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and Department of Minerul Tochnolosy, College of Enpgineering,
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The utilization of high strength in materials is precluded by their
marginal toughness. An imporfant merit of a structural materizl can be
described by the relative values of the fracﬁure toughness, K:, and the
yield streﬁgth qy@. For most available materials the reliability ratio

s
Kc/cyS drops below unity at yield strengths above 200,000 psi. Thus,
an important goal of the metallurgist becomes that of developing microe-
structures in alloys such that the reliability ratio is maintuined ot
‘unity to.higher strength levels. This note describes the production of
such microstructures in alloy steels with yield strengths approaching
275,000 psi.

The strengthening process chosen for this study was that of dynumic
strain aging, in which small strains are applied to martensitic stucls
in the range between room ténperature and the tempering temperaturc. The
‘reason for utilizing this process was two-fold: (a) Prior intormation on
dyrnamically strain aged H-1l (5Cr-0.40 carbon die steel) indicated that
large yield strength increases could be obtained without any loss of
ductility and () stable load-elongation curves werc obtained os obposed

to the yield instability assoclated with conventional strain uging.
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Three low alloy stcels were studied in both the quenched and tompercd
and ausform conditions. The composilions are shawn in Table I. The
austenitining Lamperaﬁures were the same for both conditions: 900°C for
Hy~Tuf and D6aC, and 1040°¢ for 5M21. The ausform stecls, reduced 0%
by rolling, were deformed at 595°C, 565 C, and 620°C for Hy-Tuf, DéaC,
and 5M21, respectively, and oil quenched. The conventionally heat treated
sheets were 0ll quenched directly from the austenitizing temperature. All
steels were tempered twice for two hours at 205°C. The shects were strained
at selected temperatures by pack rolling in order to achieve uniform strain.
The aétual temperature during strain, as determined by a contact pyrometer,
was estimated to be within  10°C of the reported value. Measured reduc-
tions in thickness were 2-1/2 %1% for the ausformed steels and 6 % 1%

‘for the quenched and témpered steels.

For screening purposes, pre-~cracked Charpy specimens were tested for
each condition. From these and the tensile data, conditions for "wide-
plete" fracture toughness tesfs were selected. For the wide-plate tests,
nominal 5" x 16"pieces were processed to the desired conditions. Both
the ink;' and calibrated displacement gauge methods were utilized. The
results obtained.w?th the ink method were approximately 30% lower than
those obtained with tﬂe displacement gauge. The former results are re=
ported hére for comparison with published data.

Strength, ductility, and toughness were measured as a function of
straining and tempering temperatures. Structural observations were made
on the strained and unstrained steels.

The fracture toughness of the ausform steels as a function ofistrain :
temperatuces is shown in Fig. 1. In.the early stage of this investigation

a hizh incidence of plastic instabilities in tensile tests was observed
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TABILE I

c Cr Mo s N Mn Si

Hy Tuf 0.25 0.30 0.%9 1.74 1.35 1.25
DHAC ' 0.26 1.14 0.99 0.02 0.54 0.70 0.22
521 0.19 0.48 2.9% 3.02 0.49 0.36

for those specimens strained at low temperatures. TFor this reason, no
tests were made on statically straln-aged material. However, the observed
trend of increasing KC with decreaéing strain temperature implies that the
fracture toughness cannot be simply related to the stress-strain curve.
These wide-plate resulﬁs suggest that static strain aging should nct be
neglected)as a.useful strengthening process. The above conclusion is
based on the results obtained with the relatively low strain rate of the
wide-plate tests.

The yield strength of the strain aged ausform steels is shown as a
function of the strain temperature in Fig. 2. The curves in the figure
represent the upper and lower limits of the variation in yield strongth
with final tempering temperature. The mean value of the strength increase
was about 140,000 psi or 25%.

A compilation of the fracture and strength dataza on conventional
quench and temper steels and the best commercially available ultra-high
strength stgels is shown in Fig. 3. A reliability pldt of Kc/dys Versus
the yield strength'is shown with the data of this investigation superimposed.
Two points are immediately apparent: (1) that above 250,000 psi the strength-
toughneés combination of the dynamically strain-aged wusform steels is sup-

erior to that of the best steels developed to date; (2) that the slope of



the curve is small, suggesting that high toughness might be maintained to
strength levels as high as 300,000 psi.

Of the ausform materials with a yield strength greater than 247,000 psi,
there were four with a plastic instability and four with normal work hard-
ening behavior. For the former, the average yleld strength wus 268,000 pai

. - . 1fe e ) _
and The aversge K, was 259 ksi-in. , while for the latter the average
. X .,h,.l/E e
values were 254,000 psi and 247 ksi -in. . Thus, within these experimental
conditions, the reliability factor, Kc/cys is not simply related to the
shave of the static stress-strain curve.

The effect of dynamic strain aging on the yield strength of the
guenched and tempered steels is shown in Fig. 4. By appropriate choice
of strain and tempering temperatures, the strength of guenched and tempercd
was increased by aboutl h0,000 psi, i.e., to the base strength of the

1

ste

&
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ausform steels, as is shown for Hy-Tuf in Fig. 5.

The toughness of all materials was investigated with pre-cracked Charpy
aricet apecimens. For the ausform steels, where wide-plate resulis were
avallable, there Wa g nd satisfactory correlation between the two types of
tﬂsﬁs.. A deﬂailed cqmparison §f these results will be publis’hed.5

Preliminary sfruotural studies using carbide extraction replicas in-
dicated that a new carbide dispersion is produced by dyanmic strain aging.
Microgrgphs of the unstrained and strained ausform DbaC are shown in Fig.

6. The observed particle spacings are ‘oo large fo account for the sirength
by an Orowan-type mechanism. The rold of these particles in the strain aged
steel may be similar to that of alloy carbides formed during ausforming.

L . .

Thomaz et al. suggest that the carbides act both as dislocation sources

m

cnd as barriers, effectively increasing the dislocation density. Xoh and

)

asile have observed in iron carbon alloys that dynamic strain aging

£l



vroduces a finer carbide digpersion and a higher dislocation density than
either quench aging or static strain aging. Thus, the primary stroengthen-
ing mechanism in dynamic strain aging may be that of increased dislocation

density rather than dispersion hardening.
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Fig. 1

Fig. 3

Fig. 5

TABLE I

FICURE CAPTIONS

The fracture toughness (Kc7 of the ausform steels as a function

of strain temperatures.

‘The yield strength as ,a function of strain temperature for

several tempering temperatures for the ausform steels.
Fracture resistance ratio (Kc/cys) versus yield strength for the

best commercially available ultra-high strength steels. Data

. points are from this investigation.

The.yield strength as a function of strain temperature for
several tembering ﬁemperatures for the quenched and tempered
steels.

A comparison of the yield strengths of dynamically strain aged
gquenched and tempered and ausform Hy-Tuf as a function of strain
tempefature.

Carbide extraction replicas of ausform D6aC: left-unstrained;

right-strained at 225°C.

Composition of Alloys
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sponsored work. Neither the United States, nor the Com-
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or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






