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Diffusion bonding of titanium to 304 stainless steel
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Abstract

Diffusion bonding between commercially pure titanium and an austenitic stainless steel (AISI 304) has been carried

out in the temperature range of 850–950 �C for 2 h at uniaxial pressure of 3 MPa in vacuum. The microstructure of the

diffusion zone has been analysed by optical and scanning electron microscopy (SEM). The interdiffusion of the diffusing

species across the interface has been evaluated by electron probe microanalysis (EPMA). The reaction products formed

at the interface have been identified by X-ray diffraction technique. It has been observed that the diffusion zone is

dominated by the presence of the r phase close to the stainless steel side and the solid solution of b-Ti (solutes are Fe,
Cr and Ni) close to the titanium. The presence of Fe2Ti and FeTi has been found in the reaction zone. It has been

observed that the bond strength (�222 MPa) is highest for the couple processed at 850 �C and this value decreases with

rise in joining temperature. The variation of strength of the transition joints is co-related with the microstructural

characteristics of the diffusion zone.

� 2003 Elsevier B.V. All rights reserved.
1. Introduction

Diffusion bonding is an important fabrication tech-

nique for making components in electronic, nuclear and

aerospace industries [1,2]. This technique provides novel

joining operation for similar and dissimilar materials

without gross microscopic distortion and with close di-

mensional tolerance. This method has already proved

considerable potential for joining of Ti and Al base al-

loys [3–7]. Joining of varieties of dissimilar and similar

materials has already been carried out by diffusion

bonding, though many of the parameters of the thermo-

mechanical processing are yet to be established on

commercial scale [8–13]. The joints between Ti and

stainless steel find wide applications in nuclear industry.

The conventional fusion welding of these two materials

results in segregation of chemical species, stress con-

centration sites and formation of intermetallics at in-
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terfaces as Ti and Fe are not completely soluble in solid

state and form Fe2Ti and FeTi intermetallic phases

[14,15]. All these deleterious effects ultimately lead to

premature failure of components in service condition.

Extensive work has already been reported to produce

diffusion bonded joints of commercially pure Ti (CP-Ti)

to the austenitic stainless steel (SS) [16–18]. The earlier

work on diffusion reaction between Ti/stainless steel

indicated the formation of Fe, Cr and Ni based inter-

metallic compounds [15–19]. It is also suggested that the

formation of intermetallic compounds is more signifi-

cant for the diffusion couple annealed above 900 �C [16].

The TEM studies on Ti/316 stainless steels confirmed the

formation of r, Fe2Ti, FeTi, Fe2TiO4, and TiC in the

reaction zone [15]. The recent work on the diffusion re-

action between Ti and stainless steel (AISI 304) at 800

�C for 96 h did not report the formation of any inter-

metallic compounds [20]. Most of the earlier studies are

restricted to the characterisation of intermetallic com-

pounds formed in the diffusion zone. To the best of the

knowledge of the authors only data on mechanical

strength of such bonds is by Kale et al. [19] and
ed.
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Kato et al. [21]. The present paper aims in evaluating the

mechanical strength at various bonding temperatures.

The strength data has been rationalized on the basis of

the microstructure of the diffusion zone.
2. Experimental

CP-Ti and 304SS used in the present investigation

were in hot-rolled condition. Their chemical analysis

and room temperature tensile properties are presented in

Tables 1 and 2 respectively. In this investigation two

types of geometries have been chosen namely (a) rect-

angular and (b) cylindrical type specimens for investi-

gation. The rectangular type specimens of dimension

10· 10· 5 mm are essentially used for detailed metal-

lurgical analysis and cylindrical type samples of 15 mm

diameter and 30 mm length have been used for me-

chanical testing. The mating surfaces of the rectangular

and cylindrical specimens have been metallographically

polished to a 1 lm diamond finish, cleaned in acetone to

remove adhered contaminants and dried in air and have

been bonded as mentioned below.

The diffusion bonding set up was designed and de-

veloped indigenously and consisted of 5000 N load cell,

Inconel plunger for transferring load to sample, Inconel

sample supporting die, stainless steel (SS) frame with top

and intermediate guide plate. A split type cylindrical

furnace with a maximum operating temperature of 1000

�C and constant temperature zone of 50 mm was used

for bonding the specimens. The chromel–alumel ther-

mocouple was inserted for measuring temperature and

was placed close to the bond line. The set up was kept in

a vacuum chamber, operated by a vapour diffusion

pump coupled with a single stage rotary pump. The

polished mating faces of Ti and SS have been kept in

contact and loaded in the diffusion bonding set up. The

entire assembly was placed in a vacuum chamber and

10�4 mbar vacuum has been maintained through out the

bonding cycle. The couples have been diffusion bonded
Table 1

Chemical composition of the base materials (elements in wt%)

Alloy C Fe Ti Mn Si P

CP-Ti 0.02 0.10 Bal – – –

304 SS 0.01 Bal – 1.15 0.23 0

Table 2

Room temperature tensile properties of the base metals

Alloy 0.2% proof stress (MPa) Ultimate tensile

CP-Ti 204.60 318.60

304 SS 131.50 568.60
at 850, 900 and 950 �C for 2 h under uniaxial pressure of

3 MPa. Heating rate for the bonding cycle was 14 �C/
min and after bonding the whole assembly was cooled in

vacuum chamber.

The rectangular diffusion couples thus prepared

were cut off perpendicularly from the joint portion and

metallographically polished to 1 lm diamond finish.

Microstructural features were examined by optical mi-

croscope (Correct SDME TR5). The concentration

profiles were determined by electron probe microanaly-

ser (CAMECA SX 100) operating at 15 kV with a sta-

bilized beam current of 40 nA. A LiF crystal was

employed to diffract TiKa, FeKa, CrKa, NiKa X-ray

lines. The reaction products formed at the joint portion

of diffusion bonded couple were characterised by X-ray

diffractometer (Philips PW 1830) at an operating voltage

of 30 kV and current of 20 mA. Copper target was used

and scanning span was 20–70� with a step of 0.02�
(¼ 2h)/s. The room temperature tensile strength of the

cylindrical transition joints were evaluated (INSTRON

4204) at a cross-head speed of 0.00083 mm/s, using cy-

lindrical test pieces with a diameter of 4 mm and gauge

length of 20 mm, machined from diffusion couples with

the bonded interface at the centre of the gauge length.
3. Results and discussion

3.1. Microstructural characterisation of the diffusion zone

The optical micrographs for the bonded specimen at

850, 900 and 950 �C for 2 h are shown in Fig. 1. The

micrographs exhibit a good bonding along the interface

of the bonded couples and the interface is free from

discontinuities and microcracks. Four distinct regions

are observed on the micrographs corresponding to (a)

parent stainless steel with annealing twins (b) heavily

etched band, presumably intermetallic compounds (c)

retained b-Ti solid solution containing Fe, Cr and Ni

and (d) parent Ti with fine a-needles. These micrographs
S Cr Ni Mo Cu

– – – – –

.028 0.012 18.9 11.45 0.03 0.08

strength (MPa) Percentage of fracture elongation

22.8

46.6



Fig. 1. Optical micrographs of the Ti/stainless steel diffusion

couples bonded at (a) 850 �C (above), (b) 900 �C (middle) and

(c) 950 �C (bottom) for 2 h.

Fig. 2. Back-scattered electron image (BSE) for the specimen

bonded at 950 �C for 2 h in un-etched condition.

Fig. 3. BSE image taken at higher magnification (region cor-

responding to Fig. 2) for the specimen bonded at 950 �C for 2 h

in un-etched condition.
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clearly indicate that there is substantial increase in the

width of diffusion zone with increase in bonding tem-

perature.

Back-scattered electron image (BSE) for the specimen

bonded at 950 �C for 2 h in un-etched condition is

shown in Fig. 2 and corresponding figure taken at higher

magnification is given in Fig. 3. The micrograph clearly

indicates formation of several layers in the diffusion zone

and these features could not be resolved in optical mi-

crographs. Concentration profiles for the specimen

bonded at 850 and 950 �C for 2 h are exhibited in Figs. 4
and 5 respectively. In addition, concentration profiles of

Fe, Cr, Ni and Ti across the region A–B (marked on Fig.

3) are illustrated in Fig. 6. In fact, several points have

been chosen in each phase with a counting time of

minimum 100 s for better statistics and the average

corrected composition of each phase is plotted in Fig. 6.

The BSE for the couple bonded at 950 �C (Fig. 3) clearly

shows the formation of r phase near the stainless steel.

The average composition of this r phase is Fe�59.8–

61.8 at.%, Cr�29.2–31.8 at.%, Ni�4.7–5.8 at.% and Ti

(balance) and the width of this is about 20 lm. It is

also noteworthy that composition of this phase does

not change significantly with the increase in bonding
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Fig. 4. Concentration profile of Fe, Cr, Ni and Ti for the specimen bonded at 850 �C for 2 h.
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Fig. 5. Concentration profile of Fe, Cr, Ni and Ti for the specimen bonded at 950 �C for 2 h.
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temperature. The concentration profiles suggest that Fe

and Ni diffuse in Ti to large extent as compared Cr.

Immobility of Cr might have lead to the formation of r
phase. The back scattered image exhibits dispersion of

precipitates having composition Ni�5.67 at.%, Cr�30.59

at.%, Fe�62.61 at.% and balance Ti within this r phase

and perhaps this intermetallic is v phase [15]. The for-

mation of r phase was also confirmed by X-ray dif-

fraction studies on the fracture surface of the stainless

steel side. However the presence of v phase could not
been confirmed by X-ray diffraction possibly due to its

small volume fraction in the reaction zone. The forma-

tion of the v phase was also reported based on the TEM

studies on Ti(6242)/316 stainless steel diffusion couples

annealed at 900 �C for 0.5 h [15].

The phase adjacent to r phase is Fe2Ti(Cr, Ni) in-

termetallic (marked as 1 in Fig. 3) and this phase con-

tains substantial amount of Cr (�24.8 at.%), Ni (�4.8

at.%). Adjacent to the Fe2Ti(Cr, Ni) phase a narrow

phase of thickness, 1–2 lm could be noticed (marked as



Fig. 6. Concentration profiles of Fe, Cr, Ni and Ti across the region A–B (marked on Fig. 3).

Table 3

Layer growth kinetics of the intermediate phases formed in the

diffusion zone

Intermetallic phases Activation energy

Q (kJ/mol)

K0 (m/s1=2)

r 184.3 18.7

Fe2Ti 125.8 8.7 · 10�3

FeTi 124.9 1.4 · 10�2
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2 in Fig. 3), and the approximate composition of this

phase is Cr (�30.0 at.%), Fe (�56.0 at.%), Ni (�4.0

at.%) and the balance is Ti. The composition of this

phase could not be unambiguously resolved by EPMA

due to its small thickness. This phase could be a mixture

of TiCr2 +Fe2Ti(Cr) and this two phase field has been

reported in the Fe–Ti–Cr ternary isotherm at 900 �C
[22]. Adjacent to TiCr2+Fe2Ti(Cr) phase is clearly Fe-

Ti(Cr, Ni) intermetallic phase (marked as 3 in Fig. 3)

with Fe (�35.2 at.%), Cr (�5.8 at.%), Ni (�6.4 at.%)

and balance Ti. The presence of Fe2Ti (Cr) and FeTi(Cr)

have been also confirmed by X-ray diffraction studies.

Next to FeTi intermetallic phase is solid solution phase

of b-Ti with considerable amount of Fe, Cr and Ni

dissolved in it. Fine dispersion of precipitates which are

situated parallel to the diffusion zone have been also

identified within b-Ti and perhaps they are Fe2TiO4.

These oxides might have formed in the initial stages of

the diffusion couple formation and have migrated to-

wards to Ti side. Faster diffusion of b-Ti in stainless steel

and formation of Kirkendall pores has been discussed

extensively in the literature [15].

The recent study by He et al. [23] on the diffusion

studies between Ti alloys to stainless steel mesh at 900

�C reported the formation of Ti2Fe, TiFe adjacent to the

titanium alloys and intermetallic compounds TiFe2, r-
Fe–Cr phase adjacent to stainless steel. The TEM/SEM

investigation on interdiffusion studies between stainless

steel (AISI 316) and commercially pure titanium [15]

also showed the formation of TiFe, TiFe2, r-Fe–Cr and
do not indicate the formation of Ti2Fe. In fact, Ti2Fe

phase is not an equilibrium phase reported in the binary

Ti–Fe phase diagram [24]. The present experiments
confirmed the formation of r phase close to the stainless

steel and Fe2Ti(Cr,Ni), Cr2Ti(Fe), FeTi(Cr,Ni) and b-
Ti(Fe,Cr,Ni) solid solution close to the titanium side

of the diffusion couple. Based on the details of the for-

mation of various phases, a diffusion path for the diffu-

sion couple annealed at 950 �C is stainless steel/r phase

with v phase (particles)/Fe2Ti(Cr,Ni)/Fe2Ti(Cr,Ni) +

Cr2Ti(Fe)/FeTi(Cr,Ni)/b-Ti(Fe,Cr,Ni)/Ti.Assuming that

the interaction of Ni is negligible in this reaction, the

observed diffusion path is consistent with the reported

Fe–Cr–Ti ternary isotherm at 950 �C [22].

3.2. Temperature dependence of layer growth

The temperature dependence of the individual phase

width (X ) (Table 3) can be represented assuming the

growth of each phase to be parabolic by equation

X ¼ K0t1=n expð�Qp=RT Þ; ð1Þ

where K ¼ K0 expð�Qp=RT Þ m/s1=2, inter-diffusion rate

constant, t time of diffusion annealing in seconds, Qp

activation energy for layer growth in kJ/mol, and n ¼ 2
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is assumed for the parabolic growth of the individual

phases.

Based on the linear plot of lnX vs. 1=T the values of

Qp and K0 are estimated for the r, Fe2Ti and FeTi

phases and the same are listed in Table 3. The activation

energy values calculated taking into the overall thickness

for the Ti/stainless steel (304) system in the temperature

range 750–859 �C is reported as 73.96 kJ/mol [20]. The

values of the activation energies evaluated in the present

studies are generally higher compared to the values re-

ported earlier [20]. This large difference could be due to

the total absence of any intermetallic compounds in the

diffusion zone for all the couples annealed in the tem-

perature range 700–850 �C in the earlier studies [20]

compared to the formation of the r, Fe2Ti and FeTi

phases in the present studies.

3.3. Mechanical properties of the bonded specimens

The bond strength and the % of elongation obtained

in the present studies are listed in Table 4. A highest

strength value of �222 MPa with adequate ductility

(�9%) was obtained for the samples bonded at 850 �C
and the bond strength decreases with increase in tem-

perature. At bonding temperature of 850 �C, CP-Ti is in
two phase field (hcp+bcc) and the combined width of

the diffusion zone of the r, Fe2Ti and FeTi phases is

about 7 lm. At the intermediate bonding temperature

i.e. 900 �C, CP-Ti is in lower part of the b phase field and

at 950 �C is in complete b-phase field. High bonding

temperature results in profuse diffusion of chemical

species and the combined width of the diffusion zone of

the r, Fe2Ti and FeTi phases is about 30 lm for the

specimen bonded at 950 �C. The formation of inter-

metallics and segregated layers in the couples at higher

temperatures couples with excessive grain growth are

mainly responsible for lowering the strength value and

reduction in the ductility. In a similar system, Kato et al.

achieved 60% bond strength of Ti along with <2.2%

ductility [21] and Kale et al. specified, bond strength of

150 MPa [19]. Present experiments showed a substantial

increase in the strength values of about 70% of the

parent Ti with a relative ductility of about 9%. This

discrepancy in the strength values based on the present

studies and those reported earlier could be due to vari-

ation in the applied pressure and subsequently large
Table 4

Room temperature tensile properties of diffusion bonded as-

semblies at different temperatures for 2 h

Assembly

designation

Bonding tem-

perature (�C)
UTS (MPa) Percentage of

elongation

DB-1 850 222.10± 9 9.1

DB-2 900 193.00± 6 3.9

DB-3 950 128.90± 4 2.1
change in the contact area at the time of bonding. The

tensile samples failed in the diffusion zone on the

stainless steel side. The X-ray diffraction studies con-

firmed the presence of brittle r phase at the fractured

surface, which could be responsible for the failure.
4. Conclusions

• Diffusion bonding of CP-Ti to 304 SS has been

achieved using indigenously designed and fabricated

press. The micrographs clearly indicated excellent

bonding at the interface and free from microcracks

and discontinuities.

• The diffusion zone indicated the formation of r,
Fe2Ti and FeTi phases in the diffusion zone and the

activation energy values for these phases are found

to be 184.3, 125.8 and 124.9 kJ/mol respectively.

The diffusion path evaluated on the basis of the con-

centration profiles of the main diffusing elements

could be correlated with the Fe–Cr–Ti ternary iso-

therm at 950 �C.
• Tensile testing of the diffusion bonded specimen at

850 �C indicated a bond strength �222 MPa with ad-

equate ductility of �9%. The bond strength decreases

with increase in the bonding temperature and this is

essentially due to the increase in the width of the brit-

tle intermetallic compounds.
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