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Abstract

A modelling approach for the hardness and solute distribution during brazing

of Ti-6Al-4V with Ti-Zr-Cu-Ni amorphous fillers is presented. The model for hard-

ness incorporates main strengthening mechanisms in α+ β alloys and a solid–state

diffusion model is employed to describe redistribution of Zr, Cu and Ni in the joints.
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Brazing is a promising technology for joining Ti-based alloys, as this process has less

impact on mechanical properties of joint components [1, 2]. Ti–Zr–Cu–Ni brazing filler

metals have been designed to provide better strength and corrosion resistance compared to

other fillers [3–5]. However, a number challenges still exist when optimising filler alloying

and process design. When joining Ti-6Al-4V (wt%), improving the strength of the fillers

requires brazing at temperatures close to the β transformation temperature (Tβ = 980

◦C), which can affect the mechanical properties by coarsening the α+β microstructure [6].

In contrast, if the brazing temperature is too low or if there is not enough time to allow

complete solidification of the filler, the strength and ductility of the Ti–Zr–Cu–Ni brazed

joints is reduced by the presence of brittle and hard intermetallics, such as Zr2Cu, Ti2Cu

and (Ti,Zr)2Ni [4, 5, 7]. Although several experimental studies have been carried out to

optimise the composition of the fillers and brazing parameters [3, 8, 9], the strengthening

mechanisms of the joints have not been described in detail, therefore limiting scope for

further development of brazing fillers with higher strength.
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In this work a modelling approach is introduced to predict the hardness of Ti alloys

and elemental distribution occurring during brazing, allowing us to understand the mech-

anisms controlling the variation in the strength of brazed joints. First, an experimental

study of the mechanical properties and elemental distribution in brazed joints is pre-

sented. Second, a model accounting for main strengthening mechanisms in α + β alloys

is introduced. In addition, a model for elemental diffusion during brazing is introduced

to compare the diffusion efficiency of different fillers. The approach is applied to develop

a strategy for alloy and process design to optimise the strength of brazed joints with

different Zr additions.

A Ti-6Al-4V alloy plate of 100 mm thickness was used as the base material. Tensile

tests samples were cut at the centre and three brazing fillers were employed to study

the role of chemical composition, specifically Zr additions, in the strength of the joints.

The compositions of the fillers and processing procedures are shown in Table 1. The

average initial width of the fillers, R0, was measured to be ∼ 40 µm in all cases. Vacuum

brazing was performed in a vacuum chamber of 5× 10−5 mbar. The fillers were measured

to have a narrow melting temperature range of 830–890 ◦C making them suitable for

brazing [3, 4]. Previous work showed that the designed brazing conditions in Table 1

are appropriate to avoid Ti-Cu and Ti-Ni intermetallics [5, 10, 11]. Mechanical tests at

room temperature including tension and microhardness were carried out to evaluate the

mechanical properties of the joints. The tensile tests were carried out using a MTS

tester at a constant speed of 0.1 mm/min. Standard metallographic preparations such

as grinding and polishing were conducted. The samples were finally etched by Kroll’s

reagent (3 ml HF + 6 ml HNO3 + 100 mlH2O) to reveal the microstructures in SEM

(JEOL JXA 8200). Compositional analysis and elemental distribution were evaluated by

using energy dispersive X-ray spectroscopy (EDS). Further details about experimental

procedures can be found in [5, 10,11].
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Table 1: Chemical composition of the filler metals and their brazing process.

Filler Composition (wt%) Melting pont (◦C) Brazing process

37.5Zr Ti-37.5Zr-15Cu-10Ni 830-840 930◦C/ 3600s

18Zr Ti-18Zr-15Cu-10Ni 840-860 930◦C/ 3600s

10Zr Ti-10Zr-15Cu-10Ni 880-890 930◦C/ 3600s

Figure 1 shows SEM backscattered electron images of the brazed fillers and matrix in

(a) 37.5Zr, (b) 18Zr and (c) 10Zr. Widmanstätten microstructure was found throughout

the entire joint section due to an eutectoid reaction (the bright areas represent β phase) [6].

No voids or cracks were found along the joints and no intermetallic compounds were

observed in any condition. The volume fraction of α, Vα, in the matrix is approximately

80% ± 5%, whereas Vα in the joints ranges between 60-70%; the decrease in α volume

fraction is due to Ni and Cu additions (β–stabilisers) lower the temperature of the α+ β

phase field [2]. The α size, dα, in the matrix is approximately 20 µm, whereas the

thickness of the α laths in the joints is 5–10 µm; a low fraction of coarse laths (dα ≈ 15

µm) is also present in Filler 37.5Zr. The joint thickness, Rl, decreases with increasing Zr

content: Rl = 190 ± 15 µm, 215 ± 15 µm and 250 ± 30 µm in fillers 37.5Zr, 18Zr and

10Zr, respectively. Possible explanations why Zr and not Ti mainly influences Rl are that

Zr dictates the melting point of this family of fillers [3] and it has the lowest diffusivity,

decreasing the growth of the interfaces by interdiffusion between the filler and matrix.

Other authors have found similar results. For instance, Ganjeh et al. [8] found that a

filler containing 66 Zr wt% produced similar brazing performance at 990 ◦C than a filler

with 27 Zr wt% brazed at a lower temperature of 950 ◦C. Table 2 shows the solid–state

diffusion parameters of Zr, Cu and Ni in Ti obtained from [7], showing the lower diffusivity

of Zr at 930 ◦C. Additional results reporting detailed microstructural characterisation at

higher magnification for all materials can be found in [10,11].
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Figure 1: Microstructures at the joint and interfaces in (a) 37.5Zr, (b) 18Zr and (c) 10Zr.

Table 2: Diffusion and solid solution strengthening parameters of Zr, Cu and Ni.

Element D0 (m2/s) Q (kJ/mol) D at 930 ◦C (m2/s) Bi (MPa/at)

Zr 4.7× 10−7 148 1.7× 10−13 983

Cu 2.1× 10−7 122 10−12 1779

Ni 1.7× 10−6 132 3.1× 10−12 2762

Microhardness measurements at the centre of the joint (0 µm) and matrix (±150

µm) are shown in Figure 2. Between 4 and 5 measurements were performed for each

condition to ensure that the results are statistically relevant; this is due to the difficulty

of performing an array of microhardness measurement across the joints, as they are only

100–200 µm in thickness and the indentations are ∼ 50 µm. The (blue) circles, (red)

squares, and (green) triangles represent the hardness in Fillers 37.5Zr, 18Zr, and 10Zr,

respectively, whereas the (black) rhomboids represent measurements of the matrix. The

shadowed area indicates the initial width of the fillers, whereas the dotted lines indicate

the average thickness of the joints (Rl). The hardness in the matrix is 3041 MPa. The

average microhardness at the centre of fillers 37.5Zr, 18Zr and 10Zr is 3992 MPa, 3521

MPa and 3463 MPa, respectively, and all values of 37.5Zr lie above those for other fillers.

As for the tensile tests, the average ultimate tensile strength (UTS) of fillers 37.5, 18Zr

and 10Zr was measured to be 917 MPa, 894 MPa and 876 MPa, respectively. The tensile

elongation ranged between 12% and 19% in all cases; the samples using fillers 37.5Zr

and 10Zr failed at the joints, whereas the samples with filler 18Zr failed at the matrix.

Additional information of the tensile tests can be found in [10, 11]. The UTS results
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have good correlation with the hardness measurements, indicating that the strength of

the joints increases with Zr content at the centre of the fillers. Therefore, the hardness at

the joints is considered partial indicator of the effective strength of the brazing joints [3].

The higher strength of the joints is attributed to the solid solution strengthening of Zr, as

the α + β microstructure is approximately constant and no intermetallics were detected

(Figure 1).
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Figure 2: Experimental (dots) and modelled (lines) Hardness profiles of the brazed joints

and matrix in fillers 37.5Zr (blue), 18Zr (red), and 10Zr (green); the black and white

rhomboids represent experimental and modelled Hv in the matrix, respectively.

Figure 3(a) shows the chemical distribution measured by EDS at the centre of the

joints (0 µm), diffusion interface (Rl) and matrix (±150µm). The distribution of Zr, Cu

and Ni is different across the joints due their different diffusion rates (Table 2). In all

cases, the distribution of Cu and Ni at the centre of the joints remains relatively constant

in the range 4–6 wt% and 2.5–4 wt%, respectively; these values decrease steadily at the

interface, although with some scatter. The Cu and Ni contents in the matrix are very

low (0.5–1 wt%) in all cases, however the concentration of Cu in 18Zr is ∼ 3 wt%. The

variations can be due to inhomogeneities during brazing [5]. The Zr content at the centre

of the joints increases with increasing the nominal concentration of the filler and the

overall concentration of Zr decreases steadily. This suggests that the increase of Zr in the

fillers can be responsible for the increase in hardness of the joints.
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Figure 3: (a) Experimental (dots) and modelled (lines) concentration profiles of Zr (blue),

Cu (red), and Ni (green) in brazed joints using fillers 37.5Zr (left), 18Zr (centre) and 10Zr

(right). (b) Schematic representation of elemental diffusion during brazing.

Variations in the microstructure and chemical composition control the hardness at

different locations of the brazed joints. The strength (and consequently the hardness) of

Ti alloys with no intermetallics stems from the following [1,12]: 1) solid solution in the α

and β, 2) the relative α + β volume fraction and 3) grain boundary strengthening. Solid

solution strengthening has an important role due to the distribution of Zr, Cu and Ni in

the joints. Cu and Ni are β–partitioning elements [2], however an overall solid solution

contribution of all elements in (α–)Ti is assumed due to the lack of systematic reports

on solid solution hardening in β–Ti alloys. The solid solution strengthening term, σss,

is defined using the multicomponent formula from Labusch [13]: σss =
(∑

iB
3/2
i xi

)2/3
,

where xi is the atomic concentration of element i and Bi is the solid solution strengthening

constant [14]: Bi = κµ(η′i + 16δi)
3/2, where κ is a constant and η′i = |ηi|/(1 + 0.5ηi);

ηi = µi−µTi

µTi
and δi =

rai −raTi

raTi
are the local modulus change and lattice strain of element i

in Ti, respectively; and µi and rai are the shear modulus and atomic radius of element i,

respectively; these parameters were obtained from [15]. κ = 0.0082 was determined using

the experimental data in Ti–Zr alloys reported in [16, 17]. Table 2 shows Bi for Zr, Cu

and Ni. In addition, BAl = 1813 MPa/at and BV = 126 MPa/at were determined for the

matrix. A Hall–Petch constant of 579 MPa µm1/2 for α grain–boundary strengthening is

obtained from [18]∗. The grain–boundary contribution of β, σβ, is considered fixed and

∗This value is obtained by multiplying the reported Hall–Petch constant of the resolved shear stress
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equal to [2, 20, 21]: 1350 MPa, due to the complexity in isolating size and morphology

effects in the strength of Ti-6Al-4V.

The hardness is known to be proportional to the yield strength, however the pro-

portionality constant varies with alloying system [22]. Keist and Palmer [23] obtained

a relationship between the yield strength and microhardness in additively manufactured

Ti-6Al-4V: Hv(MPa) = 3.6(σY (MPa)+90). This equation is assumed valid in the present

case, as the microstructure of additively manufactured α + β alloys and brazed joints is

very similar (Widmanstätten structure). Combining the previous results, the Hardness is

expressed as [12]:

Hv(MPa) = 3.6(σY + 90) = 3.6

(
σss +

579√
dα
Vα + σβ(1− Vα) + 90

)
(1)

This equation shows that the hardness of the joints depends on their local composition

(via σss) and α+β microstructure. The latter is approximately constant when modifying

the composition of the filler (Figure 1) and Hv can be predicted for different fillers/brazing

conditions if the Zr, Cu and Ni distribution is known.

Relevant steps involved in the diffusion of a brazed joint have to be considered in order

to predict solute redistribution. The main steps of this process are shown schematically

in Figure 3(b) [1]: 1) at t = 0 the filler metal with initial thickness, R0, melts and starts

dissolving into the base metal as a consequence of heating the sample above its melting

point and subsequent elemental diffusion; 2) the liquid layer widens reaching a maximum

thickness of Rl and isothermal solidification starts at t = t1; this is due to an increase of

the solidus temperature in the vicinity of the solid–liquid interface; 3) solid–state diffusion

continues within the joint and the liquid layer shrinks to complete the solidification process

(t = t2); Rl also increases. Assuming mass conservation between steps 1 and 2, the

concentration of the joint when isothermal solidification starts, cl, is expressed in terms of

R0, Rl and the initial concentration of the filler, c0, [7,24]: c0R0 = clRl, giving cl,i = c0,i
R0

Rl
,

where i =Zr, Cu and Ni. Following Fick’s second law, a number of authors have shown

that the maximum joint thickness can be expressed as [24,25]: Rl = R0+kl
√
Dltl, whereDl

times the Taylor factor for compression, M = 3 [19], to obtain an axial Hall–Petch stress.
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is the effective diffusion coefficient, tl is the time for starting isothermal solidification and

kl is a fitting constant for specific alloys. In practice, it is difficult to determine the effects

of liquid formation during heating and subsequent solid–state diffusion, controlling the

growth of Rl after tl has been reached [7]. This is due to microstructural characterisation

and elemental distributions can only be done after the brazing process is finished, therefore

it is complicated to estimate tl experimentally. Nevertheless, several authors have argued

that the melting process and subsequent solidification follow the same diffusion trends

than those for solid–state elemental distribution, and these effects can be included in

kl [7,24,25]; therefore, the total brazing time t is considered instead of tl with Dl = DZr,

to simplify the calculations, as we are concerned with brazing conditions where complete

solidification occurs; implications of considering incomplete solidification are discussed

later in the text. In the present case, it was shown that the Zr content is responsible for

Rl variations in the fillers tested and kl is estimated using the experimental values of Rl

with different Zr additions. An empirical formula is obtained as a function of the initial

Zr content in the filler and brazing time: Rl = R0 + (8.6− 0.08Zr (wt%))
√
DZrt [m]. The

formula proposed in this work is compared against additional experimental measurements

from the literature to show the validity of the previous assumptions. Matsu et al. [7]

measured Rl = 75 ± 10 µm after brazing commercially pure titanium with Ti-37.5Zr-

15Cu-10Ni (wt%) at 880 ◦C for 10 min, whereas our equation predicts Rl = 81 µm for

the same conditions. Similarly, Ganjeh et al. [8] measured Rl = 102±10 µm and 130±30

µm in a Ti-6Al-4V joint with filler composition Ti-27Zr-14Cu-13Ni (wt%) after brazing

at 950 ◦C for 10 min and 30 min, respectively; our equation predicts Rl 115 µm and 169

µm for same conditions, respectively.

Elemental diffusion in the solidification front (step 3) is described by a standard dif-

fusion equation [7, 24, 25]. It is assumed that one-dimensional diffusion occurs on the

horizontal direction x, as schematically shown in Figure 3(b). Symmetry is assumed and

x = 0 is taken at the centre of the filler. The evolution of the solute concentration in the

filler, ci, is given by: ∂ci
∂t

= Di∇2ci, where Di is the diffusion coefficient of i=Zr, Cu, Ni in

the solid state. Ti diffusion from and to the joint is assumed to be determined by the diffu-
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sion profiles of other elements to warranty mass conservation, i.e. Ti+Zr+Cu+Ni=100%

in all locations of the joint; no Al or V diffusion is considered to simplify the calculations.

Each element has initial concentration density ci = cl,i in |x| ≤ Rl

2
and ci = 0 outside

this range. The boundary conditions are set by mass conservation criteria [24, 25]. The

solution of this problem is given by [26]:

cZr =
cl,Zr

2

(
erfc

(
x+ Rl

2

2
√
DZrt

)
− erfc

(
x− Rl

2

2
√
DZrt

))
cCu =

cl,Cu
2

(
erfc

(
x+ Rl

2

2
√
DCut

)
− erfc

(
x− Rl

2

2
√
DCut

))
cNi =

cl,Ni
2

(
erfc

(
x+ Rl

2

2
√
DNit

)
− erfc

(
x− Rl

2

2
√
DNit

))
(2)

The combined models for diffusion and hardness are tested against experiments. Fig-

ure 2 shows the hardness predictions in fillers (blue) 37.5Zr, (red) 18Zr and (green) 10Zr

using the predicted concentration profiles shown in Figure 3(a) (solid lines); Vα = 65 %

and dα = 5 µm were considered fixed in the joints (Figure 1). The hardness results show

very good agreement in all cases suggesting that solid solution hardening of Zr causes the

increase in tensile strength when no intermetallics are present. Additional predictions of

the matrix (white rhomboids) are also plotted, showing very good agreement with the

experiments; dα = 20 µm, Vα = 80%, and solid solution effects of Al and V are employed

in this case. It is not possible to link the predictions of the matrix and joints due to

sharp variations in the microstructure (not considered in the model), but it is interest-

ing observing that the predictions with both microstructures lie within the same order

of magnitude in the matrix region (±150 µm). As for the diffusion profiles, the models

also show good agreement, except in 37.5Zr where the model predicts higher Zr at the

centre of the joint. The discrepancy can be due to inhomogeneities in the diffusion pro-

files during chemical mapping. In previous work using the brazing conditions 900 ◦C/30

min in the same fillers [10], the Zr content at the centre of the joints in 37.5Zr and 18Zr

was measured to be 18 wt% and 10.3 wt%, respectively. These values contrast with the

present results, as lower concentrations were measured. The higher Zr content is also

consistent with the hardness measured to be as high as 4120 MPa in filler 37.5Zr. In ad-
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dition, other authors have obtained similar Zr concentration profiles in high–Zr containing

fillers. Matsu et al. [7] measured the Zr content in the joint to be ∼22.9 wt% after brazing

commercially–pure titanium with Ti-37.5Zr-15Cu-10Ni (wt%) at 880 ◦C for 60 min; the

predicted concentration of Zr at the centre of the joint using equation 2 under similar

conditions is 19.2 wt%. Ganjeh and Sarkhosh [9] studied the chemistry distribution of a

joint with filler composition Ti-27Zr-14Cu-13Ni wt% and brazing conditions 950 ◦C for 30

minutes. They reported Zr concentrations at the centre of the joints of ∼7 wt%, whereas

the model predicts 10.9 wt% under the same conditions. This analysis indicates that the

predictions are consistent with other results having similar filler/brazing conditions.

The approximation can be employed to explore designing new brazing joints with

improved properties. High Zr additions in the filler aid in improving the strength of

the joints, however it also slows down the solidification kinetics. Brittle intermetallics

can form as a consequence of incomplete solidification, affecting severely the strength of

brazed joints [4, 7, 8]. It is interesting to explore how Zr affects the conditions for high

strength whilst avoiding the presence of intermetallics. A number of experimental results

relating the tensile strength of brazed joints and the approximate Zr concentration at the

centre of the joints (cZr) are shown in Figure 4(a); these results were collected from the

literature. For Zr concentrations greater or equal than ∼20 wt% the strength of samples

decreases drastically, and below these values the strength is close or similar to the typical

strength of Ti-6Al-4V (850–1100 MPa) [2,3,5,6,8,12]† This transition can be rationalised

by a balance between the presence of intermetallics due incomplete solidification (hence

the high Zr content), and solid solution hardening increasing when the Zr content in the

filler is high.

It is possible to assess how Zr additions and brazing time affect the strength in Ti–

Zr-15Cu-10Ni fillers using the model. It is considered that the optimal strength range is

possible when cZr ≤ 20 wt%. In addition, it is necessary to estimate whether any fraction

of liquid fliq is left at the centre of the joint to avoid the formation of intermetallics

by incomplete solidification. For this, fliq at 930 ◦C is estimated using the CALPHAD

†It is worth noting that in some cases the fracture happened in the matrix, therefore the joint strength
is assumed to be at least as strong as the matrix.
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software Thermocalc, and the predicted composition is considered as the equilibrium

concentration in every time step. The commercial database for Ti–based alloys TTTi3 is

used for the calculations and a linear relationship between the nominal concentration at

the joint and fliq was fitted to simplify calculations (with correlation factor R2 = 0.91):

fliq = 0.0142Zr (wt %) + 0.05Cu (wt %) + 0.05Ni (wt %) − 0.75. It is possible to find

the alloy and process combination necessary to avoid intermetallic formation (fliq = 0)

and warranty good tensile strength using the previous formula and equation 2. The

initial thickness of the fillers is also assumed to be 40 µm (Fig. 3). Figure 4(b) shows

the conditions when fliq = 0 (red dashed line) and cZr = 20 wt% (blue solid line) as a

function of Zr and brazing time. Optimal solutions lie within the shadowed area, where

fliq < 0 and cZr < 20 wt%. If it is aimed at reducing the brazing time whilst increasing

the joint strength, an optimal filler with concentration 40Zr-15Cu-10Ni could give the

highest strength and no intermetallic formation after just 6 minutes (intersection of red

and blue lines); the predicted hardness at the centre of the joint is 5160 MPa. It is also

interesting exploring how the predictions shown in Figure 4(b) change when modifying

the initial thickness of the filler. Additional calculations with R0 = 30 µm and 60 µm have

been performed to estimate the time to reach the highest strength and no intermetallic

formation (intersection of fliq = 0 and cZr = 20 wt%) with different thicknesses. For

R0 = 30 µm the time to reach this optimal condition is 3.5 minutes, whereas for R0 = 60

µm it is predicted that it takes 15 minutes to avoid intermetallic formation and reach the

highest strength. The nominal concentration of Zr for achieving these optimal conditions

is practically constant at ≈ 40 wt% in both cases (same with R0 = 40 µm). These results

indicate that the initial thickness of the filler can also be used as a controlling parameter

to avoid intermetallic formation, as it can affect significantly the variation in optimal

brazing conditions. These results show that the model, in principle, can be applied to

define a combined alloy and process design for high–strength filler metals.
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Figure 4: (a) Tensile strength variation after brazing Ti-6Al-4V vs Zr content at the

centre of the joints. (b) Predicted effect of filler nominal composition in the brazing time

to complete isothermal solidification and reach 20 wt% Zr at the centre of the joint.

A modelling approach to predict the hardness and solute distribution during brazing of

Ti-6Al-4V with Ti–Zr–Cu–Ni fillers has been presented. Main strengthening mechanisms

in α + β alloys were considered in the hardness predictions, including solid–solution,

α/β fraction and Hall–Petch effects. A diffusion model was employed to describe the

redistribution of Zr, Cu and Ni during brazing leading to variations in the hardness at the

joint. The agreement between the hardness measurements and predictions suggested that

solid solution hardening due to Zr variations controls the local strength; however, detailed

microstructural characterisation will be required to confirm this claim. Nevertheless, it

was shown that the formulation can be applied to define a combined alloy and process

design strategy for optimising the strength of brazed joints.
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