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Mechanisms influencing the plane-strain fracture toughness behavior of commercial 
aluminum-lithium alloys at cryogenic temperatures are investigated as a function of micro- 
structure and plate orientation. It is confirmed that certain alloys show a marked increase in 
tensile ductility and toughness with decrease  in temperature, although such behavior is not found 
in the short-transverse orientations, nor for all alloys and aging conditions. Specifically at 
lower temperatures, the majority of A1-Li alloys, namely 2090-T8E41, 8091-T8X, 8090-T8X, 
and 2091-T351, show a significant increase in fracture toughness in the in-plane orientations 
(L-T,T-L), without any apparent change in fracture mode. Such behavior is attributed primarily 
to loss of through-thickness constraint resulting from enhanced short-transverse delamination 
(termed crack-divider delamination toughening), consistent with observed reductions in plane-strain 
ductility and short-transverse (S-L,S-T) toughness. Conversely, in underaged microstructures of 
8091, 8090, and peak-aged 2091, a decrease in toughness with decreasing temperature is found 
for both L-T and S-L orientations, behavior which is associated conversely with a fracture-mode 
change from ductile void coalescence to brittle transgranular shear and intergranular delami- 
nation at lower temperatures. 

I. I N T R O D U C T I O N  

T H E  rapid development of advanced aluminum-lithium 
alloys in recent years has been driven largely by nu- 
merous potential structural applications in the aerospace 
industry requiring high-strength, high-modulus, and low- 
density metallic materials. More recently, however, there 
has been increasing interest in the cryogenic properties 
of these alloys, following reports of a marked increase 
in ductility, fatigue resistance, and especially fracture 
toughness with decrease  in temperature from ambient to 
4 K. l~-5] Thus, although developed primarily as low-density 
high-strength airframe materials, AI-Li alloys have 
additionally become attractive candidate materials for 
liquid-hydrogen, -oxygen, and -natural gas fuel tanks, 
in particular for existing and future transatmospheric and 
hypersonic aircraft applications. 

The mechanistic origin of the significantly improved 
cryogenic properties of aluminum-lithium alloys cur- 
rently is uncertain, although behavior is not unlike other 
high-strength aluminum alloys (e .g . ,  2219) which dis- 
play somewhat higher Kit values at lower tempera- 
tures, t61 Explanations based on higher strain-hardening 
rates, associated with more homogeneous plastic defor- 
mation, t7,81 and solidification of Na, K, H-rich liquid 
phases at grain boundaries I2'3'91 have been proposed for 
A1-Li alloys, although such suggestions seemingly are 
inconsistent with results 14'~~ which show increased  low- 
temperature fracture toughness for the longitudinal 
(L-T,T-L) orientations but decreased  toughness for the 
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short-transverse (S-L,S-T) orientations. The latter ob- 
servations led to proposals t4,1~ that the effect was asso- 
ciated more with a greater tendency for short-transverse 
cracking along high angle grain boundaries at low tem- 
peratures, similar to the early work of Carman et al. llll 
on the toughness of 7075-T6. Such increased short- 
transverse cracking leads to enhanced crack deflection II~ 
and, more importantly, to delamination perpendicular to 
the crack plane t4,'~ for fracture in the L-T and T-S ori- 
entations, as illustrated for the crack-divider and crack- 
arrester orientations, respectively, in Figure 1. 

Since extensive low-temperature fracture-toughness data 
on commercial aluminum-lithium alloys are not readily 
available in the literature, the prime objective of the 
present study is to examine whether the excellent cry- 
ogenic deformation and toughness properties reported for 
2090-T8E41 ~l.7.~~ are common to other A1-Li alloys. 
Moreover, as grain structures in these materials vary in 
their degree of coarseness, recrystallization, and texture, 
all factors which may markedly affect the extent of short- 
transverse cracking, the intent is to study the temperature- 
dependence of the toughness as a function of  
microstructure and plate orientation in order to evaluate 
the mechanisms of toughening resulting from delami- 
nation perpendicular to crack plane. 

II. EXPERIMENTAL PROCEDURES 

A .  Mater ia ls  and Micros t ruc tures  

Commercial 11 to 16 mm thick plates of aluminum- 
lithium alloys 2090, 2091, 8090, and 8091, of composi- 
tion shown in Table I, were studied in the naturally-aged 
T351 (underaged) and peak-aged T8X conditions; heat 
treatments are summarized in Table II. 

Microstructural characterization, performed using op- 
tical and transmission electron microscopy, revealed a 
wide range of precipitates, as summarized in Table III 
and discussed in detail elsewhere, t12 ,61 All alloys showed 
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Fig. 1--Terminology u ~ d  to describe the various orientations for crack 
extension in an anisotropic material containing specific planes of  
weakness in one direction. Note that the L-T and T-L orientations 
correspond to crack divider, T-S and L-S to crack arrester, and S-L 
and S-T to crack delamination (or short-transverse). 

a highly anisotropic grain structure (e.g., Figure 2), with 
pancake-shaped grains elongated in the rolling direction; 
grain sizes were fairly coarse, typically 500/xm wide by 
50/xm thick by several millimeters long, except in 8091 
where they were considerably smaller. All structures were 
unrecrystallized, except in 2091 where some degree of 
recrystallization was evident. Strong deformation tex- 
tures are seen in all alloys due to prior cold working 
processes; these textures have been found to be predom- 
inantly of  the brass type ({110}(112)) with evidence 
of weaker S ({123}(634)) and copper ({112}(111)) 
types . l~7 ,  ~8.w] 

The alloys were strengthened by very fine, homoge- 
neous, matrix distributions of  coherent, ordered, spher- 
ical 6' (A13Li) precipitates and/3 '  (A13Zr) dispersoids in 
the underaged T351 tempers. On aging to a peak-aged 
T8 condition, coarsening of 6' precipitates was apparent, 
together with the matrix precipitation of T, (AI2CuLi) 
and 0'-like (AI2Cu/AlzCuLi) plates in 2090 (Figures 3(a) 
and (b)). Also evident was fine precipitation of Tl plates 
along subgrain boundaries with narrow 6'-precipitate- 
free-zones (PFZs) of  less than - 1 0 0  nm in width. In the 
Mg-containing alloys (except 2091), Tl and 0' plates were 
replaced by S (A12CuMg) or S' (precursor to S) laths in 
the matrix (Figure 3(c)). In 8090-T8X, this resulted in 

a small degree of precipitation along high-angle grain 
boundaries and the consequent formation of small ( - 5 0 0  
nm) 6'-PFZs; in 8091-T8X, grain-boundary precipitation 
was more extensive and PFZs were correspondingly wider 
(--1 /zm) (Figure 3(d)). Conversely, in 2091, artificial 
aging only coarsened the 6'-precipitates in the matrix 
without any evidence of S' or Tl precipitates. 

B. Mechanical Properties 

Fracture-toughness testing was performed in accor- 
dance with ASTM Standard E 399-83* with 6 to 8 mm 

*Although not specified in the Standard, due to the limited plate 
thickness, it was necessary to use DCB specimens for all short-transverse 
tests. 

thick compact C(T) and single-edged-notched bend 
SEN(B) samples loaded in four-point bending, for the 
L-T and T-S orientations and double-cantilever-beam 
(DCB) specimens for the S-L orientation. All specimens 
were initially fatigue precracked, at a load ratio (R = 
gmin/Kmax) o f  0 . 1 ,  tO a crack length-to-specimen width 
ratio (a/W) of 0.45 to 0.55, and tested at both ambient 
(298 K) and liquid-nitrogen (77 K) temperatures. All re- 
sults represent plane-strain values, except where noted. 
Corresponding uniaxial tensile properties (longitudinal L 
direction) were assessed using 6.4-mm-round tensile 
specimens with a 25 mm gage length. Ambient- 
temperature mechanical properties are included in 
Table IV. 

Fatigue-precracked compact C(T) specimens of 2090- 
T8E41, with varying thickness between 0.5 and 13 mm, 
were used to study the influence of thickness on fracture 
toughness; anti-buckling guides were employed to pre- 
vent out-of-plane shear in the thinner geometries. Since 
the through-thickness strength variations of  commercial 
A1-Li alloy plate can be as large as 20 pet, rlTj all spec- 
imens were machined from the plate midsection. 

Additional tests were performed at 298 and 77 K on 
circumferentially-notched tensile samples, with notch-root 
radii, p, varying between 0.6 and 3.2 mm,  to evaluate 
the influence of stress state on ductility. 12~ Strains were 
monitored continuously at the diameter at the notch root 
using a diametral extensometer; fracture strains were 
measured from the average cross-section at failure and 
computed from the Bridgman analysis as t2~j 

t ~ , = 2 1 n ( r ~  t [1] 
\ r m i n /  

where ~p is the equivalent plastic strain and r0 and rm,n 
are the initial and minimum radii of the notched cross- 
section. With this geometry, the stress-state at the center 
of the specimen, defined in terms of the ratio of hydro- 
static stress, or, to equivalent stress, 6", is given by 

Table I. Nominal Chemical Compositions of Commercial Aluminum-Lithium Alloys Investigated (Wt Pct) 

Li Cu Mg Zn Fe Si Ti Zr AI 

Alcoa 2090 2.05 2.86 0.01 0.005 0.02 0.01 0.02 0.12 bal 
Pechiney 2091 1.7 to 2.3 1.8 to 2.5 1.1 to 1.9 0.25 0.3 0.2 0.1 0.04 to 0.16 bal 
Alcan 8090 2.50 1.30 0.70 - -  0.2 0.1 - -  0.12 bal 
Alcan 8091 2.60 1.90 0.90 - -  0.1 0.1 - -  0.12 bal 
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Table II. Heat Treatments Utilized on Commercia l  Alloys 

Alloy Condition Heat Treatment 

2090 T8E41 (peak aged) 
OA (overaged) 

2091 T351 (underaged) 
T8X (peak aged) 

8090 T351 (underaged) 
T8X (peak aged) 

8091 T351 (underaged) 
T8X (peak aged) 

solution treat, 6 pct stretch, 
T8E41 + 1000hat  163~ 

solution treat, 3 pct stretch, 
solution treat, 3 pct stretch, 

solution treat, 3 pct stretch, 
solution treat, 3 pct stretch, 

solution treat, 3 pct stretch, 
solution treat, 3 pct stretch, 

aged 24 h at 163 ~ 

naturally aged* 
aged 10 h at 135 ~ 

naturally aged* 
aged 16 h at 190 ~ 

naturally aged* 
aged 16 h at 190 ~ 

*Tested in stable condition approximately six months after solution treatment and stretching. 

tr/6" = - + In 1 + 
3 2p / 

[2] 

C. Fractography 

Scanning electron microscopy (SEM) was performed 
on all fractured samples to elucidate the failure mecha- 
nisms. In addition, metallographic sections were taken 
of the crack-path morphology, both parallel and perpen- 
dicular to the crack-growth direction. Parallel sections 
were taken at the specimen mid-thickness, with the cracks 
impregnated with epoxy for better edge retention. 

I I I .  R E S U L T S  

A. Uniaxial Tensile Properties 

Uniaxial tensile properties of the commercial AI-Li al- 
loys at 77 and 298 K are compared in Table IV. Yield 
and tensile strengths show a --10 to 40 pct increase at 
77 K; surprisingly, elongation values show a larger in- 
crease by --10 to 75 pet and strain-hardening coefficients 
by a factor of approximately two. Thus, in the L direc- 
tion examined, strength, ductility, and strain-hardening 
rates all increase with decrease in temperature. All ten- 
sile failures at 77 K were seen to occur at maximum 
load, without evidence of any necking prior to fracture. 

B. Fracture-Toughness Properties 

Plane-strain fracture-toughness data also are listed in 
Table IV. It can be seen that, at both low and high tem- 
peratures, Kit values for the L-T (crack-divider) orien- 

tation exceed those for the S-L (crack-delamination) 
orientation by between 18 and 375 pct; additional results 
in 2090-T8E41 show that the toughness in the T-S (crack- 
arrester) orientation exceeds that in the L-T orientation 
by 80 pct. t lowever, the low-temperature strength- 
toughness properties of all A1-Li alloys in the L-T ori- 
entation, except 8090-T351 and 8091-T351, are superior 
to those of traditional high-strength aluminum alloys t221 
(Figure 4). However, not all alloys show increasing 
toughness with decreasing temperature. As illustrated in 
Figure 5, compared to ambient-temperature behavior, only 
2090-T8EAI, 2091-T351, 8090-T8X, and 8091-T8X have 
higher Ktc values at 77 K in the L-T orientation; con- 
versely, 2091-T8X, 8090-T351, and 8091-T351 display 
the more common behavior of  lower toughness values at 
the lower temperature. However, all alloys show a small 
decrease in toughness with decreasing temperature for 
the short-transverse (S-T) orientation.* 

*It should be noted that data points were obtained only at 77 and 
298 K, except in 2090. However, studies on 8090 TM also have shown 
similar monotonic trends over this temperature range. 

C. Fractography 

A distinction between alloys which show increasing 
rather than decreasing toughness at lower temperatures 
is evident from observations of fracture-surface and crack- 
path morphology. Illustrated in Figure 6 are the fracture 
surfaces for 2091-T8X at 298 and 77 K in the L-T (crack- 
divider) orientation. Clearly apparent is a change from 
ductile fracture (microvoid coalescence around cracked 

Table III. Summary of the Grain-Size Dimensions and ,Strengthening Precipitates in Aluminum-Lithium Alloys 

Grain Sizc 

Alloy L (mm) T (p.m) S (/zm) Primary Hardening Precipitates 

2090-T8E41 2 to 3 500 50 

2091-T351 1 to 2 600 40 
209 I-T8X 

8090-T351 1 to 2 350 40 
8090-T8X 

8091-T351 0.25 65 25 
8091-T8X 

8'(AI3Li), TI(A12CuLi), 0'(AI2Cu), fl'(Al3Zr) 

6'(Al3Li), /T(Al3Zr) 
6'(Al3Li), /3'(A13Zr) 

8'(Ai3Li), fl'(AiaZr) 
6'(Al3Li), Tl(A12CuLi), S'(AI2CuMg), fl'(Al3Zr) 

6'(AlsLi), /3'(A13Zr) 
6'(Al3Li), S'(AIECuMg), /3'(Al3Zr) 

METALLURGICAL TRANSACTIONS A VOLUME 20A. MARCH 1989--487 



Fig. 2--Typical three-dimensional microstructure of commercial 
aluminum-lithium alloys, showing unrecrystallized, pancake-shaped 
grains, elongated along the rolling direction. Optical micrograph ob- 
tained for 2090-T8E41 alloy, using Keller's reagent etch. 

or uncracked Fe-Cu-rich intermetallics and constituent 
particles, with large macroscopic shear lips) at 298 K to 
brittle transgranular shear failure (with intergranular de- 
lamination bands or secondary cracks running parallel to 
the crack-growth direction and normal to the short- 
transverse direction) at 77 K, a transition which induces 
a marked change in crack-path morphology (Figures 6(c), 
(f) and 8(a), (b)). Such behavior is typical of  micro- 
structures which have lower fracture toughness (L-T) at 
cryogenic temperatures, namely 2091-T8X, 8090-T351, 
and 8091-T351. 

Conversely, microstructures which show higher frac- 
ture toughness (L-T) at cryogenic temperatures, namely 
peak-aged 2090, 8090, 8091, and underaged 2091, 
undergo no such fracture-mode transition over the tem- 
perature range 77 to 298 K; a coarse transgranular shear 
mechanism, with limited regions of void coalescence 
(around Fe- and Cu-rich intermetallics in 2090) prevails 
at 77 and 298 K, although the incidence and extent of 
the intergranular (short-transverse) delamination cracks 
are markedly enhanced at the lower temperatures 
(Figure 7). The distinction between these two types of 
behavior is further exemplified in Figure 8. 

Fracture surfaces for the S-L orientation, on the other 
hand, are totally intergranular for all alloys, and in- 
volve a brittle delamination-type failure, decorated with 
interdispersed 1 to 5 /xm diameter Fe-/Cu-rich inter- 
metallic particles, I231 at both high and low temperatures 
(Figure 9). 

IV. DISCUSSION 

The present results provide clear confirmation that 
commercial aluminum-lithium alloys, specifically 2090- 
T8E41, 2091-T351, 8090-T8X, and 8091-T8X, show a 
marked improvement in strength, ductility, and (L-T) 
fracture toughness with decrease in temperature. How- 
ever, the beneficial low-temperature toughness proper- 
ties are not seen in the short-transverse orientations 
and are not apparent at all in certain alloys, namely 
2091-T8X, 8090-T351, and 8091-T351, which show a 
fracture-mode transition from ductile fracture (microvoid 
coalescence) at 298 K to transgranular-shear mode at 77 K. 

These observations, that the temperature dependence 
of Ktc differs with both orientation and alloy composi- 
tion/aging condition, would appear to rule out certain 
published explanations t2'3'7-91 for the increase in tough- 
ness with decreasing temperature in AI-Li alloys. For 
example, Webster t2,3,91 has claimed that the effect is due 
to the solidification of grain-boundary Na-, K-, and 
H-rich liquid phases at lower temperatures, an expla- 
nation inconsistent with the observed lower short- 
transverse toughness at 77 K and with the fact that the 
effect can occur in either underaged or overaged micro- 
structures, depending upon the alloy composition. Ex- 
planations based on an increased homogeneity of slip, tTj 
on the other hand, are consistent with the observed 
increase in strain-hardening coefficients at lower tem- 
peratures, although the higher hardening rates would 
impart a beneficial influence on fracture toughness only 
if the fracture mode is strain-controlled; tl~ however, 
the explanation is inconsistent with the fact that all alloys/ 
aging conditions show increased strain-hardening coef- 
ficients at 77 K, but not all alloys show an increase in Ktc. 

In view of the present results, explanations based on 
the fracture mechanism 14'1~ would appear to be far more 
credible. First, A1-Li alloys, which exhibit a transition 
with decreasing temperature from ductile tearing (void 
coalescence) to brittle transgranular shear (with inter- 
granular delamination) (Figures 6 and 8), would be ex- 
pected to show higher (L-T) Klc values at 298 K from 
an increased contribution to the work of fracture from 
the plastic deformation involved in the tearing process; 
such behavior I241 has been reported previously for 7075- 
T6 and 7475-T6 alloys which show such a fracture-mode 
transition and is generally the expected behavior for the 
fracture of metals. Conversely, the AI-Li alloys, which 
have lower (L-T) KIc values at 298 K, exhibit no ap- 
parent change in macroscopic fracture mechanism; the 
fracture morphology remains brittle transgranular shear 
at both 77 and 298 K (Figures 7(a) and (b)), similar to 
reported behavior I6~ in 2219-T87 which also shows in- 
creasing toughness with decreasing temperature. How- 
ever, there is clear evidence in these alloys of enhanced 
short-transverse delamination, perpendicular to the main 
fracture plane (Figures 7(c) and (f)), at lower tempera- 
tures, consistent with the lower low-temperature tough- 
ness in the short-transverse orientations. 

The intergranular delamination is a result of the poor 
short-transverse strength, due to the large area fraction 
of weakened high-angle grain boundaries parallel to the 
rolling direction. Intergranular precipitation and asso- 
ciated ~'-PFZs, presence of undissolved Fe-Cu-rich 
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Fig. 3--Transmission electron micrographs of commercial aluminum-lithium alloys showing the prominent microstructural features. Centered 
dark-field images of (a) 8', composite/3'-8', and O' precipitates; (b) T~ plates in the matrix and along subgrain boundaries (indicated by arrows), 
in alloy 2090-T8E41; bright-field images (c) S' laths; (d) 8' PFZs (as shown by arrows) in peak-aged AI-Li-Cu-Mg-Zr alloy 8091 (centered 
dark-field images in (a) and (b)) were obtained using the 8' and T~ superlattice reflections, respectively. 

Table IV. Fracture Toughness and Tensile Properties* of Commercial  Aluminum-Lithium Alloys at 298 and 77 K 

Pct Fracture 
Yield Strength U.T.S.  Elongat ion  Toughness  St ra in-Hardening 

(MPa)  (MPa) (on 25 mm) Ktc (MPaN/m)  Exponent  (n) 

Alloy 298 K 77 K 298 K 77 K 298 K 77 K 298 K 77 K 298 K 77 K 

2090-T8E41 552 587 589 642 11 14 36 51 t (L-T) 0 .06 0.15 
17 15 (S-L) 
6 5 t  - -  (T-S) 

2090-OA 466 - -  527 - -  10 - -  22 24 (T-L) 
2091-T351 369 442 451 596 10 16 3 3 t  4 1 t  (L-T) 0 .12 0 .22 

19 17 (S-L) 
2091-T8X 425 483 481 610 8 14 4 6 t  4 4 t  (L-T) 0 .10  0.21 

25 16 (S-L) 
8090-T351 226 256 352 486 17 24 2 7 t  20 (L-T) 0 .19 0 .34 

16 17 (S-L) 
8090-TSX 482 - -  534 - -  6 - -  36 38 (L-T) 0 .08 - -  

13 12 (S-L) 
8091-T351 309 382 417 572 11 14 3 8 t  28 (L-T) 0 .16 0.28 

17 10 (S-L) 
8091-T8X 537 574 581 697 6 12 20 38 (L-T) 0 .07 0.18 

9 8 (S-L) 

*L direction. 
tKq values not meeting the ASTM plane-strain thickness criterion. 
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Fig. 4---Combination of  yield-strength and fracture-toughness prop- 
erties for commercial aluminum-lithium alloys at liquid nitrogen tem- 
peratures, showing a comparison with ambient temperature data on 
typical aerospace high-strength aluminum alloys (hatched region after 
Ref. 22). 

intermetallics (Figure 9), and lithium segregation to the 
grain boundary regions t251 have been identified as prom- 
inent reasons influencing the brittle intergranular fracture 
mode in these materials. Mechanistically, such fractures 
inevitably are stress-controlled, 1261 and, therefore, are 
promoted by factors which elevate the flow stress in the 
material. In the present alloys, this is achieved at low 
temperatures by both the increase in yield stress and the 
increase in strain hardening exponent)  ~~ 

It is considered that the incidence of such short- 
transverse delamination is primarily responsible for 
the improvements in fracture toughness in AI-Li al- 
loys lbr orientations in the rolling plane (L-T,T-L) at 
cryogenic temperatures. Similar to behavior in brazed, 
soldered, or adhesively-bonded multilayer metallic lam- 
inates, [27-nl granite rocks, l~31 as-deposited substrate- 
nucleated pyrolytic carbon, mj and in anisotropic 
materials where the toughness is low in the short- 
transverse (S-T,S-L) orientations,/35.36'37j the resulting 
delamination perpendicular to the crack plane leads to 
markedly increased fracture toughness in the T-S (crack- 
arrester) orientations through crack deflection/bifurcation 
at ~9 0  deg (the Cook-Gordon mechanism I3sl for crack 
stopping at weak interfaces) as shown for 2090-T8E41 
in Figure 10; it also can lead to increased toughness in 
the L-T or T-L (crack-divider) orientations due to loss 
of  through-thickness constraint (Figure 1). In the latter 
case, toughening is significant only when the through- 
thickness splitting causes a plane-strain fracture process 
to be divided in several parallel (thin-sheet) plane-stress 
fractures with higher K~ values; in high-strength/low 
toughness materials like pyrolytic carbon, mj even after 
through-thickness splitting, the ligaments between the 
delamination cracks remain in plane strain such that the 
toughness of the crack-divider orientation is only 
marginally above that of the short-transverse (presum- 
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Fig. 5--Variat ion in fracture toughness K~ with temperature for com- 
mercial aluminum alloys in both L-T and S-L orientations. Note how 
certain alloys (2090-T8E41,2091 -T351,8090-TSX, 809 I -TSX)  show 
an increase in L-T toughness with decreasing temperature, whereas 
the remainder (209 I-TSX, 8090-T351,8091-T351 ) show a decrease. 

ably, due to the additional work of delamination). How- 
ever, in aluminum-lithium alloys where plane-strain 
conditions are mostly met for thicknesses in excess of 
typically --5 mm,* crack-divider "delamination tough- 

*Plane-strain conditions, as per ASTM E 399 recommendations, 
are assumed for specimen thicknesses (B) in excess of 2.5 (K,c/o'~) ~, 
where o'~ is the yield strength. 

ening" is clearly a reality. In addition, such delam- 
ination can increase the degree of in-plane crack 
deflection, which provides a further contribution to 
toughening, l~~ Using 2090-T8E41 as a model material, 
we now examine these mechanisms in greater detail. 

A. Crack-Arrester Orientations 

For the T-S (crack-arrester) orientation, an estimate of 
the toughness increase, compared to the L-T value, can 
be made by evaluating the effect of crack deflection per- 
pendicular to the crack plane (e.g. ,  shown in Figure I0). 
Following the linear-elastic solutions of  Cotterell and 

490--VOLUME 20A, MARCH 1989 METALLURGICAL TRANSA(_qlONS A 



Fig. 6- -Fractography and crack-path morphology for the L-T (crack-divider) orientation, typical of  alloys which show a fracture-mode transition 
between ambient and liquid-nitrogen temperatures (2091-T8X, 8090-T351, 8091-T351), showing ductile microvoid coalescence at 298 K ((a), 
(b), and (c)) and transgranular shear fracture at 77 K ((d), (e), and ( f ) ) .  Note the presence of  intergranular (short-transverse) delaminations at 
77 K. Fracture surfaces are for 2091-T8X. Arrow indicates general direction of  crack growth. 

Rice [39J for the in-plane deflection (tilt) of a crack through 
angle 0 (deflected segment small compared to crack 
length), the local Mode I and Mode II stress-intensity 
factors, kt and k2, are given in terms of their global  val- 
ues, Kt and Kit, and angular functions a o (0) as 

kt = all (0) KI + al2 (0) Ku 

kz = azl (0) K / +  a22 (0) Kit [3] 

Since KH is zero and first-order solutions for a~j (0) give 

all (0) = COS 3 (0/2)  

a21 (0) = sin(0/2) cos2(0/2) [4] 

such that the effective stress intensity ahead of a crack 
deflected through 90 deg is approximately 

Ke,  ~- (k~ + k~) l/z = 0.49 K/ I51 

Nonlinear-elastic solutions would suggest a slightly 

larger effect, t4~ Such simple modeling predicts that 
the toughness in the crack-arrester orientation should be 
elevated by a factor of  roughly two (1/0.49).  In 
2090-T8E41, the room-temperature L-T toughness is 
36 MPak/m;  the calculated KIc value for the T-S ori- 
entation is thus of  the order of  70 MPa~/-~, which is 
close to the measured value of 65 M P a V m .  

B. Crack-Divider  Orientat ions 

To model simply the magnitude of "delamination 
toughening" for the crack-divider (L-T) orientations, it 
is assumed that the material behaves like a laminate, where 
each of m ligaments, separated by the through-thickness 
splitting, sees a constant tensile stress. At failure, each 
ligament carries a load P, given in terms of the full spec- 
imen width W and thickness B, by 

P = (K~ B W l / 2 ) / { m f ( a / W ) }  [6J 
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Fig. 7--Fractography and crack-path morphology for the L-T (crack-divider) orientation, typical of alloys which show no fracture-mode transition 
between ambient and liquid-nitrogen temperatures (2090-T8E41, 2091-T351, 8090-T8X, 8091-T8X), showing transgranular shear fracture at 
298 K ((a), (b), and (c)) and 77 K ((d), (e), and (f)).  Note how the degree of intergranular (short-transverse) delamination is enhanced significantly 
at liquid-nitrogen temperatures. Fracture surfaces are for 2090-TSE41. Arrow indicates general direction of crack growth. 

where f (a /W)  is a function of the crack length-to-width 
ratio for the specific C(T) specimen geometry r42j and 
K~ is the fracture toughness of  a section of  thickness 
B/m. Since the total load can'ied by the full thickness is 
raP, the fracture toughness of the laminate will be K~. 
This constitutes a lower-bound estimate as it assumes no 
short-transverse strength. 

To evaluate this approach in the 2090-T8E41 alloy, 
fracture-toughness tests were performed at room tem- 
perature on 500 tzm to 13 mm thick specimens to assess 
the influence of thickness of  Kc; results are shown in 
Figure 11. It is apparent that the plane-strain toughness 
value (for thicknesses greater than --5 to 10 ram) of  
36 MPa k/m is increased progressively with decreasing 
test-piece thickness to a plane-stress value of approxi- 
mately 45 MPaX/m at a 500 /xm thickness, concurrent 
with the loss in constraint (triaxiality] ahead of  the 
crack tip. 

Applying these results to crack-divider (L-T) fractures 

in 2090 (Figure 7), it is seen that the mean spacing 
(thickness) of the ligaments between the major through- 
thickness splits at 298 K is approximately 3 mm; the Kc 
value at this thickness approaches that of plane strain, 
i.e., of the order of 36 MPak/m. In contrast, due to en- 
hanced short-transverse delamination, the mean spacing 
of the split ligaments at 77 K is less than 1 mm; the ap- 
propriate Kc for each ligament now is closer to the plane- 
stress value, i.e., of the order of 45 MPaX/~. Using 
these data, the fracture toughness of 2090 at 77 K would 
be predicted to be approximately 45 MPaX/m on the ba- 
sis of the observed delamination, an estimate which is 
reasonably close to the measured value of  51 M P a V ~ .  

Alternatively, an estimate of the toughness at 77 K 
can be made from the plane-strain K~,. value at 298 K 
through prediction of the plane-stress fracture toughness 
K~ relevant to the split-ligament size, using empiri- 
cal models of  Bluhm and others, t42'43,44J Based on as- 
sumptions regarding shear-lip (plane-stress) and fiat 
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Fig. 8 - - H ig h  magnification scanning electron micrographs of the overload fracture surfaces of  2091-T8X ((a) and (b)) and 2090-T8E41 ((c) and 
(d)) at ambient and liquid-nitrogen temperatures. Note in (a) and (b) the change in failure mode from ductile void coalescence to brittle trans- 
granular shear (interdispersed with intergranular, short-transverse cracking), typical of alloys that show lower toughness at lower temperatures, 
whereas (in (c) and (d)) alloys that show improved toughness at 77 K show no such transition; failure mode remains predominantly transgranular 
shear with brittle, intergranular cracking. Horizontal arrow indicates general direction of  crack growth. 

(plane-strain) fractures being predominantly volumetric 
and surface phenomena, respectively, and on the di- 
mensions of the plastic-zone size ahead of the crack tip, 
an expression for K~ can be derived as I451 

K~ / ~fE Bo 
= V 1  + ~ B [71 

where O'y and E refer to the yield strength and elastic 
modulus, respectively, and fj  is the true fracture strain 
appropriate to plane stress conditions (as estimated 
by the value under uniaxial tension). B is the thick- 
ness of the laminate, and B0 is the maximum thickness 
in which plane-stress (shear-lip) fracture can develop 
fully. For the alloy 2090-T8E41, where K,c at 298 K is 
36 MPaV/-~, o'~ = 552 MPa, ~y = 0.104, E = 
78.3 GPa, and the transition from fully slant to flat 
fracture occurs at --2 mm (obtained by metallo- 
graphically sectioning fractured test pieces of varying 
thickness), the model predicts values for K~ (B = 
1 mm), and hence the fracture toughness at 77 K, to be 
54 MPaV'-m, in excellent agreement (albeit fortuitously) 
with the measured value. 

As Kc tends to zero as B tends to zero (Figure 11), it 
should be noted that, if the short-transverse splitting be- 
comes too extensive, the thickness of the resulting lig- 

aments may become so small (e.g., - 1 0 0 / x m )  that the 
benefits of delamination (crack-divider) toughening may 
be compromised. This appears to be the case for over- 
aged 2090, where copious grain and subgrain boundary 
precipitation and the formation of  tS'-precipitate-free- 
zones t23j increases the tendency for delamination, such 
that the elevation in fracture toughness at 77 K is far 
smaller (~< 10 pct) than for the T8 condition. 

However,  both crack-arrester and crack-divider de- 
lamination toughening mechanisms are effective only for 
enhancing the crack-initiation K,c toughness (as opposed 
to the crack-growth resistance curve or tearing modulus 
toughness) if the crack deflection or delamination occurs 
prior to, or at the point of, crack initiation.* For the 

*ASTM E 399 specifications for valid Ktc measurements, however,  
do allow for crack growth of  up to approximately 2 pet of  the re- 
maining uncracked ligament for defining crack initiation. 

present alloys in the peak-aged condition, where little or 
no stable crack growth appears to precede this instabil- 
ity, deflection and delamination are seen at crack initi- 
ation. This is shown for crack-arrester toughening in 
Figure 10, where splitting along the weak short-transverse 
planes occurs at the tip of the precrack, and for crack- 
divider toughening in Figure 12, where the through- 
thickness delaminations are seen fractographically 
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Fig. 1 l--Variation in Mode I fracture toughness K~ with test-piece 
thickness B for 2090-T8E41 alloy in the L-T orientation at 298 K. 
Tests were performed on C ( T )  specimens, machined from the plate 
mid-thickness, using anti-buckling restraints to prevent out-of-plane 
sliding. 

immediately at the boundary between the precrack and 
overload fracture. Moreover, consistent with the argu- 
ments of Ritchie and Thompson 146l for nonstationary 
cracks, both mechanisms are expected to be more potent 
for improving the crack-growth toughness due to the na- 
ture of  the nonstationary crack-tip field, t471 

Fig. 9- - (a)  Fractography and (b) crack-path morphology for the S-L 
(crack-delamination) orientation, typical of all alloys at both 77 K and 
298 K, showing intergranular delamination-type failure. Fracture sur- 
faces are for 2090-T8E41 and show evidence of - 1  to 2-/~m-sized 
iron- and copper-rich intermetallic particles. Arrow indicates general 
direction of crack growth. 

Fig. 10--Delamination toughening in the crack-attester configuration 
due to crack deflection at the initiation of crack growth, along weak 
short-transverse planes in aluminum-lithium alloy 2090-T8E41. Ma- 
crograph obtained for the T-S orientation with a measured toughness 
value of 65 MPaX/mm. 

d fatigue pre-crack ~/~ overload fracture I i  

Fig. 12--Scanning electron micrograph in alloy 2090-T8E41 of the 
boundary (marked by the vertical arrows) between the fatigue pre- 
crack region and unstable crack growth due to overload fracture (dur- 
ing Kh. testing), for the crack-divider (L-T) orientation. Note the in- 
cidence of short-transverse dclaminations (marked by inclined arrows) 
immediately after the boundary, at crack initiation. Horizontal arrow 
represents the general direction of crack growth. 
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C. Tensile-Ductility Properties 

Further evidence that delamination toughening is pri- 
marily responsible for the enhanced cryogenic toughness 
of certain aluminum-lithium alloys can be gained by ex- 
amining the tensile-ductility properties. In fact, the ob- 
served improvement in uniaxial ductility at low 
temperatures also appears to be associated with loss of 
through-thickness constraint. Shown in Figure 13 are 
fractographs of f-,filed tensile specimens in the 2090-T8E41 
alloy, where the increase in ductility from 298 to 77 K 
is over 25 pct. Extensive short-transverse splitting again 
is evident at 77 K, but not at 298 K. 

However, when the ductility in 2090 is measured un- 
der conditions approaching full triaxial (plane-strain) 
constraint, i.e., at tr/dr ~ 2 using circumferentially- 
notched tensile specimens, no such splitting is observed 
before crack initiation and the ductility (equivalent frac- 
ture strain) now decreases (by - 4 0  pct) with decreasing 
temperature from 298 to 77 K (Figure 14). It is also ap- 
parent that the ductility is reduced by almost an order of 
magnitude by increasing the triaxial stress-state from that 
of uniaxial tension(tr/# = 0.3) to that approaching plane 
strain, a result consistent with the observed elevation in 
fracture toughness in thin sections (Figure 11). 
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Fig. 14--Influence of stress-state (tr/#) on tensile ductility (equiva- 
lent fracture strain, ~j) for 2090-T8E41 (longitudinal orientation) at 
298 K and 77 K. Note the decrease  in plane-strain ductility and in- 
crease  in uniaxial ductility with decrease in temperature. 

Fig. 13--Scanning electron micrographs of  the fracture surfaces of  
unnotched round tensile specimens of  2090-T8E41 (longitudinal ori- 
entation), tested at (a) 298 K and (b) 77 K, showing the presence of  
extensive short-transverse delamination at liquid-nitrogen temperatures. 

D. Microstructural Effects 

Finally, the salient microstructural factors in aluminum- 
lithium alloys, which include the degree of slip planar- 
ity, nature of matrix and grain-boundary precipitation, 
size of  precipitate-free-zones (PFZs), and extent of an- 
isotropy can have a dual effect on fracture toughness. 
First, marked planarity of slip generally is regarded as 
intrinsically detrimental to the toughness of ductile al- 
loys as it promotes earlier linkage of microvoids, yet in 
AI-Li alloys it may be beneficial extrinsically as it also 
promotes crack deflection and bifurcation, t481 Second, 
extensive grain-boundary precipitation and attendant PFZs 
similarly can be detrimental to toughness by promoting 
intergranular fracture,j49] especially in planar-slip 
materials, yet such precipitation also can promote 
short-transverse splitting, thereby improving the low- 
temperature toughness. The latter behavior is best shown 
by 8091-T8X, which exhibits widespread grain-boundary 
precipitation, - 1-/zm-wide lithium-depleted 6'-PFZs, t~21 
and correspondingly very low toughness (both L-T and 
S-L) at 298 K. However, at 77 K, the associated in- 
crease in short-transverse splitting results in a 90 pct in- 
crease in L-T toughness. Finally, anisotropy in the form 
of planes of weakness parallel to the rolling plane clearly 
is detrimental to short-transverse properties, yet this pro- 
vides the major contribution to crack-divider and crack- 
arrester delamination toughening. The peak-aged 
2090-T8E41 alloy with its strong deformation texture 
is perhaps the best example of this; apart from 8091- 
T8X, its short-transverse toughness properties are among 
the worst, yet, in the L-T orientation, it shows the high- 
est overall toughness over the temperature range from 
liquid nitrogen to ambient. In fact, in spite of limited 
short-transverse properties, 2090-T8E41 appears to ex- 
hibit an optimal combination of intrinsic properties (ho- 
mogeneous matrix precipitation, no grain-boundary 
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precipitation or PFZs) and extrinsic properties (crack- 
divider and crack-arrester delamination toughening), which 
result in the best combination of strength and toughness 
properties among commercial aluminum-lithium alloys. 

V. CONCLUSIONS 

Based on a study of the fracture-toughness and tensile 
behavior of commercial aluminum-lithium alloys, 2090- 
T8E41, 2091-T351, 2091-T8X, 8090-T351, 8090-T8X, 
8091-T351, and 809 I-T8X, at ambient (298 K) and cry- 
ogenic (77 K) temperatures, the following conclusions 
may be drawn: 

1. In all commercial alloys at both 298 and 77 K, the 
fracture toughness measured in the L-T (crack-divider) 
orientation was significantly higher (by 18 to 375 pet) 
than in the S-L (crack-delamination) orientation. 
Toughness values measured at 298 K in 2090-T8E41 
for the T-S (crack-arrester) orientation were 80 pct 
larger than the L-T value and 276 pct larger than the 
S-L value. 

2. All commercial alloys displayed increases in strength, 
uniaxial tensile-ductility, and strain-hardening rates 
with decrease in temperature from 298 to 77 K. 

3. Improvements in the plane-strain fracture toughness 
at cryogenic temperatures, however, are not typical 
of all commercial alloys. While alloys 2090-T8E41, 
2090-T351, 8090-T8X, and 8091-TSX showed such 
an increase in Kjc for the L-T orientation between 298 
and 77 K, alloys 2091-TSX, 8090-T351, and 8091- 
T351 conversely showed a corresponding decrease. 
The toughness of all alloys decreased with decrease 
in temperature for the S-L orientation. 

4. The reduction in fracture toughness (L-T orientation) 
with decrease in temperature, shown by alloys 2091- 
T8X, 8090-T35 l, and 8091-T35 l, was concurrent with 
a fracture-mode transition from ductile void coales- 
cence at 298 K to a transgranular shear fracture (with 
some evidence of short-transverse delamination) at 
77 K. 

5. The increase in fracture toughness (L-T orientation) 
with decrease in temperature, shown by alloys 
2090-T8E41, 2091-T35 l, 8090-T8X, and 8091-TSX, 
conversely was associated with no (macroscopic) 
fracture-mode transition; however, the degree of 
intergranular, short-transverse delamination (split- 
ting) on the fracture surface was enhanced signifi- 
cantly at 77 K, consistent with the observed decrease 
in S-L toughness. 

6. Analogous to the behavior of laminated materials, the 
increase in L-T toughness, shown by alloys 2090- 
T8E41, 2091-T351, 8090-T8X, and 8091-T8X with 
decrease in temperature, is ascribed primarily to a 
mechanism of crack-divider delamination toughen- 
ing. Essentially, the increased incidence of through- 
thickness (short-transverse) splitting at low 
temperature results in a loss of through-thickness 
constraint, causing the plane-strain fracture process 
to be divided into several parallel (thin-sheet) plane- 
stress fractures with higher Kc values. Thin-sheet 
(plane-stress) K~ values in 2090-T8E41 were found 

to be consistent with the observed increase in 
toughness. 

7. Similarly, the very high toughness values measured 
in 2090-T8E41 for the T-S orientation are ascribed 
to crack-arrester delamination toughening, where short- 
transverse splitting now causes a decrease in local 
stress intensity at the crack tip from crack deflection 
or bifurcation (through approximately 90 deg). 

8. The observed increase in uniaxial tensile ductility 
(L orientation) with decrease in temperature also ap- 
peared to be associated with loss of constraint from 
enhanced short-transverse delamination at 77 K. Ten- 
sile ductility values measured in 2090-T8E41 under 
more constrained conditions approaching plane strain, 
accordingly, were found to decrease at lower 
temperatures. 

9. Despite low short-transverse toughness, optimal 
strength/toughness (longitudinal) properties were found 
at both 298 and 77 K in the 2090-T8E41 alloy. Such 
behavior is attributed primarily to the anisotropic, un- 
recrystallized, and highly elongated grain structure 
(with homogeneous matrix precipitation) in peak-aged 
2090, which leads to poor short-transverse toughness 
but promotes crack-divider and crack-arrester delam- 
ination toughening, especially at cryogenic temper- 
atures, in the perpendicular orientations. 
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