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: The strengthening mechanismc in maraging
b steel have been invtst!.gltod by Crucible Steel
Company of Americe.ll)

N A varlety of iron-nickel binary, ternsry,
quaternary, and more complex alloys of high purity
weze explored for detailed fine structural and
property correlations. First, the individual
° effect of each of the various elements in the
18-percent nickel maraging steels was clarified.

w This Linvestigation was related to the effects of

these elements on the matrix structures, stacking
faults, snd martersite morphologys the role of
interaction of precipitates and substructures was
also evaluated.

From their investigations of the 18Ni-Fe-
based ternary and quaternary alloys, the investi-
gators made the following concluslons.

A cobalt addition. to iron-nickel binary al-
loy produces no solid-solution hardening, but does
produce a small amount of age hardening. A
molybdenum addition to the iron-nickel alloy pro-
duces significant solid-solution hardening and
age hardening. Simultaneous additlions of cobalt
and molybdenum to the iron-nickel binary alloy
produces hardening responses analogous to those
obtained by adding the individual elements, and
their cumulative effects are additive but not
synergistic. Also, ccntrary to previous claims,
grain-boundary precipitates do occur in
molybdenum-containing alloys.

Diffraction and quantitative (corrected)
electron-probe data on extraction replicas show
that Ni,Ti, oFeMo, and possibly NiAl are the age-
hazdening precipitates in 18 percent nickel-iron-
base alloys containing single additions of
aluminum, titanium, snd molybdenum, and additions
of molybdenum plus cobalt. The calculated
utaichia-otric(conpositio;: of(thonc intnfnctallic
compounds are (Nin Feg 3)Al; (Nij oFen,))TH,
{Nig,3Fe0, 7)Mo, :?ta (Nig,4Fe0,6C00 05)Mo for the
precipitates of these alloys in the iron-nickel-
aluminum,iron-nickel-titanium, iron-nickel-
molybdenum, and iron-nickel-molybdenum—columbium
alloys, respectively. Electron-probe data show
that cobalt does not enter the precipitated phase
to any extent. Fine structures of these alloys
show cobalt to decrease the precipitate growth
rate. Precipitates in the iron-nickel-based
sllcys do not asppear to coalesce to any extent,

probably because of the lower A% temperstures of

the alloys compared with most steels.

The investigators showed that the effect of
cobalt on matrix strengthening was based on the
lowering of the stacking fault energy (SFE) of the
matrix by cobalt. The lower SFE was shown by
observations of small cell size and increased twin
frequency in the cobalt-containing alloys. The
lower SFE discourages cross siip and retards cell
growth. Thus, the average dislocation density is
incressed, which provides more numerous nucleation
sites for precipitates. The resulting increased
barrier to dislocation movement causes the observed
hardness increase.

STRENGTHENING MECHANISMS IN WIRE PRODUCTS

In another program conducted at Crucible
Steel Company of America, the strengthening of a
wide variety of alloys, ranging from plain carboF
steels to superalloys, in wire form was studied. 2)
Emphasis was placed on eutectoid carbon steel (0,90
percent carbon) and on AFC77 intermatallic--compound-
strengthened stainless steel.

In the plain carbon eutectoid steel, de-
creasing the isothermal transformation temperature
and, thue, the interparticle spacing, resulted in
the maximum attainable strength after severe cold
drawing. The maximum strength obtained was 580,000
psi. Progressive drawing of wire with an initially
lamellar pearlitic structure led first to the
alignment of the lamellae in the longitudinal
direction; in later stages, a gradual decrease in
the interlamellar spacing and in the width of
lamellae was observed. Studies on quenched and
tempered (martensitic structure) plain-carbon steel
showed that the carbide particle size and the inter-
particle distance (controlled by tempering tempera-
ture) had a critical effect on the maximum sttainable
strength and drawability of the wire. An optimum
combination of strength and ductility was obtained
after tempering st 800 F.

The investigators proposed a deformation
mechanism described in terms of interactions among
the basic variables of carbon aveilability, carbon
mobility, and dislocation mean free path. The
model involves dissolution of carbon from the
initial carbide particles, migration of carbon,
snd interaction of carbon with dislocations. This
mechanism slso &ppears tc be applicable to
intermetallic-compound=-gtrengthened steels in
which diffusion of a substitutional alloying
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olemont (zather than carbon) is needed for dislo-
cation pinning.

Studies on APC-77 precipitation-hardenable
stainless steel showed that s remarkeble
offect is derived from judicious
ocombinstions of drawing and aging. Room-temperature
tensile strengths up to 530,000 o3l were developed;
this dram=plus-sged strength is about twice the
strength level attalnable by heat treatment alone.

The ultrahigh strength level of AFC~T7 wire
was retained upon exposure st elevated temperstures.
Por example, at 1100 F, APC-77 wire had & tensile
strength of 307,000 psi and a 10-hour creep~-rupture
strength of 170,000 psi. 1In fact, the lO-hour
creep-rupture strength at 1100 F is about the same
as the tensile strength of optimally heat-treated
bar meterial at this temperature. The AFC~77 wire,
sucessively drewn and sged, sppears to have excel-
lent potential for elevated-tesmperaturs structural
usej for example, ss the high-strength heat-
sesistant component in advanced composite materials.

The investigators at Crucible Steel slso re-
ported that cryogenic drawing of Type 302 austeni-
tic stainless steel wesulted in a substantially
highe- rate of strengthening than was possible
with room-tempersture drawing. Although room—
tampersture tensile strengths of about 400,000 psi
were ultimately obtained Dy drawing both at -320 F
and at room temperature, 8 given strength level
was obtained by considerably fewer passes by
cryogenic drawing than by ambient-temperasture
dtl'lnq.

Cryogenic metastable sustenite deformation of
i 3in=23)1 steel was slso investigatsd. The results
.show that the cryogenic drawing resulted in an
' spprecisbly greater degres of strengthening than
drawing a% room temperature (from 50,000 to 250,000
psi versus 50,000 to 130,000 psi at 83 percent
reduction in diameter). The wire drawn st room
temperastuzre remained essentially austenitic after
drawing; only a very slight magnetic response was
indicated after more than 80 percent reduction in
dismeter. On the other hand, the cryogenically
drewn wire indicated magnetic response early in
the deformation process.

This working at cryogenic temperatures should
result in a mertensitic structure finer than could
be produced in any other way; consequently, a
strengthening effect would be expected.

Seversl trestment sequences were spplied to
the 18 percent marsging steel. As on AFC-77,
cumulative drewing and aging treataenis had a
beneficial effect on strengthening this steel;
450,000 psi tensile strength was ultimately attsined.
Also ,WF-11 (HS-23 or L-603) cobalt=base superslloy
wes strengthened to the 430,000 psi level cold
drewing in the solution-annesled condition.

SIARGTHRNING 9M1-4Co STEELS EY THERMCMECHANICAL
JARADGNIS

Investigators st Manlabs are studying thermo-
mit” treatments spplied to ultrahigh strength
steels. Emphasis 1is belng placed on the optimi-

gation of the effects of sustenite deformetion and
strain-tempering processes in 9Mi-4Co steels to
provide strength incresses with adequate toughness.

They have chown that strain tempering was not
detrimental to the fracture toughness { impact

energy and Kyc)of 9N1-4Co-0.45C steel (martensitic) -

when evalus on the basis of constant yleld
strength. In fact, the yleld strength msy be im-
proved by strain tempering sbove the meximum value
obtainable by conventional heat trestment without
further decresse in Kj.. Materisl that was aus-
formed 30 percent at 1300 F and then tempered at
400 F displayed & yleld strength of 292,000 pst
with plain strain fracture toughness, Kic = 65,000
si/inch. Alsc the plain strain fracture toughness
fxu) of 9Ni=4Co-0.45 steel (martensitic) produced
by ausforming was superior to that of conventionally
heat trested 9Ni-4Co-0.45C steel (martensitic) of
equivalent strength levels.

The effects of deformation of metastadle
sustenite in 9Ni~-4Co~0.25C steel were also studied.
It was reported that the 0.25C steel displayed
higher fracture toughness than the 0.45C steel at
equivalent strength levels. At the 250,000 psi
yleld-strength level (asusformed %0 percent and
tempered at 400 F), this material had Ky, = 88,000
psi/inch.

Ausforming and strsin-tempering treatments
were then combined in processing the 9Ni-4Co-25C
steel. The total strengthening was found to be
spproximetely equil to the sum of the strength in-
creases schieved by employing these processes in-
dividuslly and resulted in an incresse in yield
strength from 206,000 to 326,000 psi. Ausforming
S0 percent at 1200 F improved the yield strength
from 206,000 to 249,000 psi while strain tempering
25 percent with pretempering and retempering temper-
atures of 400 F increased the yield strength from
206,000 to 292,000 psi (sum of the individual in-
creases equals 129,000 psi). The effect of the
combined treatments is particularly significant for
this alloy since the strengthening achieved by aus-
fonlung tends to reach a limit at %0 percent defor-
mnation.

The investigators proposed a dislocation-
trapping model for the mechanism of strain
hardening. The crestion of dislocations by deforma-
tion results in an immediate stress—induced ordering
about the dislocation line of the carbon atoms
existing within s critical intersction radius.
These trapped carbon atoms then diffuse towards the
line of the dislocation due to the elastic strain
field. The carbon gradient created between the
depleted region in the interaction zone and the
outer unaffected region causes csrbon diffusion
into the interaction zone and consequently further
trapping. Carbide re~solution will occur in order
to build the matrix composition back up to the
equilibrium value. The carbon being pumped back
intu s2lution may continue to be depleted from the
matrix by being atiracted towara the dislocations.
The dislocation density and dlstribution and the
pretempering and retempering temperatures all play
a role in the extent of carbide re-solution that
occurs.

The dislocation trapping model successfully
accounts for the influence of carbon content,
degree of deformation, pretempering temperature,
and retempering temperature on the strength and
microstructure of strained tempered martensite.

— ——

s P g




e gt o e+

SIRENGTHENING VLTRAHIGH. STRENGTH SIEELS JY
RUPLEX STRESS AGING

Stress-aging treatments consist of heating
slloys that are composed wholly, or in major
part, of a solid-solution phese (or phases) for
correct times at suitable temperatures while the
material is subjected to esscntially elastic
stress from an external load.

As reported in the November 10, 1965,
Review of Recent Developments - High Strength
Steels, investigators at Watervliiet Arsenal
showed that single stress-aging treatments ef-
fected considerable improvements in the standard
tensile properties of four ultrshigh strength
steels (AISI 4340 air melted, AISI 4340 vacuum
melted, AISI 433% Si-modified, snd 300M steels)
without significant losses of elongation, re~
duction of ares, or relative toughness (the energy
absorbed during plastic deformation).

These investigators have continued their
work and have reported the effects of duplex
stress-aging treatments on three ultrshigh strength
steels (AISI 434? vacuum melted, 4333-Si modified,
and 3G0M steel).(4) The first stress-aging
treatment in the sequence developed the cspacity
of the materisls to withstsnd the considerably
higher stresses used in the second treatment,
while still avoiding destructive creep.

The investigators concluded the followings

(1) while duplex stress aging develops further
increases in the strength properties of
vacuum-melted AISI 4340 steel, the yleld
strength is increased by only 15,000 psi
snd the relative toughness is decreased
by 20 percent. On the basis of economics
and mechanical-property improvement, stress
39ing was not considexed justified for this
steel. This conclusion probably applies
to sir-melted AISI 4340 steel also because
it is somowhat inferior in reiative tough-
ness to vacuum-melted AISI 4340 steel on
the basis of standard heat treatments.

(2) Duplex stress aging usefully improves
the strength properties of 4335Si-modified
steel and 300M steel to a greater degree
than does single stress aging. The
optimum duplex stress aging treatment and
resultant tensile properties of these
steels are shown in Table 1.

(3) The duplex stress aging capscities of
these alloys appear to be directly related
to their respective carbon and silicon
contents.

(4) On the basis of yleld-strength-to~density
ratios, stress aged and duplex siress
aged 4333Si-modified and 300M steel
become competitive with titanium alloys.

Investigators at Battelle Memorial Institute
are studying the structursl changes, assoclated
with delayed failure, in high~strength steels due
to the effect of stress snd corrosive environments

N it

on its crystal and grain structure.(3) Since the
cathodic portion of the corrosion reaction will
produce hydrogen, its role in the delayed failure
mechanisa has been of major interest tc this pro-
gram.

Preliminary work on the effect of spplied
stress on hydrogen absorption during cethodic
charging of low-strength ferritic (1300 F temper)
and high-strength martensitic (400 F temper)
structures of AISI 4340 steel have indicated the
following:

(1) With no sppliec :ii.se the ferritic
structure of AISI 4340 steel absorbed sbout
three times as much hydrogen ss the marten-
sitic structure of AISI 4340 stesl during
8 17~hour charging in & arsenic-saturated
2=volume-percent !17&5 solution st a current
density of 0.5 smp/ft<.

{2) During a fiftesn-minute charging, dboth
structures sbsorbed about the same mmount
of hydrogen with no spplied stress and st
stresses up to about 25 percent of their
tensile strengths.

(3) The amount of hydrogen absorbed during e
15-minute charge i.creased for both structures
with increasing spplied stress. When the
spplied stress exceeded 30 percent of the
tensile strength of the epecimens, the
hydrogen sbsorbed in 15 minutes greatly
exceeded the amount absorbed during 17
hours of charging with no appiied stress.

(4) At applied stresses above about 25 percent
of their respective tensile strengths, the
specimens with a mertensitic structure
sbsorbed significently more hydrogen thsn the
specimens with a ferritic structure.

Under the experimental conditions smployed,
1t was not possible to study the effects of
applied stresses greater than 34 percent of the
tensile strength for specimens with martensitic
structures because all specimens falled in less
than 15 minutes of charging at these higher applied
stresses.

The investigators suggest that the increased
hydrogen sbsorption by the martensitic structures
at applied stresses greater than 25 percent of the
tensile strength may result from defects produced
by the stress or opening of existing defects to
alloy easier entry of the hydrogen. Alternatively,
they suggest that these spplied stresses Tesult in
sufficient straining of the lattice to enlarge the
interstitial hole size sufficiently to accept 2
hydrogen ion. An spplied stress of 34 percent of
the tensile strength, correcting for effect of
residual compressive stresses resulting from heat
trestment; would r:sult in & lattice strain of sp~
proximately 3 x 10=J. Calculations of the inter-
stitial hole size in the iron lsttice show that s
strain of this magnitude would enlarge the hole size
sufficlently to acoept s hydrogen ion. Thus, hy-
drogen absorption of this steel msy result from
lattice strains rather than enlargement of defects.
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TABLE 1. TENSILR PROPER OF DUPLEX STRESS AGED 4333-84 MODIFIED

AND 300M STEEL\4

1timate
Proportional 0.1 X 0.2 % Tensile Blongation, Reduction
Lisit, Offset, Offset, Strength, percent in of Ares,
A.L _Rli— ] .

—atazia) __ ____ Condition -1 .

4335-81 Modified Standerd'® 170,000 198,000 210,500 287,000 13 o
4335-81 Modified Duplex Stress aed® 270,200 274,95 240%  274,9% 9 2
2005 Siznossr” 130,007 224,000 236,000  282.%00 1 37
300M Duplex Stress Aged'® 200,000 298,800 208,800 299,370 9 34

ZI’ Hest treatment; normslized at 1600 P, 1 hour, sir cooleds austenitized 1350 P for 2 hours, oil
quenched; tempered st 600 F for 3 hour+, air cooled.

(b) Duplex—stress-aging treatment: 300 F for 1 hour, applied stress, 175,000 psi; 330 F for 1 hour,
spplied stress, 215,000 psi.

(c) Heat treatment:s normalized at 1630 F for 1 hour, air cooled; sustenitized st 1650 F for 2 hours,
oll quenched; tempered at 600 F for 3 hours, sir cooled.

(d) Duplex-stress-aging treatments 600 F for 15 minutes, applied stress, 175,000 pei; 600 F for 13
sinutes, applied stress, 220,000 psi.
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