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Abstract: Fatigue property of AFLi alloy after various heat treatment was investigated. The results show that the fa

tigue strength is enhanced with the age hardening progressing. Compared to the solution treated specimen, the fatigue

limit is improved to 136% for sub-ageing treated specimen and 155% for peak- ageing treated specimen, respectively. In

the meanwhile, the fatigue deformation becomes nomruniform with age hardening progressing. The fatigue cracks initiate

and propagate prior from the urruniform slip band, causing transgranular fracture or the mixed mode of transgranular frac

ture and intergranular fracture.
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1 INTRODUCTION

More than 80% of structural materials failures
are caused by fatigue failure directly or indirectly -
AFLi alloy has been used as a kind of new structural
space flight material because of its high strength and
low density [*Aflthough a lot of researches about AFLi
alloy 'iidbe been done in the past few years, the de
tailed study on the fatigue property Ras'not been done
so much. Especially, there was little research on the
fatigue crack initiating and propagating behavior. Be-
cause the strength of AFLi alloy could be affected ef-
fectively by the ageing treatment, the fatigue proper
ty of AFLi alloy after various ageing treatment is in-
vestigated in this work.

2 EXPERIMENTAL

The pure Al (> 99.99% ) and pure Li
(99.96% ) were melt at 800 C in Al,O3 crucible in
which the melted metal was protected with Ar gas.
Then, AFLi alloy cast ingot was made by being cast
into an iron mold. The chemical composition of cast
ingot was analyzed and shown in Table 1.

Table 1 Chemical composition of tested
AFLi alloy (mass fraction, %)

Li Fe Cu Mg K Al

1.82  0.0039 0.0094 0.0007 0.0031 Bal.

The cast ingots were uniformly treated at 570 C
for 24 h with Ar gas protection. Then, the surface

[1. 2]

layer of cast ingot was removed by machining. Then,
2. 3 mm thick board was made by proper cold and hot
roller working. The specimens were cut along the
roller working direction. After being solution treated
at 500 C for 1 h, the specimens were quenched into
ice water immediately, then they were ageing treated
under 3 kinds of conditions in oil furnace, and called
respectively as type A specimen ( solution treatment),
type B specimen (sub ageing treatment at 150 C, 24
h) and type C specimen ( peak ageing treatment at
150 C, 500 h), respectively.

The fatigue test was done with UF-15 Shimatsu
fatigue testing machine ( Stress ratio R= — 1, f= 30
Hz). The fatigue limit was defined as the fatigue
strength when the cycle number reached 10’. The
microstructure was observed and analyzed with Olym-
pus Optical Microscope and Hitachi X-650S SEM.
The grain size was measured by using Line Trunca
tion Method. The fractographic analysis was done

with Hitachi X-650S SEM.
3 RESULTS AND DISCUSSIONS

3.1 Fatigue strength of Al Li alloy affected by heat

treatment

The high cycle fatigue test was done by using
three kinds of typical heat treated specimens men-
tioned above. The fatigue test results are shown in
Fig. 1. The same fatigue test of the pure Al (>
99.99% ) was also done in order to compare the fa-
tigue property of the pure Al. Fig. 1 shows that, the
fatigue strength of Alis improved obviously by adding
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Fig. 1 Fatigue strength of pure Al and
AF1. 8% Li alloys

Lieven at the solution treatment state. Furthermore,
the fatigue strength increases gradually with increas-
ing ageing time.

Fig. 2 shows the change of the hardness of alloy
with the increasing of ageing time. The hardness in-
creases in initial stage with extending ageing time,
and reaches the peak when the ageing time reaches
around 500 h. These results match the experimental
results shown in Fig. 1 very well.
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Fig. 2 Change of hardness with ageing
time for AF1. 8% Li alloy

3.2 Initiation and propagation behavior of fatigue
cracks

Fig. 3 shows the surface observation result of
type A specimen during the fatigue test. Compara-
tively uniform slip bands inside the grain are observed
in the initial fatigue stage. Those slip bands penetrat-
ed the whole grain shown in Fig. 3(a). The straight
line slip bands with around 1. 5 Pm gap width are ob-
served shown in Fig. 3(b) at higher magnification.
Some of the above mentioned slip bands become
coarser with increasing fatigue cycles as shown in
Fig.3(c). Then, the fatigue cracks initiate along

Fig.3 Surface observation micrographs of type A
specimen during fatigue test at different fatigue
cycles ( 0,= 56 MPa)

(a) —N=3.0x10% (b) —N= 3.0x 10%;

(¢) =N=5.1%x10% (d) —N= 7.1x10°

those coarse slip bands and propagates inside the
grain, inducing the fatigue fracture finally.

Fig. 4 shows the surface observation micrograph
of type B specimen during the fatigue test. The num-
ber of the slip bands inside the grain decreases obvi
ously compared to type A specimen. The inhomoge-
neous deformation occurred as shown in Fig. 4(a).
The fatigue cracks initiated along the inhomogeneous
slip bands and propagates. Finally they induces the
fatigue fracture as explained in Figs. 4(b), (c¢) and
(d).

Fig. 5 shows the surface observation micrograph
of type C specimen in the fatigue test. Compared to
Figs. 3 and 4, it is observed that, more rare slip
bands generate inside the grain in the initial fatigue
stage. The fatigue cracks initiate along the slip bands
and the grain boundary, while the fatigue cracks in-
side the grain are much easier to propagate transgran-
ularly which is indicated with the arrow in Fig. 5. It
seems that the fatigue crack inside the grain was
much easier to become the fatal crack inducing the fa-
tigue fracture finally. It is considered that the inho-
mogeneous deformation occurs much easier inside the
grain due to the ageing strengthening. Furthermore,
the stress concentration degree increases with the
number of the slip bands reducing.
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Fig. 4 Surface observation micrographs of
type B specimen at different fatigue cycles
with 0,= 192 MPa
(a) —N=2.3x10% (b) —N= 1.5x 10*

(¢) =N=5.0x10% (d) —N=5.0x 10*

Fig. 5 Surface observation of micrographs of
type C specimen at different fatigue cycles
with 0,= $92 MPa
(a) —N=7.0x10* (b) —N= 1.0x 107;

(¢) —=N=1.2x 10’

3.3 Fractography of fatigue fracture

Fig. 6( a) shows the entire transgranular fracture
of type A specimen. Fractography of type B specimen
shows almost transgranular fracture, although some
times the intergranular fracture is observed. All the
above observations match the successive observation
of the fatigue initiation and propagation behavior indi-
cated in Section 3. 2. Fig. 6(b) shows the fatigue
fracture of type C specimen. It often shows the mixed
mode combined by the transgranular and intergranu-
lar fracture. Compared to the observation shown in
Fig. 6(a), the fracture surface is smoother, and the

Fig. 6 Fractographs of fatigue fracture
(a) —Type A specimen, 0,= +59 MPa, N= 3.31x 10%;
(b) —Type C specimen, 0,= *84 MPa, N= 1.5x 10°

3.4 Age hardening mechanisms induced by precipi-
tation of §

The fatigue property was obviously enhanced by
the age hardening of 8 phase. Therefore, it was nec
essary to discuss its strengthening mechanism. The
alloy after peak ageing treatment was chosen as the
example, and the strengthening mechanisms are dis-
cussed as follows.

1) Effect of lattice mismatch between & and
matrix ( T,) could be calculated by''!

T= 11.8G, €72, V2~ V2Si6 (1)
where f is volume fraction of 5, 0.06''%: G, is
shear modulus of matrix, 28.2 GPa !, € is lattice
mismatch between § and matrix, 0.1%'"!; 7. is
average radius of & on slip planes, r.= (2/3)"%r,
rois average radius of measured 8, usually fixed as

180; b is burgers vector, 2. 86 % 10~ 10 m;
2) Effect of the shear modulus difference be-
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tween & and matrix (T,) could be calculated by[m

el 3| V2
W=l 6,
N2
|0.8— 0. 143In( ") (rf)"? (2)
where 8 is shear modulus difference between 0

and the matrix, G of § was calculated as 34.3 MPa

from the measurement! *!.

3) The surface between § and the matrix in-
creased after the dislocation cutting the § particle.
The total surface energy was increased. T he effect of

surface energy could be calculated by! !

v 18, po (3)
where O is surface energy between & and matrix,
0.014 J/ m* '

4) The border upon relation between Li atom
and Al atom in § particle was changed when the dis-
location cutting the § particle. The antiphase bound-
ary was generated. The effect of antiphase boundary

could be calculated by'"!

4] |
T,= _
= 5 T f (4)
o7y
4y <<y
where T is line tension of the dislocation, let T =

Gwb?/2; Yis antiphase boundary energy.
The above strengthening effects are calculated
and summarized in Table 1.

Table 1 Strengthening effect from various
mechanisms

Type Equation Age strengthening effect/ MPa

(a) (1) 5.2
(b) (2) 25.3
(o) (3) 0.04
(d) (4) 26.3

According to the above calculation, it was con-
sidered that the age strengthening effect was chiefly
induced by (b) and (d).

Supposed the dislocation passes the 8 particle by
rounding method instead of cutting method, the
needed critical stress could be calculated by

_ Gub | 2r,

= m I (5a)
T

T=1v (5b)

where [ is average clearance between 8 particles, |
=[(Wf)"*= 2] X rg reis radius of dislocation

core, 2.86x 10" "m; Vis 0. 4;

By calculation it can be obtained that: T.= 77.7
MPa, T,= 130 MPa. The stress for the dislocation
cutting & particles is lower than that for the disloca
tion rounding & particles. So, it could be considered
the fatigue deformation was induced by the dislocation
cutting the § phase.
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