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Aluminum-lithium alloys have shown promise for aerospace applications, and National Aeronautics and
Space Administration (NASA) has selected the aluminum-lithium Alloy 2195 for the main structural alloy

of the super light weight tank (SLWT) for the space shuttle. This alloy has significantly higher strength
than conventional Zxx alloys (such as 2219) at both ambient and cryogenic temperatures. If properly
processed and heat treated, this alloy can display higher fracture toughness at cryogenic temperature
than at ambient temperature. However, the properties of production materials have shown greater vari-
ation than those of other established alloys, as is the case with any new alloy that is being transitioned to
a demanding application.

Recently, some commercial 2195 plates for the SLWT program were rejected, mostly due to low CFT or
FTR at ambient and cryogenic temperatures. Investigation of the microstructure property relationships
of Al-Cu-Li based alloys indicates that the poor fracture toughness properties can be attributed to exces-
siveT, precipitation at subgrain boundaries. Lowering the aging temperature is one way to avoid exces-
siveT, precipitation at subgrain boundaries. However, this approach results in a significant drop in yield
strength. In addition, low-temperature aging is associated with sluggish aging kinetics, which are not de-
sirable for industrial mass production. Therefore, the present study was undertaken to develop an aging
process that can improve fracture toughness without sacrificing yield and tensile strength.

A multistep heating-rate controlled (MSRC) aging treatment has been developed that can improve the
cryogenic fracture toughness of aluminum-lithium Alloy 2195. At the same levels of yield strength (YS),
this treatment results in considerably higher fracture toughness than that found in Alloy 2195, which has
received conventional (isothermal) aging. Transmission electron microscopy revealed that the new treat-
ment greatly reduces the size and density of subgrain-boundaify, precipitates. In addition, it promotes

T, and @" nucleation, resulting in a fine and dense distribution of precipitate particles in the matrix. The
MSRC aging treatment consists of (a) aging at 127 °C (260 °F) for 5 h, (b) heating continuously from
127 °C (260 °F) to 135 °C (275 °F) at a rate of 0.556 °C/h (1 °F/h), (c) holding at 135 °C (275 °F) for 5 h,
(d) heating continuously from 135 to 143 °C (275 to 290 °F) at a rate of 0.556 °C/h (1 °F/h), and (e)
holding at 143 °C (290 °F) for 25 h to obtain a near peak-aged condition.

Keywords Alloy 2195, aluminum, heat treatment, lithium alloyfs, cation. Cryogenic strength and toughness are critical to this ap-
microstructure, spacecraft hardware plication, because the SLWT will house liquid oxygen and hy-

drogen. To ensure proper quality control, NASA has imposed a

1. Introduction lot acceptance testing on Alloy 2195 plate before it can be used

in the SLWT program. During lot acceptance testing, strength

The National Aeronautics and Space Administration and toughness are measured at ambient and cryogenic tempera-
(NASA) has selected aluminum-lithium Alloy 2195 to be the tures in relevant positions and orientations. One guideline for
main structural alloy of the super light weight tank (SLWT) for |0t @cceptance is that Alloy 2195 must have a fracture tough-
the space shuttle. This alloy has significantly higher strength €SS ratio (FTR) greater than one. (Here, FTR is the ratio of
than conventional¥x alloys (such as 2219) at both ambient racture toughness at cryogenic temperature compared to that
and cryogenic temperatures. If properly processed and heafl am_blent temperature.) It is equally |mportant' that the alloy
treated, this alloy can display higher fracture toughness at cryo-@s higher strength and toughness at cryogenic temperatures
genic temperature than at ambient temperature. However, théhan at ambient temperature in order to avoid expensive cryo-
properties of production materials have shown greater vari- 9€nic proof testing. N
ation than those of other established alloys, as is the case with Previous studies have shown that good compositional con-

any new alloy that is being transitioned to a demanding appli- trol (Ref 1, 2), thermomechanical processing (TMP), and aging
treatments can produce an FTR>1 in Alloy 2195 (Ref 2).

However, Alloy 2195 has exhibited lot-to-lot variations in
P.S. ChenandA.K. Kuruvilla, 1IT Research Institute, Metallurgy Re strength and toughness after conventional isothermal aging,
search Facilities, Building ,4628, Marshall Space ’Flight Center, AL Wh|Ch_ can be attrlk_:)gted to the combined ef_fects of varla_ltlons in
35812; T.W. Malone andW.P. Stanton, National Aeronautics and  chemical composition and thermomechanical processing. One
Space Administration, Materials and Processes Laboratory, Metalsfécent study (Ref 2) indicated that cryogenic fracture tough-
Processing Branch, Marshall Space Flight Center, AL 35812. ness (CFT) is related to the density, size, and location of a par-
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ticular precipitate found in these alloys and labelet,a€ryo- cleation in the matrix, thus eliminating premature fracture
genic fracture toughness decreases consideralily@ecipi- along precipitate-rich subgrain boundaries.

tates increase in density at the subgrain boundaries and in size In Al-Cu-Lialloys,T; particles generally precipitate hetero-

in the matrix (Ref 2). This trend (in the variation of toughness geneously on matrix dislocations and/or subgrain boundaries,
with the distribution off; precipitates at subgrain boundaries) depending on aging temperatures and duration (Ref 3). In Alloy
has also been observed in other aluminum-lithium alloys (Ref X2095, which is similar to Alloy 2195, lower aging tempera-
3, 4). Therefore, attempts to improve fracture toughness wereture was found to preveiiy precipitation at subgrain bounda-
directed toward reducing the densityTofprecipitates at sub-  fies (Ref 3), which was explained on the basis of the equation

grain boundaries and enhancing the nucleatiof, gfrecipi- for the heterogeneous nucleation raNg.§ (Ref 5):
tates in the matrix.
This study details a new aging treatment thatimproves cryo- O-AG,,0 FAGO
. . ) ) - Eg : 1
genic fracture toughness by controlling the location and size of ~ Nnet= @Cq xpE— 0 Onuclei nr3s- (Eq 1)

. . -0 okT ggkT g
the major strengthening precipitalg, The new treatment uses

multistep heating-rate controlled (MSRC) aging to prevgnt ) ) )

from precipitating preferentially at the subgrain boundaries. In WheréNqeiis heterogeneous nucleation rateis a factor that
addition, the new aging treatment can minimize variations in Includes vibration frequency of atoms and area of critical nu-
mechanical properties due to variations in TMP parameters anoC|eus,'C1 IS concentration of nuplea_ﬂon s:tgs per unit volume,
alloy chemistry. This paper discusses MSRC aging treatment,AGm is activation energy for diffusioG* is activation en-

correlating microstructure to observed improvements in cryo- Eg%/zn?:r:rr:ecror:g?aur:{eg ﬁég tfeoémmer(;rtlf;f:l(%zed nucléi, is
genic fracture toughness. ' P )

When the alloy composition is fixed, Eq 1 indicates that the
heterogeneous nucleation rate is greatly depende@j and
AG*When arranged in decreasing order, the sequena&bf
would be roughly (1) homogeneous sites, (2) vacancies, (3) dis-
locations, (4) stacking faults, (5) grain boundaries and inter-

This study used an alloy that had yield strength (YS) >503 phase boundaries, and (6) free surfaces.

MPa (73 ksi) and that displayed an FTR <1 after isothermal ag- |t is believed thafl; nucleation on matrix dislocations re-
ing (Ref 2) (Fig. 1). In Al-Cu-Li alloys, FTR correlates well  quires more activation energy than nucleation on subgrain
with the degree of precipitation at subgrain boundaries (Fig. boundaries in Alloy 2195. However, matrix nucleation sites
2). Fracture toughness ratio may also correlate with the size andyenerally outnumber subgrain boundary sites, especially when
density ofT, precipitates in the matrix (Ref 2) (Fig. 3). High the alloy is stretched prior to aging. With low undercooling
cryogenic fracture toughness can be achieved by suppressinghigh-activation barrier, high-aging temperature), nucleation

2. Technical Approach

T, precipitation at subgrain boundaries and enhan€jnau- rates will be highest at sites requiring little activation energy,
L
& L] -
L
&
= #
&
-
L
&
-
Fig. 1 Fracture toughness versus yield strength in convention- Fig. 2 Fracture toughness versus maximum siZgaft sub-
ally aged Alloy 2195 at ambient and cryogenic temperatures grain boundaries, with fracture toughness decreasifig sige
(Ref 2) increases (Ref 2)
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such as grain and subgrain boundaries. As the undercooling ining its fracture toughness. Therefore, an urgent need existed to

creases (low-activation barrier, low-aging temperature), higher develop a new aging treatment that could improve cryogenic

nucleation rates will be seen at sites that have the highest confracture toughness while retaining yield strength (YS) at a level

centration of nucleation sites. Therefore, by lowering the ag- of 517 to 538 MPa (75 to 78 ksi) and aging the properties within

ing temperature, matrix dislocations become favorable areasonable length of time.

nucleation sites, andl; nucleation at subgrain boundaries Precipitation of strengthening phases requires a free-energy

can be restrained. change of the system, as expressed by the following equation
However, low-temperature aging is associated with slug- (Ref 6):

gish aging kinetics, which are not desirable for industrial pro-

duction. Furthermore, it is not clear whether a low-aging

temperature can sufficiently strengthen the alloy while improv- AG = AG, +AGs + AG,

(Ea 2)

whereAG,, is volume free energG, is surface free energy,
andAG,, is free energy of strain due to formation of precipitate
particle. The surface free energy varies with the area of the par-
ticle, while volume free energy varies with the volume of the
* particle. Assuming a spherical particle ak@,, = 0, Eq 2 can
ik therefore be written as:

AG = -Ar3+Ars (Eq 3)

whereA; andA, are constants ands radius of the embryo.
Figure 4 shows a plot of Eq 3. The total free energy is posi-
tive when the particle radius is small, because the surface free
energy is larger than the volume free energy. However, the total
free energy becomes negative as the radius increases.
- A particle with a radius less than the critical radigptends
to dissolve in the solid solution, while a particle with a radius
i larger tharr tends to grow continuously because the free en-
ergy is reduced as it grows. The size of a stable nucleus (critical
radius) varies with temperature. As the temperature is lowered,
the critical radius for precipitate nucleation rapidly decreases in

size, as does the energy necessary to form this critical embryo.
Fig. 3 Correlation of cryogenic fracture toughness with size of
matrix T1 precipitates (Ref 2)
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Fig. 4 Effects of precipitation temperature on free energy of a
precipitate particle as a function of its radius (Ref 6)
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Fig. 5 Schedule for multistep heating-rate controlled aging
treatment

Journal of Materials Engineering and Performance



Therefore, decreasing temperature correlates with an increase Fracture toughness tests were performed at ambient tem-
in the total number of embryos that can precipitate. perature and —196 °C (-320 °F). The plates were evaluated in
Based on this theory, a MSRC aging treatment was devel-the T-L orientation (notch parallel to the rolling direction), per
oped to promot&; nucleation and growth in the matrix, rather ASTM E 740. The specimens were fatigue precracked at 20 Hz,
than at subgrain boundaries (Fig. 5). Aging begins with initial then tensile tested to failure at a crosshead speed of 0.13
holding at low temperature (with high undercooling) to en- ¢cm/min. Precrack length and maximum load to failure were

hance formation oT; nuclei in the matrix. Then the furnace factored into the standard equation.

temperature is gradually increased 0.556 °C/h (1 °F/h) to per-  Microstructural characterization was carried out using a JEOL
mit each precipitate nuclei to grow abayend become a sta-  2000F (JEOL USA, Inc., Peabody, MA) transmission electron mi-

ble nucleus. These nuclei continue to grow during aging, with croscope (TEM) operated at 200 kV. Samples were jet polished in
negligible dissolution into solid solution. Long-term aging at 2an electrolyte (70% methanol-30% nitric acid) at —20 °C (-4 °F),

low temperatures also allowg precipitates to grow in the with an applied potential of 12 V. Precipitates were examined us-

matrix before they can nucleate and grow at the subgraining selected area diffraction, as well as bright and dark field
boundaries. techniques. Matrix and subgrain boundary precipitates were

As temperatures continue to ridg,eventually nucleates at examined using a beam direction near (110). Tywariants

subgrain boundaries and begins to grow. However, this treat-
ment reduces time at the highest aging temperature. Thus,
precipitates are permitted to nucleate and grow in the matrix
before precipitation occurs at the subgrain boundaries. Early
growth of T, precipitates in the matrix greatly reduces copper
and lithium concentrations adjacent to the subgrain boundaries
hindering the growth of subgrain bounddgy At the subgrain
boundaries;T; precipitates will be smaller and more scarce
than those seen in Alloy 2195, which has experienced isother-
mal aging.

In short, this MSRC aging treatment is significant in Thas
allowed to nucleate preferentially in the matrix (where it grows
steadily without dissolution), whil&; precipitation at the sub-
grain boundaries is delayed and its coarsening kinetics decrease!

3. Experimental Procedures

Four lots of Alloy 2195 (Al-4.19Cu-0.95Li-0.29Mg- Fig. 6 Micrograph_of AII_oy 2.195 plate, showing pancake-
0.31Ag-0.12Zr) were received in the form of 1.7 in. thick rolled ~ SP@ped structures in grain microstructure 5@@rt has been
PRI . o
plates, which were then solutionized and stretched for 3% at reduced to 75% of its original size for printing.)
ambient temperature. Specimens were aged at various tem-
peratures and times to obtain acceptable toughness combine 450 ., — — 105

with @a minimum YS of 503 MPa (73 ksi) (Table 1). Tensile tests
were performed at ambient temperature, using flat tensile
specimens to permit evaluation of the effect of microstructural
variation through the plate thickness. The uniaxial tensile prop-
erties of the plates were evaluated in the L-T orientation (speci- & -
men axis perpendicular to the rolling direction). At least two & 3
tests were performed in each condition. = §,
E w
5 2
. A
Table 1 Aging treatment for Alloy 2195 (lot A) £ 8
= :
Treatment No. Stretch, % Aging treatment g %
1 3 SHT + 148°C/18h < SN -
2 3 SHT + 143°C/30h s L i e
3 3 SHT + 143°C/26 h 125 10 [ Hardness |-+
4 3 SHT + 127°C/5h + TR t0 135 °C . C
(0.56°C/h) + 135°C/5h + TR to s R .
143°C (0.56 °C/h) + 143°C/25 h 190 Liii N S N R i iiilsg
5 3 SHT + 127°C/5h + TR t0 135 °C 1 10
(0.56°C/h) + 135°C/5h + TR to Aging Times (H
143 °C (0.56 °C/h) + 143 °C/15h ging Times (Hours)
SHT, solution heat treat; TR, temperature ramp Fig. 7 Hardness increases as aging time increases for Alloy

2195 with multistep heating-rate controlled aging
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and onéd’ (or@'") variant were oriented edge on to the beam, so ues peaked at different times and that the shape of the hard-
that their size and distribution could be readily determined. ness curves were quite different. Transmission electron mi-
croscopy examination indicated that MSRC aging changed
the size and distribution of strengthening precipitates in the
4. Results matrix. . -
Transmission electron microscopy was also used to investi-

. . ate microstructures produced by conventional and MSRC ag-
4.1 Aging Response and Microstructure igng. The matrix conF':ainedI'1 (AXzCuLi), 6" (Al,Cu), 6" ’

The Alloy 2195 plate had a grain structure that was unre- (Al,Cu),B’ (Al3Zr), &' (AlLi), and S (Al,CuMg), withT, as the
crystallized, coarse, and pancake shaped, with dimensions ~5@rimary strengthening phase. All matrix microstructures were
pm thick, ~500um wide, and several millimeters long in the similar. However, selected area diffraction patterns showed
rolling direction (Fig. 6). Figure 7 gives hardness variation as a that MSRC aging produced much stronger diffracted streaking
function of aging treatment, which shows that the hardness val-intensities o'’ than conventional aging (Fig. 8). Transmission

(b)

Fig. 9 Transmission electron microscopy micrographs show-

Fig. 8 Transmission electron microscopy selected area diffrac- ing matrix microstructure of (a) treatment No. 3 (conventional
tion pattern of matrix microstructure of (a) treatment No. 3 (con- aging) and (b) treatment No. 4 (multistep heating-rate control-
ventional aging) and (b) treatment No. 4 (multistep heating-rate led, or MSRC, aging). Note numero@iswith plate diameters
controlled, or MSRC, aging) . Camera length 150 cm <10 nmin (b) as a result of MSRC aging.

6860 Volume 7(5) October 1998 Journal of Materials Engineering and Performance



electron microscopy bright field micrographs confirmed this mens (Fig. 11). This trend is consistent with behavior observed
observation, showing mo@' produced by MSRC aging than in most aluminum-lithium alloys, in which toughness generally
by conventional aging (Fig. 9). The intensity of diffraction decreases as strength increases. However, this decrease was not
spots for other phases (suchlgsd', 8") were comparable for  as marked in the MSRC aged alloy as in the conventionally
both aging techniques. However, MSRC aging appears to pro-aged alloy. When YS exceeded 510 MPa (74 ksi), cryogenic
mote finerT; precipitates. Therefore, MSRC aging is believed toughness decreased drastically as strength increased. Cryo-
to enhance the nucleationDf precipitate, as it did fa"". genic toughness at high strength levels was considerably im-
A substantial difference was found in the subgrain boundary proved by the MSRC aging treatment, which can be optimized
microstructures. In the conventionally aged alldy,had a to increase fracture toughness by more than 15%.
higher density in the subgrain boundaries than in the matrix  |n order to further evaluate the repeatability and effective-
(Fig. 10). In the MSRC aged alloy, the grain boundaries were ness of this new aging treatment, testing was performed on
mostly devoid ofT;, and the subgrain boundaries were gener- three more lots of Alloy 2195 (lots B, C, D) that received aging
ally separated by pile-up dislocations (Fig. 10b). WHgrec- treatments No. 3 and 4. Again, the new aging treatment dem-
casionally existed at subgrain boundaries, it was not as dense agnstrated its effectiveness in improving CFT and FTR and sig-

T, precipitate in the matrix. This significant finding clearly pjficantly improved the cryogenic fracture toughness values
showed that MSRC aging can produce the same hardness levelgig. 12).

as conventional aging while preventing substartjgirecipi-

. . ) Fracture surfaces of the conventionally aged alloy were pri-
tation at subgrain boundaries.

marily transgranular at ambient temperature (Fig. 13). How-
ever, intergranular fracture increased when YS exceeded 517
4.2 Mechanical Properties and Fractography MPa (75 ksi) and si_gnificantly increased at—196 °C (—32Q °F).
MSRC aged alloy displayed fracture surfaces that were primar-
Various heat treatments were tested for tensile and fracturely transgranular, regardless of strength level or test environ-
toughness (Table 2) (Fig. 11). Increases in YS progressively re-ment. (Compare Fig. 13a and 12b, which show overload fracture
duced fracture toughness at ambient temperature for all speciregions immediately adjacent to the precrack boundaries.)

Table 2 Aging treatment and mechanical properties of Alloy 2195 (lot A)

Treatment  Yield strength,  Ultimate tensile strength, Elongation, Ambient Cryogenic Fracture toughness ratio
No. MPa MPa % Kc(MPavm) Kc(MPavm) (cryogenic/ambient)(a)

1 520.0 544.1 7.4 34.25 31.83 0.93

2 531.0 530.3 8.1 30.59 30.35 0.99

3 520.1 538.6 7.9 33.78 33.18 0.98

4 531.2 533.1 7.9 33.41 34.84 1.04

5 509.6 531.7 10.5 34.07 37.26 1.09

(a) Ratio of cryogenic toughness to ambient temperature toughness

(@)

Fig. 10 Transmission electron microscopy micrographs showing subgrain boundary microstructure of (a) treatment No. 3 (conventional
aging) and (b) treatment No. 4 (multistep heating-rate controlled, or MSRC, aging). Note much higher dépgitgapitate in (a) due to
conventional aging.
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5. Discussion

ambient temperature. Fracture toughness is known to be di-
rectly related to microstructure and YS at ambient temperature.

This study demonstrates that appropriate aging treatmentiowever, little information is available to correlate cryogenic
can be used to control the microstructure of aluminum-lithium toughness and FTR to microstructure. The literature on alumi-
alloys, resulting in higher fracture toughness at cryogenic thannum alloys suggests that temperature can improve, deteriorate,
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Fig. 11 Fracture toughness improves at the same level of yield
strength at ambient and cryogenic temperatures
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Fig. 12 Cryogenic fracture toughness data for lot B, C, and D,
obtained using conventional (treatment No. 3) and multistep
heating-rate controlled (MSRC) aging (treatment No. 4). As
shown, the MSRC aging can improve cryogenic fracture tough-

ness by up to 26%, depending on the original toughness values.
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or fail to affect their fracture toughness, depending on chemical

composition, microstructure, and stress state (Ref 7, 8). In this
study, the chemical composition and stress states were identi-
cal, and the only variable was microstructure.

Here, the conventionally aged alloy developed a signifi-
cantly decreased FTR and fracture toughness at a YS of 531
MPa (77 ksi) (Fig. 10). The MSRC aged alloy retained a posi-
tive FTR (~1.04) at nearly the same YS. This difference can be
explained by differences found in the microstructures of these
alloys, as all specimens had the same chemical compositions

(b)

Fig. 13 Scanning electron microscopy images of microscopic ap-
pearance, showing distribution of intergranular and transgranular
area in (a) conventional aged specimen (treatment No. 3) and (b)
multistep heating-rate controlled aged specimen (treatment No. 4)

Journal of Materials Engineering and Performance



and stress states. Their major difference lies in subgrain boundunchanged, the only factors that could affect the toughness
ary precipitation, because MSRC aging changes the size andvere matrix and grain boundary precipitates.
distribution of strengthening precipitates in the grain interior Fractographic examination showed that better fracture
and subgrain boundaries. Conventional and MSRC aging pro-toughness accompanied a change from intergranular to trans-
duce different mechanical properties that can be qualitatively granular fracture, which suggests that subgrain boundary pre-
correlated to microstructural characteristics (e.g., type, size,cipitates are responsible. In aluminum alloys, temperature may
distribution, and density of strengthening phaBeand6"). improve, deteriorate, or fail to affect the strength-toughness re-
The total number of embryos that can precipitate increases aationship. In Alloy 2195, fracture toughness generally in-
temperature decreases. Thus, initial holding at low temperaturecreases as temperature decreases, due to YS and ultimate
(with high undercooling) is expected to increase the number oftensile strength (UTS) increases, strain hardening exponent,
precipitate embryos. The low heating rate 0.556 °C/h (1 °F/h) and fracture strain. These trends could reverse when substantial
permits sufficient time for embryos to grow above a certain @amounts of precipitates occur at the grain boundaries.
critical size, whereupon they become stable nuclei that con-  This study strongly suggests that Alloy 2195 has inherently
tinue to grow during the course of aging without considerable positive FTR, with fracture toughness that should always be
dissolution into solid solution. If only two-step isothermal ag- higher at cryogenic than at ambient temperatufe ifrecipita-
ing is used, the embryos that form at lower temperatures ardion can be prevented at subgrain boundaries. It is not clear
subject to dissolution at higher temperatures, due to the differ-whether clean subgrain boundaries alone can account for this
ence in solid solubility. toughness, but subgrain boundary precipitates are present in
During MSRC aging, continuous heating enables precipi- low-toughness material and absent in high-toughness material.
tate particles to coarsen slowly without dissolving, thereby de- ~ Thus, subgrain boundary precipitation is probably the most
creasing the total number of precipitates. As temperaturesimportant factorlnfll_Jencmg cryogenic _fracture toughness. The
continue to rise,T; will eventually nucleate at subgrain Presence of subgrain boundary precipitates may be due to alloy
boundaries and start to grow. However, this treatment allowsS0MPposition, as well as microstructural changes produced by
matrix T, to precipitate and grow before the subgrain boundary TMP (i.e., degree of recrystallization and grain size) or heat

T, precipitates do. Early coarsening of maffixgreatly re- treatment (i.e., solutipning anq aging treatments). AIon'prop-
duces the concentration of matrix copper and lithium, hinder- €7tiés could be considerably impacted by any change in sub-
ing the growth of subgrain boundaFy in a diluted Al-Cu-Li grain boundary microstructure produced by these factors.

Therefore, as a precautionary measure, subgrain boundary pre-
cipitation should be avoided in alloys intended for cryogenic
gervice conditions.

solid solution.

Multistep heating-rate controlled aging improves fracture
toughness at ambient temperature, which can be explained by
series of observations that fit with a simple model based on the
damaging effect of grain boundary precipitates, as developed6. Summary
by Embury and Nes (Ref 9). Their model predicts the value of
fracture toughness in materials containing a high area fraction
of incoherent grain boundary precipitates in a soft precipitate-'
free zone (PFZ) of unspecified width. They suggest that, when
the grain boundary shear strgjmeaches a critical value (given
by y; = [(L/A;)0-5— 1]/2 whereX; is the area fraction of incoher-
ent grain boundary precipitates), the voids around each particle
coalesce, whereupon the sample fractures. The energy ab-
sorbed upon fractu@c (~K2/E, with E being the elastic modu-
lus) should be given b = o*y; = 0* [(1/A;)%-5- 1]/2 (Ref
9), whereo* was taken as a stress in the order of the ultimate
tensile strength (UTS). Unwin and Smith (Ref 10) also ob- *
served thak2 increased linearly with (&)°-° A similar trend
was observed in this study, where MSRC aging led to improve-
ments in fracture toughness that were much more significant at
cryogenic than at ambient temperature. *

In aluminum-lithium alloys, improved cryogenic toughness
has been correlated to such factors as solidification of low-
melting point impurities (Ref 11), reduced strain localization in
closer and more widely spaced slip bands (Ref 12), increased
homogeneity of plastic deformation from increased strain hard-
ening capacity (Ref 13), and delaminating toughening on frac- References
ture surfaces (Ref 14, 15). However, these mechanisms do not; ;5 Pickens, W.T. Tack, F.W. Gayle, and J.R. Mais@rueed-
account for observed differences in the relationship between  ings of the 1994 Conference on Advanced Earth-to-Orbit Propul-
grain boundary precipitation and toughness in alloys with dif- sion TechnologASA/MSFC, 57, 1994

ferent aging treatments. Because alloy chemistry, ther- 2. p.s.Chen, “TEM Investigation on Fracture Toughness Variation
momechanical processing, grain size, and YS remained in Al-Li Alloy 2195,” IITRI/MRF, NASA/MSFC, 1994

Size and density df; precipitates at subgrain boundaries
are major contributors to fracture toughness and FTR. A
MSRC aging treatment for solution-treated and stretched
Alloy 2195 improves fracture toughness at cryogenic tem-
peratures. The MSRC aging alloWgsto nucleate preferen-
tially in the matrix and grow steadily without returning to
solution, reduces growth kinetics of subgrain boundary
(as well as the timespan available for its growth), and de-
creased distribution density at subgrain boundaries.

This MSRC aging treatment achieves high strength by pro-
moting T, and®’ nucleation in the matrix so the total num-
ber density of precipitates is higher than that seen in
conventionally aged materials.

The MSRC aging treatment reduces the length of time that
the materials are exposed to high temperatures, constrain-
ing T, nucleation and growth at subgrain boundaries and
permitting the material to achieve much improved cryo-
genic fracture toughness.
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