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Naval componentsfabricated from HY-80 high-strength steelsrequire an expensive preheat during welding
to avoid heat-affected zone (HAZ) cracking. Quenched-and-tempered low-C, high-Ni steels were evaluated
as potential alternatives to HY-80 steel castings with section sizes of 230 to 300 mm thickness. The
investigation examined the feasibility of obtaining mechanical properties equivalent to HY-80 by heat
treatment and evaluated weldability. The steel resulted in a crack-free casting, and preliminary tests
suggest that it could be welded without preheating. Optimized heat treatment provided reasonably good
yield strength (517 to 538 M Pa) and Charpy impact toughness (63 to 80 J Charpy V-notch (CVN) energy
at —73 °C). The former properties were just below HY-80 casting requirements of 550 M Pa. Thus, while
this composition might not be a suitable replacement for HY-80, there are other potential casting applica-
tions. These include surface ship shaft struts and rudder inserts that have less stringent strength and

toughness requirements.
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1. Introduction

Castings and forgings of high-strength steels, such as HY-
80 and HY-100, are used on naval surface shipsand submarines.
Specific cast components include hull inserts, rudders, struts,
stern tubes, foundations, and valve bodies. However, there are
several manufacturing and fabrication problems with the cast-
ings and forgings including weldability and sensitivity to
heat treatment.

The relatively high carbon and aloy content of these steels
dictates a minimum preheating temperature of 107 °C for sec-
tions greater than 28.6 mm thickness!¥ This is to prevent
hydrogen-assisted cracking (HAC) during welding. Further-
more, HY-80/100 castings are sensitiveto heat-treatment param-
eters. Improper heat treatment during manufacture can result
in untempered brittle martensite, which could lead to cracking
even after the final tempering treatment.[

Traditional high-strength steels, such as HY-80, derive their
strength and low- temperature toughness from a quenched-and-
tempered martensitic/bainitic microstructure. Lower carbon
HSLA-80 steelstypically have aferritic microstructure, achiev-
ing their strength by precipitation hardening without significant
martensitic phase transformation.®¥ This facilitates ease of
welding, avoiding the need for a preheat. However, the HSLA-
80 steel has been certified for naval applications as a replace-
ment for HY-80 only aswrought plates® and not yet as castings.
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Churchill et al. investigated a casting with the HSLA-80 plate
composition under a National Shipbuilding Research Program
SP-7 project.ll They found that a 150 mm cubic-shaped casting
exhibited poor Charpy V-notch (CVN) energies at low tempera-
ture (9 Jat —73 °C). The MIL-23008D specifications for HY-
80 call for a minimum yield strength of 551 MPa and CVN
energy of 95 Jat —18 °C and 68 J at —73 °C.¥ Thus, the
cast HSLA-80 casting could not meet the specified minimum
properties for HY-80 castings. Other studies examined castings
with a composition similar to the HSLA-100 plate as areplace-
ment for HY-80 castings with section thickness of 300 mm.[®
However, the mechanical properties were not satisfactory (low
toughness of 57 Jat —73 °C), though better than the cast HSLA-
80 composition. Furthermore, there were noticeable mac-
rocracks and hairline cracks, both in the as-cast and hezt-treated
conditions. Thus, the HSLA-100 plate composition was not
found to be practical as a casting aloy for the thick sections
involved.

Also in the SP-7 study, Churchill et al. investigated a low-
C (0.04 wt.%), high-Ni (5.5%) steel with 1.5% Cr and 0.5%
Mo that relied on aquench-and-temper heat treatment to achieve
the combination of strength and toughness.¥ The relatively
high Ni content, in combination with Cr and Mo, was intended
to limit the formation of ferrite and bainite aswell asto decrease
the bainite-start temperature, hence producing a finer carbide
distribution within the bainitic microstructure. Both effects, in
turn, were expected to improve toughness. Upon heat treatment,
the casting was found to exhibit good tensile and upper-shelf
CVN impact energies. However, the low-temperature (—73 °C)
impact properties in 300 mm thick test blocks were margina
or barely above the specified minimum for HY-80.

The present study involves investigating the potential for
further optimization of aloy composition and heat treatment
of alloys similar to those investigated in the preceding SP-7
study (referred to hereafter as alloys E and E-A). The objective
of this work is to evaluate if modified aloy chemistries and
heat treatment can lead to properties similar to the certified HY-
80 composition, while being weldable with little or no preheat.
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Tablel Chemical composition of alloys E and E-A (note
higher C, Mn and La, Cein latter)

Alloy E  Alloy E-A Alloy E  Alloy E-A
Element  (wt.%) (Wt.%) Element  (wt.%) (wt.%)
C 0.032 0.061 Zr 0.006 0.01
Mn 0.91 11 P 0.007 0.006
Ni 5.68 553 S 0.0001 <0.001
Cr 141 148 Nb 0.002 0.007
S 0.55 0.38 Ti 0.001
Mo 0.58 0.57 Sh 0.001
Ce - 0.06 Sn 0.003 0.0078
La 0.02 As 0.002
Cu 0.16 0.11 H 1.3 ppm
Al 0.033 0.033 N 36 ppm 43 ppm
\Y 0.01 0.005 .

2. Technical Approach

2.1 Casting Manufacturing

Castings of alloys E and E-A were procured in separate
heats from a commercia steel foundry. In both cases, the steels
were produced by the electric arc-furnace process and refined
in an argon oxygen decarburization vessel. Alloy E was cast
into atest block with dimensions 300 X 300 X 530 mm. Prior
to the removal of the risers and gates, the block was given a
proprietary homogenization and tempering treatment. Further
heat treatment (austenitization and tempering) was performed
in-house on thin subsections of the casting to identify optimal
heat-treatment conditions, as detailed in a later section.

Alloy E-A was melted and cast in a second heat and had a
slightly modified chemistry. This composition was designed to
have a somewhat higher C content (0.06%, up from 0.035%)
and Mn content (1.1%, up from 0.9%) than aloy E. The higher
C and Mn contents were intended to improve hardenability,
which, in turn, would potentially compensate for the loss in
strength upon tempering, while still ensuring weldablity. Alloy
E-A aso had minor additions (0.06%) of rare earth metals
(REM) (Laand Ce) to evaluate their potential benefitsin refin-
ing the as-cast microstructure and controlling the morphology
of the sulfide inclusions[”° Alloy E-A was cast into blocks
with dimensions of 300 X 300 X 530 mm as well as 230 X
230 X 460 mm to investigate the effect of section size on the
mechanical properties. Unlike aloy E, these castings were fully
heat treated at the foundry, adopting commercia practices. The
austenitization and tempering treatments were chosen based on
the best mechanical property results obtained from thin slabs
of aloy E. The chemical compositions of the two alloys are
provided in Table 1.

2.2 Simulated Heat Treatment of Alloy E Using Thin Slabs

A novel experimental procedure was adopted, which enabled
athin 19 mm dlab to be used in each heat-treatment trial rather
than the entire casting. For each heat treat and water quench
operation, the cooling profile at the quarter-thickness (T/4)
location of the 300 X 300 X 530 mm casting was modeled by
finite element methods (FEM). (The T/4 location isthe location
prescribed for evaluating mechanical properties in a test
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Fig.1 Comparison of experimental cooling curves with those from
FEM computations. Experimental data points are overlaid on FEM
predictions (solid line)

block.™!) The predicted cooling rate was duplicated on the thin
slab, which had been held at the desired temperature. The
desired cooling rate was accomplished by using a combination
of various slower cooling media, such asforced air convection,
cooling in still air, wrapping the slab in an insulating blanket,
etc. The thickness of the slab (19 mm) was decided based on
considerations of the Biot Modulus, which predicted that this
slab would cool uniformly with no thermal gradients for these
cooling media. Further details may be obtained from Ref 6
and 10.

Figure 1 shows the calculated cooling curves overlaid with
experimental results from cooling a 19 mm dab. The experi-
mental technique affords a good match of the cooling at the
desired location, while enabling considerable time and material
savings and reducing experimental costs.

A potential criticism of thismethod isthat the microstructure
and chemical composition of slabs from different locations in
the casting might not be representative of that at the T/4 location,
notwithstanding the homogenization treatment. While that is a
valid concern, the intent of these trials was merely to perform
a screening of various heat-treatment operations that could be
employed in heat treating a full-sized casting in a later tria.
Most of the slabs used in these trials were located as close to
the center of the casting as possi ble and between thetwo quarter-
planes bounding the midplane. Furthermore, as will be seen in
Section 4.1, Jominy end-quench tests on alloy E reveal that the
hardenability behavior of samples taken from the center and
from the edge of the casting are similar. This observation,
aong with the limited goals of this effort, precluded further
consideration of the effects of segregation and inhomogeneous
microstructure of the alloys studied.

2.3 Heat Treatment

Alloy E. Based on thefinite element method (FEM) ssimula-
tions, the heat-treatment evaluation of alloy E was conducted
on slabs of a 300 X 300 mm section and 19 mm thickness.
Table 2 shows the heat-treatment range employed. The austeni-
tizing and tempering temperature ranges were chosen from
the literature,!! and the hold time at temperature was chosen
following typical industria practice for heavy-section steel cast-
ings and forgings (1 h for up to 25 mm in thickness, plus 30
min for each additional 25 mm).[*Y Some sections of aloy E
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received a double-tempering treatment, as in the SP-7 study,!
while others received only a single temper.

Alloy E-A. The knowledge gained regarding the effect of
various heat treatments on the mechanical properties was then
used to select the optimum heat treatment for the full-sized
castings of aloy E-A. This is shown in Table 3.

2.4 Mechanical Properties and Microstructure Evaluation

Tensile and CVN impact properties were evauated
according to ASTM Standards E-8 and E-23, respectively.[*213]
These were evaluated on the heat-treated slabs of alloy E and
at the T/4 location for aloy E-A. The tensile results reported
are the average of two tests on standard 13 mm gauge diameter
samples conducted at 25 °C, while the CVN results represent
the average of 5 tests on standard 10 mm square cross-section
samples, conducted at —18 and —73 °C. Limited dynamic
tear (DT) testing™*¥ was also performed to determine the DT
energies at —40 °C. Metallographic samples taken from the
tensileand CV N specimens representing various heat-treatment
conditionswere evaluated by optical microscopy. Limited trans-
mission electron microscopy (TEM) was used to examine dou-
ble-tempered structures from alloy E, and x-ray diffraction was
employed to determine retained austenite. Scanning electron
microscopy (SEM) was used to inspect the tensile and CVN
fracture surfaces.

2.5 Weldability

Weldability of alloy E was evaluated by the Tekken test that
has been standardized by the American Welding Society (AWS
B4.0-95).[*® Here, asingle test weld is deposited on the sample
of the appropriate “Y-groove” configuration. Weldments are
then inspected for signs of HAC, either in the weld metal (WM)
or HAZ. Welding was done under controlled conditions of 16
°C (i.e, no preheat) and 82% relative humidity to simulate
shipyard welding on acold, humid day. Welding was performed
under the following conditions:

Table2 Temperature range used in heat treatment of
alloy E

Austenitization First temper Second temper

899 to 954 °C
Water quenched(a)

649 to 732 °C
Water quenched(a)

® None
® 566 to 621 °C
water quenched(a)

() Cooling rate equivalent to water quench for a 300 mm thick casting,
calculated from the FEM model

Table3 Heat treatment of full-sized blocks of alloy E-A

e shielded metal arc welding (SMAW) using E-10018M elec-
trode, 1.1 kJ/mm energy input, and

e gasmetal arc welding (GMAW) using MIL-100S electrode
and an experimental lower carbon LC-100 electrode with
1.46 kJ/mm energy input.

Alloy E was compared to various traditional steels (an HY-
80 equivalent A757-EQ?21 casting and an HY-100 plate).

3. Results

3.1 Alloy E Casting

Tensileand CVN Impact Properties. Thetensileand CVN
impact properties of aloy E were evaluated over a wide range
of austenitization, tempering, and double tempering tempera-
tures. In general, it was found that the austenitizing temperature
did not have a significant effect on the tensile properties over
the temperature range of 899 to 954 °C. For example, in the
single-tempered condition (677 °C), the same yield strength of
607 MPa was obtained in samples austenitized at 899 °C as
well as 954 °C. The Charpy values also appeared comparable
within the range of scatter (51 = 25 Jand 48 = 13 J at
—73 °C dfter austenitizing at temperatures of 899 and 954 °C,
respectively, and tempering at 677 °C). It was also found that
a single subcritical temper (i.e., below Ac; = 665 °CI*f) was
not sufficient to produce the desired combination of yield
strength and low-temperature toughness. It appeared that a dou-
ble-tempering operation consisting of an intercritical temper
followed by a subcritical temper was required to improve low
temperature toughness.

Table 4 shows the best tensile and CVN properties of alloy
E resulting from single intercritical-tempering treatments and
those resulting from a double-tempering treatment (intercritical
followed by subcritical) at thetemperaturesindicated. The CVN
energy values are shown aong with the 95% confidence limits.

Following austenitization and a single temper in the 677 to
705 °C range, aloy E exhibited adequate tensile properties and
upper-shelf CVN energies at —18 °C, sufficient to meet MIL-
S-23008D requirements for HY-80. However, the CVN proper-
tiesat —73 °C were not achieved. The double-tempering treat-
ment at 621 °C increased CVN impact properties at both
temperatures as well as the DT energy, but the yield strength
values were reduced to below the 551 M Pa minimum specified
for HY-80. Thus, though this heat treatment |eads to satisfactory
impact properties, it did not meet MIL-S-23008D strength
requirements. The best combination of strength and toughness
was obtained upon an intercritical temper in the 677 to 705 °C
range, followed by a subcritical temper at 621 °C.

Composition/

Block 1D Dimensions (mm) Preliminary HT Austenitization Temper Second temper

E-A-1 300 X 300 X 530 Proprietary homogenization and appropriate 927 °C/6.5 h water 691 °C/6.5 h water 621 °C/2 h water
temper for removal of gates and risers guench quench quench

E-A-2 230 X 230 X 460 927 °C/5 h water 691 °C/5 h water 621 °C/2 h water

guench quench quench

Journal of Materials Engineering and Performance
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Table4 Optimum mechanical properties of alloy E

Tensile properties (room temperature)

First Second Yield Tenslle Elong. % 0 ot egergy )
temper  temper  strength strength 51 mm  Reduction in CVN energy (J) and % shear  and % sheer
Austenitization (°C) (°C) (°C) (MPa) (MPa) gauge area (RA),% —-18°C —-73°C —-40°C
927 677 None 607 869 24 71 133 £ 24100% 61 =9 28% 805 67%
621 (2 h) 538 724 27 72 195 + 11 100% 92 + 24 44% 1205 100%
705 None 690 959 18 65 121 = 8 100% 49+ 9 47% 418 43%
621 (2 h) 531 745 26 71 193 + 11 100% 91 = 3049% 1159 100%
HY-80 MIL-S-23008D
specifications
(minimum) 551 20 95 68

Microstructure and Fracture Evaluation. Microstruc-
tural examination of the homogenized cast materia reveaed
the presence of avery coarse microstructure with a prior-austen-
ite grain size ranging from 250 to 300 wm. The coarse micro-
structure may be expected due to the large size of the casting.
The microstructure also consisted of lath ferrite, surrounding
small regions of angular/blocky bcec phase, with small amounts
of retained austenite (1 to 3%).

The prior-austenite grain size of the austenitized, single- and
double-tempered material was found to have a considerable
scatter. For example, samples from single tempered material at
677 °C/1 h after austenitization at 927 °C/1 h varied from 27
to 65 um. Double-tempered samples at 677 °C/6.5 h and 593
°C/6.5 h after austenitizing at 927 °C/6.5 h showed a grain-size
range of 21 to 60 um. Thus, a direct correlation between the
heat treatment and grain size was not possible. However, the
heat treatments used substantially refined the microstructure of
the initial homogenized cast material.

Figure 2 shows the light optical microstructures (LOMSs) of
dloy E in the single- and double-tempered conditions, respec-
tively. Note that single- and double-tempered materials did not
reveal clear differencesin their microstructure, which primarily
consisted of bainite, someferrite, and possibly some martensite,
as shown in Fig. 2(b) and (d), respectively. Additionally, inde-
pendent of the heat treatment employed, the “dendrite ghosts’
of the as-cast microstructure are still reminiscent (Fig. 2(a) and
(©)). Further TEM inspection of the double-tempered specimens
by Fonda et al.'”! indicated that the microstructure primarily
consisted of ferrite laths, a highly dislocated lenticularlike bec
phase, and very small amounts of retained austenite (Fig. 3).
X-ray diffraction of the double-tempered steel indicated retained
austenite levels of approximately 0.3%.

Asanote of reference, the microstructures following similar
double-tempering treatments were examined earlier.[*8 |t has
been suggested that the improvement in toughness following
adouble temper is due to the following. During the first (inter-
critical) temper, some of the existing microstructure transforms
to austenite while the rest undergoes overtempering (softening).
Upon water quenching, the austenite transforms to martensite.
In the second (subcritical) tempering operation, the martensite
is tempered, thus leading to overall improved toughness.

In general, inspection of the CVN fracture surfaces revealed
that al samples tested at —18 °C exhibited a fully ductile
behavior (Fig. 4a). Conversely, both single- and double-tem-
pered samples tested at —73 °C had a mixture of ductile and
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brittle fracture (Fig. 4b and 5aand b), with the double-tempered
samples exhibiting more ductile behavior than the single-tem-
pered samples (Fig. 4b versus 5b). It was aso observed that
samples with a smaller and narrower prior-austenite grain-size
range, in both single- and double-tempered conditions, had a
higher CVN energy than those with a larger size distribution.
For example, a CVN energy of 75 J was obtained from a
double-tempered material (677 °C/6.5 h and 593 °C/6.5 h after
austenitizing at 927 °C/6.5 h) with a prior-austenite grain size
of 24 to 34 um. Specimens with the same tempering conditions
and a prior-austenite grain size of 21 to 52 um had a CVN
energy of only 48 J. An additional feature of many fracture
surfaces was the presence of relatively large inclusions (5 to
15 um). Energy dispersion spectroscopy (EDS) analysis indi-
cated that the inclusions were complex oxides containing pri-
marily Al, Ca, Fe, Ni, and Zr (Fig. 5¢). Their presence may
have adversely affected the impact energies and other mechani-
cal properties.

Weldability Evaluation of Alloy E. Tekken tests using
SMAW of aloy E and HY-100 using E10018-M revealed sig-
nificant differences (Fig. 6a and b). HY-100 exhibited poor
weldability with HAZ and WM cracking. This is as expected
for ahigher carbon steel welded without preheat. On the other
hand, alloy E exhibited no HAZ cracks, indicative of better
weldability. However, it had WM cracks, indicating the need for
amore “hydrogen-free” process such as GMAW with different
consumables, for instance, MIL-100S or the lower carbon LC-
100. While the MIL-100S electrode is sometimes used for
welding thin sections without preheat, in the present case, it
resulted in WM cracks and some HAZ cracks (not shown)
and, thus, was not found to be suitable. Figure 6(c) shows the
weldment of alloy E obtained by GMAW using the experimental
electrode, LC-100, which was formulated to be used without
preheat. This exhibits good weldability, as seen by the absence
of cracks either in the WM or HAZ. However, due to materia
limitations, only one valid test was performed for aloy E under
this condition, while the AWS-4.0 test procedures call for a
minimum of three. Thus, the tests were not conclusive, but
preliminary results were encouraging.

3.2 Alloy E-A Castings

Tensileand CVN Impact Properties. Thetensileand CVN
impact properties of castings E-A-1 and E-A-2, evaluated at
the T/4 location, are listed in Table 5.
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Fig. 2 Optica microstructures of aloy E austenitized at 927 °C/6.5 h: (a) and (b) single tempered at 677 °C/1 h, and (c) and (d) double tempered
at 677 °C/6.5 h + 593 °C/6.5 h. Etchant: modified Winsteads and 2% Nital
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Fig. 3 The TEM microstructure of double-tempered E-steel showing
mostly lath ferrite, some bcc-ferrite, and possibly small pockets of
austenite

Note that yield-strength values are in the range of 517 to
538 MPa and, thus, fall short of HY-80 requirements. These
may be compared to the results in Table 4, based on subscale
heat treatment of aloy E. The austenitization and tempering
treatments in both cases (alloy E subscale and alloy E-A full
scale) were quite similar. It may be seen that the yield-strength
values are in the same range (531 to 538 MPa for E and 517
to 538 MPa for E-A). At first glance, it would appear that the
aloy modifications (such as increased C and Mn) did not lead
to any significant improvement in hardenability, at least for the
section sizes under consideration.

The elongation at failure and reduction in area are quite low,
indicative of hydrogen embrittlement (HE) problems. Interest-
ingly, HE problems were not encountered in the trials done on
dloy E castings, where heat treatment was performed on 19
mm slabs cut from the castings. This appears to be a potential
problem in heat treatment of thick sections. It islikely that there
is considerable microshrinkage and porosity at the midplane of
such athick section, where hydrogen would tend to accumul ate.
If this is not diffused out or dispersed by a hydrogen-baking
treatment, HE is a strong possibility. An experimental baking
treatment of 232 °C/24 h wastried on tensile samples machined
from regions adjacent to the T/4 location. This increased the
elongation to failure to 25%, while the yield strength was unaf-
fected. Thus, this seemed to be an appropriate treatment for
eiiminating HE, at least for the thin sections employed (13
to 19 mm thick). Thicker sections might call for increased
temperature and/or holding time.

Analysis of the yield-strength values in conjunction with
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Fig. 4 TheSEM image of fractured charpy samplesof aloy E (double
tempered): (a) tested at —18 °C and (b) tested at —73 °C

the CV N energiesindicatesthat the desired combination of these
properties has not been achieved. Satisfactory CV N energies, as
seen in the case of E-A-2, appear to be combined with relatively
low yield strengths. Another feature of the impact testing was
the nature of fracture surfaces observed. Several samplesexhib-
ited an anomal ous appearance, marked by the presence of “flat
facets,” in addition to the usua ductile dimples or trans- and
intergranular cleavage. This has been referred to in the past as
“rock candy fracture” (RCF).I'¥! The reasons behind RCF are
not quite clear; it has been previously speculated that aluminum
nitride (AIN) embrittlement might be aprobabl e cause.[*¥ While
RCF can lead to lower CVN energies, another effect of RCF
is to increase the scatter in CVN energy data.

While the mechanical properties obtained from these full-
sized castings fall short of HY-80 specifications, they represent
animprovement over resultsfrom prior investigations.[* These
castings possess improved low-temperature (—73 °C) impact
properties than cast HSLA-80 and HSLA-100 blocks (Table
6). These castings could also be cast and heat treated without
any cracking problems, as encountered with the HSLA-100
composition.

Journal of Materials Engineering and Performance
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Fig.5 The SEM image of fractured Charpy samples of aloy E (single tempered) (a) tested at —73 °C, (b) tested at —73 °C, and (c) EDS spectra

of inclusion shown by the arrow in (@)

MicrostructureEvaluation. Optical microscopic examina-
tion of E-A steel castings showed that the microsegregation of
the as-cast material persisted even after homogenization and
full heat trestment. Figure 7 shows the macrostructures found
in CVN specimens taken from the 230 mm thick casting.

In general, these castings had a greater extent of microse-
gregation and a higher porosity level than the castings of alloy
E. The dendrite arm spacing, which is an indicative parameter
of microsegregation, was found to be ~400 um in E-A com-
pared to 170 to 240 um in aloy E. The reasons for this are
unclear; the modified alloy chemistry or achangein the melting
and pouring process may have contributed to some degree.

Journal of Materials Engineering and Performance

Most of the porosity was found at the dendrite ghosts of the
interdendritic regions of the castings, as shown in Fig. 7. In
addition to shrinkage porosity, other regions of the specimens
showed porosity with rounded features, which may beindicative
of gas porosity. An example is shown in Fig. 8.

The SEM examination (Fig. 9) aso reveded the presence
of relatively large clusters of REM inclusions (>10 um). The
EDS spectrum (Fig. 9b) of the REM oxide inclusions in aloy
E-A aso indicates the presence of sulfur and some aluminum.
The REM inclusions tended to be associated with porosity.

The LOM analysis indicated that the microstructure of the
steels in the fully heat- treated condition consisted primarily

Volume 10(6) December 2001—641



Fig.6 Low magnification pictures of Tekken test weldments: (a) HY-100, SMAW (MIL-10018); (b) aloy E, SMAW (MIL-10018); and (c) aloy
E, GMAW (LC-100). All tests performed at 16 °C, 82% relative humidity, 1.1 to 1.46 kJ/mm energy input

Table5 Mechanical properties of E-A-1 and E-A-2 castings at T/4 location

Tensile properties (room temperature)

Elong. %
Section size/ YS TS 51 mm CVN energy (J) and % shear
Alloy block ID (MPa) (MPa) gauge RA, % —-18°C —-73°C Comments
E-A 300 mm (E-A-1) 538 662 7 20 99 + 3435% 79+ 3135% HE in al tensiles(a)
230 mm (E-A-2) 517 717 11 22 123 £ 2250% 80 * 26 36% HE in dl tensiles
MIL-S-23008D specifica
tions (minimum) 551 20 e 95 68

(a) HE = hydrogen embrittlement

of bainite with some ferrite and possibly very small pockets of
martensite (Fig. 10).

Also, no differences in microstructure (at the LOM level)
were found between the interdendritic and dendrite areas in
this steel, except that the prior-austenite grain size at the inter-
dendritic regions appeared to be 30 to 40% smaller than at the
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dendrite regions. However, the variations observed in prior-
austenite grain size may be attributed to the large variations in
cooling rates from the surface to the center of the casting from
solidification to temperatures below Ac;.

Table 7 shows the prior-austenite grain-size ranges for
samples from heat-treated alloys E-A and alloy E. Note that
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Fig. 7 Low magnification optical microstructures of homogenized
and heat-treated (Table 3) 230 mm section thickness steel E-A

Table6 Mechanical properties of HSLA-80 and HSLA-
100 castings from literature

Tensile properties
(room temperature)

Section
Casting size Ys Ts  CVNenergy(J)
composition (mm) (MPa) (MPa) -18°C -=73°C
HSLA-80“ 150 546 625 130 9
HSLA-100¢ 300 558 703 138 57

the grain size for commercial HY-80 steel is given for
comparison.

Whilethereisalarge variation in the prior-austenite grain
size within and among the various castings, it would appear
that E-A castings have anarrower and relatively smaller prior-
austenite grain-size range than alloy E. However, both alloy
E and E-A steels have a coarser prior-austenitic structure than
the HY-80 steel, despite thelatter having alarger cross section
(note that different vendors manufactured HY-80 and E-
steels).

Largevariationsin prior-austenite grain size may be expec-
ted in castings with large cross sections. These variations
may be attributed to the chemical composition, manufacturing
practices that vary from vendor to vendor (melting, deoxida-
tion, alloying, pouring parameters, casting size, mold materi-
als, design, etc.), and homogenization treatment. The
difference in parameters, such as dendrite arm spacing and
porosity, between the two batches of castings also indicates
that the casting process was not standardized (especially for
these experimental alloys). Morework is needed to determine
the effects of casting manufacturing parameters and solidifi-
cation phenomena (microsegregation and solidification rates
within the casting) on the parent-austenite grain size. This
would help develop techniques to control the grain size for
the optimization of microstructure and mechanical properties.
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Fig. 8 Porosity in homogenized and heat-treated (Table 3) 230 mm
section thickness casting of aloy E-A: (a) light optical view and (b)
SEM view

4. Discussion

The quenched-and-tempered low-C, high-Ni steel composi-
tions (alloy E and its modification E-A) resulted in crack-free
castings. Preliminary tests suggest that alloy E can be welded
without preheat. However, neither E nor E-A achieved the
required mechanical propertiesto meet MIL-S-23008D for HY-
80 castings. Thisis perhapsindicative of alack of hardenability
or anonoptimal microstructure of the alloys studied. To address
theseissues, first, the hardenability of these steel swas evaluated
using the Jominy test,’?? in conjunction with relevant continu-
ouscooling transformation (CCT) diagrams. Second, the casting
results were compared with mechanical property data from

forgings, which were made from a casting of the same alloy
E.l2U

4.1 Hardenability

A potential factor intherelatively low mechanical properties
of these steel castings is their hardenability. This can be seen
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Fig.9 The SEM views and EDS spectra of REM inclusions in aloy E-A

from Fig. 11, which compares the hardenability for alloy E and
the HY-80 equivaent steel (A757 E2Q1 steel cast as a 350 X
350 X 1050 mm block). Note that the data presented in Fig.
11 are from samples taken from the center as well as closer to
the surface of the castings, in order to account for potential
effects of segregation. The HY-80 steel exhibits a hardness of
about 41 R¢ (Rockwell C) at the quenched end, similar to what
might be expected of a martensitic structure for that carbon
content.[?2 With increasing distance from the quenched end
(i.e., with decreasing cooling rate), there is a gradual decrease
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in hardness to about 39 Rc. On the other hand, aloy E exhibits
a considerably lower hardness than HY-80, and the hardness
throughout the sample remains practically constant (32 to 33
Rc). The lack of a significant hardness variation with distance
indicates that aloy E is insengitive to cooling rates. It is also
interesting to note that the hardness of the samples taken from
the center and those taken closer to the surface of the casting
are quite similar. Thus, segregation, if present, does not appear
to have a significant effect on the hardenability in both steels.

This relative insensitivity of hardness to cooling rate was
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Fig. 10 Optica and SEM microstructures of fully heat-treated alloy E-A casting
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Fig. 11 Jominy hardenability for alloy E and HY-80 equivalent (A757 E2Q1) cast steels austenitized at 927 °C and 899 to 921 °C for 1 h per
squared inch, respectively

Table7 Prior-austenite grain size in alloys E-A, alloy E, and HY-80 stee

Alloy E-A-2 Alloy E HY-80 casting
Casting section, mm 230 X 230 X 460 300 X 300 X 530 300 X 300 x 530 990 X 990 X 330
Grain size range, um 27-35 32-45 21-60 ~16
ASTM 7.2-6.7 7-6 8-4.7 9
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Fig. 12 Optica microstructures and hardness values of samples of aloy E-A that were controlled cooled from approximately 1000 °C: (a) cooled
at 0.5 °C/min, 332 HV and (b) cooled at 132 °C/min, 343HV. Etchant: modified Winsteads and 2% Nital

observed in alloy E-A castings as well. This was evident from
a microstructural and hardness analysis of samples subjected
to controlled fast and slow cooling cycles, as shown in Fig.
12. The microstructure of the sample cooled at 132 °C/min was
found to be predominantly martensitic with a hardness of 343
HV (~35 Rc), while that of the slow-cooled sample (0.5 °C/
min) was mostly bainitic with a hardness of 332 HV (~33 Rg).
Thus, the hardness of martensite is fairly similar to that of
bainite, perhaps due to the low carbon content of the martensite
produced and with the resultant body-centered tetragonal (bct)
structure having a low c/a ratio. The insensitivity to cooling
rate is also in keeping with the properties of the 300 and 230
mm thick castings of Table 5. This anaysis shows that the
maximum hardness values of aloy E (from the Jominy test)
and alloy E-A (from the controlled cooled sample) are quite
similar, indicating that the slight increasesin C and Mn in the
latter had no effect on promoting hardening.

The lack of hardenability may be further corroborated by
an inspection of a partial CCT diagram developed for alloy
E-Al® and overlapped with that of a similar alloy (1118) from
the SP-7 study.* IThis is shown in Fig. 13, along with the
predicted cooling rate at the T/4 location for a 125 mm and a
300 mm thick section subjected to water quench. The 300
mm thick section results in a nonmartensitic structure upon
austentization and quench from 927 °C. This correlates well
with the bainitic microstructure observed in thisaloy (Fig. 10).

Quantitative estimates of hardenability, such as the ideal
critical diameter (D,), have been established mostly for medium-
carbon steels.?? The D, is a measure of the thickest round bar
of agiven composition that will result in at |east 50% martensite
at its center, given a perfect quench. Such data are not available
for lower carbon aloys, such as aloy E. To afirst approxima-
tion, asection size of 125 mm or lessmight produce asignificant
amount of martensite, as shown in Fig. 13. However, even if a
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predominantly martensitic structure were obtained, the hardness
would not be comparable to that of HY-80. Note that the E-A
sample cooled at 132 °C/min gave a hardness of 35 R¢ (343
HV), which is lower than the hardness of 41 R at the water-
quenched end of HY-80. Thisis primarily due to the low carbon
content in aloy E.

4.2 Comparison of Casting and Forging Properties

Analysis of tensile and CVN impact properties of aloy E
in the forged condition(?! showed that the specified properties
in aloy E could be achieved by refining the microstructure and
closing porosity by forging. In this case, the forged and fully
heat-treated material had a prior-austenite grain size of approxi-
mately 18 um (8.4 ASTM) with aprimarily bainitic microstruc-
ture. The results are compared in Table 8.

Thisanalysisindicatesthat it would bevery difficult for alloy
E to meet the MIL-S-23008D specified mechanical propertiesin
thecast form. However, microstructural refinement and elimina-
tion of casting defects, such as porosity, may result in better and
more consistent properties than those observed in the castings of
this investigation.

5. Conclusions

Quenched-and-tempered low-C, high-Ni steels were evalu-
ated as potential alternatives to HY-80 castings. The focus
of the study was on optimizing the heat treatment to obtain
mechanical properties equivalent to HY-80 and evaluating their
weldability. The results of this study indicate that the composi-
tions studied were not completely able to meet the tensile and
CVN impact properties specified by MIL-S-23008D for HY-
80 cast steels. However, significant improvements in the heat
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1118: 0.0565C-0.6Mn-0.48Mo-1.75Cr-0.228i-5.3Ni

E-A: 0.061C-1.1Mn-0.57Mo-1.48Cr-0.38Si-
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Fig. 13 The CCT diagrams for aloy E-A and alloy-1118 from Ref 4

Table8 YSand CVN properties for alloy E forged at 1093 °C

Solid Diamonds - BS(1118)
Solid Diamonds - Br_(1118)

Normalizing/ Tempering Y So.200) LIT CVN at —18 °C/—84
austenitizing (°C) (°C) (MPa) °C (J) Reduction ratio
1010/927 649 594/598 206/133 31
1010/927 649 566/571 197/119 51

treatment of the low-C, high-Ni steelswere achieved. A double-
tempering treatment led to reasonable yield strength (517 to
538 MPa) and CVN energy (80 Jat —73 °C) in castings with
230 to 300 mm thick sections. This represents a considerable
improvement over the cast HSLA-80 and cast HSL A-100 com-
positions, especially with regard to low-temperature CVN
impact properties. The castings of the alloys studied were rea-
sonably sound and free of cracks, and preliminary tests suggest
that castings of this material could be welded without prehest.
Thus, while this alloy cannot be a direct replacement for cast
HY-80, there might be other potential applications for which
this could be considered. These include surface ship shaft struts
and rudder inserts with less stringent strength and toughness
requirements.
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