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Abstract Interdiffusion in the BCC phase of the Ti-Mn

binary and Ti-Al-Mn ternary systems was investigated

between 1273 and 1473 K by applying the diffusion-couple

technique. The local chemical compositions within the

interdiffusion zone of the diffusion couples were acquired

by electron probe microanalysis (EPMA). The raw com-

position profiles were then analytically represented by the

error function expansion, which allow the ternary inter- and

impurity diffusivities to be appropriately extracted by the

Whittle–Green and generalized Hall methods, respectively.

It was demonstrated that, all four diffusion coefficients ~D
k

ij

(i, j = Al, Mn), both main and cross ones, increase with

increasing the composition of diffusing specie at 1473 K,

whereas at 1273 K ~D
Ti

MnMn and ~D
Ti

MnAl are enhanced by the

addition of diffusing specie Mn but ~D
Ti

AlAl and
~D
Ti

AlMn are in

weak dependence with the Al content. A complete com-

parison among seven Ti-Al-X (Ni, Co, Fe, Mn, Cr, V and

Mo) ternary systems reveals that the order of the average

main interdiffusion coefficients ~D
Ti

XX (X = Ni, Co, Fe, Mn,

Cr, V and Mo) exhibits DNi[DCo[ DFe[DMn [
DCr[DV[DMo.

Keywords BCC phase � generalized Hall method �
impurity diffusivity � interdiffusion � Ti-Al-Mn ternary � Ti-
Mn binary � Whittle–Green method

1 Introduction

Titanium alloys have high specific strength, considerable

ductility and extraordinary corrosion resistance and good

crack propagation resistance. These properties boost the

widespread application of titanium alloys in aerospace,

chemical and medical industries chemistry[1] as well as

astro vehicle.[2] The performance of high-strength Ti alloys

is governed by the combination of many factors, particu-

larly including chemical compositions, grain size, precip-

itation, morphology of a (i.e. HCP) and b (i.e. BCC)

phases, texture, etc. These processes are largely ascribed to

diffusional transformation(s) during thermo-mechanical

processing that ultimately lead to the development of

‘‘good’’ microstructure.

The conventional high-strength Ti alloys contain b-stabi-
lizing elements of Cr, V, Nb, Mo, Fe and Mn, which, in

addition to strengthening the BCC phase, can greatly enhance

the fabricability or ductility of alloys during both hot and cold

working operations, and confer a larger heat treatment capa-

bility or processing window.[3] While superplastic deforma-

tion behavior of Ti-Al-Mn near-a titanium alloys has been

recently studied for superplastic forming as complex shape

aerospace components,[4] Sumi et al.[5] studied the influence

of Mn contents from 8 to 12% in BCC Ti-3%Al-l%Fe alloys
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(mass%) on mechanical properties after solution heat treat-

ment. They found that the ductility and toughness increased

with increasing the Mn content up to 10%, accompanied with

the dissolution of the a-stabilizing element Al into the BCC

lattice up to about 5 wt.%, serving as indispensable compo-

nent in high strength titanium alloys. Lu et al.[6] concluded

that the addition of Al could increase themelting point, obtain

the required percentage of a platelets for strengthening or

developing bimodal microstructures for fatigue property

improvement, and lessen the reactivity of titanium, thus

facilitating the casting process.

So far, impurity and interdiffusivities in the Ti-based

BCC solid solutions have been extensively measured in

many binaries[7–11] and ternaries (e.g. Ti-Al-Co,[12] Ti-Al-

Fe,[13] Ti-Al-Ni,[14] Ti-Al-Mo.[15]). Santos et al.[16] mea-

sured the tracer diffusivities of Ti44 and Mn54 in BCC Ti-

Mn alloys ranging from 1073 to 1573 K, whereas Naka-

mura et al.[17] determined the impurity diffusion of Mn54 in

single crystal HCP-Ti from 878 to 1135 K. To the best

knowledge of authors, the interdiffusion coefficients of

BCC Ti-Mn binary and Ti-Al-Mn ternary systems remain

unknown. Therefore, the efforts are made in the present

work to measure the inter- and impurity diffusion coeffi-

cients of the BCC Ti-Mn and Ti-Al-Mn alloys between

1273 and 1473 K by using the solid-state diffusion couple

technique. By a way of comparison, the measured diffusion

data will be then deduced to depict the diffusion charac-

teristics of BCC Ti-Al-Mn alloys.

2 Materials and Methods

2.1 Experimental Procedure

Sixteen binary and four ternary Ti-based alloys in Table 1,

with their nominal compositions placed in the BCC solid

solution region according to the accepted phase dia-

grams[18] were prepared from 99.99 wt.% sponge Ti, 99.99

wt.% Al and 99.9 wt.% Mn by induction melting in an

argon atmosphere. The melting was repeated five times to

attain a homogeneous composition. The ingots were then

solid-solutioned at 1473 K for 8 h under vacuum followed

by water quenching that resulted in the homogeneous

alloys with average grain size larger than several mil-

limeters such that the effect of grain boundary diffusion

can be neglected. The actual chemical compositions of the

homogenized ingots were given by averaging several raw

EPMA values and are listed in Table 1.

Small disk samples with the size of 10 9 10 9 5 (mm)

were cut from the ingots by using wire-electrode cutting.

Small disks were then prepared by polishing one top sur-

face of the cylinder samples and annealed pure Ti to mir-

ror-like quality. The well-contacted diffusion couples were

assembled with appropriate pairs of the small disks by

diffusion-bonding under vacuum at 1173 K for 4 h under a

load with a stainless-steel clamp set. Tantalum foils were

placed to separate the diffusion couple and clamps so that

direct contact, thus possible contamination, between them

could be avoided. The diffusion couples were sealed into

evacuated and argon-back-flushed quartz capsules, and

finally were subjected to interdiffusion annealing at pre-

designed condition (refer to Table 2 for annealing tem-

peratures and times) followed by quenching in ice water.

As listed in Table 2, five groups of binary diffusion couples

(i.e. C1–C5) and eighteen groups of ternary diffusion

couples (i.e. A1–A9 and B1–B9) were successfully fabri-

cated that underwent various diffusion annealing. The

diffusion couples were then sectioned parallel to the dif-

fusion direction which suffered no oxidation and evapo-

ration of elements, mounted, and polished by standard

metallographic techniques. The microstructure of diffusion

zone was observed by scanning electron microscopy

(SEM) and the local composition was analyzed by electron

microprobe analysis (EPMA) on JEOL JXA 8900.

2.2 Extraction of Diffusion Coefficients

The error function expansion (ERFEX)[14, 15, 19] was

applied to analytically fit and represent the composition

profiles acquired from the EPMA, allowing to eliminate the

Table 1 Terminal compositions of Ti-Mn and Ti-Al-Mn ingots

(at.%)

Ingots Nominal composition, at.% Actual composition, at.%

T1 Ti-3Al Ti-2.76Al

T2 Ti-5Al Ti-4.87Al

T3 Ti-6Al Ti-5.77Al

T4 Ti-8Al Ti-7.81Al

T5 Ti-10Al Ti-9.86Al

T6 Ti-15Al Ti-14.09Al

T7 Ti-20Al Ti-19.15Al

M1 Ti-5Mn Ti-4.47Mn

M2 Ti-7Mn Ti-6.76Mn

M3 Ti-10Mn Ti-10.03Mn

M4 Ti-14Mn Ti-13.86Mn

M5 Ti-22Mn Ti-20.24Mn

M6 Ti-22Mn Ti-18.12Mn

M7 Ti-22Mn Ti-25.93Mn

M8 Ti-22Mn Ti-17.46Mn

M9 Ti-22Mn Ti-21.81Mn

TAM1 Ti-6Al-15Mn Ti-5.87Al-14.65Mn

TAM2 Ti-10Al-10Mn Ti-9.53Al-9.99Mn

TAM3 Ti-10Al-17Mn Ti-9.68Al-15.09Mn

TAM4 Ti-20Al-10Mn Ti-19.23Al-9.67Mn
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local point-to-point fluctuations and the inaccuracy asso-

ciated with the asymmetrical profiles. The expression of

ERFEX is

xðzÞ ¼
X

i
aierf bi � cið Þzþ di½ � ðEq 1Þ

where x(z) is the represented composition at the diffusion

distance z, ai, bi, ci and di (i is typically up to 4) are the

fitting parameters. The ERFEX physically enables the slope

at the ends of the composition profile to be zero, as shown in

Fig. 1, and it ensures that the impurity diffusivity of third

element in binary alloys is extracted in a physical sense.

Table 2 Assembly of diffusion

couples
Diffusion couple 1st half 2nd half Temperature, K Annealing time, h

C1 Pure Ti M5 1273 28

C2 Pure Ti M6 1323 23

C3 Pure Ti M7 1373 24

C4 Pure Ti M8 1423 18

C5 Pure Ti M9 1473 12

A1 T1 M1 1273 50

A2 T1 M3 1273 50

A3 T3 M3 1273 50

A4 T3 M4 1273 50

A5 T4 M4 1273 50

A6 T4 M9 1273 50

A7 Pure Ti TAM1 1273 50

A8 Pure Ti TAM2 1273 50

A9 T1 TAM2 1273 50

B1 T2 M2 1473 12

B2 T2 M4 1473 12

B3 T5 M4 1473 12

B4 T6 M4 1473 12

B5 T6 M5 1473 12

B6 T7 M5 1473 12

B7 Pure Ti TAM3 1473 12

B8 Pure Ti TAM4 1473 12

B9 T5 TAM4 1473 12
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Fig. 1 Composition profiles of Ti-Mn and Ti-Al-Mn couples. (a) C5 at 1473 K for 12 h, (b) A4 and A8 at 1273 K for 12 h. The symbols are

EPMA data, and the curves are the analytical ERFEX forms
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The Sauer–Freise (S–F)[20] and Whittle–Green (W–

G)[21] methods were employed respectively to extract the

interdiffusion coefficients of Ti-Mn binary and Ti-Al-Mn

ternary BCC alloys from the ERFEX-processed profiles.

Compared with the conventional Boltzmann–Matano

method[22] in binary and Matano–Kirkaldy (M–

K) method[23] in ternary, the S–F and W–G methods allow

to extract the interdiffusion coefficients from diffusion

profiles more accurately without suffering from the error of

positioning the Matano plane.[22, 24]

In the S–F and W–G methods, a normalized composition

variable Y ¼ x�xL
xR�xL

is introduced, where xL and xR represent

the compositions at the far left and far right ends, respec-

tively.[21, 25] The expression of binary interdiffusion coef-

ficient yields Eq 2,

~DðY�Þ ¼ Vm

2tðdY=dzÞZ�
ð1� Y�Þ

ZZ�

�1

Y

Vm

dzþ Y�
Zþ1

Z�

1� Y

Vm

dz

2
4

3
5

ðEq 2Þ

where Vm is the molar volume and t is the diffusion time,

while the ternary interdiffusion terms of Ti-Al-Mn ternary

can be derived by Eq 3a and 3b

1

2t

oz

oYAl

� �

Z�
1� YAlð Þ

ZZ�

�1

YAldzþ YAl

Zþ1

Z�

1� YAlð Þdz

2
4

3
5

¼ ~DTi
AlAl þ ~DTi

AlMn

oxMn

oxAl

ðEq 3aÞ

1

2t

oz

oYMn

� �

Z�
1� YMnð Þ

ZZ�

�1

YMndzþ YMn

Zþ1

Z�

1� YMnð Þdz

2

4

3

5

¼ ~DTi
MnMn þ ~DTi

MnAl

oxAl

oxMn

ðEq 3bÞ

where ~D
Ti

AlAl and ~D
Ti

MnMn are the main or direct ternary

interdiffusion coefficients, ~D
Ti

AlMn and ~D
Ti

MnAl are the cross

or indirect ones. All four interdiffusion coefficients can be

determined by solving Eq 3a and 3b simultaneously from

M
ol

e 
Fr

ac
tio

n 
A

l

M
ol

e 
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tio

n 
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l
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Fig. 2 Diffusion paths for Ti-Al-Mn couples annealed at (a) 1273 K for 50 h, (b) 1473 K for 12 h
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one pair of diffusion couples whose diffusion paths inter-

sect at a common composition. Note that a lack of data for

the compositional dependence of the molar volume in the

Ti-Al-Mn alloys imposes the assumption of a constant

molar volume for the diffusion couples examined in this

study. Errors introduced by assumption of compositional

independent molar volume are considered to be well within

the accuracy of diffusion coefficients evaluated by using

the W–G method.[21, 26]

The impurity diffusion coefficients of Al in Ti-Mn and

Mn in Ti-Al binary were calculated based on the ERFEX

profiles of the A1–A6, C1–C5 and B1–B6 couples by using

the generalized Hall method.[27] The composition profiles

were first reformulated to obtain an approximately linear

Table 3 Interdiffusion

coefficients ~DðTi�MnÞ of BCC

Ti-Mn binary alloys

(10-13 m2 s-1)

at.% Mn 1273 K 1323 K 1373 K 1423 K 1473 K

0 6.01 ± 0.37 8.03 ± 0.45 13.87 ± 0.66

18.95 ± 0.52 23.89 ± 0.34

2 5.94 ± 0.12 8.80 ± 0.08 15.04 ± 0.15

20.46 ± 0.11 33.68 ± 0.12

4 5.73 ± 0.12 8.63 ± 0.08 14.98 ± 0.15

22.14 ± 0.11 36.84 ± 0.12

6 5.52 ± 0.12 8.31 ± 0.08 14.96 ± 0.15

23.88 ± 0.11 39.35 ± 0.12

8 5.33 ± 0.12 8.03 ± 0.08 15.08 ± 0.15

25.96 ± 0.11 41.94 ± 0.12

10 5.19 ± 0.12 7.85 ± 0.08 15.37 ± 0.15

28.21 ± 0.11 44.84 ± 0.12

12 5.10 ± 0.12 7.77 ± 0.08 15.87 ± 0.15

29.77 ± 0.11 48.07 ± 0.12

14 5.07 ± 0.12 7.79 ± 0.08 16.52 ± 0.15

51.41 ± 0.12

16 5.09 ± 0.12 7.61 ± 0.08 16.84 ± 0.15

Table 4 Interdiffusion

coefficients of BCC Ti-Al-Mn

ternary alloys at 1273 K

Diffusion couple Composition, at.% Interdiffusion coefficients (10-13 m2 s-1)

Al Mn ~DTi
AlAl

~DTi
AlMn

~DTi
MnMn

~DTi
MnAl

A7–A1 0.12 3.32 1.07 ± 0.16 0.09 ± 0.06 12.11 ± 0.40 17.11 ± 1.49

A7–A2 1.18 5.60 1.77 ± 0.01 0.46 ± 0.01 9.72 ± 0.14 8.47 ± 0.19

A7–A3 1.81 6.44 2.04 ± 0.04 0.64 ± 0.04 11.39 ± 0.29 6.56 ± 0.36

A7–A4 2.92 7.60 2.13 ± 0.03 0.50 ± 0.03 9.12 ± 0.48 7.23 ± 0.36

A7–A5 3.36 8.00 2.21 ± 0.04 0.67 ± 0.04 10.24 ± 0.34 6.90 ± 0.20

A7–A6 4.63 9.83 3.35 ± 0.08 0.94 ± 0.04 10.77 ± 0.25 12.81 ± 0.27

A8–A1 1.06 2.48 0.89 ± 0.05 0.00 ± 0.06 5.44 ± 0.12 0.12 ± 0.03

A8–A2 2.37 3.19 0.90 ± 0.03 0.00 ± 0.05 4.57 ± 0.09 0.44 ± 0.07

A8–A3 4.22 3.93 1.12 ± 0.12 - 0.31 ± 0.03 4.71 ± 0.11 0.23 ± 0.08

A8–A4 4.89 4.23 1.15 ± 0.06 - 0.18 ± 0.05 3.93 ± 0.09 0.46 ± 0.20

A8–A5 5.99 4.81 1.16 ± 0.06 0.14 ± 0.10 3.66 ± 0.12 0.30 ± 0.07

A8–A6 6.76 5.38 1.40 ± 0.61 0.00 ± 0.28 3.32 ± 0.40 0.19 ± 0.78

A9–A3 4.74 3.40 1.35 ± 0.16 - 0.05 ± 0.09 3.78 ± 0.24 - 0.22 ± 0.14

A9–A4 5.14 3.74 1.42 ± 0.08 - 0.01 ± 0.08 3.74 ± 0.01 - 0.18 ± 0.01

A9–A5 6.14 4.57 1.46 ± 0.08 0.33 ± 0.06 3.47 ± 0.10 0.19 ± 0.17

A9–A6 6.83 5.33 1.83 ± 0.19 0.17 ± 0.07 3.33 ± 0.04 0.23 ± 0.07

Average 3.89 5.12 1.58 0.21 6.46 3.80
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plot of l = hk?k, where l ¼ erf�1ð2Y � 1Þ and k ¼ x=
ffiffi
t

p
.

The impurity diffusivity of a third element i in binary j - k

alloy, i.e. D�
iðj�kÞ can be evaluated via

D�
iðj�kÞ ¼

1

4h2
1þ 2kffiffiffi

p
p expðl2Þ � xi

x0

� �
ðEq 4Þ

when the limit of xi
x0

approaches zero at the end of linear

range of l versus k. In Eq 4 xi is the composition of i in

binary alloys and x0 represents the composition of i at the

other terminal of the diffusion couple.

3 Experimental Results

3.1 Composition Profiles and Diffusion Paths

Figure 1 shows two sets of representative diffusion profiles

i.e. the binary couple C5 at 1473 K for 12 h and the ternary

couples A4 and A8 at 1273 K for 12 h. Like all other

couples, the diffusion zones in these three couples range up

to 3 mm with the profiles in typical S-shape. From

Fig. 1(b), the penetration depth of Mn element, typical

around 3 mm is larger than that of Al element, indicating

that the diffusion rate of Mn is faster than that of Al in the

BCC Ti-Al-Mn alloys.

Figure 2 shows the diffusion paths of the Ti-Al-Mn

ternary couples at 1273 and 1473 K in the ternary iso-

therms. The paths at both temperatures are clearly bent and

S-shaped, once again implying that obvious difference of

diffusion rates between Al and Mn.[15] The fact that the

ends of all the diffusion paths tend to be along the direction

at a constant Al content, i.e. the Ti-Mn vicinity, concludes

Al as a slower diffuser.

3.2 Diffusion Coefficients

3.2.1 Ti-Mn Binary

Figure 3 presents the extracted interdiffusion coefficients
~DTi�Mn as the function of composition in the temperature

ranges from 1273 to 1473 K. The values are listed in

Table 3, ranging from 5 9 10-13 to 50 9 10-13 m2 s-1. It

is apparent that the binary interdiffusion coefficients

Table 5 Interdiffusion

coefficients of BCC Ti-Al-Mn

ternary alloys at 1473 K

Diffusion couple Composition, at.% Interdiffusion coefficients (10-13 m2 s-1)

Al Mn ~DTi
AlAl

~DTi
AlMn

~DTi
MnMn

~DTi
MnAl

B7–B1 0.93 4.93 7.17 ± 0.40 - 2.28 ± 0.85 42.82 ± 1.85 5.16 ± 1.43

B7–B2 3.17 6.85 9.48 ± 0.23 0.17 ± 0.15 39.36 ± 0.10 8.34 ± 0.32

B7–B3 5.28 8.60 11.06 ± 0.23 - 0.85 ± 0.29 35.94 ± 0.94 11.58 ± 0.52

B7–B4 5.39 8.70 13.06 ± 0.38 - 2.55 ± 0.61 40.52 ± 1.34 7.54 ± 1.27

B7–B5 8.14 11.80 20.72 ± 0.12 1.57 ± 0.08 40.61 ± 0.09 12.26 ± 0.25

B7–B6 8.26 12.01 20.96 ± 0.99 - 0.01 ± 0.97 43.90 ± 1.22 6.30 ± 1.58

B8–B1 3.95 2.64 8.02 ± 0.11 - 2.28 ± 0.31 31.50 ± 0.76 - 0.79 ± 0.49

B8–B2 4.82 2.90 9.01 ± 0.48 - 1.12 ± 0.56 26.91 ± 1.32 0.04 ± 0.42

B8–B3 8.71 3.90 10.91 ± 0.25 0.17 ± 0.73 22.69 ± 0.20 1.32 ± 0.38

B8–B4 10.73 4.49 13.44 ± 0.35 1.41 ± 0.47 23.86 ± 0.36 1.19 ± 0.24

B8–B5 12.9 5.29 18.93 ± 1.10 4.56 ± 0.89 19.8 ± 1.56 3.26 ± 0.35

B8–B6 14.52 6.14 18.92 ± 0.86 - 0.44 ± 0.59 24.03 ± 0.36 1.41 ± 0.40

B9–B4 12.45 2.80 14.76 ± 0.91 3.99 ± 0.77 19.93 ± 0.46 0.52 ± 0.29

B9–B5 13.76 3.81 19.95 ± 0.95 5.84 ± 0.06 18.02 ± 0.13 2.94 ± 0.46

B9–B6 15.32 5.32 20.64 ± 0.83 2.15 ± 1.16 23.56 ± 0.39 - 2.36 ± 0.07

Average 8.56 6.01 14.47 0.69 30.23 3.91
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Fig. 4 The Arrhenius plot of the interdiffusion of Ti-Mn binary BCC

alloys
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increase with increasing Mn content at 1473 and 1423 K,

however, the compositional dependence becomes weak-

ening at lower temperatures 1273-1373 K.

3.2.2 Ti-Al-Mn

The interdiffusion coefficients extracted at the intersection

compositions of the diffusion paths are summarized in
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Fig. 5 Main and cross interdiffusion of BCC Ti-Al-Mn ternary alloys, (a) ~DTi
AlAl, (b)

~DTi
AlMn, (c)

~DTi
MnMn and (d) ~DTi

MnAl in ternary Ti-Al-Mn alloys

at 1273 K

Table 6 Activation energy Q (kJ mol-1) and pre-exponential factor D0 (9 10-6 m2 s-1) of the interdiffusion coefficients of BCC Ti-Mn binary

alloys

xMn/at.% 2 4 6 8 10 12 14

DE (kJ mol-1) 134.4 145.1 155.2 164.9 174.0 181.4 184.5

D0 (9 10-6 m2 s-1) 0.186 0.490 1.201 2.882 6.556 12.799 16.892
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Table 4 for 1273 K and Table 5 for 1473 K. The uncer-

tainty of interdiffusivities was computed by using the

standard deviation from multiple measurements of com-

position profiles.[19, 25] All the main interdiffusion coeffi-

cients ( ~DTi
AlAl and

~DTi
MnMn) show positive values and being

larger than the cross ones. While some cross terms of
~DTi
AlMn and ~DTi

MnAl show negative values, they all are well

satisfied with the thermodynamic constraints[28] via

~DTi
AlAl þ ~DTi

MnMn [ 0 ðEq 5aÞ
~DTi
AlAl � ~DTi

MnMn � ~DTi
AlMn � ~DTi

MnAl � 0 ðEq 5bÞ

~DTi
AlAl þ ~DTi

MnMn

� �2�4 ~DTi
AlAl � ~DTi

MnMn � ~DTi
AlMn � ~DTi

MnAl

� �
� 0:

ðEq 5cÞ

The average main interdiffusion rate ~DTi
MnMn has the

largest values, i.e. 6.46 9 10-13 and 30.23 9 10-13

m2 s-1 among the four average rates at 1273 and 1473 K,

being 4.1, 30.8 and 1.7 times greater than ~DTi
AlAl,

~DTi
AlMn and

~DTi
MnAl at 1273 K and 2.1, 43.8 and 7.7 times at 1473 K,

respectively.
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Fig. 6 Main and cross interdiffusion of BCC Ti-Al-Mn ternary alloys, (a) ~DTi
AlAl, (b)

~DTi
AlMn, (c)

~DTi
MnMn and (d) ~DTi

MnAl in ternary Ti-Al-Mn alloys

at 1473 K
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4 Discussions

4.1 Ti-Mn Binary System

As shown in Fig. 4, the Arrhenius plot is given to describe

the temperature dependence of interdiffusion coefficient ~D

of binary Ti-Mn alloys. The liner regression allows the

activation energy DQ and pre-exponential factor ~D0 of the

binary interdiffusion coefficients to be derived and are

listed in Table 6. As it shows, the rise of the Mn content

from 2 to 14 at.% leads the change in the activation energy

from 134.4 to 184.5 kJ/mol.

4.2 Ti-Al-Mn Ternary System

4.2.1 Interdiffusion Coefficients

The ternary interdiffusion coefficients extracted and listed

in Tables 4 and 5 are plotted in Fig. 5 and 6, respectively

for 1273 and 1473 K. A rough compositional dependence

could be outlined, i.e. at 1273 K, the dependence of all

four interdiffusion rates on the Al and Mn contents is

weak and ambiguous, nevertheless, the increase of two

main coefficients is clearly observed to be with increasing

Al or Mn.
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Fig. 7 The variation of ternary interdiffusion coefficients with the composition of diffusing specie at 1273 K, (a) ~DTi
AlAl; (b)

~DTi
AlMn; (c)

~DTi
MnMn;

(d) ~DTi
MnAl
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Fig. 8 The variation of ternary interdiffusion coefficients with the composition of diffusing specie at 1473 K, (a) ~DTi
AlAl; (b)

~DTi
AlMn; (c)

~DTi
MnMn;

(d) ~DTi
MnAl

Table 7 Impurity diffusivities of Al in Ti-Mn and Mn in Ti-Al binary Alloys

Temperature Composition Impurity coefficients (m2/s) Composition Impurity coefficients (m2/s)

1273 K D�
AlðTi�4:47MnÞ 1.06 9 10-13 D�

MnðTi�2:76AlÞ 4.12 9 10-13

D�
AlðTi�10:03MnÞ 1.35 9 10-13 D�

MnðTi�5:61AlÞ 3.75 9 10-13

D�
AlðTi�14:11MnÞ 1.34 9 10-13 D�

MnðTi�7:69AlÞ 3.54 9 10-13

D�
AlðTi�21:83MnÞ 1.61 9 10-13 D�

MnðTi�7:81AlÞ 3.67 9 10-13

1473 K D�
AlðTi�6:89MnÞ 8.79 9 10-13 D�

MnðTi�4:86AlÞ 2.96 9 10-12

D�
AlðTi�15:93MnÞ 1.46 9 10-12 D�

MnðTi�9:87AlÞ 2.25 9 10-12

D�
AlðTi�13:78MnÞ 1.21 9 10-12 D�

MnðTi�14:13AlÞ 1.85 9 10-12

D�
AlðTi�19:87MnÞ 1.89 9 10-12 D�

MnðTi�19:13AlÞ 1.67 9 10-12
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For a closer look, in Fig. 7 and 8, the variations of

ternary interdiffusion coefficients ~Dk
ij are re-plotted against

the composition of diffusing specie i for 1273 and 1473 K,

respectively. At 1273 K, ~DTi
MnAl and

~DTi
MnMn are thus noticed

to increase with the Mn content whereas ~DTi
AlAl and

~DTi
AlMn

vary weakly with Al. While at 1473 K, all four ternary

interdiffusion coefficients ~Dk
ij are unveiled that increase

with the increase of composition i, see Fig. 8.

4.2.2 Ternary Impurity Diffusion Coefficient

The impurity diffusivities of Al in Ti-Mn alloys, and Mn in

Ti-Al, i.e. D�
AlðTi�MnÞ and D

�
MnðTi�AlÞ were determined by the

generalized Hall’s method.[27] In Table 7, we summarize the

impurity diffusivities of D�
AlðTi�MnÞ and D

�
MnðTi�AlÞ, extracted

from the A1, A3, A5, A6, B1, B3, B4 and B6 couples. The

composition dependence of impurity diffusivities is dis-

played in Fig. 9. It depicts that D�
AlðTi�MnÞ increases with the

increase of Mn compositions, while the values of D�
MnðTi�AlÞ

decrease with the increase of Al composition.

Impurity diffusivities of Al in Ti-Mn (D�
AlðTi�MnÞ) and

Mn in Ti-Al (D�
MnðTi�AlÞ) together with the binary data of

interdiffusion coefficients of Ti-Mn ( ~DðTi�MnÞ) and Ti-Al

( ~DðTi�AlÞ
[9]) are also plotted in Fig. 5 and 6. According to

Shuck and Toor,[29] the main diffusivities approaching to

binary boundary should degenerate to binary inter-diffu-

sivities, i.e.

lim
Cj!0

~Dk
ii ¼ ~Dði�kÞ; ðEq 6Þ

and the cross diffusivities approaching to binary boundary

should be asymptotically approaching to zero, i.e.

lim
Ci!0

~Dk
ij ¼ 0: ðEq 7Þ

The two relations fairly satisfy in Fig. 5 and 6, particularly

the good consistency between the binary ( ~DðTi�AlÞ and

~DðTi�MnÞ) and ternary interdiffusion and between the

impurity (D�
MnðTi�AlÞ and D�

AlðTi�MnÞ) and ternary interdif-

fusion at 1473 K.

4.2.3 Ti-Al-X Ternaries

A systematic comparison of the average main interdiffu-

sion coefficients at 1473 K in seven Ti-Al-X (Ni,[14] Co,[19]

Fe,[13] Mn, Cr,[30] V,[31] Mo[15]) ternary systems is pre-

sented in Table 8. The Mn main rate is one order magni-

tude smaller than that of Ni, Co and Fe while two times

greater than Cr and one order magnitude greater than V and

Mo, revealing that the order of the average main interdif-

fusion coefficients ~D
Ti

XX (X = Ni, Co, Fe, Mn, Cr, V and

Mo) exhibits DNi[DCo[DFe[DMn[DCr[DV-

[DMo. It is reported that the diffusion of Ni, Co and Fe in

b-Ti is predominantly of interstitial nature (or occurring by

a mixed mechanism[12, 14, 31, 32]), and the presence of these

elements likely enhances the Al diffusion as well. The

diffusion in Ti-Al-(Cr, V and Mo) obeys a normal vacancy

mechanism. The element Mn is in between, so that the

diffusion mechanism of Mn in Ti-Al-Mn should be the

mixed mechanism of the two.

5 Conclusions

In summary, the interdiffusion in bcc Ti-Mn binary and Ti-

Al-Mn ternary alloys was investigated between 1273 and

1473 K. The inter- and impurity diffusivities were extrac-

ted and are summarized as follows:

1. Interdiffusion diffusion coefficients of BCC Ti-Mn

binary alloys extracted by the S–F method at the

temperature range from 1273 to 1473 K. The binary
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1E-13

1E-12

1E-11

(m
2 /s

)

Atomic fraction of Al or Mn (%)

D
*
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D*Al(Ti-Mn) 1473K
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Fig. 9 Impurity diffusivities of Al in Ti-Mn alloys and of Mn in Ti-

Al alloys at 1273 K and 1473 K

Table 8 Average main interdiffusion coefficients in Ti-Al-X (Ni, Co,

Fe, Mn, Cr, V and Mo) ternary systems at 1473 K

Average ~DTi
AlAl, m

2/s Average ~DTi
XX, m

2/s

Ti-Al-Ni 1.9 9 10-12 2.18 9 10-11

Ti-Al-Co 1.3 9 10-12 1.9 9 10-11

Ti-Al-Fe 1.3 9 10-12 1.2 9 10-11

Ti-Al-Mn 1.40 9 10-12 3.02 9 10-12

Ti-Al-Cr 7.43 9 10-13 1.56 9 10-12

Ti-Al-V 6.8 9 10-13 4.1 9 10-13

Ti-Al-Mo 4.5 9 10-13 1.45 9 10-13
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interdiffusion coefficients increase with increasing Mn

content.

2. The ternary inter- and impurity diffusivities were

extracted by W–G and generalized Hall methods,

respectively. It was demonstrated that, all four diffu-

sion coefficients ~D
k

ij (i, j = Al, Mn), both main and

cross ones, increase with increasing the composition of

diffusing specie at 1473 K, whereas at 1273 K ~D
Ti

MnMn

and ~D
Ti

MnAl are enhanced by the addition of diffusing

specie Mn but ~D
Ti

AlAl and
~D
Ti

AlMn are in weak depen-

dence with the Al content.

3. A complete comparison among seven Ti-Al-X (Ni, Co,

Fe, Mn, Cr, V and Mo) ternary systems reveals that the

order of the average main interdiffusion coefficients

~D
Ti

XX (X = Ni, Co, Fe, Mn, Cr, V and Mo) exhibits

DNi[DCo[DFe[DMn[DCr[DV[DMo.
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