.25 
Molybdenum --------------------------- 0.02-0.10 
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Patent No. 3,738,874 Dated June 12, 197 / 
Inventor(s) Alfred G. Allten and Frederick J. Semel 

It is certified that error appears in the above-identified patent 
aid that said Letters Patent are hereby corrected as shown below: 

v 
smus - 

Column lO, line 72, Cr is "O.5" and should be --.05--. 
Column ll, line 27, "impct" should be --impact--. 

Column 13, line 63, "met" should be --meet--. 
Column 14, line 4, Tin is "O.2O" and should be --O.O2--. 
Column 14, line 31, "maganese" should be --manganese--. 
Column 14, line 69, "test" should be --best--. 

  



UNITED STATES PATENT OFFICE 
CERTIFICATE OF CORRECTION 
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It is certified that error appears in the above-identified patent 
and that said Letters Patent are hereby corrected as shown below: 

Column 13, lines 44 to 51, should appear as shown 
below : 

Carbon . . 0.15 to 0.25% 
Manganese over 1.00 to 1.50s, 

| and preferably 1.15 to 1.35% 

Sulfur 0.035% Max. 

Silicon 0.15 to 0.35% 
Aluminum 0.04 to 0.10% 
Nitrogen 0.007 to 0.010%, 

Signed and sealed this 8th day of January 1974. 
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EDWARD M FLETCHER, JR. RENE D. TEGTMEYER 
Attesting Officer Acting Commissioner of Patents 
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