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bstract

The solid state diffusion bonding of the Ti–6Al–4V alloy was carried out in inert gas environment and the oxidation behavior at high temperatures
as investigated. Bonding was conducted in a furnace using selected combinations of temperature ranging from 850 to 950 ◦C, pressure of 3 MPa for

–3 h in argon gas environment. Good diffusion bonding interface have been observed at relatively low temperature and pressure. The microstructure

onded at 900 ◦C exhibits oxygen-enriched alpha phase at bonded interface. It is shown that at the optimum condition for diffusion bonding with
arent metal, the oxide film becomes unstable and the oxygen is diffused into the bulk. The evidence of nucleation of new grains and microhardness
roperties at the interface proves the diffusion bonding process is successful.

2006 Elsevier B.V. All rights reserved.

temp

f
i
l
p
i
r
a

s
t
I
t
t
m
i

T
p
a

eywords: Diffusion bonding; Titanium; Oxidation; Solid state diffusion; High

. Introduction

Solid state diffusion bonding is a process that joins compo-
ent parts together without use of the secondary phases, solvents
r liquid. Diffusion bonding involves atomic or elemental move-
ent from one metal to another when two components are in

ontact with certain temperatures and time to remove asperi-
ies from the interface by vacancy diffusion. In this process, it is
ssential that the metal surfaces are clean and free of any oxide or
ther films. However, titanium alloys are famous for corrosion
esistance due to a stable, protective, strongly adherent oxide
lm layer. This film may be considered as an impurity during
iffusion bonding process. For this reason, it has been generally
nown that diffusion bonding process of titanium alloys needs
o be undertaken in a vacuum to prevent oxide formation. Dif-
usion bonding involves atomic movement from one metal to
nother when two components are in contact with certain tem-
eratures and time to remove voids and oxides from the interface
y atomic diffusion.

Zhang et al. [1] selected 1010 ◦C, 3 MPa and 3 h as the best

ondition for diffusion bonding of Ti–6Al–4V. Typical manu-
acturing condition is 940 ◦C, 5–8 MPa and 2 h under vacuum
ondition. Mutoh et al. [2] also reported the optimum condition
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erature oxidation

or Ti–6Al–4V was 900 ◦C, 10 MPa for 1 h in which the bond-
ng process was performed in vacuum with mechanical pressure
oading. Since maintaining high vacuum condition during the
rocess is not practical in industry application, it is necessary to
nvestigate the oxidation behavior of titanium in inert gas envi-
onment. In the literature, most studies on oxidation of titanium
lloy are only in vacuum or oxygen environment [3–6].

Diffusion bonding can be obtained by applying a static pres-
ure to achieve intimate contact for certain amount of time at high
emperature well below the melting temperature of the metals.
t is important to notice the solid state diffusion is a function of
emperature, time, the form of pressurization and contact condi-
ion of the matched surfaces. Therefore, the oxide film layer and

icro voids from asperities must be removed from the bonding
nterface during diffusion process.

In this paper, the solid state diffusion bonding of the
i–6Al–4V alloy was carried out in inert gas environment for
ractical application and the oxidation behavior at high temper-
tures was investigated.

. Experimental procedure

The material used in the present study was supplied in a form

f a plate by RTI International Metals, Inc. U.S. Ti–6Al–4V alloy
s two phase alloy with fine equiaxed alpha phases mixed with
ransformed beta phase. The chemical composition of this alloy
s 6.05Al–3.89V–0.21Fe–0.11O–0.01C–0.007N with less than

mailto:hslee@kari.re.kr
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1/T (Fig. 3). The effective activation energy in Ti–6Al–4V for the
overall oxidation process is 318 kJ/mol at the present study. This
value compares favorably with the effective activation energy of
oxygen diffusion in beta titanium, which is 287 kJ/mol [8]. The
06 H.-S. Lee et al. / Thermoch

.005Y. � transus of this alloy was determined by DTA (Perkin-
lmer DTA7) at a cooling rate of 10 ◦C/min. The average grain
ize at room temperature was about 10 �m. Oxidation experi-
ents were performed in TGA (Perkin-Elmer TGA 6) purging
ith dry argon gas in 25 ml/min. Oxidation specimens were cut

rom the plate and polished with 1000 mesh SiC abrasive papers
nd ultrasonically cleaned in acetone and water and dried. The
ample dimension was 5 mm × 5 mm × 2 mm and ceramic con-
ainer was used. Oxidation was conducted isothermally at 850,
00 and 950 ◦C for 500 min. This time is chosen based on typical
iffusion bonding process time.

Diffusion bonding experiments were conducted in the as-
olled condition in argon gas environment. The fixture made with
high alloy steel was designed to permit simultaneous argon gas
ressurization at both sides of the specimen. Since the surface
ondition is vital for complete bonding, the surface of blanks
as carefully prepared for bonding by special procedure [7].
ltrasonic rinsing in a high-purity solvent, and in distilled water

ollowed. The rinsed surfaces were then air dried with clean fil-
ered air. Immediately prior to diffusion bonding, the specimens
ere cleaned again with a high-purity solvent. Bonding was

onducted in a furnace using selected combinations of temper-
ture ranging from 850 to 950 ◦C, pressure up to 3 MPa in inert
as environment. Using gas pressure as a loading medium pre-
ents the bonding area from non-uniform pressure application.
fter heating, the bonding fixture was cooled to room temper-

ture in the furnace. Microhardness across the bonded region
as determined with a Vikers indentor applying 300 gf for 5 s.
amples for optical microscopy were sectioned, mounted and
olished using standard metallographic techniques, and etched
sing Kroll’s reagent.

. Results and discussion

Oxidation of Ti–6Al–4V alloy was studied by Mungole et
l. [3] at high temperatures of 777–1067 ◦C in oxygen gas
tmosphere. It was shown that 977 ◦C is a safe upper limit
or high temperature applications, since below this temperature
he oxidation rate markedly reduced after exposure of 8 h. The
ctivation energy of oxidation of Ti–6Al–4V in oxygen was com-
arable to that of the formation of TiO2 from pure titanium. For
itanium alloys, it was observed [4] that an oxide scale, consist-
ng of two layers, one growing outward and the other growing
nward, had formed. The outward growing part of the scale con-
isted mainly of TiO2, while the inward growing part was com-
osed of a mixture of TiO2 and �-Al2O3. Since oxidation was
apid in air, the inert gas was purged during the bonding process.

Normalized weight gain with respect to oxidation time
btained from oxidation experiments is presented (Fig. 1). In the
gure, increasing oxidation temperature accelerated the weight
ain and the oxidation rate obeyed parabolic. It is interesting
o notice the change of weight gain behavior is observed after
50 min at 900 ◦C. This is more distinctly shown at 950 ◦C.

his indicates there are two different oxidation kinetics governs
t 950 ◦C. In this study, the first oxidation kinetics is consid-
red, since the initial condition of the surface is important in the
iffusion bonding process. F
Fig. 1. Normalized weight gain with respect to oxidation time.

Oxidation kinetics can be expressed by the following
quation:

�W

A

)n

= Kt (1)

here �W/A is the weight gain per unit surface area, K the rate
onstant, n the reaction index and t is the time. At a constant
emperature, the kinetic model is parabolic when n = 2.

Fig. 2 shows a plot of (�W/A)2 versus t for determi-
ation of the oxidation rate constant. The values of K of
he oxidation kinetics are 3.14 × 10−6, 1.444 × 10−5 and
.097 × 10−5 kg2 m−4 s−1 at 850, 900 and 950 ◦C, respectively.
he corresponding R2 of K values are 0.98, 0.98 and 0.96.

Since the oxidation rate constant follows an Arrhenius rela-
ionship,

= K0 exp

(−Q

RT

)
(2)

here Q is the effective activation energy for oxidation, R the gas
onstant, T the absolute temperature and K0 is the constant for a
iven material. The effective activation energy for oxidation was
btained from an Arrhenius plot of K in logarithm scale versus
ig. 2. A plot of (�W/A)2 vs. time for obtaining the oxidation rate constant.
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ig. 3. Arrhenius plot of parabolic rate constant for oxidation of Ti–6Al–4V in
he temperature range 850–950 ◦C.

eta transus temperature was obtained by DTA and confirmed
ith metallographic observation of microstructure. It was shown

hat the beta transus temperature of this alloy was 964 ◦C, which
s lower than typical beta transus temperature, which is about
95 ◦C of grade 5Ti–6Al–4V. The phase ratio is affected by the
eta transus temperature and it is assumed that this alloy contains
ore beta phases than conventional grade 5Ti–6Al–4V at the

iffusion bonding temperature.
The initial stage of diffusion bonding starts with plastic defor-

ation at interface, where ridges of the surface asperities deform
lastically in such a way that there is no macroscopic deforma-
ion in the parts to be bonded. During this process, voids will
e produced and aligned at the interface. The voids become iso-
ated and the gas pressure of inside of the voids is equal to the
ressure in the furnace. In heating, the surfaces start to absorb
he gas and since the voids are isolated, the pressure inside of
he void becomes decreased. Recent study of the kinetics of the
ecrease of the gas pressure in the closed volume at high temper-
tures [9] shows that at 550 ◦C, the gas pressure inside of a void
f 100 �m is reduced from 7.3 to 3 × 10−4 Pa within several
inutes. At 900 ◦C, the vacuum is expected to form in several

econds. The stability of titanium oxides in the surface region
as been investigated in ultra high vacuum [10] and it is shown
hat all the oxides decompose and the oxygen is diffused into
he bulk above 400 ◦C.

In the case of bonding under hydrostatic pressure, the tem-
erature will raise locally due to the deformation heat, and the
emperature increment �T can be expressed as [11]:

T = (1 − f )σ(ε1 − ε0)

Cρ
(3)

here f is the fraction of the work stored depending on the strain,
the specific heat per unit mass, ρ the density, σ the average

tress and ε1 is the true strain. Thus, the diffusion coefficient
ill increase accordingly and the atomic diffusion is accelerated,

hich results in the decreasing of interlayer film thickness and

ncreasing of bonding strength.
Fig. 4 shows the microstructure of bonded interface at 850

nd 900 ◦C. The grain size of bonded material is larger than that

(

Fig. 4. Microstructure of bonded interface at (a) 850 ◦C and (b) 900 ◦C.

f the as-received material, due to static grain growth during the
hermal exposure and slow cooling rate to room temperature. The

icrostructure bonded at 900 ◦C exhibits oxygen-enriched alpha
hase at bonded interface, which typical shape is widmanstatten
tructure. One of the reasons for formation of oxygen-enriched
lpha phase at higher temperature is due to the higher diffu-
ion rate of oxygen with presence of oxygen. It is well known
hat the widmanstatten preform deforms by strain dependent
pheroidization while the equiaxed preform exhibits superplastic
eformation. Microhardness test reveals that diffusion bonding
erformed at 850 ◦C provides structurally integrity bonded inter-
ace (220 Hv), since at 900 ◦C, the bonded interface has lower
ardness (200 Hv) comparing to the matrix.

. Conclusion
1) The oxidation behavior of Ti–6Al–4V alloy at diffusion
bonding temperatures obeys the parabolic law in dry argon
environment.
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2) The microstructure bonded at 900 ◦C exhibits oxygen-
enriched alpha phase at bonded interface and lower bond
strength, while at 850 ◦C, good diffusion bonding interface
have been observed.

3) The activation energy of Ti–6Al–4V oxidation is estimated
to be 318 kJ/mol in diffusion bonding condition.

4) Good diffusion bonding interface have been observed at
850 ◦C, applying pressure of 3 MPa for 1 h in argon gas envi-
ronment, which condition is more practical for industrial
application than expensive vacuum condition.

eferences
[1] Z.Y. Zhang, C.H. Cai, Z.R. Lin, in: S. Hori, M. Tokizane, N. Furushiro
(Eds.), Superplasticity in Advanced Materials, The Japan Society for
Research on Superplasticity, 1991, pp. 693–698.

[

[

Acta 455 (2007) 105–108

[2] Y. Mutoh, M. Kobayashi, Y. Mae, T. Satoh, in: S. Hori, M. Tokizane, N.
Furushiro (Eds.), Superplasticity in Advanced Materials, The Japan Society
for Research on Superplasticity, 1991, pp. 405–410.

[3] M.N. Mungole, N. Singh, G.N. Mathur, Mater. Sci. Tech. 18 (2002)
111–114.

[4] S. Becker, A. Rahmel, M. Schorr, M. Schutze, Oxid. Met. 38 (1992)
425–464.

[5] S. Frangini, A. Mignone, J. Mater. Sci. 29 (1994) 714–720.
[6] G. Lu, S.L. Bernasek, J. Schwartz, Surf. Sci. 458 (2000) 80–90.
[7] Standard Guide for Preparation of Metal Surfaces for Adhesive Bonding,

ASTM D 2651-01.
[8] W.P. Roe, H.R. Parlmer, W.R. Opie, Trans. Am. Soc. Met. 52 (1960)

191–192.
[9] L.V. Usacheva, G.P. Besplokhotny, V.V. Peshkov, V.R. Petrenko, Svar.
Proiz. 57 (2004) 11–15.
10] Y. Mizuno, F.K. King, Y. Yamaochi, et al., 15th International Vacuum

Congress, San Francisco, October 28, 2001.
11] G.J. Richardson, D.N. Hawkins, C.M. Sellars (Eds.), Worked Examples in

Metal Working, The Institute of Metals, London, 1985, pp. 36–37.


	Oxidation behavior of titanium alloy under diffusion bonding
	Introduction
	Experimental procedure
	Results and discussion
	Conclusion
	References


