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ABSTRACT

The onset of brittleness in ship steel plate
at a temperature which is determined by metallurgical
and mechanical factors, continues to be a technical
problem of conaideréble importance. Previous inves-
tigations of the metallurgical and mechanical factors
have generally been on material equivalent to that
used in actual practise; i.e. material containing a
large number of compositional and stress variables.
The present investigation, attempting to eliminate
most of these variables, involved uniaxial tensile
testing of eight relatively high purity alloys of
iron conteining from 0.020% to 0.49% carben,
stressed at temperatures from 28°C to those of
1iguld 2ir or about -1859°. The structural con-
ditions such as ferrite grain sire and pearlite
spacing were fixed and the straln rate was gen-
erally constant. The form of testing gave true
stressenatural strein data. This made possible
numerical evaluation of many paremeters such as yield
points, flow siresscs, fracture stresses, dQuetilities
in terms both of uniform znd localized deformation
and strain hardening factors. All of these were
deltermined as affected by carbon content, and by

temperaiture.



INTRCDUCTION

A wealth of notched bar test dzta on commercial
steels have been accumulated in the last ten years
in the course of investigations on the géneral problem
of low temperature brittle failures of pearlitic steel.
These data have led to certain useful conclusions; €eE.
that aluminum-killed steels are superior (i.e. have
lower transition temperatures), that normalizing usually
has a comparable beneficial effect, that fine grain
slze is desirable, that more than 10 ft. 1bs. energy
absorbed in V-notch Charpy tests at the service téme
pPerature minimizes or eliminates brittle failures,
that nickel improves low temperature ductility, etc.

Useful though these conclusions are, the energy
absorbed in nofched bar tests i1s not a numerical value
susceptible of analysis nor is it useful in design.
Since practically all of these dats have been obtained
on commercial steels, too many variables are present
to isolate the cause of the beneficial or detrimental
effects that are observed. For example, is the bene-
ficlal effect of aluminum deoxidation attributable
Tto a solid solution effect of excess aluminum, to the
reduction or near absence of Fe0, te fixing nitrogen

as aluminum nitride, to a grain refining effect of



residual Al,03 or to an effect of dissolved aluminum
on the structure of Fe3C in pearlite? _
The‘investigation reported here is a part of a
general program designed to answer such questions.
The low temperature properties measured are uniaxial
tensile properties employing customary natural stresse-
strain curves obtained with somewhat novel equipment.
The alloys tested were made in 6 to 8 pow.’ *ngots

which apart from the added element, represent 99.% +s¥z.

PREPARATION OF IRON-CARBON ALLOYS

One general approach was to‘melt electrolytic
iron in a magnesia crucible under air, oxidizing cer-
tain impurities, and removing them as much as possible
by slagging with lime. Carbon was added by dropping
sugar charcoal directly on the surface of the oxidized
melt. The violence of this reaction could be controlled
by adding the carbon slowly. The amount of carbon for
a desired alloy had to be estimated by the boiling |
action in the crucible. The melt was cast into a dry
graphite mold and the resulting ingot was sampled.

If of satisfactory carbon content and cleaﬁliness, it
was freed from surface scale in preparation for vacuum

melting.
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The air melted alloys were remelted in a high-
frequency vacuum melting furnace, Fig. 1. This in-
cluded a 6" quartz tube with one end sealed, a brass
head and 2" seamless pipe connected to the vacuum
pumps through a liquid air trap to catch undesired
products distilled from the furnace. The high vacuum
portion could be isolated from the system by a valve
to estimate the equilibrium pressure over a melt, or
to preserve the vacuum during final cooling of the
ingots. 1In order to flush the system before melting,
or to melt in hydrogen or other controlled atmospheres,
sbopecocks were provided for connection to gas tanks
and a purifying train.

A theormocouple gauge was permanently sealed
into the highevacuum manifold to continuously indicate
the working vacuum. The indications of this gauge
could be read either on a meter on the panel board or
switched to a recording potentiometer to give a plot
of the change of pressure with time. The absolute
pressure was determined at intervals by means of the
McLeod gauge, and these readings were used to main-
tain a corrected calibration of the thermocouple gauge.

Viclent boiling was experienced when the previously

air melted ingot became molten under vacuum. The
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Fe0:C reaction was finally ceontrolled by conducting the
actual melting of the solid ingot under nearly an atmos-
phere of evolved gases and then slowly evacuating.
SERIES I (See Table I)

- Four alloys in this report, referred to later
as Series I, were produced by melting in 2 1/2" x 10V
diameter beryllia crucibles backed with beryllia powder
contained by a graphite sleeve. It was found that if
this type of crucible assembly was pe-fired in vacuo
at about 1900°C and then degassed at 1550°C, satis-
factory melts could be produced. These four alloys
were held molten from 2 1/2 tc 7 hours and were sclidi-
'fied under pressures ranging from 15 to 200 microns.
SERIES I1 (See Table I)

Solidification pressures of 15 to 200 microns
indicate that carbon was continuing te react with
oxygen, either Fe0 or BeC from the crucible. Anal-
yses of the four alloys of Series I by the National
Bureau of Standards showed eoxygen contents in the
range of 0.CO0% to 0.0009% (see Table 1, p.33).
Therefore two additional alloys were produced with
improved procedures and equipment. The rather soft

BeQ crucibles supplied by Brush Beryllium Corporation
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were fired at 1730°C, which produced a harder and
therefore more slowly reacting refractory container.
The graphite sleeve was omitted so that induction
stirring would speed up the Fe03:C reaction. An im-
proved vacuum system was installed, substituting a
DPI 275 oil diffusion pump for a mercury diffusion
pump with a considerable increase in pumping speed.,
With these improvements, two other Fe:C alloys,
referred to later as Series II, were produced with a
solidification pressure of 1 micron or less.

SERIES III (See Table I)

Binary ferrites of iron with aluminum and with
titanium have been produced in this laboratory using
a different preparation technique and have shown ex-
ceptional ductility at liguid air temperatures. To
chehk as to whether this ductility is a result of the
specific alloying element, eg.Al, or of the procedure,
one iron-carbon and one iron-carbon-aluminum alloy
were produced by this alternate technique.

Electrolytic iron was melted under strongly
oxidizing conditions. The metal, high in FeQ, was
cast as a slab which was first hot rolled anf thern
cold rolled to a thickness of about £.010". This



thin stock was formed into coils which were placed

on Be0 shells and then heated in dried (-190°C dew

point) hydrogen at 11009C for six weeks, This lengthy
period has been found requisite to ensure complete
deoxidation,

The hydrogen~deoxidized siock was then remelted
in the high fired BeC crucibles with a sufficient
amount of high purity carben to produce the desired
carbon content of 0.020%. These alioys were not
successfully produced until after several attempts
in which either toc much or too little carbon was
employed . After attaining the desired carbon and
complete degassing, 0.02% aluminum was added to one
alloy by dropping from the cool upper portion of the
melting chanmber. These alloys are later referred to
as Series IIT alloyse.

The alloys were prepared for testing as followss
(1) The 2 1/2" diameter ingots were hot forged to

one inch rounds, hot rolled at 1100°C to 5/8%

square bars, cooled and surface cleaned.

(2) The bars were vacuum annealed at 10009C for at
least 100 hours to eliminate gas absorbed dur-
ing hot working.

(3) The annealed stoek was then cold rolled 609

to 7/16" rounds and heat treated to an egui~
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axed No. % to 5 ASTM grain size with a medium
fine pearlite spacing if the carbon content ex-
ceeded 0.03%. A strong Widmanstatten structure
resulted from simple normalizing treatments. A
normal structure, as shown in Figﬁre 2, was ob-
tained by furnace cooling in helium from austenite
temperatures into the two phase CX + ¥ region,
followed by air cooling. Series III alloys (with
carbon content of .0.0204) were heated in helium
to the 4 to 5 grain size, attained in 50 minutes
at 6309 for alloy 72V and 50 minutes at 710°C
for alloy 63V. The specimens were then air
cooled.

(4) The heat treated bars were then machined to four
inch long tensile specimens having a one inch

tan-

gauge length and a 0.252" diameter with o

]

dard central taper (0.001"). The bars were given

a final hand polish with 600 emery paper.

MECHANICAL TESTING AT I.OW TEMPERATURES

The mechanical testing of the tensile specimen was
done in a Baldwln Southwark hydraulic testing machine
of 60,000 pounds capacity, provided with special egquin-

ment for low temperature work. This equipment wzs built
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previously for a similar research project, and is
described in references 1 and 2. However, because
of some recent modifications, a brief description
is given here.

The low temperature testing is conducted by sub-
merging the specimen in a suitable refrigerant which
is kept at a specific constant low temperature. The
eooling fluid is contained in a Dewar vessel, supported
around the test bar without interfering with the move-
ments of the specimen grips and their alignmment. Such
a set-up is shown schematically in Figure 3 and can
also be viewed from photograph Figure k.

The metal Dewar, or test vessel, is supported
by the movable crosshead of the machine, and therefore
can, prior to testing, be moved vertically along with
this cross bar into any desired position. The stem
of the lower specimen grip enters the test vessel
through a wide opening in the bottom with the ring-
shaped space between stem and bottom being closed
by light flexible bellows, (Figure 3). Thus align-
ment of the grips during the test can take place freely
without being hindered by the rather welghty test

vessel. The test bar is serswed intc the bottom grip

1. H. T. Green and G. A. Moore, AISI Contribution %o
the Metallurgy of Steel, No 3k, 1948.

2. R. P. Steijn, M. S. Thesis, University of Perngyl-
vania, 1950. )
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from above and then the upper grip screwed downward
over the threaded top part of the specimens. To pro-
vide for practically ideal self-alignment during the
test, case-hardened chains are used to transfer the
tensile force to the specimen, that is from the load-
ing ram to the upper specimen.grip, and from the lower
grip to the movable croéghead.

. The cooling media used in this investigation were
liquid air for -185°C and Freon No. 12 for the range
~-150°C to -30°C., To cool the Freon, a copper coil
carrying liquid air is fitted in the test vessel,
the temperature being regulated by an automatic con-
trol c¢ircuit. To check the temperature independently
at any time, an extra copper-constantan thermocouple
is placed in the vessel close to the gauge section of
the specimen. An air bubbler stirring arrangement is
used to keep the temperature as uniform as possible.

Natural stress-strain data were obtained at low
temperatures using a microformer type dlameter gauge
immersed with the test specimens in the heat transfer
fluid, see Figure 5. The diameter gauge was calibrated
against accurately machined test sections of a control

bar.* The micrometer knife edges of the diameter gauge

* All dimensional data are reported in terms of inches
measured at room temperature.
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recorded the instantaneous diameter directly with
the corfesponding load on an autographic recorder.
A strain pacer was comnected in series with the dia-
meter gauge and the autographic recorder. The inves-
tigator traverses the gauge length of the specimen
with the jaws of the diameter gauge. While the speci-
men is decreasing in diameter, the diameter gauge
causes the strain pécer pointer to rotate clockwise.
If the spacing of the jaws of the diameter gauge in-
creases, the pacer reverses its direction of rotation.
Thus it is readily possible to find the region of
necking and then to remain in the position of minimum
diameter. )
IEST RESULTS

Tensile data for the eight alloys are tabulated
in Tables II to IX, and natural stress-strain data
for five of these are presented in Figures 6 to 11.
These diagrams were obtained in the conventional

manner where the average instantaneous principal stress

is taken as ¢“= L/A and £ = 1nf9/A.

()= average instantaneous stress L = load
EE: natural strain Ao = original
area

A = instantaneous area
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A strain rate of 0.042 in. per minute (7 x 10'”

see 1) was used throughout with the exception of
alloy S1V for which the strain rate varied from 0.018
in. per minute to 0.09 in. per minute as is shown in
Figure 9.

From the stress strain charts, the upper and lower
yield points, the flow stress étsinrdesired.strain, the
fracture stresé, the uniform strain (strain up to point
of maximum load) and the total strain can be obtained.
These properties versus the temperature of testing are
plotted for six of the alloys in Figures 12 to 17. The
same properties plotted versus ?arbon content are re-~
produced in Figs. 18 to 21 for fixed temperatures of
239, -50°, -95° and -145°C. The points shown are ob-
tained from the curves drawn through the observation
points of the property versus temperature plots.

DISCUSSION OF RESULTS ON ALLOYS OF SERIES I & IT

Yield points, Figures 13 to 17, increase rapidly
as the temperature decreases. Double yields were cob-
served-for every temperature and every carbon content
tested, although the difference between upper and lower
yield points became very small for the higher carbon

alloys. It can be seen that in some cases, lower
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Yield stresses are higher than upper yield stresses.
This occurs when the amount of yield point strain is
great in comp;rison to the drop in load, thus result-
ing in an apparent loss of a lower yield in the stpess
calculation.

Figure 18 shows that at room temperature, the
yield points increase nearly linearly with carbon
content. At lower temperatures, Figs. 20 and 21,
there is a tendency for yield points to remain con-
stant in the 0.1% to 0.25% carbon range. Apparently
heterogeneous ylelding is insensitive to carbon con-
tent in this carbon range at low temperature.

Flow stress curves for a natural strain of 0.2
are shown in Figures 13 to 17. These increase on up-
wardly curving lines as the temperature decreases amd
are similar in shape to ultimate strength curves ver-
sus temperature as typified by Figure 24%. This simi-
larity is to be expected since maximum load was gen-
erally found in the vieinity of 0.2 gtrain. Flow
stress values were obtained at Varioﬁs strains for
several temperatures and flow stress vs. carbon con-
tent curves were constructed as is shown in Figures

18 to 21. The flow stress for various constant
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strains increases linearly with increasing carbon
content up to about 0.3% carbon, then the curves
tend to decrease slightly in slope from 0.3% to
0.5% carbon. The slope of the flow stress curves
increases as the strain increases but remains
essentially unchanged as temperature decreases.

Fracture stress values are uncorrected in any
manner and were calculated from the load at fracture
divided by the area at fracture as determined by post-
fracture measurements made with a micrometer. Figures
13 to 17 show that the fracture stress increases as
the temperature decreases to about -~150°C and then
falls rapidly with further decrease in temperature.
This drop corresponds to a change from ductile to
brittle behavior and the loss of strain hardening
effects on the fracture stress.

There is a minumum of fracture stress in the
vieinity of 0.05%4C with a subsequent increase in
fracture -Stress up to the 0.49% carbon alloy, Figs.
18.21. Because of the scatter in results*, it is

not possible to specify with certainty the shape of

* For exemple, two bars of the 0,020% C alloy tested
at room temperature showed as good reproducibility
as could be expected - breaking loads of 970 lbs.
and 930 1lbs. The measured fracture diameters were
0.082 and 0.085 inches respectively with a minimum
error of plus or minus 0.001 at the sharply pointed
fracture. The calculated fracture stresses are
184,000 and 164,000 psi. This is about the worst
divergence encountered.
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the fracture stress curve versus carbon content.

It appears that at room temperature, fracture stress

is relatively insensitive to changes in carbon content
in the range 0.0%5% to 0.2% carbon; whereas it increases
more nearly linearly throughout the carbon range at
lower temperatures. The fracture stress at liquid

alr temperature for most of these alloys may be taken
as the fracture stress essentially unaffected by werk
hardening, triaxiality, changing strain rate, and struc-
tural preferment resulting from prior strain. This
"unworkedﬁ fracture stress varies nearly linearly with
inecreasing carbon content, a 0.5% C increase causing

a 35,000 psi increase in fracture stress.

Total strain, uniform strain, per cent elongation
and per cent reduction of area (Figures 13 to 17) re-
main relatively constant from room temperature to
about -80°, decrease slowly from -80° to about -140°0C
and decrease more rapidly at lower temperatures.

Total strain decreases as the carbon content in-
creases, Figures 18 to 21. Some of the strain may be
attributed to twirnning for tests conducted about «145°
where both twins and deformation bands were observed.
At liquid air temperatures, twinning was abundant through-

out the gage section of uniform strain. It is probable



<15-

that an appreciable part of the strain at this tem-
perature can be ascribed to twinning which is quite
audible during teéting.

Uniform strain is defined as the strain taking
place up to the onset of necking. Its value, gen-
erally around £ = 0.20, was taken as the strain at
which maximumiload occurred. TUniform strain decreases
slowly with decreasing temperatures and decreases
slightly with increasing carbon content.

From the plots of Figures 18 to 21, stress-
strain diagrams may be constructed forbironycarbon
alloys of the types of Series I and Series II for
carbon contents from the range of solid solubility
to 0.5% carbon and for temperatures froﬁ +23°C to
-145°C. Ssuch curves would.apply to alloys with com-
parable microstructures and could prove useful in
determining the effect of alloying elements as
differentiated from the effects of carbon alone.

The property charts of Figs. 18 to 21 inclusive
were initially prepared after completing tests on
alloys made in the so-called Series I group. It
will be recalled these were solidified under a
pressure of from 15 to 200 microns and although gas

contents were loleTable I), two more alloys, called
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Series 11, were prepared with an improved vacuum
apparatus that gave solidification pressures of 1
micron or less. These alloys gave property data

that plot very well indeed on the curQés for pro-
perties of the earlier alloyse. This generally excell-
ent confirmation is shown in Figs. 18 tc 21 by differ-
ent indentification of data points for alloys of the
two different series.

Since the two Series II alloys, prepared under
somevhat different melting conditions from Series I
and at a period nearly a year later, have properties
which fall on the same graphical plots as those of the
earlier series, it 1s felt that the two groups of
alloys are of the same type and that their character-
istics are reproducitle. If other alloys of exactly
the same carbon contents and structure were prepared,
there is every reason to believe the same properties,
within experimental error of measurement, would be
obtained.,

DISCUSSION QF RESULTS ON ALLOYS OF SERIES IT1

Alloys prepared by the preocedure of hydrogen de-
oxidaticn fellowed by remelting with pure (AEC) car-
bon, give quite different properties; Figs. 5, 6, 11
and 12. These Series III alloys have not been plotted
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ori the summary plots of Figs. 18 to 21 since they
appear to be different materials. For example, a
comparison of Figs. 11 and 13, 0.020% C and 0.023% C,
series III and II respectively, reveals that the series
I1I material showed a 50% higher yield point, a con-
siderably higher total strain, and relatedly, a vastly
higher fracture stress.

A comparison of Figs. 11 and 12, both Series III
alloys with 0.020% carbon but one, alloy 63V, contain-
ing 0.02% aluminum, shows that these two series III
alloys have nearly identical properties. It is con-
cluded that, under these particular conditions of alloy
preparation, aluminum has no beneficial effect. This
appears to support the concept that the usual role of
aluminum in steels is to remove oxygen, neutralize ni-
trogen and refine the grain sizej; i. e. that it has no
significant "alloying" effect of its own in the usual
concentration range.

The superior ductility of the Series III alloys
of this report is apparently quite reproducible.

This laboratory has produced other ferrites,

e.g. pure iron plus about 0.02% Al or 0.C2% Ti, and
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customarily obtains good ductility at liquid air
temperatures. These alloys, substantially carbon
free, have shown 50 to 60% reduction of area at
-183°C, i.e. well defined necking. Without carbon,
these alloys have much lower yield points than the
iron-carbon alloys of this report and lower than any
of those of the National Physical Laboratory. These
alloys are not included in this report but are cited
to emphasize that the exceptional ductility of the
present Series III alloys i1s not a freak result but
is characteristic of alloys prepared and heat treated
by Series III procedures.

The problem remeins to explain the considerable
difference in properties of thdtwo carbon alloys made
by different procedures, having shown that each type
is apparently reproducible. One possible line of
reasoning is as follows:

(1) Carbon is not the significant variable;

the 0.003 points difference between 0.020%
(Series III, alloy 72V) and 0.023% (Series
1T, alloy 56V) is almost within the experi-

mental error of precision chemical analysis.



(2)

(3)

()
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Oxygen, nitrogen and hydrogen are not the
significant variables since again the total
amount present of each is very small and
even though hydrogen deoxidation may have
been more effective, subsequent vacuum
melting in BeQ always resulted in some
oxygen plck=-up. . Hydrogen is removed both
by this oxygen, by the vacuum (solidifica-
tion pressure of 1l micron) and in any case,
would not give the observed property effects.
Analyses for other elements as listed in
Table I reveal no differences in composi-
tion to which the property‘differences

may clearly be attributed.

One difference between the Series IIIl
alloys and the others was exposure to

BeQ. Attempting to obtain the desired
0.020% C required five vacuum remelts,

made in the same Be0 crucible, before

the desired carbon content was attained

but the differences in metallic beryllium
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content do not appear to be significant.
The alloys of Series III were heat treated
differently. All others, including the
0.ue3% C Series II alloy, were heated above
the Ay temperature, furnace cooled to above

the A, and then air cocled. The two Series

1
III alloys of only 0.020% C became too coarse
grained from this heat treatment. To attalin
the desired ASTM grain size, they were re«
crystallized below the A, (6309 for alloy
72V; 710°C for alloy 63V) and air cooled,
presumably at the same rate through the car-

bide precipitation range as all other alloys.

COMPART SONSWITH OTHER DATA

At the moment, no reason for the difference between

Series IT and Series III alloys can be given. 8ince the

difference appears to be reproducible, work in the immediate

future will be concentrated on this point.

The National ?hysical Laboratory of England has

been carrying on work in the same flield as that reported

here and a recent publication* makes it possible to compare

*

W, P. Rees, B. B. Hopkins and H, R. Tipler - "Tensile
& Impact Properties of Iron andsome Iron Alloys of
Hi%h Purity" Journal Iron and Steel Institute, October
1951,
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data from the two investigations. In general, the
properties of their iron-low carbon alloys that were
melted in 25 pound heats compare with our Series II
irons. An alloy of theirs with 0.014C had a yield
point and fracture s tress that fall reasonably well
on an extrapolation of our Series II data. Their
lowest Venotch Charpy transition temperatures of
around -15°C are between the ~36°C for our series
III alloys and -6°C for Series II low carbon heats.
None of their alloys showed more than 5% tensile
elongation at -1969C although our Series III alloys
showed 29% at -183°C with about 40% reduction in m
area.

However, all of their small (6 1bs.) heats,
frozen in the furnace and comparable in that respect
to ours, were far more brittle than any alloys tested
here. Brittleness, e.g. only a 15% reduction in area
at room temperature, was attributed to oxygen even
though only 0.0007% was reported as present by analysis.
While the National Physical Laboratory 6 1lb. heats
compare with ours in size and freezing method, the

alloys are not really comparable since the brittleness
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they encountered was intergranular and therefore differs
in kind from the low temperature brittleness forming the
subject of this investigation.

It is desirable to compare these data on high
purity iron-carbon alloys with the room temperature
properties recently reported by the Naval Research
Laboratory* for experimental steels containing from
0.01% to 0.60% C with approximately 1.0% Mn and 0.25%
Si. Figure 23 shows that thelr reported yield points
are consistently about 15,000 psi above those for our
Series I and II alloys. They obtained greater total
strains and relatedly appreciably higher fracture
stresses. Our Series III alloys were lower in yield
strength and more ductile than those of the Naval
Research Laboratory. It is unexpected to find both
lower strengths and lower ductilities for the purer
alloys (Series I and II). Unfortunately, this differ-
ence cannot be ascribed solely to compositional differ-
ences, particularly manganese, since the purer alloys
reported here werd coarser grained, ASIM No. % to 5

as compared to ASTM No. 8 for alloys tested by the

*  Raring, Rinebolt and Harris, Journal of Metals,
May 1951, p. 395; Also ASM Preprint 33, 1950.



~23-

Naval Research Laboratory. Apart from the differ-
ences in absoclute values for stresses and stralns,
both investigations show similar effects of carbon
on room temperature properties of the pearlitic
structures tested.

Finally, tensile properties of the lowest car-
bon content iron~carbon alloys may be compared with
those of some pure binary ferrites prepared and tested
on a companion program in the same laboratory. None
of the Series I or II iron-carbon alloys ‘show ductil=-
ity at any temperature in the range 23¢ ﬁp -185°% that
is as high as that for pure ferrites containing 0.02
to 0.2% aluminum or 0.02 to 0.2% titanium. The Series
III alloys have almost as good ductility as the alum-
inum or titanium ferrites, but have nearly three times

as high yield strength.

STRATN HARDENING & TRANSITION TEMPFERATURESR

In discussing properties derived from the portion
of the stress~strain diagram after necking begins, it
should be reccgnized that the effects of triaxiality, vary-
ing strain rate, plastic deformation and varying degrees

of ‘structural preferment are acting on the test specimen.
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It should be further emphasized that the stress-strain
diagrams as usually constructed are plots of the aver-
age axial principal stress versus natural strain at
the minimum diameter of the test bar.

The method used for the tests described in this
report for controlling the strain rate was to maintain
a constant rate of head motion of the testing machine,
thus keeping the rate of longitudinal extensions con-
stant. Since natural strain is defined as In 1/le or
ln Ao/A, it can be seen that a constant rate of head
motion results in a much greater rate of natural strain
as the severity of necking iﬁcreases. Both increasing
the strain rate and setting up a condition of triaxiality
have the same general effect as decreasing the tempera-
ture in that stress levels for particular strains are
increased, total strains are decreased and uncorrected
fracture stresses are increased. This is the reason
for the upturn of the stress-strain curves in Figure 6,
near the end of each test.

Some experiments have been performed to adjust
for the change in natural strain rate during necking.
When the strain rate is decreased to the same value

as that employed at the point of maximum load, the
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flow stress drops'abruptly and remains at a lower
level. Increasing the strain rate to the original
constant head motion raises the flow stress to the
appropriate position on the original flow curve.
Attempts have been made to correct the natural
stress-strain curves for triaxiality using both the
Bridgman correction and a correction developed here.
This latter is based on the observation that the
average stress at a section of the neck away from

the minimum diameter is not on the stress-strain

curve for the indicated lesser strain but has a
lower value and the difference may be attributed

to triaxiality. Our corrected stress-strain curves
are not yet sufficiently complete to permit any con-
clusions to be included in this report.

Both corrected and uncorrected natural stress-
strain curves have been analyzed for the so-called
modulus of strain hardening and the strain hardening
index n. Analyses of uncorrected curves reveal a
consistent slight increase in strain hardening of
the iron-carbon-alloys as temperature decreases
from 23°C to -150°C. However, this may be only

an apparent effect since neither the corrected
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stress-strain curves nor micro hardness tesls Coue
firm any such effect.

The drop in fracturs stresses of Figures 12
to 17 was previously stated to be caused by a
change from ductile to brititle bhehavior. Thse
temperature of this change, or the transition
temperature of an Fe~C alloy, may be determined in
several wayS. The usual basis for stipulating
transition temperatures is the energy to fracture.
This was determined for the axially loaded, un-
notched tensile test bars by graphical integration
of the area under the uncorrected natural stress-
strain curves of Figs. 6 to 11. ZThe plots of Ep
or energy to fracture vs. temperature give curves
which are approximately parallel to the total strain
vs. temperature curves. The Ef curves are neariy

T e

. o .- .
horizontal in the range +23 C to ~14CP%C with o slhiznt

=

maximum within this range; then they decrease sharuly
to a low value at -1859C. The transiticn terpe vi0 0
was chosen as that at which Ep was half oFf the voiie
mum value. Figure 23 shows a plot cf transition

temperature ve. per cent carbon for Series I . 13

alloyse. A nearly horizontal line shcwing no effect
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of carbon content (in the range 0.023% to 0.5%)
on the transition temperature of un-notched specl-
mens satisfactorily represents the data, consider-
ing the error in individual polnts.

Series III alloys are not plotted in Fig. 23
but their transition temperatures, defined as above,
would also be in tgp range, -160 to -1700C, despite
their greater ductility at liguid alr temperatures.
Separate analyses for transition temperature based
on maximum fracture stress or total strain lead to
the same conclusion as to the absence of a carbon
effect on transition temperature of un-notched speci-
mens. However it 1s noted that the energy to frac-
ture at room temperature and the maximum energy to
fracture both decrease sharply with increase in car-
bon content and are higher for the more ductile Series
IIT alloyse.

Notched bar tests were run on five of the eight
alloys covered by this report. The 7/16" cold rolled
bar stock was given a cold pass through 909 grooves

in rolls to produce a square 0.430" bar. This stock
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was annealed to the same micro-structure as the ten-~
sile test bars, No. 4=5 ASTM grain size, and machined
into standard V-notch Charpy test bars which were
broken over a range of temperatures. The test data
are reproduced in Fig. 25 and transition tempera-
tures for 15 ft. 1lbs. as a c¢riterion and for 60 ft.
1bs. which generally corresponded to a 50% brittle

fracture, are reproduced below.

V-Notch Charpy Transition Temperatures
Alloy 72V Alloy 63V Alloy 56V Alloy 49V Alloy 58V

Series‘II[ Series II1 Series I1I Series I Series II
0.020% ¢ 0.020%4 C 0.023% C 0.05% C 0.22% C
+0.020% Al.

15 -47.9¢ -40.9C -6.%¢c 7 37.%C 32.%
ft.1lbs.

60 '_5360 _36o 21. 65. 720
ft. 1lbs.

SUMMARY & CONCLUSIONS
Eight iron-carbon alloys of relatively high
purity, 99.9+% Fe with from 0.C2 to 0.49% carbon,
were produced using three different procedures. All
procedures appeared to give alloys of substantially

equivalent purity and in particular, all alloys had
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very low oxygen and nitrogen contents i.e. in the
range 0.000X%.

Natural stress-strain data were obtained over

a range of temperatures from +239C to -~185°C on these
alloys, which had microstructures with ASTM No. 4%-5
ferrite grain size and pearlite, if present, of
spacing equivalent to normalized steels., Five of

the alloys were tested for Charpy V-notch transition
temperatures. Analyses of these data lead to the
following conclusions:

(1) Yield points and flow stresses increased
with increase of carbon content ard with
‘decrease in temperature.

(2) Fracture stresses also increased with
increase in carbon content and with de-
crease in temperature until, at around
—15000, loss of ductility became pro-~
nounced and with less strain hardening,
the fracture stress dropped to a consid-
erably lower value at -185°C.

(3) Ductility, as indicated by total strain
to fracture, remained reiatively constant
from room temperature tc about ~80°9C, de-

creased slowly to arcund -14%0°C and then
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(6)

(7)
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very rapidly dropped to approach zero at -185°C
although the Series III alloys still showed ap-
preciable ductility at this temperature. Duec -
tility at any temperature in this range decreased
with incresse in carbon content.

The transition temperature, based on half of the
maximum energy to fracture of unnotched, axially
loaded tensile specimens, was at about -160° to
-170°% for all carbon contents investigated.
Above this temperature, energy tc fracture de-
creased sharply with increase in carbon content.
The transition temperature of V-notched Charpy
bars decreased with decrease in carbon content,
reaching about -36°C for Series III alloys.
Strain hardening, as indicated by the slope of
the uncorrected natural stress strain curves,
increased slightly as the temperature of strain-
ing decreases. However when corrections were
made for triaxiality of stress during necking,
there was no clearly defined effect of tempera-
ture on strain hardening.

The foregecing tensile properties appeared to be
repreducible in irons produced by similar pro-

cedures. A change in production method ané heat
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treatment {Series III alloys) consider-
ably altered properties, giving higher
ductility and also higher yield and flow
stresses at all temperatures for equiva-
lent carbon content. Aluminum, in these
oxygen-free alloys, was not significant
in achieving the pronounced alteration
of properties.

(8) ‘The iron-low carbon alloys of our Series
III had pronouncedly higher ductilitles
at all temperatures and lower transition
temperatures than comparable irons pro-
duced at the National Physical Laboratory
in England. Theareason for our markedly
better low temperature properties is not

now certain.

FUTURE WO RK

1. The pronounced difference in low temperature
properties of Series II and Series III alloys requires
explanation since the subtle effect operating here

would seem to be very important to the general problem



-32=

of low temperature behavior of ferritic steels.

It is proposed that more Series II type low car-
bon content alloys be prepared and heat treated

by Series III procedures - and vice versa. Further-
more the effect of varied temperatures and cocling
rates of Series III alloys, still at a ccnstant
ferrite grain size, should be investigated.

2. Since it appears probable that the inter-
stitial solutes, carbon and nitrogen, are signifi-
cant in controlling low temperature properties,
internal frictlion measurements should be made to
determine the state qnd distribution of these

elements.
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Llongation

in
Cne Inch

=
rno
B

=

52
52

in

L8
25
22

Reduction
in Area

-3
i
TR

-3
M,

® B

[ ﬁ o ?j £y o
° 3 gm g8° g S8
& E o] 0 28 .r.: =] @ Lo
28 % B §SE 898 G & g%ﬁg §§ EE §§
g S B 23% 535 a0 D g 45 58 s
= E~ = e = b Py fo @D = EH Dow
No. o psie psi. psi. psi. psi.
L +23 21,200 20,600 115,200 53,500 ¢330  1.378 LL,T700
10 +23 20,500 none 115,800 5h,500 27h 1.348 45,200
1 -9 35,900 60,100

" =47 33,600

" -9 126,000 33 1,376 L9,800
1 9 3,600 35,600 125,100 62,500  .322 1,313 51,600
2 -89 £3,700 51,500 127,000 72,500 239 1,23 59,300
5 =97 5k, 600 : 74,000 ‘

" 92 53,200 109,800 .208 911 60,500
8 -96 55,800 55,200 73,500

" =93 131,900 256  1,2h0 60,200
6 150 83,600 719,200 133,900 101,000  .196  J765 82,500
9 =152 85,100 79,000 126,400 103,000 .185 .551 83,700
13 ~107 85,200 80,700 148,100 .187 .895 83,700
11 -183 97,400 99,600 102,300 O 96,300
7 -183 97,100 98,600 103,700 +O05k 97,200

Strain rate for all bars Table V

Oh in./in./min, .
Tensile data for iron - 0.05% carbon allcy
(Series I; solidified under pressure of 200 microns)



Number of
Bar

No,

35

Tegt
Temperature

<
L]

L J
(]
(o)

423
+ 23
+ 23

- 55
- 51

- 55
- 50

- 93;

- 9%
- 98

- 95
- 90

118
-1h7

~188
-188

G
© £ g
23 i35
& & S
in./min, psi.
0,025 28,000
0.025 28,800
0.05 30,100
0,018 27,400
0.05 143,600
0.05 145,100

0.05-0,025 61,100
0,050,025 61,300

0.0} 58,500

0,05=0,025 90,100

0.05~0.025 89,700

0,04 87,900
0.05 105,300
0,05 105,800

41,900

57,L00
56, 600

55,000
86, 600

87,000

82, 600
106,000
106, 800

Fracture
Stress

psi.

11k, 800
10}, 200

107,300
129, 800

130, 300
134,000

140,400
143,200
111,000

116,200

Tgble VI

Flow Stress
ab Natural

» Strain of
0.2

73,700

83,300

8k, 600

80,200
107,300

1095000

105,000

Uniform
Strain

0.350
04929
0.332
0.336
0.291

0.281
0,207

0,275

0,220
0.228

0.211

0.212

Total
Strain

0.967
1,083
0.925
1,012

1,077

1.0Lh
1.008

0.940

0.993
0.657

0,702
0.767
0,070
0.094

Ultimate
Strength

psi.
51,000
51,000
§2,000
51,000
59,000

61,000

70,000
69,000

65,500
89,000

89,000

86,500
104,000

109,000

Elongation
in

A7)
B 2 ¥ ¥ 8 w

L5

2
42

38
39

32

Tensile data for iron - 0,12% carbon alloy (Series I; solidified under
pressure of 30 microns

One Inch
Reduction
W in Area

& 23 &

€3
61

63
5h
50

53

_QE‘_
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% 8
a
H £
S8 %A
s 8§
& B2
No. o¢
28 423
22 +23 e
23 -29
29 =29
31 -89
2l -89
27 =150
26 152
25 -183
32 -183

Strain rate for all bars

Upper
Tield
Point

psi.

29,700
28,350
34,800
35,800
56,600
58,100
90, 700
97,800
120,500
120,500

L0l in./in,/min,

Lower
Yield
Point

pSie

29,400

31,900
35,800
57,700
57,000
88, 800

93,100

Fracture
Stress

121,500
120,000

W
o
Q'QQq
@ d°
B o Em
@ o o O
g = s &
o HO - &
2 40 oo
 ® W0 D vl

74,000 +276
71,000 .211
81,500 $221
83,000 +206
98,000 o224
96,000 21
121,500 1865
126,000 160

Table VII

Total
Strain

.79

733
736
79

.636
598
337
396

.02l

Ultimate
Strength

psi.
61,000
58,200
66,900
68,700
80,500
78,400
101,800

103,800

Tensile data for iron - 0.22% Carbon alloy
(Series IT; solidified under pressure of 0,8 micron)

Elongztion

in
¥ One Inch

L
O~

37.5
37.5

Reduction

»a in Area

2.5



(3] Hd
v =1 N0

1k
23

15

18
#

6

11

N
27
10

22

Strein rate for all bars

= Nimber of
Bar

Test
@ Temperature

[»]

o
[y
w

+23
~29
-29

=52
-5L

~57
=56

=90
-88

-92

-9l

-1l9
-148

-9
-185
-185

Upper
Yield
Point

psi.
31,950
32,000
39,300
38,700
b5,400

16,100
57,700
57,500
90,700

87,800
120,200

125800

0L in./in./min,

Lower
Yield
Point

psi.
31,h00
31,900
37,400
37,400
43, 600

Lk, 600

55,700

57,500
89,300

Tensile data for iron - 0.25% carbon alloy.

119,300
11k, 700
124,700
127,200

12};,200

128,500

132,000

l3h:500

150,700
149,500
121,000

Flow Stress

at Natursl

Strain of
002

psi,

76,200
78,000
86,000
85,000

89,000

97,500

100,000

125,000

123,200

116, 600

Table VIII

Uniform

Strain

-
MY
(¥ Y
0

«221
«252
.258

«210

+207

«195

«220
«160

678

.52k
#557
019
019

ltimate
trength

- U2
psi.

62,100
63,500
70,500
69,800

73,100

79,500
82,700

102,500
101,400
119,200

120,000

(Series I; solidified under pressure of 15 microns)

Elongation

in

. One Inch

wooWw W W
S S =

38

L3

30

Reduection
¥ in Area

59.2
53.3
52.5
5h.7

51

51.5

19.6

9.2

0.8
L2.7



- gﬁ Number of
» Bar

[ SUR U
oW

27

2l

16

Temperature

Test

-8

-48
-hg

-9l

~95
=95
~151
~150
-185
=185

£
N

ate o
train

in./min-
-Oh
Ok

0L
Ok

0L
0k

-0l
Ok

Ol
<Ol
Ol
0l
<Ol

Upper
Yield
Point

psi.

140, 800
L2, 600
55,600

51,500
67’000

71,300
106,600

106,000

133,000

Lower
Yield
Point

psi.
1,100
none

none

51,400

67,500

71,800
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Table IX
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Tensile data for iron - 6.&9% carbon alloy.
(Series I; solidified under pressure of 200 microns)
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FIGURE 1:

FIGURE 2:

- b2 o

High Frequency Induction Vacuum Furnace

Structure of 0.12% carbon-iron alloy (51v)
held 15 minutes at 9000C and furnace cooled
to 7809C, held ten mimutes, then air cooled;

x100 Nitzl etech.
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