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ABSTRACT

This study has examined the effects of various elements on the
notch bend fracture toughness and Charpy impact behavior of a 0.35%C,
3%Ni, Cr-Mo-V martensitic steel having a room temperature yield strength
of approximately 160-180 ksi. A classical approach was used in the
design of alloys which permitted a direzt evaluation of single element
effects rather than interactions,

The elements C, Mn, Si, Cr, and Mo raised botk the notch bend
fracture mode transition temperature and the Charpy V-notch transition
temperature (100% fibrosity criterion). |In amounts above that required
for deoxidation and grain refinement aluminum degraded the transition
temperature and toughness slightly, A minimum toughness occurred at a
vanadium content of 0.1%. OJver the entire range of compositions examined
(1.26 - 6.23%) nickel decreased the transition temperature and improved
toughness at the lower test temperatures.

Charpy sheif energy, Cy (max), and fracture toughness, Kmax (at 75°F),
did not correlate well with work hardening axponent (n). Good agreement
was obtained however when these parameters were plcited versus true frac-
ture strain. At -321°F, toughness was essentially fracture strain inde-
pendent suggesting that a critical strain criterion based on fracture
strain is valid only when fracture is fibrous.

A comparison was made of measured K. calculated from tensile data
using the Hahn-Rosenfield model K¢ =(2/3EYE*n2)'/2, where E = Youny's
modulus, Y = yield strength, " = true fracture strain, n = work hardening
exponent. The results indicated tha: the increased contribution on non-
ductile fracture which accompanies increases in strength and/or decreases
in test temperature in low alloy steels can l2ad to large errors in the
predicted toughness.
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FOREWORD

This report, TRW ER 7217-1, presents the final results of a
program performed by the Materials Research Department of the TRW
Equipment Laboratories for the Army Materials and Mechanics Research
Center under contract DAAG 46-67-C-0171. The work was conducted by
€. Vishnevsky and E. A. Steigerwald. F. R. Larson was program
director for AMMRC,

An earlier phase of this program, 'Literature Survey on the
Influence of Alloy Elements on the Fracture Toughness of High

Strength Steels,' was published in February, 1968 as a separatereport
AMMRC CR 67-13(F).
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I INTRODUCTIUON

Although numerous high streng:h low alloy steels are currently
utilized in applications requiring good toughness, relatively little
systematic information exists on the effects of compos:tion on tough-
ness properties. The major factors contributing to this s.tuation
are the complexity of steel compositions, heat treatment and structure,
the variety of toughness tests which complicate efforts at establishing
meaningful cross correlations between parameters, and in many 1nstances
an insufficient appreciation for relationships between laboratory tests
and service performance.

An i1mportant problem area involving low alloy steels 1s gun
tubes for 175 mm cannon. At the present time no compositional require-
ments are specified for this application. Instead, certain yield
strength, ductility, and Charpy impact test requirements are used with
th~ chemical composition being the respons:bility of the commercial
steel producers (1,2). The normal yield strength of these steels is
in the range of 160-180 ks The application 1s particularly severe
and cracks usually initiate at rifling marks after a few rounds The
propagation of these cracks under cyclic stresses poses a serious prob-
lem in reducing useful tube life by promoting catastroph.c failure. To
date, effective methods of eliminating the early initiation of cracks
have not been developed. The problem is therefore one of controlling
the rate of crack growth and minimizing the probabi!ity of catastrophic
brittle failure

The gun tube problem involves crack growth i1n th.ck sections (i.e.,
under plane strain conditions), and lends rtself to analysis by linear
elastic fracture mechanics. The understanding of fracture toughness is
most advanced regarding crack propagation under plare strain conditions
and test methods are available for measuring the plane strain fracture
toughness, (KI }. In addition to defining critical crack size under
tensile loading,experimental data exists for gun tube steels which show
that the rate of fatigue crack propagation 1s inversely related to the
K, (3). Thus, a large value of K, ndicates that fatigue crack growth
rate 1s decreased and a larger crack can be stable before the onset of
rapid crack propagation.

The Charpy V-notch impact test, however, prov:ides a less direct
evaluation of toughness as required for this application. 'n particular,
it measures both energy for crack »n:tiatron and propagation in a section
which is appreciably th nner thar the gun tube The presence of shear
lips in broken Charpy specimens does not accurately reflect the flat,
macroscopically shearless, crack propagation in thick sections. It 15
also important to note that the Charpy impact test, which has been




valuable in toughness studies of low strength steels, becomes in-
creacingly insens:tive as strength increases. It is thus rzasonable
to expect that an analysis of steel composition requirements for
large gun barreis using recent fracture mechanics knowledge will
provide more insight into material behavior than approaches depending
on conventional toughness tests.

The present program was d.vided into two stages. The first con-
sisted of a review of the literature on the effects of alioying elements
on toughness of low alloy steels. The results of this survey have
been presented in separate form {(4). The conclusions of this work
were as follows:

1. The low alloy ma "tensitic steels should be used with the
lowest possible carbon content consistent with harden-
ability and strength level requirements.

2. Oxygen, nitrogen, phosphorus, sulfur, and the tramp
elements are all detrimental to toughness and should
be maintained at minimum levels.

3. Nickel is an alloying element which improves fracture
toughness.

4, Manganese is an alloying element which has a detrimental
effect on the fracture toughress of the high-strength
steels,

5. Although the data are not systematic, the carbide formers,
chromium, molybdenum, and vanadium, produce no consistent
effect on fracture toughness when added in the normal range
of compositions used in the high-strength steels. Molybdenum,
however ,can be beneficial for minimizing the effects of
reversibla temper embrittlement.

6. Silicon effectively retards the tempering reactions which
promote irreversible (500°F) embrittlement. When used with
vacuum melting, silicon improves the fracture toughness of
4340 steel at the high-strength levels,

7. Fracture toughness is improved when the desired hardenability
is obtained by a combination of alloying elements rather than
a single alloying element, provided that nickel is one of
the principal additions.
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8. The superposition of a secondary hardening mechanism which
involves precipitation of copper, aluminum, or complex
carbides in a 0.30 - 0.40% carbon martensite does not
improve the fracture toughness at the higher strength levels,
At the lower strengths however (below approximately 215 ksi
tensile) there may be some advantage in the use of a pre-
cipitation hardening mechanism involving copper or the use
of secondary hardening with complex alloy carbides.

These conclusions suggest the validity of applying certain general
principles to alloy steel development from a fracture toughness viewpoint.
They cannot be applied rigorously to any specific alloy composition but
rather serve as guidelines for more detailed work on particular steel
types.

Based on the results of the above literature review, an experi-
mental program was adopted which permitted the systematic study of
compositional effects on toughness in a typical gun steel having a
room temperature yield strength of 160 - 180 ksi. The base steel
chosen for this portion of the investigation had a nominal composition
of 0.35%C, 0.65%Mn, 0.35%Si, 0.85%Cr, 3.0%Ni, 0.30%Mo, 0.10%V. The
effects of all these elements together with aluminum were examined by
varying individual elements around the base composition. This
classical approach permitted adirect evaluation of single element effects.
The objectives of this portion of the program were to define the in-
fluence of the various alloying elements on fracture toughness as a
function of test temperature and explore the possibility of relating
standard tensile properties, as affected by composition, to fracture
toughness. The program also sought to establish correlations between
fracture toughness and the conventional Charpy V-notch impact test.




{1 MATERIALS AND PROCEDURE

A total of nineteen experimental heats of steel were evaluated. ' %
The list of compositions in Table | shows two base heats and seventeen :
other steels in which individual elements were varied deliberately E

from the base composition. Three compositional levels were obtained
for C, Mn, Si, Cr, Mo, V, and Al while four levels were examined for
Ni. These are listed below:

Element Weight %

o 0.28, 0.35%, 0.4 }
Mn  0.21, 0.65%, 1.5

Si 0.06, 0.36%,  1.38

Cr 0.51, 0.82%, 1.61

NP 1.26, 2.83%, 445, 6.23

Mo 0.13, 0.30%, 1.0k

v <.0l, 0.10%,  0.28 ‘
Al 0.033*, 0.13, 0.34 i

* average of two base heats

The range of compositions examined was based primarily on harden-
ability requirements and anticipated response to heat treatment.

The steels were vacuum induction melted in an alumina lined furnace.
Heats weighing approximately 40 pounds were cast into zircon ingot molds
invested in steel shot to provide a rapidly solidified cast structure.
The upper portion of the ingot molds was wrapped in a ceramic blanket and
exothermic hot topping was applied after a solid skir had formed on thz
ingot surface. The specific melting practice used is given in Table 11
and a sketch of the ingot casting setup is shown in Figure 1. The ingots
were hot worked by forging between flat dies using a 7 to 1 reduction.
The forged prcduct was approximately 2 1/2" wide x .6'" thick.

The forging practice, outlined in Table 11|, involved appreciable
redundant working to aid in breaking up the cast structure.

After forging all steels were cooled in air, normalized | hour at
1650°F, and spheroidized for 12 hours at 1300°F. Specimen blanks were
cut from the forged plates, austenitized for 1/2-3/4 hours at 1550°F
and quenched in agitated oil.The tempering treatment consisted of a
double temper of 1+1 hours at 800°F for all but the 1.38%Si alloy which
was double tempere” for the same length of time at 1050°F in order to
avoid the shift in the 500°F embrittlement range which occurs in high
Si steels. The choice of these tempering conditions was based on pre-
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TABLE 11

Steel Melting and Casting Procedure

Furnace - Vacuum Induction, 507 Capacity, Alumina Lined Crucible

Charge electrolytic iron (4' dia. bars previously cast from
vacuum melted electrolytic Fe in fiake form), Ni, Mo, Cr &nd
.21%C as graphite rod.

Evacuate chamber; at first sign of melting fill chamber with argon to
1/2 atm . pressure.

After meltdown, cool bathuntil surface freezes then melt
under low power to establish reference melting point tempera-
ture with optical pyrometer.

Initiate C boil by reducing pressure gradually. Initally
maintain temperature at 50°F (optical) above melting point;
near end of boil superheat is approximately 100°F (optical).
After pressure of 504 was achieved, an additional 12-15 min.
were required to reduce pressure to the 10-154range.

After pressure of 10-154 is reached, add Fe-Si.
Backfill chamber with argon to 1/2 atm. pressure.

Add remainder f C, permit to dissolve, raise temperature
to 125-150°F (optical) above melting point.

Add Fe-Mn and Al(single addition of Fe-Mn wrapped in aluminum
foil).

Pour at approximately 150°F {optical) superheat into zircon
mold (see Figure 1). Entire mold setup was baked at 400-600°F
and inserted hot into furnace chamber immediately before Step I.

| minute after solid skin forms on ingot surface, furnace
chamber is opened and exothermic hot topping added.




ZIRCON MOLD
(MADE BY LOST WAX PROCESS)

EXOTHERMIC
HOT TOPPING

HOT
ToOP

CROP LINE

ST FORG ING
S STOCK

COARSE REFRACTORY
GRIT

1" THICK CERAMIC
L~ FIBER BLANKET

1L STEEL CAN

h'//, PACKED STEEL SHOT
- (APPROX. 1/16' DiAM.)

Figure 1. Setup used for casting steel

ingots.




TABLE 11

Forging Practice

Heat Ingot at 2100°F for 2 hours; Forge on 150 ton
hydraulic press between preheated flat dies, no
lubrication.

Forge ingot (apprc-imately 4'' round, Figure 1) to
3'" square; reheat (2100°F).

Forge 3" square to 2 1/2" square; reheat (2100°F).
Forge 2 1/2" square to 2" square; reheat (2000°F).

Forge 2" square to | 1/2'" thick x 2 plus" wide;
reheat (2000°F).

Forge 2 1/2"(plus) width to 2 1/2"; reheat {2000°F).
Forge 1 1/2'"(plus) thickness to 1", reheat (2000°F).

Forge 1'' thickness to .650''; reheat (2000°F).

Forge 2 1/2" (plus) width to 2 1/2"; reheat (2000°F).

Repeat steps 7 and 8.

Cool bar in still air.




liminary heat treatment studies which indicated that the 800°F tempering
temperature (and 1050°F for 1.38% Si) produced desired strength levels,
small variations in hardness between steels and a reasonable assurance
of avoiding both the 500°F and temper brittleness ranges.

Three types of specimens were machined from neat treated bars. The
dimensions of tensile and notch bend fracture touchness specimens are
shown in Figure 2. Standard Charpy V-notch impact specimens were taken
from the broken halves of notch bend bars. The orientations of test
specimens and directions of crack extension relative to the dimensions
of the forged bars are illustrated in Figure 3.

Tensile tests were conducted at temperaturs of 75 to -321°F using
a 60,000 pound capacity hydraulic testing machine at a crosshead speed
of .01 inches per mirute. An air environment was used for 75°F while
the lower temperatures were achieved with ethyl alcohol and liquid
nitrogen mixtures. |In addition to the standard tensile properties such
as tensile strength, .2% offset yield strength, reduction in area, and
percent elongation the work hardening exponeni, n, as used in the equation
c =Ae  (o=stress, A=constant, e=true plastic strain) was evaluated. A
1.0 inch gage length knife edge creep extensometer was adapted to provide
chart records of load versus elongation curing the entire tensile test.
Only the portion of the stress-strain curve preceding maximum load (necking)
was used to calculate n. The instantaneous stress was calculated using
the instantaneous load and an area computed assuming a constant volume
contribution from the plastic component of the elongation together with
a slight correction because of an elastic Poisson contraction of the
specimen diameter.

In most cases at least five values of stress and true plastic strain
were obtained from the load-elongation curves. The work hardening co-
efficient or slope of a log o-log ¢ plot was obtained from a linear
regression analysis of the data. The standard deviation in n, and

linear correiation coefficient of X-Y (c-€) were generally such
as to iRdicate excellent straight line fits, thus supporting the use of
a o= Ae strain hardening relationship to define n. All log o-log ¢ data

were also plotted munually as a precautionary qualitative visual check
of the calculated results.

Complete tensile data were not obtained for all specimens tested
because occasionally at low temperatures premature brittle failures
initiated under the extensometer knife edges. These failures always
occurred after maximum lcad was reached so that acceptable yield strength,
tensile strength, and n values were obtained. However, under these con-
ditions, ductility data were incorrect and additional specimens were
tested without the extensometer in order to generate valid results. These
extra tests yielded duplicate tensile strength data but not yield strength
or n values,
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Figure 2. Dimensions of tensile and fracture toughness specimens.
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Notch bend tests were performed using the specimen iliustrated
in Figure 2b. The range of test temperatures and coolants were
identical! with those used in tensile testing. The machined notch s
used for generating a fatigue crack was of a straight through rather
than chevron design currently recommended by ASTM (5,6). However,
this notch geometry did not introduce any difficulties in obtaining
reasonabiy straight and uniform crack fronts. Current ASTM recommenda- .
tions call for precracking at a rate sufficient teo generate the last
.050 inches of the fatigue crack in not less than 50,000 cycles (5).
Evidence exists showing that at least in high strength steels, this )
requirement may be too stringent (7,8). In the present study the {
rate of precracking was such that the last .050 inches of crack depth
were produced in approximately 20,000 cycles. The ratio of min:mum i
to meximum load used in precracking was .25.

“he fracture toughness tests were conducted in three point bending.
A coitinuous load displacement record was generated using a clip gage
attecked to single edge razor blade knife edges spot welded to the
specimen as shown in Figure 4. The shape of the load disglacenent
curves could be classified into one of the three classes shown in
Fig.-2 5. For each test two load values were obtained from the load-
displacement record. The maximum load, Pm x? Was used to compute a
maximrum value of stress intensity factor, , using equation | in
Figure 4. A load was also obtained for cal@ﬂfating the plain strain
fracture toughness, K, , corresponding to the stress intensity for
measurable crack growl under plain strain conditions. The procedure,
ilivstrated in Figure 5, consisted of drawing a secant line 0P_ with
a slope 5% less than the straight line portion of the Ioad-disglacement
record. The load P., required to calculate K, , was the maximum load

y
on the record preceging or including P_. Thus®in the case of Class |
curves P, = P_ for Class |l curves P >§ , and for Class |1l curves
P, =P Q. PS. For Class i1l curveg tﬁe first measurable crack
egtensTgﬁ coréesponded to unstable crack growth. |In the other cases

some slow crack growth beyond that corresponding to KI preceded the
onse* cof rapid fracture and the peak load in the record occurred at

a position past OP_. The load P, was tren used to calculate a tentative
ch value, KQ using equation 1. Q

The load-displacement records were examined further by drawing a
horizantal line at .63 P. and measuring the deviation between OA and
the load-displacement regord at that point if this deviation exceeded
1/5 -he value of the deviation of line 0P_ from OA, K was rejected as
a valid K. number. Furthermore, in orde? for K. to ge accepted as a
valid K ,Cthe ASTM recommendation that the Specgmen thickness B must
equa!l or “exceed 2.5 (KQ/GYS)Z, whemeoys is the yield strength, was used.

12
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SINGLE EDGE
RAZOR BLADE
SPOT WELDED
BEAM TO SPECIMEN
CLIP GAGE
TO RECORDER
. p Lal/2 a ay2 aiy® 3k
Equation 1): K = ———— [5.8 - 9.2= + 43.6(%)° - 75.3(2)"+ 77.4(D)"]
N W v W v
P = load in pounds
L = 1/2 total span length
a = crack depth (machined notch plus fatigue crack)
W = specimen width
B = specimen thickness

To obtain: K use P g
max max

" K use P _;

Q Q’

" ch evaluate KQ and load-deflection curves to

determine if criteria for valid ch are

satisfied (see text for details).

Figure 4. Schematic of test setup used in notch bend tests and
equation used to calculate fracture toughness.
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The crack length in cases where K, was considered valid satisfied
the criterion a»2.2(K./o . Thi§ is slightly less conservative
than the recommended AgTM practnve of a2 2.5 (K./o ), however data
for high strength steels have indicated that thng vitiation produces
a negligible systematic change in K, _ (9).

Standard Charpy V-notch impact tests were performed using a 220
foot pound capacity impact machine having a striking velocity of 17
feet per second. Tests were conducted at temperatures ranging from
-321 to 250°F. The 250°F temperature was achieved using a molten both
of a low melting Bi base alloy. Baths for lower temperatures con-
sisted of either water, dry ice and ethyl alcohol mixtures, or liquid
nitrogen. An air environment was employed for the 75°F tests. Both
impact energy and percent fibrous fracture were determined in these
tests, The fibrosity readings were visual estimates made using
master charts drawn to show various amounts of crystalline fracture,
for a range of shear lip sizes, at hypothetical percentages of total
fibrous fracture. Larson and Nunes (10) showed good agreement between
visual estimates and more laborious planimetric measurements of percent
fibrous frz:cture.




111 RESULTS AND DISCUSSION

A detailed tabular and graphical presentation of test data for
individual steels appears in the Appendix. The tensile test results,
consisting of the tensile strength, .2% offset yield strength, reduction
in area, elongation and work hardening exponent (n), are listed in
Table Al (a) of the Appendix. Table Al(b) presents the results of
limited tensile tests for base heat 5, tempered at 1000°F, comparing
properties of longitudinal and transverse specimens. The high values
of ductility in the transverse specimens are indicative of good steel
cleanliness and forging practice. The results of the notch bend tests

appear in Table Ail. This latter table gives the pertinent information
required to calculate the fracture toughness Km and the plane strain
fracture toughness K, . The impact energy and fracture appearance data

obtained in Charpy y=Rotch impact testing are presented in Table Alll.

The significant tensile and notch bend test data are summarized for
each heat in Figures A 1 to A 18, These show the effect of test tempera-
ture on the tensile and yield strengths, reduction in area, work harden-
ing exponent (n), and the stress intensity factors K and K, . The
stress intensity factors incorporate the intluence oF%%n intrifisic tempera-
ture effect on toughness together with its effect on the transition from
plane strain to plane stress fracture as temperature increases. At -321°F
the yield strength was large and Kl sufficiently small such that valid
K c data were obtained for all steels. With rising test temperature K
increased and the yield strength decreased so that a temperature was
reached at which the specimen was too thin for obtaining valid K, data.
The meaningful parameter above this temperature, which varied wi%ﬁ compo-
sition, was the maximum stress intensity factor, X ., At still higher
temperatures the fracture toughness continued to iNefease reflecting an
increase in KI , a further drop in yield strength, and an increasing
contribution of ductile shearing in the fracture surfaces as revealed
by growing shear lips and a shrinking central flat region. For some
specimens at intermediate test temperatures both K and a lower valid
Ky value were obtained. The two data points for Such specimens are
. nAnected by a vertical line in the graphs. The data for the two base
composition steels (heats 5 and 6) are piotted together in Figure Al with
single lines th 1gh the points to indicate the properties of a steel
whose composition is the average of the two.

The transition temperature in the notch bend tests was defined as
the temperature at which K _ /o = .4, At this stress intensity level

B, the nominal specimen thTekne¥2 of .480 inches, was equal to 3 (Kmax/oys)

2




A comparison of this,ratio with the requirement that for valid
Ko B% 2.5 {Ky/o, )" shows that this definition of transition
temperature is a Y@asonable measure of the fracture mode transition
from K,  to K_.
le c

The results of Charpy impact tests are plotted separately for
each steel in Figures A 19 to A 27. These figures show both the
variation in impact energy and percent fibrous fracture with tempera-
ture., In high strength steels Charpy impact curves are generally flat
and do not show the distinct transition in energy that is common for
lower strength body-centered cubic metals. The transition temperature
can be defined in various ways depending on what energy, dimensicnal,
or fracture appearance criterion is used. In the present study the
lowest tempeiature at which the fracture surface was completely fibrous
was employed to define the transition. Above this point, commonly
called the propagation transition temperature, the energy is r~ssentially
constant and is referred to as the Charpy shelf energy C (max). In the
present study C (max) was taken as the lowest energy for'100% fibrous
fracture. v

Effects of Alloy Additions

A comparison of the influence of alloying eiements on toughness
is provided in Figures 6 to 16. The changes in notch bend fracture
toughness with single element variations are shown in Figures 6 to 13.
Similarly, Figures 14 to 16 contain Charpy impact energy curves for
the individual alloy series, The transition temperatures for both
the notch bend and Charpy tests are identified on these curves.

The toughness properties for each alloy series are discussed
in the following paragraphs:

Carbon:

Carbon was detrimental both to notch bend (Figure 6) and Charpy
impact toughness (Figure 14a). The qualitative agreement between the
notch bend and Charpy curves was generally good. At very low temperatures
the relative effects of carbon were not consistent between test methods,
but but this may merely reflect scatter in the very limited amount of
data in this region. The fracture mode transition and propagation tran-
sition temperatures increasea with increasing carbin cnntent. The peak
K values and C (max) were reduced; the change w-, most pronounced
in the range of 0.28 - 0.35% C.
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iPnoanesc”

Manganese reduced toughness at all temperatures in both tests
as shown in Figures 7 and 15b. This behavior was also reflected in
a pronounced rise in transition temperatures with increasing manganese
content.

Silicon:

Silicon exhibited ore complex behavior than carbon xr manganese
as shown in rigures 8 and lib., Vhe transition temmeratures vere
raised consistently with increasine Si content. lowever, the axi-
mum K values and ¢ (max) were obtained at thz highest Si level (1.33.5i)
followed by the lovest (0.067Si) rather than the intermediate (0.367Si)
level. Both in the notch bend and Charpy impact test a cross-over
occurred between the 0.3645 and 1.384 Si curves.

Chromium:

The -notch bend and Charpy impact curves comparing the effects of
various chromium contents appear in Figures 9 and 15a respectively. The
best properties were obtained for the lowest level (0.51% Cr). \ith
increasing chromium the transition temperatures were raised aporeciably,
but the effect on toughness was much smaller. iIn fact, both C (max) and
peak fracture toughness were slightly higher for the 1.61% (r glloy than
the base .82% Cr level.

Hickel:

Figures 10 and 15c show the notch bend and Ciarpy impact curves for
four nickel levels in the range 1.26 - 6.23% Ni. The largest effect of
nickei occurred between 1.26 and 2.83%. The 1.26% nickel steel exhibited
the highest room temperature fracture toughness and C (max). At the higher

levels of 4.45% and 6.23% C (max) was reduced slightly below the value
for 2.83% Ni. In both tests the transition temperature was reduced con-

sistently with increasing nickel content, but the effect was most pro-
hounced in the range of 1.26-2.83%, Low temperature touahness was also
improved consistently with increasina nickel content.

Molxbdenum

Highest Charpy and fracture toughness values were obtained with
the lowest molybdenum level of 0.13% as shown in Figures 11 and 16a.
Impact energy and fracture toughness were considerably lower at the
intermediate (0.30%) level but a further increase in molybdenum content
to 1.04% produced only a relatively small decrease in both touahness
properties. Molybdenum raised the transition temperatures in both
tests. The fact that toughness was not i1mproved by increasina the wly-
bdenum content above 0.13% suggests that the 800°F tempering tempecrature
employed in this study did nct introduce appreciable temper brittleness.
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Vanaciu~

Changes in toughness and transition temperature were not con-
sistent with changes in vanadiur content as illustrated in Figu-es
12 and 16b. Lowest fracture toughness and Charpy impact energy values
and highest transition temperatures were obtained for the 0.10 V steel.
The toughness was improved and the transition temperatures iowered when
vanadium was either virtually absent {<0.01..¥} or increased to a level
of 0.28:.

Aiuminum

Aluminum was not beneficial to toughness above the aver je level
of 0.033: utilized in the base composition as shown in Figures 13 and
16c. The notch bend toughness and Charpy impact energy were reduced
slightly with increasing aluminum content, but the difference in tough-
ness between 0.13% anu 0.347 aluminum appears =2gligible. Similarly,
the transition temperature was slightly laower for 0.0337 aluminum and
relatively constant in the range of 0.13% to 0.34x.

Summarx:

A comparison of the influerce of alloying elements on toughness as
measured in the notch bend and Charpy impact tests indicates considerable
qualitative agreement between these test methods. The agreement w~as
particularly good between tiie notch tend fracture mode transition
temperature at K_ /= .4 and the (narpy impact test propaaation
transition tempe%gﬁurxsin the sense that relative changes due to alloying,
for a given series, were essentially the same. A summary of the effects

of alloying elements on both transition temperatures appears in Figure
17 and 18.

Relation of Toughness to Tensile Properties

A full interpretation of compositional effects on toughness requires
an understanding ¢ how structural and material parameters are affected
by alloying an” the relation of these proper~ties to toughness. Currently
the interplay of the various factors involved is not understood sufficiently
well to permit this ideal coupling between composition, structure, and
toughness properties in all but a few instances,

A more practical approach involves attempts to relate the tensile
behavior of 2 material with toughness. This does not disregard the
effects of alloying elements on structure but merely presumes that any
structural changes will also affect common material parameters such as
tensile properties which in turn can be correlated with toughness.
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Work Harcdening Exponent:

An important factor affecting the stress-strain behavior of a
metal and thus 1ts energy absorbing characteristics at the tip of a
crack 1s the work hardening exponent. Presumably any changes in flow
characteristics which increase the ability of the plastic zore to
absorb energy will result in 'mproved toughness.

However the question of how toughness varies with n has been
controversial, According to Gensamer (11) a large n is beneficiai
to toughness since it would 1ncrease the area under the s*ress-strain
curve. The exper:mental work of Larson and Nunes (10) on 4340 steel
heat treated to a w-de range of strcngth levels supported this reason-
ing in that the Charpy V-notch mpact toughness increased with the
logarithm of n, The parameter correlated with n was the difference
in impact energy between the lowest value required for 1007 fibrous
fracture, C (max), and that requ:red for 0% fibrous fracture. However,
other data &re available which indicate that a low n can lead to
improved fracture toughness in high strength steels (12,13). More
recently, the question of whether a high or low vaiuve of strain harden-
ing 1s beneficial to toughness has been related to the macroscopic
fracture mode. Steigerwald and Hanna (14) analyzed the =ffect of n
on tougnness for various specimen thicknesses 1n high s..ength steels,
aluminum, and titanium alloys. For thin specimens the fracture occurred
entirely by plane stress mode and the surfaces were 100% slant. In
this region a high work hardening exponent was beneficial to toughness.
As thickness increased the fracture surfaces contained regions of both
slant (shear lips) and flat fracture. In this region a low n improved
toughness. A decrease 1n n also shifted the transition from slant to
flat fracture to larger thicknesses. This behavior was placed on an
analyticgl basis by plotting the ncrmalized fracture toughnsss parameters
(K /= )“1/2-B versus (K] /= )21/2-B on logarithmic ccordinates. Figure
I9CilYastrates schematica?!yy%his method of presentation and shows the
effect of n on the curves.

In the present study the fracture mode transition was 1nduced by
varying temperature rather than thickness and changes in the normalized
toughness parameters resulted from the effects of temperature on c _, K, _,
and K. The stress intensity factor versus temperature transition’ Gurves
are analogous to the size induced transition curves described above and
shown in Figure 19. The definition of a temperature induced fracture
mode transition at K /z = .4 provides the required degree of normai-
ization for valid comggriggns between steels in terms of n.

The variatiorn of n with alloying is showr 1n Figure 20. Increasing
nicke! and manganese content increased n appreciably. Carbon and moly-
bdenum generally raised n, chromium incieased n at all temperatures, while
the effect of aluminum was negligible above approximately -100°F and
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slight at lower temperatures. For the vanadium series n was highest
for the 0.10: V alicy followed by <0 01 and 0 28" V steels. A
constant n of .067 was used for the 1.38: Si alloy This value
corresponded (o the slope of the l'og- - log: curve at higher strains
near the necking potnt. The data for the silicon series also indicated
a rise in n with alloy content prov:ding the work hardening exponent
was measured at approximately the necking strain. A manual plot of
log: - loge for all steels showed that n was essentially strain
independent for all but the highest silicon alloy, which exhibited

a steadily increasing rate of work hardening with strain. The strain
at maximum load for this alloy was higher at all temperatures than
inplied by ti.c n obtained from the linecr regressionr analysis. This
suggests that although the relation - = Az s not anplicable for this
composition the slope of the log- -logc curve in the vicinity of the
necking strain s a more meaningful measure of n for comparison with
other steels.

The temperature induced fracture mode trans::ion defined by

/= = .4 1s correlated with n in Figure 21 for the various
aT?éy LBries. In general the trans:tion temperature was reduced with
decreasing n, consistent w'th the shift in fracture mode transition to
larger thicknesses described earlier. The apparently incons.stent
effect of vanadium on the notch bend transition curves Fiqure 12,
acquires a rationale 1n terms of n in this representation. The effect
of aluminum is not we!l defined and may be obscured by the small range
of both n and transition temperature.

The effe-t of nickel was opposite to that of the other elements.
Increasing nickel raised n markedly yet lowered the transition tempera-
ture. The different influence of nickel on the transition temperature
is probably an indication that n is not a unique parameter which affects
the temperature induced fracture mode transition. !{nstead the combined
variation of alloying and test temperature may influence both micro-
structural and micro-fracture characteristics i1n a so-far undetermined
manner which overshadows the effect of n.

The influence of n on C (max) and 75°F fracture toughness is
iliustrated 1n Figures 22 and 23 while Figure 24 shows a plot of the
Charpy V-notch energy difference as described earlier versus the
logarithm of n. The effect of n was not clear in any of these
representations. The data lie i1n a broad band suggesting a drop
rather than rise in touchness with work hardening exponent.

These results are in contrast with those of Larson and !Hunes (10)
on the effect of n i1n Charpy V-notch impact tests of 4340 steel. These
authors varied n by changing the strength level through heat treatment
whereas in the present study n was varied through composition changes
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and the variations in strength level were slight. The fact that

at 75°F did not increase with n probably occurred because the
fraciures were still mixed mode and an upper shelf of purely slant
fracture was not observed. Thus the expected effect of n in this
region (14) would be to decrease toughness.

The ambiguous effect of n in affecting Charpy impact and notch
bend toughness suggesis that n, a measure of the tensile instability
strain, may not be the governing fracture parameter. Instead, in
this region a critical strain criterion basec on fracture ductility
rather than necking strain may be operating. Ffigures 25 and 26 show
the effect of tensile ductility i1n notch bend tests, at 75°F and
-321°F, and Charpy impact tests at the upper shelf energy and -321°F,
The ''upper shelf' toughness values exhibited good correlation with
true fracture strain. At -321°F, where a critical stress relation-
ship would probably apply, the ioughness was fracture strain independent.
Similar correlations of tensile ductiiity with C_(max) have been observed
for other steels (15) including the 4340 steel investigated by Larson
and Nunes (10).

Quantitative Models:

A thorough understand.ng of how material parameters influence
toughness requires a separation of toneir effects. This, however, is
generally difficult to achieve experimentaily. An alternate approach
is offered by certain models which relate fracture toughness to mechanical
and structural parameters. Krafft has proposed a tensile instability
fracture model which regards crack propagation as occurring by the
successive rupture of small tensile specimen-like regions of size

d_ (16). ~w initiation of unstable rupture of these ligaments is
cgnsidered ‘o occur when the uniaxial tensile necking strain (equal to
n) is reached. The equation K, = En{ 27d;where E is Young's modulus,

has been correlated with struclﬁre for .45% C-Ni-Cr-Mo steels containing
different sulfur levels (17).

Hahn and Rosenfield (18) have developed a ductile fracture model
which avoids the difficulty of having tg*mﬁa?yﬁe the process zone size
dr. Instead the equation K, = (2/3 EYe n") "%, where E = Young's modulus,
Y = yield strength, ¢ = tru€ fracture strain and n = work hardening
exponent, provides a direct relation between ordinary tensile parameters
and K c X c values calculated from tensile properties of a few steels,
titanium and aluminum alloys indicated reasonably good agreement with
experimentally measured values, considering that the tensile and ch data
employed in the comparison were obtained from different sources.
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-"2~er exa~iration of this mode! can be serformed using the

e ¢ e~sile data generated on the steels used :» the cuirent study.
K,_ «a5 co puted from tensile testi results obtaines cver the temperature
raXge o° -321 10 75°F. VYoung's modulus 15 essentrally independert of

- f

compos- . v for low alloy steels; based on data fc- 4340 stee: (i9) it
was assu~eq to vary ‘'nearly from a 75°F value of 29 x 103 ks to
31 x 03 ket at -321°F.

A va'id comparison of calculated and measured K, was possible only
at low temperatures. In general the variation of cal%u!ated K, with
composiz'on within a particular alloying element series differeg from the
results of the actual ~otch bend tests Furthermore, with decreasing test
temperature the ca'culated X, vaiues changed siightly in comparison with
the experimental Zu*a which Cexhibited a sharp drop. At -321°F the pre-
dicted vaiues were 3pproximately double the observed results. The curves
in Figure 27 are tysical of those obtained in attempting to appiy the
Hahn-Rosenfieic moel.

The large discrepancy at -321°F is believed to be the result of
an increase in yield strength and change in microscopic fracture mode
at low temperatures. In a fractograpnic study of 4340 steel Charpy
specimens Bucher et al (20) observed an increasing amount of quasi-
cleavage fracture with increasing strength level both at room tempera-
ture (by varying tempering temperature) and at a single tempering
temperature (by decreasing the test temperature). Hahn and Rosenfield
have compared the predicted and calculated room temperature K, values
for 4340 steel as a function of tensile strength (18). Figure®28 shows
that the discrepancy tends to increase appreciably at strength levels
above 200 ksi ultimate strength.

These observations add support to the earlier suggestion that a
critical strain criterion may not apply to fracture in low alloy steels
at low temperatures Any use of the Hahn-Rosenfield model to predict KlC
should involve an appreciation for the microscopic fracture mode. |If
a portion of the fracture involves quasicleavage or intergranular crack
propagation then the observed toughness will be iess than predicted from
the mode!.
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1Y SUSMARY AL COHCLUSIHON

(7]

This study has examined the effects of various elements on the notch
bend fracture toughness and Charpy impact behavior of a .35.C, 3%ZNi,
Cr-Mo-V martensitic steel at a room temperature yield strength of
approximately 160-180 ksi. A classical approach was used in the
design of alloys which permitted an evaluation of single element
effects rather tnan interactions.

An analysis of the toughness data was conducted in terms of
the effects of alloying elemerits on yiela strength, tencile ductility,
and work hardening exponent. The elements C, !in, Si, Cr, ard !lo
raised both the notch bend fracture mode transition temperature and
tne cLharpy propagation transition temperature. These elements generally
raised the work hardening exponent and reduced toughness. In amounts
above that required for deoxidation and grain refinement, aluminum
appeared to degrade the transition temperature and toughness slightly.
Increasing the vanadium content from 0.1 to 0.28% produced a significant
improvement in toughness and transition temperature,.

Relative changes in transition temperature in the notch bend
test corresponded with shifts in the Charpy impact test propagation
transition temperature.

Over the range of compositions examined (1.26 - 6.23%) nickel
decreased the transition temperature and improved toughness at the
lower test temperatures. For most alloy series the notch bend transition
temperature was lowered as n decreased, but nickel acted in an opoosite —~nner.

Charpy shelf energy, C (max), and K at 75°F did not correlate
well with n. Good agreemen¥ was obtained however when these parameters
were plotted versus true fracture strain. At -321°F toughness was
essentially fracture strain independent suggesting that a critical

strain criterion based on fracture strain is valid only when fracture
is orincinally fibrous,

" comparison of K, calculated from tensile data using the Hahn-
osenTield model with rnéasured values suggested that the increased
contribution of non-ductile fracture which accompanies increases in
strenyth and/or decreases in test temperature in low alloy steels can
lead to large errors in the predicted toughness,

b7
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TABLE Al {a)

Summary of Smooth Tensile Properties

Specimen

(Heat No. - Test Tensile .2% Yield ZElong. % Red. Work Hard,

Test No.)  Temp.’F Strength(ksi) Strength(ksi)  1'G.i. in Area Exponent (n)
5-1 75 199.9 177.9 14 49.7 =
5-2 " 200.9 176.4 14 45,2 .053
5-8 20 206.4 181.9 15 L9 1 .056
5-7 =40 207.6 179.6 15 47.3 .059
5-5 -100 216.9 188.6 13 47.3 .058
5-6 -215 229.4 = - 37.3 -
5-6D ' 226.2 201.7 12 36.6 .050
5-3 -321 256.3 230.1 - = .051
5-4 " 251.2 - - 18.1 -
5-10 H 253.6 229.0 - = .056
5-11 " 25k .5 = = 33.6 =
5-12 ' 254.0 = - 34.3 =
6-1 75 197.8 182.5 14 50.7 o
6-2 H 198.0 176.4 15 56.3 .052
6-8 20 260.8 178.6 15 50.7 .049
6-7 -4o 207.5 183.9 16 51.3 .051
6-5 -100 213.4 190.9 15 L8 .4 047
6-9 -140 214,59 187.6 15 L5, 5 .057
6-6 -215 223.9 - - - -
6-6D " 222.2 201.5 = = .050
6-3 -321 256.3 230.1 - - 042
6-4 " 251.0 - - 421 -
6-11 0D 251.0 S = 43.9 -
6-12 " 252.0 = - 32.7 -
7-1 75 195.8 169.6 15 50.3 .055
7-2 H i91.6 165.8 17 L8 .7 .057
7-8 20 200.2 171.1 15 48 .5 .063
7-7 -40 204.5 = 16 L4 .9 =
7-5 -100 210.4 180.2 14 Le6.7 .062
7-9 -150 215.5 182.9 16 45,5 .063
7-6 -215 220.5 196.7 = = .063
7-6D " 223.9 195.3 14 4.3 . 057
7-3 -321 2481 210.5 14 26.4 .068
7-4 i 251.0 - 15 37.0 -
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TABLE Al (a) (Continued)

Specimen

(Heat No.- Test Tensile .2% Yield %Elong. 7 Red. Work Hard.

Test No. = Temp.°F Strength(ksi) Strength(ksi) 1'G.L. in Area  Exponent(n)
8-1 75 200.2 182.2 15 54,6 .00
8-2 a 200.7 183.7 15 57.4 .0k
8-8 20 205.4 187 .4 15 53.7 .Obh
8-7 -40 207.6 189.5 14 53.6 . 045
8-5 -100 214.9 199.1 12 57.2 .043
8-9 -150 218.0 200.8 15 54,1 .048
8-6 -215 230.6 213.8 - 43,6 .OL7
8-3 -321 263.4 240.6 15 35.9 .029
8-4 ' 250.6 241.8 16 2.0 .035
8-10 " 249.3 235.0 15 31.2 .036
9-1 75 189.3 171.4 14 59.6 .0L4
9-2 " 187.2 168.5 16 58.6 .045
9-8 20 195. 4 176.4 15 54,2 046
9-7 -40 198.2 177.4 16 53.7 .050
9-5 -100 204.7 184 .3 16 51.5 .0k6
9-9 -150 208.5 186.0 15 50.3 .053
9-6 -215 214.7 195.3 = 49,2 .045
9-3 -321 2424 224.2 16 k2.2 .040
9-4 " 241.8 222.4 18 40.5 .040
9-10 " 242 .4 - 16 Lk 0 o
12-1 75 181.6 165.3 15 59.5 .040
12-2 " 182.6 165.3 16 56.9 .042
12-8 20 189.7 171.5 16 59.3 .046
12-7 -4o i92.4 173.8 17 58.9 .0b6
12-5 -100 197.2 178.7 16 56.1 .043
12-9 -150 206.3 = 16 55.1 =
12-6 -215 211.0 192.8 - 53.1 .045
12-3 -32] 234.7 221.8 - - 043
12-4 " 237.9 - = 46,7 =
12-10 " 234.8 218.5 17 40.3 .039
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TABLE Al(a) {Continued)

Specimen

(Heat No.- Test Tensile .2% Yield “Elong. Z Red. Work Hard.

Test No. ! Temp.°F Strength(ksi) Strength(ksi) 1'G.L. in Area  Exponent (n)
13-1 75 209.5 183.0 15 k9.9 . 051
13-2 " 207.6 182.0 14 51.6 .054
13-8 20 214.2 185.3 15 49.8 .059
13-7 -40 217.6 190.9 14 48 .8 .05h
13-5 -100 222.7 193.6 14 47.7 .056
13-9 -150 225.7 199.6 16 49 .8 .052
13-6 -215 234.3 206.2 = L5.2 .054
13-3 -321 259.1 234 .9 15 28.8 .0k6
13-4 " 261.0 = - = -
13-10 " 260.4 235.9 - - .047
14-1 75 193.7 175.8 17 59.9 .0k
14-2 . 193.0 175.0 16 59.4 .04
14-8 20 197.1 179.9 16 59.8 LGl
14-7 -40 202.4 185. 4 17 57.8 042
14-5 -100 205.6 187.3 18 57.7 .045
14-9 -150 z211.7 182.0 15 54,1 .0L6
14-6 -215 219.2 194.0 = = .036
14-6D o 217.2 189.5 - - .45
14-3 -321 244 .2 228.5 16 46,2 038
14-4 H 243.3 227.2 16 Ly 3 .039
16-1 75 188.5 171.5 20 59.2 047
16-2 ' 187.1 168.7 20 57.8 056
16-8 20 194.3 176.6 18 54,9 LObk
16-7 -40 189.6 180.7 20 57.2 , 048
16-5 -100 204.7 185.3 19 50.9 . 0bs:
16-5D " 204.5 185.0 16 52.7 .050-
16-9 -150 210.4 190.8 20 54.4 048~
16-6 -215 216.7 193.2 = bg.2 .050:
16-3 -321 242.2 217.5 = = .053"
16-4 " 243.5 - 19 L2.4 -

Values based on lease squares fit of logo - loge data, however,

n was considered to be approximately .067 at all temperatures
(see text for detailed explanation).
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TABLE Al{a) {Continued)

Specimen

(Heat No.- Test Tensile 2% Yizld %Elong. % Red. Work Hard.

Test No. Temp.°F Strength(ksi) Strength(ksi) 1'G.L. in Area Exponent (n)
17-1 75 204.7 170.0 14 L4 .3 .072
17-2 " 204.3 168.2 15 b2.2 .077
17-8 20 210.7 175.0 15 k5.1 .080
17-7 -40 214.9 174.7 15 L4.3 .081
17-5 -100 219.6 177.1 14 L2.6 .080
17-9 -150 226.8 175.6 13 39.4 091
17-6 -215 227.8 186.4 - Lo.7 .079
17-3 -321 257.7 216.8 - = .071
17-4 00 258.7 - 16 17.2 =
17-10 " 259.2 216.5 15 23.5 071
18-) 75 199.6 1,..0 16 56.6 .055
18-2 " 200.5 175.2 15 51.4 .055
18-8 20 205.2 178.1 15 52.3 .058
18-7 -40 211.1 181.4 15 k9.5 .063
18-5 -100 214.0 183.6 14 48.3 . 06!
18-9 -150 217.9 188.5 14 48.3 .061
18-6 =21 228.6 197.6 = = .061
18-6D " 229.0 200.2 14 bs. 4 .058
18-3 -321 253.4 221.5 14 29.0 .057
18-4 " 255.9 223.5 = = .065
19-1 75 205.8 177 .4 14 51.3 .050
19-2 " 200.9 176.6 14 L9.8 .053
19-8 20 203.8 179.8 14 47.3 .C53
19-7 -40 211.6 184.9 15 46.7 .059
19-5 -100 216.7 188.9 13 Ls 4 .056
19-9 -150 221.7 190.7 14 43.7 .060
19-6 -215 228 .4 199.5 < h3.1 .057
19-3 ~321 25318 224 1 - - .058
19-4 " 256.9 < 15 31.7 -
19-10 " 255.3 225.6 14 31.7 .053
20-1 75 202.0 178.9 13 50.2 .051
20-2 " 203.6 180.5 13 48.5 .051
20-8 20 209.3 183.2 14 47.8 .057
20-7 -4o 213.2 187.5 13 b1.8 .056
20-5 -100 219.9 192.4 14 Ly, 2 .056
20-9 -150 223.2 198.0 14 b3.6 .051
20-6 -215 228.8 204.3 = 38.3 .050
20-3 -321 255.3 229.7 14 28.5 .042
20-4 " 256.1 228.4 - - .051
20-10 " 258.5 231.9 = - .050
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TABLL Al (a) (Continued)

Specimen

'Heat No. - Test Tensile .2% Yield %Elong. % Red. Work Hard.

Test No.; Temp.°F Strengtn (ksi) Strength(ksi) 1'G.L. in Area Exponent(n)
21-1 75 193.7 173.1 15 55.2 .0L46
21-2 " 194.6 173.7 14 53.6 .046
21-8 20 196.3 1741 13 52.k .049
21-7 -40 202.3 180.2 15 50.2 .061
21-5 -100 207.2 184.4 15 50.2 .052
21-9 -150 211.6 188.6 14 46,7 .051
21-6 -215 220.7 199.6 - - .048
21-3 -321 245.9 225-5 16 36.6 .046
21-4 " 245 .4 224.9 18 40.1 .046
21-10 " 247.7 226.2 16 °8.2 .039
22-1 75 197 .4 182.3 13 52.4 .036
22-2 " 198.6 182.6 15 53.0 .040
22-8 20 203.1 187.5 14 52.3 .042
22-7 -40 208.4 193.4 15 53.4 .038
22-5 -100 210.2 193.0 15 50.7 .04g
22-9 -150 219.1 202.5 14 47.8 .040
22-6 -215 2247 207.4 - - .040
22-6D " 225.7 208.9 = = .043
22-3 -321 251.2 236.9 16 35.8 .036
22-4 " 252.4 237.0 18 35.5 .038
26-1 75 192.0 174.5 16 61.5 .04
26-2 " 191.5 172.8 15 58.0 .0h44
26-8 20 196.8 177.9 16 60.4 .045
26-7 -40 199.7 179.8 15 57.7 .047
26-5 -100 204.2 185.1 15 55.1 .04l
26-9 -150 208.8 189.8 16 4.8 .043
26-6 -215 216.9 198.9 = 54,2 .042
26-3 -32i 2431 224 .2 17 43.5 .042
26-4 " 246.0 228.9 16 45.3 .039
26-10 " 244 4 226.2 17 40.1 .040
27-1 75 186.4 169.2 15 54.0 .0h44
27-2 " 185.9 16.:.9 17 61.4 .045
27-8 20 189.9 169.5 17 59.5 .049
27-7 -40 196.2 174.5 17 59.5 .049
27-5 -100 199.5 180.3 15 56.2 .0b4}4
27-9 -150 208.1 - 18 55.1 -
27-6 -2'5 216, 198.0 = - 047
27-6D " 209.4 188.2 15 56.6 .040
27-3 -321 237.2 217.7 18 4.3 .04
27-4 0c 236.6 215.5 16 45.0 .037




TABLE Al (a) (Continued)

Specimen

(Heat No. -  Test Tensile .2% Yield %Elong. %2 Red. Work Hard.

Test No.) Temp.°F Strength(ksi) Strength(ksi) 1'6.L. in Area Exponent (n)
28-1 75 208.7 187.0 12 48.0 .048
28-2 " 209.9 188.4 14 48.0 .047
28-8 20 211.5 186.9 15 k2.0 .054
28-7 =40 217.6 188.6 16 Ly 4 .060
28-5 -100 222.5 196.5 13 b4 3 .052
28-9 =150 226.6 198.4 14 3.2 .055
28-6 =215 230 .1 204.9 - Ly 4 .053
28-3 -321 259.6 235.4 14 24 .4 .046
28-4 u' 262.4 233.8 15 35.0 .050
28-10 " 261.4 231.7 - b .053
29-1 75 198.4 162.1 15 48.6 .076 ‘
29-2 ot 197.3 161.3 15 bs.2 .089
29-8 20 202.8 165.2 15 k9.2 .079
29-7 -40 208.8 i64.9 i5 Ly 3 .089
29-5 -100 217.1 171.0 14 45,1 .088
29-9 -150 220.9 171.3 13 421 .092
29-6 -215 225.1 182.9 = 47.3 .078
29-3 =321 251.8 206.3 16 32.0 .069
29-4 " 251.4 205.2 - J .077 o
29-10 " 252.0 209.8 14 23.7 .074

el T
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TABLE Al

Summary of Charpy V-Notch Impact Properties

Specimen Test Impact Fibrous
Heat No.-Test No. Temp.°F Energy (ft.lbs.) Fracture (%)
5-8 170 23 1/L 100
5-6 140 23 1/4 100
5-7 110 21 95
5-9 92 21 80
5-1 75 20 50
5-10 50 17 1/2 4o
5-5 20 16 1/4 30
5-2 -40 14 10
5-3 -100 11 3/4 15
5-4 -321 51/2 0
6-6 140 25 100
6-7 110 24 /4 100
6-10 92 23 1/4 1C0
6-1 75 22 1/4 95
6-9 63 21 3/4 80
6-8 50 21 1/2 65
6-11 35 2] Lsg
6-5 20 18 1/2 35
6-2 -40 14 1/2 15
6-3 -100 15 5
6-4 -321 6 0
7-6 140 22 100 sc*
7-7 110 23 100 sc*
7-1 75 22 1/2 95
7-9 63 21 75
7-8 50 19 1/2 60
7-10 35 19 1/4 L5
7-5 20 17 1/2 35
7-2 -40 13 1/2 25
7-3 -100 12 15
7-k -321 5 1/4 0
8-7 170 30 100
8-10 155 29 1/2 100
8-5 140 30 3/4 90
8-9 125 31 80
8-8 110 26 65
8-1 75 26 1/2 50
8-5 20 16 1/2 30
8-2 -40 15 1/2 10
8-3 -100 13 1/2 5
8-4 -32] Lo/k 0

* scattered crystalline
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TABLE A1l (Continued)
Specimen Test Impact Fibrous
Heat No.-Test No. Temp. °F Energy (ft.lbs.) Fracture (%)
9-6 140 32 100
9-i 75 30 3/4 100
9-9 63 30 1/2 100
9-7 50 28 95
9-10 35 26 1/4 90
9-5 20 25 3/4 80
; 9-11 5 25 65
‘ 9-8 -10 23 1/2 50
i 9-2 -40 19 1/4 35
i 9-3 -100 15 3/4 15
‘ 9-4 -32] 8 0
12-6 140 Lo 1/2 100
12-11 110 L2 100
12-1 75 Lo 1/4 100
12-8 63 39 3/4 95
12-7 50 37 85
12-10 35 33 75
12-5 20 31 3/4 70
12-12 5 29 1/4 55
12-9 -10 26 1/4 45
12-2 =40 21 30
12-3 -100 16 1/4 5
12-4 -321 5 0
13-7 170 23 100
13-6 140 22 1/2 100
13-10 125 21 1/2 95
13-12 110 21 1/2 80
13-8 110 21 1/2 80
13-9 92 21 1/4 65
15-1 75 21 1/2 55
13-11 50 18 35
13-5 20 16 3/4 25
13-2 -40 17 10
13-3 -100 12 5
13-4 -321 b 3/4 0
14-6 140 35 1/2 100
14-1 75 38 1/4 100
14-7 50 33 1/2 100
14-10 35 31 1/4 100
14-5 20 3 3/4 %
14-9 5 30 1/2 90
14-8 -10 28 1/4 75
14-11 -25 26 1/2 65
14-2 =40 25 55
15-3 -100 18 15
14-4 -321 5 1/4 2
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TABLE AllIl (Continued)

e 7L onorkkaete qviaatn el 2

Specimen Test Impact Fibrous
Heat No.-Test No. Temp.°f Erergy (ft.1bs.) Fracture (%)
16-7 170 42 374 100
16-6 140 43 1/4 95
16-9 125 39 1/4 85
16-8 110 36 1/4 70
16-1 75 31 3/4 50
16-10 50 26 35
16-5 20 20 1/2 20
16-2 -40 16 5
16-3 -100 10 3/4 2
16-4 -321 3 0
17-9 250 21 1/4 100
17-8 212 18 172 30
17-7 170 18 3/4 60
17-1 140 18 /4 L5
17-6 140 18 45
17-10 75 13 3/4 20
17-11 50 14 1/2 20
17-5 20 13 15
17-2 -4o 12 5
17-3 -100 10 2
17-4 -321 3 1/4 0
18-7 170 25 1/2 100
18-6 140 25 /4 100
18-9 25 24 174 95
18-8 110 24 174 70
18-1 75 23 50
18-10 50 18 3/4 30
18-5 20 15 3/4 20
18-2 -40 15 10
18-3 -100 13 1/2 5
18-4 -321 4 0
18-7 170 21 1/4 100
19-6 140 22 3/4 100
19-8 110 19 1/2 90
19-9 92 19 80
19-1 75 19 55
19-10 50 18 1/4 s
19-5 20 ho1/4 20
19-2 -40 12 1/4 10
19-3 -100 1 1/2 5
19-4 -321 5 2
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Specimen
ileat No.-Test No.

TABLE Attt (Continued)

20-7
2C-6
20-8
20-9
20-1
20-10
20-5
20-2
20-3
20-4

21-7
21-8
21-10
21-6
21-1
21-9
21-5
21-11
21-2
21-3
21-4

22-6
22-1
22-9
22-7
22-11
22-10
22-12
22-8
22-2
22-3
22-4

26-6
26-7
26-1
26-9
26-8
26-10
26-5
26-2
26-3
26-4

Test Impact
Temp. °F Energy (ft.lbs.)
170 21
140 19 1/2
110 20
92 18 1/2
75 18 1/2
20 15 1/4
20 14 1/2
-40 13
-100 12
-321 5 1/4
170 27
110 27
92 26 1/2
75 26 1/4
75 25 1/4
50 23 1/2
20 20 172
-10 17 1/2
-40 17
-100 14
-32 5
140 30 1/4
75 29 1/2
63 27 1/2
50 28
35 25 i1/2
20 29
5 22 1/2
-10 24 1/4
=40 21 3/4
-100 16 1/4
-321 7 1/2
140 34 1/2
10 34174
75 32 1/2
63 32 1/2
50 30 1/4
35 30 1/4
20 26 3/4
-40 21
-100 16 3/4
-321 8 3/4
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Fibrous

Fracture (%)

100
100
90
60
50
35
35
10
5
0

100
100
100

95

75
50
Lo
25
10

100
100
100
100
95
80
70

50
15

100
100
100
100
95
90
80
Lo
10



Snecimen
Heat No.-Test No.

27-10
27-6
27-9
27-1
27-7
27-11
27-8
27-2
27-3
27-4

28-7
28-b
28-8
28-10
28-1
28-11
28-9
28-2
28-3
28-4

29-7
29-1
29-9
29-8
29-11
29-12
29-5
29-10

TASLE A1l (Cintinued)

Test

-]

TemE. F

170
140
110
75
50
20
-10
-4o
-100
-321

170
140
110
92
75
50
20
-bo
-100
-321

110

75
63

35
35
20
=10
-40
-100
-321

72

Impacc
Energy (ft

.1bs)

Ly
42
¥
39
34
26
24
19
16

4

18
17
13
16
16
14
12
11
10

5

20
20
18
18
19
19
16
15
14
12

9

374

1/2
1/2

/4
/4

1/2

1/2
1/4

1/2
3/4

3/4
1/h
174
1/2
1/2
1/2
1/2
3/4

1/2

Fibrous

Fracture (%)

100
100
130
85
66
35
25
20
10
G

100
90
70
50
Lo
30
20
10
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