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By m eans o f an electron m icroprobe the lith iu m -K - and a lu m in iu m -K - X -ray em ission lines 
o f A l-L i alloys were studied. The L i-line can be well described by the calculated emission line. 
The evaluation yields the transfer o f electrons from the Li-s- to the A l-p-band  during  alloying. 
T he charge transfer is enhanced by heat treatm ent. The dependence o f  the elastic m odulus on the 
charge transfer is discussed.

I. Introduction

Alum inum  —lithium alloys are o f technical inter­
est because o f  their low  specific w eight and their 
good m echanical behaviour [1], According to [2] the 
im provem ent o f  the elastic m odulus depends strong­
ly on the electronic structure, i.e. the density o f  
states N ( E ) .  It was our intention to determ ine N  (E)  
by m eans o f  an electron m icroprobe in a sim ilar 
way as show n in an earlier paper [3]. Therefore it 
was necessary to determ ine precisely the shapes o f  
the Al- and Li-X -ray em ission  lines. Since the avail­
able electron m icroprobe could not detect the Li —K- 
radiation (/. =  22.8 nm; E  =  54.3 eV) our instrument 
(Jeol Superprobe JXA 733) had to be m odified  by 
m ounting an X U V -spectrom eter (M inutem an 302 
VM) w hich allow s to m easure the L i-K -em ission .

The electron m icroprobe allows to investigate the 
partial density o f  states w ithin small areas with  
diam eters dow n to 1 |im or less, i.e. local, w hich is 
unique.

II. Theoretical Fundamentals

Concerning the theoretical fundam entals we refer 
to [3] and repeat three equations.
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The relationship betw een the intensity /  (E)  o f  
the X-ray em ission and the density o f  states N (E)  
can be written as [4]:

1 ( E )  =  £ 3 P ( E )  N ( E ) , (1)

where

E  =  quantum  energy o f  X-rays,
P (E)  =  quantity w hich is proportional to the tran­

sition probability.

Thus from the shape o f  1 ( E )  with E <  E^trmx we 
obtain a picture o f  the local partial density o f  oc­
cupied states.

A measure o f  the type and strength o f  the ch em i­
cal bonding betw een atom s o f  different species is 
given by the so-called charge transfer. According to
[5] the relative variation o f  the num ber o f  electrons 
in the 3p-band  o f  alum inum  within a sphere 
around the specific  atom  can be calculated from  
em ission spectra;

4 n 3p/ n 3p =  R (2)

This m eans that the change A n 3p o f  the num ber o f  
3 p-electrons is related to the corresponding num ­
ber /?3p o f  3 p-electrons o f  pure alum inum .

The relative charge transfer R ^ — 1 o f  the 3 p -  
electrons follow s from

R k =
alloy

/  mt

r int 
'K , Al

^ 3 p  alloy 

,73 p  Al
(3)

with

1 $  =  integrated intensity o f  the A l-K ^ em ission  line, 
/jJ.nt =  integrated intensity o f  the A l-K ^-em ission line.
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1. Specimen Preparation

A l-L i alloys were produced in the concentration  
range o f  11 to 17, 25, and 50 a /o  Li from ultrapure 
alum inum  (“K ryal-R” ; 99.999%; VAW ) and li­
thium (99.9%; Ventron). T he Li was filled  into h o l­
low A l-cylinders and closed by an A l-screw . Induc­
tion m elting was done w ithin A120 3 crucibles in 
argon atm osphere (10_ 5 bar). W ithin this atm o­
sphere also casting into steel m olds was done. The 
specim ens thus obtained w ere cleaned by zone m elt­
ing, finally annealed at 540 °C  w ithin closed S i 0 2- 
crucibles, and quenched in ice water.

These starting alloys were used to produce sp eci­
mens by m elt-spinning, sputtering, and high vacuum  
evaporation. Furtherm ore, the starting alloys were 
heat treated in bulk form in order to grow the co ­
herent d' (A l3L i)-precip itates w hich are the origin  
o f  the increase in strength and specific stiffness. By 
X-ray sm all angle scattering [6] could be show n that 
the growth o f  ^'-precipitates can be w ell described  
by the MLSW  (M odified  L ifsh itz-S lyozov-W agner)- 
theory [7, 8],

2. Electron Microprobe

The X-ray spectrom eters supplied w ith the elec­
tron m icroprobe (JXA 733, Jeol, T okyo) allow  to in ­
vestigate the energy range from 14.5 keV dow n to 
100 eV. To detect the L i-K -rad ia tion  (54.3 eV;
22.8 nm) an X U V -spectrom eter must be applied  
which covers the range o f  w avelengths from 20 up 
to 100 nm. An osm ium  coated holographic concave 
grating (2400 g /m m ) is used in a Seya-N am ioka  
geom etry w hich allows tuning o f  the w avelength by 
a sim ple rotation o f  the grating. The dispersion  
amounts to 2 nm /m m  and the reflectivity to less 
than 10% at 22.8 nm. The detection  was done by a 
channel electron m ultiplier (V alvo X 959A L ). To  
achieve low  noise, the vacuum  w ithin the X U V - 
spectrom eter was better than 10- 6 mbar and the 
channeltron was protected from backscattered and 
secondary electrons by an electrostatic filter.

The main problem s in X U V -spectroscopy o f  
L i-K -rad iation  are the very sm all fluorescence  
yield o f  less than 1%, the very sm all quantum  e ff i­
ciency o f  the detector [9], and the contam ination o f  
the specim en surface caused by cracking o f  residual

III. Experiments hydrocarbons by the primary electrons w hich w ere 
accelerated by 1 to 5 kV.

IV. Results and Discussion

1. Li-Spectroscopy

Figure 1 shows Li —K -em ission lines as obtained  
from pure lithium . In the upper part the results o f  
the present investigation are presented: the first 
order line (n =  1) as solid and the second order line 
(n =  2) as dashed curve. W e also present the corre­
sponding fourth derivations I (4) for better recogni­
tion o f  details, i.e. o f  the pronounced knee at the 
high energy side o f  the peak. Both em ission  lines 
were obtained using a primary electron energy o f  1 
to 5 keV and probe currents o f  som e 10_7 A. The 
lower part o f  Fig. 1 shows L i-K -lin es  as obtained  
by different workers [10, 11, 12]. Skinner [13] was 
the first to measure the L i-K -lin e  using X -ray ex­
citation on areas o f  som e m m 2. The first electron  
m icroprobe investigation o f  a L i-K -lin e  o f  pure 
lithium  was perform ed by [11] using a 2 m -grazing  
incidence spectrometer.

In Table 1 different parameters characterizing the 
em ission lines are presented. These are the resolu­
tion A E , the m axim um  position £ m, the approxi-

Fig. 1. Pure Li: L i-K  line, a) present results; b) results ac­
cording to [10. 11, 12].
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Table 1. L i-K -em ission  lines from pure Li.

R efer­ A E Em A E h PBn s Ey AEy  (2/8) AEk
ence [eV] [eV] [eV] LeVj [eV] [eV] [eV]

[10] 0.07 54.02 3.4 1.52 54.65 0.33 0.69
[11] 0.88 54.24 3.3 1.82 54.91 0.61 1.08
[12] 0.17 53.65 3.2 1.81 54.25 0.53 0.94
[14] 0.04 54.14 3.6 1.80 54.76 0.44 0.82
present 0.2 54.5 3.1 1.64 55.0 0.42 0.79
results

Fig. 2. Pure Li: L i-K  line. (------ ) experim ental curve;
(------) calculated according to [16] with a lifetim e corre­
sponding to r = 1 6 m e V ;  (----- ) calculated according to
[16] with a lifetim e corresponding to r  =  12 meV.

mated band w idth A E b according to Crisp [10], the 
full w idth at h a lf m axim um  PB05, and the edge 
position E k. £ k is defined  at half height o f  the edge
[12]. The w idth J £ k(2 /8 ) o f  the edge m eans the d if­
ference o f  the energy values which correspond to 
20% and 80%, respectively, o f  the height o f  the main  
m axim um . For the determ ination o f  AEy  5% and 
95% o f the m ain m axim um  were used.

The high energy side o f  the L i-K  line shows a 
knee w hich is characteristic for a partially filled  
band and w hich is m ost pronounced in the dashed 
curve o f  F ig. 1 a and in the solid curve o f  Figure 1 b. 
The position  o f  the knee lies at 54.73 eV in the 
(/; =  l)-spectrum  and at 54.57 eV in the (n =  2)-spec- 
trum.

A ccording to recent theories [15, 16] the experi­
mental run can be well described: In Fig. 2 we com ­
pare the m easured (n =  1 from Fig. 1 a) with cal­
culated lines reported by A lm bladh [16] as obtained  
using a phonon -  electron hole -  interaction-theory. 
The two calculated curves differ in the lifetim e  
0.34 psec and 0.26 psec o f  the electron holes corre­
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Fig. 3. LiF: L i-K  line.

Fig. 4. L i-K -em ission  lines. 1) pure Li; 2) Al83L iI7; 
3) Al83L i17 annealed (250°C /168  h); 4) Al83L i17 annealed 
(250 °C /336 h).

sponding to the energies r = 1 2 m e V  and 16 meV, 
respectively. W e learn from Fig. 2 that by con­
venient choice o f  r  good agreem ent in shape and 
position o f  the experim ental and calculated lines 
can be achieved. T he sm all peak at E  -  £ F =  - 2  eV  
is caused by the contam ination o f  the specim en sur­
face [17].

On the right hand side o f  Fig. 2 the experim ental 
L i-K -ab sorption  edge as reported in [16] is shown.

Figure 3 show s the L i-K -lin e  as obtained from  
LiF applying 4 keV -electrons and a current density  
o f  2000 A /m 2. C om pared to Fig. 1 we state a shift 
o f the L i-K -em issio n  line from 54.5 to 54.9 eV, the 
sam e half w idth o f  both lines, and the pronounced  
sym metry o f  the line in F igure 3. T he strong inten­
sity increase at 50eV  belongs to the L i+-peak [18], 
the peak at 50.5 eV emerges from oxidized Li (L i20 ) ,  
the peak at 53.5 eV is the contam ination peak, and 
the origin o f  the peak at 57 eV is yet unknown.

Figure 4 show s the L i-K -em iss io n  lines as ob ­
tained from pure Li (1), the as cast alloy A l83L i17(2), 
the A lg3L i17-a lloy  annealed at 2 5 0 °C /1 6 8  h (3), and
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the A l83L i17-alloy  annealed at 250 °C /3 3 6  h (4). In 
Table 2 the different param eters w hich characterize 
the em ission lines are com piled . w k m eans the 
slope in the m iddle o f  the high energy edge. /,!nt 
means the relative integral intensity o f  the main  
peak w ithout the alloy peak at about 52 eV and 
norm alized to the peak o f  the unannealed A l83L i17- 
alloy. The subtraction o f  the alloy peak was done by 
Lorentz-curve fitting. C om pared to the L i-K -lin e  
from pure Li we state a shift o f  the line m axim um  
to a lower energy by 0.8 eV. A nnealing causes a shift 
back to higher energies. A lloying causes broadening  
PBo.5 o f  the em ission  line by 0.54 eV, and annealing  
causes additional broadening by 1.12 eV. By a lloy­
ing the L i-K -lin e  becom es m ore sym m etrical. From  
the decrease o f  /rnt we learn that during annealing a 
charge transfer from Li to the Al valency band must 
occur. This seem s to be the m ain effect during an­
nealing.

In a first approach, Inglesfield [19] has presented  
theoretical calculations o f  the density o f  states in 
A l-L i alloys.

2. Al-Spectroscopv

The spectroscopy o f  the A l-K -em issio n  lines was 
perform ed using a TAP-crystal in the X-ray spec­
trometer supplied with the electron m icroprobe. 
Concerning the A l- K ^ - l in e s  obtained from A l-L i  
alloys no alteration could be observed w hen we 
compared them with the A l - K ^ 2-lines obtained  
from pure Al. A l-K * ' show s a shift after alloying  
with Li by +  0.2 up to +  0.5 eV. In the case o f  
A l-K ^  the shift am ounts to — 0.6 eV and it is 
smaller in the case o f  A l- K ^ ,  whereas the shifts o f  
A l-K ^j and - K „6 during alloying are negligib le. For 
further details o f  the A l- K a-lines and satellites 
see [6].

Figure 5 shows the A l-K ^ -em ission  and absorp­
tion lines as obtained from pure Al and an A l89L in - 
alloy before and after heat treatm ent, respectively.

The main m axim um  o f  the solid em ission  line 
shows the nearly vertical edge behaviour to be ex­
pected with metals. T he Ferm i-level according to
[20] is placed at the m iddle o f  the edge (EF =  
1559 eV), according to [21] it is obtained by extra­
polation o f  the edge and thus yields £ F" =  1560.45 eV. 
The position o f  the m ain m axim um  is designed  
with E m. The low energy end o f  the A l-K ^-band  
was obtained according to [21] by extrapolation at

E Fl =  1549.1 eV. A pparently the m ain m axim um  
shifts to smaller energies during alloying and also  
during heat treatment. Furthermore we observe the 
occurence o f an A l-K ^ -sa te llite  at 1541 eV w hich  
is caused by alloying and which has been explained  
according to [22], Heat treatment causes the rela­
tively large shift o f  4 eV towards sm aller energies.

The significant parameters describing the A l-K ^  
em ission-spectra are com piled in T able 3. PB m eans 
the full width at h a lf m axim um . T he total band 
width is y\ =  E ¥' — E rx or y2 =  E ¥" — E r i , respec­
tively, £] =  E f  — E m, e2 =  E F"— E m, and the asym ­
metry number A N  =  ( £ m -  E ßo5- ) / ( E ßi05+ -  £ m) • 
£ ßo 5+ and Eß05- m ean the energies which correspond 
to the half m axim um  height with E ßo,+ >  Eßo,~ ■

D uring alloying the position o f  A l-K ^  is shifted  
to sm aller energies and the asym m etry num ber b e­
com es smaller. By annealing these effects are en­
hanced and the band width becom es larger. A m ea­
sure for the binding energy is £j w hich increases 
during alloying and during heat treatment. H ydro­
gen solution, how ever, leads to sm aller £j .

Table 2. L i-K -em ission  lines from pure Li, L iF, and 
A l-L i a llo y s ;a (250 °C ; 168 h); b (250 °C ; 336 h).

[eV]
AEh
[eV]

PB0.5
[eV] [eV]

AEy (2/8) my 
[eV] [e V '1

t int

Li 54.5 3.10 1.64 55 0.42 1.45
LiF 54.9 3.94 1.58 55.7 0.90 0.80
Al 50 L i  50 54.0 3.04 1.79 55 0.83 0.76
A I 7 5  L i 25 53.3 4.13 2.39 54.64 1.59 0.39
Alg^Liiv 53.7 3.61 2.18 54.69 0.93 0.63 1
Alg^ Li ] 7 a 54.0 4.00 2.63 55.15 1.20 0.51 0.6
^^83 L-i 17 b 54.1 4.34 3.30 55.21 1.18 0.53 0.3

Fig. 5. A l-K ^-em ission lines in second order. (-----) pure
Al; (----- ) Al89L iu as cast; (-•-•) Alg9L in  annealed (2 5 0 °C /
336 h). The designations E Fl, Em etc. refer to the solid line.
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Table 3. Significant param eters o f A l-K ^-spectra.
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Em
[eV]

PB
[eV]

E y
[eV]

E f"
[eV]

£r,
[eV] [eV]

7 2
[eV] [eV]

e2
[eV]

AN

1 Pure Al 1558.1 6.26 1559.6 1560.5 1549.1 10.5 11.4 1.53 2.35 3.1
2 AlggL 14 as cast 1557.0 6.36 1559.5 1561.2 1549.1 10.4 12.1 2.51 4.25 1.3
3 A186L 14 (250 °C , 168h) 1556.7 6.50 1559.5 1561.0 1549.1 10.4 11.9 2.88 4.23 1.5
4 A186L 14 (250 °C , 336 h) 1557.1 8.60 1560.0 1561.7 1546.7 13.3 15.0 2.95 4.63 1.8
5 A18,L 17 as cast 1557.8 6.05 1559.4 1560.1 1546.4 13.0 13.7 1.60 2.30 2.0
6 A183L 17 (250 °C , 336 h) 1556.7 8.40 1560.1 1561.6 1546.2 13.9 15.4 3.38 4.91 1.7
7 A183L 17 m elt-spun 1557.8 5.74 1559.5 1560.7 1549.1 10.4 11.6 1.70 2.86 1.9
8 A181L i7 m elt-spun 1557.8 6.12 1559.3 1560.7 1548.9 10.4 11.8 1.50 2.86 2.1

and hydrogen-loaded
9 Lital B 1558.2 5.90 1559.8 1560.9 1549.3 10.5 11.6 1.65 2.74 2.3

10 Bl 1-alloy m elt-spun 1557.8 5.90 1559.8 1561.0 1549.0 10.8 12.0 2.01 3.17 1.8

atomic per cent lithium

Fig. 6. R elative charge transfer o f Al-3 p-electrons. a) D if­
ferent A l-L i alloys as cast (t =  O h) and as annealed at 
250 °C. -  b) A l-L i alloys produced in different ways: 
HVE =  High vacuum  evaporation; SP =  Sputtering; MS =  
M elt-spinning; MSH = M elt-spinning and additional hy­
drogenation; Lital B =  Technical alloy (Alcan) as cast; Bl 1 
=  Technical alloy (K rupp) melt spun.

Fig. 7. V ariation o f elastic m odulus according to [2, 23, 24, 
25] versus charge transfer.

3. Charge Transfer

For a num ber o f  A l-L i alloys the relative charge 
transfer An3p/ n 3p according to Eqs. (2, 3) was eval­
uated and presented in Figure 6 . P ositive charge 
transfer means increase o f  the num ber o f  A l-3 p -  
electrons and correspondingly a decrease o f  L i-s- 
electrons.

Figure 6 a show s the dependence o f  the charge 
transfer from the heat treatment at 250 °C. It should 
be stressed that annealing for 336 h causes a con­
siderable increase o f  the A l-3  p-electrons especially  
with the alloys contain ing 4 and 5 w eight % Li, re­
spectively. This result is in good accordance with  
the results obtained by L i-spectroscopy (see above). 
The difference in the charge transfer betw een  
A l-L i alloys produced in different ways is shown in 
Figure 6 b. Apparently the charge transfer has its 
m axim um  and m inim um  with the specim ens pro­
duced by high vacuum  evaporation and m elt- 
spinning, respectively. Furtherm ore we recognize at 
the M SH -curve that loading the specim en with  
hydrogen causes an increase o f  the charge transfer 
at small L i-concentrations and a decrease o f  the 
charge transfer at the larger Li-content.

4. Charge Transfer and Elastic Modulus

In Fig. 7 we show  the change A E moA o f  the elastic  
m odulus versus the charge transfer for three sam ­
ples with different L i-content, i.e. different content 
o f  the (5'-phase. A E moA m eans the change o f  the 
elastic m odulus com pared to the m odulus E^od 
which is com posed from that o f  pure Al (66 GPa) 
and that o f  the solid  solution (12 G Pa) [2], The
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elastic m oduli o f  the alloys were obtained from the 
literature [2, 23, 24, 25].

The lower straight line in Fig. 7 was obtained  
from unannealed specim ens and refers to the contri­
bution o f  the (5'-phase. The upper straight line in 
Fig. 7 was obtained from the annealed specim ens 
which also contain only the (5'-phase, how ever as 
coarsened precipitates besides Al and the solid solu­
tion.

The contribution o f  the <5'-phase to the elastic  
m odulus am ounts with the unannealed specim ens to
2.8 up to 5.9 G Pa and the enhancem ent caused by 
annealing to 2.5 up to 4.7 GPa.

Apparently there is a linear relationship betw een  
the change AE  o f  elastic m odulus and the charge

transfer An In for the unannealed as well as the an­
nealed specim ens. The three arrows in Fig. 7 in ­
dicate the m odification  o f  A E  and An/n  in the three 
specim ens caused by the annealing procedure.

Thus the charge transfer according to Fig. 7 
represents a measure for the elastic m odulus o f  a 
specim en taking into account its thermal history.
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