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Abstract

The cryogenic tensile and fracture toughness properties 
of 2195-T8 extrusions were investigated. Alloy 2195 is a 
light weight, high strength, aluminum-copper-lithium alloy 
designed specifically for cryogenic launch vehicle 
applications. A brief review of the material characteristics 
which lead to improved cryogenic tensile and fracture 
toughness properties, as well as the alloy design principles 
used in the development 2195 are provided. Both an underaged 
and near-peak aged condition of the 2195-T8 (6% stretch)
extrusions were evaluated. Tests were conducted for various 
orientations at ambient, -320°F (-196°C) , and -452°F (-2 6 9°C)
using tensile, surface crack tension, chevron notch short bar 
and J-integral specimens.

The properties of the 2195-T8 were anisotropic, which is 
characteristic of an extruded material. The near-peak aged 
2195-T8 extrusions (85 ksi (586 MPa)) were found to have a 
52% yield strength (ambient temperature, longitudinal 
orientation) advantage over 2219-T87, the material presently 
used in the External Tank of the Space Shuttle Program. The 
strain hardening exponent (n) of 2195-T8 extrusions, as 
determined by tensile tests, were low as compared to other 
structural materials used for cryogenic applications.
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Previous studies had shown that the magnitude of strain 
hardening during plastic deformation (indicated by the n- 
value) influences the size and shape of the plastic zone at 
the crack tip; hence, influencing the measured fracture 
toughness. The low strain hardening during plastic 
deformation displayed by 2195-T8 extrusions may be a limiting 
factor with respect to the fracture toughness behavior of 
this material at low test temperatures.

The surface crack tension test results indicated that 
the residual strength (Gr) and fracture toughness (Kie)

increased with decreasing test temperature, with the near
peak aged 2195-T8 extrusions showing larger o r and Kje values

than the underaged material. However, the test results 
determined by chevron notch short bar and J-integral tests, 
showed that the underaged 2195-T8 extrusions provided 
improved ambient and cryogenic fracture toughness values as 
compared to the near-peak aged material. The fracture 
toughness measured by these tests indicated that underaged 
material was relatively insensitive to test temperature ; 
whereas, the near-peak aged 2195-T8 extrusion showed a slight 
temperature sensitivity.
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1.0 Introduction
The potential performance enhancements offered by 

implementation of aluminum-1ithium alloys for aerospace 
structures has generated worldwide attention. Intense 
research and development activities have been undertaken by 
numerous commercialf governmental, and academic institutions 
for the past decade in order to exploit the decreased 
density, greater elastic modulus and higher strength 
characteristics of lithium-containing aluminum alloys.
These efforts have produced a number of commercially 
available alloys which are viable replacements for the 
mainstay 2xxx and 7xxx series aluminum alloys which are 
commonly used in both aircraft and space applications.

One such alloy, Weldalite® 049 (designated as 2195 by 
the Aluminum Association), was developed by Martin Marietta 
in conjunction with the Reynolds Metals Company specifically 
for launch vehicle applications. Alloy 2195 is a weldable 
Al-Li alloy which offers a 10% increase in stiffness, a 50% 
increase in strength, a 5% lower density and improved ambient 
temperature fracture toughness properties compared to Alloy 
2219, the material presently used in the External Tank of the 
Space Shuttle Program. Current plans to implement Weldalite® 
04 9 into the External Tank will reduce the launch weight by 
approximately 8000 lb (2 986 k g ) . This improved performance



T-4607 2

will allow the launch of heavier payloads, such as the 
redesigned Space Station, and/or placement of payloads into 
higher orbits.

The External Tank contains the liquid oxygen (at -2 97°F 
(-183°C) ) and hydrogen (at -423°F (-253°C) ) propellants used
by the Space Shuttle Orbiter and serves as the structural 
backbone joining the Orbiter and Solid Rocket Boosters during 
ascent (1) . Alloy 2219 was originally chosen because of its
weldability , adequate strength/density ratio, stress
corrosion resistance and cryogenic fracture toughness 
properties. This material displays increasing toughness with 
decreasing temperature, which allows proof testing for 
critical flaws to be performed at ambient temperature. Proof 
testing of the External Tank's large liquid oxygen (19,495 
ft3 (552 m^)) and hydrogen (55,552 ft3 (1573 m3)) propellant
tanks at service temperature would be uneconomical, as well 
as dangerous if a critical flaw went undetected and resulted 
in premature failure (2).

This thesis presents the results of work performed to 
evaluate the tensile and fracture behavior of 2195-T8
extrusions. Tests were conducted for various orientations at
ambient, -320°F (-196°C) , and -452°F (-269°C) using tensile,
surface crack tension, chevron notch short bar and J-integral 
specimens.
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The remainder of the introduction will provide a 
discussion of: 1) the characteristics and properties of 
typical alloys used for cryogenic and aerospace applications; 
2) the motivation for the development and properties of 
several commercially available Al-Li alloys ; and 3) the 
design principles, physical metallurgy and properties of 
Weldalite® 049 which led to the development of alloy 2195.

1.1 Materials Commonly Used for Cryogenic and Aerospace
Applications
The most dramatic use of cryogenic technology is in the 

aerospace industry (3). Liquid propellant launch vehicles 
use the energy from the high-pressure combustion reaction of 
a fuel and an oxidizing agent to heat the reaction product 
gases to very high temperatures (4500 to 7400°F (2500 to 
4100°C) ) (4) . These gases are subsequently expanded in a
nozzle and accelerated to high velocities (5 900 to 14100 
ft/sec (1800 to 4300 m/sec)). The main propulsion systems of 
the Space Shuttle and Centaur (upper stage) launch vehicles 
use liquid oxygen and liquid hydrogen which yield the highest 
performing combination of oxidizer and fuel for propellants.

Many other important industries use cryogenic fluids as 
w e l l . These include manufacturing, pharmaceutical, medical 
sciences, energy, and food processing. Special precautions
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must be employed during the design (particularly material 
selection) and fabrication of the tankage and other 
components used for the storage and handling of these 
cryogenic fluids because of the increased susceptibility to 
brittle failure as temperature is decreased which is 
characteristic of many materials. The prevention of brittle 
failure is imperative because of the sudden and uncontrolled 
nature of such failures.

Generalized statements concerning the selection of 
structural materials for cryogenic applications have been 
made by various authors (3,5,6). Typically, selection of 
cryogenic structural materials are limited to the face 
centered cubic (fee) metals and alloys. These include 
aluminum, copper, nickel, their alloys, and the austenitic 
stainless steels. These materials generally do not exhibit a 
decrease in toughness with decreasing temperature, and remain 
relatively ductile at low temperatures. Some titanium alloys 
(hexagonal close packed (hep) crystal structures) remain 
moderately ductile at low temperatures and are excellent for 
many applications. Metals and alloys with body centered 
cubic (bcc) crystal structures (e.g., iron, chromium, 
columbium, molybdenum and tungsten) are generally embrittled 
at low temperatures (6).
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The simplest explanation of these differing 
characteristics at low temperatures for fee and bcc metals 
involves the analysis of their representative stress-strain 
curves and use of Considère's criterion for necking (7). 
Figures 1.1 and 1.2 provide engineering stress-strain curves 
at various temperatures characteristic of a pure fee metal of 
a moderate to high stacking fault energy (Al, Cu, Ag) and of 
a pure bcc metal, respectively. There are two important 
differences between these schematics: 1) The yield strength 
for the bcc material is relatively more temperature sensitive 
than the fee material; and 2) Elongation increases with 
decreasing test temperature for fee materials and decreases 
with decreasing test temperature for bcc materials.

It has been observed that the yield strength of iron may 
increase by a factor of 4 to 6 with a decrease in temperature 
from ambient to -320°F (-19 6°C) ; whereas the yield strength
for pure aluminum only increases a few percent over the same 
temperature range (5,8,9). Witzell and Adsit (5) relate the 
yield strength temperature sensitivity of bcc materials to 
the Peierls-Nabarro force. The Peierls stress (Tp) is the

shear stress required to move a dislocation through a crystal
lattice in a particular direction:

TP=J^- e-27ta/(l-V)b (1.1)
1-V

where, "G" is the modulus of elasticity in shear, "V" is
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T <T„<T„<T
coco0)k

4-JCO
Cr*C-HM0)0)G-HGnGH

Engineering Strain

Figure 1.1: Schematic engineering stress-strain curves for a
fee metal (Al, Cu, Ag) of high stacking fault energy (7).
Note that the elongation increases with decreasing 
temperature.
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T <T <T <T

cnco
CD
4_)CO
Cn
C

- iH

CDCDG-HCnGH

Engineering Strain

Figure 1.2: Schematic engineering stress-strain curves for a
bcc metal (7). Note that the elongation decreases with 
decreasing temperature.
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Poisson's ratio, "a" is the distance between slip planes and 
"b" is the distance between atoms in the slip direction (10). 
This relationship shows that slip occurs most readily on 
close-packed planes in the close-packed directions. The more 
open bcc structure makes dislocation movement more difficult 
than that found in fee and hep structures.

The relative differences in ductility or elongation 
characteristic of fee and bcc metals at low temperature is 
best described by use of Considère's criterion for necking 
(7). During a typical tensile test, the onset of necking 
occurs at the point of maximum load where the increase in 
stress due to the decrease in cross-sectional area becomes 
greater than the increased load carrying ability of the 
material due to strain hardening. This point of instability 
is known as Considère's criterion for necking, which is 
expressed mathematically as:

CT (1.2)de
where, da/de is the strain hardening rate and a is the true

stress. This relationship is shown graphically in Figure 
1.3.

Reed-Hill (7) explains that high stacking fault energy 
fee metals are subject to a high degree of dynamic recovery 
that increases in intensity with increasing test temperature. 
Dynamic recovery tends to lower the effective rate of strain
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-p
Flow
Curve

da

True Strain

Figure 1.3: Graphical interpretation of Considère's
criterion for necking (10). The onset of necking occurs when 
the slope of the flow curve is equal to the flow stress.
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hardening. He notes that this acts to give these metals a 
strongly temperature sensitive strain hardening rate, dCT/dE,

which at a given strain increases with decreasing 
temperature.

Since the yield strength of pure fee metals is less 
temperature sensitive than pure bcc metals, the flow curves 
(i.e. true stress-true strain curves) of fee metals at 
various temperatures start at near the same stress level. 
Because the strain hardening rate increases with decreasing 
temperature for fee metals, progressively larger and larger 
strains are required before Considère's criterion for necking 
is satisfied. In other words, the uniform strain, £u,

achieved before necking occurs increases as temperature 
decreases.

The general level of flow stress of pure bcc metals is 
much higher at low temperatures since the yield strength is 
more temperature sensitive (i.e. increasing significantly 
with decreasing temperature). As a result, little strain is 
incurred before Considère's necking criterion is satisfied 
(7). Therefore, the uniform strain (Eu) generally decreases

as temperature decreases for pure bcc metals.
The mechanisms which lead to improved fracture toughness 

with decreasing temperature, as exhibited by some structural 
fee and hep alloys, are not well documented. Traditional
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fracture mechanics teaches the concept of the ductile to 
brittle transition temperature (DBTT) , whereby as the 
temperature decreases, the level of constraint increases as 
the yield strength increases, which results in decreased 
fracture toughness.

Hahn and Rosenfield (11,12) provided a model which 
related tensile properties to fracture toughness for metals 
which exhibited ductile fracture. By studying the effects of 
stress intensity and crack-tip displacement on the plastic 
zone size, they determined that :

Kic~ (2/3 EGyefn2>1/2 (1.3)

where, E is the modulus, Gy is the yield strength, Ef is the 

true strain at fracture of a smooth tensile bar, and n is the 
strain hardening exponent. While this model was found to 
have only limited accuracy (within 30% for eleven different 
materials they tested), their work more importantly pointed 
out the influence of the strain hardening exponent on plastic 
zone size.

Since the strain hardening exponent is a measure of the 
ability of a metal to distribute strain in the presence of a 
stress gradient (13), it becomes important in determining the 
size and shape of the plastic zone. Hahn and Rosenfield 
tested various materials having different yield strengths, 
loaded compact tension specimens to constant K/Gy ratios, and
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then performed etching experiments to study the plastic zone. 
The influence of the strain hardening exponent on the plastic 
zone size and shape for plane strain and plane stress 
conditions is shown in Figure 1.4. The material which had a 
greater strain hardening exponent (n2) was found to have a 
larger plastic zone radius (in the crack plane) under plane 
strain conditions. Under plane stress conditions, the 
material having the lesser strain hardening exponent (n%) was 
found to have the larger plastic zone radius.

n > n 2 1
Crack
Tip

Plane Strain

Crack
Tip

Plane Stress

Figure 1.4: The influence of strain hardening exponent on
plastic zone size and shape as determined by Hahn and 
Rosenfield (11).
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The plasticity at the crack tip effects the measured 
fracture toughness as analyzed by the linear elastic approach 
by making the crack behave as if it were longer than its 
actual physical size (12). The material within the plastic 
zone at the crack tip strains without carrying the 
incremental load; therefore, in the elastic sense, the crack 
behaves as if it were slightly longer (14). Hence, the 
radius of the plastic zone is added to the crack length to 
account for this behavior.

Metals with bcc lattice structures (e.g. carbon steels) 
have been used successfully in a number of cryogenic 
applications, even though they display a susceptibility to 
brittle fracture at low temperatures (6). Appropriate 
"allowable" stress levels can be calculated to prevent 
general yielding or buckling, and careful fabrication 
techniques can be used to eliminate discontinuities or 
defects that may cause brittle fracture.

However, proper material selection for a given 
application can provide improved safety and reliability.
Table 1.1 lists the mechanical properties of several 
structural materials that have been used for various 
aerospace and cryogenic applications. Alloy 2219-T87, used 
in the External Tank program, displays excellent specific 
strength (defined here as the yield strength to density
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ratio) as well as cryogenic fracture toughness properties. 
Representative engineering stress strain curves for 2219-T87 
plate at various temperatures are shown in Figure 1.5.

As previously mentioned, the External Tank is proof 
tested at ambient temperature rather than at its service 
temperature. This has important economic consequences since 
it is much more costly to test a large structure at cryogenic 
temperatures. The purpose of a proof test is to test an 
article at a stress greater than the operational stress to 
screen for critical flaws which may cause failure in service 
(1). The proof stress is determined (20) by multiplying the 
operation stress, Gop, by a proof factor, given as a. If the

article were to be tested at its operating temperature, the 
proof factor, «operating Temp./ is calculated as:

^Operating Temp. = ~  7T ; ~  T ; Z (1-4)Allowable Kii/Kje @ Operating Temp.

where,
R u  = the stress intensity factor at the 

operational stress for a component 
containing a surface flaw,

Kje = the critical stress intensity factor 
at failure for a component containing 
a surface flaw.

and
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Figure 1.5: Engineering stress/engineering strain curves at
various test temperatures for 0.100 in. thick 2219-T87, 
longitudinal orientation (18).
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Kii/Kje = the ratio of the stress intensity
factor at the operational stress to 
the critical stress intensity factor 
at failure for the article's service 
life .

(The determination of Kje is thoroughly discussed in the 

experimental procedure section of this thesis.)
Since the fracture toughness of 2219-T87 improves with 

decreasing temperature, a lower proof test factor can be used 
to guarantee the same operational life as guaranteed by the 
corresponding higher proof test factor at the operating 
stress (19). This is demonstrated in Figure 1.6. The proof 
test factor at the proof test temperature, is calculated as:

Otproof Test Temp. — Allowable Kji/Kje @ Operating Temp. ^  ^  
x KIe Q Proof Test Temp.

Kie @ Operating Temp.

During proof testing, the pressure vessel's membrane 
stresses are generally held at or slightly below the yield 
strength of the material (19). Local stress levels often 
exceed the yield strength as a result of design or 
manufacturing discontinuities and/or residual stresses. As
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CDM
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(a/Q) .

(a/Q)

F l a w  S i z e , a / Q

Figure 1.6: Schematic of the proof test concept (21). Since
the fracture toughness improves with decreasing temperature, 
a lower proof stress can be used to guarantee the same 
operational life as guaranteed by the corresponding higher 
proof test factor at the operating stress and temperature.

observed in Figure 1.6, when the applied stress approaches 
and exceeds the yield strength, the critical flaw size to 
applied stress curve deviates from the linear elastic 
fracture toughness (Kje) behavior. Therefore, during the 

proof test, the actual critical flaw size may be lower than 
that predicted by linear elastic fracture mechanics.
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1.2 Motivation for the Development and Properties of Several
Commercially Available Al-Li Alloys
The need for improved fuel efficiency (1973 oil embargo) 

and the increased demands for heavier payload launch 
capability led to a revival of research in the field of high- 
performance aluminum alloys during the late 1970's (20) . 
Lithium (density of 0.019 lb/in3 (0.524 g/cm3)) is the only 
metal, with the exception of beryllium that improves elastic 
modulus and lowers density when alloyed with aluminum.
Another important characteristic of Al-Li alloys is that 
existing manufacturing techniques and equipment can be used 
in production.

Significant cost reduction and improved safety and 
reliability can be achieved with the use of some Al-Li alloys 
in the structural core of expendable propellant t a nks. It 
costs approximately $3500 per pound of payload to launch an 
expendable launch vehicle such as the Titan IV and as much as 
$10,000 per pound of payload on the Space Shuttle (21). Any 
weight savings in the structural core of a launch vehicle 
translates to increased payload capacity and hence to reduced 
payload to orbit cost. As previously mentioned, 
incorporation of 2195 into the External Tank would reduce the 
lift off weight of the vehicle (total ET dry weight approx. 
73, 800 lb (27545 kg) ) by approximately 80 00 lb (2986 kg) and
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therefore increase Shuttle payload capability by 8000 lb 
(2986 k g ) . Considering a cost of $10,000 per pound of 
payload this would result in a cost savings of $80,000,000 
per flight.

A summary of the important historical events in the 
development of Al-Li alloys is provided in Figure 1.7 (13,
22). The development of commercial Al-Li alloys in the 
United States began in the late 1950's with Alcoa's Alloy 
2020 (Al-Cu-Li-Mn-Cd) (23). Alloy 2020 was first used for 
the wing skins of the Vigilante fighter aircraft, although 
special design considerations were made to account for the 
material's notch sensitivity and poor toughness (20). Work 
was also performed in the USSR by Fridlyander, who developed 
Alloy 0142 0 (Al-Li-Mg) in the mid-1960's . While these alloys 
had other advantages over existing aluminum alloys, they did 
not provide the combination of properties demanded in modern 
aerospace applications (23).

As of 1988, a total of eight Al-Li alloys had been 
registered as commercial alloys by the Aluminum Association 
(22). At that time, four of these alloys, 2090, 2091, 8090, 
and 8091, received considerable attention from the aerospace 
industry. In 1989, Martin Marietta and Reynolds Metals Co. 
introduced an alloy referred to as Weldalite™ 049 (alloy 
2094), which was designed specifically for launch vehicle
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applications. The compositions and properties of the 
aforementioned alloys are shown in Tables 1.2 and 1.3.

1.3 Alloy Design Principles and Physical Metallurgy of
Weldalite® 04 9
Because of the excellent cryogenic toughness and weld- 

ability shown by 2219, Pickens and coworkers (24) selected 
the binary analogue (Al-6.3 Cu) of 2219 as the starting point 
for the development of Al-Cu-Li alloy, Weldalite® 049. They 
began by adding small additions of Li to decrease density and 
increase modulus until the point that other properties were 
impaired. Nucléation aids were added to the alloy in order 
to refine precipitate size and increase strength. Work 
performed by Polmear and coworkers found that unprecedented 
strengths (85.6 ksi (590 MPa)) could be obtained in Al-Cu 
ingot-metallurgy alloys when simultaneous additions of 0.5 Ag 
and 0.5 Mg were made (24-29). Pickens made smaller additions 
of Ag and Mg to the Al-Cu-Li system so that weldability would 
not be impaired. Titanium and zirconium were also added to 
the initial alloy studies as grain refiners. Zirconium was 
added because of its ability to inhibit recrystallization and 
to refine the grain size in the weld zone (24,2 9,30).
Titanium was added to several experimental heats because of 
its ability to refine cell size during direct-chill casting 
of the aluminum alloys.
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Table 1.2: Compositions of several commercially available Al-
Li alloys introduced in the 1980's (22).

Alloy/Producer/Intro. Date
Major Alloying Elements 

(w t . % )
Cu Li Mg Ag Zr

2090/Alcoa/1984 2.7 2.3 0.25 0 .12

2 0 91/Pechiney/1985 2.2 2 . 0 1.5 ___ 0 .10
8090/Alcan and Pechiney/1985 1.3 2 . 5 1.0 ___ 0 .10

8091/Alcan/1985 2.0 2 . 6 0 . 9 ___ 0 .14
2094/Reynolds/198 9 4 . 7 1 . 3 0.4 0.4 0 . 14

Table 1.3: Properties1 of several commercially available Al-
Li alloys introduced in the 19801s (13).

Alloy-
Temper

UTS
(ksi)

((MPa))
YS

(ksi)
((MPa))

E
(msi)

((GPa))
Elong
(%)

Density 
(lbs/in3) 
((g/cm3))

Specific 
Strength 

(ksi in3/lb)
((MPa cm3/q))

2090- 88 84 11.2 8 0.093 903
T81 (607) (579) (77) (2.57) (225)

2091- 70 64 11.3 6 0.093 688
T8 (483) (441) (78) (2.57) (172)

8090- 81 74 11 . 4 3 0.092 804
T8771 (558) (510) (79) (2.55) (2 0 0 )
2094- 93 88 10.9 10 0.098 898
T851 (641) (607) (75) (2.71) (224)

t Ambient test temperature, longitudinal test orientation.
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Using target concentrations of Al (bal.)-6 .3 Cu-0.4 Ag-
0.4 Mg-0.14 Zr, 50 lbs (23 kg) billets were fabricated with 
lithium contents ranging from 0-1.9 wt % (31). The billets
were extruded into 0.375 in. x 4 in. (9.5 mm x 102 mm) bars, 
solution heat treated, water quenched, stretched 3-3.5%, and 
aged at 320°F ( 160°C) to determine peak-hardness. Tensile
tests were then performed to determine the peak-strength for 
the varying lithium concentrations (Figure 1.8). Weldalite® 
04 9 exhibited a strong strength dependence on lithium 
content. The maximum values of both ultimate tensile 
strength and yield strength occurred at lithium levels 
between 1.0 and 1.4%. The alloy containing 1.3% Li provided 
the highest tensile strength (103 ksi (707 MPa)). The alloys 
containing lithium concentrations greater than 1.4% 
demonstrated decreasing strength with increasing lithium 
content.

Hardy and Silcock (32) characterized the microstructures 
of the ternary Al-Cu-Li alloy system during the 1950's and 
developed phase diagrams at 662°F (350°C) and 932°F (500°C)
(Figure 1.9). They identified three ternary (Ti (Al^CuLi), TB 
(AI7 _ 5Cu4L i ) and T2 (AlçCuLig) ) and two binary (8 (CuAl^) and 6

(AlLi)) intermetallie precipitates that were in equilibrium 
with the aluminum-rich solid solution (Algs) after aging for 
one w e e k .
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Figure 1.8: Ultimate tensile strength as a function of Li
content in Weldalite® 049 type alloys (31) .
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Phase Boundaries at 500°C 
Phase Boundaries at 350°C
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A 1
0 0 . 5 2 . 01 . 0 2.51. 5
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Figure 1.9: Aluminum rich side of the ternary Al-Cu-Li phase
diagram (31).
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The composition of the original Weldalite® 04 9 (Al-6.3
Cu-1.3 Li-0.4 A g - 0 .4Mg-0.14 Zr) alloy was in the Algg-Ti-Tg 
phase field according to Hardy and Silcock's w o r k . Silcock 
(33) had shown that alloys in this phase field were 
strengthened by the T]_ and metastable 0* precipitates . Langan

and Pickens used transmission electron microscopy (TEM) to 
determine that the strengthening phases were similar, but 
varied with the temper for Weldalite® 049 (24,31). The TÔ
temper contained an array of ultrafine Ti platelets with 
virtually no other strengthening precipitates observed. The 
T 6 temper contained fine Ti along with some 0 x-type (CuAlz

that was possibly modified by Li) precipitates. The 
naturally aged tempers, T3 and T4, were strengthened by a 
distribution of fine 5' (Al^Li) and the 0'-type precipitates.

The work by Polmear and colleagues, with 0.5 Mg and 0.5 
Ag additions to an Al-6.7 Cu-0.5 Mn alloy, attributed the 19 
ksi (130 MPa) increase in strength to a phase called £2 
(stoichiometry and structure unknown) (24-28). The Q

precipitate was found to form on the {1 1 1 } habit plane, as 
does the T% precipitate in Al-Cu-Li alloys (33). Langan and 
Pickens found it difficult to distinguish between the £2 

precipitates and T% precipitates in peak-aged tempers.

Therefore, they proposed that the Ag and Mg additions 
stimulated the nucléation of T%, as had been shown for £2 in

'"4
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the Al-Cu alloys (31). A summary of the important 
precipitates found in Weldalite® 04 9 is discussed later in 
this section.

The original variant of Weldalite® 049-T8 (Al-6.3 Cu-1.3
Li-0.4 A g - 0 .4Mg-0.14 Zr) had a significant strength advantage 
over 2219-T87 at various test temperatures as shown in Figure 
1.10 (24) . For examplez at elevated temperatures of 4OO°F
(204°C) , Weldalite® 04 9 had nearly twice the yield strength 
of 2219-T87. At cryogenic test temperatures of -423°F (—
253°C) , Weldalite® 049 had yield strength of 131 ksi ( 900 
MPa) compared to 69 ksi (475 MPa) for 2219-T87.

Tack et al. (34) reported tensile and fracture toughness 
properties of the original alloy composition at various test 
temperatures for the T3 (3% stretch) and T 6 tempers. Without 
introducing cold work to stimulate precipitation and increase 
strength, an ambient temperature yield strength of 88 ksi 
(607 MPa) was obtained for the T 6 temper. The fracture 
toughness (Kjc) of the T 6 temper for the L-T orientation at 

ambient temperature was reported as 2 9.5 ksiVin (32.4 MPaVm) 
for 0.75 in. (19 cm) thick compact tension specimens.
Ambient temperature L-T fracture toughness given in MIL-HDBK- 
5 is typically 22 ksiVin (24.2 MPaVm) for 2219-T87 (17). The
T3 temper fracture toughness values showed relatively little 
change with decreasing test temperature (ambient to -320°F
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Figure 1.10: Strength of Weldalite® 049 (6.3%) as a function
of test temperature as compared to 2219-T87 (24).

(-196°C) ) . Fractography using SEM micrographs indicated that 
fracture for the T 6 temper was largely intergranular with 
evidence of ductile failure along the grain boundaries. The 
failure mode observed for the T3 temper was described as 
ductile void coalescence with microvoids prevalent along the 
grain boundaries and around 5-10 JLlm constituent particles, 
later identified as CuAlz (34).

While the designed composition of Weldalite® 04 9 was 
originally set at Al-6.3 Cu-1.3 Li-0.4 A g - 0 .4 Mg-0.14 Zr, 
additional alloy variants containing lower Cu contents, down
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to 4.5%, were also investigated. Pickens (24) found that 
tensile and yield strengths of the alloys with varying Cu 
concentrations (6.3%, 5.4%, 5.0% and 4.5%) and nominal
Weldalite® 049 concentrations of the other alloying elements 
(1.3 Li-0.4 A g - 0 .4 Mg-0.14 Zr) were virtually identical 
(Figure 1.11). He also determined that ductility increased 
with decreasing Cu concentration. The best strength- 
ductility combination was obtained with 4.8% C u : 103 ksi
(709 MPa) yield, 105 ksi (727 MPa) tensile, 8.9% elongation.

800
UTS7 0 0- -100YS

- 605  400-
tjl
5 300-
TO 200-

Elongation

cn
100 -

r—i

4 . 0 6.04 . 5 6. 55.0 5.5

•HCO

-PCn£0)
U-Pco

w t .% Cu
Figure 1.11: Ultimate tensile strength and elongation as a
function of weight percent copper for Weldalite® 04 9-T8 type 
alloys (24).



T-4607 31

These results led investigators to evaluate the lower Cu 
containing alloys in order to improve the fracture toughness
(35). Fracture toughness tests using Charpy impact specimens 
were performed to evaluate the properties of alloys with Cu 
contents from 4.5 to 6.3 % in the T3, T4, underaged and peak- 
aged T 6, and underaged and peak-aged T Ô . The Charpy results 
(Cie) indicated that toughness could be improved with 
decreasing Cu content. Improved toughness could also be 
achieved in the TÔ temper by decreasing the yield strength,
i.e. using underaged vs. peak-aged. A similar trend was 
observed at cryogenic temperatures ; however, it was 
determined that the cryogenic fracture toughness values were 
lower than those of the ambient temperature tests.

The Reynolds Metals Co., under a licensing agreement 
with Martin Marietta, began commercial production of 
Weldalite® 04 9 in 1989. The first alloy introduced, referred 
to as Alloy 2 0 94, had a nominal composition of A l - 4 .7 Cu— 1.3 
Li-0.4 A g - 0 .4 Mg-0.14 Zr. Immediately after the release of 
Alloy 2094, Reynolds and Martin Marietta introduced another 
alloy, 2095, with a nominal composition of A l - 4 .3 Cu-1.3 Li- 
0.4 A g - 0 .4 Mg-0.14 Zr. Both alloys had lower Cu/Li ratios 
than the original variant of Weldalite® 04 9 in order to 
improve fracture toughness at ambient and cryogenic
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temperatures. The compositional ranges of these alloys and 
other commercially available alloys are shown in Figure 1.12.

The National Institute of Standards and Technology 
(NIST) performed an extensive investigation of the properties 
of 2094-T851 and 2095-T851 rolled plate and compared the 
results to those of 2219-T87 plate (15). The J-Integral 
(compact tension) tests, performed on 0.5 in. (13 mm) thick 
plate, showed that 2219-T87 had a significant toughness 
advantage over the Weldalite® 04 9 alloys at ambient (25
ksiVin (27.5 MPa Vm) versus 20 ksiVin (22 MPaVm) T-L
orientation) and cryogenic test temperatures (Figure 1.13).
The NIST results also showed that the Kic (J) values for the
2094-T851 and 2095-T851 alloys were similar to each other, 
displaying little temperature dependence.

In order to realize the beneficial weight savings 
derived from the decreased density and greater strength 
inherent to Weldalite® 04 9, it was realized that both the Kjc 
and Gy for the new alloy had to be proportionally greater

than those for 2219, since critical flaw length is 
proportional to (Kic/Gy )2 (37). Goals of 25 ksiVin (27

MPaVm) and 85 ksi (600 MPa) at an ambient test temperature 
were set by the end users of the alloy. A corresponding 
improvement in the cryogenic fracture toughness was also 
required.
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Figure 1.12: Published limits for recent Al-Cu-Li alloys
(36) .
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Figure 1.13: Fracture toughness test results from NIST (15)
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Alloy development continued in an attempt to improve the 
fracture toughness of Weldalite® 049. In 1989, Tack et al. 
(38) developed an extensive test matrix to further study the 
effects of copper and lithium levels, the effect of stretch, 
and the effect of aging temperature. Copper concentrations of 
5.4, 5.0, 4.5, and 4.0 wt.% were evaluated, and lithium 
levels of 1.5, 1.3 and 1.0 wt.% were investigated at each Cu 
concentration. Stretch levels of 0, 3 and 5% were studied to 
evaluate the influence of cold work on the type, size and 
distribution of key strengthening precipitates. The 
variation of fracture toughness with yield strength was 
evaluated at aging times of 0 , 6, and 16 hr at the aging
temperature of 320°F ( 160°C) . Tensile tests were performed
per ASTM-E8 in the longitudinal direction and fracture 
toughness tests were performed per ASTM-E399 in the L-T 
orientation.

Tack and coworkers (38) subsequently published the 
results of a portion of their work at the Al-Li VI Conference 
in Germany in 1992. Two alloys with different stretch and 
aging conditions were discussed in detail (Table 1.4). The 
value Rk was given as the ratio of the K q  at -320°F (-196°C) 
to K q  at 77°F (25°C) . Alloy A (Al-4.16 Cu-1.05 Li-0.4 Ag-
0.38 Mg-0.14 Zr) showed R% values in the range of 0.9 to 
1.01. This indicates that the K q  values were roughly
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Table 1.4: Results from Tack et al. (38) showing influence of
composition, aging time, and stretch on the tensile and 
fracture toughness properties of Weldalite® 049 type alloys.

Temper Designation Yield
Strength

(ksi)
( (MPa) )

7 7°F -3 2 0°F

k q
(ksiVin)
((MPaVm))

7 7°F -3 2 0°F
r k

Test Temperature—>
Alloy A (Al-4.16 Cu-1.05 Li-0.40 Ag-0.38 Mg-0.14 Zr)

T 8 (6hr, 320°F, 3%) 92.5
(638)

113 .1 
(780)

36.7
(40.3)

35.2
(38.6)

0.96

T 8 (16hr, 320°F, 3%) 98.2
(677)

115.2
(794)

27 . 1 
(29.7)

2 4 . 4 
(26.8)

0.90

T8 (6hr, 32 0°F, 5%) 98.9
(682)

117.8
(812)

33.3
(36.6)

33.5
(36.8)

1.01

T8 (16hr, 320°F, 5%) 102.8
(709)

123.9
(854)

25.8
(28.3)

25 . 1 
(27.6)

0 . 97

Alloy B (Al-4.05 Cu-1.49 Li-0.41 Ag-0.41 Mg-0.14 Zr)
T8 (6hr, 320°F, 3%) 94.6

(652)
116.9
(806)

29.5
(32.4)

28.5
(31.3)

0.96

T 8 (16hr, 320°F, 3%) 96.8
(667)

118.2
(815)

25.7
(28.2)

25.0
(27.4)

0 . 97

T 8 (6hr, 32 0°F, 5%) 98.2
(677)

123.3
(850)

28.9
(31.7)

34.2 
(37.6 )

1.19

T 8 (16hr, 320°F, 5%) 98.9
(682)

122.3
(843)

24.0
(26.4)

27 . 1 
(29.8)

1.13
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equivalent at both -320°F (-196°C) and 77°F (25°C) . The TÔ
(16 h r z 3%) temper which shows a 10% decrease at -320°F (-
196°C) is an exception. Tack noted that the Rk ratio for 
Alloy B had a strong dependence on the stretch level. At the 
lower stretch levels (3%), the ratio Rk was 0.96 and 0.97 for 
the 6 and 16 h age times. The Rk improved to 1.19 and 1.13 
for material stretch 5% and aged for 6 and 16 hr age times 
(320°F (160°C)).

Tack et al. (38) found that each of the eight alloy- 
temper permutations displayed a fracture mode change from 
transgranular shear/microvoid coalescence at ambient 
temperature to a transgranular shear/intersubgranular failure 
at -320°F (-196°C) . Alloy B displayed some intergranular
splitting at -320°F (-196°C) . The prevalent strengthening
phase was identified as Ti, with lesser amounts of 6 ’ and S'

(Al2CuMg). Alloy A (6 hr, 5%) had isolated areas of T% on the 

subgrain boundaries whereas Alloy B (6 hr, 3 and 5%) had 
dense T% precipitation on both subgrain and high angle grain 

boundaries.
Gayle et al. (37) investigated the precipitation 

mechanism of the low Cu and Li variants of Weldalite® 04 9 and 
developed Al-Cu-Li ternary phase diagrams (Figure 1.14) 
showing the equilibrium and metastable precipitates most 
commonly observed at 3 92°F (200°C) (approximate aging
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temperature for many alloys). Previously, the equilibrium Ti 
(Al2CuLi) precipitate was shown to be the most effective 
strengthening phase in the Al-Cu-Li system (31,37,39,40). 
Weldalite® 04 9 was designed to have as the predominant 
strengthening pha s e .

Figure 1.14a shows the equilibrium Ti precipitate and 
the metastable 0' (CuAlz) and 8 ' (AlgLi) precipitates. Note 
that the equilibrium phases 0, Tb (AlisCugLig) / Tz (AlgCuLig) 
and 8 were not observed with any significant frequency at 
this temperature. Gayle et a l . reported that often fails 
to nucleate and grow to completion in the absence of high 
dislocation densities (resulting from a post-solution-heat- 
treatment stretch, for example) or nucléation aids (such as 
Ag and M g ) . In this case, the excess solute partitions to 0' 
and S', as proposed in Figure 1.14b. A summary of the 

important phases found in Weldalite® 049 alloys is provided 
in Table 1.5.
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Figure 1.14: Metastable ternary (Al-Cu-Li) phase diagrams at 
2 00°C proposed by Gayle (37) showing equilibria of GC-A1 with
a) 8 ', Ti and S', and b) 8 ' and Ô '. Solubility limit at 500°C 
proposed by Hardy and Silcock (32) shown as gray line in a ) .
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Table 1.5: Summary of phases found in Weldalite® 049 alloys
(13,41,42).

Phase
Stoichi- 
ometry Structure

Habit
Plane

Strengthening
Effect

a A1 fee
Tl Al2CuLi hexagonal (111) potent/eguil.
6' Cu A12 tetragonal (100) moderate/eguil.
S' Al3Li cubic (100) moderate
S ' Al2CuMg orthorhombic (210) potent
V unknown unknown unknown unknown

p ’ AlgZr hexagonal pins subgrains

1.4 Objectives
- Determine the tensile properties of 2195-T8 extruded 

bar for various test temperatures, orientations, and 
aging procedures.

- Determine the fracture toughness properties of 2195-T8 
extruded bar for various test temperatures, 
orientations, and aging procedures using different 
test methods.
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2.0 Experimental Procedure 
This section describes the material studied and the 

techniques used to evaluate the tensile and fracture behavior 
of 2195-T8 extruded bar. Specifically, for each test 
technique, the test approach is provided, followed by a 
description of the test apparatus, specimen design, test 
conditions (temperatures and orientations) and method of data 
analysis. The validity requirements for each fracture 
toughness test method are also included. A description is 
provided for : 1) Material Studied; 2) Tensile Testing; 3) 
Surface Crack Tension Testing; 4) Chevron Notch Short Bar 
Testing; and 5) J-Integral Testing.

2.1 Material Studied
This study evaluated 0.365 in. thick 2195-T8 extruded 

bar. The initial ingot was cast (direct chill method), 
homogenized and machined into three 9.75 in. d i a . x 30 in. 
long billets by Reynolds Metals Company of McCook, I L . 
International Light Metals of Torrance, CA, extruded the 
material into 0.365 in. thick x 8 i n . wide x 28 ft long bars 
and performed the solution heat treat, quenching and 
stretching.

Table 2.1 presents the chemical composition of the 2195 
extruded b a r . The chemical analysis was performed by
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Table 2.1: Chemical composition of the 2195 extruded bar
evaluated in this study. Measured by the inductively coupled 
plasma atomic emission spectroscopy method.

Element (Weight Percent)
A1 Cu Li Ag Fe Mg Ni Si Ti Zn Zr

B a l . 4 .02 1.05 0 .38 0 . 03 0.38 0.01 0 .02 0.03 0.02 0.09

Reynolds Metals Company using the inductively coupled plasma 
atomic emission spectroscopy method.

The billets and die were both preheated to approximately 
7 2 5°F. The extrusion speed was approximately 30 in./min.
The maximum dial press was 4100 p s i . The extruded bars were 
solution heat treated for 70 minutes at 950°F, quenched in a 
8% glycol/water solution, and stretched 6% (International 
Light Metals). Aging curves using hardness measurements were 
developed for an aging temperature of 320°F (Figure 2.1).
The material was artificially aged at 320°F for 4 and 6 hours 
to obtain target room temperature longitudinal yield 
strengths of 80 and 85 ksi, respectively.

Composite photomicrographs (taken at mid thickness) of 
the 4 hr and 6 hr aged 2195-T8 extruded bar are provided in 
Figures 2.2 and 2.3. In the longitudinal or extrusion 
direction, the grains are highly elongated (>1000 |lm in
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Figure 2.1: Rockwell B hardness for various artificial aging
times at 320°F for 0.365 in. thick 2195 extruded bar.
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Figure 2.2: Composite photomicrograph of the 0.365 in. thick
2195-T8 (6% stretch) extruded bar aged at 320°F for 4 hours.
The indicated directions are a) longitudinal orientation 
(extruding and stretch direction), b) long—transverse 
orientation, and c) short-transverse orientation. 
Magnification - lOOx.
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Figure 2.3: Composite photomicrograph of the 0.365 in. thick
2195-T8 (6% stretch) extruded bar aged at 320°F for 6 hours.
The indicated directions are a) longitudinal orientation 
(extruding and stretch direction), b) long-transverse 
orientation, and c) short-transverse orientation. 
Magnification - lOOx.
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length), approximately 250-400 |lm in width (long-transverse 
direction) , and 30 |Ltm  in thickness. Some substructure is 
observed in the 4 hr aged 2195-T8 extruded bar. A larger 
quantity of substructure is observed in the 6 hr aged 2195-T8 
extruded bar.

2.2 Tensile Testing
Tensile testing was performed per ASTM E 8 , "Standard 

Test Methods of Tension Testing of Metallic Materials."(43) 
The ultimate tensile strength (UTS), yield strength (YS) 
Young's Modulus (E), elongation (2 in. gage length), strain 
hardening exponent (n), and strain at failure were 
determined.

Tensile testing was performed using a 110 kip capacity 
Materials Test System (MTS) Model 810 servo hydraulic system 
equipped with a MTS Model 458.20 Micro Console controller and 
micro profiler/function generator. Hydraulic grips, rated at 
65 kip static load, were used for gripping the tensile 
specimens tested at room temperature and the pin loaded 
tensile specimen adapters used for cryogenic testing. 
Cryogenic tensile testing was performed using a 4.3 liter 
Poke dewar and cryostat shown in Figure 2.4. Test specimen 
displacement was measured using a MTS Model 632.11B-21 
cryogenic extensometer (modified for 2 in. gage length). The
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Figure 2.4: Test apparatus for cryogenic tensile testing.

test temperature was monitored using a Lakeshore cryogenic 
temperature readout and diode temperature sensor.

Tensile testing was performed using a pin loaded tensile 
test specimen design with a 2 in. gage length, as recommended 
by ASTM E 8 (Figure 2.5). A fillet radius of 1 in. was used 
in place of the recommended 0.5 in. to circumvent failures in 
the necked region during testing at cryogenic temperatures.
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m i n .

2.00

m i n .
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-0.000
+0.005

1.250

2.000
±0.005

(GAGE LENGTH)

Figure 2.5: Tensile specimen configuration.

Tensile tests (triplicates) were performed in the L, LT 
and 45° orientations at ambient, -320°F, and -452°F test 
temperatures. A cross head speed of 0.5 in./min was used. 
The yield strength was determined using the 0.2% offset 
method. Elongation was measured upon failure by determining 
the change in length of a predetermined 2 in. gage section.

The strain-hardening exponent, n, was determined per 
ASTM E 64 6, "Standard Test Method for Tensile Strain- 
Hardening Exponents (n-Values) of Metallic Sheet 
Materials." (44) Five (5) values of stress and strain were 
taken after the 0 .2% offset (yield strength) in equal 
increments of strain at 0.01 in./in. strain. The n-value is
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determined from the logarithmic form of the power curve 
representation of the true-stress versus true-strain curve 
within the plastic range:

log G = log K + n log 8 (2.1)
where,

G = the true stressf

8 = the true strain, and

K = the strength coefficient.

The n-value is calculated by linear regression using the five 
(5) stress-strain data pairs per :

N  N  N
N L (log 8i log GjJ - ( £ log 8i Z log Gi)

n = ^ ---------- (2 .2 )
N  2

N (log Si)2 - ( E log ei)i=i
where,

N = the number of the stress-strain data pairs.

2.3 Surface Crack Tension Testing
Surface crack tension (SCT) testing was performed per 

ASTM E 740, "Standard Practice for Fracture Testing With 
Surface Crack Tension Specimens."(45) This test is used to 
estimate the load-carrying capacity of plate-like structural 
components having a type of flaw likely to occur in service 
(Figure 2.6). The quantity determined from this test is the
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Two Stage Fatigue 
Precrack

CMOD, 2v

EDM Notch

L/2 ^

Section A-A

Figure 2.6: Typical surface crack tension specimen and
nomenclature (45).

residual strength of a specimen having a semielliptical or 
circular-segment fatigue crack in one surface. The residual 
strength is dependent on the crack dimensions, the thickness 
of the test specimen, test temperature and the 
characteristics of the material.

Surface crack tension testing was performed using a 110 
kip capacity Materials Test System (MTS) servo hydraulic 
system equipped with a MTS Model 458 controller and micro
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profiler/function generator. Hydraulic grips, rated at 65 
kip static load, were used for gripping the pin loaded SCT 
specimen adapters used for cryogenic testing. Cryogenic 
testing was performed using a 50 liter dewar and the test 
fixture set-up shown in Figure 2.7.

CftUTW

Figure 2.7: Test apparatus for SCT testing.
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The SCT specimen design is as shown in Figure 2.8. It 
is required that the specimen width W be at least 5 times the 
crack length 2c and the specimen test section length L be at 
least twice the width W. An aspect ratio (a/2c) of 0.5 and 
depth ratio (a/B) of 0.5 was used for the surface flaws. The 
flaw was produced by fatigue cracking a triangular electrical 
discharge machined (EDM) notch, which produces a planar 
crack. Fatigue precracking was performed in two stages 
(approximately 20 kips for 20,000 cycles and 16 kips for the 
final cycles) to produce a semicircular crack approximately
0.365 in. long (2c) and 0.183 in. deep (a).

12 .0

1 .25 1 .625"

2 .000"

1 .625"1 .25

2 . 0" R

Figure 2.8: Surface crack tension specimen design.
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SCT tests (triplicates) were performed in the L-T 
orientation at ambient and -320°F test temperatures. This 
test is conducted in a manner similar to a common tension 
test. The test loading rate was 4 6 ksi/min. The maximum 
load (Pmax) was determined for calculating the residual 
strength (Gr) and subsequent critical stress intensity factor 
(KIe) . After fracture, the crack depth a and crack length 2c
was measured to the nearest 0.001 in. (0.025 m m ) .

The residual strength (or) was calculated as (45) :

Gr = (2 .3)B W
where,

B = specimen thickness, and

W = specimen width.

Upon determination of the residual strength and final flaw 
shape, the critical stress intensity at failure (Kie ) can be 
calculated :

K Ie = GrViir (M/0) S (2.4)

where.

a = the flaw depth,

M = the depth magnification factor, 

0 = the shape parameter, and
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(2.5)

S = the surface magnification
factor.

The depth magnification factor M is given as:
M=( 1.13-0. 0 9 (a/c) } + {-0 . 54 + 0 . 89 [ 0 .2+ (a/c) ]"1(a/B)2+

(0.5- [0.65+(a/c) )'1 + 14 (1-a/c) 24} (a/B)4

The shape parameter 0 is given as :

0— (1 + 1.14 64 (a/c)1'65) 1/2 (2 .6)

The surface magnification factor is given as:

S = [1.1 + 0.35 (a/B)2]Va/c (2.7)

The validity requirements (45) for this test are as 
follows :

1.) Width requirement ;

W > 5 (2c) (2.8)

2.) Length requirement ;

L > 2W (2.9)

3. ) Crack starter plane shall be perpendicular to
specimen face and tensile load axis to within 
10°;

4.) Fatigue crack extension should be > 0.05 af;

5.) Fatigue crack and starter must lie within 30 
degree wedge;

6 .) Starter notch root radius shall be less than
0.010 in.;
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7.) Fatigue stress ratio for fatigue precracking 
must be such that R < 0.1;

8 .) Stress intensity during precracking for final 
2.5% of crack length must be such that;

< 0.002 i n .2 (2 .10)E
9.) Specimen thickness shall not vary by more than

3% between each crack tip and the nearest 
specimen edge ;

10.) Stress rate shall be less than 100 ksi/min;
11.) Final crack length;

af > 0.5 (^-) 2 (2.11)
^ ys

12.) Remaining ligament ;
(B-a) > 0.5 ( ^ )  2 (2.12)

(Fys

2.4 Chevron Notch Short Bar Testing
The chevron notch short bar (CNSB) testing was performed 

per ASTM E 1304, "Standard Test Method for Plane Strain 
(Chevron Notch) Fracture Toughness of Metallic 
Materials."(46) The chevron notch short bar fracture 
toughness test uses a specimen which is small, simple, and 
inexpensive, in both machining and testing, to obtain plane 
strain fracture toughness values (Klv) . This specimen differs
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from traditional test specimen geometries in that it contains 
a chevron notch, at which a crack initiates at a low load, 
then propagates stably until a critical crack length is 
achieved. The thickness size requirement :

B > 1.25 (^I^ ) 2 (2 . 13)
^ys

to achieve linear elastic test conditions is approximately 
one-quarter that of traditional fracture test methods for 
testing aluminum alloys (46,47).

The unique features of this test specimen over 
conventional test specimens are : 1) the extremely high stress 
concentration at the tip of the chevron notch, and 2 ) the 
stress intensity factor passes through a minimum as the crack 
grows to a critical size (Figure 2.9) (48). Because of the
high stress concentration factor at the tip of the notch, 
costly precracking of the specimen is not needed, therefore 
also eliminating variability in flaw sizes. Figure 2.9 shows 
the "crack driving force" curves for various values of 
applied load on the chevron-notched specimen. At load Pi, the 

crack grows until the crack driving force value is equal to 
K lv, as shown by Point A. A further increase in load is 

required to extend the crack to Points B and C. When the 
maximum load Pmax is reached the crack drive curve is tangent 
to the K lv line at Point D . Thus, the stress intensity value
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P <P3 max
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Crack Length, a

Figure 2.9: Crack driving force curves (dashed lines) at
various loads (P) and corresponding stress intensity for 
various crack lengths (48).

at the critical crack length is equal to Klv (48) . The 

tangent point also corresponds to the minimum value of stress 
intensity factor on the crack drive curve. The decreasing 
stress intensity, prior to the measurement of the plane- 

strain toughness, increases the stability of the crack and 
helps avoid catastrophic failure. This desirable behavior is

Minimum K

max
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not observed in traditional linear elastic fracture mechanics 
test methods (49).

As in the case of CT and SCT test methods, testing of 
CNSB test specimens is conducted under static load 
conditions; however, the load vs. displacement curves are 
analyzed much differently (4 9). Note that measurement of the 
crack is not required as in traditional methods, but 
unloading and reloading cycles are used for determining the 
compliance as well as hysteresis and plasticity. The 
compliance is related to the slope generated when the sample 
is unloaded/reloaded on a load vs. displacement record, which 
corresponds to crack length.

Chevron notch short bar testing was performed using a 
110 kip capacity Materials Test System (MTS) Model 810 servo 
hydraulic system equipped with a MTS Model 458.20 Micro 
Console controller and micro profi1er/function generator. A 
schematic of the test apparatus configurations is shown in 
Figure 2.10. Cryogenic testing was performed using a 4.3 
liter Poke dewar and the same cryostat used for the tensile 
testing. Crack mouth opening displacement was measured using 
a MTS model 632 clip gage. The test temperature was 
monitored using a Lakeshore cryogenic temperature monitor and 
diode temperature sensor.
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Figure 2.10: Schematic showing chevron notch short bar test 
configuration.
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The chevron notch short bar specimen design as 
recommended by ASTM E 1304-89 is shown in Figure 2.11. The 
specimen dimensions and tolerances are shown in Table 2.2.

Ai
H/2

See
Detail•w+x

60

Load
Line

Detail 1Section A-A

Figure 2.11: Chevron notch short bar specimen and 
nomenclature (46).



T—4607 60

Table 2.2: Dimensions and nomenclature for the chevron notch
short bar specimen (4 6).

Symbol Name
Dimension

(in.)
B Thickness 0 .365
W Lenqth 0.529+0.004
H Half Heiqht 0.15 9±0.001
T Grip Groove 

(Alternate)
0.114±0.002

S Grip Groove Depth 
(Alternate)

0.047+0.004

X Distance to Load 
Line (Alternate )

0.018±0.001

t Slot Thickness 0.013+0.001
a0 Distance to 

Chevron Tip
0.Î76+O.002

0 Slot Angle 54 . 6°±0 . 5°
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Tests (triplicates) were performed in the L-T and T-L 
orientations at ambientz -320°F, and -452°F. The tensile 
test machine is operated in the displacement control mode. 
Before each test, three lines are drawn on the graph paper 
used for the autographic plot of load versus displacement at 
angles of 70°, 0!°, and 02o where :

01=tan-1 (1.2 rc tan 70°) (2.14)

02=tan"'1 (0.8 rc tan 70°) (2.15)

The variable rc, defined as the critical slope ratio, is 
dependent on specimen geometry. The purpose of these lines 
are for : 1 ) adjusting the displacement axis sensitivity of
the recorder to cause the initial elastic loading to be along 
the 70° line ; 2) providing locations during the test for 
performing the unloading-reloading cycles. The first cycle 
is performed at the 0 °̂ line and the second is performed at
02o, both of which bracket the maximum load, Pmax.

Upon positioning and alignment of the specimen on the 
knife edges of the grips and placement of the mouth opening 
gage, calibration of the load displacement trace, the 
specimen is tested. The load (y axis) versus displacement (x 
axis) plot is made, with the specimen being loaded such that 
the peak load is reached within 15 to 60s, excluding 
unloading-reloading cycles. A schematic of a typical CNSB 
load vs. mouth opening displacement curve for smooth crack



T-4607 62

growth behavior is shown in Figure 2.12. On completion of 
the test, the fracture surface of the specimen is evaluated 
for defects and crack plane guidance. A plasticity (p) 
calculation is made to determine if the test is valid (-0.05 
< p < +0.10). Effective unloading lines are drawn through 
the high and low points of each unloading-reloading cycle.
An average load line is drawn between the unloading-reloading 
cycles and the plasticity is determined by:

p = (2 . 16)
AX

where,

AX0 = distance between the effective unloading lines along 

the zero load line, and

Ax = distance between the effective unloading lines along 
the average load line.

The critical load, Pc, is determined from the load
versus displacement curve by first measuring the initial 
elastic loading angle, 0O, and calculating the critical slope 
angle, 9C as:

0C = tan-1 (rc tan 0O) (2.17)

A critical slope ratio line is drawn from the point of 
intersection of the two effective unloading lines, at an
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Figure 2.12: Typical load versus mouth opening displacement 
curve for smooth crack growth behavior (4 6).
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angle of 6C, through the load versus displacement curve. The 
load at this intersection is Pc.

The conditional critical stress intensity factor, KQv, is 
calculated as (4 6):

Y *  p (2 . 18)
(BYw)

where,
Y*m = the minimum stress intensity

factor coefficient,
Pc = the critical load,
B = the specimen thickness, and 
W = the specimen length.

The minimum stress intensity factor coefficient (Y*m ) 
and critical slope ratio (rc) for the recommended specimen 
dimensions given in ASTM E 1304-89 for W/B=l.45, ao/W=0.332, 
H / B=0.435 are Y*m=28.22 and rc= 0 .52, respectively. These 
values were estimated from finite element analysis (50) and 
extrapolated from an equation given by Shannon et al. (51). A 
recent paper by Orange et al. (52) provides a set of 
equations which can be used to calculate an extended range 
stress intensity factor expression and critical slope ratio 
for specimens which do not meet the dimensional tolerances 
required by ASTM E 1304-89. The minimum stress intensity 
coefficient given by Orange et al. is:
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where.

Y*m—Bo+BiCCo+B2(XQ2+B3ao^ (2.19)

B0= - 1 7 .03+29.94(W/B)-5.0(W/B)2 (2.20)

B1=-116.00+141.60(W/B)-29.6(W/B)2 (2.21)

B2=1131.00-1304.00(W/B)+342.0(W/B)2 (2.22)

B3=-1351.00+1654.00(W/B)-4 43 . 2 (W/B)2 (2.23)

and

OCo^ao/W (2.24)

for a range of 1 . 5< (W/B) <2.0, 0<(%o<0.5.
The critical slope ratio, rc, is calculated from the 

ratio of the dimens ion less compliance EBV/B for OĈ , to the 
dimens ion less compliance EBV/B for OCq :

/ EBV \ -1 
' P « 'm (2 .25)
/ EBV \ -1
' D Oo'

where, P is the load, V is the crack mouth opening 
displacement, B is the specimen thickness, and E is the 
modulus. The dimensionless compliance is calculated for OCm 
and OCq as :

£|^-=exp (Eo+Eia+E2a 2+E3a 3+E4a4) (2.26)

where,

E 0=2 .850-6.4 8 (W/B)+61.56(W/B)2 (2.27)
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Ei = l . 177+26.59(W/B)-349.3 (W/B)2 (2.28)

E2 = 9. 650-8.37(W/B)+708.90 (W/B)2 (2.29)

E3=-l6.240-62.60(W/B)-597.00(W/B)2 (2.30)

E 4 = 1 0 .4 50 + 5 6.82 (W/B)+167.90 (W/B)2 (2.31)

for a range of 1 . 5< (W/B) <2.0, 0<(Xo<0 . 5 .
The value Om is the value am/W, where am is the crack 

length at Y*m and is calculated as :

am=Ao+Aiao+A2ao2+A3ao3 (2 .32)

where,

A 0=—0.110+0.354(W/B)-0.088(W/B)2 (2.33)

Ai=0.2 68+1.62 8 (W/B)-0.400(W/B)2 (2.34)

A2= l .637-6.358(W/B)+1.872 (W/B)2 (2.35)

A 3= 0 .075+4.4 6 2 (W/B)-1.508(W/B)2 (2.36)

for a range of 1 . 5< (W/B) <2.0, 0<(Xo<0 . 5 .

The minimum stress intensity coefficient using Equation 
2.19 and the dimensions presented in Table 2.2, the Y*m is 
calculated to be 24.62. This value is 13% more conservative 
than the critical stress intensity coefficient provided in 
ASTM E 1304-89. The critical slope ratio, rc , calculated by 
Equation 2.25 is 0.59 versus the 0.52 value given by ASTM E 
1304 .
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KQv is equal to K lv if all of the validity requirements 

are m e t . The validity requirements (4 6) for this test are as 
follows :

1.) Thickness requirement ;

B > 1.25 i ^ - )  2 (2 .37)
ays

2.) Plasticity requirement ;

-0.05 < p < +0.10 (2.38)

3 . ) Pmax relation to Pc;

Pmax <1.10 Pc (2.39)

4.) Specimen dimensions must fall within tolerances 
given in Table 2.2/

5.) Unloading-reloading slopes must bracket the maximum 
load;

6 .) Fracture surface must be free of imperfections ; and
7.) Deviation of the crack from the intended fracture 

plane. If the crack surface deviates from the 
intended crack plane, as defined by the chevron 
slots, by more than 0.04 B when the width of the 
crack front is 1/3 B, the test is invalid.
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2.5 J-Integral Testing
J-integral testing was performed per ASTM E 813, 

’’Standard Test Method for Jlc, A Measure of Fracture 
Toughness, " using the single specimen technique (53) . The J'
intégrai characterizes the elastic-plastic field in the 
vicinity of the crack tip and accounts for the average 
deformation energy over an arbitrary area around the crack 
tip (10,14) . This is achieved by measuring a number of S'
intégra!/crack length data pairs and performing regression 
analysis on valid pairs. The intercept of the power 
regression fit with a line parallel to the blunting line 
offset by 0.2 mm gives JQ according to ASTM E813-87. For a 

single specimen test, the crack length is measured by 
partially unloading the specimen and measuring the slope of 
the resulting Load Point Displacement (v) versus Load (P) 
line as shown in Figure 2.13. The crack is then extended, 
and the unloading sequence repeated to give the next J 
integral/crack length data p a irs.

The fatigue precracking for the J-integral testing was 
performed on a fatigue rated 50 kip servo hydraulic test 
system with a Instron 8500 Control System with Instron 24 90 
Falcon Series Advanced Fatigue Crack Propagation software.
The specimen design for J-integral testing is shown in Figure 
2.14. Specimens were fatigue precracked to crack lengths of
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APi

Load Point Displacement
Figure 2.13: Schematic of a load versus load point 
displacement curve (53).
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Figure 2.14: Compact tension specimen design (53).

toUStoC Ka-yl 0?
GOLDL", C'J !



T-4607 70

approximately 1.200 to 1.250 in. (a0/W = 0.6 to 0.63).
Fatigue precracking was performed in two stages such that the 
following requirements per Section 7.6 of ASTM E 813 were 
met :

^max — 0.4 P l (2.40)

where,
PL = Bb° G y (2.41)(2W+a)

B = the specimen thickness,

bQ = the uncracked ligament,

Gy =  (CTU + C y s )  /  2 (2 . 42)

W = the specimen width, 
a = crack length, 

and, for the final 0.025 in. of precracking,

A K f < 0.001 in.1/2 E (2.43)

Using the tensile properties determined for each of the two 
materials, nominal precracking parameters for the material 
were : 0.4 PL = 550 lbs., and AKf = 9.4 ksiVin. The initial

part of the precrack was performed with a nominal A K f = 11.1 
ksiVin using K control for constant K. Using this control 
method, the Pmax value started at approximately 535 lbs and 

decreased as crack length increased. The final precrack
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(0.025 in. to 0.050 in.) was then produced using constant K 
control so that the AKf was slightly below those listed above.

Tests (duplicates) were performed in the L-T and T-L 
orientations at ambient,-320°F and -4 52°F . The specimens 
were tested using the Instron 2490 Falcon Series Jlc Unloading 
Compliance Program for a single specimen. The specimen was 
loaded such that the time taken to reach the load 0.4 PL was 
between 0.1 to 10 minutes. Three unloading-reloading cycles 
were performed between 0.1 and 0.4 PL to measure the initial 
crack length, aoz using compliance measurements :

ai/W = 1.000196 - 4.06319u ll1+ 11.242u ll12 
- 106.043 u ll13+  4 . 64 .335u LLi4 

- 650.677uLLi5
(2.44)

where

i = point on the load (P) versus
displacement (v) curve

U L L 1
1 (2.45)

[BECi] 1/2 + l

(2.46)
APi

E = Young's modulus

v = the load point displacement, and

P = load.
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The compliance. Ci, is the inverse slope of the unloading 
reloading cycle as shown in Figure 2.13. The specimens were 
loaded at a crosshead rate of 0.05 in./min while unloading 
and reloading rates were reduced to 0.025 and 0.020 in./min, 
respectively.

ASTM E 813 requires that unloading-reloading cycles be 
performed within certain regions of crack extension to obtain 
the necessary data to generate a valid J-R curve (Figure 
2.15). A minimum of four data points are required within the
0.15 and 1.5 mm exclusion lines, with one lying in Region A 
and one lying in Region B . It is recommended that a minimum 
of eight evenly spaced data points be taken over the first
2.5 mm of crack extension to obtain the proper number of data 
points within the specific regions.

After completion of the final unloading, the specimen 
was fatigue cycled to marked the final crack extension, and 
then loaded to failure to expose the crack surface. Crack 
length measurements were then taken using an Artek Systems 
Corp. video micrometer. Nine equally spaced measurements of 
the original crack length, S-od) r and final physical crack 
length, aP(i) , centered about the specimen centerline and 
extending to 0.010 in. from the surface were taken as shown 
in Figure 2.16. The original crack size, a0, and final 
physical crack length, ap, were then calculated by averaging
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CL

1.0 mm Line

Region
0.5 mm Line

0.15 mm Exclusion Line

Blunting \
Line y 

J = 2o\A a /  Region

1.5 mm Exclusion Line

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25
Crack Extension (mm)

Figure 2.15: Definitions of regions for data point spacing 
(53) .

Notch

Fatigue Precrack Surface
Final Crack Surface

0.010 m.

Centerline

0.010 in.

Figure 2.16: Schematic of failed compact tension specimen 
showing nomenclature and crack measurement locations (53).
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the two near-surface measurements, combining these averaged 
values with the remaining seven measurements, and then 
averaged again.

J values for each compliance value were calculated in
accordance with Section A 2 .5.3 of Appendix A2 of ASTM E 813 :

J  ~ J el + Jpi (2.47)

where,

Jei = elastic component of J, and

Jpi = plastic component of J.

Calculation of Jd) which corresponds to load P (i) and 
displacement v (i) along the load versus load line displacement 

record is given as :
J(i) = t S i i l l L i h y Ü  +Jpl(1) (2.48)

Em
where from ASTM E 399:

K u ’ ■

with :
(2+âçi) (o. 866 + 4 . 64 (^) -13 .32 (^) 2 + 14 .72 (^-) 3-5 . 6 (^) 4 )

■f (âo ) W ______________W__________ W___________ W_________W

W
(2.50)

The effective modulus, EM/ is calculated by:
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Em = _ _ L {W±Êo } [2 .1630 + 12 .219 ( ^ )  -20.065 ( ^ )  C0Be W-a0 X W Z X W '
-0.9925 (^-) 3 + 2 0.609 (^-) 4-9 . 9314 ( ^ )  5]w w w

and :

where

Jpl(i) =  ---------Bb,

Api ( j_> = area as shown in Figure 2.17,
B = specimen thickness,
bo = uncracked ligament, and
T| = 2 + 0.522—W

Unloading Line

Load Line Displacement
Figure 2.17: Definition of area for J calculation (53).

(2.51)

(2.52)

(2.53)
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The area (Apl(i) ) under of the load-displacement curve is 

calculated by numerical integration with the computer. The 
effective modulus, EM, and compliance rotation correction 
factor, Cc, are substituted into Equations 2.44 and 2.45 to 
give :

ai/W = 1.000196-4.06319uLL2 + 11.242uLL22-106.043uLL23 
+4.64.335ULL24-650.677ULL2S

where,
uLl2 — -—  -------------- (2.55)

[BEmCc] 1/2 + l
The compliance rotation correction , Cc, gives a more accurate 
crack growth estimate by accounting for crack opening 
displacement in compact tension specimens and is given as:

Cc = ----------------------------    (2.56)
^ s i n  9 - cos 6 ] £ 3- sin 9 — cos 9j

where,
H* = initial half span of the load points 

(center of pin holes),
R = Radius of rotation of the crack

centerline, (W + a) /2 where a is the 
updated crack length,

D = one half of the initial distance 
between the displacement measurement 
points,
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0r = sin 1 [ + D) 2______ ] tan-1 (— ) (2.57)R

and

dm= total load line displacement.

The J-R curves were generated using linear regression as 
shown in Figure 2.18. The intersection of the power law 
regression line with the 0.2 offset line defines JQ and AaQ. 
Jlc values were reported once it was determined that the data 
met validation (given below) requirements of Section 9.4 of 
ASTM E 813. Values of Klc were calculated for plane-strain 
conditions, taking into account Poisson's ratio effects using 
the following equation :

The validity requirements (53) for the J-integral test 
are as follows :

(2.58)

where

E = Young's Modulus, and

V = Poisson's Ratio.

1.) Thickness requirement ;
B > 25 — (2.59)
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•  Points Used for 
Regression Analysis

max

Power Law Regression Line
0.15 mm Exclusion Line

0.2 mm Offset Line

2a

J 1.5 mm Exclusion Line
Aa p max

Aa,
0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25

Crack Extension (mm)
Figure 2.18: Schematic of J versus crack extension curve 
showing exclusion and bunting linesz power law regression 
line, and point at which Jq is measured (53).
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2.) Initial ligament ;
b0 ^ 2 5 —  (2 . 60)Gy

3 . ) The slope of the power law regression line
evaluated at AaQ;

di < aY (2 .61)da
4 . ) Fracture surface must not show brittle

fracture ;
5.) None of the nine physical measurements differ 

by more that 7% from the average physical crack 
size ;

6 .) Neither of the two near surface crack extension 
measurements or surfaces of plane sided 
specimens differs from the crack extension at 
the center by more than ± 0.02 W;

7.) The difference between the crack extension 
predicted by elastic compliance at the last 
unloading and the average physical crack 
extension, Aapz does not exceed 0.15 Aap for 
crack extensions less than Aap (max) and 0.15 
Aap (max) thereafter; and

8 .) The effective modulus must not differ from E by 
more than 10%.
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3.0 Results and Discussion 
This section provides the results and discussion of the 

tensile and fracture behavior of 2195-T8 extruded b a r . This 
section is divided into : 1) Tensile Test Results ; 2) Surface 
Crack Tension Test Results ; 3) Chevron Notch Short Bar Test 
Results; 4) J-Integral Test Results; and 5) Summary. The 
summary will provide a discussion of the correlation of 
tensile properties with the fracture toughness results and 
the inter-relationships between the fracture toughness tests.

3.1 Tensile Results
Tensile tests (triplicates) were performed in the 

longitudinal (L), long-transverse (LT), and 45° orientations 
at 70, -320 and -452°F test temperatures for the 4 hr and 6
hr (320°F) aged 2195-T8 extrusion. Tables 3.1 and 3.2
provide average tensile results for each test condition.

In general terms, the ultimate tensile strength (UTS),
yield strength (YS), strain hardening exponent (n), and total 
elongation increase with decreasing test temperature for both 
the 4 hr and 6 hr (320°F) aged 2195-T8 extrusion in each test 
orientation. The Young's Modulus and strain at failure 
remain relatively constant with decreasing test temperature.
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Table 3.1: Average tensile properties for 0.365 in. 2195-T8
extrusion (4 hr age at 320°F) .

Orient.
Test
Temp
(°F)

UTS
(ksi)

YS 
(ksi ) YS/UTS

Ratio n

Total
Elong.

(%)

Young*s 
Modulus 
(msi)

Strain at 
Failure 
(in./in.)

L 70 85 . 0 79.0 0 . 93 0. 05 11. 9 10.7 0 .13
-320 106.1 93.5 0 . 88 0 . 10 12 . 0 10 . 7 0.13
-452 119.8 102.3 0 . 85 -- 14 . 9 10.8 0.14

LT 70 81. 9 75.9 0 . 93 0. 05 10 . 7 10. 8 0 .11
-320 99.5 89.1 0.90 0.08 11. 4 10.3 0.10
-452 111. 5 97.7 0.88 -- 12.2 10.7 0.11

4 5° 70 72 .1 65.4 0 . 91 0. 05 12 . 8 10.4 0 .16
-320 85.2 75. 8 0 . 89 0.09 20 .2 10.0 t

-452 98.2 84 . 5 0 . 86 -- 22.3 10 . 7 t

1 Extensometer saturated.
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Table 3.2: Average tensile properties for 0.365 in. 2195-T8
extrusion (6 hr age at 320°F) .

Orient.

Test
Temp
(°F)

UTS 
(ksi )

YS
(ksi) YS/UTS

Ratio n

Total
Elong.

(%)

Young's 
Modulus 
(msi )

Strain at 
Failure 
(in./in.)

L 70 90 . 5 85.5 0 . 94 0 . 04 10 . 6 10 . 6 0 .12
-320 111 . 6 101. 2 0 . 91 0 . 09 12 . 5 10 . 7 0 .12
-452 122.7 110 .1 0 . 90 --- 12. 5 10 . 7 0 .11

LT 70 86.2 82 . 4 0 . 96 0.05 10.6 10. 5 0 .12
-320 104 . 3 94 . 8 0 . 91 0.08 10.2 10.2 0 .13
-452 115.1 98. 6 0 . 86 --- 14.5 10 . 8 0.14

4 5° 70 78.4 72.2 0.92 0.05 16.0 10.4 0.17
-320 91. 8 83. 6 0 . 91 0.08 12 . 2 10 . 5 0 .15
-452 103 . 4 92 . 0 0 . 89 --- 19.2 10 . 6 t

t Extensometer saturated.
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Figures 3.1 and 3.2 graphically show the ultimate 
tensile and yield strength as a function of temperature for 
the 4 hr and 6 hr (320°F) aged 2195-T8 extrusions at various 
orientations. The 6 hr ( 32 0°F ) aged material has a slightly 
greater strength at each orientation than the 4 hr (320°F) 
material. For exampler the average ultimate tensile and 
yield strengths for longitudinal orientation at ambient test 
temperature for the 6 hr aged material measure 90.5 and 85.5 
ksi, respectively. In comparison, the ultimate tensile and 
yield strengths for the 4 hr aged material measure 85.0 and 
7 9.0 k s i . Some anisotropy is observed, with the longitudinal 
orientation having the highest strength and 45° orientation 
having the lowest strength. The average ambient temperature 
yield strengths for the 6 hr aged material measure 85.5,
82.2, and 72.2 ksi for the L, LT, and 45° orientations, 
respectively. The 4 hr aged material has average ambient 
temperature yield strengths of 7 9.0 ksi (L), 75.9 ksi (LT), 
and 65.4 ksi (4 5°).

As the temperature decreases, the average longitudinal 
yield strength increases 18.4% from ambient to -320°F, and 
9.4% from -320° to -452°F for the 4 hr aged 2195-T8 extruded 
bar. The average longitudinal yield strength for the 6 hr 
aged material increases 18.4% from ambient to -320°F, and 
8 .8 % from -320° to -452°F.
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4 hr Aged (320°F) 2195-T8 Extruded Bar

140 

120 

100 

80 

60 

40 

20 

0
-452 -320 70
Test Temperature (°F)

M  UTS-L 
0  YS-L
□  UTS-T 
E3 YS-T
□  UTS-45*
□  YS-45°

Figure 3.1: Ultimate tensile and yield strength for various
orientations as a function of test temperature for 4 hr 
(320°F) aged 2195-T8 extrusion.
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6 hr Aged ( 32 0°F) 2195-T8 Extruded Bar

140

120

100

80

60

40

20

0
-4 52 -320 7 0
Test Temperature (°F)

M  UTS-L 
B  YS-L 
E3 UTS-T 
E3 YS-T
□  UTS-4 5°
□  YS-4 5°

Figure 3.2: Ultimate tensile and yield strength for various
orientations as a function of test temperature for 6 hr 
(320°F) aged 2195-T8 extrusion.
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Typical engineering stress-strain curves are shown in 
Figures 3.3 (4 hr age) and 3.4 (6 hr age) for the
longitudinal orientation at 70°, -320° and -452°F test
temperatures. Discontinuous yielding was observed for all 
orientations tested at -452°F. This phenomena is associated 
with the inability to transfer the heat out of the deforming 
specimens faster than it is generated (15,54,55) . The
nearly adiabatic conditions at -452°F cause localized heating 
within the specimen from heat generated by moving 
dislocations. This localized heating leads to unstable 
plastic deformation in regions of higher local temperatures.

At ambient test temperature, there is little strain 
hardening during plastic deformation (i.e. after yield); 
therefore, the yield strength is a sizable percentage of the 
ultimate tensile strength. At ambient test temperature, in 
the longitudinal orientation, the yield strength is 93% of 
the ultimate tensile strength for the 4 hr age and 94% of the 
ultimate tensile strength for the 6 hr age. At -452°F test 
temperature in the same orientation, the yield strength is 
85% of the ultimate tensile strength for the 4 hr age and 90% 
of the ultimate tensile strength for the 6 hr age. This 
shows that the ratio of yield strength to ultimate tensile 
strength decreases as temperature decreases.
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7 0°F
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0.040 0.160 0.2000 0.080 0.120
Engineering Strain (in./in.)

Figure 3.3: Typical engineering stress-strain curves for the
longitudinal orientation at various test temperatures for 4 
hr (320°F) aged 2195-T8 extrusion.
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140
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00
-32 0°F

7 0°F
80

60

40

20

0.2000.120 0.1600 0 . 0 4 0 0 .080
Engineering Strain (in./in.)

Figure 3.4: Typical engineering stress-strain curves for the
longitudinal orientation at various test temperatures for 6 
hr (320°F) aged 2195-T8 extrusion.
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The strain hardening exponent for most metals (10) has a 
value between 0.10 and 0.50. The strain hardening exponents 
for the 4 hr and 6 hr aged 2195-T8 extruded bar (ambient 
temperature and longitudinal orientation) measure 0.04 and 
0.05, respectively. At a temperature of -320°F for the same 
orientation, the strain hardening exponent increases to 0.10 
and 0.09, respectively. Similar results are observed for the 
LT and 45° orientations. No measurements of the strain 
hardening exponent were made at -4 52°F because of the 
discontinuous yielding. Since the ratio of yield strength to 
ultimate tensile strength decreases with decreasing 
temperature, it is assumed that the strain hardening exponent 
continues to increase at temperatures down to -452°F.

3.2 Surface Crack Tension Results
Surface crack tension tests were performed in the L-T

orientation at 70°F and -320°F test temperatures for the 4 hr 
and 6 hr (320°F) aged 2195-T8 extrusion. Tests were not
performed in the T-L orientation because of the limited width
of the extruded bar (8 in.) and lack of sufficient gage and 
grip length. The test results are given in Table 3.3 and 
shown graphically in Figure 3.5. All of the validity 
requirements given by ASTM-E7 40 were satisfied.
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Table 3.3: SCT test results for 2195-T8 extrusion (aged at
320°F for 4 and 6 hr) .

Age 
Time 
(Hrs.) Orient.

Test
Temp
(°F)

B
(in.)

a
(in.)

2c
(in.) a/2c a/B

a r
(ksi) Fie

(ksiVin.)
4 L-T 70 0 . 361 

0.363
0 . 363

0 . 177 
0.206 
0.200

0 . 358 
.0.360 
0.358

0.49 
0 . 57 
0 . 56

0 .49 
0 . 57 
0 . 55

76.3
76.3 
75.8

39.5 
38 . 7 
38 . 5

A v g . 0.363 0 .194 0 . 359 0.54 0.54 76.1 38 . 9
4 L-T -320 0 . 363 

0 . 363 
0.365

0 .194 
0.205 
0 .177

0.368
0 . 382 
0.369

0 . 53 
0.54 
0.48

0.53 
0.56 
0 .48

91. 3 
89.8 
86.7

47 . 6
47.7
45.8

Avg. 0 . 364 0 .192 0 . 373 0.51 0.53 89.2 47 . 0
6 L-T 70 0 . 363 

0. 363 
0.346

0 .187 
0 .187 
0.167

0 . 346 
0 . 363 
0 . 346

0 . 54 
0 .  52 
0 . 48

0.52 
0.52 
0 . 48

87 . 0 
85.3 
88.1

43.6 
44 . 3 
44.9

A v g . 0.357 0.180 0.352 0. 51 0 . 50 86.8 44 . 3
6 L-T -320 0.363

0 . 363
0 .182 
0 .204

0.356 
0. 392

0 . 51 
0 .  52

0 . 50 
0 . 56

92.9 
87 . 6

47 . 8 
47.5

A v g . 0.363 0 .193 0 . 374 0.52 0 . 53 90.2 47 . 6
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L-T Test Orientation
100 Approx.

Flaw Shape 
a/2C = 0.590

8 0 4 hr age
70

Te
<u 60 6 hr age

50
Te

40

30 4-
-400 -300 -200 -100 1000

Test Temperature (°F)

Figure 3.5: Residual strength, G r, and Kie as a function of
temperature for the surface crack tensile results of the 4 hr 
and 6 hr 320°F aged 2195-T8 for the L-T orientations.
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The average residual strength, Gr, and the average 
critical stress intensity at failure, Ki@, increase with 
decreasing test temperature for both the 4 hr and the 6 hr 
aged material. The average Kie for the 4 hr aged material is 
38.9 ksiVin at 7 0°F and 4 7.0 ksiVin at -320°F. The average 
KIe for the 6 hr aged material is 44.3 ksiVin at 70°F and 47.6 
ksiVin at -320°F. The ratio of the average Kje at -320°F to 
the average KIe at 7 0°F (defined as RK) , is 1.21 for the 4 hr 
aged material, and 1.07 for 6 hr material. The Gr and KIe
values for the 4 hr and 6 hr aged materials are approximately 
equal at -320°F.

A fracture mode change is observed at the macroscopic 
level as the temperature decreases from ambient to -320°F for 
both the 4 and 6 hr aged materials. This is shown in Figure 
3.6. At the 70°F test temperature, the fracture surfaces of 
both the 4 hr and 6 hr aged materials display little if any 
crack growth from the surface flaw, and both failed by 45° 
shear. The specimens tested at -320oF display a mix fracture 
mode , i.e. 45° shear with evidence of plane strain ductile 
(flat) fracture near the flaw. The 6 hr aged material shows 
more plane strain ductile (flat) fracture extending from the 
flaw than the 4 hr material. These results show that the 
flaw has little influence on fracture at room temperatures, 
but greater influence at -320°F.
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: -  ̂ ;

I .

i

Tested 
At 
7 0°F

Tested
At

-320°F

a) 4 hr 320°F aged material.

b) 6 hr 320°F aged material.
Figure 3.6: Fracture surfaces of SCT test specimens
displaying fracture mode change as the test temperature 
decreased from ambient to -320°F for the a) 4 hr age and b) 6 
hr a g e . Magnification 2.5 x .
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3.3 Chevron Notch Short Bar Results
Chevron notch short bar tests (triplicates) were 

performed in the T-L and L-T orientations at 70°F, -320°F and
-452°F test temperatures for both the 4 hr and 6 hr (320°F)
aged 2195-T8 extruded b a r . Valid plane strain (chevron
notch) fracture toughness (Kiv) results were not obtained 
because the dimensional requirements set forth by ASTM E-1304 
were not met due to a slight specimen design error which 
resulted in an extended initial crack length. Conditional 
plane strain values (Kqv) were calculated using the extended 
range equations given by Orange et al. (52). These values 
are reported in Table 3.4.

The K q v  fracture toughness results for the T-L
orientation for the 4 hr and 6 hr aged materials are 
relatively insensitive to test temperature, as shown in 
Figures 3.7 and 3.8. The chevron notch short bar fracture 
toughness for the 4 hr aged material are higher than those 
obtained for 6 hr aged material. The K q v  values for the 4 hr 
material tested in the T-L orientation average 35.5 ksiVin at 
7 0°F, 34.1 ksiVin at -32 0°F, and 34.7 ksiVin at -4 5 2 °F . For 
the 6 hr material, the average K q v  values are 28.7 ksiVin at 
70°F, 28.7 ksiVin at -320°F, and 26.1 ksiVin at -452°F.
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Table 3.4: Average chevron notch short bar test results for
2195-T8 extrusion (aged at 320°F).

Age 
Time 
(Hrs.) Orient.

Test
Temp
(°F)

A v g . 
B

(in.)

Avg.
W

(in.)

A v g .
ao 

(in. )
Kqv 

(ksiVin.)

Avg. 
Kqv 

(ksiNin.)
4 T-L 70 0 . 363 0 . 544 0 .181 35.7, 34.6, 36.2 35.5

-320 0 . 366 0 . 543 0 .180 33.7, 34.4 34.1
-452 0 . 367 0 . 543 0 .181 34.0, 35.5 34 . 7

L-T 70 0.367 0.543 0 .182 43.1/* --

-320 0 . 365 0 . 544 0 .184 36.5, 36.3, 34.0 35.6
-452 0 . 365 0 . 544 0 .180 34.2, 4 0.21* 34.2

6 T-L 70 0 . 365 0 . 543 0.180 28.8, 29.1, 28.1 28 . 7
-320 0.364 0 . 543 0 .182 28.1, 29.1, 29.1 28.7
-452 0 . 365 0 . 545 0 .182 25.8, 27.2, 25.4 26.1

L-T 70 0 . 366 0 . 543 0 .185 32.3, 30.3, 31.0 31.2
-320 0 . 364 0 . 543 0.182 38 . 4f --

-452 0 . 365 0 . 543 0.181 t --

t Out-of-plane crack growth. Value not used in average. 
¥ Plasticity high. Value not used in average.
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T-L Test Orientation
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30 
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10 
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Figure 3.7: Kq v  as a function of temperature for the chevron
notch short bar tests of the 4 and 6 hr 320°F aged 2195-T8 
for the T-L orientation.
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L-T Test Orientation
45
40
35

10

-500 -400 -300 -200 -100 0 100
Test Temperature (°F)

4 hr 
6 hr

Figure 3.8: Kq v  as a function of temperature for the chevron
notch short bar tests of the 4 and 6 hr 320°F aged 2195-T8 
for the L-T orientation.
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In the T-L test orientation, the CNSB specimens display 
a propensity for out-of-plane crack growth and high 
plasticity, therefore limited results were obtained. K q v  

values for the 4 hr aged material tested at -320°F average 
35.6 ksiVin. K q v  values for the 6 hr aged material tested at 
70°F average 31.2 ksiVin. From these limited results, it 
appears that the L-T test orientation is tougher than the T-L 
orientation.

SEM microscopy of the fracture surfaces of the specimens 
tested in the T-L orientât ion are shown in Figures 3.9 and 
3.10. The fracture surfaces of the 4 hr 320°F aged 2195-T8 
extruded bar shows microvoid coalescence around second phase 
particles, with some transgranular shear at 70°F, -320°F and 
-452°F. The 6 hr aged material (Figure 3.10), also displays 
microvoid coalescence at all three test temperatures, but 
with increasing transgranular shear as temperatures 
decreases .
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Figure 3.9: SEM fractographs of CNSB test specimens tested
in the T-L orientation for the 4 hr 320°F aged 2195-T8 
extruded b a r . Microvoid coalescence is observed around 
second phase particles, with some transgranular shear. 
Magnification lOOOx.
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Figure 3.10: SEM fractographs of CNSB test specimens tested 
in the T-L orientation for the 6 hr 320°F aged 2195-T8 
extruded bar. Microvoid coalescence is observed around 
second phase particles, with increasing amounts of 
transgranular shear as temperature decreases. Magnification 
1000%.
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3.4 J-Integral Results
J-integral tests (duplicates) were performed in the T-L 

and L-T orientations at 70, -320 and -452°F test temperatures
for the 4 hr and 6 hr (320°F) aged 2195-T8 extruded bar. The
test results are given in Table 3.5 and shown graphically in
Figures 3.11 and 3.12. Certain validity requirements per
ASTM E-813 were not met as noted in Table 3.5, therefore the 
conditional critical stress at failure, K q  (J) , is reported.

In some cases, the fatigue precrack grew out-of-plane or 
the specimen had an unsymmetric crack front (possibly due to 
misalignment), and therefore the reported K q  (J) value is 
suspect. As noted in Table 3.5, the final measured crack 
length is outside of the estimated final crack length for 
each specimen. The cracks were intentionally grown to 
greater than required lengths to use the data for R-curve 
analysis (not completed) (56). Although this violates one of 
the validity requirements per ASTM-E813, it does not 
compromise the reported J q  and K q  (J) values because the J 
values at the greater crack lengths were excluded from the 
regression analysis. Also, during the initial stages of 
crack initiation and propagation, the effective modulus was 
adjusted to match the actual crack length.
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Table 3.5: J-integral test results for 0.365 in. 2195-T8
extrusion (aged at 320°F) . Values enclosed in brackets are 
considered suspect.

Age 
Time 
(Hrs.) Orient.

Test 
Temp 
( °F ) JQ

(i n .lb/in.2)
Kq (J)

(ksiVin.) Note
4 T-L ' 70 [153] [40.6] 1,4

123 36.4 1
-320 117 35.5 1

[194] [45.8] 1,4
-452 [153] [40.5] 4

105 33.5 1,2
L-T 70 [2 0 0 ] [46.3] 5

-320 [172] [42.9] 1,2,5
-452 152 40 . 5 1,2

6 T-L 70 98 32.0 1
-320 51 23.2 1
-452 54 24 .1 1,2,3

L-T 70 [124] [36.3] 1,5
-320 79 29.1 1

83 29.7 1
-452 80 29.3 1

91 31.3 1

Note 1 : Final measured crack is outside estimated final 
Note 2 : One of the 3 crack lengths calculated during the

primary unloads differ from the average by ± 0.002 W 
Note 3: Initial crack length outside recommended limits.
Note 4: Unsymmetric final crack front possibly due to 

misalignment.
Note 5: Fatigue precrack slightly out-of-plane.
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Figure 3.11: K q  (J) as a function of temperature for the J'
intégrai tests of the 4 and 6 hr 320°F aged 2195-T8 for the 
T-L orientation. (The results from specimens which exhibited 
slightly out-of-plane crack growth or an unsymmetric crack 
front are not shown.)
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Figure 3.12: Kq (J) as a function of temperature for the J'
intégrai tests of the 4 and 6 hr 320°F aged 2195-T8 for the 
L-T orientation.
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The following observations are based on the limited data 
results shown in Table 3.5 and Figures 3.11 and 3.12. The 4 
hr 320°F aged 2195-T8 tested in the T-L orientation is 
relatively insensitive to test temperature. The K q  (J) 

values (T-L orientation) at 70°F, -320°F, and -452°F test
temperatures are 36.4, 35.5 and 33.5 ksiVin, respectively.
The 6 hr aged 2195-T8 material displays a temperature 
influence on toughness as the temperature decreases from 70°F 
(32.0 ksiVin) to -320°F (23.2 ksiVin), but is relatively
insensitive as the temperature decreases from -32O°F to 
-4 52°F (24 . 1 ksiVin) .

The test results for the L-T orientation for the 4 hr 
and 6 hr aged 2195-T8 are suspect, noting the difficulty of 
obtaining an in-plane fatigue precrack as previously 
mentioned. The K q  (J) values for the 4 hr aged material are

4 6.3 ksiVin at 7O°F, 42.9 ksiVin at -320°F and 40.5 ksiVin at 
-452°F. The 6 hr aged 2195-T8 material had K q  (J) values of 
3 6.3 ksiVin at 70°F, 29.1 and 29.7 ksiVin at -320°F, and 29.3 
and 31.3 ksiVin at -452°F.

Photographs of representative fracture surfaces are 
shown in Figures 3.13 (T-L test orientation) and 3.14 (L-T 
test orientation). The fracture surfaces of the T-L 
specimens exhibit flat, uniform crack growth, whereas the L-T 
specimens show pronounced tunneling.
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b) 6 hr age

Figure 3.13: Fracture surfaces of representative J-integral 
compact tension test specimens tested in the T-L orientation 
at -452°F for the a) 4 hr age and b) 6 hr a g e . Scale in 
inches. Magnification 3 x .
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Figure 3.14: Fracture surfaces of representative J-integral 
compact tension test specimens tested in the L-T orientation 
at -452°F for the a) 4 hr age and b) 6 hr age. Scale in 
inches. Magnification 3x.
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SEM micrographs were taken 0.02 in. (0.5 mm) from the 
fatigue precrack at the center of the specimens in the region 
of slow stable crack growth. The 4 hr age 2195-T8, T-L 
orientation, fracture surfaces display microvoid coalescence 
around second phase particles, with increasing amounts of 
transgranular shear as temperature decreases, as shown in 
Figure 3.15. In the L-T orientation, as shown in Figure 
3.16, the fracture surfaces of the 4 hr material show 
extensive microvoid coalescence at 70°, -320°F, and -452°F.
Minimal transgranular shear is observed.

Figures 3.17 (T-L orientation) and 3.18 (L-T 
orientation) display representative SEM micrographs of the 
fracture surfaces of the 6 hr aged 2195-T8. This material 
exhibits a definite fracture mode change, in both test 
orientations, as temperature decreases. At 70°F, the 
fracture surfaces show microvoid coalescence with some 
transgranular shear. However, at -452°F, the fracture 
surfaces display primarily transgranular shear.
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Figure 3.15: SEM fractographs of J-integral compact tension 
test specimens tested in the T-L orientation for the 4 hr 
320°F aged 2195-T8 extruded bar. Microvoid coalescence is 
observed around second phase particles, with increasing 
amounts of transgranular shear as temperature decreases. 
Magnification lOOOx.
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Figure 3.16: SEM fractographs of J-integral compact tension 
test specimens tested in the L-T orientation for the 4 hr 
320°F aged 2195-T8 extruded bar. Microvoid coalescence is 
prevalent around second phase particles at 70, -320, -452°F, 
with little transgranular shear observed . Magnification 
1000%.
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Figure 3.17: SEM fractographs of J-integral compact tension 
test specimens tested in the T-L orientation for the 6 hr 
320°F aged 2195-T8 extruded bar. Some microvoid coalescence 
is observed at 7 0°F, but as temperature decreases, the 
fracture mode becomes primarily transgranular shear. 
Magnification lOOOx.



T-4607 112

Tested 
At 
7 0°F

Tested
At

-320°F

Tested
At

-452°F

f

L-T
Test

Orient

GO
- H
4-1
03tn
03O,OMCU

10 (im

Figure 3.18: SEM fractographs of J-integral compact tension 
test specimens tested in the L-T orientation for the 6 hr 
320°F aged 2195-T8 extruded bar. Some microvoid coalescence 
is observed at 70°F/ but as temperature decreases, the 
fracture mode becomes primarily transgranular shear. 
Magnification lOOOx.
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3.5 Summary
The tensile and fracture toughness behavior of 2195—T8 

(underaged and near-peak aged) extruded bar were 
characterized by testing various orientations at ambient, 
-320°F and -452°F test temperatures using tensile, surface 
crack tension, chevron notch short bar and J-integral 
specimens. The as-received 2195-T3 (6% stretch) material was
heat treated at 320°F for 4 and 6 hr to obtain the underaged 
and near-peak aged conditions.

The microstructure consists of highly elongated (>1000 
Jim in length) grains in the longitudinal or extrusion 
direction, approximately 250-400 flm in width (long-transverse 
direction) , and 30 |Llm in thickness. Some substructure was 
observed in the 4 hr aged 2195-T8 extruded bar. A larger 
quantity of substructure was observed in the 6 hr aged 2195- 
T 8 extruded b a r . Recent transmission electron microscopy 
(TEM) performed by McNamara and Pickens (57) on a similar 
extruded alloy found that the subgrain boundaries were 
decorated with the primary strengthening phase T± (Al^CuLi).

An average longitudinal yield strength of 85.5 ksi was 
measured for the 6 hr aged 2195-T8 extruded bar, and 7 9.0 ksi 
for the 4 hr aged material. The tensile results for the 4 
and 6 hr aged materials showed anisotropy. The longitudinal 
(L) direction showed the highest tensile strengths, the long-
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transverse (LT) direction displayed intermediate strengths, 
and the 4 5° orientation showed the lowest strength levels.
As temperature decreased from ambient to —320°F, the 
longitudinal tensile strength increased 18.4 % for both the 4 
hr and 6 hr aged material. A less significant increase, 9.4%
for the 4 hr and 8 .8% for the 6 hr, was measured (same 
orientation) as the temperature decreased from -320°F to 
-452°F. As a comparison, 2219-T87 plate displays similar 
increases, but has an longitudinal ambient yield strength of 
56 ksi , which is 52% lower than the yield strength of the 6 

hr aged 2195-T8 extruded bar (15).
The 2195-T8 extruded bar displayed little strain 

hardening during plastic deformation, as shown by the 
respective yield strength to ultimate tensile strength 
ratios, strain hardening exponents, and stress-strain curves. 
It was observed that strain hardening exponent during plastic 
deformation increased with decreasing test temperature, from
0.05 at ambient to 0.09-0.10 at -320°F (longitudinal 
orientation). These values are relatively low as compared to 
2219-T87, which has a strain hardening exponents of 0.13 at 
ambient and 0.17 at -32 0°F (18) .

The surface crack tension test results (L-T orientation) 
showed that both the average residual strength (Or) and the

critical stress intensity at failure, Kie, increased with



T-4607 115

decreasing test temperature. The 6 hr aged material had 
larger average <3r and KIe values than the material aged for 4 
hr. The 6 hr aged 2195-T8 extruded bar had average G r and Kje 

values of 86.8 ksi and 4 4.3 ksiVin at 70°F and 90.2 ksi and 
47.6 ksiVin at -320°F. The 4 hr aged 2195-T8 extruded bar 
had average <7r and Kje values of 7 6.1 ksi and 38.9 ksiVin at

7 0°F and 89.2 ksi and 47.0 ksiVin at -32 0°F. The fracture 
surfaces showed net section yielding, i.e. 45° shear, at 
70°F, and net section yielding with plane strain ductile 
(flat) fracture at -320°F . The 6 hr aged material displayed 
more plane strain ductile (flat) fracture at -320°F than the 
4 hr aged 2195-T8 extruded bar.

Fracture toughness values determined by the chevron 
notch short bar ( K q v ) and J-integral ( K q  (J) ) test methods 

showed general agreement. It was found that at each test 
temperature, the 4 hr aged material had a larger toughness 
than the 6 hr aged 2195-T8 extruded b a r . The K q v  and K q  (J) 

results for the 4 hr material (T-L orientation) appeared to 
be relatively insensitive to test temperature, as shown in 
Figure 3.19. The 6 hr material (T-L orientation) displayed a 
small temperature dependence, slightly decreasing with 
decreasing test temperature.
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Figure 3.19: The chevron notch short bar ( K q v ) and J-Integral 
( K q  (J)) fracture toughness results for 2195-T8 extruded bar 
tested in the T-L orientation at various test temperatures. 
(Suspect data is not shown.)
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Limited chevron notch short bar and J-integral results 
were obtained for the L-T orientation. Crack propagation in 
this orientation proved difficult, resulting in out-of-plane 
crack growth, unsymmetric crack growth, and/or high 
plasticity. The K q v  and K q  (J) results for L-T orientation 
are shown in Figure 3.20. In general terms, the L-T 
orientation is tougher than the T-L orientation for both the 
4 hr and 6 hr aged 2195-T8 extruded b a r . Conclusions 
regarding the influence of test temperature for this 
orientât ion can not be made because of the aforementioned 
difficult ies.

SEM analysis of representative fracture surfaces of the 
4 hr aged 2195-T8 extruded bar showed microvoid coalescence 
around second phase particles, with increasing amounts of 
transgranular shear as temperature decreased. The 6 hr 
material also showed microvoid coalescence at 70°F, but 
almost completely transgranular shear at -452°F. This change 
in fracture mode is reflected by the fracture toughness 
results, which show a slight temperature dependency.
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Figure 3.20: The chevron notch short bar ( K q v ) and J-Integral 
( K q  (J)) fracture toughness results for 2195-T8 extruded bar 
tested in the L-T orientât ion at various test temperatures.
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4.0 Conclusions

1.) The tensile properties of 2195-T8 extruded bar are 
anisotropic. The near-peak aged (6 hr at 320°F) 
material showed ambient temperature yield strengths of 
85.5 ksi in the longitudinal orientation, 82.4 ksi in 
the long-transverse orientation, and 72.2 ksi in the 45° 
orientation. Underaged (4 hr at 320°F) 2195-T8 showed 
ambient temperature yield strengths of 7 9.0 ksi in the 
longitudinal orientation, 75.9 ksi in the long- 
transverse orientation, and 65.4 ksi in the 45° 
orientation.

2.) The strain hardening exponent, n, for the 2195-T8 
extruded bar was found to be low as compared to 2219- 
T87, another structural material used for cryogenic 
propellant tank applications. As temperature decreased, 
the strain hardening exponent for 2195-T8 extruded bar 
slightly increased. This may be a limiting factor with 
respect to the fracture toughness behavior of this 
material at low test temperatures.

3.) The surface crack tension test results indicated that 
the fracture toughness (Kie) increased with decreasing 

test temperature. These results are not representative



T-4607 120

of the true fracture toughness behavior of the material, 
since the fracture toughness determined by this method 
is also dependent on flaw size.

4.) The chevron notch short bar ( K q v ) and J-integral ( K q  (J) ) 
test results showed that the underaged 2195-T8 extruded 
bar had improved ambient and cryogenic fracture 
toughness values as compared to the near-peak aged 
material. The underaged material was insensitive to 
test temperature, i.e. displaying similar fracture 
toughness values as temperature decreased. The near
peak aged 2195-T8 extruded bar showed a slight decrease 
in toughness as temperature decreased.

5.) The fracture mode for the near-peak aged 2195-T8 
extruded bar was observed to distinctly change with test 
temperature. At ambient test temperature, the fracture 
surface showed microvoid coalescence, and at -452°F the 
fracture changed to almost complete transgranular shear. 
The underaged material displayed microvoid coalescence 
at ambient temperature, with increasing amounts of 
transgranular shear as temperature decreased.
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