$SC-275

THE EFFECT OF STRAIN RATE ON
THE TOUGHNESS OF SHIP STEELS

R
7™

This document has been approved
for public release and sale; its
distribution is unlimited.

SHIP STRUCTURE COMMITYEE
1978



Member Agencies: Addres Correspondence to:

United States Coast Guard Secretary, Ship Structure Cammittee
Abwijﬁ;ﬁﬁﬁmm(kmmxmd U.S. Coast Guard Headquarters, (G-M/82)
- bﬁmWﬁ?ﬁﬂCbmnmnd Washington, D.C. 20590
mAmmamBlmdShappng Shl SR~-1231

An Interagency Advisory Committee
Dedicated to Improving the Structure of Ships

Material requirements and design procedures to avold catastrophic
fractures of ship hull structures continue to be of great concern to
designers., The Ship Structure Committee has undertaken a program to
define and formulate fracture toughness criteria for steels up to
100,000 psi yield strengths and their associated weldments.

SSC-244 contains a critical review and assessment of current

knowledge of ship steel behavior and a proposed fracture criteria.
85C-244 nrnvides small-scale experimental data from essentially static

loading and one dynamic impact loading. 83C-276 offers additiomal
larger scaled data.

The present report, SSC-275, develops data on a variety of ship
steels at various loading rates and temperatures to assist in setting
the fracture criteria limits within the service loading spectrum.

DL, Bbi

- IN

ﬁ' M. Benkert

Rear Admiral, U.S. Coast Guard
Chairman, Ship Structure Committee



FINAL REPORT
on

Project SR-1231

"Fracture Criteria Based on Loading Rates"

THE EFFECT OF STRAIN RATE ON
THE TQUGHNESS OF SHIP STEELS

by

P. H. Francis
T. S. Cook
A. Nagy

Southwest Research Institute

under

Department of the Navy
Naval Sea Systems Command
Contract No. N00024-75-C-4284

This document has been approved for public release
- and sale; its distribution is unlimited.

U. S. Coast Guard Headquarters
Washington, D.C.
1978



ABSTRACT

Yield strength and fracture toughness, as measured by
the dynamic tear test, were determined as a function of load
rate and temperature for several ship primary structure steels
in strength ranges up to 100 ksi. The materials used were
ABS-B, DS, AH-32, EH-32, C8, A517-D, A678-C, and A537-B, in
one or two heats each. The effect of notch geometry, i.e.,
fatigue precracked vis-a-vis pressed notch, was investigated
in some of the tests.

By fully instrumenting some of the tests, the energy
to maximum load as well as the total energy to failure was
determined. Based on these energies, the resistance of the
materials to crack initiation and to propagation could be
examined. The results indicate potentially different fracture
behavior between the high and low strength alloys. This in
turn has implications in terms of the Ship Structure Committee
Report S55C-244 proposed fracture criterion for qualifying
toughness and crack arrest properties of ship steels and weld-
ments.
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I. INTRODUCTION

A. Research Objectives

In its quest to improve the safety and reliability of
welded ship hulls, the Ship Structure Committee has initiated
a series of projects in recent years aimed at developing suit-
able criteria for qualifying structural steels and weldments.
In one of the earlier reports on this seriles of projects, SSC-244,
Rolfe, et. al.(!), proposed a tentative criterion for ensuring
adequate fracture resistance of a wide range of ship steels
and weldments for primary and secondary structural applications.
In a subsequent report, SSC-248, Hawthorne and Loss at the
NRL (2) developed a limited data base on l-inch thick ship steels
and weldments for the purpose of evaluating, at least in a
limited way, the SSC-244 criterion.

The present work was undertaken to expand upon the NRL
work cited above, in order that a more comprehensive assessment
of the proposed criteria would be possible. This was done by
conducting a mechanical testing program on various heats of
seven grades of ship steel, ranging from as-rolled, through
normalized, and up to high strength, Q & T alloys. In particular,
one or two heats each of ABS-B, DS, AH, EH, CS, ASTM A517-D,
A678-C, and A537-B were selected for fabrication of specimens.
The experimental work was aimed at determining the effect of load
rate and temperature on the yield strength and fracture behavior
of these various classes of ship steels. Accordingly, tensile
tests and dynamic tear (DT) tests were conducted at various load-
ing rates and temperatures.

The test program was designed to probe several material
and specimen parameters. This report presents the final re-
sults in detail. It then compares the results with the proposed
SSC-244 requirements (!) for the materials involved and with the
55C-248 preliminary data. (2) Finally, an attempt was made to
evaluate the adequacy of the criterion in light of the present
findings.

The present project is a companion to another pro-
ject(a) also being conducted at SwRI entitled "Fracture Behavior
Characterization Of Ship Steels And Weldments." In that pro-
ject, which was conducted in parallel with the present one, the
emphasis was on fracture behavior of manual and submerged arc
automatic welded specimens, as measured primarily by Charpy, DT,
explosion crack starter, and explosion tear tests.

B. Review Of Load Rate Effects On Mechanical Performance

Ships operate in dynamic environments; ship structure
is thus subject to dynamic loads from a variety of sources.
Most important from a primary structure standpoint are those
loads associated with wave crest/trough effects as they inter-
act with the ship hull. These effects create time~dependent



cyclic longitudinal and torsional bending moments on the struc-
ture as well as transient slamming pressures and springing
response as the bow pitches in and out of the sea. Dynamic
loading effects are caused also by moving cargos (as in LNG
tankers), unbalanced shipboard machinery, thermal, aircraft
landing, weapons, and docking loads, and these sources can
become important in particular circumstances. Dynamic load
effects are important to address in ship structural design, not
only because they serve to establish the peak service load con-
ditions, but also because the performance of the structural
material can be sensgitive to load rate effects.

There are two ways in which ship structural steel will
exhibit load rate effects. The first of these is in the
strength properties. Nearly all steels show an increase in
yield strength with load rate. The degree of dependency of
strength on load rate depends upon the strength level itself;
ordinary-strength low carbon steels are the most sensitive to
load rate effects, while quenched and tempered and HSLA steels,
on the other hand, are much less strongly affected. Weldments,
the region of prime structural design concern, also are sensi-
tive to load (strain) rate. In general, the dynamic yield
strength, oyg43, of a particular material depends both upon tem-
perature and strain rate according to a relationship of the form
in &
yvd T
expression reveals that yield strength is inversely proportional

to absolute temperature and is logarithmically related to the
strain rate ¢.

o = Uy(T, € ) , where T is the absolute temperature. This

Very little has been done thus far to establish the temper-
ature and strain-rate dependence of the yield strength for ship
steels and weldments. In developing their fracture criterion for
ship steels, Rolfe et. al (1) assumed that "dynamic" yield
strength was 20 ksi greater than "static" yield strength, for all
relevant steels and load rates. One of the primary objectives of
the present research program is to develop a data base on a class
of ship steels which will enable a careful assessment of this
assumption.

In addition to the effect of load rate on strength, load
rate also affects fracture performance, It is usual to view
fracture initiation and fast fracture as separate physical pro-
cesses, although this distinction is often fuzzy. Fracture
initiation is concerned with the material's ability to resist
initial flaw formation, as contrasted with the conditions needed
to drive an established crack toward global fracture. In many
cases it is difficult to draw a clear distinction when conducting
and analyzing a fracture test. The key parameter in the under-
standing of fracture behavior is the fracture toughness, the
maximum value the crack tip stress intensity factor Kq can assume
before stable crack growth or fast fracture develops. In discus-
sing rate effects on fracture toughness it is convenient to



express the dynamic fracture toughness as Kig-

It should be noted that the dynamic fracture toughness,
Kld' is used differently by different authors, so some care
must be exercised to ensure consistency. As commonly used,
dynamic fracture toughness refers to (i), the toughness of a
material measured according to ASTM static toughness require-
ments except for rate of application of load, or (ii), the
toughness of a material ahead of a rapidly propagating crack.
The two terms are often used interchangably on the basis of
an argument by Krafft(*). He reasoned that for a volume ele-
ment within the fracture process zone near a crack, it makes
no difference whether the deformation arises from rapid load-
ing at a fixed crack length or the rapid approach of a crack
with the load fixed; the local effect of time of deformation
should be the same. To substantiate this, Eftis and Krafft (5)
sought to compare the initiation and rapid propagation of a
crack in the mild steel plate. They suggested that at a con-
stant temperature, fracture toughness will decrease with in-
creasing strain rate to some minimum level. They further
postulated that the high strain rates where the minimum tough-
ness occurred could be obtained from either rising load crack
initiation tests or from data of a running crack. Although
the behavior was not firmly established for all materials,
the tests did indicate that the use of very high loading rates
for crack initiation tests should lead to minimum K1a values
necessary for conservative design practices.

Available data(”) suggest that Kjgq varies inversely as
the logarithm of dK/dt for steels of the type considered here,.
The curves are log=-log linear, indicating that dynamic fracture
toughness is inversely proportional to the logarithm of loading
rate €. Also, Kjg increases with temperature, in contrast to
yield strength. These observations lead to the conclusion that
dynamic¢ fracture toughness must be related to (absolute) temper-
ature T and load rate K (= dK/dt) by an expression of the form
Kig &% o1 T + ap/K, where a; and ap are constants. Now, accord-
ing to the fracture toughness criterion proposed by Rolfe, et.
al.(1 , the fracture toughness required of ship steel can be
expressed as the ratio K, /o q > 0.9 vin. at minimum service
temperature (32°F). This reguirement is to ensure that the
steel has adequate ductility or elasto-plastic fracture res-
ponse at the minimum operating temperature. On expressing the
ratio K;4/0yq in terms of the relations stated earlier, one
concludes tﬁat the criterion regarding Kld/gy is very sensitive
to T, depends less strongly upon K, and only weakly upon €. In
other words, insofar as load rates (K and £) are concerned,
fracture toughness is much more sensitive to the time rate of
change of the crack tip stress intensity factor (Kj) than to
overall material strain rates (&).

Following the early efforts at NRL, much of the subse-
guent work concerned with load rate effects on toughness was



aimed more at development of testing methods and small speci-

mens than at rate effects per se. (To emphasize this, many
investigators dropped the dynamic subscript on toughness and
reverted to the static designation, Kjp). Shoemaker (¢) pre-

sented dynamic data on a structural steel which showed no
effect of strain rate on Kjc over a temperature range of

~286°F to =70°F. There was an effect noted on the temperature
at which transition from K;~ to K behavior took place, however.

Tn a similar set of tests, Shoemaker and Rolfe'7’ )
contended that Krafft's claim of a minimum loading rate (*) haa
not been substantiated. They were able to find a correlation
between' the rate parameter

R=T ¢n A/¢

and the toughness, with the degree of correlation varying for
different materials. For ABS-C steel, a toughness value of

50 ksi vin. was obtained under static conditions at -200°F
whereas the same value at -10°F was obtained for dynamic load-
ing; these values fit the rate parameter correlation. A further
regsult was that for this same steel, an estimate of the dynamic
toughness, Kjg value at the NDT from the dynamic yield stress
was in good agreement with the measured toughness. This result
indicated that Krafft was correct in this prediction of a mini-
mum toughness at high loading rates. However, the result did
not hold for two higher strength steels.

Dynami¢ fracture initiation properties are generally
carried out using instrumented Charpy, drop-weight, or dynamic
tear impact testing methods. The instrumented Charpy test in-
volves the use of a precracked Charpy specimen together with
a pendulum impact machine that has been suitably instrumented
with transducers so that force, velocity, and input energy as
a function of contact time can be calculated. The drop weight
test utilizes a specimen with a brittle weld crack starter and
is used to define the nil-ductility temperature (NDT), the
temperature below which the fracture resistance is so low that
brittle plane strain cleavage fractures can be initiated dyna-
mically from small flaws. The standard definition of the NDT
temperature from the drop weight test has been shown to corres-
pond to a ratio of Kjg/oyq of about 0.5 /in. This implies that
specimens less than abouz 5/8-inch thick can not be used to
establish fracture toughness values corresponding to the NDT
temperature. Increased load rate increases the NDT, and thus
it is necessary that design data b€ based upon standard drop
weight tests which simulate operational dynamic loading rates.

The dynamic tear test specimen contains a sharp crack-
like stress concentrator which has been deliberately embrittled
by pressing a hard indentor into the notch. In its usual
application, the dynamic tear test parameter is total fracture
energy, analogous to that obtained from the Charpy impact test.



However, since the unbroken ligament is much larger in the dy-
namic tear specimen, fracture propagation energy is a larger
fraction of the total energy for the dynamic tear specimen
than for the Charpy specimen. For this reason the dynamic
tear test is considered to be a more meaningful measure of
dynamic toughness than the Charpy test, and is receiving
greater acceptance within the Navy community. Also, the dy-
namic tear specimen can be precracked and the test equipment
instrumented in order to provide test data analogous to that
obtained in the instrumented Charpy test.

In order to develop improved ship structural design
criteria it is necessary that the definition of "dynamic" load-
ing be made more precise so that material property data can be
developed based on rational reguirements. As suggested above,
yvield strength, nil-ductility temperature, and fracture tough-
ness all depend upon the speed with which the test is conducted.
It is, therefore, reasonable to look for load rates correspond-
ing to actual ship primary structure loading conditions in order
to fix thefnotion of "dynamic" more precisely.

A good recent review of the subject of ship dynamic
loadings has been given by Lewis and Zubaly.(g) The vibratory
modes of hull-girder response are created by cyclic ldads (such
as wave excitation) and transient loads (slamming and whipping).
The authors have shown that the transient loadings are of sig-
nificantly higher frequency than are the cyclic loadings, and
the two can therefore be considered separately. The phasing
is such that slam response seldom adds significantly to initial
sagging bending moments, but the whipping that follows always
adds to the first hogging moment.

Data recorded from measurements reported by Lewis and
Zubaly and others show that the hull girder response of large
ships to wave excitation is essentially that of a rigid body
and produces bending stresses having a c¢yclic character with
frequencies on the order of 0.1 Hz. Slamming produces pri-
marily a two-noded hull vibration (whipping or springing) that
is transient in nature with frequencies of the order of 0.7 Hz
for large ships. For observed whipping stresses of about 20
ksi, the corresponding strain rate is about 5-10x10-3 sec—l.
Dynamic loading rates due to slamming per se, as measured by
pressure rise time,may be as much as 10 times those for whip-
ping or springing. These rates are not considered high by nor-
mal impact testing technology standards where "dynamic" strain
rates refer to rates in excess of about 100/sec.



IT. SPECIMEN FABRICATION
A. Ship Plate

A total of twelve heats of ship steel plate were chosen
for specimen fabrication. These heats are selected to repre-
sent typical samples of ordinary strength, quenched and tempered,
and high strength-low alloy ship steels having yield strengths
ranging from 40-100 ksi. Although it was desired that all
plate be one inch thick, considerations of availability and
timing imposed certain compromises. Most of the plate was ob-
tained from Armco Steel Company in Houston. Two small plates
of ABS-B were obtained before this project was initiated through
the Naval Research Laboratory, which declared these plates ex-
cess. Table 1 provides a summary of the heats used in this pro-
gram.

A chemical analysis of samples from the twelve plate
heats was conducted by Armco Steel. This analysis served not
only to verify the Armco certification reports but also to
assure.the composition of the two heats of ABS-B obtained
through the NRL. Table 2 summarizes the results of that
analysis.

All heats were within the specified chemistry except
for one. The ABS-CS had a manganese content of 1.42 vs 1.35
maximum allowable. All other elements for all materials fit
either the applicable ASTM or ABS requirements. Regarding
the reguired tensile properties, there were two exceptions.
The AH~32 exceeds the maximum allowable tensile strength of
85 ksi by 5 ksi; the yield and the elongation are acceptable.
The other exception is one heat of A517; here the elongation
is 13.6 percent, or slightly below the 16 percent value
specified by ASTM.

Other properties, particularly the Charpy and NDT values,
are more difficult to assess. For example, the NDT for ABS-B
was found to be 50-60°F in this investigation. While this is
higher than some other invest%?ators h?ve found, it should be
noted that among four sources!'s ?r !*) including this program,
a spread of 60°F is reported between the highest and lowest NDT
values. ' On the other hand, for ABS-CS material, three investi-
gations includingthis one also report a spread of 60°F in the
NDT. Sizable heat-to-heat variation can also be cited for
Charpy and dynamic tear results. Thus, without a large data
base of material properties from which to draw, it is very
difficult to specify typical properties for a material, par-
ticularly when the test itself involves a degree of uncer-
tainty as, e.g., in the Charpy test.

B. Fabrication Of Tensile Specimens

Tensile specimens were fabricated as 0.250-inch diameter
round specimens having a nominal gage length of 1.25 inch



Table 1. Summary of Steel Plate Received
SwRI Supplier's

Material Heat No.| Heat No. | Thickness Size* Source
ABS-DS 1 66359 1 24" X 96" | Armco
ABS AH-32 2 65769 i 24" X 96" | Armco
ABS £H-32(2) 3 66340 1 120" X 96" | Armco
ABS-Cs(3) 4 80635 1 192" X 96" | Armco
ASTM A517-D(P) 5 48784 1" 18" X 84" | Armco
ASTM A517-D(P) 6 37098 1-1/4" |120" X 84" | Armco
ASTM A678-c{P) 7 41911 1-3/8" 18" X 74" | Armco
ASTM A678-GtP) 8 63149 1-1/4" | 144" X 84" | Armco
ASTM A537-B(P 9 66144 1 18" X 84" | Armco
ast™ A537-B(P)| 10 | 48434 1 138" X 96" | Armco
ABs-plc) 11 2 i 36" X 24" | Todd/NRL
aBs-gle) 12 432K3581 | 1 36" X 24" | Bethlehem/NRL

(2)
(b)
(c)

Normalized
Q& T
Semi-killed

bar indicates rolling direction




Table 2. Results of Chemistry and Hardness Tests of Plate Samples
Submitted by Southwest Research Institute
Probable
Heat Brinell Wet Wat

Material{ Number | Thickness | Hardness| C | Mn P S Si Cr Ni Mo Cu Ti v B C
ABS Ds | 66359 1. 029" 134 |,10 | 1.07 |.010 § .015 | .21 | .13 .13 |.02 | .09 |Nil |mil Nil N
AH-32 | 66769 1.0lo" 183 |.18 f1.16 |.012 | 024 | .26) .11 | .07 .03 ] .11 INit |.044| Ni1 | N
EH-32 | 66340 1.026" 149 1.16 | 1.27 |.0l0 | .025 | .22 .12 [.09 | .03 | .09 |Nil {.042 | Nil N
ABS CS | 80635 ° 1.013" 143 1,11 | 1.42 |.016 | .026 | .34 .13 ) .04 | .02 | .03 | Nil |Nil Nil N
A517,D | 48748 1. 041" 262 .18 | .61 [.012 | .022 | .18 |1.12 |.19 |.21 | .30 |.095|Nil . 002 | Ni
A517,D | 37098 1.292" 255 [.18 | .55 [.011 012 { .27 | .98 .09} .20 | .24 |.101|Nil 003 | Ni
Ab6TB, C | 41911 1.421" 217 |.20 | 1.44 }.010 | .027 | .45} .22 | .22 | .06 | .13 | Nil |Nil Nil Ni
Ab678,C | 631497 1. 302" 202 1,19 | 1.55 | .010 | .03 | .47| .18 .19 (.07 | .08 [Nil [N Nil Ni
A537,B | 66144 1. 058" 159 |.15 | i.20 |.010 | .021 | .40 | .23 ) .13 |.04| .08 | Nil InNil Nil N
A537,B | 48434 1.016" 174 17 11,32 L.olo | .oe19 | .330 .21 .251.06{ .14 ! Nil |Nil Nil Ni
ABSB - | ? 1.018" 121 (.18 | 1.04 .010 | ,o20 } .03 | .01 | Bl | Nil | .03 | Nil |Nil Nil N;

? 1.018" 126 .17} .97 |.020 | .033 | Nil | .01 | Nil | Nil | .01 | Nil |Nil Nil Ni




according to ASTM E-8. This specimen is proportional in scale,
but smaller in size, to the standard ASTM 0.505-inch diameter
Round Tension Test Specimen. The ends of the specimens were
threaded to 1/2-13NC-2A for use with the grips in the Instron
testing machine. All these specimens were taken with the long
dimension in the rolling direction of the plate, from a cylin-
der whose axis was at the 1/4 T thickness position. While this
specimen is smaller than would be normally used for 1 inch
thick plate, it was chosen to match the size and location of
the corresponding tensile specimens in the companion study,
330_276,(3) The slightly longer gage length, 1.25 vs 1.00
inches, was chosen for convenience in applying instrumentation.

C. Fabrication Of Dynamic Tear Specimens

The dynamic tear (DT) specimen test procedure is pre-
sently (1976) proposed as an ASTM standard. The specimen is
a single edge notched beam 7.125 inches in length, 0.625 inch
in thickness, and notched and mid-span to a depth of 0.475
inch, where the total specimen width is 1.60 inches. The speci-
men is normally tested in a double pendulum type machine, and
is dynamically loaded in three-point bending, on supports
placed 6.5 inches apart, by a striker tup of radius 0.5 inch
so as to place the notch' in Mode I tension loading. Total
energy loss during separation is recorded. For purposes of the
present investigation DT specimens were also loaded similarly
in conventional testing machines at slower loading rates. De-
tails of the test specimen and test procedure may be found in
Reference (11).

Specimens were machined in the L-T orientation (Figure 1)
from the plate surface. The specimens were all fatigue pre-
cracked. This precracking operation was accomplished in three
point bending cyclic loading at 23 Hz with a maximum centerpoint
load/cycle of 4500 1lbs. This cyclic loading was sufficient to
create a crack of about .060 to .120 inch, visible from both
ends, in approximately 5 x 104 cycles.*

Figure 1. Specimen Orientation Code

*
The specimens were subjected to from 22,000 to 145,000 cycles
of load.
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IIT. TEST MATRIX AND TEST PROCEDURES

A. Test Matrix

Table 3 presents a summary of the numbers and kinds of
tests as related to each of the heats tested, As indicated
some of the test data were drawn from the report 38C-276 (3)
which serves as a companion to the present report, in order
to have as complete a basis as possible for evaluating load
rate and temperature effects on yield strength and toughness
as measured by the dynamic tear specimen. Only eleven of the
twelve available heats were tested in the present program;
Heat Number 12, ABS B, is carried in the table for consistency
with the heat designations of Report SSC-276, in which Heat
Number 12 was used in the test program. In the test data to
be reported, minor deviations from this test matrix can be
found. These deviations are present in a few of the DT tests,
where in some cases fewer than six tests were sufficient to
define the upper and lower shelf energy levels and their res-
pective temperatures.

B. Tensile Testing

Tension tests were conducted at various head (strain) rates
and temperatures in accordance with the test matrix, Table 3.
Two head rates were used: dynamic (0.10 in/sec) and impact
(approximately 6.0 in/sec¢). The dynamic tests were conducted
in a closed loop mode on a 22 KIP MTS electro-hydraulic univer-
sal testing machine. The impact tests were conducted in the
same facility, but in the open loop mode to achieve the maximum
head rate possible. A head displacement transducer, part of
the testing machine, was used to determine strain, and a load-
strain curve was plotted out for each test to enable upper and
lower yield point, and ultimate strength, to be determined.
Elongation was determined from two reference marks inscribed on
the specimen. Data at static head rates (1.67 x 107" in/sec)
was taken from Report SSC-276 (°) to provide a more complete
data base. A complete data summary is given in Table 4.

Testing at temperatures below ambient was accomplished by
surrounding the specimen with a container filled with a mixture
of methanol and dry ice. The specimen was allowed to stabilize
at the test temperature, and the test was conducted with the
specimen remaining immersed in the bath. A thermocouple was
attached to the gage section, under the methanol/dry ice solution
to monitor the temperature. Testing above room temperature was
accomplished by stabilizing the specimen in a water bath warmed
by a submersible heater, and testing with the specimen immersed
in the warm bath.

cC. Dynamic Tear Testing

Five-eighths-inch dynamic tear specimens were tested in

10
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Table 3. Overall Test Matrix

TEST TYPE

HEAT NUMSBER { SEE KE Y}

Tension Rate (Static) (1]

Tension Rate (Dynamic & Impact) (2]
DT, 5/8", Precrack (L-T) [s]

DT, 5/8", Press-Notch (L-T)l[1]

36 6 386 36 6 36 6 & 6 6 6 -

KEY
Heat No. Material
"1 ABS-DS
2 ABS AH-32
3 ABS EH-32
4 ABS C5
5 BSTM AS17-D
6 ASTM A517-D
7 ASTM A678-C
8 ASTM A678-C
9 ASTM AS37-B
10 ASTM A537-B
11 ABS B
12 ABS B

NOTES

(1] pata drawn from sr-224 study (3)

(2] peats 1, 2, 5, 7, 8, 9, 10, 11: 2 temperatures (0°F, 75°F) at dynamic
head rate = 0.10 in/sec

Heats 3, 4, 6: 3 temperatures (75°F and 2 others) at dynamic {0.10 in/sec)
and impact (6.0 in/sec) head rates

Heats 2, 5, 7, 8, 9, 10, 11: 6 temperatures {0°F, 75°F and 4 octhers) at
dynamic heat rate = 1.0 in/sec

Heats 1, 3, 4, 6: 6 temperatures (0°F, 75°F and 4 others) at static
(4 x 1073 in/sec), dynamic (1.0 in/sec), and DT impact head rates;
duplicate tests

[3]



Table 4.

Tensile Test Results

Initial Final .
Head Initial Gage Final Gage Lower Upper Ultimare
Heat Rate o Dia Length Dia Leagth Yield Yi?igi) StreEgth
Mo, tMagexial ) (tn/sec) 1T, ¥ | _(in) {in) (dn) (n) Jogylksi) | oyy 9 y(kai)
()| ams ps - 0.10 0 ., 0.2502 1.219 0.1332 | 1.568 49.8 51.6 70.3
0.10 75 0.2535 1,176 0.1300 § 1.610 42.1 51.0 66,3
(2)] ABS AR-32 1.67 x 107" 75 0.2507 1-278 0.1590 | 1.558 58,4 64.6 86.4
0,10 0 0.2486 1.203 0.1498 | 1.540 72.4
0.10 0 0.2525 1.128 0.1525 | 1.3%0 76.3 93.3
0.10 75 0.2546 1.220 0.1566 | 1.565 60.4 68.3 88.4
(3)| ABs EH-32 1.67 x 107" 75 0.2489 1.253 0.1310 | t.612 50.6 51.5 73.9
0.10 -80 0.2542 1.170 0.1452 | 1.584 84,6 86,1
0.10 a 0.2547 1.145 0.1400 | 1.538 75.0 79.4
0.10 75 0.2552 1.169 0.1388 | 1.539 52,7 66,9 75.2
6.06 -80 0.2506 1.246 0.1473 | 1.606 90.8 90.3
6.11 0 0.2507 1.253 0.1451 | 1.630 89.1 84.0
6.00 15 0.2541 1.204 0.1418 | 1.612 57.2 79.4 79.9
(4) ] ass cs 1.67 x 1074 75 0.2492 1.281 0.1400 § 1.657 47.3 48.0 69.0
0.10 ~B0 0.2552 1.228 0.1376 | 1.658 83.5 81.1
0.10 0 0.2552 1.181 0.1275 | 1.620 73.2 75.2
0.10 75 0.2553 1.178 0.1301 | 1.608 50.3 59.1 69.8
6.15 -80 0.2490 1.162 0.1355 | 1.502 83.2 86.2
6.14 0 0.2499 1.240 0.1355 | 1.644 83.7 78.6
6.11 75 0.2506 1.221 0.1316 | 1.701 54.8 73.0 74,0
(5) ] AST™M ASL7-D 1.67 x 107 % 75 0.2477 1.279 0.1390 | 1.471 120.6 120.6 126.7'
0.10 0 0.2505 1.227 0.14641 | 1.445 130.3 131.9
0.10 75 0.2505 1.178 0.1438 | 1.388 117.7 118.7 124.8
- (6) | AsTM AS17-D 1.67 x 1074 75 0.2516 1:284 0.1490 | 1.458 128.2 128.2 134.6
0.10 0 0.2547 1.185 0.1560 | 1.384 138.7 141.2
0.10 75 0.2504 1.217 0.1515 | 1.410 125.0 126.0 1331
0.10 160 0.2520 1.239 0.1519 | 1.439 128.3 130.8
5.58 =80 0.2511 1.226 0,1346 | 1.457 155.6 152.5
5.71 0 0.2508 1.197 0.1616 | 1.398 141.7 144.7
5.67 75 0.2545 1.213 0.1573 | 1.427 129.7 133.6 138.5 -
5.88 160 0.2510 1.125 0.1538 | 1.305 126.3 132.8
(7 | As™ a678-¢ 1.67 x 107 Y 75 0.2474 1.276 0.1340 { 1.530 73.8 17.9 96.3
0.10 0 0.2546 1.185 0.1400 | 1.485 93.3 105.6
0.10 75 0.2505 1.189 0.1395 | 1.453 77.1 80.6 99,9
(8) | As™ A678-C 1.67 x 1074 75 0.2487 1.268 0.1320 | 1,560 76.9 86.2 96.3
0.10 0 0.2545 1.178 0.1508 | 1.459 95.3 103.6
0.10 75 0.2508 1.205 0.1282 | 1.492 77.9 84.0 98.2
(9) | As™™ A537-3 1.67 x 1074 75 0.2527 1.275 0.1290 | 1.654 62.8 67.0 83,7
0.10 0 0.2555 1.202 0.1349 | 1.532 85.8 89.7
. 0.10 75" 0.2552 1.192 0.1313 | 1,507 64.5 71.8 84.0
(10)] ASTM A537-B 1.67 x 10”4 75 0.2484 1.260 0.1390 | 1.546 67.9 75.3 89.6
0.10 0 0.2502 1.225 0.1405 | 1.524 88.4 94.7
0.10 75 0.2507 1.209 0.1450 | 1.514 72.4 80.5 91.1
[ (1] a5 » 1.67 x 10~ * 75 0.2496 1.267 0.1460 | 1.673 3.8 37.9 63.9
0.10 0 0.2551 1.204 0.1545 | 1.602 64.1 70.5
0.10 75 0.2546 1.182 0.1511 | 1.605 39.8 47.6 66.3
NOTE: ALl data at static head rate (1.67 x 10" 1in/sec) drawn from SR-224 study. °
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two different machines. Impact-rate tests were conducted in a
2000 ft-1lb capacity Mark II dynamic tear test machine, having a
double pendulum arrangement. This machine is calibrated period-.
ically using a static moment technique. Additionally, it is
checked each day before a test series is conducted by letting
the pendula swing freely through one complete cycle, then check-
ing that the dial indicator reads zero ft-lbs energy. Static
and dynamic rate tests were conducted in a 50 Kip servo-control-
led MTS universal testing machine. Fixturing was provided so as
to load the specimen in 3-point bending similar to the loading
produced by the DT machine. The distance between the two sup-~
port points as fixtured for these tests was 6.75 inches, whereas
the corresponding support distance for the DT machine is 6.5
inches. Thus, the force-moment relationship in the two cases
differs by the factor 1.0385.

Specimens were temperature conditioned in the same way as
were the tensile sgspecimensg, described in Section III.B. Speci-
mens were cooled by immersing them in an agitated bath of meth-
anol and dry ice, and held at temperature for 20 minutes.
Elevated temperature testing was accomplished by stabilizing
the specimens in an agitated bath of water warmed by submersible
heaters. For impact testing in the DT machine the specimen was
taken from the bath, placed in the machine and immediately tested;
total elapsed time from the bath to test completion was 10 sec-
onds or less. For static and dynamic testing the specimen was
kept immersed in a container of the cooled or warmed fluid during
the test.

Most of the DT testing involved determining total energy
to fracture the specimen. In the case of the DT machine, the
energy-to-fracture is read out directly on a calibrated dial
indicator. In the case of the static and dynamic tests, the
load deflection curve was automatically plotted out during the
test from load cell and head rate inputs. Then, the area under
the load deflection curve was determined by digitizing the curve
and integrating by a quadrature routine to determine energy.

A few of the tests were carried out with the specimen it-
self ingtrumented as well, to provide information leading to the
evaluation of a fracture toughness. In order to do this, a speci-
men crack opening displacement (COD) gage was designed and devel-
oped especially for the DT specimen.

The COD gage is a capacitance type gage which mounts across
the notch in the DT specimen on the face opposite to the impact
face, Figure 2. 1t consists of two simple assemblies. One con-
tains the active capacitance plates and is mounted by two screws
on one side of the notch. The other carries a grounded slide
plate and is mounted by a third screw on the other side of the
notch. The first assembly is composed of two brass pieces, each
with a brass sensing element encapsulated in epoxy. When the
two halves are assembled, the two sensing elements form a parallel

13



plate capacitor with an air gap between them, The sensing ele-
ments are surrounded on all sides, except at the gap opening,
by the brass shell pieces. The second assembly is laminated
from two brass blocks and the brass slider plate, The blocks
support the thin slider plate and gulde it into the gap between
the sensing plates.

When the COD gage is mounted on the DT specimen, as shown in
Figure 2, the shell of the first assembly and the entire second
assembly are connected to instrument ground through the specimen.
The capacitance between the sensing elements is then limited to
that gap area, or window, which is not covered by the slider
plate. As the specimen is deformed during a test, the slider
is drawn from the gap and the capacitance increases proportion-
ately as the window area increases.

The minute change in capacitance produced by movement of
the slider can be measured only with very sensitive instrumen-
tation capable of separating the capacitance between the sensing
elements from capacitance between each element and ground. In
addition, the frequency response of the instrumentation must be
adequate for the impact tests. Capacitance instrumentation was
developed at SwRI for these tests. The active element in the
COD gage is one arm of a capacitance bridge. The bridge is
driven with a carrier from a low impedance source, and the out-
put of the bridge is at virtual ground so that the effect of
capacitance to ground is minimized. The instrumentation was
modified for these tests to operate with a carrier frequency of
100 kHz to give adequate high-frequency response.

In addition to the COD gage, specimen instrumentation,
where applicable, consisted also of a strain gage mounted on
the specimen to measure the specimen response in the region
near the crack tip. Several different locations were used for
placing the strain gages, as shown in Figure 3. The strain
gage was placed only on the instrumented specimens tested at
room temperature, since the force-time data from the tup and
the strain-time data were essentially coincident except for a
time-delay shift. Since the strain gage was judged to produce
no extra data, it was dropped from all non-ambient tests.

The DT machine was also fitted with an instrumented tup
to enable the force-time relationship of the impact event to
be determined, This instrumentation consisted of an elastic
element incorporating a semiconductor full Wheatstone bridge to
record dynamic loads. The bandwidth for this element is -3 4B
at 20 kHz.

14
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IV. TEST RESULTS

A. Tensile Rate Test Data

The relationship between yield strength, temperature, and
strain rate is often expressed mathematically by an Arrhenius
relation derived from rate process theory. One commonly-used
expression(!?,13) ig a more ?eneral form of the rate parameter,
R, discussed previously this expression is:

(1)

€ = €, exp - [U - (Gy-oi)\ﬂ

kT ]

in which ¢, oy , and T are, respectively, the strain rate, yield
strength, and absolute temperature. The other parameters enter-
ing into Eg. (1) are
E, & @& v1sc051ty coefficient, having the same dimensions
as £, which is a functlon of the dislocation density,
Burger's vector, and dislocation velocity (and hence
plastic strain). For steel alloyséo o 10!2/sec, but
may vary with microstructure and deformation history.

U = activation energy, of the order 1 ev = 1,418 x 10™!8
in-1b.

0y = long range "athermal" stress field opposing disloca-
tion motion; also, high-temperature elastic limit.

V = activation volume, typlcally 10~-100 b3, where b, the
Burger's vector, is o 3A = 1,18 x 107° in.

k = Boltzmann's constant, 6.786 x 1072? in-1b/°R.

Equation (1) can be rearranged to give the yield strength expli-
citly:
_ _ k_'I‘- i N - -

o, = 9, 7 gn(eo/e) (2)
where oo = 03 + U/V. This expression shows that the yield
strength decreases linearly with (absolute) temperature, and
increases logarithmically w1th strain rate.

In applying Eg. (2), it should be noticed that as the tem-—
perature approaches absolute zero, then o, = o0, ; hence 0n has
the interpretation of the yield strength at absolute zexro temper-
ature, and 045 » 0y . The activation volume V can be calculated
from the change of oy with strain rate or temperature. By tak-
ing the respective partial derivatives one finds

kK an (£/€,) ‘ (3a)

v
oT
ch/
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or

v = kT _ kT _ A (3b)
= r - 2‘ L]
3 iaoy7ag) ch/a n ¢
and thus
30- - » - ao‘ - - 80 (4)
22y = 2y = Yy
T - € 4n (e/eo) ) in (E/EO) S =

In calculations of V using experimental data, Eg. (3b) is
preferred since it does not contain the parameter ¢,. If
this is used, then Eq. (4) can be used to determine ¢, :

. _|T _(3a0y/3T)| _ _ |T3oy/3T (5)
€o T FE EXP [g (doy/3e)| £ €xp [ch ? 4n ¢

Since V and éo may now be considered known from the data, oy

can be calculated directly from Eg. (2).

These expressions are often used to represent data on the
strain rate and temperature dependence of the flow (yield)
stress for polycrystalline metals. They are especially useful
in describing the flow characteristics of pure metals, or those
having simple microstructures. For complex metals, such as
quenched and tempered ship steels having martensitic microstruc-
tures, the physical arguments on which these equations are based
frequently fail to describe real flow processes in detail.
Nevertheless, they do illustrate how yield stress is linearly
related to absolute temperature and to the logarithm of strain
rate; representations of oy as a function of T and of in € are
sufficient to describe flow behavior.

Table 4 presents the experimental data on uniaxial ten-
sion tests on specimens from Heats 1-11. Three strain rates
were chosen to represent the range in load rates that may be
encountered in primary ship structure service. For the sake
of simplicity, these rates will be referred to as

Load Rate Cross~Head Strain Rate
Velocity (in/in/sec)
Static 0.01 in/min ~1.3 x 107
Dynamic 0.10 in/sec ~0.08
Impact 26 in/sec w5,

Tests:on Heat No. 2 (AH-32) were conducted only at the dynamic
rate. All other heats were tested at both static and dynamic
rates, and in the case of Heats 3 (EH-32), 4 (CS), and 5 & 6
(A517-D), impact tests were also conducted.

Tension stress-strain tests were conducted at various tem=~
peratures as well. All heats were tested at both 0°F and 75°F,
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and, in addition, were tested at higher and lower temperatures
as appropriate. Details are provided in Table 4.

Most of the materials tested exhibited both an upper and
a lower yield strength; for purposes of data analysis to deter-
mine the slope aoy/BT, upper yield strength values were used.
In several cases only two data points were available from which
to determine 3 oy/3T. Owing to the normal scatter inherent in
yield strength determination, the calculated slopes in these
cases must be considered only approximate. Table 5 summar-
izes the oy vs T slopes determined in this manner. In the
three cases (Heats 3, 4, and 6), where comparative results
were available for dynamic and impact load rates, the absolute
values of 3 ¢,/3T for impact test conditions were less than
those values obtained under dynamic conditions. This finding
agrees with Eg. (3a), which indicates that 3 oy/8T = &n (£/é,) .

Upper yield strength values were also used to assess the
dependence of yield strength oy on %n €. As before, in many
cases there is a paucity of data available from which to cal-
culate the slope 3 0y/3¢n € with confidence. These calcula-
tions are made more imprecise due to the sensitivity of the
oy = &n € relationship to normal scatter in determining yield
strength. Table 6 summarizes the results of these calcula-
tions. Several of the values of 3 oy/d 24N € are seen to be
negative; these data are probably invalid and are caused by
the lack of sufficient data to make realistic determinations
possible. The same can be said of those wvalues of 3 oy/% &n €
which are positive, but small. Such values imply & [Eg. (5)]
to be very large, several orders of magnitude greater than the
range 10'0 to 10'% generally reported.

The mathematical model discussed above and presented as
Eg. (2) can be used to determine the relation between the
“dynamic" (or, more properly, the "impact") yield strength oyq
and the conventional "static" yield strength oyg . To do this,
it is convenient to define the static yield strength mathe-
matically in terms of the dynamic yield strength:

107
75°F

H M

n
N

o

The "static" strain rate has been chosen arbitrarily as 10 "
in/in/sec as representative of conventional test data. Then,
oyg can be computed as

18
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Table 5. Summary of Slopes of Yield Table 6. Summary of Slopes of Yield Strength-
Strength-Temperature Results Strength - Log & Results
Heat No. Material Load Rate 3oy/3T (1b/in?/°F)
2 AH-32 Dynamic -100. Heat MNo. Material Temperature, °F 90y/3 Ln €
3 EH-32 Dynamic -125, 2 RH-32 75 625.
3 EH-32 Impact - 95, 3 EH-32 -80 1579,
4 cs Dynamic -154. 3 EH-32 0 3333,
4 cs Impact -119. 3 EH-32 75 2632,
5 A517-D Dynamic -158. 4 cs -80 0.
6 A517-D Dynamic -158. 4 cs 0 2500,
A517-D Impact -119. 4 cs 75 2381,
7 A678-C Dynamic -168, 5 A517-D 75 - 304
8 A678-C Dynamic -150. § A517-D 0 790.
9 A537-B Dynamic -190. § A517-D 75 1053
10 A537-B Dynamic -105. 6 A517-D 150 - 526.
11 B Dynamic -219. 7 A678-C 75 304.
8 AE78-C 75 - 391.
5 A537-B 75 769,
10 AS37-B 75 833,
11 B 75 1539,




Gyd = Uys + (Uyd - cys) (7)

which, with Eq. (2), reduces to

_ kT T . - . .
oyd . GYS + hﬁ‘-]— [_-'i‘% in (EO/ES) - in (EO/E)] (8)

The second term on the right hand side represents the amount of
increase (or decrease) in the static yield strength due to tem-
perature and strain rate effects. At room temperature T = T ,
Eq. (8) gives s

- ’ kTS . -
04 S e (e/€ ) (9)
which reveals the effect of strain rate cn room temperature
yield strength.

In the analysis of the present data it is assumed that
d refers to yield strength at strain rates characteristic of

tge dynamic tear (DT) test. Analysis of the instrumented DT
tests reported herein suggests that the flow stress is reached
in approximately 200 y1 sec. The flow strains are on the order
3 x 107* for the strength range tested in this program.
TKus, the strain rate ¢ for the DT test can be estimated as of
the order 3 x 10-%/200 x 10-% = 15 in/in/sec. The calculation

of eo is more speculative; however, most of the present data
show &, to be of order 10!'2, and this value will be assumed to

be constant for all heats used in this program. Then,

en (Eo/¢) = 25 for DT impact strain rates, so that Eq. (8) re-
duces to
¢ .= o + 36.84 XL (.?_S. - 0.6786) =g+ (10)
yd ys vV \T ys y

Equation (10) shows that the dynamic yield strength is
equal to the static yield strength, oyg , plus a dynamic over-
stress, Gyd, which is temperature dependent. In order to make

calculations of Oyd it is necessary to determine the activation
volume V. Calculations of V were made from Eq. (3b), and the
results, while scattered, indicated that all heats tested can
be grouped into three categorles, within which V can be assumed
constant:

Heats Materials v(in?)

1- 4 DS, AH-32, EH-32, CS 1.3 x 10723
5-10 all AS™M 4,0 x 1078
11-12 B 2.4 x 10723
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This grouping is consistent also from metallurgical consider-
ations, inasmuch as they represent predominantly bainilte,
martensite, and ferrite microstructures, respectively.

Table 7 presents the calculated values of d§ in Eq. (10)
for dynamic yield strength for various temperatures. At low
temperatures, oy is high, owing to the strain rate effect, but
decreases with thermal softening at higher temperatures. Equa-
tion (10) predicts a temperature of 328°F at which all material
heats have the same dynamic (DT-impact) yield strength as they
do at 75°F under quasi-static loading. At this temperature,
the competing mechanismgs of strain rate and temperature balance.

The calculations used to develop Table 7 depend upon the
value of €5 , which entered into Eg. (8) and hence into Eg. (10).
Although the value chosen for £¢ is somewhat judgemental in view
of the paucity of data, it is comforting to know that the num-
bers given in Table 7 are rather insensitive to go. Varying g,
by an order of magnitude either side of the chosen value of
1012 alters the values in the table generally by less than 6%.
At T=Tg=75°F=535°R, of course, oy is independent of ¢, . More-
over, varying £, by an order of magnitude changes the calculated
temperature of 328°F (at which the dynamic yield strength is the
same as for static loading at 75°F) by about +32°F (at €, = 10")
and -51°F (at g, = 10'%).

The figures shown in Table 7 indicate that there is a
substantial increase in yield strength at room temperature in
going from static to impact loading rates. The calculated
values, of course, are (inversely) proportional to the activa-
tion volume V, which was determined through the experiments.
The paucity of data made it difficult to determine V with high
confidence. Nevertheless, it appears as though the assumption
Oyd = Oys * 20 ksi in the 55C-244 criterion '!T, while perhaps a
gbod average correction, may differ widely from true values for
various heats.

B. Dynamic Tear Tests

1. Energy to Failure

Table 8 presents the data for the energy-of-fracture W

‘as measured on the precracked dynamic tear (DT) specimens loaded
at three different head rates. The test temperatures were sel-
ected for each heat in an attempt to define the upper and lower
shelves as well as the transition temperature region. These data
are plotted in Figures 4 - 14. The fiqures representing the data
for Heats 3, 4, and 6 also contain data for the same kind of
specimens having press-notches rather than being precracked;

these test data were drawn from Reference 3, and are reproduced
in Table 9.



Table 7. Dynamic Overstress 0;, As a Function

of Material Category and Temperature
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Despite the fact that it was not possible in every case
to define both shelves in the test temperature range of -80°F
to 160°F, not to mention data scatter (especially in the tran-
sition region), it is possible to establish approximate upper
shelf values for the heats tested. These values are given in
Table 10. One important fact emerges from these results. 1In
examining the data for the A517, A678, and A537 steels where
two heats of each were tested it is seen that substantial heat-
to-heat variations in energy-of-fracture may be found. The
energy-of-fracture is composed of both crack initiation and
crack propagation components. The relative magnitude of these
components varies with temperature, load rate, and notch con-
dition, as well as material. Apparently, rather large varia-
tions in these energy components may be expected to be found
among various heats of the same material.

In four of the heats (Heats 1, 3, 4, and 6) specimens
were tested at various load rates to determine rate effects on
precracked DT energy levels. Table 11 presents the transition
temperature range and the upper shelf energy levels for these
heats. Several observations can be made from the data presented.
First, the transition temperature region shifts to the right
with increased load rate, i.e., the mean transition temperature
increases. This shift is very small in the "static" to "dynamic"
regime, i.e., up to 1 in/sec head rate, but jumps dramatically
from the "dynamic" to the "impact" load rate. Thus, transition
temperatures, as measured by the conventional DT test, must be

considered high for materials loaded at lesser rates. Second,
there appears to be a tendency for the width of the transition
temperature regime to narrow with increased load rate. The

data are not complete enough, however, to assert this observa-
tion with confidence, and further test work would be necessary
to validate it. Third, the upper shelf DT energy level itself
apparently increases with load rate.

The above observations lead to an empirical representation
of the energy-to-fracture Wf on the upper shelf as a product of
two functions

W, = f(Tg(n £)

where both f and g are (approximately) linearly increasing func-
tions of their respective arguments.

Figures 6, 7, and 9, on which the data for press—-notch
specimens are combined with the precracked specimen data, allow
an evaluation to be made of notch tip condition. The general
configuration of the three curves is similar but, at first, it
appears that there are some differences. The data for the EH-32
steel displays similar behavior between the notched and pre-
cracked specimens over the entire temperature range. The A517
also shows similar behavior for the two notch tips except that
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Table 9. 5/8" Dynamic Tear Test Results. Press
Notch, L-T Orientation, Impact Loading
(From SSC-276, Reference {3))
PFt.~Lb, Energy Absorbed at Temperature {in *F
Heat | Maverial
=11 = =441 =20 4] 12 15 i!_f.lﬂ 120 160 0|
2 | w1 30 1oa] 195 275| 425] sos
3 | maz as] 90 265| 665] &6 640
4 | nescs s 103 275 745} 705 700
|3 A517-0 100§ 60f 200 405 610 605
§ ASLT-D 105] 200 155 i1s 355) 589
1 ASTS-C 5] 7s] 215 465 s 765
v | asmc 15| 140] 220| esof1L1es 1040
s | aard 1 35| e 320 665 790 g5
10 | ssamn | a5y 9ol 1s] 350] 540 550
11 | A8S-D ssi 75| 335 ns” 795} 760 ‘i'”

Table 10. Approximate Upper Shelf
Energies for Precracked
DT..Specimens at Inter-
Mediate Load Rate {Cross-
Head Rate = 1 In/Sec)

Heat Mo, Material DT Energy, Pe-Lh

1 ABS-06 550
2. 32 o
3 En-31 500
4 ABS-CS 500
5 ASL7-D 500
L ] ASLT-D 400
T AST8-C €50
| ] ASTR-C 700
L ] AS3T7-R §00
10 A5)1-B 400
1 ABE~-R 410

Table 11.

Effect of Load Rate of °

and Upper Shelf DT Enert

Heat Mo, Load Rate mtex-'.lal. hp::r-u::!;:me, bt 4
i static ABS-DS -20 to 50 B
1 dynanmic ABI-DE ~40 to &0
1 impact ABS-PE 20 to 100
3 static EN-12 7 to -840
k] dynamie EN-12 7 to =60
3 impact EW-12 -0 o 120
4 static ABS~CS < =00
4 dynamic ‘ABS-CS 7 to -20
4 impact ABS-CS 0 to 40
L static A517-D 20 to 60
[ dyneals A517-D ¢t 70
[ impact A517-n ¢ N

Load Rate
Static = ¢ x 107’ in/mec
Dynamic = 1 in/sec

Impact = DT rate



the upper shelf energies are higher for the press notched
specimen. This difference, on the order of 60-200 ft-1lbs,
indicates that, in the ductile region, large amounts of de-
formation takes place near the pressed notch before crack
propagation begins. In the transition region, however, there
is no difference between the two notches. This means that
even though completely brittle conditions do not exist, the
pressed notch is able to form a crack easily over at least
part of the notch front and that this crack readily propagates
in spite of the developing shear lips. It is also of interest
to note that, unlike the EH and CS materials, the transition
region in the A517 is not abrupt and extends over a large
temperature range.

The CS material appears to show more signs of notch
sensitivity, although this is not completely c¢lear. The CS
material displays higher upper shelf energies for the pressed
notch, just as does the A517. 1If one takes the existing
press notch data, then it appears that there is an effect of
notch acuity in the transition region also. However, the
energy recorded at 32°F is higher than the other upper shelf
values at higher temperatures and is therefore suspect. At
the lower end of the transition, the data indicate that the
departure from exclusively brittle behavior begins 40°F earlier
for the pressed notch specimen. It should be noted that there
are no other data points in this temperature range. Hence, a
press notch specimen could be completely brittle at -20° or
even -10°F; this would cut the 40°F difference to 10° or 20°F,
which is similar to the difference seen in many transition
experiments. For example, for EH-32, at 0°F, the impact
energies for the pressed notch and precracked specimens are
the same. If these points are connected to the energies at
the next lower temperature, then there is a difference of
20°F in the beginning of the transition region. If, however,
one were to perform a pressed notch test at -20°F, then it
would be possible to say whether or not there actually is a
difference in the commencement of mixed brittle-ductile
behavior. At present, there are not enough data to be able
to say confidently there is a difference in the behavior of
the two notch types.

If there is an effect of notch geometry, then it prob-
ably reflects a notch tip plasticity effect. For the CS
plate, at 0°F, using the high rate wvalues, the conventional
plastic zone size estimate is

_ 1 _ .
rp = 5 (=) = 0.035 inch.
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At the higher temperature ot s5%¥, the zone is
r = 0.437 inch
P

and so the transition from plane strain to plane stress occurs
in this regime. If the press notch is not sufficiently sharp,
then it could cause the through thickness effects to occur
slightly earlier than they would for the fatique cracked speci-
men.

Unfortunately, there are no 0°F toughness data for either
the EH-32 or the A517 to make the same comparison. Even at
75°F, we have only data for the latter, where

r = 0.276 inch.
o n

This would put the material in transition so one might expect
to see some difference. However, the fracture mode in the
high strength materials tends more toward cleavage under these
conditions and so both the EH-32 and the A517 could cleave
before the full extent of the through thickness effect is
felt.

In summary, the energy-to-fracture Wg¢ is higher for the
press notch specimen than for the precracked specimen. The
difference in DT energies is attributable to crack initiation,
for the energy to propagate the crack to failure should be- the
same in both specimens. Since there is a significant difference
in upper shelf energy, as reflected by the two kinds of notch
conditions, it appears asg though crack initiation is a signifi-
cant, if not the dominant, portion of the total energy used to
fracture a DT specimen on the upper shelf.

2. Instrumented Specimen Tests

A number of DT tests were conducted in which the specimen
and load tup were instrumented in an effort to derive additional -
information from each test. In particular, all specimens from Y
Heat No. 4 (ABS5~CS)were instrumented, as were the room tempera- _
ture specimens for all heats tested at the "dynamic" or inter- k
mediate head rate of 1.0 in/sec. 1In total, 32 specimens from
Heat 4, and 2 specimens from all other heats tested were instru-
mented. TIn all cases the instrumented specimen was fitted with
a crack opening displacement (COD) gage as described in Section
III.C; in some cases a strain gage was also used on the specimen.
Data readout consisted of time histories of load, displacement
(or velocity), COD, and strain.
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Before discussing the data analysis from the instrumented
specimen tests, it is useful to review briefly several approaches
to impact specimen data analysis which have been described in
the recent literature. Each, of course, has certain advantages
and disadvantages. As in most test procedures, increased data
acquisition is obtained only through increased cost and complex-
ity. This means that different procedures will have more or
less utility for different users, depending upon the technical
objectives.

From the standpoint of simplicity of use, certainly the
first choice is to characterize fracture resistance of the DT
specimen by measuring total energy-to-fracture, W¢ , which is
defined as the integral of force times the head displacement,
taken over the displacement to failure, X¢ . This method is
analogous to the Charpy test which is also analyzed in terms of
Wg , and is useful for comparing the relative fracture perfor-
mance of various steels or as a screening or quality control test
for heats of a given steel. It is simple, does not require the
use of an instrumented specimen, and is inexpensive to conduct.
Furthermore, the proposed S5C-244 criterion is written in terms
of Wf as an acceptance criterion, viz., the material should
exhibit a DT energy-to~fracture W¢ of 250 ft-1lbs (3000 in-1b)
as measured with a 5/8" specimen having a 40 ksi static yield
strength, tested at 75°F. (The W¢ requirement increases with
yield strength so as to insure a notch toughness of Kj4/0yd =
0.9/in.)

Despite the obvious advantages of Wy as a toughness
criterion, it suffers several shortcomings, most of which stem
from the fact that W¢ lumps together the work done during
fracture initiation with the energy which propagates the crack
to failure. These two components of Wg¢ are weighted quite
differently depending upon the particular temperature and load
rate test conditions. Thus, Wf can not be used to derive "true
measures of notch toughness (K¢ or J¢) which are related to the
energy required to initiate crack growth. This is a serious
handicap in terms of ordinary strength and Q&T ship steels
tested at 75°F, which are highly ductile and where much of Wg
is consumed in propagating the crack. Moreover, -when used in
connection with the DT machine (an open loop test), both mater-
ial and inertial effects are combined and reflected in Wg;
inertial forces can be substantial and mask the true material
behavior. Despite these disadvantages, Wf can be correlated
with toughness for a given material, making it a useful param-
eter for the analysis of test data.
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A second popular approach to interpreting DT test data is
the nonlinear critical strain energy release rate, or Jgg. This
method is a generalization of the G¢ derived for linearly elas-
tic materials. J¢ is proportional to the area under the force-
displacement curve up to the point of crack initiation. The
usefulness of Jcg as a dynamic toughness measure is that it
derives from basic fracture mechanics principles and applies to
cases involving small-to-moderate crack tip plasticity. Also,
from Jcd one can derive an estimate on Kgg4 under certain circum-
stances.

The major drawback to the use of Jgg is the practical
matter of defining the onset of crack propagation. For lack of
a more satisfactory definition, crack initiation is usually
associated with peak load. Recent research at the NRL reports
that if fracture develops after general yield initiates, the
dynamic fracture toughness can be computed using energy to max-
imum load (corrected for machine compliance) in conjunction
with the J-integral approximate equation for a deeply notched
beam in bending:

2W_ E

K EJ = o (11)
cd \/ cd bE
where
[ /o
W = Pdx = PVdt = V pdt (12)
m Q o [} (&)

-~

In these expressions E is Young's modulus, b the unbroken liga-
ment length, B the specimen thickness, xp and typ the displace-
ment and time associated with maximum load, respectively, and

Vo, the average striker velocity associated with crack initiation.

If fracture of the DT specimen develops prior to general yield,

the maximum load B, , together with the ASTM E 399 equation for

Ki¢ under static loading, can be used to calculate dynamic frac-
ture toughness if the E 399 rules apply and if the dynamic

yield stress is used.

The limitations of Jgq are twofold: first there is the
difficulty in defining initiation, and second, the fact that J
does not include inertial effects associated with dynamic defor-
mation. In ductile materials such as ship steels at temperatures
above the NDT, techniques such as heat tinting have been used to
indicate initiation, but physical processes such as crack open~
ing stretch lead to local unloading, which invalidates the basic
assumptions behind J¢ . Also, since the calculation of J is,
in principle, a static calculation, there is no way to separate
inertial forces from material behavior, so that Jgq has limited
meaning.
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Another approach to DT data analysis that has been applied
to a more limited extent is known as the equivalent energy
method. This approach proposes to determine the fracture tough-
ness, Kg , of a specimen which does not meet E 399 elastic-plas-~-
tic fracture requirements (e.g., the DT specimen) by the plane
strain value Kyc¢ and a "scaling factor":

volumetric energy ratio (13)
K = ratio of specimen scale Ky

Here, the volumetric energy ratio is the ratio of the fracture
energy to maximum load for two geometrically similar specimens
of the same material at the same temperature, the thicker of
which gives a valid Kj¢ .

This approach suffers from the same limitations as does
Jo regarding the definition of initiation; and it, too, ignores
inertial effects. Moreover, it requires a control DT specimen
of a different size to use it, ignoring the fact that these
two specimens will generally have different crack tip plastic
strain distributions.

A final approach to data interpretation which should be
mentioned is the relation between K¢ and the critical crack
opening displacement (CODq) or the critical crack tip opening
displacement (CTOD¢). This approach can be discussed in the
following way. In a DT test the tup motion loads the specimen
with a known time-dependent force P(t) relationship, which in
turn produces a COD and a CTOD which are functions of the mater-
ial behavior and inertial effects. The dynamic K¢ value, Kcd
can be calculated by an approach similar to the NRL analysis
based on a Timoshenko beam model. The specimen is idealized as
two elastic members connected by an elastic spring, and the

analysis calculates K(t) output as a function of P(t) input.
The details of the analysis, yet unpublished, require the
solution of an integral equation containing the normal beam
functions, and is quite involved. The method is quite sen-
sitive to a number of factors which are difficult to obtain
from the impact system. Even if the calculation is accepted
as correct, the problem of establishing the critical value of
the dynamic K, persists. It is worth noting that according
to NRL, the use of a static analysis procedure will generally
lead to erroneous K¢y values.

Rather than using P(t) to determine toughness as a func-
tion of time, it is natural to attempt to utilize the crack
opening displacement (COD) as a direct measure of material
toughness. At first glance, this method is attractive as it
proposes to use a measured quantity to characterize toughness.
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By making certain assumptions regarding the similarity of
specimen displacement (not specimen strain) behavior in the
static and dynamic modes, one can calculate the crack tip open-
ing displacement (CTOD) as a function of time. However, in
order to apply this concept, one must experimentally determine
a critical CTOD, which is a very difficult task. Alternately,
the CTOD can be related to the stress intensity factor in the
manner promoted by British and Japanese scientists in recent
years. Unfortunately, this largely negates the advantage of
the dynamically measured COD by requiring the introduction of
the crack tip strain field. BAs presently used for static anal-
ysis, the CTOD is obtained from the Dugdale model and this
model is not even representative of the static plastic zone in
ship steels, let alone the dynamic zone. The difficulties with
using CTOD(t) are twofold, then. First, the kinematic model is
approximate as it assumes rigid body motion. Second, the lack
of dynamically determined critical values of CTOD constitutes

a formidable barrier. As a longer term research tool, this
method is attractive. However, in the short run, the method

is beset with so many approximations as to possess very limited
meaning in evaluating the DT test results.

The primary objective in analyzing the DT data in the pre-
sent investigation was to relate yield load, Py, energy-to-
failure, Wf, and fracture toughness Ke to loading rate and
temperature. The quantities needed to calculate these parameters
were determined from data traces recorded during the tests. All
of the DT tests conducted on Heat No. 4 (ABS-CS) specimens,
as well as the room temperature tests at the dynamic (intermed-
iate ) rate on the remaining heats, and one impact test each
on Heats 6 (A517-D) and 10 (A537-B) were instrumented with COD
gages, and in some cases transient strain records were obtained
from a strain gage mounted on the specimen as explained in
Section III.C. Data traces for the instrumented tests consisted
of time histories of driving point load, velocity, COD, and
strain, where applicable. All other tests at the impact rate
on the DT machine were conducted so as to record total
energy-to-failure Wf only. For the remalning tests at static
and dynamic load rates, the time-dependent load and head dis-
placement were recorded. The transient data recorded from tests
at all three loading rates were digitized and placed on magnetic
tape casettes for cross-plotting and data reduction on a
Hewlett-Packard HP-9830 computer.

Data reduction techniques differed somewhat for the im-
pact test results as compared with the data from the static
and dynamic tests. In the case of the static and dynamic tests,
the yield load Py was determined by cross-plotting load P against
(head) displacement x, then locating the load at which the rela-
tionship became nonlinear. The maximum load Pp was also deter-—
mined from these plots, and the displacement at maximum load,

34



Xpr, was then determined from the P-x plot. The energy to
maximum load, Wnp, and the total energy to failure, Wg, were
calculated by numerical integration of the P-x record to the
appropriate displacement.

The data reduction procedures for the instrumented impact
tests were somewhat more involved because of the high harmonic
content in the records stemming from specimen dynamics. The
load-time record first was smoothed by fitting a curve through
the mean of the oscillations describing the dynamic, inelastic
response. Then, using the load-displacement elastic compliance
determined from the dynamic (intermediate load rate) test re-
sults, a straight load-time line was drawn from zero load to
its intersection with the smoothed curve mentioned above. This
procedure assumes that the specimen loads elastically and that
the stiffness during elastic loading is the same for both dy-
namic and impact loading. The load corresponding to the inter-
section of the assumed elastic loading line with the smoothed
inelastic loading curve was defined as Py, the yield load for
the impact case. The smoothed inelastic curve was also used to
pick off the maximum load Pp. The energy-to-maximum load, Wp,
was calculated by integrating along the assumed elastic and
inelastic loading path to Pp. This procedure obviously reguires
some Jjudgement, and the results must be regarded as estimates
only. The energy-to-failure, Wf, was read directly off the DT
machine.

These calculations for the tests at all three load rates
were then used to determine a fracture toughness parameter.
Equation (11) was used to calculate a dynamic fracture tough-
ness parameter, Keg, from the energy-to-maximum load, Wy, and
the geometric parameters of the specimen.

Figures 15-17 show load-deflection curves for Heat 4
(ABS~CS); these curves are typical of those found for all heats.
Figures 15 and 16 indicate how the response varies with temper-
ature at two loading rates, and Figure 17 shows the response at
static, dynamic, and impact rates all at room temperature. At
static and dynamic loading rates, decreasing temperature is
associated with the more pronounced development of a lower yield
point, and with an increase in maximum load. In all cases with
the exception of the A517-D, significant yield preceded fracture
at room temperature.

An example to show how the impact response of an instru-
mented DT specimen varies with temperature either side of the
transition regions is given in Figqgures 18=23. Figures 18-20
show the detailed time historijies of tup load, tup velocity, COD,
and strain near the crack tip on a specimen from Heat No. 4
(ABS-C8), impact tested at room temperature. Figure 18 reveals
the harmonic content of the driving point load. The record
shows a high fundamental mode content with a fregquency of about
7 kHz, although the third mode is also present. The velocity
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of the loading tup is seen to decrease linearly and vary slightly
with time during the impact event. The impact velocity can, for
practical purposes, be considered equal to the initial impact
velocity over the time interval where the specimen behaves elas-
tically. Figure 20 indicates that the COD is composed of a lin-
early increasing component, superimposed upon which is harmonic
motion of about the same frequency as the loading tup motion.

A time delay of about 85 psec is found between the tup input and
the COD response.

Figures 21-23 show the time histories of the loading tup,
tup velocity, and COD for a specimen from Heat 4 as above, but
tested at -20°F, below the transition temperature (see Figure 7).
The records are not as smooth as the preceding records because
a coarser digitizing spacing was used. Nevertheless, the major
features of the transient records are present. Figure 21 indi-
cates that the specimen broke shortly after the initial dynamic
spike, and the load tup continued to ring against the specimen.
Figure 23 supports this conclusion by indicating that the COD
increased continuously with time, with no oscillation as in the
case of the specimen tested above the transition temperature.

Tables 12-22 contain, for each of the eleven heats, a
complete summary of the data from the DT tests. 1In order to
illustrate the trends suggested by the data, Figures 24-32 have
been prepared to demonstrate the rate and temperature dependance
of the DT test parameters for Heats No. 4 (ABS-CS) and 6 (A517-D).
These figures indicate how yield lecad Py, energy-to-failure Wf,
and fracture toughness K¢ are affected by load rate and temper-
ature. Figures 28 and 29, which show the relationship between
Wf and T for Heats 4 and 6 are repeats of Figures 7 and 9, but
are included here again for convenience in interpreting this
group of figures.

In this program, the CS material was the most extensively
tested material, and Figures 27, 28, 30, and 31 present some
interesting results. The usual tendency is for the temperature
vs energy-to-fracture curve to be shifted to the right as the
load rate is increased. Figures 27 and 28 illustrate that this
effect is not very large for the CS plate until impact rates
are recorded. Figure 27 shows that at slow rates, there 1is
little effect of temperature, while at impact rates, the low
temperatures take little energy to failure while the higher
temperature tests absorb a considerable amount of energy.
Figure 28 also illustrates the general lack of temperature
effect except at the impact rate.

This performance can be contrasted with the dynamic tough-
ness, which is more representative of the fracture initiation
properties of a material. Figure 30 shows that regardless of
temperature, the dynamic toughness of CS5 plate measured by im-
pact testing is very low. 1In fact, as shown by Figure 31, the
temperature transition shift from the quasi-static is very
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Table 12.
Temp. Head Rate Y331?l§;ad
OF {in/sec) ¥

4 x 1073 6391/6130
-80 1.9 8434 /5608

DT -

4 x 1073 4989/6000
~40 1.0 6262/8751/6884

DT* - N

4 x 1073 427814676
~20 1.0 7755/7015

pT* -

4 x 1073 14930/3587
0 1.0 6421/5620

pT* -

4x 1003 s478/5517
32 1.9 6706/4220

DT -

4 x 1073 5515/5839
75 1.0 5181/5142

pr* -

4 x 1073 -
120 1.0 -

pr* -

4 x 1073 -
160 1.0 -

DT -

*
Approx, 315 in/sec, initial impact,

5/8" Dynamic Tear Test Summary, Heat No. 1 {ABS-DS)

Max, Load
Pm (1b)

9132/8758
8434/5645

9029/8986

8144/10061/9657

9016/8902
9890/8965

9501/9284
9644 /9188

8981/8353
9705/9517

8775/9187
8000/7668

Defl, At
Max. Load
X  (in)
o

.134/,122
.030/.021

.266/.237
084/.162/.190

.281/.248
.233/.158

.299/.199
.284/.163

.283/.266
.286/.289

.341/.225
+291/.350

Energy To Energy To "Fracture
Max. Load Failure Toughness'
W_ (ft-1b) W, (ft-1b) K (ksivin)
m f c
82/70 B6/74 301/278
10.3/4.4 13.4/8 107/69.6
169/146 311/148 4327401
4611161128 BO/468/137 225/358/376
177/153 402/198 4427411
157/97 183/167 416/327
199/132 397/428 468/381
196/102 409/206 4£65/335

- 15/20 -
178/158 602/55% 437417
197/197 422/518 4667466

- 85/555 -
2127141 651/622 483/394
168/156 538/511

- 275/260 -

- 525/530 -

- 800/880 -
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Table 13. 5/8" Dynamic Tear Test Summary, Heat No. 2 {ABS AH-32)

pefl. At Energy To Energy To "Fracture
Yield Load......Max. Load Max. Load Max. Load Fallure Toughness"
Temp. Head Rate ~
P (1n/sec) P (1b) P (1) X, (1) W (fe-1b) W, (ft-1b) X, (ksivin)
4 x 1073 - - - - - -
0 1.0 9223 9236 .033 12.7 35 118
pr* - - - - - -
32 4 x 1077 - - - - - -
1.0 8489 11193 .108 82 148 301
pT* - - - - - -
4 x 1073 - - - - - -
75 1.9 7965 10400 .119 64 312
D - - - - - -
4 x 10_3 - - - - - -
120 1.0 8288 10129 .102 70 311 278
DT - - - - - -

*
Approx. 315 in/sec, initial impact.
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Table 15. 5/8" Dynamic Tear Test Summary, Heat No. 4 (ABS CS)

Defl, At Energy To Energy To "Fracture
Yield Load Max. Load Max. Load Max. Load Fatlure Toughness"
Temp. Head Rate p iy \ v P _
o (1n/sec) P, {1b) P (1b) X (in) o (ft-1b) W, (fe-1b) K, (ksivin)
4 x 10-3 6275/6629 7891/7962 .215/.212 123/119 4421478 368/362
-80 1.9 6197/6619 8566/7980 .213/.042 137/16.7 507/234 389/136
DT - - - : - - -
4 x 10-3 5469/5358 7663/7918 .203/.227 112/132 440/458 352/381
-60 1.2 6917/6996 B226/8651 .178/.199 107/124 525/477 344/370
BT - - - - - -
4 x 10-3 5895/6052 7625/7911 .239/.227 133/127 445/436 382/374
=40 1.0 578477231 8038/8211 .221/.230 132/139 495/498 381/391
DT - - - - - -
‘ 4 x 1073 5378/6282 7694/7711 .220/.204  122/115 4217439 367/356
~20 1.2 6753/6000 7889/7900 .196/.207 114/118 4427450 354/361
DT 3210/2775 3210/2775 .015/.013 2.0/1.5 96/126 47.0/40.7
4 x 10-3 6072/5076 7516/7433 \224/,258 121/140 4177429 365/393
0 1.2 6465/6701 7751/8170 .237/7.225 134/134 462/487 385/385
DT 2880/2672 2880/2672 .013/.012 1.5/1.3 122/112 40.7/37.9
4 x 1073 - - - - - -
32 1.0 - - - - - -
pr* 10529/9386 10643/9386 .040/.035 17.6/13.7 593/485 139/123
4 x 10-3 454875265 6992/6951 2057.223 107/96 486/412 343/325
75 1.2 6295/5784 9111/9039 .225/.234 156/172 538/669 415/435
DT 10298/9000 1029879714 .033/.031 14.1/12.5 605/655 125/117

% .
Approx. 315 in/sec, initial impact.
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Table 17.
Temp. Head Rate Y;al?lk?ad
oF (in/sec) ¥
4 x 1073 11074/8739
-40 1.0 5807/6930
pr* -
x 1073 1326279739
9904 /6646
20 1.0 9511/7415
DT -
4 x 1073 9827/12113
0 1.0 7339/11763
DT -
4 x 1073 10505/13309
32 1.9 13092/9502
DT -
4x 103 14,700/13225
75 1.0 12478/12489
DT* 13,472
4 x 1072 9674/11739
120 1.0 10793/12207
pr* -
4 x 1077 -
160 1.0 -
pT* -

*
Approx. 315

in/sec, inftial impact.

5/8" Dynamic Tear

Test Summary, Heat No. 6 (ASTM A517-D)

Defl. At Energy To Energy To "Fracture
Max. Load Max. Load Max. Load Failure Toughness'
r L& Fi - -

P (1b) X (in) t, (££-1b) W, (fr-1b) X, (ks1 vin}
11091/8758 .031/.024 14.8/7.7 87/49 128/92.1
9556/7831 L041/.022 20.2/6.8 94/49 149/86.6
13932/9768 L043/.029 26.3/10.9 106/71 170/110
10535/7753 .050/.041 27.0/17.1 118/96 173/137
11118/9521 .043/.045 23.0/22.6 123/140 159/158

- - - 60/100 -
9827/12923 .032/.042 12.9/21.9 106/105 119/155
9345711751 .059/.039 32.7/19.3 157/159 190/146

- - - 110/115 -
13415/14083 L043/.047 23,9/27.6 197/137 162/174
13117/12160 .038/.035 20.4/18.7 212/202 150/144

- - - 190/220 -
15792/15386 .062/.061 43,8/45.1 380/385 2207223
14348/13526 .096/.072 78/52 399/406 293/240
13,472 ,050 28.1 335 176
14226/14400 .072/.068 57.3/53.5 357/361 251/243
15940/15617 .059/.061 44.2/48.8 4077404 221/232

- - - 375/490 -

- - - 3B0/470 -
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Table 19. s5/gn

Temp, Head Rate ¥leld Load
CF (1n/sec) Pz (1b)
4 x 1977 -
-80 1.0 11419
pr* -
4 x 1073
-40 1.2 12180
DT -
4 x 1073 -
0 1.0 9365
nr* -
4 x 1073 -
75 1.0 6911
pr* -
—_——
%
Approx. 315 in/sec, finitia] impact,

Dynamic Teayr Test Summary,

Defl. aAr
Max. Load Max., ILoad

P (1b) X (dn)
m Nt

14647 .155
14625 160
12910 172
11158 .189

Energy To
Max. Load
wm (ft-1m)
_—

154

Energy To
Failure
Wf (ft—lb)
_—

704
694
680

638

Heat No. 8 (ASTM A678-C,

"Fracture
Toughness'

K, (ksivin)

412



1514

Table 20. 5/8"

Dynamic Tear Test Summary

Defl. At
Yield Load Max. Load Max. Load
Temp. Head Rate
op (in/sec) Py {1b) P (1b) X {in)
4 x 1072 -
-80 1.0 5956 11977 .156
pT* - - -
4 x 107 -
=40 1.2 ‘9817 11960 .171
D - - -
r
4 x 1072 - - -
-20 1.0 7460 11316 164
pT* - - -
4 x 107 .- - -
0 1.0 8246 10718 .181
*
)] - - -
4 x 1073 - - -
75 1.9 6996 8794 170
*
D - - -
®
Approx. 315 in/sec, initial impact.

Energy To
Max. Load
wm (ft-1b}

e e

131

Energy To
Fallure
wf (ft-1b)

S

590

620

613

588

! -

510

Heat No. 9 (ASTM A537-B)

"Fracture
Toughness"
Kc (ksivin)

e

380
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Temp.

~-80

~40

75

Table 21.

Head Rate

{in/gec)

40 x 1073
1.
nT2

4 x 10-3
1.0

DT*

4 x 1073
1.0
DT*®

4 x 10
1.0
pT*

& x 10_3

%
Approx. 315 in/sec,

fA specimen frop Heat No,

Yield Load

P (1b)

S SR

11616

8742

9520 -

9331

-

6174
12167

initial impact,

Max. load
Pm (1b)

13686
12;05
12678
11585

10658
12167

5/8" Dynamic Tear Test Summary, Heat No.

Defl. Ac
Max. Load
Xﬁ {in)

- 059
.0;5
.162

104
043

10 wasg nadvertently run at 4 x 1673

Energy To
Max. Load
Wm (fe-1b)
—_—

40,5

10 (ASTM A537-8}

Energy To “"Fracture
Fatlure Toughnegg™
We (£t-1b) K. (ksivin)
- <~ _
385 211
387 285
407 304
428 303
358" 287
363 155

iIn/sec at 75% and registered 199 ft-1bs,
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large when viewed on a toughness basis. That is, at the slow
rate, the material is on the upper shelf at -40°F while at im-
pact conditions, the material is on the lower shelf at +80°F.

If one assumes that crack initiation coincides with the maximum
load, then the dynamic toughness as measured in this program
indicates that a fatigue crack can extend very easily under a
rapid load situation, even when the temperature is considerably
above the conventionally determined transition. Since the total
energy to failure is sizable, this does mean that crack propaga-
tion takes place in a ductile fashion, thereby indicating that
considerable energy is dissipated by the propagation process.

There are gimilar data for the A517 at 75°F. Here, the
energy to failure is about the same for all three rates of
loading. The total energies are even lower for the A517 than
the CS material; however, the dynamic toughness of the A517 is
almost 50 percent greater. This suggests that the A517 is more
resistant to crack initiation, but it is less registant to crack
propagation as the total energy absorbed is fairly small. Again,
one must be cautious about such a conclusion on the basis of a
single experiment, particularly as Heat 5, A517, shows a much
higher energy to failure than does Heat 6.

Some scatter must be expected in yield point Py, data,
especially at higher temperatures and/or lower load rates where
ductility is more prominent:. Under these conditions it is dif-
ficult to identify yield point load consistently for all records.
However, the data indicate how yield load for the DT specimen
increases with load rate at room temperatures for CS plate where
ductility precludes brittle failure., At temperatures below the
transition temperature the yield point load Py decreases with
the load rate; in these cases where failure is governed by brit-
tle cleavage, the yield load is coincident with maximum load.
The yield load increases through the transition temperature
region, especially at higher load rates.

As brought out earlier, energy-to-failure Wf drops off
with load rate, except at higher temperatures where ductility
precludes low energy brittle behavior. Likewise, fracture
toughness generally decreases with load rate, and increases
with temperature.
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V. DISCUSSION OF RESULTS

A. Relation to 55C-244 Criterion

In their report on fracture control guidelines for welded
steel ship hulls, (1) Rolfe, et. al., set out a tentative criter-
ion for qualifying toughness and crack arrest properties of ship
plate. One of the principal objectives of the present SR-231
program has been to evaluate the proposed Rolfe criterion in
light of data generated on parent materials and weldments.
Therefore, it is necessary to summarize the SSC-244criterion
before beginning a discussion of the significance of the present
data.

The principal factors considered to be of importance in
developing the SSC-244 criterion for controlling the susceptibil-
ity of welded ship structure to brittle fracture were:

1. Material toughness at the particular service temper-
ature, loading rate, and plate thickness.

2. Size of flaw at the point of fracture initiation,
regardless of whether the flaw is an arc strike or
a large fatigue crack.

3. Stress level, including residual stress.

The purpose was to develop a criterion for the assurance of
adequate fracture resistance of ship steels and weldments
in service environments.

The criterion proposed in Ref. 1 can be summarized in the
following three propositions:

1. Parent material, weld regions and HAZ regions in
primary structure must have an NDT (as measured by

the DW-NDT test) no higher than 0°F. Parent materials,

weld and HAZ regions used in secondary structure
must have an NDT no higher than +20°F.

2. To insure that toughness is satisfactory, 5/8-inch

DT tests at 75°F on parent, weld, and HAZ specimens
must result in absorbed energy levels no less than

E75:

where

GY is the static yield strength in ksi and E.g is
in ft-1bs.
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3. Fail safe design can be achieved through the use of
crack arrestor strips. Parent materials used for
crack arrestors must meet or exceed the following
abserbed emergy level E35 as measured on 5/8-inch
DT specimens tested at 32°F:

_ 10
E32 = 3 (O'Y + 140)
where
o is the static yield strength in ksi and Es, is

in ft-1b.

The first of these propositions, relating to the DW-NDT
test, does not concern the present investigation, althgygh it is
treated in some detail in the companion report,3SC-276 .

The second and third propositions, however, are closely connected
with the work reported herein. SSC-244makes a case that the
toughness of ship hull steels should be analyzed using Kcgq/oyd
values, i.e., the ratio of the dynamic fracture toughness to the
dynamic yield strength. This should become accepted practice,

it is argued, because ships can be subjected to dynamic loadings
and that Kcd/oyd values to establish required toughness levels
will result in conservative design at lower loading rates. There-
fore, in order to evaluate the validity of the SSC-244criterion
against the present data, it. is necessary to examine Kc/oy and
how this ratio varies with load rate.

85C-244 introduced the assumption that at 75°F, Oyd = oy +
20 ksi where oy is the "static" yield strength. Analysis of ¥he
present data, as summarized in Table 7, suggests that adding
20 ksi to the statie yield strength to obtain oyd will lead to
high estimates for oyd in the high strength Q&T steels. These
materials are less rate-sensitive than are the as-rolled and
normalized steels. However, the 20 ksi "impact yield overstress"
assumption will result in low estimates for oyg for normalized
steels characterized as having predominately Eainite microstructures.

S58C~244 introduced the minimum toughness requirement that
Kcd = 0.9 oy at 32°F and Kgg = 1.5 oy at 75°F. These relation-
ships are beyond the usual plane strain fracture toughness para-
meters and indicate that crack tip plasticity is assumed to exist
in order to achieve these high (dynamic) toughness values. It is
difficult to make a direct comparison of the present data base
with the above reguirements, primarily because the present data all
were obtained from precracked DT specimens, while the 55C-244
refers to press-notched DT specimens. Work performed on SR-224(3)
indicated that the energy-to-failure for the press-notched speci-
men was higher than for the precracked specimen, at all temperatures.
However, these conclusions refer +to total energy-to-failure, Wg, and
not to the energy to maximum load Wm’ which is related directly to

ch.
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Although the particular test matrix in the program is
somewhat limited, toughness comparisons for the CS and A517
material can be made. Referring to the data at 75°F for the
impact conditions

“ya Xea Xea’%ya g B7s
cs 73.0 121 1.66 625 283
A517 133.6 176 1.32 335 617

From these data, one sees that the CS material meets the
minimum K~q/0ygq value of 1.5, while the A517 does not. More-
over, the ASlg does not meet the dynamic tear energy requirement
by a large measure whereas the CS plate does. It will be re-
called that these data were interpreted to indicate that the CS
material is less resistant to crack initiation, but once initiated,
the crack would appear to dissipate energy in a ductile mode. On
the other hand, the higher Kcg of the A517 indicates more resist-
ance to crack initiation but the lower DT energy means that there
is less plastic deformation during actual propagation. In spite
of this, the higher value of Kcd/¢.3q indicates that in structural
applications, the thickness of the plate may play a role by allow-
ing the development of non-plane strain behavior, hence reducing
the tendency for catastrophic failure in the CS plate.

It should also be noted that these results are obtained
for precracked specimens. This points up the necessity for
being aware of the different components of the proposed criterion.
That is, while high levels of enerqgy dissipation during rapid
crack propagation are desirable, the fundamental requirement
should be that the material shows high resistance to the initia-
tion of fast fracture in the first place. This suggests that
the use of the total energy tofailure may not be enough and that
some method of "initiation" energy such as the Wp used in this
program may be necessary. For example, if the CS plate in the
present study were slightly less tough, i.e. < 110 ksi /in., it
could display excellent We values but still be undesirable from
an "initiation" toughness view.

This is, of course, consistent with the earlier remarks
of the notch effects. There it was argued that the lower
strength materials developed full thickness plasticity during
crack initiation. Hence, the pressed notch showed more energy
absorption. Conversely, the higher strength alloys began to
cleave before the through thickness constraint effect was lost.

It is also important to note that the toughness values

obtained from the DT impact test are not always strongly con-
servative. Of the materials tested, EH-32, CS, A678, and A537
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showed sizable shifts in the DT energy-temperature curve with
increasing rate; the DS, AH-32, B, and A517 did not. For
example, at 75°F, three KC/GY ratios, were found:

Impact Dynamic Quasi-Static
Cs 1.66 7.20 6.96
AL17 1.32 2.12 1.73

Thus, the relative toughness values also show a large rate
effect for the CS but not for the A517. While comparable
data for the other materials are not available, large varia-
tions in the different materials were found during the course
of this project. For the intermediate rate (dynamic) tough-
ness divided by the yield stress is about 1.6 at 0°F for the
AH-32 material. This value is much lower than the comparable
5.2 for the EH-32 at 0°F.

While all the data generated under the present program
indicate that Kp/o,, increases as the load rate is reduced from
impact values, the amount of the increase depends on the
particular material. This supports the SCC-244 assertion that
designing to impact rates is conservative, although it is not
necessarily strongly conservative as implied in that document.

As specifically applied to actual ship loading rates, it
was suggested in Section I-B that the maximum strain rate ob-
served during slamming is about 1 x 10-1 in/in/sec. This rate
is, therefore, slightly less than the rate used in the dynamic
tests in this project. Based on the data for the two materials,
CS and A517, it is clear that there would not be much advantage
to basing design data on a dynamic test since the relative
toughness is not much different than the statically obtained
values. On the other hand,there is a significant difference
between the dynamic and impact values for the C5, while there
igs less of a difference for the A517. This then merely indi-
cates that if it is desirable to account specifically for rate
effects, then the materials will have to be tested at those
desired rates. Faster rates can be applied, but because of the
differences in material behavior, there is no way to determine
the extent of the conservatism a priori.

Moreover, i1f an impact test is to be used, it makes sense
to use a precracked DT specimen to account for the response of
the material to the sharp fatigue crack rather than the more
blunt press notch. While this additional effort makes the test
less convenient, it does increase its value by providing a
means to examine the real problems, i.e., the load suddenly
applied to a member with a sharp crack. The differentiation
between the energy of initiation and propagation is also valu-
able. The methods of accomplishing this are somewhat imprecise
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but they should help in identifying a material which has low
toughness but readily forms shear lips and dissipates con-
siderable energy during propagation.

B. Assessment

The experimental results generally validate the assump-
tions made in developing the proposed SSC-244 criterion. Two
overall observations are pertinent to an assessment of the
present results. First, there were too few data points
distributed across a test matrix containing an enormously large
number of possible combinations of heat, rate, temperature, and
derived data, not to mention scatter inherent in these types
of tests. This paucity of data made it possible to examine
trends in the rate and temperature dependence of oy and Kq,
but limited detailed interpretation. Second, it was clear that
one may expect to find substantial heat-to-heat variations in
the yield and toughness properties of ship steel. That is, a
rational fracture toughness criterion for ship structures
should account for statistical variations in mechanical properties
within a given heat, and also across a population of nominally
identical heats.

The limitations mentioned above made it difficult to
characterize dynamic yield strength oyg reliably for some heats.
This strength parameter depends upon ¥he activation volume of
the process, which in turn depends upon 30./9 tnf, or the rate-
of-change of yield strength with strain rate. These measure-
ments are difficult to make consistently, and therefore it was
decided to group the findings by type of steel. Due, however,
to the difficulty of the tests and to the paucity of data,
these conclusions must be regarded as tentative from a quanti-
tative viewpoint.

The calculations leading to Eg. (10) indicate that there
is a temperature, common to all material heats, at which oyg is
the same as the static yield strength at room temperature. This
is an interesting concept, worthy of additional experimental
investigation to determine its wvalidity and accuracy.

Relative to the proposed fracture criterion, the data
obtained in this program suggest that:

1. In terms of load carrying capability, the high
strength materials provide more load carrying
capacity before failure. On the other hand, once
fast fracture begins, it will be difficult to
stop without sizable crack arrestors. Conversely,
the low strength materials can carry less load to
failure but because of their ductile fast fracture
mode, will be eagsier to arrest.
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2, The foregoing implies that a design philosophy
must be clearly fixed. The high strength ma-
terials offer potential for maximum performance
at higher risk unless a redundant structure -
crack arrest method is employed. For the lower
strength alloys, the lower performance is
balanced by the higher resistance to fast frac-
ture,

3. In the event that additional data supports these
points, it may well be necessary to develop
separate design criteria for high and low strength
materials, to avoid excessive conservatism in the
case of low strength materials if the fracture
resistance is based on high strength materials.

If the approach is based on low strength materials
only, then the high strength materials will be
excluded from use or may have inadequate fracture
resistance.

Pfoject SR-224 and SR-231 may be regarded as the first
steps in validating a fracture toughness and fracture control
criterion for ship structure. The present investigation sup-
ported the credibility of the $SC-244 proposed criterion in
general terms. It also showed, as would be expected, that
the detailed temperature and rate dependence of ch/d d depends
upon the material and heat in guestion. It seems reagonable,
therefore, that future efforts along these lines should be
directed at filling in the gaps in the present data bank, and
at evaluating the statistics of specimen-to-specimen and of
heat-to-heat variations in properties.
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VI.

1.

RECOMMENDATIONS

The primary need disclosed by this, project is the addition-
al data needed on selected high and low strength materials.
The partitioning of data, as done in .the report, into high
and low strength behavior is based, however reasonably,
on incomplete data. A much more intensive test program
on a few materials is needed. This program should include:

a. Multiple DT curves as a function of temperature.
b. Characterization of press notch vs fatigue notch.
c. Energy to failure and energy to maximum load.

d. Metaliographic analysis of the fracture surfaces.
e. Selected dynamic (non-impact) comparisons.

These tests should be performed on two, or at most three,
rather than the eight materials in this program.

An analysis of data resulting from the preceding would
then determine whether the proposed criterion should be
split into separate categories or modified in some other
fashion.

Further analytical and experimental investigation of the
dynamic, elasto-plastic response of the 5/8-inch press-
notch DT specimen needs to be undertaken, so that
sensible limits can be imposed on its use as a qualifica-
tion test in the proposed criterion. This effort is also
needed to tie the DT test to dynamic fracture toughness.

To supplement and clarify the rate requirements, better
definition of actual shipboard loading rates is needed.
Some of this is available in Ship Structure Reports but
it is not directed at rate effects and hence is not in
a readily usable form. These data should be examined
carefully.

Additional experimental effort is needed to establish the
validity of Equation (10), which determines how much the
static room temperature yield strength is changed by load
rate and temperature. It should be established whether
the activation Volume V can be partitioned into repre-
sentative values for classes of ship steels as was done
tentatively in this report. Also, whether there is a
temperature near 328°F at which the impact yield strength
matches that at room temperature, static conditions for
all heats should be explored in more detail. If this
result is in fact valid, it would simplify the determina-
tion of oygq by allowing these tests to be conducted under
equivalen{ static, room temperature conditions. ’
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6. These recommendations need to be merged with those from
Report S3SC-276 (on welded structure) for further evalua-
tion of the proposed SS8C-244 criterion.
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