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Abstract A new formalism recently developed by Belova

et al., based on linear response theory combined with the

Boltzmann–Matano method, allows determination of tracer

and interdiffusion coefficients simultaneously from a sin-

gle, isotope-free, traditional diffusion couple experiment.

An experimental methodology with an analytical approach

based on the new formalism has been carried out using the

model Cu-Ni system to effectively determine tracer diffu-

sion coefficients from an isotope-free diffusion couple

experiment. Cu thin films were deposited in between sev-

eral binary diffusion couples with varying terminal alloy

compositions (Cu-25Ni, Cu-50Ni, Cu-75Ni, Ni). Diffusion

couples were annealed at 800, 900 and 1000 �C, and the

superimposed concentration profiles of thin film and

interdiffusion were analyzed for the simultaneous deter-

mination of tracer and interdiffusion coefficients. Pro-

cessed concentration profiles obtained from the diffusion

experiments were also fitted with simple Gaussian distri-

bution function. Results were compared to existing litera-

ture data obtained independently by radiotracer

experiments, and an excellent agreement has been

observed.

Keywords experimental techniques � interdiffusion � tracer

diffusivity

1 Introduction

Diffusion coefficients are important material property

parameters that help the understanding of phase transfor-

mations and microstructural development. For metallic

alloys, investigation of diffusion typically involves mea-

surement of interdiffusion coefficients, intrinsic diffusion

coefficients and/or tracer diffusion coefficients. Both

interdiffusion and intrinsic diffusion coefficients are

‘thermo-kinetic’ parameters since they include both ther-

modynamic and kinetic terms based on the Darken model.

Tracer diffusion experiments provide the most fundamental

information about the number of jumps (per unit time) an

atom makes between the lattice sites.[1] The tracer diffusion

coefficient is a kinetic parameter that is typically employed

for constructing mobility diffusion databases, and can be

coupled with thermodynamic information to constitute

interdiffusion and intrinsic diffusion coefficients.

Traditional techniques[2,3] for experimentally determin-

ing the tracer diffusion coefficient in alloys can be chal-

lenging and costly due to the use of isotopes and the

number of experiments required to assess composition and

temperature dependence. Therefore, an efficient way of

obtaining tracer diffusion coefficients is highly sought

after. Furthermore, simultaneous measurement of tracer

and interdiffusion coefficients would provide an efficient

and consistent way to distinguish the kinetic (e.g., mobil-

ity) and thermodynamic (e.g., thermodynamic factor, U)

influences on the overall diffusion process in metallic

alloys, for example, through the Darken model.

A new formalism[4,5] for simultaneous measurement of

isotope tracers and interdiffusion coefficients in multi-

component alloys has been recently reported. This for-

malism utilized Onsager’s phenomenological

relationships[6] combined with the Boltzmann–Matano
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transformation. In this study, we implement an analytical

method based on this new formalism to simultaneously

determine interdiffusion coefficients, ~D and tracer (D�
Cu)

diffusion coefficients in the Cu-Ni system at 800, 900 and

1000 �C. The Cu-Ni system was chosen for this investi-

gation to demonstrate the validity of the new analytical

framework, because there are ample data on both tracer

diffusion and interdiffusion in the literature.

2 Analytical Framework

Consider an isothermal annealing of a binary diffusion

couple that consists of alloys with compositions AxB(1-x)

- AyB(1-y). Within the couple, consider that atoms of the

same type (A) have fraction of them that is situated at a

given (known) location in the couple and has a different

relative composition from that at the remaining locations.

In other words, the AB couple constructed in such a way

that there is a fraction of A atoms that can be separated

from the rest of the A atoms based on its location. There-

fore, it is possible to distinguish them and A atoms can be

split into two groups: atoms A1 and A2. Then, due to the

difference in their specific locations and compositions, the

respective thermodynamic forces (XA1 and XA2) of these

atoms will not be equal. Furthermore, the flux of A atoms,

JA, can be split into two fluxes, JA1 and JA2 accordingly.

Given this information, the Onsager expressions for the

diffusion fluxes of the atomic components A and B in the

lattice coordinate system can be written as:

JA1 ¼ LA1A1XA1 þ LA1A2XA2 þ LA1BXB ðEq 1aÞ
JA2 ¼ LA1A2XA1 þ LA2A2XA2 þ LA2BXB ðEq 1bÞ
JB ¼ LA1BXA1 þ LA2BXA2 þ LBBXB ðEq 1cÞ

where the Lij’s are the Onsager phenomenological transport

coefficients, the Xj’s are the forces acting on atoms, JA ¼
JA1 þ JA2 and XA1 6¼ XA2.

In general, in an isothermal, isobaric system with a

composition gradient, the driving force XA can be expres-

sed in terms of the chemical potential gradient:

XA ¼ �rlA ¼ �kT
rcA

cA
þr ln cAð Þ

� �
ðEq 2Þ

where cA is the activity coefficient of the A component, and

for simplicity only a unidirectional flow in the x direction is

considered. The two types of A atoms constitute the total

composition of A atoms, cA:

cA1 þ cA2 ¼ cA ðEq 3Þ

For a system in mechanical equilibrium, there is a

restriction on the forces (also known as the Gibbs–Duhem

relation):

cA1XA1 þ cA2XA2 þ cBXB ¼ 0 ðEq 4Þ

Since in a diffusion couple experiment, fluxes are typi-

cally measured in the laboratory coordinate system ð~JÞ,
transformation between the lattice and laboratory coordi-

nate system is necessary. Kirkwood et al.[7] showed that the

fluxes with respect to any two reference frames are related.

Using this relationship, fluxes in the laboratory coordinates

reference frame can be written as:

~Ji ¼ Ji þ vNci; i ¼ A;A1;A2;B; ðEq 5Þ

where v is the lattice drift velocity, N is the number of

lattice sites per unit volume, ~Ji is the flux of type i atoms in

the laboratory coordinate system and Ji is the flux of type i

atoms in the lattice coordinate system. Then

vN ¼ ~JA � JA
� �

=cA ðEq 6Þ

and

~JA1 ¼ JA1 �
cA1

cA
JA þ

cA1

cA
~JA ðEq 7Þ

and similarly, for ~JA2:

~JA2 ¼ JA2 �
cA2

cA
JA þ

cA2

cA
~JA: ðEq 8Þ

In Eq 7, there are two terms still in the lattice reference

frame, which need to be further replaced with experimen-

tally measurable terms.

After Darken’s initial approximate relations that were

first published,[8] Manning[9] presented more accurate

relations between the tracer diffusion coefficients and the

Onsager transport coefficients using a random alloy model.

In this model, vacancies and different atoms are assumed to

be distributed randomly in an alloy. More recently, rela-

tions between the Onsager transport coefficients and tracer

diffusion coefficients were derived without the dependency

on the atomic model.[10] Utilization of these relationships

yields the following expressions:

LA1A1 ¼ NcA1

kT
D�

A þ cA1FA

� �
ðEq 9aÞ

LA2A2 ¼ NcA2

kT
D�

A þ cA2FA

� �
ðEq 9bÞ

LBB ¼ NcB

kT
D�

B þ cBFB

� �
ðEq 9cÞ

LA1A2 ¼ NcA1cA2

kT
FA ðEq 9dÞ

LA1B ¼ NcA1cB

kT
FAB ðEq 9eÞ

LA2B ¼ NcA2cB

kT
FAB ðEq 9fÞ

J. Phase Equilib. Diffus. (2018) 39:862–869 863

123



where D�
A and D�

B are the tracer diffusion coefficients, FA is

a correlation function between the movements of two dif-

ferent A atoms, FB is a correlation function between the

movements of two different B atoms, and FAB is a cross-

correlation function between the movements of A and

B atoms.

The fluxes in the lattice coordinate system, Eq 1, toge-

ther with expressions for the Onsager transport coefficients

Eq 9, can now be substituted into Eq 7 to yield the fol-

lowing expressions:

~JA1 ¼ N

kT
D�

AcA1 XA1 � XAð Þ þ cA1

cA
~JA ðEq 10Þ

Making use of Eq 2 and 10 can be rewritten as:

~JA1 ¼ �ND�
A rcA1 �

cA1

cA
rcA

� �
þ cA1

cA
~JA ðEq 11aÞ

Similarly:

~JA2 ¼ �ND�
A rcA2 �

cA2

cA
rcA

� �
þ cA2

cA
~JA ðEq 11bÞ

In Eq 11, all the terms can be defined based on the labo-

ratory reference frame once the concentration profiles are

extracted from the experimental data.

The equations described above can be used to extract the

tracer diffusion coefficient D�
A with a known interdiffusion

concentration profile of A that includes the partial concen-

tration profile of A1. Now, assuming the diffusion couple was

annealed for a time t, andN (the number of lattice sites per unit

volume) is not changing with composition, the diffusion

equations for components A, A1 and B can be written as:

ocA

ot
¼ �r~JA

N
¼ r ~DrcA

� �
ðEq 12Þ

ocA1

ot
¼ r D�

ArcA1 þ D�
A � ~D

� � cA1

cA
rcB

� �
ðEq 13Þ

ocB

ot
¼ r ~DrcB

� �
; ðEq 14Þ

where ~D is the (standard) interdiffusion coefficient. When

the Boltzmann variable transform, k ¼ x=
ffiffi
t

p
is applied to

Eq 13 with the assumption that

cA1 ¼ f kð Þffiffi
t

p ðEq 15Þ

and using the transformations of the partial derivatives with

respect to x and t into the ordinary derivative with respect

to k:

o

ox
¼ 1ffiffi

t
p d

dk
ðEq 16Þ

o

ot
¼ k

2t

d

dk
ðEq 17Þ

the following relation can be obtained:

� f þ k
df

dk

� �
¼ 2

d

dk
D�

A

df

dk
þ D�

A � ~D
� � f

cA

dcB

dk

	 

;

ðEq 18Þ

or

� d kfð Þ
dk

¼ 2
d

dk
D�

A

df

dk
þ D�

A � ~D
� � f

cA

dcB

dk

	 

; ðEq 19Þ

where f, ~D and D�
A are approximated as functions of k only.

After integrating Eq 19 with respect to the variable k we

have that:

� kf
2
¼ D�

A

df

dk
þ D�

A � ~D
� � f

cA

dcB

dk
ðEq 20Þ

Using

dcB

dk
¼ � dcA

dk
ðEq 21Þ

and dividing Eq 20 by f yields:

� k
2
¼ D�

A

d ln cA1ð Þ
dk

� D�
A � ~D

� � d ln cAð Þ
dk

ðEq 22Þ

Since the anneal time, t, will always be a constant, Eq 22

can be rewritten as:

� x

2t
¼ D�

A

d ln cA1ð Þ
dx

� D�
A � ~D

� � d ln cAð Þ
dx

ðEq 23Þ

After isolating the tracer diffusion coefficient on the left-

hand-side, and rearranging the remaining terms, the fol-

lowing expressions can be obtained:

D�
A ¼ � x

2t
þ ~D

d lnðcAÞ
dx

� �
=

d ln cA1ð Þ
dx

� d ln cAð Þ
dx

� �

ðEq 24Þ

or,

D�
A ¼ � xcA1

2t
þ ~D

cA1

cA

dcA

dx

� �
=

dcA1

dx
� cA1

cA

dcA

dx

� �
ðEq 25Þ

In the standard Boltzmann–Matano analysis, the loca-

tion of the Matano plane must be determined. Similarly, in

the present analysis, the origin of the k axis must be

determined. Since Eq 21 does not include any integral

terms, the origin of the k can be taken as kþ a�, where a�

is a constant representing the shift of the position of the k.

Then k in Eq 23 can be simply replaced by the kþ a� term:

� kþ a�

2
¼ D�

A

d ln cA1ð Þ
dk

� D�
A � ~D

� � d ln cAð Þ
dk

ðEq 26Þ

For the solution of Eq 26, a ¼ a�
ffiffi
t

p
relationship can be
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used where a is also a constant. The role of this constant in

the equation is to control the sign of the numerator and

denominator. Thus, determining the value of a should be

done in a way that the resulting tracer coefficient will be

positive. Finally, the most convenient form of the equation

can be written as:

D�
A ¼ � xþ að Þ

2t
þ ~D

d ln cA2

dx

� �
=

d lnðcA1=cA2Þ
dx

� �

ðEq 27Þ

3 Experimental Procedure

In this study, the Cu-Ni system was selected for experi-

ments because a large number of diffusion data are avail-

able in the literature. Three Cu-Ni alloys with varying

compositions (Cu-25at.%Ni, Cu-50at.%Ni, Cu-75at.%Ni)

and pure Ni discs were used for diffusion couple prepara-

tions. The alloys in the diffusion couple were arranged for

simultaneous measurement of the interdiffusion and iso-

topic diffusion profiles. Figure 1 shows a typical arrange-

ment of diffusion couple assembly. A thin film of

‘‘isotopic’’ Cu was placed between ‘Metal 2’ and ‘Metal 3’,

while ‘Metal 1’ and ‘Metal 2’ were in contact with one

another without the ‘isotopic’ thin film. Thus, only inter-

diffusion takes place between ‘Metal 1’ and ‘Metal 2’,

while the thin-film Cu ‘isotopic’ diffusion occurs in addi-

tion to the interdiffusion between ‘Metal 2’ and ‘Metal 3’,

as schematically illustrated in Fig. 1. A list of all diffusion

couples assembled, annealed and analyzed in this study is

given in Table 1. To further verify the repeatability and

consistency of this study, diffusion couple experiments, 2,

4, 7 and 9 were repeated. These couples were denoted, for

example, 2A and 2B for diffusion couple experiment 2.

For diffusion couple assembly, alloy surfaces were

ground and metallographically polished down to a 1 lm

surface finish. Samples were then ultrasonically cleaned

with high purity ethanol. On selected alloys, electron beam

physical vapor deposition (EB-PVD) technique was

employed for Cu deposition. Cu deposition was carried out

with the main chamber pressure of 1.2 9 10-7 Torr, power

of 10 kV, current of 320 mA, and a deposition rate of

1.0 * 1.4 Å/s. Deposition rate was monitored by using an

oscillating crystal. Based on the target thickness of 3 lm,

the Cu deposition period lasted 80 minutes. The prepared

alloys were assembled into diffusion couples as listed in

Table 1. They were held together by a stainless steel jig

with alumina (Al2O3) spacers to avoid any reaction

between the stainless steel and the diffusion couple. The

Fig. 1 A schematic diagram of

diffusion couples and

corresponding concentration

profiles employed for

simultaneous measurement of

interdiffusion and tracer

diffusion coefficients
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assembled diffusion couples were encapsulated in quartz

tubes using an oxy-propylene torch. Prior to sealing, the

capsules were repeatedly evacuated and flushed with Ar

and H2. Quartz tubes were sealed when a vacuum of

8 9 10-6 Torr or better was achieved.

The annealing of the diffusion couples was performed

with a Lindberg/BlueTM three-zone tube furnace. In

Table 1 the time and annealing temperature for all diffu-

sion couples are given. After annealing, the quartz capsules

were carefully removed from the furnace and quenched by

breaking the capsules in cold water. After quenching, the

diffusion couples were mounted in epoxy, cross-sectioned

and metallographically polished down to 1 lm for char-

acterization. The interdiffusion zone was examined by a

ZeissTM Ultra-55 field emission scanning electron micro-

scopy (FE-SEM) equipped with x-ray energy dispersive

spectroscopy (XEDS). Standardless quantification via

XEDS was employed to obtain concentration profiles

across both diffusion zones: one with interdiffusion only

and the other with the imposed thin film (e.g., tracer and

interdiffusion). Concentration profiles extracted from

XEDS data were iteratively fitted using OriginProTM 8.5

software using the expression:[11]

c xð Þ ¼ p1 þ p3xþ p5x
2 þ p7x

3

1 þ p2xþ p4x2 þ p6x3
ðEq 28Þ

The goodness of the fit was determined by reduced chi-

square and the adjusted R2 values approached 1.

4 Interdiffusion

In this study, the Boltzmann–Matano method was adopted

for the determination of interdiffusion coefficients as a

function of composition using the expression:

~Di ¼
1
2t

R Ci

C�1
i

x� xoð ÞdCi

oCi

ox

ðEq 29Þ

Heumann and Grundhoff[12] and Iijima et al.[13] deter-

mined the interdiffusion coefficients in the Cu-Ni system at

1000 �C for the entire composition range. Interdiffusion

coefficients determined by Iijima et al.[13] were slightly

higher. Figure 2(a) shows the interdiffusion coefficients

determined in this study as a function of Cu composition

obtained from diffusion couples, #1, #4, and #7 annealed at

1000 �C as listed in Table 1. Magnitude and composition

dependence of interdiffusion coefficients at 1000 �C were

in good agreement with those reported by Heumann and

Grundhoff.[12]

Trønsdal and Sørum[14] quantitatively determined the

temperature and concentration dependence of interdiffu-

sion coefficients at medium concentrations for the tem-

perature range 700-1000 �C. The interdiffusion coefficients

reported by Trønsdal and Sørum[14] at 900 and 800 �C
were significantly higher than the interdiffusion coeffi-

cients determined by this study as presented in

Fig. 2(b) and (c). Hayashi et al.[15] also examined the Cu-

Ni interdiffusion for the temperature range 765 and 906 �C.

While the composition-dependence was similar, the mag-

nitude of the interdiffusion coefficients was lower than

those determined in this study. Impurity diffusion coeffi-

cients reported by Askil,[16] also plotted in

Fig. 2(b) demonstrate that the magnitude and the trend in

composition-dependence are more consistent with inter-

diffusion coefficients determined in this study.

Zhao et al.[17] investigated interdiffusion coefficient of

Cu and Ni in the temperature range of 650 and 850 �C as

presented in Fig. 2(c). Interdiffusion coefficients at 800 �C
for selected compositions were also reported by Trønsdal

and Sørum[14] as represented in Fig. 2(c). Results obtained

from this study demonstrate that the composition-depen-

dence is consistent among all studies but the magnitude

Table 1 Stacking sequence,

anneal temperatures and anneal

times of diffusion couples

Couple Stacking sequence Temp., �C Time, s

Metal 1 Metal 2 Thin film Metal 3

1 Cu50Ni Cu25Ni Cu Cu50Ni 1000 900

2 Cu50Ni Cu25Ni Cu Cu50Ni 900 900

3 Cu50Ni Cu25Ni Cu Cu50Ni 800 5400

4 Cu75Ni Cu50Ni Cu Cu75Ni 1000 7200

5 Cu75Ni Cu50Ni Cu Cu75Ni 900 18,000

6 Cu75Ni Cu50Ni Cu Cu75Ni 800 75,600

7 Cu75Ni Ni Cu Cu75Ni 1000 3600

8 Cu75Ni Ni Cu Cu75Ni 900 3600

9 Cu75Ni Ni Cu Cu75Ni 800 10,800
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determined by this study falls between those determined by

Zhao et al.[17] and Trønsdal and Sørum.[14]

5 Tracer Diffusion Coefficient Determination
from Thin Film Diffusion

As was explained above, the diffusion couples assembly

consisted of a part with just interdiffusion and the other

part with a thin film sandwiched in-between as shown in

Fig. 1. Annealing of the couple created a local ‘spike’ in

the composition of one of the alloy components as

schematically illustrated in Fig. 1 (i.e., pure Cu thin film),

which include contributions from both, interdiffusion and

thin film diffusion. The analysis of the thin film diffusion

profile (spike) gave the total composition of Cu and then

the analysis of the standard interdiffusion profile allow for

separation of the fraction (i.e., cCu2 fraction) of total Cu

atoms (Eq 3 with A = Cu) and corresponding atomic fluxes

as expressed by Eq 11a and 11b. This approach of distin-

guishing thin film and interdiffusion profiles, i.e., Cu and

Cu2 profiles, is based on the assumption that the thickness

of pure Cu layer is negligibly small.

In order to obtain the cCu1 profile, the interdiffusion

contribution is subtracted from the total cCu profile. This

was achieved by taking the mirror image of the interdif-

fusion profile and subtracting cCu2
profile from total cCu

profile as demonstrated in Fig. 3. Once the concentration

profiles were obtained, Eq 27 was used to determine the

tracer diffusion coefficient.

Fig. 2 Interdiffusion coefficients determined as a function of com-

position at (a) 1000, (b) 900, (c) 800 �C

Fig. 3 (a) Concentration profile that includes both interdiffusion and

thin film diffusion and (b) concentration profile from thin film

diffusion extracted (DCu = Cu-Cu2) and Gaussian distribution func-

tion fitting
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Tracer diffusion coefficient, D�
Cu was determined based

on the formalism developed by Belova et al.[4] and is

plotted as a function of Cu composition near 50 at.% in

Fig. 4. The application of the formalism successfully esti-

mated the tracer diffusion coefficient of Cu however, it did

not give a reliable compositional dependence. Therefore,

the tracer diffusion coefficient, D�
Cu was also calculated

utilizing the Gaussian distribution function applied to the

cCu1 profile and plotted against the corresponding spike

composition. Table 2 summarizes the tracer diffusion

coefficient, D�
Cu obtained by application of the Belova et al.

formalism as a function of Cu composition (at.%) and the

tracer diffusion coefficient calculated using the Gaussian

distribution function. When the existing literature tracer

diffusion data obtained by radioactive isotopes studies[2]

compared with the data obtained by this study utilizing

Gaussian distribution function, good agreement was found,

as presented in Fig. 5.

To further verify the applicability and consistency of the

methodology, diffusion couples with varying terminal alloy

compositions (Cu, Cu-25Ni, Cu-50Ni, Cu-75Ni, Ni) were

annealed at 800, 900 and 1000 �C, and analyzed for the

simultaneous determination of tracer and interdiffusion

coefficients as a function of composition. In order to

determine the standard deviation for each temperature

range and to demonstrate the repeatability of the experi-

ments, independent diffusion couple experiments were also

carried out, and corresponding standard deviations were

determined. Denotations of ‘‘A’’ and ‘‘B’’ were used for the

repeated couples. Table 3 summarizes the tracer diffusion

coefficients, D�
Cu obtained from each diffusion couple

examined in this study. Results from 1000, 900 and 800 �C
were also compared to existing literature data[16,18–20]

obtained independently by radiotracer experiments as

shown in Fig. 5. It can be concluded that, in this investi-

gation, the measurement of tracer diffusion coefficients in

the Cu-Ni interdiffusion experimental set-up making use of

the novel analytical framework produced reliable results.

This validates that the approach can be applied to other

alloys as well to provide kinetic (i.e., tracer diffusion

coefficients) and thermo-kinetic data (i.e., interdiffusion

coefficients) from the same experiment without the use of

radioactive or stable isotopes.

Fig. 4 Tracer diffusion coefficient, D�
Cu determined by composition-

dependent analysis and Gaussian distribution function, independent of

composition

Table 2 Tracer diffusion

coefficient derived from the

Belova et al. formalism and

Gaussian distribution function

Cu, at.% D�
Cu

Belova et al. formalism, cm2/s

D�
Cu

Gaussian distribution function, cm2/s

47 8.6 9 10-11 1.3 9 10-10

48 8.6 9 10-11

49 8.6 9 10-11

50 8.6 9 10-11

Fig. 5 Tracer diffusion coefficient, D�
Cu determined as a function of

composition based on Gaussian distribution function fitting of thin

film diffusion
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6 Conclusions

The tracer diffusion coefficient, D�
Cu and interdiffusion

coefficients have been simultaneously determined using the

experimental methodology based on the new formalism

and Gaussian distribution function fitting. This was per-

formed using standard diffusion couple experiments with-

out any radioactive or stable isotopes. Results produced

were in excellent agreement with previously reported val-

ues determined independently by radiotracer and interdif-

fusion experiments, when Gaussian solution of thin-film

concentration profile was utilized. This investigation

demonstrated that the new formalism can be successfully

applied to binary systems without using radiotracers and

self/tracer diffusivities can be obtained from traditional

diffusion couple experiments.
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Table 3 Summary of tracer diffusion coefficients obtained from each couple annealed

Couple Cu composition, at.% Temp., �C Time, s D�
Cu, cm2/s Average D�

Cu, cm2/s Standard deviation

1 73 1000 900 5.4 9 10-10 … …
2-A 67 900 900 5.7 9 10-11 4.3 9 10-11 7 9 10-12

2-B 67 900 900 4.6 9 10-11

3 67 800 5400 8.0 9 10-12 … …
4-A 47 1000 7200 1.8 9 10-10 1.4 9 10-10 6 9 10-11

4-B 47 1000 7200 9.0 9 10-11

5 48 900 18,000 1.6 9 10-11 … …
6 47 800 75,600 2.5 9 10-12 … …
7-A 21 1000 3600 4.1 9 10-11 4.5 9 10-11 4 9 10-12

7-B 21 1000 3600 4.9 9 10-11

8 22 900 3600 4.2 9 10-12 … …
9-A 22 800 10,800 9.9 9 10-13 8.7 9 10-13 2 9 10-13

9-B 22 800 10,800 7.5 9 10-13
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