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a b s t r a c t

In order for Li–Si alloys to be used in Li-ion batteries as anodes, knowledge of their mechanical proper-
ties, such as Young’s moduli, is crucial. Young’s modulus of polycrystalline Li22Si5 was determined from
nanoindentation testing. The value of Young’s modulus was 35.4 ± 4.3 GPa. This value is approximately
one-half of the predicted value based on density functional theory calculations. This difference was not
a result of the testing procedure or microstructural variables.
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. Introduction

Many researchers have investigated alternative electrode mate-
ials to graphite that would significantly increase the anode
apacity of lithium-ion batteries [1–5]. Li–Si alloys are potential
lternatives, in particular Li22Si5, which has a capacity 10 times
4200 mAh g−1) greater than graphite (372 mAh g−1) [1–5]. How-
ver, the capacities of Li–Si alloys decrease with cycling as a result
f substantial volume changes with Li-ion addition/removal that
ause the alloy to fracture. In order to solve the fracture problem,
nowledge of the mechanical properties for the alloy is required;
n particular, Young’s modulus [6,7]. For example, Cheng and Ver-
rugge [6] have stated “Experiments and theoretical calculations
re also urgently needed to provide material parameters, such as
oung’s modulus E and effective surface energy �eff that are seldom
vailable, for quantitative predictions of fracture and decripitation
f lithium-ion battery electrodes.”

Values of Young’s moduli for the Li–Si alloys were unknown
ntil the very recent predictions of Shenoy et al. [7] that were
ased on density functional theory (DFT). For example, Shenoy et al.
7] predicted that Young’s modulus for a polycrystalline Li22Si5
lloy was ∼78 GPa. However, no experimentally measured value
Please cite this article in press as: J.B. Ratchford, et al., J. Power Sources (20

xists to verify this predicted value. Therefore, the objective of
his study was to experimentally determine the value of Young’s
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modulus for polycrystalline Li22Si5 using nanoindentation test-
ing.

2. Experimental

To synthesize polycrystalline Li22Si5, stoichiometric amounts
of silicon powder and lithium granules were mixed and then pel-
letized. The pellet was placed inside a molybdenum crucible. The
crucible containing the pellet was heated from 20 to 800 ◦C over the
course of 40 min and then held at 800 ◦C for an additional 30 min.
The sample was then heated at 450 ◦C for 16 h to ensure its homo-
geneity before it was slowly cooled to 20 ◦C [9]. All syntheses were
performed in glove box filled with argon, which contained less than
1 ppm oxygen and 1 ppm water.

To determine the phase purity of Li22Si5, ∼100 mg of the sample
was removed from the center of the crucible, ground into fine pow-
der, and analyzed by X-ray diffraction. Because the alloy is sensitive
to ambient moisture, the sample was hermetically sealed with Kap-
ton film. Inductively coupled plasma-mass spectrometry (ICP-MS)
was used to confirm the weight percentage of lithium in the syn-
thesized Li22Si5. To prepare samples of polycrystalline Li22Si5 for
mechanical testing and microstructural analysis, granules of the
sample were removed from the center of the crucible, then cold
mounted and polished using standard metallographic techniques.
Because the alloy is water reactive, the papers/clothes were lubri-
11), doi:10.1016/j.jpowsour.2011.04.042

cated with mineral oil instead of water. The surfaces of the granules
were fine polished until a mirror finish was obtained. To determine
the grain size of the alloy, an etching solution was developed. The
composition of this solution was 0.2% by mass water and 0.3% by
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Table 1
Young’s moduli of samples measured by nanoindentation.

Sample Young’s modulus (GPa)

Li22Si5 35.4 ± 4.3
Fused silica 71.2 ± 1.6
Fused silicaa 71.7 ± 1.6
Fused silicaa,b 74.0 ± 0.3

the very recent prediction by Shenoy et al. [7]. Shenoy et al. [7] pre-
dicted Young’s modulus for polycrystalline Li22Si5 to be ∼78 GPa
by applying a Hill averaging scheme to single-crystal elastic con-
stants determined from DFT calculations. The predicted value is
ig. 1. X-ray diffraction pattern produced from a powder sample of the Li22Si5 alloy.

ass hydrochloric acid diluted with hexane. The grain size was
easured using the linear intercept method [10].
Nanoindentation testing was used to determine Young’s mod-

lus, because it is a routine and convenient method that measures
echanical properties from small volumes of materials [11–17].

oung’s modulus was determined from the load–displacement
urve during unloading using the Oliver–Pharr method [11,17].

Berkovich diamond indenter, specified with at least a 30 �m
orking depth, was used to indent homogeneous regions of the

ample’s surface under mineral oil. Each test was performed using
transducer, which had a maximum force of 500 mN, and force

nd displacement resolutions of 50 nN and 0.01 nm, respectively.
wenty tests were performed on each Li22Si5 sample. A standard
eference material of fused silica was used to calibrate the instru-
ent and quantify the effect of mineral oil on the indentation

esponse. Optical microscopy was used to investigate the possi-
ility of pile-up around the contact impressions after indentation.

. Results and discussion

The X-ray diffraction pattern in Fig. 1 shows that the alloy is
olycrystalline. The amorphous background in the 15–30◦ range

s an artifact of the Kapton® tape. The position of the diffraction
eaks that match those from the International Centre of Diffraction
ata’s powder diffraction file for Li22Si5 (PDF# 01-073-2049) are
arked with bullets in Fig. 1. Fig. 1 shows that the positions of the

iffraction peaks from the alloy agree perfectly with those from the
owder diffraction file. Furthermore, the diffraction peaks shown

n Fig. 1 are also in excellent agreement with those for Li22Si5 made
y Zhou et al. [18]. These results suggest that the material is single
hase Li22Si5.

The weight percentage of lithium in the Li22Si5 alloy obtained
sing ICP-MS was 52.5 ± 1.1%. The expected weight percentage of
he alloy is 52.1%. Using the upper bound of the measured Li weight
ercentage (∼54%) and the Li–Si phase diagram [8], in conjunc-
Please cite this article in press as: J.B. Ratchford, et al., J. Power Sources (20

ion with the lever rule [20], one finds that the maximum possible
mount of second phase is 6 vol% �Li.

Optical microscopy of the fine polished surface revealed no
orosity and no second phases. The grain structure of polycrys-
a Without mineral oil.
b Measured by ultrasonic spectroscopy.

talline Li22Si5 is fairly equiaxed, with a grain size of 25 ± 3 �m as
shown in Fig. 2. The elemental and microstructural analyses con-
firm the X-ray diffraction results, that the alloy is predominately
single phase Li22Si5.

Young’s moduli of polycrystalline Li22Si5 and fused silica that
were measured using nanoindentation are listed in Table 1. From
Table 1 several important points can be made. Firstly, mineral oil
did not affect the measurement as one sees that Young’s moduli
of the fused silica with and without mineral oil are the same. Sec-
ondly, the value of Young’s modulus of the fused silica samples
measured by nanoindentation is in very good agreement with the
value determined by a different technique, ultrasonic spectroscopy.
This result is in good agreement with recent reports, which have
shown excellent agreement between Young’s modulus determined
using nanoindentation testing and values obtained using ultra-
sonic spectroscopy on the following brittle materials: Pyrex glass
and Al2O3 [12], Cr3Si [15], Y2O3 [13], and Ce0.9Fe3.5Co0.5Sb12 and
Co0.95Pd0.05Te0.05Sb3 [16]. Therefore, we expect that the value
of Young’s modulus for polycrystalline Li22Si5 measured using
nanoindentation is the true property of the alloy.

Table 1 shows that the average value of Young’s modulus
for polycrystalline Li22Si5 is 35 ± 4.3 GPa, which is between the
measured values for polycrystalline lithium (4.9 GPa from tension
[20] or 8.0 GPa from ultrasonic spectroscopy [21]) and polycrys-
talline silicon (202 GPa from nanoindentation [22]). This result
is expected because, in a first approximation, Young’s modulus
directly scales with melting temperature [19]. The melting (peri-
tectic) temperature of Li22Si5 is = 901 K, which is higher than the
melting temperature of lithium (Tm = 453 K) and lower than the
melting temperature of silicon (Tm = 1687 K) [8].

This experimental value of Young’s modulus can be compared to
11), doi:10.1016/j.jpowsour.2011.04.042

Fig. 2. Optical image of an etched sample of polycrystalline Li22Si5.

dx.doi.org/10.1016/j.jpowsour.2011.04.042
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ignificantly higher than the measured value; 2.2 times the mea-
ured value. Furthermore, Shenoy et al. [7] predicted Young’s
odulus for polycrystalline Li to be ∼20 GPa, which is 2.5–4 times

he measured values [20,21]. Thus, it appears that for the Li22Si5
lloy and Li DFT overestimated the value of Young’s modulus. In
ddition, the DFT calculations by Shenoy et al. [7] also predicted
oisson’s ratio for crystalline Li22Si5 to be ∼0.08. This is a low value
s compared those of other Li alloys which range from ∼0.2 to 0.4
23].

Another example of this is for the case of a Li–Al alloy, LiAl.
oung’s modulus for LiAl was predicted by Uesugi et al. [24] to
e 77 GPa for a polycrystalline material using the Voigt–Reuss–Hill
veraging scheme applied to single-crystal elastic constants deter-
ined from DFT calculations. The measured value of Young’s
odulus for polycrystalline LiAl using ultrasonic spectroscopy was

5 GPa [23]. The predicted value is 1.7 times the measured value,
imilar to the case for polycrystalline Li22Si5. Uesugi et al. [24]
uggested that a possible reason for the difference between the pre-
icted value and the measured value of Young’s modulus for LiAl
as a result of strong texturing within the measured material as

ompared to the isotropic properties used in the calculations. From
ig. 2, the optical micrograph reveals that the microstructure of
i22Si5 is fairly equiaxed. Therefore, it is likely that texturing can-
ot explain the difference between the predicted and measured
alue of Young’s modulus for polycrystalline Li22Si5.

Other possible reasons for the difference in the measured and
redicted value could be a result of the microstructure of poly-
rystalline Li22Si5. It has been shown that Young’s modulus can
e influenced by microstructural variables, such as a mixture
f phases, grain size, and porosity [25–31]. The upper bound of
oung’s modulus from the Voigt model, EV, and lower bound of
oung’s modulus from the Reuss model, ER, for a mixture of two
hases can be calculated using Eqs. (1) and (2), respectively [19]:

V = ELi22Si5 fLi22Si5 + E�Lif�Li (1)

1
ER

= fLi22Si5
ELi22Si5

+ f�Li

E�Li
(2)

here ELi22Si5 and E�Li are Young’s moduli for Li22Si5 and �Li,
espectively, and fLi22Si5 and f�Li are the relative volume frac-
ions of the two phases. For our material, in the worst case,
he alloy is 94 vol% Li22Si5 and 6 vol% �Li. If one considers this
omposition with the predicted values of Young’s modulus from
henoy et al. [7], then from Eqs. (1) and (2), one would calculate
V = 75 GPa, and ER = 67 GPa, respectively. These values are signif-
cantly higher than the measured value 35.4 ± 4.3 GPa. Therefore

mixture of two phases cannot explain the difference between
he predicted and measured values of Young’s modulus for poly-
rystalline Li22Si5. The grain size of our material is 25 ± 3 �m. In
his grain size regime, Young’s modulus is not influenced by grain
ize [26,28,30,31]. Optical microscopy shows that the alloy is 100%
ense. Therefore porosity did not affect the measured value of
oung’s modulus [25–27,29–31]. It is apparent from the above
rguments that microstructural variables cannot account for the
ifference between the predicted and measured values of Young’s
odulus for polycrystalline Li22Si5.
One other possible reason for the difference between the mea-

ured and predicted value could be a result of pileup around contact
mpressions made during nanoindentation [32,33]. Bolshakov and
harr [32] showed that significant pileup caused the elastic mod-
lus to be overestimated by as much as 50%. However, optical
icroscopy of the Li22Si5 surface around the contact impressions
Please cite this article in press as: J.B. Ratchford, et al., J. Power Sources (20

howed that pileup did not occur. Furthermore, if excessive pileup
ad occurred in polycrystalline Li22Si5, the measured value of
oung’s modulus would have been even lower than the measured
alue of 35.4 ± 4.3 GPa [32]. Therefore, pileup cannot explain the

[
[
[
[
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difference between the predicted and measured values for Young’s
modulus for polycrystalline Li22Si5.

The above results suggest that the difference between the
experimentally measured value of Young’s modulus and the pre-
dicted value by Shenoy et al. [7] using DFT calculations cannot be
explained by the testing procedure or microstructural variables.
Because of this discrepancy, and the significant difference between
the predicted value of Young’s modulus for Li using DFT calcula-
tions and the experimental value, we believe that the measured
value of Young’s modulus for polycrystalline Li22Si5 using nanoin-
dentation represents a more realistic value than the predicted value
by Shenoy et al. [7] based on DFT.

4. Conclusion

Polycrystalline Li22Si5 was synthesized. The single-phase purity
of the alloy was confirmed by X-ray diffraction, ICP-MS and optical
microscopy. Young’s modulus for polycrystalline Li22Si5 was deter-
mined from nanoindentation testing. The value of Young’s modulus
was 35.4 ± 4.3 GPa. This value is approximately one-half of the pre-
dicted value based on density functional theory calculations. This
difference was not a result of the testing procedure or microstruc-
tural variables.
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