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Abstract: Based on the glass-forming ability (GFA) during cooling process and the glass stability (GS) of heating process, a triangle

to evaluate GFA and GS, namely Tri-FAS, with the combination of pseudo-four characteristic parameters as vertices was established.
Accordingly, a GFA&GA criterion (G-FAS) was deduced as G-FAS=T/T+T,/T+T/T, (T, is onset crystallization temperature; 7, is
liquid temperature; 7, is glass transition temperature). Additionally, the criterion was modified based on the competitive relationship

between amorphous phase and crystal phase during cooling process and the contribution of each component to the criterion: G-FAS =
T g/(1.5 T)+T/T+T/ T, and G-FASm':Tg/ THT/THT/ Tg)” (a=1.5+0.2). The correlation between G-FAS and critical cooling rate R, and
that between G-FAS and T, (T, reflects the supercooled liquid region of glass, 7, =T,/T,) were discussed, which could reflect GFA

and GS, respectively. Through the determination results of GFA and GS of abundant metallic glasses and other glass formers, the
validity of the proposed G-FAS criterion was evaluated. Results show that with respect to both GFA and GS, the G-FAS criterion is
reliable in various glass former systems, showing wide applications. The proposed Tri-FAS and G-FAS criterion can provide guidance

during the fabrication and application of metallic glasses.
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The manufacturing process and the actual application
process attract much attention in material research. For the
glass-forming ability (GFA) in the
preparation process and glass stability (GS) in the application
process are important parameters in various high-tech

metallic  glasses,

industries, such as the aviation, aerospace, computing, and
communication! ",

For the glass formation during cooling process, the stronger
the GFA, the greater the metal glass size even at the same
cooling rate, and accordingly the smaller the critical cooling
rate R, (the minimum cooling rate to obtain fully amorphous
solid from melts). In this case, the amorphous state can be
easily formed. Therefore, R, can directly evaluate GFA.
However, R, cannot be measured accurately™. Consequently,
some simple but practical criteria based on the characteristic
temperatures (7,: glass transition temperature; 7,: onset

crystallization temperature; 7}: liquid temperature) which are
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closely related to R, are proposed to characterize GFA, such as
AT=T~T ", T =T/T\"", H'=(T,~T)/T"", y=T/T+T)",
AT=T=T1, AT ~(T-T)AT=T)", a=T/T" ", f=T/T+T
¥, 6=T/(T,=T)™, o=T(AT/T )™, y,=QT,~T)/T*, f~
TTNT,-T)"™, &=T/T+AT/T™, =T/ T -2T/T+T)™', 6=
(AT TUT =TT, 0,=T/QT~T)-TJT", =T(T+T)/
[Tx(]—'l_Tx)][ZS]’ yc=(3 Tx_zTg)/]—'l[zg]’ ﬁ'zTg/TX_Tg/(Tln)[sO]a wB=(2Tx_
TOUTATY", G=T T~T )T =T, y~(T~T)AT-T )T/ T
T, y= (ST, = STYTH, &= (T, - T)T,TAT, - T)™, k=
T,TT(T~T)AT,~T)"™, G-FASI=T/Ti+ (T~ T)(T,~T)" ™,
and G, =T/T+T/TH(T,-T)AT,~T)"™". T, reflects the stability
of high temperature liquid. When 7, increases, the high
temperature liquid can easily pass through the narrow interval
T,-T, (namely the high temperature melt supercooled liquid
region, SLR_,) under a small R_ to form amorphous state™”.
During the heating process, good GS indicates the fine
performance and internal structural stability of formed glass
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during application. The formed glass with good GS can hardly
be crystallized, showing a wide supercooled liquid region of
glass (SLR,
other metallic glasses do before crystallization failure. It is
well known that GS measured by the wide interval 7, -7, is
likely to cause large GFA. But in some specific alloy systems,
GFA and GS show inconsistent relationship. Although GFA

and GS are related concepts, they are not equivalent
[41]

). In other words, it has longer service life than

characterizations of glasses Through the quantitative
evaluations of GFA and GS, it is known that the increase in
GFA is usually not accompanied by the increase in GS with
the same magnitude™. Generally, the GFA evaluation criteria
attract more attention than the GS evaluation criteria do.
Moreover, the proposed GS evaluation criteria are mostly
related to GFA, such as (7, -T)(T,-T)", T-T"", (T,-T,)/
™ (T-T)/T"™, and T/T"" "\

Therefore, in this research, the GFA and GS evaluation
criteria were combined through a simple triangle during both
cooling and heating processes. On this basis, a criterion for
GFA&GS evaluation was proposed and further modified from
two aspects: the competitive relationship between amorphi-
zation and crystallization during the cooling process, and the
contribution of components to the GFA&GS criterion.

1 Experiment

First, 65 types of metallic glasses with characteristic
temperatures and R, values (SiO, was used as the best glass
forming material) were collected by five measurement
methods or R, estimation™. Various cryoprotective solutions
(31 types) and glassy oxides (23 types) in Ref.[45] were used
as the reliable database. Then, the linear interrelationship
between R, and T, which reflect GFA and GS, respectively,
and the criterion ¢ based on characteristic temperatures were
analyzed: 1gR=4 - Bc(T,, T,, T)) and T, =A+Bc(T,, T,, T),
where A and B are fitting parameters. The linear regression
equation and the coefficient of determination R* were obtained
by Origin software through linear fitting.

2 Analysis

2.1 Revisit pseudo-four characteristic parameters

The close relationship among the characteristic temper-
atures, GFA&GS criterion from GFA aspect during cooling
process, and that from GS aspect during heating process was
investigated. A simple triangle structure of characteristic
temperatures is used to illustrate their relationship, as shown
in Fig. 1. T, reflects the liquid stability; 7 reflects the
resistance to crystallization; 7, reflects GFA during cooling
process and GS during heating process; 7,,=7,/7, indicates the
GFA during cooling process (from red point 7, to green point
T); T,=T/T, indicates the GS during heating process (from
green point 7, to brown point 7); 7,,=7,/T, indicates the GFA
during cooling process and the GS during heating process
(blue line connecting red point 7, and brown point 7).

Firstly, from the perspective of amorphization during
cooling process (from red point 7, to green point 7,), the

Fig.l Triangle structure of 7, T, and T, characteristic temperatures

characteristic temperature 7, denotes the stability of high-
temperature liquid, and the GFA or glass-forming tendency is
denoted by T,/T,. The lower the 7,, the more stable the high-
temperature liquid, i. e., equilibrium liquid can resist the
solidification* *!. With increasing the 7,/7, ratio, the interval
between 7, and 7, (namely SLR ) is decreased, so the stable
high-temperature liquid can pass through the “dangerous”

clt

region without crystallization, i.e., GFA is enhanced.

Secondly, from the perspective of devitrification during
heating process (from green point 7, to brown point 7}), the
characteristic temperature 7 denotes the crystallization
resistance, and 7, =T,/T, denotes the SLR, stability. Larger
T, value correlates to the higher crystallization resistance. A
large SLR

glass

glass

value suggests that the supercooled liquid of
glass can exist in a wide temperature range without crystalli-
zation and presents the strong resistance against the nucleation
and growth of crystalline phase, i.e., GS is enhanced"”.

Thirdly, the blue line of 7, and 7, (T, =T,/T,) simultaneously
denotes the GFA and GS, and it is only related to 7, and T,
without 7,/"”’. Tt is worth noting that the characteristic temper-
ature T, is relatively special, compared with the other two
characteristic temperatures 7, and 7. Sole T, parameter cannot
provide any information about GFA&GS relationship™.
Therefore, it can be deduced that the characteristic temper-
ature T, reflects both GFA during cooling process and GS
during heating process.

According to the abovementioned analysis, it can be seen
that in the cooling process, the increase in 7, can enhance
GFA; whereas in the heating process, the increase in 7
coupled with the decrease in 7, can expand SLR
Theoretically, there is a contradiction relationship between
GFA&GS and T, To solve this problem, 7, and 7, are
combined during cooling process, and 7, and 7, are combined
forming two pseudo
characteristic parameters 7,/7; and 7,/T, and avoiding the sole

glass®

during heating process, thus

appearance of 7,. Therefore, three characteristic temperatures
are modified into pseudo-four characteristic parameters: 7, 7,
TJ/T, and T/T. In this case, the crystallization resistance is
related to 7: the higher the T, the stronger the crystallization
resistance of glass; the stability of high-temperature liquid is
related to 7: the lower the 7,, the more stable the liquid; the
SLR,,, stability is related to 7,/7,: the larger the 7,/T,, the

glass
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more stable the supercooled liquid of glass; GFA/glass-
forming tendency is related to 7,/7: the larger the 7,/T,, the
stronger the GFA of liquid.

2.2 Tri-FAS and G-FAS criterion

The triangle of glass-forming ability and glass stability (Tri-
FAS) is established based on the pseudo-four characteristic
parameters, as shown in Fig.2. On the one hand, for GFA
evaluation during cooling process and GS evaluation during
heating process, three characteristic temperatures are reduced
by 7, to obtain 7, and 7, reduced by 7| to obtain 7, and T,
and reduced by 7, to obtain 7, and T, respectively. Thus, the
parameter 7, can reflect GFA&GS in both cooling and heating
processes. On the other hand, the Tri-FAS can also be
obtained by combining the pseudo-four characteristic para-
meters according to the principle of similar complementary in
physical meaning. Among the pseudo-four characteristic
parameters, the characteristic temperature 7, is combined with
T, and 7| to obtain 7,, and T, in Tri-FAS, respectively. The
remaining 7./7, is combined with 7, and 7, with dual-meaning
of GFA and GS. In the Tri-FAS, although T, can reflect both
GFA and GS", T, cannot comprehensively characterize
GFA&GS due to the lack of 7,. Therefore, the parts including
T, should also be considered to form a unified determination
criterion to evaluate GFA&GS: G-FAS=T/T+T/T+T/T, It
should be noted that various forms can also be obtained
through the combination of the pseudo-four characteristic
parameters, such as (7/7+T/T,) (T/T) (determination
coefficient R’=0.864), (T,/T) (T/T) (T,/T,) (R’=0.828), and
(TJTITJT)+TJT, (R=0.846). However, the proposed G-FAS
criterion is the simplest and most reliable for experiment
validation.

According to the classical nucleation and crystal growth

theories™

, some expressions can be easily derived from the
perspective of GFA during cooling process and GS during
heating process, as follows:
GFAST /T, (1)
GSecT /T, 2
These two correlations form the G-FAS criterion expressed
by characteristic temperature 7, as follows:
G-FAS,; <(GFA, GS) 3)

It is mentioned that the characteristic temperature 7 in the

@)

SOV Reduced by 7, _.--
7 Tg T

Fig.2 Schematic diagram of Tri-FAS based on pseudo-four

characteristic parameters 7, 7,, T, and 7,
8 g

pseudo-four characteristic parameters indicates the crystalli-
zation resistance and 7, indicates the stability of high-
temperature liquid. Thus, the combination of 7, and 7, can be
used to express G-FAS criterion, as follows:

G-FAS; T /T, O]
G-FAS; and G-FAS; , can be unified, as follows:
G-FAS<(G-FAS ), G-FAS; ;) ®))
Substituting Eq.(1-4) into Eq.(5), Eq.(6) can be obtained:
G-FAS(T/T, T/T, T/T,) 6)

Hence, the G-FAS criterion for GFA&GS evaluation is as
follows:

G-FAS=T/T+T/T+T/T, @)

It should be noted that the formula in Eq.(7) is not a simple
superposition of three components. According to the
abovementioned pseudo-four characteristic parameters, Eq.(7)
should be regarded as four separate parts of 7, T}, 7,/T,, and
T/T,. Each part has a clear physical meaning. The character-
istic temperature 7,, which represents the stability of high-
temperature liquid, is combined with 7, to form the first term
T/T, reflecting GFA/glass-forming tendency. The character-
istic temperature 7, which represents the crystallization
resistance, is combined with 7, to form the third term 7,/7,,
thus reflecting the SLR,, stability. Besides, 7, and 7, are
combined to form the second term 7,/7,, reflecting GFA and
GS simultaneously.
2.3 Modification of G-FAS criterion

To further improve the reliability of the criterion for
GFA&GS evaluation, the criterion is modified from the
perspective of glass formation (7,/7, term in criterion) during
cooling process. In terms of glass formation, 7,/7; represents
GFA: the higher the T, the easier the glass formation. On the
other hand, from the perspective of metal solidification, 7, /7,
reflects the crystallization of high-temperature melt (7, is the
the
easier the crystal formation. Thus, from the competitive

onset temperature of solidification): the higher the T,
correlation between glass formation and crystallization, their
ratio of (T/T)(T,/T) =T/T, jointly determines the GFA.
Therefore, T,/T, should be replaced by 7,/T,, in Eq.(7) to
obtain the modified G-FAS criterion (G-FAS ), as follows:
G-FAS =T /T +T/THT/T, ®)
According to Ref.[29], there is a linear relationship between
T, and T, as T =1.5T,. Considering that T value is relatively
easy to measure, Eq.(8) can also be expressed as follows:
G-FAS =T/Q(.5T)+T/T+T/T, )
Afterwards, G-FAS criterion is further ameliorated from
the perspective of the contribution of each component to the
G-FAS criterion. By analyzing the 7,/T,, /T, and T,/T, values
of 65 metallic glasses™, it is found that the 7,/7, values are
greater than 1, whereas the 7,/T, and 7,/7, values are similar
and much smaller than the 7,/7, value, such as T,,=0.246(Ni)~
(0.369~0.691)~0.726(Si0,), T,=0.246(Ni)~(0.369~0.807)~
0.872(Si0,), and T, =1(Ni)~(1~1.197)~1.2(Si0,). The values
of Ni and SiO, are lower limit and upper limit, respectively.
Therefore, the 7,/T, value is exponentially revised to approach
the 7/T+T,/T, value and to have the same order of magnitude.
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So three terms, 7,/T, T,/T,, and T,/T,, contribute evenly to
the G-FAS criterion. By introducing an index «, the value of
(T/T)'=(1.0-1.3)%0.1 (@=1.5+0.2) is close to the 7,/T+T,/T;=
0.49(Ni)~(0.74~1.48)~1.59(Si0O,) value. Thus, the revised
G-FAS criterion is obtained, as follows:
G-FAS,=T/T+T/THT/T)" (10)

3 Results and Discussion

3.1 Effectiveness of G-FAS criterion

In order to evaluate the effectiveness of the G-FAS
criterion, a reliable database composed of a wide range of
metallic glasses is chosen™ for analysis. The optimal glass
former SiO, and the worst glass former Ni are also included.
The relationship between G-FAS criterion and 1gR_ is shown
in Fig. 3, where an excellent linear relation can be clearly
observed. The linear regression analysis result shows that the
relationship between IgR_ with G-FAS value can be expressed
as follows:

1gR =28.82-11.80G-FAS (11)
where R, has the unit of K/s and G-FAS value is dimen-
sionless. From the regression analysis of the plot between G-
FAS criterion and IgR_, the coefficient of determination R* is
evaluated and recorded. The R® value can reflect the
effectiveness and consistency of G-FAS criterion. The higher
the R* value, the better the correlation between the proposed
G-FAS criterion and R In this case, the R’ value is 0.882,
suggesting that there is a solid correlation between R, and G-
FAS criterion. The 95% prediction limits are also shown in
Fig.3, as indicated by the dashed lines. A narrow band can be
observed, inferring the less scatter of the experiment data and
a stronger relationship between independent variables.

The G-FAS criterion, as an effective criterion for GFA&GS
evaluation, can also be applied in other glass forming
materials. Fig. 4 shows the correlations between the G-FAS
criterion and critical cooling rate IgR_ of 23 glassy oxides and
31 cryoprotective solutions™!. The linear relationship can also
be observed in Fig.4a and 4b, as demonstrated by solid lines.
The relationship between the G-FAS criterion and critical
cooling rate IgR_of 23 oxides can be expressed, as follows:

IgR =31.94-13.30G-FAS (12)

—_—
[\S RNV
T

1gR ~~11.80G-FAS+28.82 RN
[ R?=0.882

O O W O W & ©
T
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Fig.3 Correlation between G-FAS criterion and critical cooling rate

IgR_ of various metallic glasses
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Fig4 Correlations between G-FAS criterion and critical cooling
rate 1gR, of 23 glassy oxides (a) and 31 cryoprotective

solutions (b)

The relationship between the G-FAS criterion and critical
cooling rate IgR, of 31 cryoprotective solutions can be
expressed, as follows:

IgR =11.14-3.74G-FAS (13)

The R* values of Eq.(12) and Eq.(13) are 0.854 and 0.878,
respectively, suggesting that there is a relatively solid
correlation between G-FAS criterion and critical cooling
rate R .

It can be seen that the G-FAS criterion can be applied not
only for metallic glasses, but also for the glass formers,
presenting great application potential. Besides, this result also
indicates that the G-FAS criterion for GFA&GS evaluation
obtained by comprehensive consideration of GFA in cooling
process and GS in heating process based on pseudo-four
characteristic parameters is reliable.

According to the pseudo-four characteristic parameters and
the derivation of the G-FAS criterion, it is verified that G-FAS
criterion can GFA and GS.
Additionally, the characterization of correlation between
proposed G-FAS criterion and GS-related parameter is

simultaneously evaluate

necessary. It is well known that 7, and 7, -7, can reflect GS.
But for different glass formers, there is no contrast. Thus,
considering the reduction of these two parameters with 7,, a
representation of GS, the crystallization-
vitrification ratio of 7,/T,, is obtained for analysis. Based on
the Tri-FAS, the ratio of 7,/T, can be used to reflect GS. Fig.5
shows the correlations between the modified G-FAS /G-FAS, '
criteria and critical cooling rate 1gR and those between the
modified G-FAS /G-FAS, ' criteria and 7,, for various metallic
glasses. For the relationship between the modified criteria and
R, the linear regression expressions are 1gR=51.76-21.44x
G-FAS,, with R*=0.895 and IgR =26.70-10.64G-FAS ' with R’
=0.903 for the modified G-FAS_, and G-FAS ' criteria,
respectively. Compared with the G-FAS criterion (R*=0.882),
the modified criteria show stronger relationship with R and
higher R* values, indicating that the amelioration based on
the competitive

quantitative

m

relationship between vitrification and
crystallization during cooling process and the contribution of
each component to the criterion is feasible. For the
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correlations between modified G-FAS criteria and 7, linear
relationships between 7, and G-FAS, /G-FAS ' criterion can
be observed, and they can be expressed as follows:
T,,=0.16+0.40G-FAS | (14)
T,,=0.62+0.20G-FAS ' (15)
The coefficients of determination R* of the correlation
between G-FAS, criterion and 7|, and that between G-FAS, '
criterion and 7,, are 0.652 and 0.678, respectively. Compared
with those from the correlation between IgR, and G-FAS /
G-FAS ' criterion, the data from the correlation between T,
and G-FAS /G-FAS' criterion are more scattered. This is
probably attributed to the selection of GS parameter.
However, the optimal parameter to evaluate GS is T, in this
research. In fact, similar to the critical cooling rate R during
cooling process, the critical heating rate R, can also be used
to reflect the crystallization resistance during heating process,
i.e., R, can reflect GA. However, considering the difficulty in
measurement and the lack of available data of R, , R, cannot
be used as the GS parameter.
3.2 Comparison of relevant criteria

he?

The items of G-FAS criterion were analyzed. It is worth
noting that 7, is an indicator to determine the quality of other
GS parameters. So 7,, is not considered as a comparison item
in this research. Table 1 shows the comparison results of
determination coefficients R* of criterion components, y-series
criteria (y, y,, 7 and y), G-FAS, G-FAS , and G-FAS,'
criteria for 65 metallic glasses, 23 glassy oxides, and 31
cryoprotective solutions. Firstly, from the perspective of GFA,
the T, term can simultaneously reflect GFA and GS and it has
a larger R* value than the term T, does, which only describes

GFA, indicating that the T, term is comparable to the G-FAS
criterion in this research. However, the revised parameters of
G-FAS, and G-FAS,' criteria are better than 7, term,
especially for the metallic glasses. Secondly, from the
perspective of GS, the R* values of G-FAS series criteria are
higher than those of 7, and T,,, indicating that G-FAS series
criteria have stronger correlations with R, compared with the
T, and T, terms.

It can be concluded that the parameters 7}, and T,, cannot
comprehensively evaluate GFA and GS. The T, term
considers the liquid stability and crystallization resistance, but
ignores the GFA/glass-forming tendency and the SLR,
stability. The parameter 7, only considers the GFA reflected
by the GFA/glass-forming tendency, but neglects the
GFA&GS reflected by the liquid stability, crystallization
stability. Therefore, 7, and T,, are

ass

resistance, and the SLR,,
not the optimal criteria.
Finally, the G-FAS criteria with the commonly used y-series
criteria were discussed. Through the regression analysis,
according to the relationships between IgR_ and y criterion and
those between T, and y criterion for 65 metallic glasses, the R*
values are 0.882 and 0.596, respectively, which are nearly
equal to that of G-FAS criterion. This result indicates that
G-FAS and y criteria are comparable in GFA&GS prediction.
Correspondingly, the modified y criteria (y_, y., and y,) and the
revised G-FAS criteria (G-FAS, and G-FAS_') show compa-
rable results in GFA&GS evaluation. In addition, from the
expression of G-FAS criterion, it can be seen that three
T, and T, exhibit the same
times (2!). Similarly, in the y criterion, each characteristic

characteristic temperatures 7,

Table 1 Comparison results of determination coefficients R’ of criterion components, y-series criteria (y, Vs Yoo and ), G-FAS, G-FAS ,

and G-FAS ' criteria for various metallic glasses, glassy oxides, and cryoprotective solutions

Determination coefficient Material T, T, y Yo A 7, G-FAS G-FAS_ G-FAS '
65 metallic glasses 0.646 0.846 0.882 0.901 0.908 0908 0.882 0.895 0.903
R*(GFA)
31 cryoprotective solutions ~ 0.547  0.854 0.879 0.868 0.858 0.864  0.878 0.874 0.879
. 23 glassy oxides 0.809 0.889 0.787 0.771 0.575 0.673  0.854 0.761 0.736
R(GS)
65 metallic glasses 0.224 0.504 0.596 0.669 0.761 0.722  0.594 0.653 0.678
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temperature also shows the same time (1!). This result
indicates that the contribution of each characteristic
temperature is even without bias. It should be noted that
during the derivation process of y criterion, two aspects of 7./
T, and T/T!"' are considered, but the GFA/glass-forming
tendency reflected by T7,/7, during cooling process is
neglected. Although the modified y_, y., and y, criteria have a
relatively high correlation with the critical cooling rate
R they probably cannot comprehensively and
completely reflect GFA&GS, especially the GFA reflected by
T/T, during the cooling process, under the consideration of the
pseudo-four characteristic parameters obtained from both the
cooling and heating processes.

4 Conclusions

1) Based on the four aspects reflected by the pseudo-four
characteristic parameters, a simple triangle criterion for glass-
forming ability (GFA) and the glass stability (GS) evaluations
with the combination of pseudo-four characteristic parameters
as the vertex is established under the consideration of both
GFA during cooling process and GS during heating process,
namely Tri-FAS.

2) Based on Tri-FAS and pseudo-four characteristic
parameters, the G-FAS criterion is proposed and modified
from the aspects of the competitive correlation between
amorphization and crystallization during cooling process and
the contribution of each component to the criterion. G-FAS
criterion is as follows: G-FAS=T/T+T/T+T/T, G-FAS =T/
(LSTH)+T/T+T/T,, and G-FAS '=T/T+T/T+(T/T)" (a~1.5%
0.2), where T, is glass transition temperature, 7, is onset
crystallization temperature, and 7, is liquid temperature.

3) For various metallic glasses and glass formers, the
G-FAS criterion exhibits the better correlation than 7,/7, and
T /T, items do for the GFA&GS evaluation. G-FAS criterion is
comparable to y criterion for GFA&GS evaluation, which is
feasible and reliable.
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WIBF R RE N MR E M = A F N

R, EAET D, BEEE ", EM, FERS
(1. ZINBR TR MRRISE TR0, HIR 22N 730050)
(2. 2N TR AL a aSmulin TSHRAEZRE ML, Hilt 20 730050)
(3. ZINBET R ML RSB, HIRF =M 730050)

OB MERES RISV (GFA) MITHEE R BERENE (GS), MIE T LU PURHIE S B & R T i 0 e SRS T i g
SIRREME =T (Tri-FAS), MIMIHES A E GFA&GS IIHEN:  G-FAS=T/T+T/T+T/T, (T NS S s TR EE; T,
B ARIR L), IF MBI IR 5 P 2 1) B 5 4 2 28 RV D % 4L Rl T 4 U 6 42 465 SOk 3 A 5 TR AT T 48T . G-FAS =T,/
(L5ST)+T/T+T/T A G-FAS '=T/T+T/THT/T) (a=1.5+0.2). Wik T G-FAS 5l % HIER R . G-FAS5 T, (T, KB T BEFEI) L ¥
X, T=T/T) HIMIRYE, 73RIRENS B GFA I GS. 8 A8 SR AN H A IR Y et A GEA R GS P75 T 0 40 v DU P A 2 kAT
TR, BERER: ZFE NI IR GFA Jr T2 GS U5 T, FEANFIBIE A R TS a 2, HAAT 2 R ME. $2 1) Tri-FAS
1 G-FAS ) 58 Y I 7E 3538 ) A 7= A0 Sz g L R v B 4 AR A

R SR BIWIKAES; BAREN, RRILESE; R

PEERIAr: 2Rk, 55, 1983404, fli-k, Z WL TORZEMRERR S TRk, Hl 2 730050, E-mail: lixc@lut.edu.cn



