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Effect of Heat Treatment
on the Microstructure and Properties
of AerMet® 100 Steal

by John Harvey Graves

Abstract

Results from mechanical, ballistic, and stress corrosion cracking experiments
indicate that AerMet® 100 Steel is well suited for applications that require both
load-bearing capability, ballistic tolerance, and resistance to stress corrosion
cracking. For applications where ballistic tolerance is the primary design crite-
rion, an alternate heat treaiment of AerMet® 100 produces markedly improved
ballistic performance while retaining adequate toughness for use in less exact-
ing structural applications. The findings of this study also indicate that as hard-
ness is increased, concoritant increases in fracture ioughness will be required
to advance the performance capabilities of steels used for bailistic applica-
tions against small cdliber projectiles.

The stress corrosion cracking resistance of standard condition AerMet® 100 as
measured using a cantilever bend apparatus is greater than conventional high
strength steels by 50% to 100%. However, AerMet® 100 is sensitive to ag, -ing
temperature, as demonstrated by stress corrosion fests on specimens processed
using an alternate heat treatment. The impressive combination of ballistic tol-
erance and stress corrasion resistance found in AerMet® 100 make it ideally
suited for use in demanding structural applications. Moreover, the range of
properties that can be achieved using dliternate heat treatments provide a
degiee of flexibility not found in other high strength steels.
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1.0 Introduction

The most desired property for an armor material is high hardness, because hard-
ness is the only measurable mechanical property that consistently correlates
well with ballistic performance.! Increased hardness levels, however, can re-
sult in plate shattering. Thus, for structural components that require ballistic
tolerance, fhe material used must also possess uuequate fracture toughness 2

For many years, the rmy has used low and medium carbon alloy steels for
applicationsongrour  vahicles and helicopters that require ballistic tolerance.
A component is bals  ally tolerant when it can centinue to perform its func-
tion even after sustaining impacts from kinetic energy penetrators (buliets and
fragments). Quenched and tempered (Q&T) grades such as AlSI 4340 steel
can be heat treated to ultrahigh strength levels while retaining toughness ad-
equate for use in ballisticaily tolerant components.?

Achieving improved ballistic performance requires increasing the hardness of
quenched and tempered steels. Since maximun attainable hardness is a func-
tion ¢f carbon content, the primary way to increase hardness would be to move
to a highear carbon alioy steel. Although increasing carbon content will pro-
duce a higher hardness steel, fracture foughness diminishes and ballistic tests
reveal g greater propensity towards plate shattering beyond carlbon levels of
approximately 0.40 to 0.50 weight percent (wt%). It is unlikely, therefore, that
we can achieve further significant iinprovements in the ballistic performance
of Q&T steels. Rather, we must turn our attention to oiher grades of steel.

One possibility that has received only limited atftention is the use of secondary
hardening steels such as HY 180, AF 1410, and AerMet® 104, These secondary
hardening steels derive their incremental hardness irom precipitated carbides
in a fine lath martensitic microstructure. The hardness of some precipitation
hardening grades is increased further through addition of more nickel and cobalt
for solid solution strengthening. Cobalt also provides recovery resistance and
raises the Martensite start (M) temparature of iron based alloys, permifting the
addition of more ricket. Nickellowers the M_temperature and improves cleav-
age resistance, thus ennancing fracture foughness.
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2.0 Background

Secondary Hardening Steels

Secondary hardening steels maxke up a category of quencned and ternpered
martensitic steels that derive increased hardness from carbide precipitation
during stage IV tempering.* Stage IV tempering takes place at temperatures
ranging froam 450°C tn 600°C (850°F to 1100°F). Above 450°C (850°F), substitu-
tionai diffusion of carbide forming elements such s chromium, vanadium, and
molybdenum becomes significant. The mean diffusion distance of carbide
forming elements is between 20A and 50A, roughly the same size as an alloy
carbide nucleus.® During stage IV tempering. cementite (Fe,C) dissolves, giv-
ing way to precipitation and growth of finer alloy carbides.®

Transformation of cementite to ¢lloy carbides can take place by in-situ trans-
formation or separately by nucleation and growth.” During in-situ transforma-
tion, ailloy carbides nucleate af ferrife-cementite interfaces and grow until the
cementite disappears. Alternatively, alloy carbides can nucleate heteroge-
neously within the ferrite matrix on dislocations, lath boundaries, and prior aus-
tenite grain boundaries. The carbides then grow as the cementite dissolves.

The ability of alloy carbides to increase hardness is related to the volume frac-
fion of carbides and the fineness of the Qlloy carbide dispersion. The volume
fraction of precipitated carbides depends on the solubility of the carbide form-
ing elements in the austenite matrix prior to quenching. The fineness of the
carbide dispersion depends on the activation barrier for heterogeneous nucie-
ation, AG™:8

AG* = -V (AGy - AG) + Ay - AGy @)

where: Vis the precipitate volume
AGy is the chemical driving force for precipitation
AG is the change in the matiix-carbide misfit strain energy
A Is the matrix-carbide interfacial areq
v is the interfacial energy
AGq is the free energy released by the destruction of a defect




Because the enthalpy of formation?, AH, for alloy carbides is less than that for
cementite, there is a thermodynamic driving force that favors replacement of
M,C carbides with M,C carbides, where M stands for an appropriate metallic
element. The fact that the M,C carbides are an order of magnitude smaller
than the M,C carbides leads to the most important feature of this class of steels,
namely that concomitant increases in fracture toughness and hardness are
possible. Although strength and toughness are usually mutually exclusive af-
tributes, the class of secondary hardening steels to which HY 180, AF 1410, and
AerMet® 100 belong can achieve high levels of both strength and toughness
through microstructural control. High strength is achieved by quenching the
austenite phase to form martensite and then ageing to precipitate M,C car-
bides that impede dislocation motion. M,C carbides also help improve frac-
ture tfoughriess because they precipitate at the expense of M,C carbides that
reduce fracture toughness by embrittling grain boundaries. '

Three commercially important secondary hardening steels, HY 180, AF 1410,
and AerMet® 100 have been awarded U.S. Patents.'' 2% Table 1 provides
information on the typical mechanicai properties for HY 180, AF 1410, and
AerMet® 100. Tables 2a and 2b provide information on the chemistry range
and tyoical compositions for these steels. When processed using the standard
heat freatrment, the hardness of AerMet® 10 is equivalent to that of 4340 with
a typical fracture toughness of more than twice that of 4340.1* Since the stan-

Table 1: Properties of Three Secondary Hardening Steels.

Steel HY 180 AF 1410 AerMet® 100
US Patent Number 3,502,462 4,076,525 5.087,415__
Patent lssue Date Mc]rgpozd, Febr]%%y 28. Febrltéggy 11,
Fracture Toughness , MPavm (ksivin) 203 (185) 165 (150) 132 (120)
Hardness (HRC) 43 L 5
Utimate Tensile Strength, MPa (ksi) 1410 (205) 1725 (250) 1965 (285)
0.2% Yield Strength, MPa (ksf) 1240 (180) 1650 (225) 1725 (250)
Charpy impact Energy, Joule (ftelb) 81 (60) 88 (65) 40 (30)
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Table 2b: Typical Alloy Chemis

Table 2a: Composition Ranges of Three Secondary Hardening Steels.

Steel Hy 180 AF 1410 AerMet™ 100

Element _(E'j%)

carbon 0.06-0.16 0.12-0.17 021-027 |
chromium 0.50-2.00 1.80 -3.20 250-3.30
nickel 2.50-140 9.50-10.80 11.0-120
cobait 6.00-10.0 11.5-14.5 11.0-149
molybderum 0.70-1.50 0.90-1.35 1.00-1.30
iron balance balance palarce

try of Three Seccendary Hardening Steels.

Steel HY 180 AF 1410 AerMet™ 100

Element (wt%)

e e e e e e — e
carbon 0.1 0.16 024
chromium 2 2 3.1
nickel 10 10 [
cobalt 8 14 135
molybdenum 1 1 118
iron balance balance balance

dard heat treatment for AerMet® 100 is not the peak hardened condition kut
rather an overaged congdlition, it should be possible fo alter the heat treatment
to increase harc ess while retaining adequate fracture toughness for use as an
armor material. As used in this thesis, "adequate” fracture toughness means
equal to or greater than 55 MPavm (50 ksivin)—the average toughness of 4340
used for ballistic applications. The opportunity to increase hardness without
compromising fracture toughness is the reason AerMet® 100 was chosen for
use in this study.

High Yield 180
HY 180 Steel was developed for applications such as pressure vessels and sub-
marine hulls requiring high yield strength, geod notch toughness and weldability.
The steel's composition permits its use both in wrought form and as ¢ filler metail

for welding. The carbon content of this sieel is sufficient to promote secondary
hardening but stilliow enough to prevent weld cracks from forming in the heat
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affected zone. Speich researched the physical metallurgy of HY 180 Steel and
established that strength and toughness of These steels could be sirmultaneously
increased through dissolution of M,C carbides and the precipitation of M,C
carbides. This research laid the foundation for the development of AF 1410 in
the mid seventies and AetMet® 100 in the late eighties.

Air Force 14 Cobalt - 10 Nickel (AF 1410)

AF 1410 was provides strength levels significantly greater than HY 180 while re-
taining high fracture toughness and corrosion resistance. A*hougn AF 1410
has a carbon level of 0.16 wt%, welding the dlloy is still possible using conven-
tional arc welding practices. The patent for “\F 1410 claims stress corrosion
cracking resistance of 66 MPavm (60 ksivin) after 1000 hours in 3.5% sodium
chloride solution. The application of vacuum processing to recluce impurity
elements is essential to develop the properties listed in Table 1.

AerMet® 100

Carpenter Technology Corporotion developed AerMet® 100 to achieve strength
levels commensurate with 300M Steel while providing fracture foughness greater
than 110 MPO\Im (100 ksivin). The designation “100" in AerMet® 100 stands for
a fracture toughness of 100 ksivin (110 MPavm). The patent for AerMet® 100
specifies double vacuum processing and reduction of impurity elements to
extremely low levels. In addition the presence of silicon and manganese, both
of which are present in HY 180 and AF 1410 are reduced to levels less than 0.01
wit%. AerMet® 100 also includes rare earth additions such as lanthanum or
cerium. The rare earth elements getter undesirable elements such as phospho-
rous and sulfur, thus preventing these elements from embrittling grain bound-
aries. The rare earth compounds also seive as a grain refining dispersion.

Alloyin nt;

Selection of the type and quantity of dlloying elements for use in secondary
hardening steels has been the subject of considerable research. The following
discussion identifies the prirnary alloying elements in HY 180, AF 1410 and
AetMet® 100 Steeals.

Page b




Carbon is responsible for hardening through carbide precipitation and intersti-
tial solid-solution strengthening. In general, alloy strength increases with increas-
ing carbon content, while fracture toughness decreases with increasing caroon
content.’s The optirnum carbon addition in a secondary hardening steel is
sufficient to balance the addition of carbide forming elements. Adding more
carbon will have a deleterious impact on fraciure foughness, while too little
carbon will not result in an optimal combination of strength and toughness.

Nicke!

Nickel has three primary effects on precipitation hardening steels. As a sub-
stitutional element, nickel prornotes increased hardness through the formation
of alath martensitic microstructure. Nickel lowers the M_tempearature, thereby
increasing the amount of retained austenite. Nickel also lowers the nil ductility
temperature, resulting in ductile fracture at room temperatuie, even for high
strength levels.'s

Caobalt

Cobualtincreases the M_ temperature, refines the martensitic structure, and pro-
motes retention of the dislocation substructure at higher tempering fempera-
tures. The higher dislocation density is important because more sites are avail-
able for cuarbide precipitation, resulting in a finer distribution of precipitates.
The combination of cobalt and nicke: provides the basis for exploitation of pre-
cipitation hardening in these steels. Without nickel, this class of alloy would not
have adequate toughness. Without cobalt, the high nickel content would lead
to unacceptabie levels of retained austenite on gquenching.

Molybdenum

Molybdenum is & strong carbide former and helps increase peak hardness.
The strength increase results from the formation of Mo,C in the steel.
Molybdenum is always added to secondary hardening steels in combination
with chromiurm. Without the cddition ¢f molybdenum little or no secondary
hardening fakes place.
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Chromium

Although chiromium also forms alloy carbides, in the presence of molvbdenum,
chromium goes into solution in the Mo,C carbide. Chromium also shifts the
secondary hardening peak to low~r temperatures and to higher hardness val-
ues than would be possible with only moiybdenum additions.®

Rare Earth Agditions

Rare earth elements such as lonthanum and cerium are added to AF 1410 and
AerMet® 100 to form compounds with impurity elements. The Group VI ele-
ments such as phosphorous and sulfur have a particularly deleterious effect on
grain boundary cohesion even at concentrations below 100 parts per million
(ppm).'s  Lanthanum and cerium are usuadlly selected to gefter impurity ele-
ments because they have the lowest free energy of formation.'” Compounds
of rare earth and impurity elements can also provide a grain refining dispersion
that is stable at solution freatment temperatures approaching 1110°C (1850°F), "

Stress Corrosion Cracking

The use of uitrahigh sfrength steels in demanding structural applications is often
accompanied by service failures attributed to stress corrosion cracking. The
mechanism associated with these failures is hydrogen embirittlement, defined
in this thesis as cathodic charging at a crack or other flaw. Aircraft compo-
nents such as pitch links, main rotor retention nut, and mixer pivot support have
been the subjects of failure analyses.'®17 20 These in-service failures are a pri-
mary motivation for the ongoing development of ulirahigh sfrength stee:ls with
high fracture toughness. As higharievels of fracture toughness are redlized, the
crifleal flaw size to produce failure in ultrahigh strength steel components is
increased. Additionally, slower crack growth rates are generally associated
with higher foughness steel, so that inspection intervals can be extended or
inspecticn reliability improved. For these reasons, analysis of stress corrosion
cracking resistance should accompany development of a new ultrahigh
strength steel,

Unlike rmost mechanical property tests, there is no standardized procedure 1o
measure the threshold stress intensity for stress corrosion cracking of metallic
materials. ASTM Committee E-24 is presently developing a standard for deter-
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mining the threshold stress intensity factor for environment-ossisted cracking of
metalic materials under constant load. In its current form, the draft standard
relies heavily on existing tfechniques for plane-strain fracture toughness testing
and a substantial body of literature on stress corrosion cracking dating to the
1960s.

Brown infroduced the concept of threshold stress intensity factor for stress cor-
fosion cracking using precracked cantilever beam tests.?! The threshold stress
intensity for stress corrosion cracking of a particular material-environment sys-
temn, denoted K. is the stress intensity below which subcrifical crack exten-
sion does not occur under a static load. The three prerequisites for stress corro-
sion cracking are: 1) an aggressive environment; 2) a susceptible materiai; 3)
an applied lcad. Although the cantilever beam test has been used widely to
determine K. values for numerous materials, the absence of a governing stan-
dard has been problematic.

For example, no two laboratories use precisely the same test fixture to perform
their experiments. Moreover, different soecimen geometries have resulted in
different time to failure curves for the same material tested at different facili-
fies. One of the dillicuities in establishing G vaiue for K. under these condi-
tions is determining how iong to wait before terminating a test. As will be shown
Icter in this thesis, the seiection of an arbitrary test duration time such as 1000
hours can lead to significant ov rstatement of the actual value for K

ISCC*




3.0 Research Program

The research program described in this thesis was established to determine
relationships between the processing, microstructure, and properties of AerMet®
100 Steel. The primary objective was to determine the maximum hardness ca-
pability of AerMet® 100 and then proceed to determine the alloy’s ballistic
and mechanical properties wher peak hardened. The processing variables
considered in this study include soiution treatment temperature, Gu~.aching
parameters, cryogenic treatment, and ageing freatments. Earlier work on the
physical metaliurgy of the family cf steels to which AerMet® 100 belongs estate-
lished the morphology of the particles responsible for secondary hardening.*?
The properties evaluated for this study include strength, fracture toughness,
impact energy. stress corrosion cracking resistance, and ballistic tolerance.

The experimental approach involved development of processing curves show-
ing hardness as a function of sotution freatment temperatures and haraness os
a function of time for two ageing temperatures. Hardness was the vaiiable
selected for optimization because it generally correlates with ballistic perfor-
mance. On the basis of mechanical property data ard know'e cge of AerMet®
100°s physical metailurgy, four heat treastments ror ballistic plates were selected.
Coupled with published data on shear instability. the resulis of ballistic testing
provide information on the influence of small scale microstructurai features on
high strain rate phenomena and their underlying deformation mechanisms.?
Stress corrosion cracking tests were also conducted in 3.5 wt% sodium chioride
solution to determine AerMet® 100°s susceptinility to an aggressive environ-
ment.
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4.0 Experimenital Procedures

Materiql and Processing

The Materials Directerate of the U.S. Army Research Laboratory (ARL«MD) pur-
chased the AerMet® 10C alloy (bar stock and glates) used for this study from
Carpenter Technology Corporation (CarTec).24 CarTec supplied ARLeMD with
material from Heat Number 89557. Chemical analysis of Heat 89557 is displayed
in Table 3. Table 4 shows the chemical composition required by Aerospace
Material Specification (AMS) 6532. Comparison of the AMS requirements with
the material used for this study indicate that Heat 89557 was of high pedigree.

The dlloy was double vacuum meited, first as a 61 cm (24 inch) diameter vacuum
induction melted (VIM) electrode, secand as a 76 ¢m (30 inch) diameter
vacuum arc remelted (VAR) ingot. Before VAR, electrodes were stress relieved
at 677°C (1250°F) for 4 to 16 hours and air cooled. After VAR, the material was
homogenized at 2150°F for 6 to 10 hours. The ingot was bloomed to a cross
section of 12.7 cm by 127 cm (6 inch by 50 inch) and the plate was cross-rolled
to final thickness. After rolling. CarTec overage-annealed the plates at 677°C
(1250°F) for 16 hours i0 a hardness of 39 Rockwell C (HRC). Samples measuring
30.5 cm (12 inches) square were then cut from the piates. The mechanical
properties certified by CarTec are included in Table §. All of the certified prop-
erties match typical values for the alloy with the exception of ultimate tensile
strength, which is approximately 70 MPa (10 ksi) lower than expected.

Development of Ageing Curves

The first experimental task was to identify heat treatment parameters including
solution (austenitizing) temperature, ageing time, and ageing femperature. For

Tabie 3;: Chemical Analysis of AerMet® 100 Heat 89557 by Weight Percent,

c 024 " p 0.003 Al 0.009

Co 13.4 H 5 0.001 o <0.001
N 11.07 “ Mn 001 N <0.001
Cr 309 " s 001 Pes 0.004
Mo 117 “ m 0.012

Page 10




Table 4: AerMet® 100 Chemistry Requirements from AMS Specification 6532.

C 0.21-025 }| P(max.) 0.00;‘ Al {max.) 0.015
Co 13-14 5 (max.) 0.005 JI O <0.002
Ni 11-12 Mn (max.) 01 " N <0.015
Cr 29-33 i (max.) 0. }3 + S (max.) 0.01
Mo 1.1-13 Ti (max.) 0.015 “

Table 5: Manufacturer's Certified Properties for Heat 89557,

-—YiZ!d Strength 25.;6%) 1745 MPa (253 ksi}
Tensile Strength 1900 MPa (276 ksi)
Elongation 13% in 5.1 ecm (2 inch)
Hardness _iiZ HRC |

the solution hreatment and ageing treatment studies, we sectioned pieces
measuring approximately 1.3 cm (0.5 inch) cubed from the bar stcck measur-
ing 12.7 cm wide by 5.1 cm 1all by 46 cm long (5 inches by 2 inches by 18
inches). The orientation of each cube relative to the parent stock was marked
on each face.

The specimens used for the solution treatment study were all heat treated in air
for one hour at temperatures ranging from 330°C (1525°F) to 1080°C (1975°F)
and air cooled. Upon arrival at room temperature, the specimens were cut in
nalf using a Buehler isocut Plus cutoff saw equipped with a type 11-4207 blade
rotating at 3500 rpm under an appiied load of 250 grams with circulating cool-
ant. After sectioning, the outside face opposite the cut face was ground to
remove decarburization and scale. Rockweil C measurernents were then taken
on the cut face of each specimen according to American Society for Testing
anu Materials (ASTM) Standard E-18.25 At least eight measurements were taken
on each specimen. These data provided the one hour solution treatrerit tem-
perature that produced the maximum as-cooled hardhess.
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Next, we determined the ageing response for two ageing temperatures for
fimes ranging from one minute to sixteen hours. All of the ageing specimens
were first solution treated based on the results of the solution treatment study.
The same specimen preparation and meaasurement technigues used for the
solution treatment study were aiso used for the ageing study. For ageing times
less than thirty minutes, specimens were aged in molten lead to ensure proper
control over ageing time. The typical temperature deviation in the lead pot
was £1.7°C (+£3°F). Specimens aged for thirty minutes and longer were heated
in aconventional laboratory furnace with a maximurn deviation of £6°C (+10°F).
The surface temperature of each specimen was monitored with a thermocouple
during ageing.

The temperdatures selected for the ageing expeiiments were based onrecently
published data. Novotny studied heat treatment response of AerMet® 100
over avery broad range of solution treatrneints and ageing temperatures. His
study focused on ag=ing fimes of 1, 3, 5 and 8 hours at various temperatures
after a solution treatment temperature of 885°C (1625°F). Whereas Novotny's
study deait with a broad range of solution treatment temperatures and tended
te favor examination of overaged microstructures this study focused on de-
tailed examination of a narrower range of time-temperature combinations so
that a material condition with the best combination of hardness, fracture tough-
ness, and ballistic performance could be selected.

Short Range Qrder Experiment

Schmidt and Gore reported that post ageing treatments applied to AF 1410
steel produced a hardness increase of over 20 DPH (Diamond Pyramid Hard-
ness).¥ They attributed the observed behavior to possible short rarige order-
ing. The time required for this hardness increase was between five and thirty
hours. Short range ordering is expected to manifest itself by an incremental
increase in hardness and a corresponding increase in tensile properties.

To determine if AetMete 100 displayed similar behavior, a post age freatment
was conducted at 370°C (700°F) on hardness and tensile specimens to deter-
mine any variations in both hardness and tensile property data as a function of
time. Prior to the post age treatment, all specimens were heat treated using
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the standard practice of 885°C (1625°F), one hour, air cool; -73°C (-100°F), one
hour, air warrn; 482°C (900°F), five hours, air cool. Both Rockwell C ana Vickers
Hardness tests were performed on the same type of specimen used for the
solution treatment and ageing studies. Vickers Hardness Tests were conducted
according to ASTM Standard E-92.2°

Mechanical Properties

Mechanical propery tests were conducted to defermine the strength, frac-
ture toughness and Charpy impact energy for four different heat treatments.
Longitudinail tensile tests were conducted according to ASTM Standard E-8.2°9
Fracture Toughness tests were conducted according to ASTM Standard E-399
on specimens machined in the L-T orientation.30 Longitudinal Charpy impact
energy was measured according to ASTM Standard E-23.31 At least two speci-
mens were used for each test and material condition evaluated.

Stress Corrosion Crac' . 3 tests

Ail of the stress cornrosion cracking specimens were solution treated at 885°C
(1625°F) for one hour and ol quenchad. Unon reaching room temperature, all
the specimens were placed in a cryogenic bath at -73°C (-100°F) and held for
one hour. The specimens were then divided into two groups. The first group
wass aged at 482°C (900°F) for five hours; the second group, at 468°C (875°F) for
five hours. The first ageing treatment is the standard condition recommended
by Carpenter Technology. The second freatment is of interest because com-
mercial airline manufacturers and the Department of Defense (DoD) have ex-
pressed interest in a higher strength version of AertMet® 100.

A specimen geometry and experimental apparatus were selected to permit
cornparison to data developed af the Naval Air Warfare Center (NAWC) in
Warminster, PA.32 The environment selected consisted of 3.5 wt% sodium chlo-
ride (NaCl) in water. This environment has the same nominal sodium chloride
concentration as seawater and was also used by NAWC for their experiments.

The specimens were machined in the L-T orientation, such that the crack is
coincident with the transverse direction of the parent stock. The specimen’s
dimensions after final machining were 2.54 ¢ high by 1.27 cm wide by 17.8
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cmlong (1inchby 0.5 inch by 7 inches). Anotchmeasuring0.191 cm (0.075inch)
deep with a maximum root radius of 0.01 ¢m (0.004 inch) and included angle
of 45° was machined into the specimen. A diugram of the specimen is shown
in Figure 1. Each specimen was precracked approximateiy 0.127 c¢im (0.050
inch), so that the total flaw size (notch + precrack) was approximcitely 0.318
(0.125 inch).

O
), Sl —

4 W

’
’

B=wW/2
L2

w B L a

|
]
1.0 ! 05 7.0 | .075 | measurement

1 -0.000
+0.1 14.0_005 tolerance:

ALL SURFACE FINISHES 64 MICROINCHES OR
BETTER. TOLERANCES NOT SPECIFIED = £ 0.005
Al.L DIMENSIONS ARE IN INCHES.

Figure 1: Cantilever Beam Specimen Used for Stress Corrosion Cracking Tests.

This geometry associated with this initial fiaw size does not comply with ASTM E-
399, which specifies an initia! flaw size (Q) to specimen depth (W) ratio of
0.45 <a/W < 0.55, Few laboratories seem to use this geometrical requirement
for stress corrosion cracking tests. The NAWC tests on AerMet® 100 were con-
ducted using an a/W ratio of 0.125. Other investigations such as those of
Beachem and Brown used values of /W =0.35.33 While the a/\W ratio required
bv E-399 is appropriate for plain strain fracture toughness testing in air, it need
not be applied to stress corrosion cracking tests.

The crack length must be chosen in conjunction with the specimen thickness,
takitig plastic zone size effects into consideration.34 The selection of
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0.45 < a/W < 0.55 for plane sirain fiacture toughness testing is derived from this
rationale.3d For stress corrosion cracking tests, the applied stress intensity is sig-
nificantly less (~20% of Kic) than for a fracture toughness test in air. As a result, it
is possible to use a shorfer initial flaw size provided the flaw size exceeds
2.5¢(K/gy)?, asrecommended by ASTMSTP 410,34 For an applied K of 55 MPavm
(50 ksivin) and oy, = 1795 MPa (260 ksi) for AerMet® 100, the minirmum flaw size
would be 0.235 cm (0.0925 inch). Since this value is less than the 0.318 cm
(0.125 inch) flaw size used for the NAWC tests, it seems acceptable to use a
short flaw size (a/W > 0.0923) for the stress corrosion cracking tests. The impor-
tant fact to remember is that identifying the stress intensity resulting in sub-criti-
cal crack growth is the primary obkjective of the stress corrosion cracking test.
By the time the crack has grown to critical length, the geometry is more akin to
that required by ASTM E-399.

The notched region of the specimen was surrounded by a polyethylene cell
containing approximately 250 ml of the sodium chioride solution (pH 5.5 - 6.0).

Figure 2: Cantilever Beam Specimen Mountad in Corrosion Cell.
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Dow Corning seadlant 3145 RTV, a silicone rubber adhesive and sealant free
from solvents that might influence the test results, was used to seal the area
where the polyethylene cell contacts the specimen. The solution was prepared
with reagent grade sodium chloride and distilled water. Once the test began,
the solution was changed once every week. A photograph of a cantilever
beam specimen mounted in the polyethylene cell is shown in Figure 2.

Values for the initial stress intensity were selected fo produce failure times rang-
ing from a few hundred hours to more than 1000 hours. The Kies equation was
used to determine the weight required to produce the desired stress intensity:37

N A
4.2-/\/1-\/@—0( (2)
B- VVS/?

Kl=

where: B = Specimen Thickness
W = Specimen Depth
M = The Applied Bending Moment at the Crack Tip
a = the initial fiaw size

—q-2
0(—-C1~W

Figure 3 shows a schematic physical description of the cantilever beam equip-
ment used for our experiments. A photograph of an actual cantilever beam
fixture is digplayed in Figure 4a, with a close up of the specimen shown in
Figure 4b,

Specimen

l.oading Arm ¢

Corrosion Celi

Lead
Waeights

Tost Frame
| |

Figure 3: Schematic of Canfilever Beam Apparatus.
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figure 4a: cantilever Beam AppPCrafus.

Figure 4D gpecimen mMounted i0 Cantilever Beam Apparaius.
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Processing of Ballistic Plate

On the basis of results from the solution treatment study, all of the plates were
solution treated together at 885°C (1625°F) for one hour at temperature in an
L&L specialty furnace equipped with a recirculator using a flowing argon at-
mosphere. Although it does not produce a completely neutrai atmosphere,
the argon atmosphere minimizes scale and decarburization. Results from the
ageing study were used to select four different ageing treatments. One of the
ageing treatments—five hours at 482°C (900°F)— is recommended by Carlec.
Another treatment—five hours at 468°C (875°F)-—was selected hecause CarTec
has applied for an AMS specification using this time-temperature combination.
Since the objective was 10 produce the hardest material possible, the firal two
ageing treatments—one hour af 468°C (875°F) and one hour at 482°C (900°F)—
were selected to produce peak hardness of 5§ HRC to 56 HRC.

After heat freatment, the plates were ground on a Blanchard grinder using ¢
36 - 40 grit alumina wheel and a soluble oil coolant to remove the decarbur-
ized layer and scale that often influence the results of ballistic testing. First, the
plates were ground 1o produce parallel surfaces to within 0.038 ¢cm (0.015inch),
and then further ground te remove at least 0.051 cm (0.020 inch) from the im-
pact face to ensure complete removal of the decarburized layer. This surface
preparation technique innerently produces machining marks on the plate sur-
face.

Ballistic Tests

Ballistic tests wete conducted according to MIL-STD-662E, Visp Balistic Test for
Armor 38 Two different small arms projectiles were selected for ballistic testing:
the U.S. 0.30 caliber (7.62 mm) armor piercing (AP) M2 and the U.S. 0.50 caliber
(12,7 mm) AP M2. The 30.5cm (12inch) square ballistic test plates were mounted
fo a test fixture by clamping each corner with a C clamp. The ballistic test
fixture consisted of a steel frame with an opening measuring 25 cm (10 inches)
square. Asheetof 0051 ¢cm (0.020 inch) thick 2024-T3 aluminum alloy termed a
‘withess plate’ or ‘witness sheet” was placed 15 cm (6 inches) behind the tar-

get 1o indicate any spall or residual projectile fragments ernanating from the
rear face of the target during bailistic impact,
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The final condition of the witness plate determines the outcormne of the ballistic
test. If the witness plate is perforated by the projectile or spall from the test
panel, the result is recorded Qs a complete penetration. If no perforation is
observed through the witness plate, the result is recorded as a partial penetra-
tion. Note that if the test panel is perforated but the witness plate remains
infact, the result is a partial penetration. A schematic definition of partial and
complete penetrations is shown in Figure 5.

Partial Penetration Complete Penetration

1 Witness Flate Witness Plate

Armor

witness plate is penetrated

wilness plate is infact by projectile or plate spall

Figure 5: Definition of Partial and Complete Penetration.

Srojectiles were fired from a barrel mounted to a rigid support. Projectile veloc-
ity was determined using paper break screens separated by a known distance
and tinie counters that recorded the fime lapse to the nearest microsecond.
The paper break screens cre coated with a connected pattern of silver paint
lines. When the screen is intact, the resistance from one side to the opposite
side is essentially zero; when the screen is perforated, the resistance becomes
infinite, As the projectile tfravels downrange, it strikes the first paper screen,
initiating a timing device. The timer counts until the second paper screen is
broken. The projectile velocity is equal fo the elapsed fime divided by the
distance between the two break screens.

For the 0.50 caliber (12.7 mm) tests a Browning barnel was used. The barrel
muzzle end was 6.1 m (twenty feet) from the target. The distance between
velocity screens was 3.05 m (fen feet).

For the 0.30 caliber (7.62 mm) tests, a standard service barrel was used. The
barrel muzzle end was 6.1 m (ten feet) from the target. The distance between
velocity screens was 61 cm (fwo feet). The same timing mechanism was used
for both the 0.50 caliber (12.7 mm) and 0.30 caliber (7.62 mm) tests.
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5.0 Experimental Resuits

Solution Tregtment

Results from the selution treatment experiment are shown in Figure 6. The peak
as cooled hardness of §0.8 HRC was found for a solution tfreatment tempera-
ture of 885°C (1625°F). Carpenter Technology recommends this temperature
for solution treatment of AerMet® 100 and it is also the solution temperature
used by Novotny. On the basis of these soiution tfreatment results, we selected
a solution treatment temperature of 885°C (1625°F) for use throughout the re-
mainder of this thesis.

52

51
S0 L]
49 e L
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46

Rockwell C Hardness
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Figure 6: Effect of Solution Treatment Temperature on the As Cooled
Hardness of AerMet® 100,

Ageing Studly

Several factors influenced our selection of the two ageing temperatures. At
temperatures in excess of 482°C (900°F), the austenite content in the micro-
structure increases, leading to reduced hardness.?¢ Below 468°C (875°F), signifi-
cant M,C in the microstructure adversely affects the steel’s foughness. Although
M,C can precipitate below 468°C (875°F), the resultant kinefics do not allow
the development of adequate toughness after a five hour age.
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Table 6: Heat Treatrnents Selected for Ballistic Plates.

Temperature Time | rardness (HRC) Microstructure
482°C (Q00°F) 5 hours 52-53 overaged

482°C (Q0CF) 1 hour 85.5-56 peak aged

465°C (875°F) 5 hours 8 slightly overaged
468°C (875°F) 1 hour ] slightly underaged

A graph of results from the ageing experiments at 468°C (875°F) and 482°C
(Q00°F) is shown in Figure 7. Average peak hardness of £5.5 HRC was obtained
for a one hour age at 482°C (900°F). For the 468°C (875°F) age, average peak
hardr.ess of 5.2 HRC was obtained for an ageing time of three hours. How-
ever, because the resolution of the Rockwell C hardness fest is, at best, 0.5
points, it is more accurate to place the peak ageing time for 468°C (875°F)
between one and three hours.

Stanaard Ageing
57 ___l | Treatment
482°C (P00°F) - 5 hours

56
. 55 7
@ 4
ko] . |
5 53
5 52 ‘,__‘; | \
Y -rﬁf’ ﬁ\
X
0 50 - 468°C
& (875°F) Ageing Treatments
49 482G Used for Ballistic Tests
® e 1 hour & 5 hours s
48 (900°F) 468°C % 482°C
i }
E 47-F‘| || LERRLRLAI 4 T llll1li Tll—mw-t T v T Irsr

| 0.0 0.1 1 10 100
: Time (hours)

Figure 7: Results of AerMet® 100 Ageing Study.
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The results of the ageing study were used 1o select four ageing freatments for
the ballistic plate material. Table 6 shows a summary of the tfreatments we
selected, the average hardness measured on the surface of the plates, and
the anticipated microstructure. Microhardness measurements on corner sec-
tions taken from each plate indicated that significant decarburization was lim-
ited to between 0.025 cm (0.010 inch) and 0.051 cm (0.020 inch) below the
surface. The measured hardness values are somewhat lower than anticipated
based on tha data shown in Figure 7. These lower hardness values may have
resulted from the surface preparafion technique applied to the plates.

short Range Qrder Experiment

The results of the short range order experiments are graphed in Figure 8. Al-
though an increase in Vickers (Diamond Pyramid, DPH) Hardness of between

2100 800
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Al 4 4 ?760 -_%
. 1900 2 740 -
[¢) ) i =
a o 9 © -720 £
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£ w B B - n s &
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B 1600 { ﬁ £
i % '640 é
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} -0 3
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1 10 120 1000
Time (hours) at 371°C
H Aveiage 1% Yieid Strength <& Vickers Hardness

@ Average 2% Yield Strength

& Average Tensile Strength

Figure 8. Hardness and Strength as a Function of Ageing Time for a Two Step
482°C (900°F) five houi, 371°C (700°F) Ageing Treatment.

Page 22




20 and 40 points was observed, tensile properties showed no dramatic influ-
ence from the post age tfreatment. Rockwell C I-.Iordness (HRC) measurements
(not shown) were also taken and showed no discernible change in hardness
level as a function of ageing time. Because the DPH test is much finer in scale
than the HRC test, the variation in DPH measurements are more likely related to
local microstructural differences.

Table 7: Measured Mechanical Properties of AerMet® 100 Steel.

Temperature Q00°F 875°F QOC°F 875%
Time 5 hours 5 hours 1 hour 1 hour
Hardness (HRC) 5 5 555 53]
Ultimate Tensile Strength, MPa (ksi) 1966 (285) | 2097 (304) | 2145311 | 2131 (309
0.2% Offset Yield Strength, MPa (ksi) | 1793 (260) | 1876(272) | 1834 (268) | 1766(2%6)
Yield/Tensile Ratio 091 Q.89 0.85 0.83
% Reduction in Area o] 58 8 &
% Elongation 155 132 14 15.8
Eigistic Moduius, GPa (psi x 109 176284y | 192279 | 172259 | 188273
Fracture Toughness, MPavm (ksivin) || 125(114) 94 (86) 3981 71 (65)
lChqrpy Impact Energy, Joules (ftelb) || 47 (30.3) 33 (24.5) 29(21.3) 28 (20.8)

Mechanical Properties

Mechanical property data are displayed in Table 7. The results for the 482°C
(900°F) and 468°C (875°F) five hour ages compare most favorably with CarTec’s
published data for AerMet® 100 and indicate that heat treatmeant procedures
used in this study were consistent with applicable processing specifications.

During analysis of fracture surfaces with a scanning electron microscope (SEM),
severai particies bearing cerium and phosphorous were idenfified. Although
CarTec does not publish ali details related to the processing of AerMei® 100,
this finding indicates rare earth modification (REM) probably by late addifion of
a cerium bearing compound during vacuum induction melting.
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Stress Corrosion Cracking Tests

Data obtained from the cantilever beam stress corrosion cracking tests are
graphed in Figure 9. The 482°C (900°F) specimen loaded to an initial stress in-
tensity of 38 MPavm (35 ksivin) developed a bifurcated crack and failed after
1200 hours. The plot shows the inifial stress intensity factor piotted as a function
of time to failure for each of the two aging treatments. Comparative data
from a study by Kozol and Neu for specimen’s aged five hours af 482°C (900°F)
are included.3? Kozo! and Neu used L-T specimens with the precrack coinci-
dent with the transverse direction of the pareni stock for their tests, the same
type of specimens used in this study. The slightly longer times to failure recorded
during the Navy's testing may indicate a slightly different environment. Alter-
natively, the difference could be related to slightly different test fixturing as
mentioned in the beginring of the thesis.
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Figure 9. Results of Cantilever Beam Stress Corrosion Cracking Tests.
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Using the time to failure data, we can develop a rough estimate of the crack
growth velocity by dividing the distance the crack grew by the time fo failure.
Although this calculation is crude, it is not unreasonaple since we Qre in a re-
gim= of crack growth where da/dt does not vary strongly with stress intensity.

Ballistic Tests

Results from ballistic tests of AerMet® 100 versus the 0.30 caliber (7.62 mm) AP
M2 projectile are displayed in Figure 10. This graph shows the Vg Profection
Ballistic Limit (PBL) plotted as a function of areal density. The areal density is
equal to the target weight divided by the target’s surface area. The numbers
adjacent to each symbol indicate the number of test firings used to calculate
the Vsg PBL. For example, '5 & &' indicates that velocities from five complete
penetrations and five rartial penetrations were used to caiculate the V. Thiese
data show that plates heat treated at peak and near peak hardness have @
Vsp PBL approximately 120 meters per second (mps) (400 feet per second, fps)
greater than the plates processed using the standard heat freatment. Al of
the plates showed excellent multiple hit capability. In two cases, more than
twenty-five rounds were fired at a single target.

Results for AerMet® 100 versus the 0.50 caliber (12.7 mm} armor piercing M2
projectile are shown in Figure 11. During these tests, two of the peak aged
plates showed a tendency to crack during ballistic impact. These cracks typi-
cally emanated on or near the impact hole and were coincident with machin-
ing marks on the surface of the plate.

Although some of the peak hardened plates were found to have higher Vsg
velocities than the 482°C (900°F) five hour age baseline plates, the increcse
was riot as dramatic as found for the 0.30 caliber (7.62 mm) threat. For all but
the 482°C (900°F) one hcur plate that shattered, the increase was usually within
the scatter accepted for a Vsg PBL Test—approximately 30 mps (100 “ps). Pho-
tographs of the front and rear face of each badliistic plate are displayed in
Appendix A.
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Figure 11: Results of 0.50 Cdaliber AP M2 Ballistic Tests on AerMet® 100 Steel.
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6.0 Discussion

Processing and Properties

Prior studies on the heat treatment of AerMet® 100 by Movotny and AF 1410 by
Montgomery indicate that the 482°C (900°F) treatmert produces overaged
M,C carbides in the microstructure, while the 468°C (875°F) five hour age pro-
duces slightly overaged M,C carbides in a microstructure retaining scme MzC
carbides.2226 Thus, from these siudies and the hardness data presented in Fig-
ure 7, the microstructures corresponding to the peak hardened condition proo-
ably consist of mixecd MyC and M3C carbides for the one hour age at 482°C
(Q00°F) and M3 C carbides with M,C nuclei for the cne hour age at 468°C (875°F).

Ballistic Tests

The ballistic performance of AerMet® 100 aged at 482°C (F00°F) for five houis is
atleast as good as that of 4340 steel heat freated to a hardness of between 52
and 53 HRC. The superior muitiple hit capability of AerMet® 100 is probaoly
related to fracture toughness, where AertMet® 100 steel hac a fracture tough-

ness iwice thai of 4340 steel.

The use of alternate heat tfreatrments to increase the hardness of AertMet® 100
Steel provided exceptional results for one of the two small arms projectiles used
for this thesis. If the improvement in ballistic performance were due exclusively
to the increased hardness, one would expect all of the higher hardness plates
to have higher Vsg velocities, regardiess of their thickness. Since this is not the
case, hardness is not the only variable responsible for improved ballistic perfor-
maecnce. it may be that the thinner plaies tested versus the 0.30 caliber (7.62 mm)
threat were in a different sfress state than the thicker plates tested versus the
0.50 caliber (12.7 mm) threar. The 0.30 caliber (7.62 mm) plates required more
grinding to produce parallel surfaces. This explanation has some analogy to
fracture toughness, which increases under conditions other than plane strain.

Beatty measured the shear instability strain of AerMet® 100 heat tfreated to the
same specifications as the plates used for ballistic tests.23 He pe!formed quasi-
static tests using a double-linear shear specimen fo determine the shear insta-

bility strain, v, defined as the maximum uniform strain achieved in shear before
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gross locdlization of the strain occurs. The sample design and test have been
described in detail previously.40 41

The results from these shear instability tests are shown in Figures 12 and 13. Fig-
ure 12 compares the different AerMet® 100 microstructures (heat treatments),
including the type of product—plate stock or extruded stock. Figure 13 com-
pares the shear instability strain of AerMet® 100 to a number of other high
strength steels. While AerMet® 100 shows superior resistance to unstable shear
compared to many high strength steels, these results demonstrate the sensitiv-

ity (vi ranges between 0.4 and 1.6) of this alloy to the freatments studied.
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Figure 12: Shear Instability Strains for AertMet® 100 Steel for Various Ageing
Treatments.

The imnroved shear resistance of this secondary hardening steel (compared to
that of quenched and fempered steels of the same hardness) is the key factor
in providing improved badllistic performance at equivalent hardness. This im-
provament is achieved by delaying the onset of adiabatic shear bands, that
play an important role in initiating the plugging mechanism of armor failure.
The interaction of the fine scale microstructure (M3C ana MoC precipitates in
this case) with shear localization phenomenais not yet fully understood. Cowie
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Figure 13: Comparison of Shear Instability Strains for Various High Strengrh
Steels and AerMet® 100.

demonstrated that the ratio of carbide-size 1o carbide-separation-distance was
tne controlling factor at quasi-static strain rates in VAR 43490 steel 40 However,
at higher strain rates the same relctionship does riot hold, though the caroides
still play an important role 42 The unusudlly high instability strains measured for
the extruded AerMet® 100 show promise for obtaining even better ballistic
performance through processing and microstructural control.

The influence of microstructure is an important consideration in the design of
armor steels. The mixed microstructure of M3C and M,C is more brittle than a
microstructure comprised primarily of MyC carbides. From a microstructural
standpoint, elimination of M3C carbides while precipitating M,C carbides in
this class of armor steels is preferred. The former reduce fracture toughness
and tend to promote brittle fracture, while the latter have the dual benefit of
improving strength by impeding dislocation flow and increasing toughness
through better interfacial cohesion with the matrix. These microstructural fea-
tures are important to ballistic performance because they determine—in part—
the plate’s tendency to fail by brittle fracture and its resistance to localized
adiabatic shear.
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While processing AerMet® 100 to hardness levels greater than 55 HRC in com-
binaticn with an ovetaged microsttucture may not be feasible, it may be pos-
sible to design a new secondary hordening steel with an overaged microstruc-
ture an¢’ higher hardness. To this end, ARLeMD funded an effort with North-
western Jniversity 1o design an armor steel possessing both the desired me-
chanical properties and a microstructure of overaged M,C carbides.43 .44 Bal-
listic tests of the new armor steel were initiated in the Fall of 1993 and should be
completed by the end of 1994,

Stress_ Corrosion Cracking Tests

Atrens maasured crack growih velocity in AerMel® 100 steel using a linear in-
creasing stress test (LIST).45 The findings of his study are graphed in Figure 14,
At stress intensities telow 20 MPavm, there was no apparent crack growth.
Crack velocities for K, greater than 65 MPavm were not measured. Given the
geomet-y of the cantilever beam specimen, it should be possible using Atrens’
data fo ustimate time to failure.
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Figure 14. Atens Crack Velocity Data for AerMet® 100 Steel.
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As a first appraximation, consider crack growth rates o be constant. The only
compelling reason for this assumption is to facilitate a first stimate of the time
to failure. Crack growth usually proceeds as a two step . tess. First, proper
conditions must be established at the crack tip. As the crack grows into the
material, it will decelerate and arrest until sufficient hydrogen diffuses to the
crack tip to reinitiate growth,

To aid comparison of Atrens’ crack growth velocity data with cantilever beam
data from this study and the NAWC study, two commercially available soft-
wdre packages—Mathematica by Wolfram Research and MathCad by
MathSoft—were used to develop crack growth models. Although difficult to
learn, Mathematica offered a greater variety of built in functions. MathCad
offered fewer functions but has a better display inferface inciuding automatic
dimensional analysis. Because MathCad offered sufficient functionality for the
crack growth model with a more intuitive interface, it was selected to render
the mode!.

The crack growth velocity is simply the incremental change in unit crack length
during a unit of time:

V= g.q (3)
. . . . at
The time te failure is expressed as:
t= " at S
Q
Which can be rewritten:
ti= [ '-]\7 da ©)
Atrens’ data can be fit to alog linear equotion like the following:+0
p 6)
v = Constant - e™
Where: _acr 10 = (4.03-10" —
m=3.657 10" s ( osiin )
Constant=1235. 10 M = 107in
onstan 35 hr (1.75 10 hr>
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The Kies equation (2) used earlier to determine K as a function of fiaw size, a,
may now be substituted into equations 6 and 5 to produce an equation for
failure time as a function of flaw size, a:

gy

f, :

da

)

a12 M Eli_ua
o Constant- e(" 5w )

The MathCad program implementing the solution to this eguation is shown in
Appendix 8. Once the single calculation file was set up, it was relatively easy to
introduce a matrix of initial stress intensity values to determine corresponding
values for fime to failure. Table 8 lists the predicted failure time based upon the
cantilever beam specimen geometry, initial flaw size, and flaw size at fracture,
along with the actual time to failure.

Teole 8: Comparison of ARLeMD Cantilever Beam and Atrens’ Linear
Increasing Stress Test Data.

Initial Stress Infensity, Ki | Time to Failure | Predicted Failure| Predicted Time
MPavm (ksiVin) (hours) Time (hours) Actual Time
44 (40) 4228 149.8“ 0.35
38 (35) 1200° 1712 014
33 30) 4758 195.1 oM
27 (25 658.8 2218 034
22(20) 11852 2521 - 022

These predictions are remarkably consistent with the actual time to failure given
the fidelity usually associated with cantilever beam data and crack velocity mea-
surements. The experimental time to failure for the specimen loaded to an initial
stress intensity of 38 MPavm (35 ksivin, marked with an *) does not fit well with the
other data because of crack bifurcation. The specimen loaded to 22MPavm (20
ksivin) does not fit the other data. presumably because 22MPavm (20 ksivin) is the
apparent Kisce for AerMet® 100. Since the calculated times to failure are shorter
than the actual times to failure, our assumpticn of constant crack growth needs to
be considered in more detail. If ciack growth decelerates because of a change
in the environment at the crack tip, the time to failure would be greater.
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7.0 Conciusions and Recommendations

AerMet® 100 is very sensitive to ageing temperature. As a result, careful pro-
cess control is required to ensure that the desired properties are obtained.
Hardness tests are not a reliable rmeasure of process control; the best indica-
tors for process control are tensile and fracture toughness tests.

The ballistic performance of AerMet® 100 heat treated to achieve different
microstructures provides valuable knowledge for use in future efferts to design
high performance armor steels for specialized applications. Even if combina-
tions of hardness greater than 55 HRC with toughness greater than 55 MPavm
(50 ksiVin) can be achieved, special care must be taken to ensure that the
microstructure is contributing as much hardness as possible without introducing
undesiraole effects such as brittle fracture.

Althcugh the peak hardened condition of AerMet® 100 is not the optimum
microstructure for foughness limited applications, it has mechanical properties
at least as good as other ultrahigh strength steels and superior ballistic perfor-
mance against one of the small arms projectiles. Fufure efforts should be di-
rected at producing a slightly overaged microstructure with optimized hard-
ness.

AerMet® 100 is susceptible to stress corrasion cracking. Althoughn fracture tough-
ness is an important consideration for design and materials selection, a more
important limitation is resistance to stress corrosion cracking. Using the Kic, rather
than Kisee, in a design calculation could lead to premature failure. In cases
where Kiscc may be exceeded, deveiopment of an inspection schedule that
takes crack growth velocity into account is of critical importance.

AerMei® 100 has greater fracture toughness than conventional high strength
steels so components fabricated from it can tolerate iarger flaw sizes. In addi-
tion. crack growth velocity of AerMet® 100 immersed in 3.5% sodium chloride is
slower than for conventional high strength steels. permitting longer inspection
intervals. Therefore, one for one substitution of AerMet® 100 for conventionadl
high strength steels is recommended. However, substitution of AerMet® 100 in
components scaled to achieve weight savings requires careful consideration.
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Appendix A

ARLeMD Bailistic Test Number 151-92.

0.156 inch thick AerMet 100™ Steel versus U.S. 0.50 caliver AP M2 projectile.
(Austenitized @ 1625°F. 1 hour. oil quench:-100-F, 1 hour, air warrn; Aged @ 875°F, 5 hours, air cool)

Back Side
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Appendix A

ARLeMD Ballistic Test Number 152-92.

0.230 inch thick AerMet 100™ Steel versus U.S. 0.50 caliber AP M2 projectile.
(Austenitized @ 1625°F, 1 hour. oil quench;-100°F, 1 hour, air warm; Aged @ 900°F, 5 hours, air cool.)

Front Side
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Appendix A

ARLeMD Ballistic Test Number 153-92.

0.350 inch thick AerMet 100™ Steel versus U.S. 0.50 caliber AP M2 projectile.
(Austenitized @ 1625°F, 1 hour, oil quench; -100°F, 1 hour, air warm; Aged @ 875°F. 5 hours. air cool.)

Back Side
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Appendix A

ARLeMD Ballistic Test Number 154-92.

0.375 inch thick AerMet 100™ Steel versus U.S. 0.50 caliber AP M2 projectile.
(Austenitized @ 1625°F. 1 hour, oit Guench: -100°F, 1 hour, air warm; Aged @ 900°F. 5 hours, air cool.)

Back Side
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Appendix A

ARl «MD Ballistic Test Number 155-92.

0.483 inch thick AerMet 100™ Steel versus U.S. 0.50 caliber AP M2 projectile.
(Austenitizec @ 1625°F, 1 hour, 2il quench; -100°F. 1 hour, Gir warm; Aged @ 875°F, 5 hours, air cool.)
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Appendix A

ARLeMD Ballistic Test Number 156-92.

0.488 inch thick AerMet 100™ Steel versus U.S. 0.50 caliber AP M2 projectile.
(Austenitized @ 1625°F, 1 hour, cil quench; -100°F, 1 hour, air warm; Aged @ 900°F, 5 hours. aif coal.)

Front Side

Back Side
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Appendix A

ARLeMD Ballistic Test Number 001-93.

0.453 inch thick AerMet 100™ Steel versus U.S. 0.50 caliber AP M2 projectile.
(Austenitized @ 1628°F, 1 hour. air cool: -100°F, 1 hour, air warm; Aged @ 900°F. 5 hours, air cool.)
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Appendix A

Al et Hatlistic Test Number 002-93.
0.481 inch thick AetMer " Steel versus U.S. 0.50 caliber AP M2 projectile.
(Austenitized @ 1625%F 1t 5 100 F. 1 hour, air warm; Aged @ §75°F, 5 hours. air cool)




Appendix A

ARLeMD Ballisticc Test Number 003-93.

0.470 inch thick AerMet 160™ Steel versus U.S. 0.50 caliber AP M2 projectile.
(Austenitized @ 1625°F. 1 hour. air ccol: -100°F. 1 hour. air warm; Aged @ 90G°F, 1 hour, air cool.)
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Appendix A

ARLeMD Ballistic Test Numibcer 004-93.
0.467 inch thick AerMet 100™ Steel versus U.S. 0.50 caliber AP M2 projectile.

(Austenitized @ 1625°F. 1 hour, air cool; -10Q°F, 1 hour, ait warm; Aged @ 875°F, 1 hour, air cool.)

Back Side
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Appendix A

ARLeMD Ballishc Test Number 005-93.
0.330 inch thick AerMet 100™ Steel versus U.S. 0.50 caliber AP M2 projectile.

(Austenitized @ 1625°F, 1 hour, @ir cool. 10C- | 1 hour, air warrn; Aged @ 900°F, 5 hours, air cool)
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Apeendix A

ARLeMD Ballistic Test Number 006-93.

0.364 inch thick AerMet 100™ Steel versus U.S. 0.50 caliber AP M2 projectile.
(Austenitzed @ 1625°F, 1 hour, air cool; -100°F, 1 hour, air warm: Aged @ 875°F, 5 hours, air cool )

Back Side
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Appendix A

ARLeMD Ballistic Test Number 007-93.

0.309 inch thick AerMet 100™ Steel versus U.S. 0.50 caliber AP M2 projectile.
(Austenitized @ 1625°F, 1 hou, air cool; -100°F, 1 nour, air warm; Aged @ 900°F, 1 hour, air cool.)

Back Side
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Appendix A

ARLeMD Ballistic Test Number 008-93.

0.156 inch thick AerMet 100™ Steel versus U.S. 0.30 caliber AP M2 projectile.
(Austenitized @ 1625°, 1 hour. an coal. 100°F. 1 hour, air warm; Aged @ 900°F, S hours. air cool.)

eI T Y R L

! Front Side

%

Back Side
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Appendix A

i ARL#MD Ballistic Test Number 009-93.
0.355 inch thick AerMet 100™ Steel versus U.S. 0.50 caliber AP M2 projectile.

(Austenitized @ 1625°F, T hour, air caol; -100°F, 1 hour, air warm: Aged @ 875°F, 1 hour, arr cool.)

Back Side
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Appendix A

ARLeMD Ballistis - Test Number 010-93,
0.135 inch thick AerMet 100™ Steea| versus U.S. 0.30 calib

(Austenitized @ 1625°F | hour, air cool: 100 F 1 hour air warm; Aged @

er AP M2 projectile.

875°F. 5 hours, air cool)

Back Side

Page A-146




Appendix A

ARLeMD Ballistic Test Number 011-93.

0.146 inch thick AerMet 100™ Steel versus U.S. 0.30 caliber AP M2 projectile.
(Austenitized @ 1625°F, 1 hour, air cool; -100°F, 1 hour. Qi warm; Aged @ 200°F. 1 hour. air cool.)

Back Side
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Appendix A

ARLeMD Ballistic Test Number G12-93.

0.197 inch thick AerMet 100™ Steel versus U.S. 0.30 caliber AP M2 projectile.
(Austenitized @ 1625°F. 1 hour. Qir cooi. - 100 F 1 hour. air warms: Aced @ 875°F. 1 hour, air cool.)

Back Side
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Appendix A

ARLeMD Bailistic Test Number 013-93,

0.191 inch thick AerMet 100™ Steel versus U.S. 0.30 caliber AP M2 projectile.
(Austenitized @ 1625°F, 1 hour, air cool. - 100 1 howr arr warm; Aged @ 875°F. 5 hours, ar cool.)

Back Side
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Appendix A

At oML Ballistic Test Numibser 014-93.
C.185 inch thick AerMet 1007 Steel versus U.S. 0.30 caliber AP MZ projectile.
(Austenifized @ 1625°F 1 neur 1t - b J0C°F, 1 bouwr, aif warm; Aged @ 00°1 § hours, aif cool)

Back Side
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Appendix B

MP05106~FG ksi= 1808 psi
=1 -39
c(a, W) =1 W
| ;
4.12-M-!-— — ~cta W)
. ye(a. W =
K(a.M.B. W) = .
Bw’
Facior = |
- -
siope 1= 40384510 ° (psi- | in)
Const = 1.752324-1&1'3-%
Velocity(K) = Factor Const-e%'OP® K
' W
o, =@0.125in W = 1.66in B = —

Z
a;=0.318-cm W =25%5-cm B 1.27cm
M = @ in bt Ki::4BkﬂJ;
ay=ay K, = 43.953 ‘Mpa | m

=
T

i toc)t(K(ci M 8 W) - K, M)

o
-
t

“root(K(o,.Mi,B W) - K o,)

[o]
f 1

velocity (K (a M..B. WJ> da

Page B-1

furiong =228 yd
forinight = 14 qay

K = 115-ksi-yin

K = 126.364 -Mpa-|m

M= 3332 "in-lbf
Mi 6]66":"\'ka

a;= 0.473862 in
ag= 1.20869 ‘cm
ag = 8.68086 -turiong

1]

ty = 8.446 fortnight

te= 149.727 't




DISTRIBUTION LIST

No. of
Copies To
1 Office of the Under Secretary of Defense for Research and Engineering, The Pentagon,
Washington, DC 20301
Director, U.S, Army Research Laboratory, 2800 Powder Mill Rcad, Adelphi, MD 207832-1197
1  ATTN: AMSRL-OP-SD-TP, Technical Publiching Branch
1 AMSRL-0OP-50-TA, Records Management
1 AMSRL-OP-SC-T1., Technica! Library
Commander, Defense Technical Information Center, Cameron Station, Building 5,
5010 Duke Street, Alexandria, VA 23304-6145%
2 ATTN: DTIC-FDAC
1 MIA/CINDAS, Purdue University, 2595 Yeager Road, West Lafayette, IN 47905
Commander, Army Rasearch Office, P.0. Box 12211, Research Triangie Park,
NC 2770Q02-2211
1 ATTN: Information Processing Office
Commander, U.S. Army Matetiel Command, 5001 Eisenhower Avenue, Alexandria, VA 22333
1 ATTN: AMCSC
Commander, U.S. Army Materiel Systems Analysis Activity, Aberdeen Proviné Ground,
MD 21005
1 ATTN; AMXS)-MP, H. Cohen
Cominander, U.S. Army Missile Comimand, Redstone Arsenal, AL 358093
1 ATTN: AMSMI-RD-CS-R/Doc
Commander, U.S, Army Armament, Munitions and Chemical Command, Dover, NJ 07801'
2 ATTN: Technical Library
Commander, U.S. Army Natick Research, Development and Engineering Center,
Natick, MA 01760-5Q10
1 ATTN: SATNC-MI, Technical Library
Commander, U.S. Army Satellite Communications Agency, Fort Monmouth, NJ 07703
1 ATTN: Technical Document Center
Commander, U.S. Army Tank-Automotive Command, Warren, Ml 48397-5000
1  ATTN: AMSTA-ZSK
1 AMSTA-TSL, Technical Library
President, Airborne, Electronics an | Special Warfare Board, Fort Bragg, NC 28307
1  ATTN: Library

Director, U.S. Army Research Laboratory, Weapons Technology, Aberdeen Proving Ground,
MD 210C5-5066
ATTN: AMSRL-WT




No. of
Copies

To

Commander, Dugway Proving Ground, UT 84022
ATTN: Technical Library, Technical Information Division

Commander, U.S. Army Research Laboratory, 2800 Powder Mill Road, Adelphi, MD 20783
ATTN: AMSRL-SS

Director, Benet Weapons Laboratory, LCWSL, USA AMCCOM, Watervliet, AY 12189
ATTN: AMSMC-LCB TL

AMSMC-LCB-R

AMSMC-LCB-RM

AMSMC-LCB-RP

Commander, U.S. Army Foreign Science and Technology Center, 220 7th Street, N.E., :
Charlottesville, VA 22901-5396 >
ATTN: AIFRTC, Applied Technologies Branch, Gerald Schlesinger :

Commander, U.S. Army Aeromedical Research Unit, P.O. Box 577, Fort Rucker, Al. 36360C
ATTN: Technical Library

U.S. Army Aviation Training Library, Fort Rucker, AL 36360
ATTN: Building 5906-5907

L L

Commander, U.S. Arimy Agency for Aviacion Safeiy, Fort Rucker, AL . 36362
ATTN: Technical Library

Commander, Clarke Engineer $choal Library, 3202 Nebraska Ave., i, fort Leonard Wood, B
MO 65473-5000 A
ATTN: Library

Commander, U.S. Army Engineer Waterways Experiment Station, P.O. Box 631; Vicksburg,
MS 39180 #
ATTN: Research Center Library o

Commandant, U.S. Army Quartermaster School, Fort Les, VA 23801
ATTN: Quartermaster Schonol Library

Naval Research Laboratory, Washington, DC 26373
ATTN: Code 6384

Chief of Naval Research, Arington, VA 22217
ATTN: Code 471

Commander, U.S. Air Force Wright Research & Development Center, Wright-Patterson Air
Force Base, OH 45433-6523
ATTN: WRDC/MLLP, M. Forney, Jr.

WRDC/MLBC, Mr, Stanley Sciwulman

U.S. Department of Commerce, Nationa! Institute of Standards and Technology, Gaithersburg,
MD 20899 -_
ATTN: Stephen M. Hsu, Chief, Ceramics Division, institute for Materials Science and -

Engineering




No. of
Copies To

1 Committee on Marine Structures, Marine Board, National Research Council, 2101 Constitution
Avenue, N.W., Washington, DC 20418

1 Materials Sciences Corporation, Suite 250, 500 Gffice Center Drive, Fort Washington,
PA 19034

1  Charles Stark Draper Laboratory, 555 Technology Square, Cambridge, MA 02139

Wyman-Gordon Company, Worcester, MA 01601
1  ATTN: Technical Library

General Dynamics, Convair Aerospace Division, P.O. Box 748, Fort Worth, TX 76101
1 ATTN: Mfg. Engineering Technical Library

Plastics Technical Evaluation Center, PLASTEC, ARDEC, Bldg. 355N, Picatinny Arsenal,
NJ 07808-5000
1 ATTN: Harry Pebly

1 Department of the Army, Aerostructures Directorate, MS-266, U.S. Army Aviation R&T
Activity ~ AVSCOM, Langley Research Center, Hampton, VA 23665-5225

1 NASA - Langley Research Center, Hampton, VA 23665-5225
U.S. Army Vehicle Fropulsion Direclorate, NASA Lewis Research Center, 2100 Brookpark
Road, Cleveland. CH 44135-3191

1 ATTN: AMSRL-VP

Directar, Defense Intelligence Agency, Washington, DC 20340-6053
1 ATTN: ODT-5A {Mr. Frank Jaeger).

U.S. Army Communications and Electronics Command, Fort Monmouth, N 07703
1 ATTN: Technical Library

U.S. Army Research Laboratory, Electronic Power Sources Directorate, Fort Monmouth,
NJ 07703

1 ATTN: Technical Library

Commander, U.S. Army Aviation and Troop Command, Aviation Research and Technology
Activity, Aviation Applied Technology Directorate, Fort Eustis, VA 23604-5577
1 ATTN: AMSAT-R-TV, Mr. G. McAllister
AMSAT-R-TV, Mr. L. T. Burrows
1 AMSAT-R-TV, Mr. . Holland

Director, Comt-at Developments, L.S. Army Aviation Center, Fort RPucke:,
Al 36362-5000 |
1 ATTN: ATZQ-CD, Mr. R. S. McCahe !




No. of
Copies To

Commander, U.S. Army Aviation and Troop Command, 4300 Goodfeliow Boulevard, St. Louis,

MO 63120-1798

ATTN: SFAE-AV-ASH, COL. J. T. Huey
SFAE-AV, MG D. Irby, Jr.
SFAL-AV-S0A, LTC M. W. Rogers
SFAE-AV-AAH, COL S. L. Deloach
SFAE-AV-BH, LT COL J. Lanier
SFAE-AV-AEC, COL T. E. Reinkober
SFAE-AV-RAH, BG 0. L. Mullen
SFAE-AV-CH, COL R. Williams
SFAE-AV-RAH-TV, M. Smith
AMSAT-R-ESC, Mr. G, Kovacs

- b —d

— el ) b b —d

Commander, U.S. Air Force Wright Research and Development Center, Wright-Patterson Air

Force Base, OH 45433-6553
1 ATTN: WL/FIES, Mr. A, Kurtz B ;.
1 WL/FIVS/SURVIAC, Mr. J. Vice

Commander, Naval Surface Warfare Center, Dahgren Laboratory, Dahigren, VA 22448
1 ATIN: Code G-22, Dr. B. Smith

Commarider, Naval Weapons Center, China Lake, CA 93555-6001
ATTN: Code 31801, Mr. J. R, Bates

€2183, Mr. J. Duzan

C2183, Mr. L. Budd

-

P Ry

Commander, Naval Postgraduate School, Monterey, CA 93943
1 ATTN: Code 67BP, Prof. R. E. Ball

U.S. Secret Service Technical Development and Planning Division, 1301 L. Street, N.W.,
Room 800, Washington, DC 20005 ;
1 ATTN: Timothy Thomas ‘ s

LRA Laboratories, Inc., 18195A East McDurmiott Street, Irvine, CA 92714
1 ATTN: Dr, L. Raymond :

Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive,
Pasadenz, CA 91109

1 ATFIN: Dr., M. Adams M

1 Center for Naval Analysis, 4401 Fort Avenue, P.0. Box 16268, Alexandria, VA 22302-0268 i

Naval Air Engineering Center, Lakehurst, NJ 08733
1 ATTN: K. Megerie, SESD Cade 5314 KM
1 G. Fisher, SESD Code MT-14

National Center of Excellence in Metal-Working Technology, Metal-Working Technology, Inc.,
1450 Scalp Avenue, Johnstown, PA 15304
1 ATTN: L.Otto




No, of
Copies To

Wright Laboratories, Wright-Patterson Air Force Base, OH 45433-6533
1 ATTN: WL/MLSE, C. Harmsworth
WL/MLSE, J. Coate
WL/MLLM, J. Petrak

Vought Corparation, P. O. Box 226144, Dallas, TX 75222
1 ATTN: Chief of Materials and Processes
1 D. Peterson, Advanced Tech. Center

1 Grumman Aerospace Corporation, Bethpage, NY 11714
ATTN: Chief of Materials and Processes

. Adler, Mail Stop AQ2-26

. Demay, PL12, Dept. 441

. Kennedy, Mail Stop AQ2-26

. Shaw, Mal Stop AQ04-12

. Greenspan, Mail Stop, AQ04-12

- et . o — —
A Al 2l v |

Lockheed Aeronautical Systems Company, 86 South Cobb Drive, Zone 150, Marietta,
GA 30063-0199
ATTN: D. Richardson, Dept. 73-CZ (Zone 0199)

D. Chellman

Chief of Materials and Processes

J. Whitehead

— d -

Naval Air Systems Command, Jefferson Plaza One, Washington, DC 20361-5300
ATTN: S. Bettadupur, AIR-5304D

M. Dubberly, AIR-5302

J. Collins, AIR-5304

H. Varmali, AIR-5304

J. Thompson, AIR-5304C

W. Koegel, AIR-53040D

L. Sloter, AIR-536T

—_ e 3 =3 3 -

Naval Air Warfare Center Aircraft Division, Warminster, PA 18974-5000
1 ATTN: J. Kozel, Code 6063
1 Technical Library, Code 8131

Martin Marietta Laboratories, Martin Marietta Corperation, 1450 S. Rolling Road,
Baltenore, MD 21227-3398

» 1 ATTN: J. Green
Boeing Defense/Space Group, Helicopter Division, P.O. Box 16856, Philadelphia,
B PA 19142
1 ATTN: P. Mcintyre, Mail Stop P38-21
1 8. Thompson, Mail Stop P38-50

Office of Naval Research, Materials Engineering Division, 800 N. Quincy Street, Arlington,
VA 22217-5000 :
1 ATTN: G. Yoder, Code 1311




No. of
Copies

To

[T Y]

Professor Gregory B. Olson, Materials Science and Engineering, 2030 Tech. Institute,
Northwestern University, Evanston, Il 60208-3108

Carpenter Technology Corporaticn, Carpenter Steel Division, Reading, PA 19603-0662
ATTN: R. M. Hemphill, Supervisor Tool & Alioy R&D

McDonnell Aircraft Company, McDonrell Douglas Corp., P.O. Box 5115, St. Louis, MO 631€6
ATTN: Chief cf Materials and Processes

K. K. Sankaran, Mail Code 1021310

R. Newcomer, Mail Code 1021310

Douglas Aircraft Company, McDonnell Douglas Corp., 3855 Lakewood Blvd., Long Beach,
CA 90846
ATTN: Chief of Materials and Processes -

Northrop Corporaticn, Aircraft Division, 1 Northrop Avenue, Hawthorne, CA 90250-3277
ATTN: M. Rommel, 3872-62

Chief of Materials and Processes

Rockwell International Corporation, North American Aircraft Division, P.C. Box 92098,
Los Angeles, CA $0009
ATTN: Chief of Materials and Processes

Boeing Aerospace Co., Boeing Military Airplane Development, 7.0. Box 3999, Seattle,
WA 98124

ATTN: Chief of Materials and Processes

Boeing Aircraft Company, 3801 South Oliver Street, Wichita, KS 67210
ATTN: Chief of Materials and Processes

General Dynamics, Ft. Werth Division, P.0. Box 748, Fort Worth, TX 671C1
ATTN: Chief of Materials and Procasses
Susan Kiehl, MZ 2853

Sikorsky Aircraft, 6900 Main Street, Stratiord, CT 06601-1381
ATTN: Chief of Materials and Processes
T. Murphy, Mail Stop S312A

Boeing Commercial Airplane Group, P.0. Box 3707, Seattle, WA 98124
ATTN: D. Wallem, Mail Stop 73-44

Textron Lycoming, S50 3. Main Street, Stratford, CT 06497-2452
ATTN: V. Nangia, Manager, Advanced Materials Tech, Lab.

Dianne Chong, McDonnell Douglas Missile Systems, M/C 1063248, P.Q, Box 516,
St. Louis. MO 63166-0516

Director, U.S. Army Research Laboratory, Watertown, MA 02172-0001
ATTN: AMSRL-OP-WT-15, Technical Library
Author




