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Abstract

Diffusion-controlled processes play a critical role in the heat treatment and microstructural
homogenization of β-titanium alloys containing multiple β-stabilizing elements. Adding
β-phase stabilizing elements like Cr and Nb to titanium alloys can significantly improve the
high-temperature strength and creep performance of the alloy. Their diffusion coefficients
can be used to predict the risk of softening and creep failure in high-temperature compo-
nents caused by diffusion. However, reliable diffusion kinetic data for the β phase in the
Ti–Cr–Nb ternary system remain scarce, limiting quantitative process modeling and simu-
lation. In this study, diffusion behavior in the BCC (β) region of the Ti–Cr–Nb system was
investigated using diffusion couples combined with CALPHAD-based kinetic modeling.
Twelve sets of diffusion couples were prepared and annealed at 1373 K for 48 h, 1423 K for
36 h, and 1473 K for 24 h. The corresponding composition–distance profiles were measured
by electron probe microanalysis. Composition-dependent interdiffusion coefficients and
atomic mobility parameters were determined using the numerical inverse method. The
results revealed temperature and composition dependence of the main interdiffusion coef-
ficients, with Nb exhibiting a stronger influence than Cr. The evaluated kinetic parameters
provide an effective kinetic description for diffusion-controlled process simulations.

Keywords: interdiffusion coefficients; atomic mobility database; Ti-Cr-Nb alloys; numerical
inverse method

1. Introduction
Titanium alloys are widely used in aerospace, biomedical, and high-performance

structural applications owing to their favorable low density, high specific strength, and ex-
cellent corrosion resistance [1–3]. The thermomechanical processing and heat treatment of
β-titanium alloys are strongly governed by diffusion-controlled processes, including chem-
ical homogenization, phase transformation, and microstructural evolution [4–7]. Therefore,
a quantitative understanding of diffusion kinetics in β-phase titanium alloys is crucial for
process optimization and predictive modeling. Chromium and niobium are two common
β-phase stabilizing elements, often added to titanium alloys. Chromium contributes to
solid solution strengthening and increases hardenability, while niobium can effectively
stabilize the β-phase and, due to its biocompatibility, is particularly attractive in biomedical
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titanium alloys [8–10]. Moreover, the Ti-Cr-Nb system possesses the properties required
for biomedical applications, namely low elastic modulus, high strength, high plasticity,
and excellent corrosion resistance [11]. In multicomponent β-titanium alloys containing
Cr and Nb, the redistribution of alloying elements during heat treatment is controlled by
multicomponent diffusion behavior, and binary diffusion data alone cannot adequately
describe this behavior. In multicomponent β-titanium alloys containing Cr and Nb, the
redistribution of alloying elements during heat treatment is controlled by multicomponent
diffusion behavior, which cannot be adequately described using binary diffusion data.

In recent years, alongside the continuous advancement of materials genome engineer-
ing, computational materials science has undergone rapid development. The CALPHAD
(Calculation of Phase Diagram) method, a mature and widely adopted approach in compu-
tational materials science, had been extensively utilized for the design and development
of new alloys. This is achieved through the systematic integration of thermodynamic
modeling with experimental data. Andersson and Agren innovatively linked diffusion
coefficients with atomic mobility, proposing the inclusion of atomic mobility parameters
to model diffusion-controlled phase transformations within the CALPHAD framework.
By constructing a diffusion property database within the CALPHAD framework, diffu-
sion data can be obtained for any specified temperature and composition. Only a limited
set of parameters that describe the relationships between atomic mobility, composition,
and temperature need to be stored, allowing the full range of diffusion coefficients to
be calculated. For example, Chen et al. [12] in their study combined the diffusion data
of the Ti-Cr-Nb system with thermodynamic models to carry out CALPHAD modeling,
providing fundamental data support for predicting the diffusion behavior of subsequent
multi-component alloys such as Ti-Nb-Ta-Zr, greatly reducing the development cost and
cycle of new titanium alloys. Considerable efforts have been devoted to diffusion studies in
binary Ti–Cr, Ti–Nb and Cr-Nb systems. Studies have found that the diffusion coefficient of
Cr in β-Ti is 1–2 orders of magnitude higher than that of many other alloying elements, and
its activation energy is relatively low [13]. In contrast, the diffusion coefficient of Nb in β-Ti
is relatively low, with a higher activation energy [14]. Nb has an atomic size similar to Ti
and a similar electronic structure. At the same time, within the limited BCC solid solution
region (at high temperatures), the interdiffusion of Cr and Nb exhibits a high degree of
asymmetry [15]. Exploring the diffusion behavior of the BCC (β) phase in the Ti–Cr–Nb
ternary system based on the binary system, the obtained high-precision ternary migra-
tion parameters can provide an important benchmark for the validation and calibration
of advanced computational methods in materials science. And several thermodynamic
descriptions of the Ti–Cr–Nb ternary system have been reported within the CALPHAD
framework [16–18]. However, experimental data and reliable kinetic descriptions for
diffusion in the β phase of the Ti–Cr–Nb ternary system are still limited. In particular,
composition-dependent interdiffusion coefficients and atomic mobility parameters required
for diffusion-controlled process simulations remain largely unavailable.

In this work, diffusion behavior in the BCC (β) region of the Ti–Cr–Nb ternary system
was investigated using diffusion couples and CALPHAD-based kinetic modeling. The
main objectives of this study are to: (i) experimentally determine composition–distance
profiles of Ti–Cr–Nb β-phase diffusion couples at elevated temperatures; (ii) evaluate
composition and temperature dependent interdiffusion coefficients using the numerical
inverse method; (iii) assess atomic mobility parameters of BCC (β) Ti–Cr–Nb within a
consistent thermodynamic framework.
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2. Materials and Methods
2.1. Experimental Methods

In this study, high-purity (99.99%) titanium (Ti), chromium (Cr), and niobium (Nb)
were used as raw materials. After proportional mixing, the target alloys (Ti, Ti-Nb, Ti-Cr,
and Ti-Cr-Nb) required for diffusion couple preparation were melted in a non-consumable
vacuum arc furnace. Each sample was melted at least six times on both sides to guarantee
a homogeneous composition. The resulting button-shaped ingots were then cut into
10 mm × 10 mm × 4 mm blocks via wire electrical discharge machining. These blocks were
encapsulated in vacuum-sealed quartz tubes and homogenized at 1473 K for 168 h. This
process produced millimeter-sized coarse grains, effectively eliminating grain-boundary
interference on diffusion behavior. One surface of each block was polished to a mirror
finish. Subsequently, the corresponding pairs of alloys were clamped together using a
modified circular fixture, ensuring intimate contact between the samples. They were
vacuum annealed and pressed at 1173 K for 4 h, then cooled to obtain diffusion couples.
The diffusion couples were then sealed in argon-filled quartz tubes and diffusion-annealed
at three different temperatures: 1373 K for 48 h, 1423 K for 36 h, and 1473 K for 24 h. After
annealing, they were immediately quenched. Upon completion of diffusion annealing,
the diffusion couples were sectioned along the direction perpendicular to the diffusion
interface via electrical discharge machining (EDM). Then the mount was assembled and
polished with silica polishing fluid, and an ultrasonic cleaner was used to remove the
polishing fluid and other impurities until the surface of the diffusion couple was treated to
nearly a mirror finish. The composition–distance profiles were measured using an electron
probe microanalyzer (EPMA, JEOL JXA-8230). Line scans perpendicular to the diffusion
interface were performed with a step size of 19.6 µm, a beam current of 10−8 A, and a
dwell time of 80 s per point. Identical acquisition parameters were applied to all diffusion
couples to ensure data consistency. Prior to diffusion annealing, the mating surfaces of
the diffusion couples were mechanically polished to a mirror finish and carefully aligned
using a customized circular fixture. Diffusion couples was performed at 1173 K for 4 h
under vacuum to ensure intimate interfacial contact. The absence of interfacial gaps or
misalignment was confirmed by post-annealing backscattered electron imaging.

2.2. Numerical Inverse Method

In order to accurately determine the mutual diffusion coefficients, we adopted a practi-
cal numerical inverse method proposed by Chen et al. [16]. Based on the Manning random
alloy model [17], the relationship between the mutual diffusion coefficients D̃N

ij (i, j = 1, 2)
and the atomic mobility parameters Mi can be expressed by the following equation:

D̃N
ij = RT

(
Miϕ

N
ij − ci∑

k
MkϕN

kj

)
+s

[
Mi − ∑

k
(ck Mk)

]2ciRT∑k

(
MkϕN

kj

)
A0∑k(ck Mk )

 (1)

In the equation, R is the gas constant, T is the absolute temperature, and ci represents
the mole fraction of component i. The second part on the right-hand side of the above
equation is the contribution from the vacancy flux. s (taking a value of 0 or 1) is a parameter
that indicates whether the vacancy flux contribution is considered. ϕN

kj represents the
thermodynamic factor. Based on the above description, the atomic mobility parameter
Mi depends on temperature and composition. In Equation (2), the atomic mobility Mi of
element i is defined according to Andersson and Ågren in the DICTRA(2025) software.

Mi =
1

RT
exp
(

∆Gk
RT

)
(2)
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∆Gk can be expressed through a polynomial expansion:

∆Gk = c1∆G1
k + c2∆G2

k + c3∆G3
k + c1c2∆G1,2

k
+c1c3∆G1,3

k + c2c3∆G2,3
k + c1c2c3∆G1,2,3

k
(3)

Here, ∆Gj
k(j = 1, 2, 3) is the interaction parameter corresponding to the self-diffusion

or impurity diffusion behavior of element k in element j, while ∆Gi,j
k (i,j = 1, 2, 3) and ∆G1,2,3

k
represent the interaction parameters of binary and ternary systems, respectively, and can
be treated as optimization parameters.

The numerical inverse method uses algorithms such as Levenberg–Marquardt [18] to
iteratively optimize parameters when experimental data do not match the concentration
distribution and mutual diffusion flux calculated from the diffusion coefficient, until
the deviation between the predicted data and the experimental data is minimized. Its
expression is as follows:

min⟨error⟩= min

〈
Wc

N

∑
i

Num

∑
j=1

(∣∣∣ccal
ij − cexp

ij

∣∣∣)
cexp

ij

+ WJ

N

∑
i

Num

∑
j=1

(∣∣∣ j̃cal
ij − j̃exp

ij

∣∣∣)
j̃exp
ij

〉
(4)

In the formula, Wc and WJ denote the weighting factors for minimizing concentration
and diffusion flux errors, respectively. Both were initially set to 0.5. Num represents
the number of experimental data points measured by EPMA. cexp

ij and ccal
ij denote the

experimental and calculated compositions of element i at the j-th experimental point,
respectively, and j̃exp

ij and j̃cal
ij represent the experimental and calculated interdiffusion

fluxes of element i at the j -th experimental point. The expression for j̃cal
ij is as follows:

J̃cal
ij = −∑2

k D̃3
ik

∂cj

∂x
(i =1, 2) (5)

In the experimentally measured composition–distance profile, the interdiffusion flux
at position x is given by:

J̃exp
ij =

cL
i − cR

i
2t

[
Y′

i

∫ X′

−∞
(1 − Yi)dx +

(
1 − Y′

i
)∫ −∞

X′
Yidx

]
(6)

Based on the numerical inverse method described above, we integrated our calcula-
tions with the HitDIC(4.2) software [19–21]. This software not only enables high-throughput
extraction of multicomponent interdiffusion coefficients, but also directly evaluates atomic
mobility from composition–distance profiles [21]. To evaluate the quality of the inverse
fitting, the calculated concentration–distance profiles were directly compared with the
experimental EPMA data. The residual deviations between measured and simulated com-
positions were found to be small and smoothly distributed over the entire diffusion zone,
indicating good numerical stability and convergence of the inverse optimization. During
the fitting procedure, thermodynamic and stability constraints were strictly enforced within
the HitDIC framework to ensure physically consistent interdiffusion coefficients. Therefore,
the optimized effective mobility parameters provide a reliable description of diffusion
behavior within the investigated temperature and composition ranges.

2.3. Establishment of Atomic Mobility Parameters

According to the theory of Andersson et al. [22], the atomic mobility MA of element
A is expressed in terms of the frequency factor M0

A and activation energy QA, with the
specific relationship as follows:
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MA = M0
Aexp

(
−QA

RT

)
1

RT
(7)

Take the logarithm of M0
A, and the atomic mobility parameter can be expressed as:

MA = exp

(
RTln M0

A
RT

)
exp

(
−QA

RT

)
1

RT
(8)

Since M0
A and the activation energy QA are quantities related to temperature and

composition, they can therefore be further expanded using the Redlich–Kister polynomial:

ΦA = ∑
i

xiΦ
i
A + ∑

i
∑
j>i

xixj

[
m
∑

r=0

rΦ
i,j
A
(

xi − xj
)r
]

+∑
i

∑
j>i

∑
k>j

xixjxk

[
∑
s

vs
ijk

sΦ
i,j,k
A

]
(s = i, j, k)

(9)

In the equation, ΦA represents RTln M0
A or −QA, and it can also be expressed in the

form of −QA+ RTln M0
A. xi, xj and xk represent the mole fractions of elements i, j, and

k, respectively. Φi
A represents the effect of element i on the diffusion terminal of element

A; rΦ
i,j
A represents the interaction parameter of a binary system, while sΦ

i,j,k
A represents

the interaction parameter of a ternary system. The parameter vs
ijk is obtained using the

following formula:

vs
ijk = xs +

1 − xi − xj − xk

3
(s = i, j, k) (10)

The relationship between tracer diffusion coefficient D∗
A and atomic mobility MA can

be expressed by the Nernst–Einstein equation, which is expressed as follows:

D∗
A = RTMA (11)

Within a fixed-volume reference frame and under a substitutional diffusion mecha-
nism, the relationship between the interdiffusion coefficient and atomic mobility is given
by the following expression:

D̃n
kj = ∑

i
(δik − xk)xi Mi

(
∂µi
∂xj

− ∂µi
∂xn

)
(12)

In the formula, D̃n
ij is the mutual diffusion coefficient, xj and µi represent the mole

fraction and chemical potential of element i, respectively, and δik is the Kronecker delta,
whose value is determined by the following formula:

δik = 0, (i ̸= k) (13a)

δik = 1, (i = k) (13b)

When using the lattice as the reference frame, the intrinsic diffusion coefficient can be
expressed by the following relation:

Dn
ij = xk Mk

(
∂µk
∂xj

− ∂µk
∂xn

)
(14)

Based on the above theoretical analysis, the atomic mobility parameters in this work
can be calculated, ultimately establishing a reliable and accurate diffusion kinetics database.

https://doi.org/10.3390/pr14020331

https://doi.org/10.3390/pr14020331


Processes 2026, 14, 331 6 of 14

3. Results
This article plots three binary phase diagrams as shown in Figure 1 based on the

binary thermodynamic descriptions of Ti-Nb provided by Biao et al. [23], Ti-Cr, and Cr-Nb
provided by Hai et al. [15].

Figure 1. (a) Cr-Ti, (b) Nb-Ti, (c) Cr-Nb binary phase diagrams.

As can be seen from phase diagram, there was a relatively wide body-centered cubic
BCC (β) single-phase region at higher temperatures. Based on the ternary phase diagram
extrapolated from the Ti–Cr–Nb system, twelve diffusion couples were designed, all
compositions lying within the BCC (β) single-phase region. Among them, diffusion couples
A1–A4 were subjected to diffusion annealing at 1373 K for 48 h, diffusion couples B1–B4
were subjected to diffusion annealing at 1423 K for 36 h, and diffusion couples C1–C4
were subjected to diffusion annealing at 1473 K for 24 h. The compositions of all diffusion
couples are listed in Table 1.

Table 1. Terminal compositions of the Ti-Cr-Nb diffusion couples used in this study.

Temperature/(K) Diffusion Couple Time/(h) Actual Composition
(mol%)

1373 K

A1 48 h Ti-5.37Nb/Ti-5.35Cr
A2 48 h Ti-13.07Nb/Ti-11.12Cr
A3 48 h Ti/Ti-5.65Nb-16.02Cr
A4 48 h Ti/Ti-16.58Nb-5.21Cr

1423 K

B1 36 h Ti-5.23Nb/Ti-5.35Cr
B2 36 h Ti-12.34Nb/Ti-10.05Cr
B3 36 h Ti/Ti-5.32Nb-15.01Cr
B4 36 h Ti/Ti-17.08Nb-5.10Cr

1473 K

C1 24 h Ti-5.81Nb/Ti-5.49Cr
C2 24 h Ti-11.93Nb/Ti-10.69Cr
C3 24 h Ti/Ti-5.96Nb-15.97Cr
C4 24 h Ti/Ti-15.73Nb-5.12Cr

Based on the data acquired by the electron probe microanalyzer (EPMA), all diffusion
couples exhibited a single body-centered cubic BCC (β) phase structure after quenching, as
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illustrated in Figure 2. No other precipitate phases or Kirkendall voids are observed within the
diffusion zone, indicating that the entire diffusion process takes place in a pure BCC (β) phase.

 

Figure 2. Backscattered electron photo of diffusion couple A2 annealed at 1373 K for 48 h.

Figures 3–5 respectively represent the composition–distance curves obtained by fitting
the diffusion couples prepared after diffusion annealing at 1373 K, 1423 K, and 1473 K for
48 h, 36 h, and 24 h, respectively. In the figures, the horizontal axis represents diffusion
distance and the vertical axis indicates the molar percentage of each element. As shown, all
diffusion couples displayed significant diffusion, with all elements distributed continuously
across the diffusion zone. A comparison of diffusion distances shows that Cr diffuses farther
than Nb. This indicates that in the Ti-Cr-Nb system’s BCC (β) phase, the diffusion rate of
Cr is greater than that of Nb. Moreover, a comparison of the composition distributions
of the same element at three different temperatures showed that the diffusion behavior
varied with temperature. As temperature rose, the diffusion distances of Cr, and Nb
increased progressively, and the concentration gradients became less steep. Based on these
observations, the diffusion behavior of the elements was clearly temperature-dependent:
higher temperatures corresponded to larger diffusion coefficients and faster diffusion rates.

This paper presents the diffusion paths of the Ti-Cr-Nb ternary diffusion couples after
annealing at three temperatures: 1373 K, 1423 K, and 1473 K, as shown in Figure 6. The
experimentally measured composition data were further projected onto the corresponding
isothermal sections of the Ti–Cr–Nb ternary phase diagram. All diffusion paths remain
entirely within the single-phase β (BCC_A2) region and exhibit smooth, continuous trajec-
tories without crossing phase boundaries. This consistency confirms the reliability of the
measured composition profiles and supports the accuracy of the inverse-fitted diffusion
kinetic parameters. As shown in Figure 6, all diffusion paths exhibited a distinct “S”-shaped
curvature rather than straight lines. They bent noticeably at both ends of the diffusion cou-
ple while remaining nearly straight in the middle—a typical feature of diffusion-controlled
composition evolution. This behavior arose from the composition-dependent variation in
the diffusion coefficients of Cr and Nb within the Ti-Cr-Nb ternary alloy. In the diffusion
paths, the curve tended to bend convexly when the composition approached the Ti-Nb
side, whereas it became concave when moving toward the Cr-rich corner. This indicates
that in the BCC (β) phase of the Ti-Cr-Nb alloy, Cr diffuses more rapidly than Ti and Nb,
and the diffusion rate is influenced by composition.

https://doi.org/10.3390/pr14020331
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Figure 3. Compositional distance curves of four diffusion couples (a) A1; (b) A2; (c) A3; (d) A4 after
annealing at 1373 K for 48 h (labels are experimental data, and curves are software simulation results).

Figure 4. Compositional distance curves of four diffusion couples (a) B1; (b) B2; (c) B3; (d) B4 after
annealing at 1423 K for 36 h (labels are experimental data, and curves are software simulation results).

https://doi.org/10.3390/pr14020331
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Figure 5. Compositional distance curves of four diffusion couples (a) C1; (b) C2; (c) C3; (d) C4 after
annealing at 1473 K for 24 h (labels are experimental data, and curves are software simulation results).

Figure 6. Diffusion channels of (a) A1–A4 after annealing at 1373 K for 48 h, (b) B1–B4 after annealing
at 1423 K for 36 h and (c) C1–C4 after annealing at 1473 K for 24 h.

After fitting the composition–distance profiles, the interdiffusion coefficients of the
system were calculated based on the thermodynamic and atomic mobility parameters.
When establishing the atomic mobility database for BCC (β) phases in the Ti-Cr-Nb system,
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three reasonably self-consistent sub-binary kinetic parameters are essential. At the same
time, self-diffusion, impurity diffusion, and chemical diffusion should be fully considered.
In this work, these parameters were iteratively optimized through genetic algorithms and
regularization, by minimizing the difference between the predicted and experimentally
measured composition–distance profiles and diffusion fluxes. Based on the best fit between
the measured data and the simulated data, the optimal atomic mobility parameters were
selected, and the corresponding interdiffusion coefficients of the system were extracted.
The relevant parameters are listed in Table 2. The data optimized in this work is represented
by TW.

Table 2. Optimized atomic mobility parameters for the BCC (β) phase in the Ti-Cr-Nb ternary system.

Mobility Parameters, J/mol Reference

Mobility of Ti
ϕTi

Ti RT ln [5.91 × 10−5exp(−237, 000 /RT) + 1.47 × 10−8exp( −121, 000 /RT)] [24]
ϕCr

Ti −401, 358 − 35.5 × T [25]
ϕNb

Ti −372, 297 − 84.1 × T [26]

ϕTi,Cr
Ti 221, 687.185 [26]

ϕTi,Nb
Ti 106, 851 − 15.7 × T [27]

ϕCr,Nb
Ti 1562.5 − 4.1015625 × T TW

Mobility of Cr
ϕTi

Cr RT ln[1.6 × 10−3exp(−276, 284 /RT) + 8.6 × 10−7exp(−156, 991 /RT)] [28]
ϕCr

Cr −441, 974 − 16.94 × T [25]
ϕNb

Cr 367, 104 + RT ln(1.01 × 10−4) [29]

ϕTi,Cr
Cr 155, 128.2 [26]

ϕTi,Nb
Cr 175, 488.28125 − 102.63671875 × T TW

Mobility of Nb
ϕTi

Nb RT ln[7.48 × 10−2exp(−354, 800 /RT) + 4.06 × 10−8exp (−135, 800 /RT)] [27]
ϕCr

Nb −330, 561 + RT ln(6.73 × 10−5) [29]
ϕNb

Nb −395, 598.95 − 82.03 × T [27]

ϕTi,Nb
Nb 175, 580 − 82.4 × T [27]

ϕCr,Ti
Nb 11, 914.0625 + 98.73046875 × T TW

The HitDIC software was used to calculate the interdiffusion coefficients of the Ti-Cr-
Nb ternary system at temperatures of 1373 K, 1423 K, and 1473 K, with Nb concentrations
ranging from 0 to 17.1 mole % and Cr concentrations ranging from 0 to 16.2 mole %. Three-
dimensional interdiffusion coefficient surfaces were plotted to show their dependence
on composition and temperature, as shown in Figure 7. It can be clearly seen from the
figure that all diffusion coefficients increase with rising temperature, indicating that high
temperatures reduce the activation energy for diffusion, allowing atoms to migrate more
easily to neighboring atomic sites.

The main diffusion coefficient D̃Ti
NbNb gradually increased with the increase in Nb,

but almost did not increase with the increase in Cr content, and only changed with the
change in Cr content when the Cr content was high. At the same time, D̃Ti

CrCr also increased
gradually with the increase in Nb, but almost did not increase with the increase in Cr
content, and only increased with the increase in Cr content when the Nb content was high.
D̃Ti

NbNb reached its maximum in the Ti-rich corner, and at 1373 K, 1423 K, and 1473 K, it was
3.43 × 10−13 m2/s, 5.67 × 10−13 m2/s, and 9.21 × 10−13 m2/s, respectively. D̃Ti

CrCr showed
a maximum as the Nb content increased, being 9.66 × 10−13 m2/s, 1.60 × 10−12 m2/s, and
2.60 × 10−12 m2/s at 1373 K, 1423 K, and 1473 K, respectively. At the same temperatures,
D̃Ti

CrCr was almost one order of magnitude larger than D̃Ti
NbNb. This again indicated that the
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diffusion rate of Cr is greater than that of Nb. This suggested that variations in element
content in the Ti-Cr-Nb BCC (β) phase could significantly affect mutual diffusion behavior.

Figure 7. Composition-dependent main diffusion coefficient surface maps at 1372 K, 1423 K, and
1473 K: (a) D̃Ti

NbNb; (b) D̃Ti
CrCr, where the composition range of Nb is 0–17.1% and the composition

range of Cr is 0–16.2%.

In order to more intuitively show how the main diffusion coefficient changed with com-
position, contour plots of the calculated main diffusion coefficients at three temperatures—
1373 K, 1423 K, and 1473 K—were drawn, as shown in Figure 8. In the contour plot of D̃Ti

NbNb,
along the Nb composition axis, the color changed more rapidly and the contour lines were
denser. As the temperature increased, the contour lines became even denser, indicating that
D̃Ti

NbNb was significantly more dependent on the Nb content than on Cr, primarily varying
with changes in Nb content and almost unaffected by changes in Cr content.

Figure 8. Contour maps of the main diffusion coefficients D̃Ti
NbNb (a,c,e) and D̃Ti

CrCr (b,d,f) at 1373 K,
1423 K, and 1473 K.
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Using the interdiffusion coefficients obtained at different temperatures, combined with
the well-known Arrhenius equation, as shown in Formula (15), the relationship between
the interdiffusion coefficient and temperature can be revealed. The frequency factor 0D̃Ti

ii
and the diffusion activation energy (QTi

ii ) can be directly determined. Generally, a higher
activation energy indicates a stronger temperature dependence and a lower interdiffusion
coefficient, where i = Nb or Cr, 0D̃Ti

ii is the frequency factor, and QTi
ii is the activation energy.

D̃Ti
ii = 0D̃Ti

ii exp

(
−QTi

ii
RT

)
(15)

Figure 9a shows a consistent trend between 0D̃Ti
NbNb and D̃Ti

NbNb. Moreover, 0D̃Ti
CrCr

increased with increasing Cr content. The variation trends of 0D̃Ti
NbNb and QTi

NbNb were not
exactly the same as the main diffusion coefficients; their combined effects influenced the
changes in the diffusion coefficients. In Figure 10a, the contour lines of QTi

NbNb were basically
along the diagonal direction within the composition range and increased with increasing
Nb. The variation trend of QTi

CrCr in Figure 10b was consistent with 0D̃Ti
CrCr.

Figure 9. Contour plots of frequency factors (a) 0D̃Ti
NbNb; (b) 0D̃Ti

CrCr. The Nb content ranges from 0 to
17.1%, and the Cr content ranges from 0 to 16.2%.

Figure 10. Contour maps of activation energy (a) QTi
NbNb; (b) QTi

CrCr. The Nb content ranges from 0 to
17.1%, and the Cr content ranges from 0 to 16.2%.

4. Conclusions
This paper primarily investigated the mutual diffusion behavior of Nb and Cr elements

in the BCC (β) phase of Ti-Cr-Nb alloys. Twelve sets of A2 single-phase diffusion couples were
designed and prepared at three temperatures: 1373 K, 1423 K, and 1473 K. After annealing for
different durations, the composition–distance profiles of the diffusion couples were measured
using electron probe microanalysis. Based on the obtained composition–distance profiles, the
atomic mobility parameters of the Ti-Cr-Nb ternary system were evaluated using the HitDIC
software, which is based on numerical regression. The fitted curves derived from the mobility
parameters showed good agreement with the composition–distance profiles. Additionally, the
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https://doi.org/10.3390/pr14020331


Processes 2026, 14, 331 13 of 14

composition–distance profiles and diffusion paths of all diffusion couples were simulated,
and the simulated values were in close agreement with the experimental data.

As the temperature increased, all diffusion coefficients rose remarkably, with an
approximate one-order-of-magnitude enhancement. This phenomenon could be attributed
to the elevated vacancy concentration in the crystal lattice at higher temperatures, which
effectively facilitated the migration and diffusion of elements. D̃Ti

NbNb increased with the
increase in Nb and Cr elements, and the maximum values at 1373 K, 1423 K and 1473 K
were 3.43 × 10−13 m2/s, 5.67 × 10−13 m2/s, and 9.21 × 10−13 m2/s, respectively. D̃Ti

CrCr The
maximum values at 1373 K, 1423 K, and 1473 K were 9.66 × 10−13 m2/s, 1.60 × 10−12 m2/s,
and 2.60 × 10−12 m2/s, respectively. In addition, at the same temperature, the value of
the main diffusion coefficient D̃Ti

CrCr was about an order of magnitude higher than that of
D̃Ti

NbNb, indicating that the migration capacity of Cr atoms in the Ti-Cr-Nb A2 phase was
much greater than that of Nb atoms. In addition, 0D̃Ti

NbNb, 0D̃Ti
CrCr, QTi

NbNb and QTi
CrCr were

determined with the Arrhenius equation.
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