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ABSTRACT

The dependence of transition temperature upon suberitical
heat treatment has been investigated in a low carbon ship plate
steel (Project Steel "“C"). The effect of time at temperature
in the 700°--1200°F range has been determined, employing three
different cooling rates=--air cool, furnace cool, water guench,
In addition, a limited study was made of the room tempersture
and the accelerated aging effects after water quenching from
1200°F, The degree of embrittlement was evaluated by means of
eccentric notch tensile and Charpy V-notch impact tests, with
the as-received plate as a basis of comparison.

For the air cooled series, the transition temperature-
isothermal time relationship obtained with impact specimens
Indicated no embrittlement at the shorter times; but a slight
embrittlement was present after long times at either 1100° or
1200°F., In contrast, notch tensile specimens revealed a
slight, constant embrittlement at the shorter times which was
decreased or ellminated at the longer times in the 700°==1200°F
range.

With a furnace cool, spot checks made with impact speci-
mens showed the same transitlion behavior as specimens heat
treated and air cooled.

For the series quenched from 1100°F (aged one month at

room temperature), the plot of transitlon temperature vs.

vi



lsothermal time indicated a severe embrittlement at all iso-
thermal times, i,e;, the entire curve was displaced consider=-
ably above and approximately parallel to the curve for the
air cooled series for each specimen type. The same findings
were evident after quenching from 1200°F, with the embrittle-
ment being more pronounced.

Impact specimens water quenched from 1200°F and aged for
various perilods of time up to two months at room temperature
showed no embrittlement "as-quenched"; however, the transition
temperature increased with agling time, reaching a maximum
level after about two weeks., Accelerated aging at LOO°F for
one hour Immediately after quenching from 1200°F resulted in
a marked improvement in impact properties, approaching that
of the as-received plate.,

No change in microstructure could be noted between the
subcritically treated specimens and the as-received plate with
these exceptions: (1) a general precipitation was evident
after accelerated aging, and (2) slight spheroidization was
apparent at the long isothermal times. Rockwell B hardness
tests showed that, in general, appreciable hardening occurred
when specimens were embrittled,

Previous work on welded plate at this laboratory showed
that the necessary conditions for quench=-aging are present in
the welded material and this phenomenon appears to be the

only possible explanation for the zone of minimum ductility

vii



located in a region adjacent to the weld which was not heated
above the lower critlcal temperature. Cooling rate curves
are presented for the critical zone in weldments made with
various preheat temperatures to show that not only does the
embrittlement increase with increasing cooling rate, but

that the degree of embrittlement is about the same for the
critical zone in weldments as for subcritically heat treated

base plate cooled at the same rate from the same temperature.

viii



NTRODUCTION

This report summarlzes the work completed on a project
sponsored by the 3hip Structure Committee under Department
of the Navy, Bureau of Ships contract NObs-45470 and under
the guidance of the Committee on Ship Steel of the Natlonal
Academy of Sciences~Natlonal Research Council and covers
the period from January 1, 1950, to September 1, 1952, Three
Technical Progress Reports on commercial ship plate weldments,
s50-21, Y| 530-31(2), ana 350-51(3) covered the progress of
the investigation from July 1, 1947, to January 19‘1950.

In the previous work on the exploration of the relative
ductility across weldments of A and C ship plate steels®, it
was found that a zone of minimum ductility occurred just out-
side the so=called heat affected zone in weldments made with
100°F preheat, in a region which appeared to have the same
metallographic structure as the base plate. This behaviot
was evident at both the midthickness and surface levels of
3/li-inch plate, The ductility was evaluated by means of the
gccentric notch tensile test, which poszezsed the advantage
of measuring the properties of a very small volume of metal

from any position in the weldment.

#%#The designatlions A and C refer to steels "AM" ang "oM
in the series of Ship Structure Committee "Project"
Steelsg.



Additional tests revealed that a higher welding presheat
{(LOO®F) minimized the embrittlement in the critical zone,
while a2 1100°F postheat almost eliminated it. The magnitude
of the improvement 1s shown, Table I, in the comparison of
the transition temperatures of the unaffected base plate and
the critical zone after the various welding eonditionso

TABLE I

Transition Temperaturesi of Unaffected Base Plate
and Zone of Minimum Ductllity in A and C Steel Weldments

Location and Welding Condlitions Traensitlon Temperature, F
Tnaffected Dase Plate Steel C Steel A
(2™ or more from weld centerline)
L00°F preheat and 1nterpass temperature =655 =80
)_I_OO OF 1 1] "'65
1100°F postheat with 100°F preheat. ~75

Zone of Minimum Ductllity
(063 inch from weld centerline):it

100°F preheat and interpass temperature =20 =10
LOO°F " " =I5
1100°F postheat with 100°F preheat =70

#At the midthickness of 3/4-inch plate,
At the surface level the transition temperature was =60°F.
#eAt the surface level the zone of minimum ductility was
shifted to 0.4 inch from the weld centerline due to the
geometry of the double-V weld used,
Temperature measurements made during welding showed that
the zone of minimum duetility was not heated above the lower

critical temperature; consequently, the embrittlement (and the

improvement brought about by preheat and postheat treatments)
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occurred at subcritical temperatures, suggesting a quench-aging
mechanisn resulting from the scolution and preclpitation of
carbides Tfrom the alpha phase,

No weld feailures have beenh found to originate In this
critical zone., 1t was felt however, that further work was
desirable on the embrittling characteristics of ship plate
steel under more closely controlled subecritical conditlions
than exist In weldments., Specifically, the program consisted
of subjecting base plate of "C" steel to temperatures in the
700°==1200°F range for various times, employing three dif-
ferent cooling rates--alr cool, furnace cool, and water quench.
In addition, an aging study was carried out after water quench-
ing from 1200°F, The embrittlement was evaluated by means of
gccentric noteh tensile and Charpy V-notch impact transition
temperatures, supplemented by hardness tests and microscopic
examination,

The present investigation was complicated at the start
by embrittlement cf test specimens with anltrogen, introduced
by a scaling reaction Iin the nitrate salt bath used as the
heating medium. Alfthough interesting, these results are not
pertinent te the present investigation and are presented and

discussed in a Supplement to this report.

MATERTIAL

The "C" steel selected for the present investigation was
the same "project steel" which had been used in the earlier

work at thils laboratory and in other Ship Structure Commlttee
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investigations. It was a semi-killed steel in the form of
3/ll~inch material from two large plates from the same heat.
The program started with material remaining from the weldment
studies, hereafter referred to as Plate 1; however, the
majority of the work was done with Plate II, The plates
have been identified because, as will be shown later, a
significant difference in transition temperature was found
between plates. The properties reported for this steel are
as follows:(u)
TABLE IT
Properties of "C" Steel Plate ~

Chemical Analysis

Carbon 0.2 Copper 0.03
Manganese 0.4 Chromium 0.03
Phosphorous 0.012 Molybdenum 0,005
Sulphur 0.026 Tin 0.003
Silicon 0,05 Nitrogen 0.009
Aluminum 0,016 Vanadium £0,02
Nickel 0.02 Arsenic £0.01

Mechanical Properties

Yield Point, psi 39,000
Tensile Strength, psi 67,400
Elongation per cent 25.5 (8" Gauge)
i
PROCEDURE ‘

Specimen Preparation

Noteh tensile and standard Charpy V-notch specimens, Fig. 1,
were prepared from the plate as follows:

Specimen bhlanks were taken from the midthickness so that
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the long axis in each case was perpendicular to the rolling
direction. The surface of the plate was located by an iden~
tifying mark on each specimen. The Charpy blanks were then
rough machined 0,020 inch oversize, and the notch tensile
blanks 0,015 inch oversize, After heat treating, the blanks
were machined to size and notcheds. The notch for the Charpy
specimens was cut perpendicular to the plane of the plate,

The steps involved in the preparation of the test speci-
mens are illustrated in Pig, 2,

Suberitical Heat Treatment

The specimen blanks were heated at a temperature within -
the 700°-=1200°F range for periods of isothermal time ranging
from a few seconds at temperature to as long as one week, For
times greater than five minutes, a Lindberg forced ailr con-
vectlon furnace was used; for times five minutes or less, a
neutral chloride salt bath. A chromel-alumel thermocouple
at the center of a specimen blank was used to obtain an
accurate measure of the {time at temperature for the shorter
isothermal times#,

Three different cooling rates-=~air cool, furnace cools,

#For Impact specimens the time required to reach a tempera=
ture of 1100°F was 1 1/2 minutes, and to reach 1200°F,
2 1/l minutesg for notch tensile specimens, the times were
3/lu and 1 minute, respectively,

##PFurnace cooled at an average rate of 1.8°F per minute
down to 500°F, then air cooled to room temperabure.
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FIG. 2. PREPARATION OF CHARPY V-NOTGCH AND
NOTCH TENSILE SPECIMENS FROM “¢"
STEEL PLATE.
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water quench--were employed from the subcritical temperatures.
Normally, specimens were tested one month after heat treating
in order to approximate the elapsed time between welding and
testiﬁg in the previous work; however, the room temperature
aging effects were also evaluated by testing Charpy specimens
at different times after water quenching from 1200°F,

The heat treatments employed are given in Table III for
notch tensile specimens and in Tables IV and V for impact
specimens.

Cooling Curves

The cooling curves for test specimens which were air -
cooled and also water quenched from 1200°F were determined
with a chromel-alumel thermocouple and a portable potentiom-
eter. The couple was positioned Iin a saw cut extending to
the center of a specimen, with the cut then being peened shut,
The cooling curve for furnace cooled specimens was obtained
by taking temperature-time readings from a furnace controller.

Testing Procedure

The test equipment and procedure for the eccentrlc notch
tensile tests were essentlally the same as those used previously
(132’3)0 The specimens were positioned in the fixtures, Fig. 3,
so that the fiber in line with the identifying mark received
the maximum tensile load. The initial eccentricity was set

at 1/l inch, that is, the centerline of the specimen was dis-

placed l/u inch from the loading axis of the tensile machine
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FIG. 3. METHOD OF LOADING TO OBTAIN 174 INCH
ECCENTRICITY. (ECCENTRICITY AND THE
POSITION OF FIXTURES ARE EXAGGERATED.)
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as shown in Fig. 3.

In testing below room temperature the specimen was
cooled to about 5°F below the desired testing temperature,
allowed to warm up to the testing temperature and then tested.
In testing above room temperature, the specimen was heated
to about 5°F above the desired testing temperature, allowed
to cool down and then tested. The tests were performed at
constant temperature since the testing time was about 30
seconds, whereas the warming=-up or cooling-down rate was about
1°F per minute, The specimens were brought to temperature by
means of an appropriate bath of isopentane-dry ice mixture
or hot water, Temperatures were measured by a copper-con-
stantan thermocouple wrapped around the specimen. All of the
tests were carried out at a low strain rate; the crosshead
speed of the tensile machine was approximately 0.1 inch per
minute. The property that was measured was the eccentric
noteh strength, maximum load divided by the original area
at the notch bottom.

The impact speciménsg were cooled or heated in an ap=-
propriate bath of isopentane-dry ice or a high temperature
0oil. As before, a copper-constantan thermocouple was used
to measure temperatures. The specimen was held in the bath
ten minutes to assure temperature uniformity, and then
transferred and tested in a standard impact machine in less

than 5 seconds. Both the energy absorbed in fracture and the
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per cent fibrous fracture values were obtained.

RESULTS

Transltlion Temperatures and Hardness

Transition curves obtained from the eccentric notch tensile
tests have been assembled in Fig. 1A--8A in Appendix As and
from Charpy V-notch tests, in Pigs, 1B=-~7B in Appendix B. From
these curves the transition temperatures were determined using
the following criteria:

(A) Eccentric Notch Tensiles

The temperature corresponding to a notch strength
midway between maximum and minimum on the average
notch strength curve (dashed line in the figires)
See Appendix A.

(B) Charpy V-Notch:

(1) The temperature at which 15 ft-lbs were absorbed.
(2) The temperature corresponding to an energy midway
between maximum and minimum on the average energy
curve,
(3) The temperature at which the fracture was 50 per
cent fibrous,
Transition temperatures determined from the notch tensile tests
are summarized in Table III; and from Charpy V-notch tests,
in Tables IV and V., Rockwell B hardness values are also glven

in Tables IV and V.



Suberitical Heat Treatments and

] P

TABLE III

(Becentric Notch Tensile) of "C" Steel

Trensition Temperatures

Time at
Temperature

As=Receiveds

As=Received

10 minutes
1 hour

8 hours
15 hours
30 hours

1 week

10 minutes

10 minutes

1 hour
hours

gﬁ hours

1 week

1 week

10 minutes
20 minutes
1 hour

1l hour

12 hours

1 week

1 weeak

1 week

5 minutes
15 minutes
1 hour

12 hours
112 hours
1 week

Transition Tempersature °F Plate No,.

=65 I

~1L0 II
700°F, Air Cool

-3L II

=110 I

=32 1T

=38 I

=36 I

=38 I
800°F, Air Cool

=uu I

=30 1T

=10 I

-38 I

=28 II

=50 I

-2 1T
950°F, Air Cool

=12 I

=35 I

«38 I

=32 Il

=36 II

~-58 I

=38 ITI

=36 II
1100°F, Air Cool

=38 I

=30 II

=26 IT

=30 II

-8 1T

-50 II

#Previously reported in weldment study(l),



Time at
Temperature

g minutes
1l hour

10 hours

20 hours

72 hours

5 minutes
1 hour

10 hours
96 hours

0=10 seconds
1/2 minute

5 minutes

1 hour

10 hours

72 hours

=13-

TABLE III (Continued)

Transition Temperature °F

1200°F, Air Cool

==38
_38
=36
=28
muo

1100°F, Water Quenchi

*12
+6

+§°
=10

1200°F, Water Quenchi#

+1 6
+50
+68
+68
+86

+T7h

Plate No,

II

LI
11
IT

IT

II
II

II

iT
II
II
11

##A11 water quenched series aged one month at room
temperature before testinge.
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TABRLE IV

Subcritical Heat Treatments Transition Temperatures (Charpy
V=Notch) and Hardnesses of "C" Steel

Transition Temperature °F

Time Midpoint 50% Fibrous 15 Ft, Rockwell B
at Temperature Fracture Lbs, Hardness
Ag=Recelved 118 138 87 Th=76

1100°F, Air Cool

10 minutes 108 L2 8c 7l
1 hour 110 12 8t 73
20 hours 115 138 88 71
LO hours 115 5 8g 69
72 hours 115 140 92 &8
112 hours 125 158 98 67
120 hours 133 152 98 67

1200°F, Alr Cool

1/2 minute 108 135 8z 7h.
1 hour 135 148 92 72
10 hours 133 152 98 69
20 hours 132 155 92 65
72 hours 150 175 110 63
232 hours 148 188 115 60

1100°F, PFurnace ool

iO minutes 110 15 85 Th
120 hours 137 152 102 66

1200°F, Furnace Cool

1/2 minute . 110 135 85 7l
1100°F, Water Quenchi

10 minutes 135 lg8 110 85
1 hour 135 165 116 86
1l hours 152 165 116 86
112 hours 157 158 122 82
1 week 157 180 118 81

#Aged one month at room temperature

NOTE: All results based on Plate II



Time
at Temperature

0=10 seconds
1/2 minute
2 minutes

10 minutes

1 hour

5 hours

10 hours

20 hours

72 hours

«15-

TABLE IV (Continued)

Midpoint 50% Fibrous

15 Fte Rockwell B
Fracture ILbs, Hardness
1200°%F", Water Quenchs

110-155 140-195 90~11L0 77-86
165 190 6 91
160 190 12 90
158 200 140 89
160 198 140 20
177 205 14,8 89
178 212 150 88
18y 210 162 86
182 212 158 82

#Aged one month at room temperature

NOTE: All results based on Plate IT
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TABLE V

Aging Treatments, Transition Temperatures (Charpy V-Notch),
and Hardnesses of "C® Steel, Water Quenched from 1200°F,

Aging Time Transition Temperature, °F
Isothermal 8t Room 50% PFibrous 15 Ft.Rockwell B
Time at 1200°F Temperature Midpoint Fracture Ibs, Hardness
1/2 minute As quenched - —— —— 8L,
1/2 minute 5 hours 180 150 90 8l
1/2 minute 26 hours oo o o m om 105 8ly
1/2 minute 3 days - m—— 105 87
1/2 minute 7 days —— ~som 130 87
1/2 minute 1l days i om am = 140 89
1/2 minute 30 days 165 190 16 91
1/2 minute .2 days mo - 15% 91
1/2 minute 65 days e —— 1k 91
- 10 hours 10 days 150 177 125 8
- 10 hours 30 days 178 212 . 150 8
20 hours 7 days¥% 137 165 110 72
20 hours 30 days 182 212 158 82

#Aged at LOO°F for one hour immediately after quenching
and prior to room tempersture aging.

NOTE: All results based on Plate II
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In the following sectlons of the report, the effects of
the various subcritical heat treatments are evaluated with A
and B(l)# above as the criterion of embrittlement for the
notch tensile and the impact test, respectively.

Base Plate

As a check on any variation between the two large plates
in the as=received condition, the notch tensile transition
behavior was determined for Plate II., The results are shown
in Fig., 1A%, In Fig. L a comparison of the results with
those previously reported(l) for Plate I shows that the
distribution of values for Plate II was shifted to higher
testing temperatures, the transition temperature being =4O°F
as compared with -65°F for Plate I. In addition, the upper
~level of the notch strength values was slightly lower for
Plate II, indicating a lower tensile strength, Due to this
difference in transition behavior, the results obtained with
subcritically heat treated plate have been separated as to
plate number.

The transition curve obtained with impact specimens from

Plate II is shown in PFig. 1B, No check was necessary because

#The use of either B(2) or B(3) as the criterion of
embrittlement for the impact tests would reveal the
same general effects as B(1l).

#4#The letter following the figure number refers to the
corresponding Appendix.,.
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this plate supplied all of the Impact specimens for this
investigation.

Alr Cooled

The individual transition curves for the various sub=-
critical heat treatments employing an air cool are shown
in PFigs. 24-=64 for notch tensile tests, and in Figs. 2B
and 3B for impact tests,

The relationship between notch tensile transition
temperature and time at various temperatures is plotted in
Fig. 5. PFor each of the five temperatures investigated--
700°, 800°, 9509, 1100°, and 1200°F~=there is a slight
embrittlement at the shorter times., With increasing time
at 700°F, the transition temperature appears to be unchanged,
at least up to times of one week, At each of the higher
temperatures, the transition temperature remains constant
with time after the initial embrittlement and then approaches,
or drops below the base plate value at longer times.

It should be noted that at 7007, 800°, and 950°F both
Plates I and II were used and yielded transition temperature-
time curves which were similar, but with the highest transi-
tion temperature of Plate I (=LL0°F) being about 10°F lower
than Plate II (=30°F) over the time interval considered, This
ils in agreement with the base plate values which showed that
Plate I had a lower transition temperature,

With the as=recelved plate as a basis of comparison, it
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is seen that the maximum embrittlement amounted %to a 10°F
increase in transition temperature for Plate II, and a
25°F increase for Plate I,

An examination of the individual notch tensile transition
curves in Figs. 2A«~-LA reveals that, although the slope and
the amount of scatter in the transition range are about the
same for the two plates, the upper level of notch strength
for Plate I is consistently higher (about 10,000 psi) than
Plate II, Again, this 1s in agreement with the findings for
the as=-received base plate and denotes a slightly higher
tensile strength fof Plate I,

In Fig. 6, the transition temperature-isothermal time
relationship is shown for impact specimens heated at 1100°F
and 1200°F. The transition temperature remalns essentially
the same as the as-received plate until, after about ten hours
at 1200°F and 72 hours at 1100°F, the transition temperature
slowly increases with the 1200°F curve showing a somewhat
faster rate of increase, It should be noted, however, that
the upper level of energy absorbed slowly increases not only
with time at temperature but also with temperature, thus
indicating an improvement in impact properties at the higher
testing temperatures. This improvement is not reflected in
the transition temperature using any of the three criteria
employed.

From the hardness values listed in Table IV, it is
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apparent that with Increasing time at 1100°F there is a
gradual softening; at 1200°F, the decrease in hardness with
time is even more pronounced. As will be shown later this
is an exception to the increased hardness usually associated
with increased Charpy transition temperature,

A comparison of the notch tensile and impact results for
the 1100°F and 1200°F heat treatments points out two interest-
ing differences: (1) At the shorter times, a slight embrite
tlement is evident with notch tensile bub not with impact
specimens., (2) The transition temperature then remains con-
stant with time, until at the longer times, softening sets
in and the notch tensile transition temperature decreases as
contrasted to the impact transition temperature which increases,

Fuarnace Cooled

In order to investigate the effect of a slower cooling
rate, three spot checks were made with impact specimens
furnace cooled at the rate of 1.8°F per minute after: (1)

10 minutes at 1100°F, (2) 120 hours at 1100°F, and (3) 1/2
minute at 1200°F. The transition curves for these treatments
are shown in Figs. IB and 5B. For each of these three cases
there was no significant difference in transition temperature
or hardness from specimens heat treated and air cooled. On

the basis of these results, it would appear that furnace cooled
impact specimens should exhibit the same behavior as the air
cooled speclmens over the ranges of time and temperature under

StU_dy °
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Water Quenched

The notech tensile transition curves for the various water
quenched series are assembled in Figs. 7A and 8A and the impact
transition curves in Figs. 6B and 7B, All results are based

on Flate IT.

Aged One Month at Room Temperature

In order to maintain approximately the same aging interval
as previously used in the weldment studles®, both noteh tensile
and impact speclmens were aged one month at room temperature
after water quenching,

The transition temperature=isothermal time curves for
noteh tensile specimens quenched from 1100°F and 1200°F are
shown in Fig. 7. For the 1100°F series, the transition
temperature 1s raised to +10°F at the shorter times, amount-
ing to an increase of 50°F above that of the as-received plate.
With increasing time, the transition temperature remains at
this level and then decreases slightly at the longer times,
This general shape of the curve ls In agreement with the
1100°F air cooled series.

For the 1200°F series, the entire curve is displaced to
still higher transition temperatures. The transition tempera-

ture is about +45°F at times less than five minutes, rising

$#In the work with weldments, about one month elapsed
between the time of welding and testing,
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to a maximum of about +85°F after 10 hours and then decreasing
slizhtly at 72 hours. Thus, the transition temperature has
been raised from 85° to 125°F above that of the as-received
plate, Again, the general trend of the curve is in agreement
with the corresponding air cooled series.

It should be noted that two points were obtained at 0 to
10 seconds and 1/2 minute at temperature, respectively, in
order to Investigate times at temperature which would ap-
proximate those actually existing in weldments. The transi-
tion curves for these times, Fig. 8A (a and b) show a some=
what greater scatter band than those for the longer times.

At isothermal times greater than 1/2 minute, the high walues
of the scatter band have been lowered, which, in effect,
raises the transition temperature,

In comparing the indlvidual transition curves, the
water guenched series treated at both 1100° and 1200°F
evidenced a higher upper level than the comparably heat treated
and air cooled series. This Indicates that water quenching
served to increase the tensile.strength,

The transition temperature-isothermal time relationship
for impact specimens quenched from.l100°F and 1200°F are also
shown in Pig., 7. The same general shape of curve is evident
for both the 1100°F and 1200°F water quenched series as for
the comparable air cooled series, l.e., a constant transition

temperature with isothermal time, increasing slightly at
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longer times and witﬂ the 1200°F curve showing a slightly
faster rate of increase, 4 comparison with the air cooled
series shows that the gquench-aging treatment served to
embrittle the steel at all 1lsothermal times, as noted by
the displacement of both the 1100° amd 1200°F curves to
higher transition temperatures and with the embrittlement be-
ing of a higher magnitude for the 1200°F heat treatment.
The 1100°F water quenched curve is displaced about 25°F and
the 1200°F water quenched curve about 55°F above thelr respec-
tive air cooled series (which at the shorter times was the
same as the as-received plate.)

For the 1200°F heat treatment, a serles of specimens
tested for isothermal time of 0 to 10 seconds, Fig., 7B (a)
showed considerable scatter in the test results. The
ninimum and maximum transition temperatures to - be expected
are glven in Table IV; however, this polnt 1s omitted in the
transition temperature-isothermal time plot because of the
apparent difficulﬁy of reprocducing structures from specimen
to specimen at such short sclution times,

An examination of the iIndividual impact translition curves,
Figs. 7B and 8B, reveals that for the shorter times at 1100°F
and 1200°F the maximum energy level is about 7 ft=1b less than
the as=received plate., With increasing time, the upper level
is gradually ralsed above that of the as-received plate with

the 1200°F series showing a slightly faster rate of increase,

#h
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As noted previously, this effect of time and temperature on
the upper level was also evident In the air cooled series,
A review of the hardness values in Table IV shows that
for the 1100°F series, the hardness, after an initial in-
crease of bten points Rockwell B, gradually decreases at the
longer times. The 1200°F serles shows a similar trend ex-
cept that the initial embrittlement amounted to a hardness
increase of 15 points, It i1s interesting to note that the
hardness and transltion temperature do not parallel one
another with inereasing isothermal time., Although both
indicate an initial embrittlement, the impact transition
temperature increases at long isothermal times:; whersas the
hardness decreases. This behavior at long isothermal times

was also evident in the air cooled series,

Room Temperature Aging Study

In order to check the room temperature aging effects,

impact specimens were tested after treating at 1200°F for 1/2

minute and aging at room temperature for times ranging from
five hours to 65 days., The transition temperatures and
hardness values are summarized in Table V, while the indi-
vidual transition curves are shown in Fig. 7B (b-=j).

In Fig, 8 the energy transition curves for aging times
of five hours and 30 days are compared with the as-received

3

vplateu It can be seen that for five hours' aging time, the
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energy values at the lower testing temperatures are about the
same as the as-received plate but lower at the higher testing
temperatures--the upper level being decreased from 42 to 36
ft=1b, For 30 days' aging time, the entire energy curve is
shifted to higher testing temperatures., This shift amounts
to about a 60°F increase in 15 ft=1b transition temperature,

To obtain a measure of the rate of embrittlement, ad-
ditional Impact data were obtalned for intermediate and
longer aging times. Complete transition curves were not
obtained, but a rough indication of the 15 ft~1b transition
temperature was found from spot tests at temperatures which
would contain the 15 ft-1b value, The best straight line
was then drawn through the points and the 15 ft=1b value
taken, These additional results, along with the hardness
values, are plotted as a function of aging time in Fig., 9.
Both the transition temperature and hardness show a fairly
rapid increase in the aging time interval up to about two
weeks, then leveling off, From these results, it can be
expected that all the water quenched series which were aged
one month at room tempersature experienced the maximum embrit-
tlement by room temperature aging.

A check of the aging effect after heat treating at
another time (10 hours) at 1200°F was made with two series
of specimens aged 10 days and 30 days, respectively. The

energy transition curves are compared with that for the
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ag=recelved plate in PFig. 10, From this figure, the
derendence of the degree of embrittlement on room tempera-

ture aging time is agalin evident,

Accelerated Aging

In establishing the impact energy transition curves,
it was necessary to test above room temperature--at times
as high as 350°F. As a check on accelerated 2ging in the
testing bath, hardness measurements were made on the series
of specimens water quenched after heating for one-hz2lf minute
at 1200°F and aged at room temperature for five hours and for
30 days. The Rockwell B hardness values before heating in
the testing bath and immediately after breaking, are given
in Table VI,

The series of specimens aged for filve hours indicates
that the hardness deoes not change more than one point from
the as=-quenched hardness of Ry 8,=85 after ten minutes in
the testing bath at temperatures up to 300°F; however, those
speclimens aged for 30 days show that the hardness is pro-
gressively decreased from RB 91 to RB 83 in the temperature
interval from 175°==350°F, The latber series of tests
indicates that accelerated aging, as measured by hardness
tests, can take place in the testing bath at temperatures
above 175°F in ten minutes. However, the effects of sube

critical heat treatment on the transition temperature would
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appear tc be unaffected In view of the fact that the tempera-
ture at the 15 £t-1b energy value was taken as the transition
temperature, and in all series this temperature was less than
175°F,
TABLE VI
Hardness Check on Accelerated Aging of Charpy Specimens

in Testing Bath
Rockwell B Hardness

Subcritical Test After
Heat Treatment Temperature, °F Before Heating Breaking
Heated at 1200°F 301 8ly 8L
for 1/2 minute 272 85 : 86
and water quenched, 204 85 86
Aged § hours at 173 8l 8l
room temperature 140 8L 8l
before placing in 115 85 85
teat bath. 82 (RT) 8l 8L
Heated at 1200°F 348 91 83
for 1/2 minute 325 92 86
and water quenched, 298 91 88
Aged 1 month at 275 92 85
room temperature : 250 91 88
before placing in 225 92 88
test bath, 202 91 89
174 91 92
125 91 92
100 91 91
82 (RT) 91 91

A spot check on the effect of accelerated aglng on the
transition temperature was made by heat treating a series of
impact specimens at 1200°F for 20 hours, water quenching, and
then immediately aging at JOO®F for one hour. The resulting
energy transition curve is compared, Fig. 11, with a comparably
heat treated series naturally aged at room temperature for one

month. The prenounced improvement brought about by the
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accelerated aging treatment is at once evident in the shift

of the entire curve to lower testing temperatures, approach-

ing that of the base plate, The transition temperature of
the accelerated aged plate was only slightly higher than
the series treated at 1200°F for 20 hours and air cooled,
Hardness checks on broken specimens showed no change with
time, indicating that this accelerated agling treatment
resulted in virtually complete stabllity. Purther work on
the effects of accelerated aging on the transition tempera-
ture is now under way. The general program to be followed
is outlined in the section on Future Work.

Mlcrostructures

An examination of the microstructures was made of the
base plate and after all conditions of heat treatment to
afford a possible explanation of the transition behavior,
Representative photomicrographs at 2000X are shown in
Fig. 12,

The microstructure for the as=-received condition, Fig.
12(a), showed the same structure for both Plates I and II.
No apparent explanation can be glven %o account for the
superior properties of Plate I, other than a difference
in composition or rolling practice which is not evident
in the microstructure,

The photomicrographs in Figs. 12(b) and 12(c) were

made after heat treating at 1200°F for 1/2 minute and



(a) As-Received (b) 1200°F, 1/2 minute {c) 1200°F, 1/2 minute, water

#TT = +87°F Furnace Cooled, quenched and aged one
T = +85°F month at room temperature,
TT = +146°F

(a) 1200°F, 72 hours, furnace (e} 1200°F, 72 hours, water (f) 1200°F, 20 hours, water
cooled, not tested quenched and aged one quenched. Aged one hour
month at room temp. at 4 OO°F, TT = +110°F
TT = +138°F

Fig. 12: MICROSTRUCTURES OF "C" STEEL IN THE AS-RECEIVED CONDITICON AND AFTER VARIOUS
SUBCRITICAL HEAT TREATMENTS.
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employing a furnace cool and a wabter quench, respectively,

No difference in structure from that of the as-received
plate could be noted for either of these two heat treatments,
At long isothermal times at 1200°F, spheroidization starts

to set in, as noted in the furnace cooled structure in Fig.
12(d) and the water quenched structure in Pig. 12(e); how-
ever, no difference between these latter btwo microstructures
could be seen due to the difference in cooling rate.

In Fig, 12(f), the microstructure 1sg shown for the water
quenched series heat treated at 1200°F for 20 hours followed
by accelerated aging at LLJOO®F for one hour. It appears that
this accelerated aging treatment has resulted in a general
precipitation throughout the ferrite grains, and as the
transition temperature and hardness checks showed, was ac-
companied by a considerable improvement in impact properties
and a pronounced decrease in hardness.

Cooling Curves

The cooling curves for the various cooling rates
employed from 1200°F are given in Figs 13 and compared with
the cooling history for the first weld pass at the regiom
of low ductility for the two welding conditions under study
previously(l’g). It can be seen that although the 100°F
preheat weldment has a faster cooling rate than the LOG°F
preheat weldment, the cooling rate for both these welding

conditions is intermediate to the air cooled and water
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quenched specimens, Also, it should be noted that with an
air cool, the impact specimens cool at a slightly slower
rate than the notch tensile specimens due to the larger

mass of metal.

DISCUSSION
(5,6)

Previous investigations have shown there are two
factors which Increase the tenslle strength and hardness
and lower the ductllity of low carbon steel when it is cooled
from subcritical temperatures, namely, the solid solution
and the aging effects. The solution effect is the formation
of a supersaturated solution of carbon in ferrite and has
the nmaximum effect alfter fast quenching. The second factor,
aging, is the precipitation of carbldes from the supersat-
urated solutlion which has the maximum effect at some
critical point of time and temperature, beyond which the
effect is decreased.

The results of the work to date can be discussed in
terms of the combined solid solution and aging phenomenon,

"quench-aging",

commonly referred to as

Considering the air cooled series first, the notch
tensile test debtected a slight embrittlement after heat
treating in the 700°--1200°F range, as contrasted to the

impact test which indicated no change in properties after

treatment at 11L00°F and 1200°F at the shorter times., From
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these results 1t can be reasoned that precipitation oc=
curred largely during cooling and no appreciable change
in properties was realized on subsequent aging. The
sligzht embrittlement revealed by notch tensile tests
could be attributed to a slight solution and subsequent
aging effect due to the slightly faster rate of cooling
with noteh tensile specimens., At the longer isothermal
times, softening set in which resulted in a divergence
in transition behavior between the two specimen types,
i.e., the notch tensile transition temperature decreased
while the impact transition temperature increased, At
the same time, however, the energy absorbed by Charpy
specimens at the higher testing temperatures was increased.
The eccentric notch tensile transition and Charpy energy
behavior at longer isothermal times might be expected as
a result of the slightly spheroidized structure. The
reasons for these differences in behavior evidenced by
spheroldized structures are not completely understood,
It is believed that this occurrence is not the result of
any solubion or aging effects, but is due to different
reactions of the two types of specimens to a slightly
spheroidized structure,

With a decrease in cooling rate--furnace cool==the
spot checks with Impact specimens showed that the transi-

tion temperature and hardness were unchanged from the
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comparably heat treated and air cooled serlies, A4Although
ne notch tensile tests were conducted with furnace cooled
specimens, it is bellieved that thilis slower cooling rate will
result in no embrittlement because it Is to be expected that
the solid solution and aging effects will then be nil.

A consideration of the notch tensile and impact
results obtained by water quenching reveals a pronounced
embrittlement which 1s influenced by the following:

1. Isothermal time

2, Subcritical temperature

3. Aging tinme

L. Aging temperature.

The isothermal time at a particular temperature must
be long encugh to allow the complete solution of the soluble
phase (carbon). With incomplete solution, the lower is
the degree of supersaturation, and, consequently, the slower
is the rate and amount of precipitation, resulting in smaller
changes in properties as shown by the tests after heat
treating at 1200°F for short times. The divergent behavior
between the two specimen types at long isothermal times
can agalin be attributed to the spherocidization effect men-
ticned above,

If time at temperature is long enough to permit complete
solution, the solubility increases with increasing tempera-

ture. The degree of supersaturation correspondingly
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increases on fast quenching, exerting a more pronounced
effect on the properties after subsequent aging., Evidence

of this was obtained in the series water quenched from 1200°F
and aged one month at room temperature which showed a higher
transition temperature and hardness than specimens similarly
treated at 1100°F,

The aging study carried out at 1200°F with impact speci=
mens indicated that although the solution effect served to
harden the steel, the Impact properties for the series aged
at room temperature for flve hours were about the same as
the as-recelved plate. It can be reasoned then that no
significant precipitation occurred in this short aging
time; however, an Iincrease in aging time was accompanied
by an increase in transition temperature and hardness
indicating precipitation from the super-saturated solid
solution.

Aging at a higher temperature (LLOO®F) after water
quenching from 1200°P effected a large improvement in
the impact properties and a pronounced decrease in hard=
ness, This occurrence can be attributed to Yoveraging",
l.0., the aging effect was carried past the critical
point of time and temperature,

Although all these factors have pronounced effects
on transition temperature and herdness, no visible effect

ls apparent In the microstructure with the exception - -
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of the coveraged series. Here, a general precipitation is
evident In the ferrite grains, Fig, 12(f). It can be
speculated that in all the other water quenched series the
precipltate was retained coherent with the matrix and of
such a size so as not to be microscopically visible,

Upon exceeding a critical time and temperature, as in the
accelerated aged series, the precipitate broke free of the
natrix and grew in size so as to be visible,

A review of the work on weldments shows that the
necessary conditions for quench-aging are present and
appear to be the only possible explanation for the zone
of minimum ductility located outside the so-called heat-
affected area, l.e.,, in a reglon which was not neated
above the lower critical temperature at any time,

From Table I it can be seen that maximum embrittle=-
ment (45°F increase in noteh tensile transition temperaw
ture) occurred in a weldment made with 100°F preheat. With
a LOO°F preheat, the embrittlement amounted to a 20°F in-
crease In transition temperature. In comparison, the air
cooled series of suberitically heat treated specimens
showed an Inerease of 25°F in notch tensile transition
temperature for the same plate (Plate I) and a 10PF increase
for Plate II. From these results, 1t would appear that the
cooling rate for the 100°F preheat weldment is somewhat
greater than that obtained by air cocling notch tensile
specimens, while for the l00°F preheat weldment the cooling

rate 1s about the same, Confirmation of this is seen in
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the cooling curves in Fig. 13. Only the cooling history

of the first weld pass of the six-pass weld 1s shown at the
zone of minimum ductility for the two weldments. Consider-
ing each weldment separately, subsequent passes resulted

in a lowering of the peak temperature reached at the
eritical zone and a decrease in the cooling rate, Plg. 1l.
It can be expected that sach weld pass would contribute

to the solid solutlion and aging effects, but it is belleved
that the maximum temperature reached, time at this tempera=
ture; and the subsequent cooling rate of the first few
weld passes govern the amount of carbon initially retained
in solution, while the following passes serve mainly as
short accelerated aging treatments.

The almost compléte elimination of the critical
reglon by a postheat treatment at 1100°F (see Table I) could
be attributed to overaging.

Due to the complexity of the time, temperature and
coollng rate factors in a multiple pass weld=~factors which
have been shown to be interrelated in the quench-aging
mechanism==1t is not possible to make more than this general

comparison with the present investigation.
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CONCLUSIONS

The quench aging mechanism sappears responsible for
the loss in ductility and the inerease in hardness of a
low carbon ship plate steel when suberitically heat
treated. The severity of the embrittlement increased
with increase in (1) solution temperature, (2) severity
of quench, and (3) aging time at room temperature.
Direct evidence of precipitation was obtained in the
microstructure of an ‘'overaged! specimen (Figure 12f).
Isothermel time at temperature had relatively little
effect on the propertlies other than a softening due to
spheroidization,.

The results of this investigation appear to con-
firm the earlier supposition that the quench-aging phenom=-
enon wag responsible for the zone of maximum embrittle-
ment belng located outside the so-called heat affected

zone 1in ship plate weldments.



FUTURE WORK

To determine the maximum effects involved in the
quench-aging phenomenon, it is planned to supersaturate
"M steel to the maximum, i.e., water quench from 1300°F
(just below the lower critical temperature), and age for
various periods of time at room temperature and at
gelected elevated temperatures, The change in properties
will be followed by impact and hardness tests, supple-
nented by mlcroscoplc examination. It 1s hoped that
this work will also suggest possible methods for
eliminating the quench-aging effects responsible for

the embrittlement of steel when welded,
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APPENDIX A
ECCENTRIC NOTCH TENSILE TRANIITION CURVES
and
METHOD OF DETERMINATION OF ECCENTRIC

NOTCH TENSILE TRANSITION TEMPERATURE
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Method of Determination of kccentric
otch Tensile Transition T Temperatures

In establishing the change from ductile to brititle
behavior wilth the eccentric notch tensile test, 30 specimens
or more were used for each serles. As can be seen from the

test data in Figs. 1A to 84, considerable scatter occurred
in the ductile-~brittle transition zone, whereas at higher
or lower btesting temperatures the results were rore uniform.
For each serles the majority of the tests (about 20) werse
conducted at temperatures within the transition range. A
scatter band was obtained by drawing an upper and a2 lower
limiting curve (solid lines in the figures) which contained
all the test points. These limiting curves were constructed
parallel to each other deviating only at the "knee" and the
"toe" of the curves. An average notch strength curve
(dashed lines in the fizures) was then drawn parallel to
the 1limiting curves, and blsecting the horizontal distance
in the transiticn range. The transition temperature was
teken as the temperature at the vertical midpoint of the
average nobtch strength curve.

The average nobtch strength curve was also determined
by averaging the notch strength values at esch test temper-
abture for each series and fitting the best curve through
these points. Using the midpoint criterion, the resulting
transition temperatures agreed very well with those obtained

by the mathod outlined above.

See also pages 9 and 13 and Figures 10 and 11 of Ref. 1.
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APPENDIX B
CHARFY V~-NOTCH TRANSITION CURVES

PLATE II



FIBROUS FRACTURE<-PERCENT
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SUPPLEMENT

EMBRITTLEMENT OF "CM" STEEL BY NITROGEN

INTRODUCTION

In the first stages of the investigation on the effect
of suberitical heat treatment on the transition temperature
of "CM" steel, both alr and a nitrate salt bath were used as
the heating media, It was notlced that, generally, test
specimens heated in the salt had higher transition tempera-
tures and hardnesses than specimens comparably heated in air.
This anomalous behavior was revealed in both the Charpy V-
notch Impact and the eccentric notch tensile data, and led to
the supposition taat the salt %as introducifig an embrittling
agent; whose effect was superimposed on the effect of sub-
ceritical heat treatment, Metallographlic examination, chemical
analyses, and X=rays showed the embrittling agent to be nitrogen.

Although not pertinent to the present investigation, the
results obtained by subecritical heat treatment in a nitrate
salt bath are of sufficlent interest to be reported here and
compared with those previously obtained after heat treating
in air.

MATERTAL AND PROCEDURE

The procedure for both the Charpy V-notch and eccentric
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TABLE

I

Transition Temperature and Hardnesses of

Charpy V-Notch Specimens after Subecritical Heat

Time at
Temperature

48 Recelved

1 hour
10 hours
20 hours
1l week

5 minutes
6 hours
2li hours
1l week

5 minutes
1 hour

10 hours
112 hours

112 hours

It 1/2 nours
20 hours
112 hours

#Aged one month at

Treatment in Nitrate Salt Bath

Transition Temperature, °F

Ry Hardness Midpolnt
=76 118
700°F, Air Cool
73 125
73 125
73 128
73 123
950°F, Air Cool
73 120
73 123
83 125
85 163
1100°F, Air Cool
73 117
73 120
73 125
86 208
1100°F, Furnace Cool
85 210
1100°F, Water Quenchs
9l 136
99 205
101 295

50% Fibrous 15

Fracture Fi=Lbs
138 87
12 92
45 90
145 92
.z 88
140 85
18 88
165 95
207 1%
140 85
145 85
150 50
210 192
2n8 197
168 130
225 200
308 292

room temperature before testing.
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noteh tensile specimens were the same as described in the re-~
port proper, with the exception that the suberitical heat
treatments were carried out in an immersed electrode type of
salt bath. The salt was a nitrate mixture of the following
composition: 10%, KN®y and 60%, NaNO5.

A summary of the various heat treatments used and the
resulting transition temperatures and hardnesses are given
in Tables I and II for the impact and the notch tensile

specimens, respectively. All specimens were obtained from

the same large plate (Plate II) of "C" gsteel.

RESULTS AND DISCUSSION

Transition Temperatures After Suberitical Heat Treatment

The individual impact transition curves for the various
heat treatments in the nitrate sait bath are shown in Fig. 1
(a=q), and the notch tensile transition curves in Fig. 2 (a=g).

The same criteria of embrittlement--15 ft-1b value for
impact specimens and midpoint value for notch tensile speci=

mens=~have been employed as in the preceding report,

Air Cooled--Fig, 1 (a=m) and Fig. 2 (a-g) show the

individual transition curves of impact and notch tensile tests,
respectively, after heating in the 700°--1100°F temperature
range for varlous times, employing an air cool; An examination
of the curves for both specimen types shows that not only 1s

the transition range shifted to higher testing temperatures
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with both increasing suberitical temperabture and time, but the
upper level is lowered as well. In addition, the hardness
correspondingly increases. This 1s in contrast to the air

heated specimens noted previously, which show the transition

range is relatively unaffected and the upper level increases
with increasing time and temperature,

This embrittling effect is more evident in Fig. 3, wherein
the transition temperabture is plotted as a function of time
at the various temperatures for both specimen types and compared
with the results after comparable heat treatments in airi,.

In the impact test Tthe transition temperature is constant with
time at least up to one week at 700°F, At 950°F the transition
temperature starts to rise after about 20 hours, and after one
week, has Increased 60°F, At 1100°F an increase in transition
temperature is noted after about 20 hours, increasing 105°F
after 112 hours.

With the notch tensile test a comparison of the nitrate
galt and air heating media shows that the salt starts to
embrittle the steel after about 2 hours at 950°F and 1/2
hour at 1100°F. After one week at 950°F, the transition tem=
perature has been raised about 100°F; after 96 hours at 1100°F,
the transition temperature has been increased about 150°%F.

Thus, the two specimen types show that the magnitude of

#See preceding report.
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the embrittlement incresscs with both time and temperature,

Ffurnace Cooled-=-One seriles of impact specimens was tested

in the furnace cooled condition after heating at 1100°F for

112 hours. A comparison of the btransition curve for this treat-
ment, Fig., lgq, with that of the same heat treatment employing

an air cool, Fig. 1lm, shows the same embrittling effect and

of the same magnitude. The hardness checks also show that the
specimegs are embrittled to the same degreec.

Water Quenched==-The individual impact transition curves

obtained after heating at 1100°F for various times, employing
a water quenchi are plotted in Figs. 1 (n=p). These curves
show that the transition range l1s shifted to higher testing
temperabtures and the upper level lowered with increasing

time at 1100°F. This is also followed by an Iincreasing hard-
ness with time,

Fig. L provides a comparison of the transition tempera-
tures after heat treatment in the nitrate salt with those
after comparable heat treatments in air. As in the air
cooled series, it is evident that the nitrate salt has
introduced some embrittling agent'whose effect is now notice=
able after about I hours at 1100°F. From an embrittlement
amounting to about 30°F rige in transition temperature at
this point, the embrittlement continually increases with
time, amounting to a 200° increase in transition tempera-

ture after 112 hours,

#¥Aged one month at room temperature
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Fig. 5 is a sumary curve, comparing the Charpy transition
temperatures of the alr cooled and water gquenched serles from
1100°F, using both nitrate salt and air as the heating media.
It is apparent that, for a gliven medium, the relation of
transition temperature-=igothermal time for the air cooled
series=-=1s displaced below and approximately parallel to that
of the water quenched series. FPor either fthe water quenched
or the alr cooled series, there appears to be an incubation
period before the effect of the nitrate salt on the transition
temperature 1s noticeable, With increasing time the embrit-
tling action of the nitrate salt is evident in a continuous
inerease in transition tempe rature at about the same rate
for elther the air cooled or water quenched series.

In Fig. 6 the individual transition curves obtalned
after heating at 1100°F for 112 hours are compared for the
two heating media, employing bofh a water quench and an air
cool. For a given cooling rate, the extreme embrittlement
introduced by heat treatment in the nitrate salt is clearly
revealed by a shift of the transition range to higher testing
temperatures and a lowering of the maximum level.

Microstructures-~In order to detect any structural dif-

ferences which would account for the anomalous results be-

tween specimens heated in nitrate salt and in air, a number
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of photomicrographs were made at 2000X, Fig., 7, showing the
structures after heating at 1100°F for 112 hours.

The air cooled and water quenched structures after
heat treatment in the salt are shown in Figs. 7b and ¢ re=-
spectively., The only difference evident between these
structures, 1s The mottled appearance of the ferrite in the
water quenched specimen. A comparison of these structures
with the as=-received plate, Fig, 7a, indicates that slight
spheroidization 1s present after the subcritical heat
treatment.

With a furnace cool, an unusual microstructure was
evident after the nitrate salt heat treatmaht. Fig. 7d
taken at the center of a Charpy bar shows short plates of
a precipitate arranged in a Widmanstatten pattern. At the
edge, Flg. 76, a mixed precipitate of short plates and long
needle=1ike plates apparently nucleated at the grain
boundaries 1s evident., Thils precipitate, then seems to be
assoclated with a critical cooling rate,

The two different forms of the precipitate suggest a
concentration gredient from the edge to the core, and
thelir form and distribution suggest nitride needles, This
structure 1s not present in the comparable series heat
treated in air and furnace cooled, Fig. 7f, even though
"C" steel has the highest original nitrogen content of the

project steels; thus, it would appear that the nitrate salt
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served to introduce nitrogen during subceritical heat treatment.
Electron micrographs prepared by Dr. A. Revere at 6,000

and 12,000 diameters showed substantially the same features

as the optical micrographsa.

Nitrogen Analyses--To confirm that the specimens heated

in salt were enriched with nitrogen, selected specimens were
analyzed by both the wet method for combined nitrogen (as
nitrides) and the vacuum fusion method for total nitrogen
(as nitrides, as molecular nitrogen in holes, and in solution).
The results are tabulated below in Table III; each value is
the average nitrogen content of the cross section of a finished
Charpy specimen.

TABLE III

Nitrogen Analyses of "C" Stesl After
Various Heat Treatments

Heat Combined Total
Treatment Nitrogens Nitrogens: Source
As=-Received - 0.0098 Bureau of Ships

0,017 - Commercial Laboratory
Heated in air at 1100°F 0,015 -—— Commercial Laboratory
for 112 hours and air —— 0.010L4 Republlc Steel Corp.,
cooled
Heated in nitrate salt at 0.126 - e Commercial Laboratory

1100°F for 112 hours and
furnace cooled

Heated in nitrate salt —— 0.1120 Republic Steel Corp.

at 1100°F for 112 hours 0.106 - Commercial Laboratory

and water quenched

#Wet Method
#Vacuum fusion methad
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Both methods of analysis show that the nitrogen content
of specimens sﬁbcritically heated in air at 1100°F for 112
hoﬁrs and alir cooled 1s essentially the same asg the as=received
plate; however, wlth specimens comparably heat treated in the
nitrate salt, the nitrogen content is greatly increased over
that of the as-received plate. The wet method indicates that
the combined nitrogen content of the furnace cooled series is
increased by a factor of about seven, and of the water quenched
serles by a factor of about six, The greater combined nitrogen
content of the furnace cooled specimens indicates that an ap-
preciable amount of nitrogen has been retained in solubtion in
the water gquenched series. The total nitrogen content of the
water quenched series was Increased by a factor of about eleven
after the nifrate salt treatment.

It should be noted that for both the as=received and air
heated conditions the combined nitrogen value is greater than
the comparable total nitrogen value. This is hardly possible
and, undoubtedly, the wet method employed for combined nitrogen
ig in error. Therefore, all values obtalned by this method
have no numerical significance other than to show the relative
nltrogen contents,

X=Rays--In order to identify the structure of the nitrogen
compounds, several x-ray patlterns were made of specimens which
had been heat treated in the nitrate salt at 1100°F for 112

hours and furnace cooled, Samples about 0,020 inch square and
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1/2 inch long were cut from the edge and the core of impact
specimens, and Debye patterns made from both positlions, using
monochromatic Cok, radiation. Exposure times of LO hours or
more at L5 KV and 7ma were required to show up the nitrogen
compounds.

The specimen from the core showed a weak pattern with

the presence of Fe N being indicated, while the specimen from

I

the rim revealed a stronger pattern with both Fe3N and FeuN
being indicated., The short plates in the microstructure can
now be labeled the FeuN phase, and the long plabtes, the
Fe_N phase.
3 p
Patterns made of alr cooled and also water quenched specil-

meng failed to disclose the presence of a new phase,

Source of Nitrogen=--The Increase In nitrogen content after

the heat treatment in nitrate salt suggested two possible
reasons: (1) a preferential oxidation of the iron, thus de-
creasing the amount of metal without the loss of any nitrogen,
and (2) an enrichment with nitrogen by a scaling reagtion of
the specimens with the salt, allowing the nitrogen to diffuse
into the metal.

Reason 1 was considered possible in view of the fact that
after long times in the salt bath, specimens were badly scaled,
The scale was multi-layered and of a compressive nature. The
extent of metal loss was determined for impact specimens sub-

critically heated in salt and in air at 1100°F for 112 hours,
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by breaking off the scale, wire brushing and then determining
the cross sectional area loss, The loss in area after heat
treatment in alr was 1/2 per cent, and 5 1/2 per cent after
treatment in salt, Although the metal loss was high for the
salt heat treatment, a calculation shows that it could only
account for an increase in nitroge:r from 0.0098 per cent to
0s0L0 per cent, if the nitrogen did not diffuse out; whereas,
the analysls showed a total nitrogen content of 0,112 per cent.

Although this difference would seem to preclude Reason 1,
attempts were made to duplicate the structure by different
heat treatments in an oxygen atmosphere. In this manner
nitrogen bearing media such as alr and nitrate salt could be

excluded, The heat treatments employed are listed in Table IV.

TABLE IV

Heat Treatments in Oxygen Atmosphere

Cross Sectlional

Temperature Time Cooling Rate Area Loss, Per Cent
1830°F 21 hours Furnace Cool from 1100°F 18 1/2
1830°F 21 hours Air Cool 18

Although the scaling loss was greater for both specimens than

any of the salt heat treatments, a microscople examination

falled to reveal the presence of elther of the nitride phases,
Both specimens were then wrapped in copper and soaked in

an air furnace at 1100°F for 112 hours and furnace cooled.
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Again, the mlcroscopic evidence was negative.

& 81111 further check was made by removing nitrogen from
lmpact specilmens by vacuum heating to 2200°F in 100°F steps
from 1600°F after outgassing. The pressure at the start was
0.5 x 10”4mm but with each increase in temperature the pres-
sure built up to 3 to 6 times this initial value and then sub-

L

sequently decreased to 0,5==0,7 x 10 “mm Hzg. This was carried
out over a two day interval and the nitrogen content was then
assumed to be nil. Subsequent heat treatment at 1100°F for

112 hours in nitrate =alt and in air, employing a furnace cool,
definitely snowed the presence of the nitride structure in the
salt treated specimen, Fig. o and not in the air heated speci-
men, Fig. &b,

As a check on the contamination of the salt bath and also
on the possibility that the electrical circuit was contribut-
ing a catalytic effect, one as-received sample of "C" steel
was placed in a small crucible containing used salt, and
another in new salt. The crucibles were then placed in a
small hevi=duty furnace at 1100°F for 112 hours, and furnace
cooled. The resulting microstructures of the two samples
showed the presence of nitride needles in the specimen heated
in the o0ld salt but not in the specimen in the new salt. The
specimen in the new salt was then further heated at 1100°F
for 96 more hours and furnace cooled. The microstructure now

revealed the presence of nitrides., Apparently the nitrate



(a)

Fig. B8:

MICROSTRUCTURES OF "C" STEEL AT 2000X AFTER FOLLOWING

&, -

(b)

HEAT TREATMENTS:

(a)

(b)

2200°F in vacuum and furnace cooled,
followed by subcritical heat treatw
ment at 1100°F in nitrate salt for
112 hours and furnace cooled.

Same a 8 (a) except suberitical heat
treatment was carried out in air.
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salt had decomposed to react with the steel and introduce
nitrogen.

A1l these expsriments served to establish that the en=-
richment with nitrogen was brought about by a reaction of
ne specimens with the nitrate salt, resulting in a diffusion
of nitrogen into the steel and not a nitrogen build-up by

preferential oxldation of the iron.
SUMMARY

The observation of anomalous transition behavior between
"C" steel suberitically heated in ailr and in nitrate salt led
ﬁo an investigatlon of the cause of embrittlement when this
steel is heat treated in nitrate salt.

The embrittlement was followed by both Charpy Ve-noteh
impact and eccentric notch tensile tests after suberitical heat
treatment in the 700°--1100°F range for various times. Three
different cooling rates were employed--air cool, furnace cool,
and water quench,.

The embrittlement was found to increase with suberitical
temperature, time at temperature, and cooling rate after an
initial incubation period,

Metallographic studles, X-rays, and nitrogen analyses show
that the embrittling agent is nitrogen introduced by a scaling
reaction of the steel with the nitrate salt used as the hest-

Ing medium,

The embrittlement due to nitrogen pick up is superimposed on

any embrittlement resulting from subcritical heat treatment carried

out in air,



