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ABSTRACT

It was-the purpose of this investigation to determine the mechanical
properties and weldability of experimental manganese-titanium and
manganese-vanadium high-tensile low-alloy steels which met the physical
requirements of Navy Specification 48S5 (BuShips). Fifty-nine 80-pound
fully-killed laboratory heats were prepared with ranges of composition
of 0.12 to 0.20 percent carbon, 1.00 to 1,50 percent manganese, and 0.01
to 0.05 percent titanium or 0.05 to 0.15percent vanadium. Tensile prop-
erties, maximum underbead hardness, underbead cracking, weldability
according to the nick-bend specimen, and notch sensitivity as determined
by the V-notch Charpy bar were the means of evaluating the relative per-
formance of the steels in both the as-rolled and normalized conditions.

Of the above data, the most noteworthy were those provided by the
nick-bend specimen and V-notch Charpy bar. These data showed that
small variations in the amount of titanium or vanadium produceda marked
effect on the temperature of transition from ductile to brittle behavior.
The nick-bend specimen showed that welding adversely affected both the
titanium- and the vanadium-alloyed steels, this effect being most pro-
nounced for the higher percentages of titanium or vanadium. Normalizing
produced a marked improvement in the ductility of welded titanium-alloyed
steels, but there was little improvement in welded vanadium steels.
In regard to notch sensitivity as determined by the V-notch Charpy bar,
high percentages of titanium and vanadium resulted in high transition
temperatures inthe as-rolled condition. Normalizing produced a marked
improvement inthe titanium-alloyed steels while inthe case of the vana-
dium steels the. improvement was neither marked nor consistent. Carbon
exerted a marked influence on mechanical properties and weldability,
while manganese had no effect on notch sensitivity. It was found that to
minimize notch sensitivity, carbon and titanium in combination should not
exceed 0.15 and 0.025 percent, respectively; and carbon and vanadium,
0.15 to 0.10 percent, respectively.

Explanation was sought for the persistent differences in mechanical
performance between the titanium- and vanadium-alloyed steels. A study
of the microstructure revealed that the titanium-alloyed steels contained
visible nitride crystals while the vanadium steels did not. Chemical
analyses for acid-soluble and acid-insoluble nitrogen indicated that in-
creasing titanium content was accompaniedby an increase in the amount
of acid-insoluble nitrogen while no appreciable change was observed in
the vanadium-alloyed steels. A study of the acid-soluble amounts of tita-
nium and vanadium before and after normalizing again disclosed a differ-
ence in the action of titanium and vanadium,. In the case of titanium, acid
soluble amounts decreased after normalizing, while in the case of vana-
dium, acid soluble amounts increased after normalizing.

vi



THE EFFECT OF TITANIUM AND VANADIUM ON THE MECHANICAL PROPERTIES
AND WELDABILITY OF EXPERIMENTAL LOW-ALLOY HIGH-TENSILE STEEL

PURPOSE OF INVESTIGATION

The object of this investigation was to determine the mechanical properties and weld-
ability of experimental manganese-titanium and manganese-vanadium high-tensile steels
which met the physical requirements of BuShips Specification 48S5 (INT), 15 July 1943.
The approximate ranges of composition investigated were 0.12 to 0.22 percent carbon,
1.00 to 1.50 percent manganese, 0.01 to 0.05 percent titanium, and 0.05 to 0.15 percent
vanadium.

“High Tensile Steel Plate” has been used in ship hull construction for many years.
At first, the desired strengths were obtained by increasing the manganese content and
adding vanadium. During the war when the supplies of vanadium became critical, titanium
was substituted for vanadium. The question has repreatedly arisen as to how much tita-
nium or vanadium should be added in combination with carbon and manganese to get op-
timum physical properties before and after welding.

MELTING AND ROLLING PROCEDURE

Eighty-pound laboratory heats were prepared for each of twenty-seven manganese-
titanium and thirty-two manganese-vanadium steels. These heats were prepared in a
three-hundred-pound capacity, basic-lined, induction furnace. The furnace was initially
charged with Armco iron, electrolytic nickel, and copper bar stock. The nickel and copper
and subsequent additions of molybdenum and chromium were to adjust for the residual
elements usually existing in commercial steels.

The more important details of the melting procedure follow: Ferrosilicon (95 percent)
was added to the heat at regular intervals to quiet the steel in the process of melting and
to keep the heat from rimming. The molten charge was allowed to condition for ten min-
utes before adjusting the composition of the heat with the remaining alloys. Carbon as
wash metal (4 percent) was then added, followed at one-half minute intervals by ferro-
silicon (95 percent), electrolytic manganese, and ferrochromium (71 percent). These
were followed two minutes later by an aluminum addition equivalent to one pound per ton,
and finally, a few seconds later, by the titanium or vanadium addition for the first eighty-
pound split, Immediately after the first split was poured, additional aluminum to the
equivalent of 3/4 pound per ton was introduced, and then the titanium or vanadium for the
second split was added. The aluminum was added in two parts to keep the residual alumi-
num reasonably constant, i.e. to compensate for losses between the first and last splits.
The time elapsing between the pouring of the first and second splits was approximately
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two minutes. The final titanium or vanadium addition was then made and the third split
was poured one and one-half to two minutes after the second split. The pouring tempera-
ture was approximately 2900°F, Big-end-up cast iron chill molds provided with hot tops
and pouring gates were used to cast the steel. The chemical compositions of all heats
are presented in Table I.*

After removing the piped section, the ingots were soaked at 2200 F, forged into two-
inch-thick slabs and air cooled. The slabs were then heated to 2100°F and hot rolled to
plates 1-1/8 to 1-1/4 inches thick. To eliminate the effects of dlfferences in finishing
temperature, a portion of each plate was normalized from 1675° F, thus providing as-rolled
and normalized samples for investigation.

TENSILE PROPERTIES

Standard 0.505-inch-diameter tensile specimens were prepared from each plate of
steel in both the as-rolled and the normalized condition. The.specimens were takenparal-
lel to the direction of rolling. Average tensile and hardness results for duplicate speci-
mens are presented in Table II,

In general, for the range of chemical compositions investigated, the as-rolled and
normalized manganese-vanadium steels had higher yield and tensile strengths, higher
yield-to-tensile-strength ratios, and slightly lower elongation and reduction of area than
the manganese-titanium steels. This difference between the titanium- and vanadium-
alloyed steels was most notable when the carbon was on the high side of the range investi-
gated. With increasing amounts of titanium and vanadium, the as-rolled steels showed a
general trend toward increase in yield and ultimate strength and decrease in elongation.

Normalizing was found to raise slightly the yield strength of steels containing low
titanium, while it lowered the yield strength of steels containing higher titanium. Comstock'
also observed this trend and attributed it to grain refinement in the lower titanium steels
and change in mode of titanium carbide dispersion in the case of the higher titanium steels.
Normalizing had no appreciable effect on the ultimate strength of steels containing low
titanium but it lowered the ultimate when the titanium content was high. Ingeneral, normal-
izing a vanadium-alloyed steel lowered both the yield and the ultimate strength regardiess
of whether the vanadium content was high or low.

V-NOTCHED CHARPY BAR TEST

Standard V-notched Charpy bars were prepared from the experimental steels of this
investigation with the notch transverse to the direction of rolling and parallel to the sur-
face of the plate. Approximately fifteen specimens were used in establishing the transition
temperature curve of each heat of steel in both the as-rolled and the normalized condition.
In general, single test specimens were broken at temperatures above and below the tran-
sition zone, while in the transition zone, two or three specimens were broken at a single
temperature. The desired range of temperature was obtained by means of baths of alcohol
and dry ice and of water heated electrically. The bars were immersed for at least 15
minutes at the desired temperature, removed, immediately placed in position on the anvil
of the testing machine and broken. A pendulum-type impact testing machine of 220 ft-1b
capacity was used at a striking velocity of 17.4 ft/sec.

' Comstock, George F., METAL PROGRESS, 47, 510-520, March 1945.
* All tables appear at end of report on pp. 23 -38.
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The data were plotted as “energy absorbed vs temperature” for all steels, with each
plot on a separate sheet. Curves were then “faired-in” and, finally, curves from splits
of the same heat were superimposed on a single sheet to facilitate analysis of results
(Figures 1-6). The original 59 separate plots are not included here and the plotted points
are not shown on the curve sheets because of the overlapping of scattered points. All the
data, however, are presented in Tables Il and IV. Curves for steels 466A, B, and C
(as-rolled) and 466 AN, BN, and CN (normalized) are plotted from these data as typical
examples of the scatter encountered (Figure 3).

Worlk’at this Laboratory using the Charpy bar indicated that an expedient method of
representing the transition temperature phenomenon was to note the highest temperature
at which there occurred the first visual evidence of brittleness. The trace of brittleness
consisted of tiny facet-like surfaces in an otherwise dull fibrous fracture. To establish
the transition temperature with any degree of certainty by this method, it was considered
desirable to have at least three completely ductile specimens at temperatures above that
of the specimen containing the first trace of brittleness. This procedure was carried out
whenever there were sufficient specimens to permit doing so. When there were insuffi-
cient specimens, the temperature reported (Table V) is accompanied by the symbol for
“greater than” (>). Data representing the first sign of brittleness are encircled in Tables
IOI and IV and the transition temperatures are summarized in Table V.

The more obvious conclusions from an examination of the transition temperature
curves and the onset of brittleness follow.

(a) For all combinations of carbon and manganese in the as-rolled condition, there
was a detrimental effect on the impact-temperature relationship as the titanium or vana-
dium content was increased. There was a tendency toward erratic behavior in the vanadium-
alloyed steels that was not present in the titanium steels.

(b) For a given manganese and titanium or vanadium content in the as-rolled condi-
tion, an increase of 6 points of carbon produced a marked shift in the Charpy curves toward
higher temperatures. This may be observed by comparing the curves for titanium steels
464 with 459, and 466 with 460; and by comparing the curves for vanadium steels 467 with
461, and 458 with 463.

(c) With a given carbon and titanium or vanadium content in the as-rolled condition,
an increase of as much as 45 points of manganese had no appreciable effect on the impact-
temperature relationship. This may be observed by comparing the curves for titanium
steels 464, 465, and 466 and also 428, 429, and 430. An exception is seen, however, by
comparing curves 459B and C with 460B and C. In the case of vanadium, the effect of
manganese may be observed by comparing the curves for steels 467, 434, 458; also 461,
462, 463; and by noting the curves for steel 433.

(d) In the case of the titanium-alloyed steels, normalizing produced a marked im-
provement in the impact-temperature relationship. In general the improvement was
greatest when the titanium was on the high side of the range investigated. As in the case
of the as-rolled steels, when the titanium content was increased, the Charpy curves (of
the normalized steels) were shifted to higher temperatures. However, after normalizing,
the difference between the steels of high and low titanium content was much less than it

? Luther, George G., Harthower, Carl E,, Metius, Richard E., and Laxar, Frank H., THE
WELDING JOURNAL, 25, 634-s-645-s, October 1946.
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was in the as-rolled condition, especially with carbon on the low side of the range investi-
gated. In the case of the vanadium-alloyed steels, the effect of normalizing was not con-
sistent and the improvement, if any, was not as marked as in the case of the titanium-alloyed
steels. In some cases, normalizing was found to be detrimental (notably 433 and 434). In
many instances, normalizing was found to have no effect on the impact-temperature re-
lationship. Thus, there was a marked tendency toward erratic behavior and a lack of
significant trends after normalizing the vanadium steels.

The combined effect of carbon and titanium, and carbon and vanadium, in altering the
transition temperature curves makes it difficult to determine the optimum combinations
of carbon and titanium or vanadium for minimizing notch sensitivity. A detailed exam-
ination of the temperature-impact curves indicated that carbon and titanium in combination
should not exceed 0.15 and 0.025 percent, respectively, and carbon and vanadium should
not exceed 0.15 and 0.10 percent, respectively (Figures 7 and 8).

BEAD-WELD NICK-BEND TEST

The nick-bend specimen was employed for measuring the effect of welding on duc-
tility. Longitudinal specimens for both the as-rolled and normalized conditions were
prepared in accordance with Figure 9. For the welded specimen, both welded and unwelded
specimens were tested. Bead welds were deposited automatically in the flat position using
3/16-inch E6010 electrode with 175 amperes, 26 volts, and 6 inches-per-minute travel.
Steels 425A through 434C were inadvertently tested in the original as-rolled thickness
(1-1/8 to 1-1/4 inches). All other plates were shaped to a thickness of 1 inch to provide
a uniform surface for welding and a constant beam thickness. Two days after welding,
duplicate specimens were bent at 80°F in a 9-inch-span jig using a 1-inch-radius plunger.
Load-deflection diagrams were automatically recorded and the maximum load and angle
of bend at maximum load were noted. The results are presented in Table VI.

A detailed examination of the nick-bend angles for the various possible combinations
of carbon, manganese, and titanium or vanadium in both the as-rolled and normalized con-
ditions revealed no marked or consistent trends except where a major increase in carbon
decreased the bend angle.

From automatically recorded load-deflection diagrams, a standard has been devised
for the purpose of qualitatively classifying the amount of energy expended in fracturing
a specimen after maximum load (Figure 10)} This was found to provide a useful index
of weldability. The standard consisted of three major categories of load-deflection dia-
gram, The “A-type” signified progressive failure until the load had dropped over 50
percent; “B-type” signified progressive failure followed by an appreciable drop in load
after maximum with negligible increase in angle of bend; and “C-type” signified an appre-
ciable drop in load with negligible increase in angle, the failure occurring at maximum
load (brittle failure). It is to be noted that there are three energy measurements which
can be made from the load-deflection diagram: (1) The work done before maximum load,
i.e., the energy required to initiate failure, (2) the work done after maximum load, i.e.,
the energy required to propagate failure, and (3) the total work, i.e., the energy required
to rupture the specimen, The temperature at which there occurred a transition from B-
to C-type failure, i.e., the temperature which minimized the energy required to propagate
failure, was taken as the index of weldability. A comparison between the titapium and

* Luther, George G., Jackson, Clarence E., and Hartbower, Carl E., THE WELDING
JOURNAL 25, 376-s-396-s, July 1946.
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YPE TYPE DESGRIPTION

TYPICAL
STRESS STRAIN GCURVES

PROGRESSIVE FAILURE UNTIL LOAD
DROPS TO LESS THAN 50%.

GRADUAL DEGREASE IN LOAD AS
ANGLE IS INCREASED.

RAPID PROGRESSIVE FAILURE.
LOAD DROPS AT LEAST 50% BE-
FORE ANGLE HAS INGREASED 10°
BEYOND MAXIMUM LOAD.

Load

Angle of Bend

PROGRESSIVE FAILURE FOLLOWED

BY INSTANTANEOUS® FAILURE BEFORE
LOAD DROPS 50%.

INSTANTANEOUS® FAILURE CAUSES

LOAD TO DROP TO NO LESS THAN
500 POUNDS.

Lead

INSTANTANEOUS® FAILURE CAUSES

LOAD TO DROP TO LESS THAN
500 POUNDS.

An,ban

INSTANTANEOUS * FAILURE AT MAX-

IMUM LOAD. LOAD DROPS AT LEAST
10 %.

INSTANTANEOUS® FAILURE CAUSES

LOAD TO DROP TO NO LESS THAN
500 POUNDS.

load

INSTANTANEOUS® FAILURE CAUSES
- LOAD TO DROP TO LESS THAN
S00 POUNDS.

Ce

1
Angle of Bend

* APPRECIABLE DROP IN LOAD WITH NEGLIGIBLE INCREASE IN ANGLE(USUALLY AUDIBLE)

Fig. 10 - Types of nick-bend failures
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vanadium steels using this index of weldability disclosed the following: In the as-rolled
condition both the titanium and vanadium steels were adversely affected by welding in that
their transition temperatures were raised. In general, as the titanium or vanadium con-
tent was increased with a given carbon and manganese content, welding reduced the amount
of energy required to propagate failure at a given temperature level. However, the tita-
nium steels were less affected by welding than the vanadium steels, particularly when the
carbon and the titanium or vanadium were on the high side of the ranges investigated.
Normalizing the titanium-alloyed steels produced a substantial improvement. B- and C-
type failures became A-type failures with but two exceptions. Thus, after normalizing,
the weldability of the titanium steels was markedly improved. Normalizing the vanadium-
alloyed steels was somewhat beneficial but the effect was not nearly so marked as in the
case of the titanium steels.

UNDERBEAD CRACKING

The cracking specimen used in this investigation consisted of a short string weld
bead 1-1/4 inches long deposited on a small block 4 inches long by 2 inches wide. The
specimens were welded at two temperatures, 10°F and 80°F, using 1/8-inch-diameter
E6010 electrodes with 100 amperes, 25 volts, and 8-inches-per-minute travel speed. The
method of crack detection consisted of taking transverse sections of the weld and polishing,
etching, and examining the heat-affected zone at a magnification of 150 diameters. The
amount of cracking present was noted according to the following index: “OK” indicates no
visible cracking; “X” only one small crack; “XX” one or more large cracks; and “XXX”
cracking completely around the heat-affected zone. The steels were found to have little
tendency toward cracking in the heat-affected zone (Table VII). Only 9 of the 59 steels
exhibited cracking, none of which were completely cracked, and of these, 7 contained 0.18
percent or more carbon,

MAXIMUM UNDERBEAD HARDNESS

Strips 3/8-inch thick were cut from the center of the as-rolled nick-bend weldments
transverse to the weld bead. The sections were surface ground and polished through 3/0
grit emery paper and then electrolytically polished with a mixture of perchloric acid and
acetic anhydride followed by etching with a nital-picral reagent to bring out the fusion line
and heat-affected zone. Six rows of Knoop indents (0.5-kg load) were then made perpen-
dicular to and across the fusion line of each weld, and at a later time a series of Vickers
indents (10-kg load) were made in the heat-affected zone adjacent to the fusion line. For
purposes of comparison, the maximum quench hardness was determined for each steel
and the percent of maximum quench hardness to maximum underbead hardness was
determined.

An examination of both the Vickers and Knoop maximum underbead hardness (Table VII)
for a given carbon and manganese content showed that there was no consistent relationship
between titanium or vanadium content and maximum underbead hardness. The expected
relationship between carbon content and maximum underbead hardness was found, however,
and as the manganese was increased from low, to intermediate, to the high side of the
range investigated, the maximum underbead hardness increased. It has been shown pre-
viously in this report that as the titanium or vanadium was increased with a given carbon
and manganese content (1) the as-rolled steels showed a general trend toward increase in
yield and ultimate tensile strength and a decrease in elongation, (2) the nick-bend duc-
tility before and after welding decreased, and (3) the notched-bar transition from ductile
to brittle behavior was shifted to increasingly higher temperatures. In spite of these
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trends in mechanical properties, maximum underbead hardness showed no significant
differences between A, B, C splits where carbon and manganese were held constant and
the titanium or vanadium varied.

MICROSTRUCTURE

Microexamination of representative steels (458, 460, 462, and 465) in the polished but
unetched condition disclosed visible nitride crystals in the titanium-alloyed steels while
there were none in the vanadium steels. It was noted in the case of the titanium-alloyed
steels that as the titanium content increased, the presence of titanium-nitride became in-
creasingly evident. In steels 460A and 465A where the titanium content was low (0.007
and 0.009 percent, respectively), nitrides were not observed at 1500 diameters; in steels
460B and 465B where the titanium content was intermediate (0.023 and 0.026 percent,
respectively), there was an occasional large angular crystal; and in steels 460C and 465C
where the titanium content was high (0.032 and 0.046 percent, respectively), large pink
angular crystals of the nitride occurred relatively frequently and the matrix contained
numerous small crystals often associated with other inclusions (Figure 11). Typical

Fig. 11 - Titanium-cyano-nitride in steel 465 C (specimen unetched - 1500 X)

microstructures of the titanium and vanadium steels (etched with 1 percent nital and 4
percent picral) are shown in Figures 12 and 13.

Grain size determinations were made on 24 steels in both the as-rolled and normal-
ized conditions. The as-rolled grain sizes were predominantly 6 and 7 while after normal-
izing they were 7 and 8. No relationship was found between grain size and nick-bend
ductility or notched-bar transition temperature. A comparison of the as-rolled grain
sizes of a group of steels of progressively poorer impact-temperature relationships
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458

Fig. 13 - Microstructure of vanadium-alloyed steels. (Magnified 125 times)



NAVAL RESEARCH LABORATORY 19

(Figure 8: Steels 426A, 425A, 467B, 425B and 462B) showed the best steel of the group
(426A) to be particularly fine-grained but there were no significant or consistent differ-
ences between the grain sizes of the other steels. An examination of steel 458A, whose
impact-temperature relationship was best of all the vanadium-alloyed steels, did not
reveal any difference between its grain size and that of the majority of the other as-rolled
steels examined.

Since titanium and vanadium are both strong carbide formers, and size and distri-
bution of the carbides are generally considered to have an effect on the mechanical prop-
erties, a study of the carbides was undertaken. At high magnification (1000 X) a peppering
of fine carbides was revealed throughout the pearlite and at the grain boundaries of the
pearlite (Figure 14), There were none of the fine carbides in the ferrite or at the ferrite
grain boundaries except occasionally immediately adjacent to the pearlite, After normal-
izing, the pearlite areas were smaller and more generally distributed and the fine car-
bides were generally more prevalent at the pearlite grain boundaries. No marked differ-
ences in the size and distribution of the carbides were noted between the A-, B-, or C-
splits or between the titanium and vanadium steels in general.

CHEMICAL ANALYSIS FOR NITROGEN

Acid-soluble and acid-insoluble determinations of nitrogen were made on a number
of representative steels by dissolving the samples in 1-1 HC1 acid and treating the in-
soluble material with perchloric acid. The analysis for acid-insoluble nitrogen was taken
to indicate the amount of titanium or vanadium combined as the nitride and the acid-
soluble amount was taken to indicate both the nitrogen in solid solution and the nitrogen
combined as aluminum-nitride, manganese-nitride, etc. The total nitrogen was taken as
the sum of the acid-soluble and the acid-insoluble amounts. Table VIII records the re-
sults of these analyses.

The chemical analyses for nitrogen disclosed a difference between the titanium- and
the vanadium-alloyed steels. In the case of the titanium-alloyed steels both as-rolled and
normalized, the acid-soluble nitrogen decreased and the acid-insoluble nitrogen (titanium
nitride) increased as the titanium content was increased but the total nitrogen content
remained practically constant, In general, normalizing had no effect on either the acid
soluble and insoluble amounts or the total nitrogen content. For vanadium-alloyed steels
both as-rolled and normalized, the nitrogen determinations were relatively constant for
any one group of steels regardless of the vanadium content. No explanation is offered for
the rather large differences in nitrogen content between the as-rolled and the normalized
condition of steels 425A and 425B.

CHEMICAL ANALYSIS FOR ACID-SOLUBLE TITANIUM AND VANADIUM

Comstock,* in an investigation of steels alloyed with titanium and made under con-
ditions of actual steel mill practice, noted an appreciable increase in impact value brought
about by normalizing and attributed the improvement to the decrease of titanium in solid
solution in the ferrite as the result of normalizing. To determine whether there was a
decrease in solid solution of titanium and vanadium on normalizing, six samples of both
titanium- and vanadium-alloyed steels were analyzed for acid-soluble titanium or vana-
dium before and after normalizing, Table IX. Once again a basic difference between the

4 Comstock, loc. cit.
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titanium- and vanadium-alloyed steels was disclosed. In the case of the titanium-alloyed
steels, the samples containing low titanium were relatively unaffected by normalizing (a
difference between values of 0.003 is not considered significant) while those containing
titanium on the high side of the range investigated were affected in that the acid-soluble
amount was decreased by normalizing. In the case of the vanadium-alloyed steels, two

of the three heats containing low vanadium were unaffected while the third containing high
carbon, showed a decrease in the acid-soluble amount after normalizing. The three steels
containing vanadium on the high side were affected to varying extents, but in all cases the
acid-soluble amounts increased. In regard to the latter three steels, it is to be noted that
the steel whose notch sensitivity was unaffected by normalizing showed the least increase
in the acid-soluble amount while the two steels whose transition temperatures were mate-
rially improved by normalizing showed a substantial increase in acid-soluble vanadium
as the result of normalizing.

CONCLUSIONS

Small variations in the amount of titanium or vanadium present in the high-tensile
low-alloy experimental steels investigated, had a marked effect on the temperature tran-
sition from ductile to brittle behavior as indicated by the V-notch Charpy bar and the
nick-bend specimen. The latter showed that welding adversely affected both the titanium-
and vanadium-alloyed steels: the effect was most pronounced when the titanium or vana-
dium was on the high side of the ranges of composition investigated. Normalizing produced
a marked improvement in the weldability of the titanium-alloyed steels, but there was
little improvement in the vanadium steels. In regard to notch sensitivity as indicated by
the Charpy bar, titanium and vanadium on the high side of the ranges investigated resulted
in undesirably high transition temperatures in the as-rolled condition. Normalizing, how-
ever, produced a marked improvement in the transition temperatures of the titanium-
alloyed steels, but the improvement was neither marked nor consistent in the vanadium
steels. To minimize notch sensitivity in the experimental heats of steel, it was found that
carbon and titanium in combination could not exceed 0.15 and 0.025 percent, respectively,
and carbon and vanadium, 0.15 and 0.10 percent,respectively,
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TABLE V

TRANSITION TEMPERATURE ACCORDING TO THE FIRST

SIGN OF BRITTLENESS

TITANIUM~ALIOYED

Steel A B C AN BN CN
128 32 720 | >90" | —60 32 g0
129 80 | >160%° | >140™ ) 50 60
430 90 g0 | >100" 20 50 50
432 10 120 50 -20 32 32
459 0 60 90 -60 20 20
460 20 | >90"*|>200" | —80 32 10
464 60 140 180 20 70 60
1465 50 120 |{>200" 0 80 90
466 50 100 |> 200" 10 100 100

VANADIUM-ALIOYED
425 60 |>wo™| — 20 100 -
426 0 | >0™| — -40 >90* -
127 50 |>120%?| — ~20 u0 -
431 50 100 |>go0* 0 g0 >90™*!
433 Lo |>1407 [>100" | w0 | >200t | O
L34 60 |>100% |>100" | 60 uo | >120t°
L57 60 |>wo*®| — 32 70 -
458 20 32 120 50 60 70
1461 120 [>200"2 | 10 32 50 | >200"
1462 100 |>160%% | 180 70 >180%° | >160™!
163 100 160 180 50 120 >160%!
L67 51007 | >90%! |> 160*2 20 100 70

#The notation >9O+2 signifies that the onset of brittleness
(+2 indicates
that two completely ductile fractures occurred at 90° or
higher temperatures —at least +3 are desirable in establishing
the first sien of brittleness),

may occur at a higher temperature than 90°F

31



32

*pROT UMWTX®W 3® 33Uy

w 00%'21 8T i g 0021 69 0 99% 20 002*81 51 2d 00402 48 0 99%
14 08191 22 w 000°8T 69 € 99% 10 002491 51 2q 008°61 9 q 99%
v 002 Lt L2 v 001°4T L9 Y 99% 14 008*#1 28 w 08181 9 Y 99
14 008°%1 9g v 004'9T 24 0 sg¥ 29 20%° 21 g8 ed oo¥*8T 8g 7 g9%
w 002*ST 02 v 00991 1. 4 S9% P4:e 00z 41 L8 v 009'4T 49 € S9¥
v 00s‘s1 8g w 000°4T 24 v S9% v 00091 92 ™ 004°91 3L v 999
w 00g*stT 64 v 001°91 L9 0 ¥ev 2g 009°41 gh EL: 001’81 29 0 ¥IV
2/ 000°91 154 v 008°51 S 4 ¥o¥ 2g 00¥%*31 % 2q 00T*4T Px) g 797
w 000°91 24 v 006°ST 92 v ¥9v 2y 002*St i 2g 004°ST 69 ¥ ¥9%
w 002'St 9% v 002'91 S4 0 09% 20 00b*6T ov 2d 00481 89 0 09%
14 00¥*91 48 w 0051 24 g 09¥% 2g 009' L1 2s v 088°91 172 g 09%
1w 008°31 $9 w 006 ' 71 94 ¥ 09% 14 002°91 514 v 004'ST 2L Y 09%
™ 008 %1 9 w 002" %1 ot 0 65% 2q 00891 29 v 08161 A7 o 6S%
™ 002° St LS v 00g'vT 28 q 53% v 00%'S1 £9 v 000° ST [+ € 65%
™ 009°+1 99 w 001’ #1 64 v 6S% w 00g* #1 19 w 054 €1 Vi ¥ 5GP
™ 8&2 67 w 000°02 99 o3 4 2g 002*02 o¥ 084°51 29 9 2gh
oow.S a4 v 0st'st 99 a4 egh 14 07'61 1w = 0g9'02 04 d 2%

™ 00051 23 w 000°02 39 v 2ey w 00T'02 Ei4 a 00T'12 94 Y 22y
™ oon.”ﬂ 14 v 00208 29 0 0Z% P4 00951 o] m 00408 14 0 02
w 008*51 o¥ w 006°12 29 4 0g¥ ™ 00161 51 o 00412 19 4 02%
™ 009'61 14 v 00261 22 ¥ 0g¥ ™ 00681 ob m 006 ‘02 99 ¥ 0g¥
v 8m”om 84 v 00022 29 3 62% 2e 008°02 9e oog'ze L 0 623F
v 004" 4T 1€ w 00g' 12 99 4 52% 2g 00212 82 oov‘ee 83 4 62¥
v 008 8¢ v oot‘ee 9 v 627 w 00Z‘L1 92 008°02 9 Y 62%
™ Q0g° 12 PX4 w 00g'12 89 0 82% h¢:¢ 008'02 22 008°12 9 0 82%
w oow”m: 82 v 002'1e 29 g ey 14 008°31 g2 009'12 9 € 3y
v 0g'oe 9g W oo%* 12 99 Y 82% w 009°81 92 00¥%*12 89 Y 83b
STTeL | A | qC-p297 | ousg Jo SINTTod | q(-bo0] | pusg Jo TON 8IMTjes | QI-pu0T | puag JO vIN{184 | q1-v8071 | pusg Jo “ON
JO ad4l | wnuwixey |ws3daxdeq Jo 8ddy | umuwixey { 883133 12938 Jo #dAl | wnmjxep |, se91Feq Jo adfy | wmapxuy tnwouwon 19938

QATTEA EIVId TATTRS ALV
PIZI[BW.ION palioI-sy

S[99)S pakorre-wWniue}LL,

ViVd LSHL ANHI-JDIN

IA HT19VL



°peoT umwIXew 3e aTduyy

mn W 006" 51 £ v 004°41 72 P14 2d 000°81 4 eg 00541 29 J 497
™ 24 004'S1 09 W 002°¢1 9L ¥ LoF ™ 008°91 £S ™ 00S°ST 89 g Lo%
w 001'ct 9 v 00L* %1 84 A P34 14 006°ST 0s w 000* 6T €L vV L%
1&) 000°*41 0T 44 001‘02 o 0 £9% 2o 006'91 8 F4:¢ 009'¢ce 44 0 €£9%
4 009°stT 8 4o 008‘s1 ¥ g £9% 20 00081 4 4°4 00812 15 g £9%
10 0CL' 71 4 ™ 008‘6T 2] v £9% 1] 00491 et 2q 009°02 28 v £5%
6] 00G°St 6 2d 002'te 154 0 29% 20 006°9T 6 2q 0ob‘ 12 144 D 29%
19 008°¢e1 6 4 00¥*51 5174 g 29% 29 008'8T 12 2q 0¥ 0L 1S € 299
18 00 ¥1 A v 00% ‘81 19 v 29% 0 008*91 9T F4: 00651 29 v 29%
4 00T'¥1 31 ed 008'L1 4 0 19% 4} 009°‘st 82 2d 002'61 ¥ 0 19%
ji:4 004'P1 81 v 001* 21 9g g 19% 20 009°Lt 12 eq 00841 29 € 19%
w 004 %1 92 w 008°eT 89 Y 19% (¢ 009*%1 gt 00681 6S v 19%
24 00991 8g b4 009°81 29 0 BGY ed 20861 og 1€ 008°02 €9 0 8S¥
e 004° L1 L2 ev 00S'91 89 4 8g¥ 2 000°8T iy w 0s2°8T 9 q 8s3¥
2d 00¥ Lt %4 W 00491 L9 Vv 8gv Fd: 009°s1 8¢ v 009*41 89 vV 8sv
Iag 002'S1 (534 v 006°%1 24 Qo1 eg 00491 9¥ w 00691 89 4 L5P
v 009°st 9 124 000°v1 24 ¥ LG¥ :4 00S°ST gs 114 005°gT S ¥ 4SF
2e 004°12 9% a4 00412 £9 3 vv 2q 008°'12 4 004° 12 8% 0 ¥EY
1€ 006°61 88 w 00461 0L g b 2d 00g‘02 og o0t 22 €9 4 ¥2¥
v 00681 1234 w 000'02 g9 Y ¥ 4 00602 S 008°12 £9 Y b
=
2g 000°'22 £g F4:4 006 ‘22 29 J LEh 10 002‘12 02 “ 008°ge 0S J €EV
290 00022 92 eg 00s*se 6S € £ ad 000*22 ¥1 £ 00%* %2 9 : 85134
44 00 18 62 ed 00z'ge 29 Y £8v ed 008‘12 g2 3 004 %2 bt v eey
L]
2q 00L°6T L2 A s 004°12 59 ol £5 4 14 00S‘02 Sg m 00S‘12 29 2 1e%
1€ 008°LT 62 v 0ov‘61 09 € 1e¥ P4:¢ 00951 02 00822 69 g 1P
w ock’6t S v 008°02 29 v 1y 1€ 00z*02 ov 005‘02 04 Y 1%
W 00z‘ve 34 4 42y 1q 200'02 92 oot‘ze s g ¥
™ 000°61 Plej I 002‘02 2L v b L 00261 [+ 00012 99 A4 4
1 00£'61 22 v 008‘ee 0s g 92% ™ 006'12 92 00192 29 € 92v
24 00g’61 x4 W o0g‘ee 24 ¥ 92t 1q 008’12 L2 000°te 29 ¥ g92%
1€ 00} APA ¢ 91 W 009°e2 19 @44 22 008‘12 61 00S‘€2 9g i
w 00¥%‘61 8¢ v 204°02 29 Y 2% 1d 004'12 62 oot'ee €9 v 32%
TIMEL | Q- PeoT | pUsgy IO SIMTEI | AT-ve0T | DUod 30 oY PINTIEI [ q1-V9oT | »pusg 3o SIN{7S] | Q1-PU0T | VU9E 50 TOx
Jo addy | wnuwyxsy | y8eeldaq 3o edfy | wnuixey |yseaadag T9s3g Jo adfy | umupxsy | ¥sesddeq 3o odAyr | umwixuy |, sde1faq 12938
TI84 QYEL 2IV1d TIek QVEQ LIV
PazI[eWION pal[oI-sy

S1991S paiol[e-winipeury

(*yu0d) 1A ATIAV.L



34

TABLE VII

UNDERBEAD CRACKING RESULTS AND MAXIMUM UNDERBEAD HARDNESS
Titanium-alloyed Steels

Steel Max. Underbead Max., Quench Percent Underbead Cracking
No. Hardness Hardness Max. Hardness Regults ¥
Knoop | VEN VHNF | VEN 10°r 80°F
428 A 363 266 495 74,0 (0):¢ OK
428 B 363 297 292 482 61.6 OK OK
428 € 412 308 304 436 70,7 OK OK
429 A 363 226 320 519 62.9 XX X
429 B 363 292 287 482 €0.6 OK OK
429 € 363 307 292 482 63.7 OK [0) 4
430 A 363 293 285 495 59.2 OK OK
430 B 363 284 278 507 56,0 0K CK
430 ¢ 341 273 263 495 55,2 (0) ¢ oK
432 A 287 253 400 63.6 OK OK
432 B 323 255 436 58.5 OK Ok
432 C 287 242 240 470 51.6 (o) ¢ Ck
459 A 285 228 227 443 51.5 0K OK
459 B 268 226 227 450 50.2 OK Ok
459 € 300 224 221 450 49.7 OK (o) 4
460 A 310 204 304 436 69.7 OK OK
460 B 368 219 303 443 72.0 (0)’¢ OK
460 C 358 289 279 443 65.4 0K OK
464 A 408 325 312 510 63.7- OK oK
464 B 368 206 301 510 60,0 [0):¢ 0K
464 C 408 202 295 526 57.4 XX OK
465 A 408 257 350 496 72.0 0K CK
465 B 434 230 325 510 64,9 XX OK
465 C 455 242 340 492 69.5 0K 0K
466 A 408 a73 363 510 73.1 ()’ OK
466 B 434 370 368 526 70,4 0K OK
466 C 434 a73 363 496 75,1 0% XX

1 WOK" - indicates no visidle cracking

!IXII

- one small crack
UXX" - one or more large cracks
"XXX"- cracking completely around the heat-affected zone,

#Hardness based upon the average of 5 highest Vickers
Hardness Numbers,



TABLE VII (cont.)
Vanadium-alloyed Steels

Steel Mar., Underbesd Max. Quench Percent Underbead Cracking
Yo. Hardness Herdness | Max. Hardness 1ttt
¥noop VEN VHN# VEN 10°F 80°F
425 A 474 378 376 495 75.9 Ok OK
425 B 474 401 393 470 85.4 (0)'¢ OK
426 A 412 388 376 470 82.5 oK 0K
426 B 412 281 377 470 81.0 OK OK
427 A 443 245 339 495 69.7 XX 0K
427 B 412 366 353 482 75.9 OK OK
431 A 363 27 324 436 75.0 OK CK
431 B 363 327 436 75.0 XX 0K
431 ¢ 341 205 302 436 70,0 (04 0K
433 A 363 242 319 495 69.1 OK OK
423 B 412 273 369 470 79.4 OK 0K
433 C 397 350 336 470 74.4 Ok X
434 A 341 323 327 443 75,2 0K (0)’¢
434 B 263 328 322 436 75.2 ()¢ 0K
434 C 241 14 309 426 72.0 OK QK
457 A 296 299 290 436 68.6 oX 0K
457 B 248 206 304 443 69.0 0K OK
458 A 408 270 365 443 83.5 4)¢ OK
458 B 296 370 365 436 84,9 0K OK
458 C 408 354 352 443 80.0 OK 0K
461 A 455 409 401 496 82.4 (o) 4 XX
461 B 486 401 397 510 78,7 0K 0K
461 C 470 287 384 492 78.7 0K 0K
462 A 503 433 429 510 85.0 0K 0K
462 B 470 423 419 526 82,4 CK 0K
462 € 520 446 439 495 90.2 CK 0K
463 A 486 446 445 526 80,3 CK oK
463 B 470 446 425 510 87.5 CK 0K
463 € 486 470 425 495 74,8 CK XX
467 A 228 289 289 436 66.3 OK OX
467 B 35 203 297 460 65.9 [o)'¢ OK
467 C 228 299 296 436 68.5 0K oK
1-“0K" - indicates no visidle cracking
"X" - one smell ecrack
"XX" - one or more lergé crocks

"XXX"- cracking completely around the heat-affected zone.

#Hardness based upon the average of 5 highest Vickers

Hardness Numbers,
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CHEMICAL ANALYSIS FOR ACID-SOLUBLE TITANIUM AND VANADIUM

TABLE IX

Acid~soluble Titanium

Steel No. Composition Acid-soluble Condition
L60 A o14C 1.45Mn JOO7Ti 003 as-rolled
AN (Total) .003 normalized

c +032Ti 014 as-rolled

CN 002 normalized

466 A «21C 1.40Mn ,009Ti «C04 as~rolled
AN 004 normalized

C <OL6TL 005 as~rolled

CN 000 normalized

459 A .15C ,96Mn ,O09Ti .009 as~rolled
AN 006 normalized

c 032T4 .007 as-rolled

CN .000 normalized

Acid~soluble Vanadium

Steel No. Composition Acid-soluble Condition
462 A +20C 1,20Mn 05V .070 ags-rolled
AN (Total) <062 normalized

C o4V +132 as-rolled

CN 138 normalized

L6T A «14C J97Mn JOLV 064 . as-rolled
AN 065 normalized

c 14V 0126 as-rolled

CN «139 normalized

h58 A .lhc 1.“3““ oQéV' 0072 as-rolled
AN 074 normalized

c .18V 142 as-rolled

CN «153 normalized
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