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Abstract

At the end of the third quarter (March 31, 1964), work on Bureau of
Ships Contract No. NObs-88540, SR007-Cl-01, Task 853, to develop a submarine
hull weldment with a yield strength in the range 130 to 150 ksi (HY-130/150)
indicated that a 5Ni-Cr-Mo-V steel and compatible filler metal meeting most
of the requirements for ar HY-130/150 weldment had been developed. There-
fore, future work was to be concentrated on adapting the weldment to the
requirements of shipyard submarine-hull fabrication.

During the—fourth—gquerter—Apiill.to June-38y-1964}, Laboratory
development studies on the base metal were completed, and the results indi-
cate that the 5Ni-Cr-Mo-V steel appears to be the optimum composition for an
HY-130/150 steei. A second 80-ton electric-furnace heat, a 40-ton basic-
oxygen-steelmaking (OSM) heat, and a 40-ton OSM vacuum-carbon-deoxidized heat
of the 5Ni~Cr-Mo-V steel have been melted and are being evalvated. Ingots
have also been cast from an OSM heat of the 5Ni-Cr-Mo-V steel for consumable-
electrode remelting and for processing to a ring forging, and plans for
producing castings and structural shapes have been formulated. The studies
should indicate the suitability of the 5Ni-Cr-Mo~V steel for the various
types of products required for submarine~hull ceastruction, and should
establish the composition ranges for the various 5Ni-Cr-Mo-V steel products.

Laboratory base-metal weldability studies, which defined corposi-
tion limits for the 5Ni-Cr-Mo-V steel, have been completed. As anticipated,
the heat-affected-zone crack susceptibility of the first production heat of
the 5Ni-Cr-Mo-V steel was low, and its heat-affected-zone toughness was high.
Covered-electrode and MIG weld metals of improved strength and toughness
have been developed, and work to develop an all-positicn technique for
depositing MIG filler metals is progressing on schedule. ()<

A comprehensive program to evaluate the plastic—ggzigue and frac-
ture-toughness properties of 5Ni-Cr-Mo-V weldments has been planned, and 2-
inch-thick plates of the 5Ni-Cr-Mo~V steel are being formed under shipyard
conditions to confirm predicticns on cold formability and to establish the
effects of cold forming on mechanical properties.

If progress continues at the present rate, S5Ni-Cr-Mo-V steel
products and a compatible filler metal should be available fcr the fabrica-
tion of a prototype structure during the third quarter of 1965.
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‘ Introduction

During the period April 1 to June 30, 1964, work has continued

on Bureau of Ships Contract No. NObs-88540, SR~007-01-01, Task 853, to

By ey e,

develop a submarine~hull weldment with a yield strength in the range 130

to 150 ksi (HY-130/150).

& e gve

The status of the program as of March 31, 1963,

P

including work in progress, was summarized in the third quarterly report.l)*
Most of the studies that were in progress at that time have been completed
or significantly advanced during the fourth quarter. The detailed results
of these studies have been described in seven individual reports, which

are summarized in the present report. In addition, the present report

describes the activities that are currently in progress or planned for

v

s the immediate future to develcp an HY-130/150 weldment.

BASE-METAL DEVELOPMENT

During the past quarter work has been completed on (1) the effect

of composition (variations in C, Mn, Si, Cr, Mo, and Al) on the properties

of 5Ni-Cr-Mo-V steel, (2) the effect of carbon content on the hardenability

and mechanical properties of 5Ni-Cr-Mo-V steel and (3) an evaluation of

miscellaneous experimental HY-130/150 steels. These studies and two studies
that have been completed but not formally reported—{1l) the effect of strong

nitride formers and deoxidizers and (2) the development of a Ni-Cr-Mo steel

with higher Ms temperature--complete the work planned under General Studies,

*Sze References.
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Major-Element Studies, and Minor-Element Studies (5-11100, S-11200, and

S-11300) of the PERT Work Breakdown Structure, and show that the 5Ni-Cr-Mo-V
steel is the most promising steel for an HY-130/150 weldment.

In Production-Size Development (S-11400) of the 5Ni-Cr-Mo-V steel,
work in progress on composition adjustments (effect of variation in composi-
tion within the composition limits), melting practice (electric-furnace,
basic-oxygen steelmaking process (OSM), basic-oxygen steelmaking process in
combination with vacuum carbon deoxidation, and vacuum-consumable-electrode
remelting) and processing variables (the effect of variation in crossrolling
ratios and the effect of stress relieving).

To anticipate the developrent of specifications (S-11600), sample
forging and castings of the 5Ni-Ci-Mo-V steel are being evaluated.

Work Completed

Evaluation of Miscellaneous Experimental HY-130/150 Steelsz)

As part of the development of an HY-130/150 weldment, a number of
experimental steels were evaluated, the properties of which were not reported
earlier because they did not fall within the scope of previous reports. The
steels consisted of three Mn-Ni-Cr-Mo steels, three 5-1/4- to 7-1/2-percent-
nickel steels, four 5Ni-Cr-Mo steels, and two HY-80 steels.

The evaluation of the twelve steels indicated that none was
particularly attractive as an HY-130/150 steel, and that each steel exhibited
one or more shortcomings, such as inadequate hardenability, low strength,
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poor notch toughness, or lack of sufficient resistance to softening on

tempering. However, the studies did show that a reduction in the carbon,
manganese, and/or sulfur content significantly improved the rotch toughness
of the 5Ni-Cr-Mo steels. However, compensating alloy additions must be made
to offset the loss in hardenability when carbon and manganese are reduced.

Effect of Composition Variations_on the Properties of 5Ni-Cr-Mo-V Stee;s3)

Previous studies have indicated that a 5Ni-Cr-Mo-V steel contain-
ing, in percent, 0.10 C, 0.75 Mn, 0.25 Si, 5.0 Ni, 0.5 Cr, 0.5 Mo and 0.07 V
is very promising as an HY-130/150 steel. The effects of large variations
in the composition were investigated during the development of the 5Ni-Cr-Mo-
V steel. However, additional information was required to establish the
carbon and alloy specification ranges for production melting of the
5Ni-Cr-Mo-V steel. Therefore, four composition modifications of a
5Ni-Cr-Mo-V steel containing 0.10 percent carbon and three modifications of
a 5Ni-Cr-Mo-V steel containing 0.15 percent carbon were investigated. The
results are summarized in Figure 1.

Among the 0.10 percent carbon steels, the standard 5Ni-Cr-Mo-V
steel and a high-manganese, low-silicon (0.9% Mn, 0.04% Si) modification
exhibited the best combination of yield strength (140 to 150 ksi) and notch
toughness (80 to 120 ft-1lb at 0 F). Severe embrittlement occurred when the
chromium content was increased to 1.25 percent, and a general loss in tough-

ness resulted when aluminum was eliminated.
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Increasing the carbon content of the 5Ni-Cr-Mo-V steel from 0.10
percent to 0.15 percent increased the yield strength (after appropriate
tempering) from the 130/150 ksi range to the 150/165 ksi range, but the
notch toughness at 0 F was decreased to the range of 50 to 90 ft~lb. At the
higher carbon content, the notch toughness was somewhat improved when the
manganese and silicon content were reduced.

The results indicate that the standard 5Ni~-Cr-Mo-V steel (0.10%C)
is the best composition for a steel having a yield strength of 140 to 150 ksi
and exceptional notch toughness. An 0.15 percent carbon 5Ni-Cr-Mo-V steel
also exhibits good notch toughness at yield strengths of 150 to 165 ksi.

Effect of Carbon on the Hardenability and Mechanical Properties of
5Ni-Cr-Mo-V_Steel?

Previous Laboratory studies have shown that the 5Ni-Cr-Mo-V steel
is extremely promising as an HY-130/150 steel. Therefore, a Laboratory study
) was initiated to establish the carbon range within which the desired proper-
} ties of the 5Ni-Cr-Mo-V steel can be obtained. Seven Laboratory 5Ni-Cr-Mo-V
steels containing 0.05 to 0.27 percent carbon were evaluated to establish the
{ carbon-ordering range for the 5Ni-Cr-Mo-V steel as an HY-130/150 steel and to
determine the potential of the 5Ni-Cr-Mo-V steel as an HY-180/210 steel.

The results, summarized in figure 2, show that an average yield
strength of about 140 ksi should be obtained in 1/2-inch-thick, water-quenche&

ﬁ plates at a carbon content of about 0.045 percent, but that a minimum carbon
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content of about 0.085 percent should be specified to obtain similar
properties at the midthickness of 4-inch-thick, water-quenched plates.
Therefore, an ordering range of 0.09 to 0.13 percent carbon is recommended
for the 5Ni-Cr-Mo-V steel to insure the desired strength, toughness, and
weldability for an HY-130/150 steel.

In the tempering range 900 to 1200 F, none of the steels investiga-
ted exhibited a yield strength of 180 ksi. The high-carbon steels from the
present study and other experimental steels are baing evaluated at lower
tempering temperatures to determine their potential as HY-180/210 steels.

Work in Progress

Composition-&djustment Studies

A series of twentv~seven 300-pound vacuum-melted heats has been
made in a statistically designed program to determine the effect of varia-
tions in manganese, nickel, chromium, and molybdenum on the properties of
the 5Ni-Cr-Mo-V steel. 1In addition, three heats containing a lower than
normal vanadium content (0.04 percent V instead of the usual 0.07 percent V)
have been included in this study to investigate the advisability of
specifying lower vanadium contents. The results of this program will be
used to determine how composition variations within the established melting
range will affect the hardenability and mechanical properties of the

5Ni-Cr-Mo-V steel and will provide the information required to specify

TR

different ordering ranges for different plate thicknesses from 1/2 through

-6-

UNITED STATES STEEL

T

G an AR o A A M R AT, TGOS R I AT I AT £




e

about 6 inches if there appears to be an advantage in such a procedure. The
design of the program is summarized in Table I.

Melting-Practice Studies

Electric~Furnace Process. A second 80-ton electric-furnace heat

(No. X53588) of 5Ni~Cr-Mo-V steel was produced on April 12, 1964. The
carbon, manganese, nickel, chromium, and molybdenum contents of this heat
were held near the high end of the composition range to determine the effect
of a "high-side” composition on the hardenability and mechanical properties
of this steel. Piates 1/2, 5/8, 3/4, 1, 1-1/2, 2, and 3-3/8 inches thick
were produced from the heat. In addition, a 5-1/4-inch-thick slab section
was produced to investigate the hardenability of the steel. The chemical
composition and tensile properties of 3/4-, 1l-, and 2-inch-thick plates that
will be used for extensive evaluation by the Laboratory and various Naval
laboratories are given in Table 1II.

Of possible importance in design and in the specification of
minimum yield strength are the results of the compression tests. These tests
indicated that at a tensile yield strength of 147 to 148 ksi the compressive
yield strength was 157 to 160 ksi.

Basic-Oxygen Steelmaking Process. A 40-ton basic-oxygen steel-

making process (OSM) heat (No. 621237) was melted and teemed into a 32~ by
57-inch slab ingot and a 28-inch-diameter ingot on June 1, 1964. The

chemical composition of the heat is given in Table III. Plates of 1/2-, 1-,
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2=, and 4-inch thicknesses have been rolled from this heat and are now being

evaluated. The evaluation is expected to help determine the feasibility of

producing high-quality 5Ni-Cr-Mo-V steel by the OSM process.

Vacuum-Consumable-Electrode Remelting. One of the ingots cast in

the aforementioned OSM heat (No. 621237) was a 28-inch-diameter ingot
weighing 24,000 pounds. Arrangements are now being made to vacuum-consum-

able-electrode remelt this ingot. Comparison of the properties of plate
rolled from the remelted ingot with those of plate produced from the original
OSM heat should indicate the extent to which vacuum~consumable~electrode

remelting can upgrade the quality of the OSM material.

Vacuum Carbon Deoxidation. A 40-ton OSM heat (No. 6Z1242) was

subsequently vacuum carbon deoxidized in a ladle-to-ladle degassing unit and

teemed into a 32- by 57-inch slab ingot and two 25- by 25-inch ingots on

June 10, 1964. The chemical composition of the vacuum-carbon-deoxidized OSM

heat is given in Table III. The ladle analyses indicated that the carbon and
phosphorus contents were slightly higher than the maximum specified when

ordering the heat. However, the analysis is believed to be close enough to
that desired to warrant an evaluation of the product, and the evaluation will
provide additional information on the hardenability, notch~toughness, and

weldability of the 5Ni-Cr~Mo-V steel when the carbon content is somewhat

higher than optimum,
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Processing Variables

Studies on the effect of stress relieving on the properties of
5Ni-Cr-Mo-V and HY-80 steels and on the effect of various cross-rolling
ratios on the properties of the 5Ni~Cr-Mo-V steel that were described on the
third quarterly progress reportl) are now being compieted and will be

reported during the next quarter.

Evaluation of Forgings and Castings

Production of a Sample Forging. One of the 25~ by 25-inch ingots

cast from OSM heat No. 621242 is being forged to a 4l-inch-outside-diameter
by 29-inch-inside-diameter ring (wall thickness of 6 inches) approximately
20 inches long. The processing of the ingot to the ring, inspection of the
ring by sonic testing, and evaluation of the mechanical properties of
tangential, longitudinal, and radial specimens taken at several locations
should provide the information required to determine the forgeability of the
5Ni-Cr-Mo-V steel. This information will be used to recommend forging

# specifications.

Production of Sample Castings. Sample castings in the form of 1-

by 6- by 6~inch plates and a 4- by 12- by 12-~inch plate have been produced
from Laboratory air-induction-melted heats of the 5Ni-Cr-Mo-V steel and are
{ being evaluated. Macroetch sections of the castings indicate that they are
sound. Mechanical properties are being determined on portions of the

castings homogenized at 1700 F, 1850 F, or 2000 F for 8 hours, water-quenched,
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and then reaustenitized at 1500 F for 2 hours, water~quenched, and tempered.
The results of the macroetch studies, the homogenization studies, and
studies of the variations in mechanical properties at various locations
within the castings should indicate whether alteration of the 5Ni-Cr-Mo-V
steel composition will be necessary for castings. The information will also
be useful in recommending casting specifications.

Work Planned

As a part of the study of melting processes, plans are now being
made to produce an 80-ton vacuum-degassed electric-furnace heat of the 5Ni-
Cr-Mo~V steel.

To demonstrate the ability to produce structural sections of the
S5Ni-Cr-Mo-V steel and to evaluate the mechanical properties of such sections,
plans are being made to roll typical structural shapes from steel produced
either in the planned vacuum-degassed electric-furnace heat or from the
remaining 25- by 25-inch ingot from the vacuum-carbon-deoxidized OSM heat
(No. 621242). These studies and the work in progress will determine what
additional work must be undertaken to complete the base-metal development of

the 130/150 ksi weldment.

JOINING DEVELOPMENT

During the past quarter, work has been completed on (1) the
evaluation of the weldability of production plates of the 5Ni-Cr-Mo-V

experimental HY-130/150 steel, (2) a second study of the effects of
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composition on the properties of covered-electrode weld metals, (3) the
effects of coating formulation on the toughness of covered-electrode weld
metal, and (4) an extension of the study of the effects of shielding gas on
interrupted-arc MIG welding. In addition, the study of the effect of the
manganese and nickel contents of the base metal on the properties of the
130/150-§eld metal was completed. The results of this latter study were
inconclusive in that the experimental weld metals did not exhibit yield
strengths in the desired 130/150 ksi range; and therefore, further work on

this study will not be undertaken.

Work Completed

Base-Metal Weldability

Weldability of Production 130/150 ksi Yield-Strength 5Ni-Cr-Mo-V

Steel-Is). Previous Laboratory studies indicated that a steel containing
0.10 percent carbon, 0.75 percent manganese, 5 percent nickel, 0.50 percent
chromium, 0.50 percent molybdenum, and 0.07 percent vanadium would exhibit
extremely attractive properties for 130/150 ksi yield-strength hull plates.
Therefore, an 80-ton heat of 5Ni-Cr-Mo-V steel was produced for extensive
evaluation. Part of this evaluation consisted of a two-phase welding study
that comprised (1) an investigation of the base-metal weldability by
determining the weld-heat-affected zone toughness, transformation character-

istics, and crack susceptibility and (2) an evaluation of the fabricability

-11~

UNITED STATES STEEL

PR e Y




.y = e =

e e D

of the steel in heavy sections. The first phase of the welding study was

recently completed. The results indicate that the 5Ni-Cr-Mo-V steel has
adequate hardenability tc form a martensitic weld-~heat-~affected-zone micro-
structure for a practical range of welding conditions, Figure 3. Results of
Charpy V-notch impact tests of simulated weld-heat-affected-zone micro-

structures indicate that the weld~heat-affected-zone toughness of the

5Ni-Cr-Mo~V steel is excellent. For the various heat-affected-zone regions

tested, the energy absorption at O F ranged from 80 to 102 ft-1lbs, Figure 4.
The results of laboratory restraint-cracking tests indicate that the 5Ni-
Cr-Mo-V steel possesses a low susceptibility to weld-heat-affected-zone
cracking. Compared with HY~80 steel, the 5Ni-Cr-Mo-V steel appeared to be
as good as an HY-80 steel that had previously exhibited a low susceptibility
to cracking in large fabrication-type restraint-cracking tests.

Generally, the results of the present work indicate that the
5Ni-Cr-Mo-V steel has excellent welding characteristics. Such observations
were expected inasmuch as the results of several laboratory welding and base-
metal studies had been used to define the composition limits within which
a Ni-Cr-Mo- (V) steel would exhibit an optimum balance of weldability and

other required base-metal properties.

Filler-Metal and Joining-Technique Development

Covered~-Electrode Filler Metals-——Alloying E;ements6) Results of

(-]

a previously reportedl) study of covered electrodes indicated that weld
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metals containing 0.06 percent carbon, 2.0 percent manganese, 2.0 percent

nickel, and 0.5 percent molybdenum would exhibit yield strengths as high as
141 ksi with good toughness and soundness. The present study was undertaken
to attempt to increase the yield strength of the previously studied covered-
electrode weld metal by increasing the nickel, manganese, and/or chromium
contents. The results of mechanical-property tests of eight experimental
covered-electrode weld metals, Table IV, indicate that an increased yield
strength can be achieved, but with some loss in tensile ductility and tough-
ness compared with the previously studied covered electrodes. Several of
the present higher yield-strength weld metals will be deposited by using
electrodes made with high-purity core wires and coating ingredients to
determine whether improved tensile ductility arnd toughness can be achieved.

Covered-Electrode Filler Metals - Coating Formulation. To deter-

mine the effects of coating formulation on the toughness of the previously
describedl) covered-electrode weld metals, twelve experimental AWS Class
xxx18 electrodes were deposited by using the same procedures that were
used in the previous alloying-element studies. The results of Charpy
V-notch impact tests, Table V, show thatmcst of the weld metals exhibited
impact properties similar to those of the control weld metal. The elimina-
tion of ferrotitanium (electrode number AA-099) appeared to exert a

significant beneficial effect, particularly at lcw temperatures. Therefore,
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ferrotitanium will be eliminated from the coatings of future experimental
covered electrodes. In addition, future electrodes will be made with low-
phosphorus and lcw-sulfur core wires.

MIG All-Position Procedures. Results obtained late in the third

quarter indicated that a more extensive determination of the effects of
shielding gas on interrupted-arc MIG welding should be undertaken. There-
fore, the study was extended to include about 30 additional combinations of
argon, helium, carbon dioxide, and oxygen in the form of 1) argon - carbon
dioxide, 2) helium - carbon dioxide, 3) helium-rich argon - carbon dioxide,
4) argon-rich helium - carbon dioxide, and 5) argon~helium-oxygen mixtures.
Generally, the results of tests employing out~of-position welding at
different levels of current and voltage indicate that the argon -~ carbon
dioxide mixtures and the helium-rich argon - carbon dioxide mixtures produce
the most desirable arc characteristics, penetration, and weld-metal fluidity.

Work In Progress

Base~Metal Weldability
The status of programs previously described in quarterly progress

reports is as follows:

Development of Small-Scale Restraint-Cracking Test. To complete
the correlation between the laboratory cruciform specimen and the new small-
scale specimen, the crack susceptibility of the 32 steels from the

previously reported7) statistical program is being evaluated with the small-
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scale specimen. Test plates have been machined, and the specimens are being

welded,

Statistical Proqram on Heat-Affected~Zone Cracking. The

experimental work on the program to estimate the effects of chromium,
molybdenum, and vanadium on the crack susceptibility of Ni~-Cr-Mo-V steels
has beer completed. These data, along with the data obtained from the
previously described7) statistical program are currently being analyzed
statistically.

Evaluation of 5Ni-Cr-Mo-V Steel. As described in the present

report, the investigation of the base-metal weldability of the S5Ni-Cr-Mo-V
steel by determining the weld~heat-affected-zone toughness, transformation
characteristics, and crack susceptibility has been completed. The evalua-~
tion of the fabricability of the steel in heavy sections is currently in
progress. This latter evaluation combines (1) large-size restraint-cracking
tests, (2) tension, bend, and impact tests of 2-inch-thick weldments, and

(3) gas-cut and plasma-cut bend tests.

Filler-Metal and Forming-Technique Development

MIG Major~Element Study. Eighteen experimental filler metals have
been deposited and the weldments radiographed. Three of the 18 weld metals
exhibited transverse cracks whereas the remaining cnes were sound. The
mechanical-properties of 8 of the weld metals have been determined, and

specimens from the remaining ones are being machined. The yield strength
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of the first 8 weld metals ranged from 132 to 144 ksi, and the Charpy
V-notch energy absorption (+30 F) of these weld metals ranged from 74 to

115 ft-1bs.

Covered~Electrode Filler Metals = Alloving Elements. A series of

) 7 compositions of covered-electrodes has been prepared to determine the

: effects of silicon, molybdenum, and vanadium on the mechanical properties of

1 the deposited weld metal. The weld metals have been deposited and

mechanical-property-~test specimens are currently being machined.

Development of Filler-Metal-Cracking Test. A new test has been

designed that will produce an almost constant longitudinal strain in the

;
weld metal at any time immediately after welding. The test consists of a
1/2-inch-thick bead-welded specimen that is bent by impact loading at

selected strain levels. Currently, the final version of the test equipment

) is being constructed.

* Work Planned

’ During the next quarter, several studies of the effects of
. welding procedures on the properties of 5Ni-Cr-Mo-V weldments will be
initiated. Specifically, these studies are designed to (1) define the

limits of plate thickness and preheat temperature within which suitable

mechanical properties and soundness can be achieved, (2) determine the

¢ | effects of stress relieving on mechanical properties, and (3) determine the

relation between weld cracking and preheat and interpass temperature.
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STRUCTURAL EVALUATION

During the past quarter a laboratory drop-weight bulge test was
developed in which weldments can be biaxially strained (1l:1) at relatively
high loading rates to produce deformations similar to those observed in the
explosion-bulge test. In addition, laboratory studies on the formability of
HY-130/150 steels were completed and forming studies under submarine~yard
conditions have been initiated.

Low=cycle plastic-fatigue results are being obtained on the 5Ni-Cr-
Mo~V steel and a specimen has been developed for evaluating the plastic
fatigue of weldments. Preliminary results of corrosion tests (both
laboratory and field tests) on the 5Ni-Cr-Mo-V steel are being obtained.

Work Completed

Development of a Drop-Weight Bulge Test—18)

The explosion-bulge test is used by the Navy to evaluate the
capacity of weldments to deform under high-strain l:1 biaxial loading.
This test is one of the primary acceptance tests for submarine-hull weld-
ments. However, the explosion-bulge test does not lend itself to laboratory
screening of experimental weldments. Therefore, the Laboratory initiated
a program to develop a laboratory test in which plate specimens could be
1:1 biaxially strained at relatively high loading rates to produce deforma-

tions similar to those observed in the explosion-bulge test plates.
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Results of extensive experimentation indicate that the deformation
distribution observed in explosion-bulge test plates can be similated in a
1/2-inch-thick plate if a l4-inch-square test specimen is placed on top of a
9-inch-inside diameter anvil and impacted by a 5-1/2-inch-diameter
hemispherical striker. The striker transmits an energy of 20,000 ft-1b to
the plate through aluminum pads that distribute the strain throughout the
plate bulge. A photograph of the drop-weight-bulge striker and anvil is
shown in Figure 5.

To study the surface strain distribution during successive drops
of the bulge striker, a 1l0-per-inch photogrid was applied to the tension
surface of a 5Ni-Cr-Mo-V plate {yield strength approximately 150 ksi).
Strains were measured along both center lines after each drop, and the strain
distribution after drops 1, 3, 5, 7, 10, and 12 is shown in Figure 6. The
true strains (ln EE_) along both the N-S center lire and the E-W center line
{(see sketch in Finge 6) were in excellent agreement and indicated that the
test specimen was l:1 biaxially strained.

Edge views of the plate after varicus drops are shown in Figure 7.
The maximum surface strains corresponding to drops 1, 3, 5, 7, 10, and 12
were about 0.08, 0,11, 0.14, 0.17, 0.19, and 0.20 inches per inch,
respectively. Thus, two items should be noted: (1) a single drop developed
a 1:1 biaxial surface strain of about 0.08 inches per inch (thickness

reduction of about 13 percent), a value that is apparently high enough to
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screen experimental weldments; and (2) up to about 7 drops, the incremental
| strain per drop (about 0.03 inches per inch) was fairly constant, which
indicates adequate machine capacity to deform l1/2-inch-thick plates at this

strength level,

Formability of Experimental HY-1306/150 Steelsg)

Previous studies indicated that bend tests in conjunction with
tension tests could be used to predict the formability of experimental
HY-130/150 steels. Therefore, additional Laboratory studies were initiated
on steels having yield strengths of 92 to 169 ksi to establish correlations
between bend-test results and tension-test results.

The results of plane-strain bend tests on 1/4- and 3/8-inch-thick
specimens showed that the bend angle depends on the geometry of the test
setup (mandrel radius and span opening) and thus is not a broad indicator of
formability. However, onset of surface cracking was found to depend on the
true surface strain of the bend specimen regardless of the test setup, as
shown in Figure 8. Thus, true surface strain, which can be conveniently

determined from the specimen curvature (ratio of specimen thickness, h to

o!
outside bend radius, rj), appears to be the best indicator of formability
in the bend test.

The results of tension tests indicated that specimen curvature in

the bend test correlated satisfactorily with reduction of area in the tension

test as shown in Figure 9. Thus, formability by plane-strain bending can be

4
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predicted from simple uniaxial tension tests. On the basis of a minimum
reduction of area of 60 percent for the experimental HY-130/150 steels,
minimum-inside~bend radii from 0.4 inch for 1/4-inch-thick plate to 7.1
inches for 4-inch-thick plate are predicted. These values, Table VI,
indicate that the experimental HY-130/156C steels are more than capable of
meeting the severe forming requirements for submarine hulls.

Work in Prograsss

Strength and Formability

The forming questionnaires that were forwarded to the Bureau of
Ships for distribution to various submarine-fabrication yards Lave been

received and are currently being evaluated. Information obtained from

these questionnaires will be used in planning shipyard-forming studies on the

effects of cold forming cn the mechanical properties of the 5Ni-Cr-Mo-V
steel as well as studies of current machine capacities.

As described in the Work-Comvleted section, the laboratory study
on formability of HY-130/150 steels has been completed. On the basis of
that work, a tabulation of the minimum predicted bend radii for HY-130/150
steels was prepared (Table VI). A program to verify these predicted limits

for cold forming thick plates in plane strain is currently in progress.

Fracture

As described previously, the drop-weight bulge test appears suit-

able for evaluating the capacity of plates and weldments to deform under
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high strain 1l:1 biaxial loading., Preliminary drop-weight bulge tests of
experimental weldments indicate that the test can be used successfully to
screen laboratory weldments. To confirm this observation, HY-80 weldments
will be fabricated by using welding procedures known to produce satisfactory
and unsatisfactory weldments and the weldments will be drop-weight-bulge
tested. Results cf this series of tests should show whether the drop-
weight bulge test can discriminate among weldments of different qualities.

In addition to screening laboratory weldments, the drop~-weight
bulge test may be suitable for establishing fracture~initiation and frac-
ture-propagation characteristics for 1:1 biaxially loaded plain plates and
welded specimens. Thus, both HY-80 and 5Ni~Cr-Mo-V steels will be drop-
weight bulge tested at various temperatures, and the results will be
correlated with nil-ductility-temperature (NDT), fracture-transition-
elastic (FTE), and fracture-transition-plastic (FTP) characteristics
determined from the explosion-bulge tests.

Explosion-bulge tests of 5Ni-Cr-Mo-V MIG weldments having under-,
equal-, and over-matching weld metals are currently in progress,
Fatique

Preliminary low-cycle plastic-fatigue test results for HY-80 steel
and 5Ni-Cr-Mo~V steel are shown in Figure 10. The results are for smooth
specimens tested in air at 10 to 20 cycles per minute. Results of an exten-

sive investigaticsn on HT, HY-80, HY-100, 150 ksi yield-strength, and 230
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ksi yield-strength steels by M. R. Gross of the Marine Engineering

Laboratorylo) are plotted in Figure 10 for comparison. The comparison shows

that the strain range for the 5Ni-Cr-Mo~V steel is similar to that of
HY-80 steel at cycles to failure less than 103 and is higher in the range
103 to 10° cycles.

The higher strain range in the region 103 to 10° cycles for the
5Ni=-Cr-Mo-V steel would be expected because of its greater strength; however,
since ductility is generally the controlling factor at low cycles, the
strain range for the 5Ni-Cr-Mo-V steel would be expected to be lower than
that for HY-80 in the region 102 to 103 cycles,

This was not the case as

shown in Figure 1C. The excellent fatigue performance of the 5Ni-Cr-Mo-V

bt = o e bt e g S Pt

steel at all cycle ranges is attributed to its good cleanliness,

e =

So that the fatigue behavior of weldments can be evaluated, a

welded fatigue specimen has been developed that can be tested on the low-
cycle fatigue machine. The specimen is shown in Figure 11, and the essen-

tial features of the specimen are as follows:

~

i. The width is such that enough transverse restraint exists so
that cracks initiate in the center rather than at the edges.

2. The specimen is tapered so that a uniform strain field exists
over a 3~-inch length (except as noted below). Thus, a transverse weld can

be located in the center of a uniform strain field.

22
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3. A large (6 inch) radius cut (0.10-inch~deep per side) is made

to localize the failure in the vicinity of the weld. Strain-gage measure-
ments taken along the length of the specimen show only a 5 percent variation
in strain over the center 1-1/2 inches of the specimen.

4, Because of the uniform strain distribution, crack initiation
does not occur in any particular location (base metal, heat-affected zone,
or weld metal).

Fatigue tests of standard plain plate specimens and tapered plain
plate specimens show no effect of specimen geometry. Thus, fatigue tests of
weldments made with the specimen described in Figure 1l have recently been
initiated.

Corrosion

The one-year sea-water exposure of HY-80 steel corrosion specimens
and the six-month exposure of 5Ni-Cr-Mo-V steel corrosion specimens has
been completed. Preliminary results show no stress-corrosion cracking of
either steel, even though the specimens were cold-formed 16 percent and then
stressed beyond the yield strength to accelerate failure. Complete evalua-
tion of the specimens is currently in progress.

A laboratory study of the electrochemical properties of a 5%Ni-Cr-
Mo~V steel, the 5Ni-Cr-Mo-V steel, and HY-80 steel in synthetic sea water

has been completed and a report is being prepared.
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Work Planned
In addition to continuing existing programs, emphasis will be
placed on a large-scale evaluation of both MIG and covered-electrode

5Ni-Cr-Mo-V weldments and on an analysis of the formability of thick plates

under actual submarine-yard conditions.

-24-

UNITED STATES STEEL

3 E e

)

s
IR W
AP
.




10.

References

L. F. Porter, A. M. Rathbone, S. T. Rolfe, and K. E. Dorschu, "Third
Quarterly Progress Report: Development of an HY-130/150 Weldment,"
Applied Research Laboratory Report 40.018-001(24), (S-10000-3),
April 1, 1964.

D. S. Dabkowski, S. J. Manganello, and L. F. Porter, "Evaluation of
Miscellaneous Experimental HY-130/150 Steels," Applied Research
Laboratory Report 40.018-001(29), (S-11219), July 1, 1964.

S. J. Manganello and L. F. Porter, "Effects of Composition Variations
on the Properties of 5Ni-Cr-Mo-V Steel," Applied Research Laboratory
Report 40.018~001(30), (S-11324-1), July 1, 1964.

S. J. Manganello and L. F. Porter, "Effect of Carbon on the Hardena-
bility and Mechanical Properties of 5Ni-Cr-Mo-V Steel," Applied
Research Laboratory Report 40.018-001(25), (S-11324), July 1, 1964.

L. P. Connor, "Welding Characteristics of Production 5Ni-Cr-Mo-V
Steel, " Applied Research Laboratory Report 40.018-001(28), (S-13325),
July 1, 1964.

K. E. Dorschu, "Development of HY-130/150 Covered-Electrode Weld
Metals: Part II," Air Reduction Sales Compau.y P&EDD-64-253, July 15,
1964.

A. M. Rathbone and B. K. Stewart, "Effects of Composition on Heat-
Affected-Zone Cracking of Ni-Cr-Mo Steel Weldments—I," Applied
Research Laboratory Progress Report 40.18-001(10), (S-12102),
September 23, 1963.

S. T. RolZ:z and L. P. Connor, "Development of a Drop-Weight-Bulge
Fracture Test-—1I," Applied Research Laboratory Report 40.018-001(26),
(5-13326), July 1, 1964.

S. T. Rolfe, "Formability of Promising HY-130/150 Steels," Applied
Research Laboratory Report 40.018-001(27), (S-13204, S-13205),
July 1, 1964.

M. R. Gross, "Low Cycle Fatigue of Materials for Submarine Construction,"
Naval Engineers Journal, Volume 75, No. 4, October, 1963, p. 783.

-25-

UNITED STATES STEEL

I

R PAIL
v

o




L e

1334S SALVYLS Q3LINN

(T€) (T00-8TO°0O%)

*jueoaadd GO0 + ST OW pue ID ‘TN ‘Un I0F 9buex uoT3TSOdUWODy xx
9TANIOS PTOVx»
°A 3uddasd T0°0 + $0°0 Buturejuoo 2pew o9q T[TIM S38IY TRUOTIFTPPR D9IULy

GL°0 GL°0 G°g GL°0 €

06°0 05°0 0°s 0$°0 rd
gZ°o g2°o 1 4 gc°o T
OW 0 TIN TUW ToAST

JUS538d "POTAB] SQUOWS 1 JO 1940 xy+UOT3LS0dUWO) WIY

900°0 G20°0 LO°0 GZ°0 900°0 °200°0 0T°0 Wiy
Xenw 0€0°0 80°0 0oc 0 Xen Xen TIT°0
, oaoop 02¢0°0 90°0 0c°0 010°0 OTOo°0 60°0 obuey
. N *%IY A\ TS S d o)

3UsSdI9d "3URISUC) P[PH SJUSWO[H JO [9A97] UOTI3Is0dWoy

Apn31g JUSU}SNLpPY-UOT31S0duo) ~ Weiboid poubissd AT1EDoT3ISTIETS

I sTqel




O S ik 1]

13315 S3ivis QILINN
(1€) (TOO-810° O)

an LS 8°€sS 0°91 191 144 asa9AsuRly
an €8 L°29 0°81 091 (344 Teurpnatbuog TVYLEE060 (4
an 1 £A 1°6S 0°81 €8T (444 asIdAsURI
an L8 S°v9 0°6T esT 1441 Teutpnytbuog TY9PEOSO 1
091 19 0°99 0°61 6ST 8v1 asaeAsuRly,
LSt €8 v°19 0°8T 097 Lt teurpnatbucy TYOVEOD6 v/€
sy qr-3F % 74 18y LR voT3ej3usTI0 IoqunN TGt
‘(3198330 %2°0) ‘d Z€ 3@ ‘woay 3o ‘soydur z ut ‘yabusaag ‘(3ISSIJ0O %Z°0) 3595 83e1q *889WOTYY,
yabuaayg prorXx uoT3dIosqy uocIIONPIY uotrjebuorgy 21{TSwWef y3jbuaxls pPrOTX a3eld
aatssaaduo) Kbasug
yscuA Admyd

‘unuyuNIe Te3IOLs

L10°0 80°0 8%°0 65°0 0E°S vz-o 800°0 S00°0 98°0 Zt1°0

¥ A oW XD N s 8 d UW o)
JU903I0g '8I8ALeUY o1peT

88SEST “ON Je9H Woal TO83S A-OW-ID-TN
Fo83T33¢ 613 TeOTuUv( oDl pue UOT3180

11 e1qey

419040

. I - P o RS p— nalliV. i
g gl




331S S34V.1S Q3lINN

(T€) (TO0~-8T0O°0%)

"PIZTPTXOSP UOQIEd WnnoeA SRM ZHZIZ9 IBIH,
burbxoz Burx NOTY3z-yout-9 ® eonpoxd o3 pesn oq TTTM 0BUT STUYLyxsy
PO3ToWSI 9poa3DITS-STRUNSUOD~UMNDORA 3 TITM 30BUT STULy«
°30buT sTY3 woxy peonpoxd aq TTTM =3erd PTYI-YDUT~y pue ‘=z ‘-7 ‘=z/Tx

820°0 6L0°0 8S°0 T9°0 80°S LZ°0 OTI0°0 2I0°0 6L°0 S1°0 *»»5C Aq gz
SZ0°0 LLO°O ¥%S°0 09°0 90°S S2°0 OT0°0 2ZT10°0 6L°0 &T°0 *LS Aq zg RAZAYA)
90°0 80°0 9%°0 6%°0 98°%F GZ°0 600°0 LOO°0 SL°O 0T"0 »»x"CTP 82
¥0°0 80°0 %50 6%°0 88°% %#Z°0 O0T0°0 900°0 8L°0 0T°0 xLS Aq gg LETTZO
Y A oW I0 N T8 S d uw D *ut ’"ezTg *ON 3IEoH
FueoIod 'SiSATeuy 91DeT jo0buy WSO

§90T30®8Ig PUT119W O3EnleAd OfF

ssadox1g Burlqewdsls uebAxp-doTseg ayj Aq poonpoxg sT®93s 30 uotazTsoduo) TedTWwsYD

ITT ST1qer

el

cg
..».a..n._..)}

" . -

e T EANRSF

i

PR

TERES e e ParaThTaEmRE L m e




Ao AN

13345 S3AVLS Q3ILINN .

(T€) T00~-810°0%)

“umuaIpqATow %S0 .
puR ‘UODTTITS ¥EV°'O ‘UoqIed %90°0 Ardjewrroxdde psurejuod syejlew prem ITV «»

~po30u 98TMIBYJO SSITUN suswroads om3y Jo Ibexsae Py3 IR SITNERT IV &

‘1 0°1
74 3 4 9% LE 8°¢tT 091 j34¢ ‘TN 6Z°Z ‘UR SZ°Z T60VY
<35 §°%
(49 114 23 6 0°s S9T 1349 ‘TN 0°¢€ ‘UK 0°C LTE W
. “15 0°1
8z 134 sV 91 s$°8 8st 1441 ‘IN 0°E 'UW 0°2 060vvY
20 6°1 .
€z ;1 184 £v S €T 6ST (%44 ‘TN 0S°C ‘UK 0°Z 680VYY
3D ST°1
9z 1% Ly ve A S 85T ovT ‘IN 6°C ‘UK 0°2 880WYV¢
<33 §°1
Tz 8¢ 14 :14 0°LT 8sT Wi ‘IN 0°Z ‘'UW 0°Z [A:04) 4 4
‘20 92°1%
8z i 44 224 1s €°91 ST 1341 ‘IN 0°C ‘UH 0°C 980YVY
-1 0°1
t4 6% 1 4] L9 8°LT 0sT 6€T ‘IN §°Z ‘UM 8°1 Z60vV
309~ J0E+ aSi+ % % TEY : ST S »» U071 604005 TOGUNN
Q=37 ‘@eaay Jo ‘S9YdDUI T UuTr 'y3busxls ‘(398330 %Z°0) TeuTWoON epoa3de Ty
uot3diosqy Abasug uor3ionpay  uotT3ebuold 911T8UdYL yibusasg
PTOIX
»53 NS89y 38o-3oeduy *531NS9y 359],~UOTsuUa], do3jcwerq-youi~G0s 0

yo3lcN-A Adaeyd

SUVWIAN JTIM FAOYLOITI-TAIUIAOD OST/0€T AH TYINIHIYIAXT 40 SIATIYIJOHd “IVOINVHOIW

L1080

Y R




13314S S3LVY.LS Q3LINM

(1€) (TOO-8TO ' 0OF)

*s3s93 991yl JO obeasar oY} aIv S3ITNSOUy

8T 9z 4 147 pasn sTeTasley aind 670-YY¥
8T 82 g€ 8% pojeutwI(d Aeyd pue soruebio TH#0-YVY
91 Lz 8¢ 1474 pejeuTWI(d spunodwod TI TTY 860-VV
ve €€ 47 €S pPolRuUTWITE TIod 660-YY
8T ve €€ SY pappyY £0D1S 9%0-Y¥VY
ST S¢ 9z o pappY VOTSaZ SY0-vV¥
¢T ¥4 1€ 147 peseaxdul ZJep ‘paseaadaq £00ed €¥0-YY
LT 9z o€ 187 pasesxoaq Zgep ‘pesesxdur £oped ¥0-YY
€1 9¢ 9z Sv (a0 *uT-09¢°0) paseardul ad3vweTq buT3IROD 0v0 vV
9T Gz 0€ £V (a0 "utr-p%z°0) paonpoy I93”WeTq Hur3zeoD 6£0-VY
LT ¥4 6C X% pa3euTWITE OCleN 8v0-vY
61 €2 9¢ 0} 4 pajeuTuTTd O $€0~-VVY
1 o€ Le 8% (€L€L-2Z °"ON 3o 3yeadsy) ,[O0a3uoc), 9Z0-vY
d 09- d 0tg+ d 09- d 0E+ sbuey) uoTlPTNWICI~LUTIEOD Jaqumy
STTW qr-33 9poa32aTd

‘uotrsuedxyg [eIDJIE]

‘uotydaosqy Abaaug

*mUHSmmm 3saL-3oeduil YD3ON~A AdIaeyd

SUOT3ETNWIO] bUT3eO)—-opOIJooTHd sSnotiaes UITM

pa3Tsodag STRISW PISM 92p0oI3doTI-paIanso) JFo sartizxadoag 3oedul

N STqeL

S ettt et R e ol

-— —

.
P
F

e e e AN

PR LY 4




Table VI

Minimum Predicted Bend Radii for Experimental HY-130/150 Steels (Based on
Minimum Reduction of Area of 60 Percent and Polished Surfaces)

Plate
Thickness;, Predicted Minimum Inside Bend
inches Radius, inches
1/4 0.4
1/2 0.9
1 1.8
1-1/2 2,7
2 3.6
2-1/2 4.5
3 5.3
3-1/2 6.2
4 7.1

(40.018-001) (31)
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Figure 11.

Over-~all

specimen (1 x 2-1/2 x 18 inches).

Close-up of weld showing crack location.

(40.018-001) (31)

Tapered welded low-cycle fatigue specimen.
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