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a b s t r a c t

Diffusion bonding between W and ferritic/martensitic steel F82H using a Ti interlayer was carried out
in vacuum at temperature range of 850–950 ◦C for 1 h with 10 MPa. Metallographic analysis with field-
emission scanning electron microscopy revealed excellent bonding at both W/Ti and Ti/F82H interfaces.
The chemical compositions of the reaction products were analyzed by energy dispersive spectroscopy
and their existence were confirmed by X-ray diffraction technique. �–� Ti solid solution was detected at
vailable online 25 September 2009
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W/Ti interface, while the reaction phases at Ti/F82H interface are dependent on the joining temperature.
Joint strength was evaluated and the variations in strength of the joints were significantly related to the
microstructural evolution of the diffusion zone. All the joints fractured at Ti/F82H interface during shear
testing. The hardness distribution across the joining interfaces was also determined.

© 2009 Elsevier B.V. All rights reserved.
icrostructure

. Introduction

Tungsten (W) is a promising refractory material for fusion
uclear application, for its high resistance against sputtering and

ow tritium retention [1,2]. Reduced activation ferritic/martensitic
RAFM) steels, which were developed for simplify special waste
torage of highly radioactive structures of fusion reactor after ser-
ice, is one of the candidates to be used as first wall and blanket
tructural materials in fusion reactors [3], F82H is one such steel [4].
oining of W to RAFM steels is required for some components such
s divertor in fusion device according to the design [5]. Conven-
ional fusion welding method is inapplicable for joining of them,
ue to a high possibility of the brittle intermetallic compounds
FeW and Fe7W6) formation in the weld zone, in addition the large
ifference in melting points of these two materials. Furthermore, W

nd steel have remarkable differences in their physical properties,
n particular the mismatch of their coefficients of thermal expan-
ion (CTE), which results in a large residual stress in the joints after
oining.

∗ Corresponding author. Tel.: +81 774 383465; fax: +81 774 383467.
E-mail addresses: zh zhong@iae.kyoto-u.ac.jp (Z. Zhong),
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nstitute of Technology, 27-1 Mizumoto-cho, Muroran 050-8585, Japan.

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2009.09.105
Several joining techniques have been developed for joining
of W to steel, such as active metal brazing [6], plasma spraying
[7], and diffusion bonding [8,9]. The metallic brazing produced
high strength joints and provided well reproducible results. How-
ever, the brazing temperature of 1150 ◦C is high enough to cause
grain coarsening in steel and consequently leads to the degrada-
tion of material’s properties [6]. For the components produced
by plasma spraying, obtaining an acceptable dense and sufficient
strength W coating on steel is difficult. Diffusion bonding seems
to be a suitable way to join W with steel due to its tolerable
bonding temperature and the joint could be used at high tempera-
tures.

In the case of diffusion bonding of dissimilar materials, an inter-
layer inserted between substrates is often necessary to prevent the
formation of intermetallic compound and to reduce the residual
stress in the joints. We have successfully used nickel as inter-
layer for bonding of W to ferritic steel and found that the tensile
strength of the joint was as high as 215 MPa [9]. In the present
work, we investigated the feasibility of joining of W to F82H steel
by inserting a titanium (Ti) interlayer through diffusion bond-
ing. Ti was selected as interlayer material because the CTE of Ti

−6 −1 −6 −1
(8.4 × 10 K ) is between that of W (4.5 × 10 K ) and F82H
steel (12.3 × 10−6 K−1) which is expected to help mitigate the resid-
ual stress in the joint, as well as it forms continuous solid solution
with W. In addition, Ti has low activation characteristic which is
attractive for fusion nuclear applications.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zh_zhong@iae.kyoto-u.ac.jp
mailto:hinoki@iae.kyoto-u.ac.jp
dx.doi.org/10.1016/j.jallcom.2009.09.105
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Table 1
Chemical compositions (wt.%) of the materials used in this work.

Alloy Cr C N P S Al Si V Ti Mn Ta W O Fe

.07 0.19 0.004 0.1 0.04 1.98 0.01 Bal.
– – – – Bal. 0.02 –
– Bal. – – – 0.15 0.01
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F82H 7.84 0.09 0.007 0.003 0.001 0.001 0
W – 0.02 0.01 – – – –
Ti – 0.02 – – – – –

. Experimental procedures

The commercially available W and IEA (International Energy Agency) heated
82H steel used in this work were cut by a diamond saw to a dimension of
0L mm × 5W mm × 2T mm from the as-received plates. A 0.6 mm thick commer-
ial Ti sheet was cut to a size of 10L mm × 5W mm. The chemical compositions of
hese materials are given in Table 1. Prior to diffusion bonding, the bonding surface
f all materials was polished by an emery paper with 1500 grit. The materials were
hen cleaned in an ultrasonic bath using acetone for 10 min and finally dried in air.
he assembly of W/Ti/F82H was joined in a hot-press furnace with a heating rate
f 10 ◦C/min, at temperature range of 850–950 ◦C for 1 h under a load of 10 MPa in
acuum (<5.0 × 10−3 Pa). Once the bonding process was completed, removed the
oad, and the joint was cooled at a rate of 5 ◦C/min to 400 ◦C and followed by furnace
ooling in vacuum to room temperature.

The cross-sections of diffusion bonded joints were perpendicularly cut and
repared for metallographic examination by polishing down to 1 �m finish. The
icrostructure observation was carried out in a field-emission scanning electron
icroscope (FE-SEM, JEOL JSM 6700). Chemical composition of the reaction phase
as analyzed with energy dispersive X-ray spectrometry (EDS) attached to FE-SEM.

he reaction phase was confirmed by X-ray diffraction (XRD) using a Cu K� radi-
tion source. The elemental intensity profiles of the chemical species across the
nterface were drawn from the electron probe microanalysis (EPMA). The LiF crys-
al was utilized to generate the corresponding K� lines of Fe, Cr and Ti, and M�

ine of W. Mechanical properties of the joint were evaluated by shear strength and
ardness tests. The joint strength test was performed at room temperature using a
ensile-testing machine (Instron 5581) at a crosshead speed of 0.5 mm/min with a
pecimen size of 3L mm × 3W mm × 4.5T mm in a specially designed jig. Five samples
ere tested for each processing. Fracture surface after shear testing was observed
nder FE-SEM. Hardness profile across the bonding interface was determined by a
ano-indenter (ENT-1100a) with a load of 10 g.

. Results and discussion

.1. Microstructural and morphological analysis

Successful solid-state diffusion bonding was achieved between
and F82H steel using a Ti interlayer under all the employed
xperimental conditions. Fig. 1 shows a typical general view of
he transition joint bonded at 900 ◦C. Both W/Ti and Ti/F82H inter-
aces are free from discontinuities or cracks. Fig. 2(a) through (c) are
he back-scattered electron images (BEIs) of W/Ti interfaces for the

ig. 1. SEM micrograph of the cross-section of the specimen diffusion bonded at
00 ◦C for 1 h.

Fig. 2. SEM micrographs of the W/Ti interface of the specimens bonded at (a) 850 ◦C,
(b) 900 ◦C, and (c) 950 ◦C for 1 h. The inset in each image was obtained at higher
magnification.
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oints bonded at 850, 900, and 950 ◦C, respectively. In all images,
he left part with light-gray contrast is W and the right part with
eep-gray contrast is Ti. It can be obviously recognized from the
olor contrast that a diffusion zone was formed between W and Ti.
ll the interfaces show similar layered structures, but the thick-
ess of diffusion zone grows from ∼2 to ∼12 �m corresponding
o the joining temperature increases from 850 to 950 ◦C, indicating
hat the atomic interdiffusion was enhanced at higher temperature.
n addition, some transverse micro-cracks can be observed at the

/Ti interface for the joint bonded at 950 ◦C. The formation of these
racks may be attributed to the following reasons: (1) the CTE mis-
atch between W and F82H; (2) the enhanced interaction between
and Ti; (3) the CTE mismatch between W and Ti. Considering

hat crack was not observed for the both 850 and 900 ◦C joints, the
ffect of CTE mismatch between W and Ti on the crack formation
s believed to be minimal. A likely explanation is that the enhanced
nteraction between W and Ti, which in turn gives rise to crack-
ng due to the different atomic sizes of W and Ti. This justification,
owever, doses not exclude the effect of CTE mismatch between W
nd F82H, because the residual stress that developed in the dissim-
lar materials joint proportionally increases with the temperature
ifference between joining and room temperature [10]. The higher
he joining temperature, the larger residual stresses may generate
n the joint. Nevertheless, these transverse cracks would not greatly
ffect the joint compressive shear strength, see the after presented
trength test results.

Fig. 3(a) through (c) shows the elemental intensity profiles
btained by line-scan analysis of EPMA across the W/Ti interface
or the joints bonded at 850, 900, and 950 ◦C, respectively. From
ig. 3, the profiles curves vary continuously and smoothly across
he interface, suggesting that solid solution was formed at the W/Ti
nterface. The penetration depth of W in Ti is much higher than that
f Ti in W and increased as the joining temperature increased. One
ay notice that the profile curves are somewhat irregular in the

iffusion zone near Ti, which is due to the mixed phases in the dif-
usion zone. The brighter needles in the diffusion zone are relatively
ich W content and the darker ones are Ti-rich region (see Fig. 2).
ombining with the EPMA results shown in Fig. 3, the overall cross-
ectioned microstructure of W/Ti interface can be generalized into
hree regions from W to Ti corresponding to (1) W, (2) the �-W–Ti
olid solution with transformed �-Ti and (3) �-Ti.

The formation of solid solution between W and Ti is expected on
he basis of the W–Ti phase diagram which shows complete solubil-
ty in the �-region [11]. Obviously, the diffusion zone shown in Fig. 2
s the consequence of the atomic interdiffusion between W and Ti,
nd was developed as a result of eutectoid transformation. An ade-
uate amount of W in this zone promoted the eutectoid formation
f Ti by decreasing the �–� transformation temperature [12], thus
he observed brighter �-Ti needles containing W were transformed
n the darker �-Ti matrix by the decomposition of �-Ti during cool-
ng. The width of this Widmanstäten �–� structure zone increased
s joining temperature increased, due to the enhanced interdiffu-
ion. It has been noted that W atom diffused more distant in Ti than
i atom did in W for all the joints. This feature could be explained by
he higher diffusivity of W in Ti which is three orders of magnitude
igher than that of Ti in W [13].

Fig. 4(a) through (c) are the BEIs of Ti/F82H interface for the
oints bonded at 850, 900, and 950 ◦C, respectively. The left part

ith dark-gray contrast is Ti and the right part with light-gray
ontrast is F82H. The elemental intensity profiles of Fe, Cr, W,
nd Ti across the diffusion zone are presented in Fig. 5. A very

imited interdiffusion occurred for the joint bonded at 850 ◦C. How-
ver, when the bonding temperature was raised to above 900 ◦C, a
arked difference in microstructure can be observed as compared
ith 850 ◦C joint. Adjacent to Ti, similar like that of W/Ti interface, a
–� Ti zone is composed of the light-gray strips and dark-gray �-Ti
Fig. 3. Intensity profiles of tungsten and titanium across the W/Ti interface for the
joints bonded at (a) 850 ◦C, (b) 900 ◦C, and (c) 950 ◦C for 1 h.

matrix was found. Close to �–� Ti, a shade zone has been observed,
which is enriched with Ti (∼91 at.%) with small amounts of Fe
(∼8 at.%) and Cr (∼1 at.%). This suggests that Fe and Cr from F82H
penetrated into Ti. Fe and Cr atoms are strong �-phase stabilizers
for Ti [14], and their appropriate quantities help to retain high-
temperature �-structure; hence, in this area the high-temperature

body centered cubic (bcc) phase of Ti has been retained after joining
and was designated as retained �-Ti. The width of the retained �-Ti
regions increased with increasing the joining temperature was also
observed (Fig. 4(b) and (c)). Next to �-Ti, a small zone which con-
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the bonding interface. At Ti/F82H interface, the width of the diffu-
ig. 4. SEM micrographs of the Ti/F82H interface of the specimens bonded at (a)
50 ◦C, (b) 900 ◦C, and (c) 950 ◦C for 1 h. The inset in each image was obtained at
igher magnification.

ains Ti (∼58 at.%), Fe (∼40 at.%), and Cr (∼2 at.%) was detected. From
he isothermal section of Fe–Cr–Ti ternary phase diagram [15], it
an be predicted that this zone probably consists of FeTi and �-Ti
16]. Between FeTi + �-Ti and F82H, a thin bright zone was found,
hich contains Fe (∼60 at.%) and Ti (∼30 at.%) in association with Cr
∼7 at.%) and W (∼3 at.%). This composition was determined to be
he � phase containing small amount of W in this zone, the � phase
s the solid solution of Fe2Ti and Cr2Ti [17]. Ti (<10 at.%) also was
ound to penetrate into F82H with some distance (10–30 �m) and
Fig. 5. Intensity profiles of titanium, iron, chromium, and tungsten across the
Ti/F82H interface for the joints bonded at (a) 850 ◦C, (b) 900 ◦C, and (c) 950 ◦C for
1 h.

this region, presumably, was �-Fe phase retained from high tem-
perature. The waved nature of Ti concentration curve in F82H side
indicates that titanium atom may segregate at the grain boundaries
of �-Fe and the � phase (Fe17Cr7Ti5) may form in F82H.

From Figs. 4 and 5, it is evident that a rise in the joining temper-
ature promotes the abundant diffusion of chemical species across
sion zone is largely increased at 900 ◦C in comparison with 850 ◦C.
At 850 ◦C, Ti and F82H have hexagonal close-packed (hcp) and
face centered cubic (fcc) structures, respectively, and both of them
are close-packed crystals. Therefore, their interdiffusion was lim-
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ig. 6. XRD pattern of the fracture surface on Ti side for the joint bonded at 950 ◦C
or 1 h.

ted. At 900 ◦C, however, F82H retained its fcc structure whereas
i undergone a phase transformation from �(hcp) to �(bcc) as
his temperature is above the �-transus of Ti (882 ◦C). Owing to
he more open crystallography of bcc structure, Fe and Cr atoms
an migrate easier into �-Ti than into �-Ti matrix, in addition the
romotion of the high activity of chemical species at higher tem-
erature. Thus substantial diffusion occurred across the interface.
ue to the faster diffusion rate of Fe in Ti than that of Ti in Fe [18],
e atom penetrated a longer distance into Ti and a thicker �–�
i + �-Ti zone was observed compared to �-Fe zone. Additionally,
�-phase enriched in Cr (∼30 wt.%) that resulted from the uphill
iffusion of Cr was widely detected in the both Ti/steel [14,19,20]
nd Ti alloy/steel [17] interfaces. In the present study, however, the
-phase has not been found due probably to the Cr concentration in
82H (7.7 wt.%) is much lower than that of in conventional stainless
teel, for example, 304 stainless steel contains more than 18 wt.%
r.

Fig. 6 shows the XRD pattern of the fracture surface on Ti side
or the joint bonded at 950 ◦C. The reaction products in the Ti/F82H
iffusion zone have been confirmed by XRD analysis. The �-Ti, sta-
ilized �-Ti, intermetallic phases of FeTi, Fe2Ti, and Cr2Ti, and oxide
f Fe2Ti4O were identified on the fracture surface. The presence of
e2Ti4O was not revealed by SEM analysis maybe due to its low
olume fraction. The dissolved oxygen in titanium promotes the
ormation of oxide [21]. The necessary oxygen for the formation of
e2Ti4O probably results from: (1) that dissolved in as-received Ti
uring processing; (2) the free surfaces of being joined metals dur-

ng the diffusion couple preparation; and (3) that absorbed from
he hot-press furnace chamber during joining process, due to the
igh affinity of Ti for oxygen.

.2. Mechanical properties evaluation and fracture surface
nalysis

Shear strength of the W/Ti/F82H joints is presented in Fig. 7.
he strength increased when the joining temperature increased
rom 850 to 900 ◦C. For the low bonding temperature of 850 ◦C,
he width of diffusion zone is small and the extent of interfacial
eformation remains incomplete, as well as the interdiffusion of
hemical species is limited at both interfaces. As a result, the mat-

ng surface is lack of contact and produced low strength joint. On
he contrary, for the 900 ◦C joining temperature, betterment in plas-
ic deformation of the mating surface improves contact quality. In
articular, the extent of interdiffusion of chemical species was sig-
ificantly enhanced at higher temperature. Thus the shear strength
Fig. 7. Shear strength vs. joining temperature of the W/Ti/F82H transition joint.

improved and reaches its maximum level (102 ± 11 MPa) for 900 ◦C
joint, although a small width intermetallic layer was generated at
the Ti/F82H interface.

A further rise in joining temperature though leads to enhance-
ment of interdiffusion and better plastic deformation, shear
strength was decreased. Benefit from interdiffusion and detriment
effect by the growth of brittle intermetallics may balance each
other; and it seems that the shear strength is mainly governed by
the latter factor. Additionally, the Kirkendall voids formed at the
interface due to the imbalance in flux transfer of Ti and Fe atoms
[14] during diffusion bonding is also responsible for the reduction
in shear strength [22], though it may be not the main factor due to
their small volume fraction. These voids were difficult to observe
in SEM micrographs maybe owing to their sub-microscopic size,
but it was evidenced by the fracture surfaces after shear testing as
shown in Fig. 8.

All the joints fractured at Ti/F82H interface during shear testing
and the fracture surfaces of the joints are given in Fig. 8. The frac-
ture surface of the joint processed at low temperature is basically
featureless (Fig. 8(a)). The discrete black islands attached on the
fracture surface are Ti. When the joining temperature is raised to
above 900 ◦C (Fig. 8(b) and (c)), transgranular brittle failure under
a shear loading becomes evident by the presence of river patterns
on fracture surfaces of both F82H and Ti sides. Within the cleavage
planes, tongues are also observed, as shown in Fig. 8(b) and (c). The
average composition of the cleavage facets (region A) on Ti side is
Fe (∼8 at.%), Cr (∼1 at.%), and Ti (the balance), suggesting the exis-
tence of stabilized �-Ti. While the gray region B is comprised of
Fe (∼20 at.%), Cr (∼2 at.%), and Ti (∼80 at.%), FeTi + �-Ti phase mix-
ture can be expected in this region. The white region C is Fe2Ti
and some oxide, with a composition of Fe (∼62 at.%), W (∼3 at.%),
O (∼6 at.%), Cr (∼3 at.%), and Ti (the balance). Some W and Cr dis-
solved in this intermetallic phase. The presence of the Kirkendall
voids that developed in the reaction phases can be observed on
the surface as indicated by arrows in Fig. 8(c). The observed dif-
ferent phase mixtures on the fracture surfaces in the present work
allow us to deduce that the failure occurred from the intermetallic
phases (FeTi and Fe2Ti) and in some areas the fracture propagated
in stabilized �-Ti and �-Ti (close to intermetallics).

Microstructure of the interfaces can also be revealed by hardness
testing. The hardness was evaluated on the polished cross-section

of 900 ◦C joint and the result is shown in Fig. 9. W substrate
shows a high hardness (∼6.2 GPa). The W atom penetrated region
between W and Ti slightly increases the hardness of this area
(4.5 GPa) as compared with the more distant locations in Ti inter-
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ig. 8. Fracture surfaces of the joints bonded (a) at 850 ◦C, F82H side; (b) at 900 ◦C,
i side; and (c) at 950 ◦C, Ti side.

ayer (∼4.0 GPa). Meanwhile, the high hardness of �–� Ti is noted

ue to the solid solution strengthening. The fluctuation of the hard-
ess value might be attributed to the mixed structure of �–� Ti. The
tabilized �-Ti shows a high hardness value that is slightly higher
han �–� Ti. A peak value (6.8 GPa) is located at Ti/F82H interface
Fig. 9. Hardness profile across the W/Ti/F82H interface for the joint bonded at 900 ◦C
for 1 h.

bond line. This can be justified by the formation of intermetallics in
this region. The hardness value of F82H substrate is ∼4.0 GPa and
the fluctuant nature of data observed in F82H probably due to the
penetration of Ti atom.

4. Conclusions

The interfacial microstructure and mechanical properties of
diffusion bonded W/F82H joints using a Ti interlayer have been
investigated and the following conclusions were drawn:

(1) Cross-sectional examinations indicate that both the W/Ti and
Ti/F82H interfaces were bonded well. The interdiffusion of
chemical species is not evident at low joining temperature, but
it is greatly enhanced above the �–� transformation tempera-
ture. The penetration of W atom into Ti leads to the formation of
�–� Ti solid solution at the W/Ti interface. The diffusion path at
the Ti/F82H interface was determined to be Ti/�–� Ti/stabilized
�-Ti/FeTi + Fe2Ti + Cr2Ti/�-Fe/F82H.

(2) The strength increased firstly as the joining temperature was
raised up to 900 ◦C and then decreased. The maximum shear
strength of 113 MPa has been obtained for 900 ◦C joint.

(3) The joints fractured at Ti/F82H interface during shear test-
ing due to the incomplete interfacial deformation and limited
interdiffusion occurred at the interface for the low joining tem-
perature joints or the formation of brittle intermetallics for the
high temperature joints.

(4) The observed high hardness at both W/Ti and Ti/F82H interfaces
is ascribed to the formation of solid solution and/or intermetal-
lic phases.
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