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In the present study, the diffusion bonding of 17-4 precipitation hardening stainless steel to Ti
alloy with and without nickel alloy as intermediate material was carried out in the temperature
range of 1073 K to 1223 K (800 �C to 950 �C) in steps of 298 K (25 �C) for 60 minutes in
vacuum. The effects of bonding temperature on interfaces microstructures of bonded joint were
analyzed by light optical and scanning electron microscopy. In the case of directly bonded
stainless steel and titanium alloy, the layerwise a-Fe+ v, v, FeTi+ k, FeTi+ b-Ti phase, and
phase mixture were observed at the bond interface. However, when nickel alloy was used as an
interlayer, the interfaces indicate that Ni3Ti, NiTi, and NiTi2 are formed at the nickel alloy-
titanium alloy interface and the PHSS-nickel alloy interface is free from intermetallics up to
1148 K (875 �C) and above this temperature, intermetallics were formed. The irregular-shaped
particles of Fe5Cr35Ni40Ti15 have been observed within the Ni3Ti intermetallic layer. The joint
tensile and shear strength were measured; a maximum tensile strength of ~477 MPa and shear
strength of ~356.9 MPa along with ~4.2 pct elongation were obtained for the direct bonded
joint when processed at 1173 K (900 �C). However, when nickel base alloy was used as an
interlayer in the same materials at the bonding temperature of 1148 K (875 �C), the bond tensile
and shear strengths increase to ~523.6 and ~389.6 MPa, respectively, along with 6.2 pct
elongation.
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I. INTRODUCTION

THE dissimilar material joint of Ti alloy and
precipitation hardening stainless steel (PHSS) is poten-
tially applied for attractive products for various appli-
cations. For instance, a golf club head can be made by a
Ti alloy striking plate and a PHSS body.[1,2] The
conventional fusion welding method is not suitable for
joining them due to a high possibility of the brittle
intermetallics formation in the weld zone, in addition to
the difference in melting points of these two materials.
Furthermore, Ti alloy and stainless steel have wide
differences in their physical properties. In particular is
the mismatch of their coefficients of thermal expansion
with Ti alloy and PHSS having coefficient of thermal
expansion 3.36 9 10�8/K and 1.08 9 10�5/K, respec-
tively, which results in large residual stress in the joints
after processing.[3] Diffusion bonding has proved to be a
near net shape forming process for simultaneous joining
and manufacturing of Ti alloy materials without gross
macroscopic distortion and with minimum dimensional

tolerances, as Ti alloy exhibits both the superplasticity
and diffusion bonding under the same conditions.[4–6]

The literature reports that the intermetallic phases
were formed at the diffusion interface of the transition
joint consisting of Ti/Ti alloy and steel/stainless steel,
which deteriorates the bond strength of the transition
joints.[7–19] In the case of diffusion bonding of dissimilar
materials, an interlayer inserted between substrates is
often necessary to prevent the formation of intermetallic
compound and to reduce the residual stress in the
joints.[2,20] In an earlier investigation, the present
authors improved the strength and ductility properties
of diffusion-bonded joints between commercially pure
titanium and 304 stainless steel using pure Ni as an
intermediate material and achieved the tensile strength
of the joint which was comparable with the strength of
commercially pure titanium.[21] The literature reports
that a shear strength of ~148 MPa was obtained for
diffusion-bonded Ti-6Al-4V and 304 stainless steel web
joint when processing was carried out at 1123 K to
1153 K (850 �C to 880 �C) for 10 to 20 minutes under
10 to 15 MPa load using a 30-lm-thick pure Ni
interlayer.[22] However, direct bonding of these two
dissimilar materials results in a lower bond shear
strength of ~72 MPa.[23] In an earlier investigation, Ti
alloy to 17-4 PHSS joint was carried out by a brazing
technique and a maximum shear strength of ~233 MPa
had been achieved at 1123 K (850 �C) for 180 seconds
using a 10-lm-thick (72Ag-28Cu in wt pct) braze
alloy.[2]
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The present paper reports the study on the diffusion
bonding of Ti alloy and 17-4 PHSS using the 150 lm
thickness Ni alloy interlayer in the temperature range of
1073 K to 1223 K (800 �C to 950 �C) for 60 minutes
under 5 MPa load. Also, the 17-4 PHSS without Ni
alloy interlayer is included in the experiment for the
purpose of comparison in terms of microstructural
evolution, interfacial reaction, and mechanical proper-
ties of the diffusion-bonded joint.

II. EXPERIMENTAL PROCEDURES

A. Base Materials: Precipitation Hardening Stainless
Steel, Ti Alloy, and Ni Alloy

17-4 PHSS and titanium alloy (TiA) were used in
the form of a 40-mm-diameter rod in hot-rolled
condition. The 150-lm-thick nickel alloy (NiA) inter-
layer was used as an intermediate material. The
chemical compositions of base metals and NiA inter-
layer have been presented in Table I, while Table II
provides the room temperature mechanical properties
of base metals. The hot-rolled rods of the parent
metals were machined to the dimensions 30 mm length
and 16 mm diameter.

B. Surface Preparation

In all cases, the circular cross section of PHSS and
TiA samples were prepared by a conventional grinding
and polishing technique to obtain a surface roughness of
~0.5 to 0.6 lm. The NiA foil of 150 lm thickness was
used as an intermediate material and both the surfaces
of the interlayer were polished following the standard
metallurgical specimen preparation procedure. The
bonding surfaces were cleaned in acetone and dried in
air. The PHSS|TiA or PHSS|NiA|TiA assemblies were
kept in contact in a fixture and were inserted in a
vacuum chamber. The diffusion bonding was carried out
in the temperature range of 1073 K to 1223 K (800 �C
to 950 �C) in steps of 298 K (25 �C) for 60 minutes in
(2–5) 9 10�4 Pa vacuum. The compressive stress of
5 MPa was applied along the axial direction of the
samples and the stress was measured at room temper-
ature. The heating was done at the rate of 293 K min�1

(20 �C min�1) at the time of processing and after the
operation; the samples were allowed to cool in vacuum
at a cooling rate of 273.02 K s�1 (0.2 �C s�1) up to
623 K (350 �C) and then the samples were allowed to
cool in air till room temperature.

C. Microstructural Characterizations

For metallographic examination, the bonded joints
were sectioned transversely to the bond line, grounded,
polished, and etched with a separate reagent for separate
materials. The TiA and PHSS sides were etched with
Kroll’s reagent (6 mL HCl, 2 mL HF, and 92 mL H2O)
and Fay’s reagent (40 mL HCl, 25 mL C2H5OH, 30 mL
H2O, and 5 gm CuCl2), respectively. The NiA interlayer
was etched by waterless Kalling reagent consisting of
5 gm CuCl2, 100 mL HCl, and 100 mL C2H5OH. Pol-
ished surfaces of bonded couples were examined in a
scanning electron microscope (JSM-5510, JEOL) in
backscattered mode (SEM-BSE) to obtain structural
details in the diffusion interfaces. The composition of the
chemical species in the reaction layers across their width
was determined in weight percent by energy dispersive
spectroscopy (EDS) (Thermo Electron Corporation-No-
ran System Six C10018) and the average of the same was
determined by calculating the arithmetic mean. Using a
Scanning Electron Microscope (SEM), individual phase
width was measured from the cursor position. Five such
readings were taken from different locations and an
average of them was incorporated in the results. The
presence of intermetallic phases on the fracture surfaces
was confirmed by x-ray diffraction (Philips PW 1840)
using a copper target. The scanning range of 20 to 80 deg
with a step size of 0.010 (=2h) was used during diffraction
study. Fracture surfaces of bonded samples were ob-
served in secondary electron mode of SEM (JSM-5510,
JEOL) using energy dispersive spectroscopy (Thermo
Electron Corporation-Noran System Six C10018) to
reveal the nature and location of failure under loading.

D. Evaluation of Mechanical properties

Cylindrical tensile specimens were machined as per
ASTM specification E8M-97 with a gauge diameter and
length of 4 mm and 20 mm, respectively.[24] The interface

Table I. Chemical Compositions of the Parent Materials (Wt Pct)

Alloy C Fe Ti Mn Si S P Cr Ni Cu Al V O

Ti alloy 0.02 0.1 bal – – – – – – – 6.1 3.9 0.12
PHSS 0.04 bal – 0.52 0.33 0.011 0.03 16.4 4.1 3.12 – – –
Ni alloy – 8.6 – – – – – 16.7 bal. – 0.3 – –

Table II. Mechanical Properties of the Base Metals at Room Temperature

Alloy Shear Strength (MPa) 0.2 Pct Proof Stress (MPa) Ultimate Tensile Strength (MPa) Fracture Elongation (Pct)

Ti alloy 643.5 886.3 978.0 20
PHSS 716.3 993.2 1056.4 21
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and interlayer were at the center of the gauge length of
without and with interlayer diffusion-bonded joints,
respectively. The tensile properties of the transition joints
were evaluated in a universal testing machine (Instron
4204) at a crosshead speed of 8.33 9 10�4 mm s�1 at room
temperature. Shear test specimens were machined to a
diameter of 10 mm and shear strength of the bonded joint

was evaluated at room temperature using a screw
tensile testing machine set at a crosshead speed of 8.33
9 10�3 mm s�1. Four samples were tested at each process
parameter to check the reproducibility of results. The
microhardness measurements on the polished bonded
sample were carried out on a diamond micro-indenter
using a 100 gf load with dwelling time of 15 seconds.

Fig. 1—Optical images of the diffusion-bonded joints of with and without intermediate material (a) PHSS|TiA at 1123 K (850 �C),
(b) PHSS|TiA at 1223 K (950 �C), (c) PHSS|NiA|TiA at 1073 K (800 �C), (d) PHSS|NiA|TiA at 1148 K (875 �C), (e) PHSS|NiA|TiA at 1173 K
(900 �C) at PHSS-NiA interface, (f) PHSS|NiA|TiA at 1173 K (900 �C) at NiA-TiA interface.
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III. RESULTS AND DISCUSSION

A. Microstructural Characterization of the Diffusion
Zone

Bonding temperature is one of the most important
parameters in diffusion bonding as it strongly influences
the characteristics of the bonded joints. The interface

microstructure, diffusion layer thickness, and phase
composition of the reaction zone depend on the bonding
temperature for a particular joining time.

1. Optical microstructure of diffusion-bonded joints
The optical micrograph of the diffusion-bonded joints

with and without intermediate material is shown in

Fig. 2—Scanning Electron microscopy-backscatter electron images of PHSS|TiA diffusion-bonded joints processed for 60 min at (a) 1123 K
(850 �C), (b) 1148 K (875 �C), (c) 1173 K (900 �C), (d) 1198 K (925 �C), (e) 1223 K (950 �C).
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Figure 1. The diffusion zones are free from discontinu-
ities and one interface (i.e., PHSS-TiA) for the directly
bonded samples and two interfaces (i.e., PHSS-NiA and
NiA-TiA) for the indirectly bonded samples (using
interlayer) are clearly evident (Figure 1(a) through (f)).
The extreme left side indicates the PHSS, while the right
side shows the Ti alloy. At the PHSS-TiA interface for
the directly bonded joints, the heavily etched band
consisting of a layer of intermetallic phases is present
(Figure 1(a) and (b)), while in the case of the indirectly
bonded samples, the NiA-TiA interface (Figure 1(c)
through (d), (f)) exhibits the layer of intermetallic phases
as observed in the case of Figure 1(a) and (b). The
PHSS-NiA interface for the indirectly bonded samples is
planar in nature and a thin diffusion layer was revealed
up to 1148 K (875 �C) (Figure 1(c) and (d)). Since Fe,
Cr, and V are strong b-stabilizers of Ti, the migration of
Fe, Ni, and Cr from PHSS to Ti alloy and the presence
of V influence the retention of the high temperature bcc
b-phase of Ti alloy at ambient temperature; hence, the
bright area is designated as stabilized b-Ti (Figure 1(b)).
The Widmanstatten morphology (the bright b-Ti phase
is embedded in shaded a-Ti matrix) has been observed
next to the bright phase due to a substantial quantity of

Fe, Cr, Ni, and V in this area, which promotes eutectoid
transformation of Ti alloy.[16,21–23]

Figures 1(e) and (f) show the optical micrograph for
the PHSS-NiA and NiA-TiA sides, respectively, of the
indirectly bonded sample at 1173 K (900 �C). Both of
these figures clearly show the formation of reaction
products in the interlayer, possibly due to the high
bonding temperature.

2. SEM images of diffusion-bonded joints
The SEM-BSE images and EDS elemental line

profiles of PHSS/TiA diffusion-bonded joints are shown
in Figures 2 and 3, respectively. The bonding interface is
resolved at higher magnifications. The bond line is
clearly visible for all the bonded joints. It is observed
that layerwise reaction products were formed near the
diffusion interface. The chemical compositions of the
reaction product formed in diffusion zone are given in
Table III. The bright reaction layer of v phase was
observed at the PHSS side.[25] A shaded reaction layer
was found at the TiA side which is a phase mixture of
FeTi+ b-Ti. At 1173 K (900 �C) and above processing
temperatures (Figure 2(c) through (e)), another light-
shaded reaction layer has been found in between v phase

Fig. 3—EDS elemental line profile of PHSS|TiA diffusion-bonded joints processed for 60 min at (a) 1123 K (850 �C), (b) 1148 K (875 �C),
(c) 1173 K (900 �C), (d) 1198 K (925 �C). (The black horizontal line corresponds to the vertical arrow as shown in Fig. 2, showing bond interface).
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and FeTi+ b-Ti phase mixture; the reaction layer is
possibly the phase mixture of FeTi+ k. Another
reaction layer of a-Fe+ v phase mixture was revealed
at 1198 K (925 �C) and above bonding temperature
(Figure 2(d) and (e)). The phase and phase mixture
predicted from the EDS analysis are obtained by
comparing the concentration of alloying elements with
the ternary isotherm of Fe-Cr-Ti at 1073 K, 1123 K,
1173 K, and 1123 K (800 �C, 850 �C, 900 �C, 950 �C)
and the effects of Ni, V, Al, and Cu are ignored as their
concentrations are low enough to form any intermetal-
lics in combination with Fe, Cr, and Ti in the present
investigation.[25] The v phase is found to be Fe17Cr7Ti5.
As per the phase diagram, the concentration of Fe, Cr,
and Ti in v phase with complex cubic structure is given
in Table III. The k phase is found to be the phase
mixture of Fe2Ti and Cr2Ti.

[11,25]

The FeTi+ k and a-Fe+ v phase mixture had not
been observed in the PHSS-TiA side till 1173 K
(900 �C) due to very low volume fraction. The light-
shaded area in the TiA side for all bonded assemblies is
the stabilized b-Ti.[22] The width of the reaction
products increases with the increase in bonding tem-
perature which is shown in Figure 4.

The SEM-BSE micrographs and EDS elemental line
profiles of the PHSS-NiA diffusion interface of the
PHSS-NiA-TiA bonded samples are shown in Figures 5
and 6, respectively. At the PHSS-NiA interface, the
diffusion zone is free from intermetallics up to a
bonding temperature of 1148 K (875 �C) (Figure 5(a)
and (b)), and composition along the bond interface
changes abruptly for Fe and Ni. The EDS line profile
clearly indicates that Cr concentrations are same at the
both sides (Figure 6).

However, at 1173 K (900 �C) and above bonding
temperature, the layerwise reaction products have been
observed at the PHSS-NiA interface (Figure 5(c) and
(d)). At a high temperature of bonding (i.e., 1173 K
(900 �C) and above), the NiA interlayer cannot restrict
the migration of Ti atoms to PHSS lattice and vice

Fig. 4—Width of intermetallics formed at the interface of
PHSS|TiA diffusion-bonded joints.
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versa and thus the formation of Fe-Cr-Ti and Fe-Ti-
type intermetallics occurs at the PHSS-NiA interface.
The chemical compositions of the reaction products’
analysis from EDS are given in Table IV. The wide-
shaded reaction layer of r phase was observed near the
PHSS side (marked in Figure 5(c) through (e)). Close to
the r phase, the thin bright-shaded region is found to be
the phase mixture of v phase. Another reaction layer has

been observed next to the v phase (marked in
Figure 5(c) through (e)).This area is possibly the phase
mixture of k+Fe2Ti. The concentration of different
alloying elements present in the phase and phase mixture
has been analyzed by EDS and the phase and phase
mixture were determined with the help of ternary
isotherm of Fe-Cr-Ti at 1173 K, 1198 K, and 1223 K
(900 �C, 925 �C, 950 �C).[25] The effects of Ni, Cu, Al,

Fig. 5—SEM-BSE images of PHSS/NiA/TiA diffusion-bonded joints at PHSS-NiA interfaces processed for 60 min at (a) 1073 K (800 �C),
(b) 1148 K (875 �C), (c) 1173 K (900 �C), (d) 1198 K (925 �C), (e) 1223 K (950 �C).
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and V are ignored as their concentration is low and not
enough to form any intermetallics in combination with
Fe, Cr, and Ti. The increase in joining temperature drives
more numbers of atoms to migrate across the interface,
which is responsible for the joining of the reaction
layers.[25–30] Figure 5(d) and (e) also show the presence of
micro-voids at the interface of the phase mixture of
k+Fe2Ti and NiA, as marked by the arrow. The width
of the reaction products increases with an increase in the
bonding temperature and is presented in Figure 7.

It is important to note that at the NiA side
(Figure 5(e)), the light-shaded and black regions along
with irregular-shaped light-shadedparticleswereobserved.
The ternary isothermal section of the Fe-Ni-Ti diagram
indicates that the light-shaded and irregular-shaped light-
shaded particles are a phase mixture of NiTi2 + Fe2Ti,

[26]

while, the black region is the b-Ti phase.
The SEM micrographs and EDS line profiles of the

NiA-TiA interface of indirectly diffusion-bonded sam-
ples are shown in Figures 8 and 9, respectively. It reveals
that distinguishable diffusion layers have been observed
in the diffusion interface and their chemical composi-
tions are given in Table V. The bright-shaded layer is
found to be the NiTi2 phase near the TiA side (marked

as 3 in Figure 8(a) through (d)). Close to nickel alloy,
the deep-shaded area is the Ni3Ti phase (marked as 1 in
Figure 8(a) through (d)).[21,25] The bright irregular-
shaped particle has been observed with the Ni3Ti
intermetallic, and their size increases with the increase
in bonding temperatures. The composition of the bright
particles is Fe(~5.1 to 5.5 wt pct), Ti(~13.9 to 4.6 wt
pct), Cr(~35.2 to 5.8 wt pct), Ni(~45.7 to 46.3 wt pct),
with small amounts of Al(~0.29 to 0.44 wt pct). So,
these bright particles are presumably the phase of
Fe5Cr35Ni40Ti15 (marked as the arrow in Figure 8(b)
through (d). Another reaction layer of NiTi has been
observed in between Ni3Ti and NiTi2 (marked as 2 in
Figure 8(a) through (d)). The widths of NiTi2, NiTi, and
Ni3Ti are increased with an increase in bonding tem-
perature, which is shown in Figure 10.
However, at 1173 K (900 �C) and above bonding

temperatures (Figure 8(e) and (f)), the absence of layer-
wise reaction products at the NiA-TiA interface can be
observed. At that interface, the light-shaded and black
regions along with irregular-shaped light-shaded parti-
cles have been observed; the light-shaded region and
irregular particles are presumably the NiTi2 + Fe2Ti
phase mixture, and the black region is b-Ti.[26]

Fig. 6—EDS elemental line profile of PHSS|NiA|TiA diffusion-bonded joints processed for 60 min at PHSS-NiA interface at (a) 1073 K
(800 �C), (b) 1123 K (850 �C), (c) 1148 K (875 �C), (d) 1173 K (900 �C) (The black horizontal line corresponds to the vertical arrow as shown in
Fig. 5, showing bond interface).
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It is worth mentioning that at the PHSS/TiA joints’
interface (marked as the arrow in Figure 2(d) and (e)) and
the PHSS-NiA interface of PHSS/NiA/TiA joints (marked
as the arrow in Figure 5(c) through (e)), dark irregular-
shapedmicro-voids have been observed at a higher bonding
temperature. Their size increases with the increase in the
bonding temperatures. The self-diffusion coefficient of
a-Fe (Da-Fe = 5 9 10�15 m2 s�1) and c-Fe (Dc-Fe = 3 9
10�17 m2 s�1) is smaller than that of Ti (DTi = 5.5 9
10�14 m2 s�1) at 1173 K (900 �C).[26] So, the diffusion of
titanium is faster than iron, which produces an imbalance in
mass flowacross the interface and generates voids.Hinotani
et al.[29] and Orhan et al.[30] reported that the presence of
such voids also occurs for the diffusion couples of titanium
nickel and stainless steel-titaniumalloywhenprocessingwas
done at 973 K to 1073 K (700 �C to 800 �C) and 1073 K
(800 �C), respectively.

3. X-ray diffraction pattern on the fracture surface
Figure 11 shows the x-ray diffraction patterns of the

fracture surface of PHSS/TiA diffusion-bonded joints for
different bonding temperature. The x-ray diffraction study
indicates the occurrence of v phase, Fe2Ti, Cr2Ti, FeTi,
a-Ti, and b-Ti in the reaction zone. The k phase being the
solid solution of (Fe, Cr)2Ti has been identified sepa-
rately.[28] The reaction region does not show the existence
of any Cu-bearing intermetallics. The x-ray diffraction
study exhibits the presence of r phase at 1223 K (950 �C)
(Figure 13(a)), but it could not be observed in SEM images
due to low volume fraction. The r phase is principally
composed of Fe and Cr. The Cr enrichment occurs by
uphill diffusion and during cooling, the chromium-
enriched region transforms to the r phase.[28]

Figure 12 shows the x-ray diffraction patterns for
fracture surfaces of the PHSS/NiA/TiA diffusion-
bonded joints for different bonding temperatures. NiTi2,
NiTi, Ni3Ti, Fe5Cr35Ni40Ti15, a-Ti, and b-Ti phases
have been indicated in the reaction zone when the
processing temperature is up to 1148 K (875 �C).
However at 1173 K (900 �C) processing temperature,
the formation of intermetallic compounds like NiTi2,
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Fig. 7—Width of intermetallics formed at the PHSS-NiA interface of
PHSS|NiA|TiA diffusion-bonded joints.
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Fe2Ti, a-Ti and b-Ti has been observed. The SEM-BSE
images shows that the r phase, v phase, and k
intermetallic compounds were observed at the PHSS-
NiA interface; however, they are not revealed in the x-
ray diffraction pattern due to the fact that the bonded
samples were fractured through the NiTi2 + Fe2Ti and
b-Ti region and the depth of x-ray diffraction was found
to be not amenable for sub-surface detection.

B. Mechanical Properties of Diffusion-Bonded Joints

The room temperature mechanical properties of the
PHSS/TiA diffusion-bonded joints with the change in
bonding temperature are shown in Figure 13. It can be
seen that the bond strength and elongation of the
diffusion couple gradually increase with the increase in
the bonding temperature and attain the maximum value

Fig. 8—SEM-BSE images of PHSS|NiA|TiA diffusion-bonded joints at NiA-TiA interfaces processed for 60 min at (a) 1073 K (800 �C),
(b) 1098 K (825 �C), (c) 1123 K (850 �C), (d) 1148 K (875 �C), (e) 1173 K (900 �C), (f) 1223 K (950 �C). 1: Ni3Ti, 2: NiTi, 3: NiTi2.
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at 1173 K (900 �C). At lower bonding temperatures,
bond strength (both tensile and Shear strength) and
elongation are low due to the incomplete coalescence of
mating surfaces. The migration of atoms from titanium
alloy to stainless steel and vice versa is very low and the
yield strength of base materials is higher at a lower
joining temperature as compared to a higher joining
temperature.[31] This leads to minimum thermal excita-
tion and the extent of diffusion of alloying elements is
limited. At the processing temperature of 1173 K
(900 �C), bond strength is higher due to the plastic
collapse of the asperities at the mating surface leading to
the intimate contact, which overcompensates the embrit-
tlement phenomena due to intermetallic phases, leading
to increased bond strength and elongation.

With the rise in bonding temperature to 1198 K
(925 �C) and above, the width of the intermetallic
compounds increases (Figure 4) and the embrittlement
effect overcompensates the effect due to the better plastic
collapse of the mating surfaces. So, the bond strength
and elongation gradually drop and attain the lowest
value at 1223 K (950 �C) bonding temperature (bond
tensile, shear strength, and elongation being ~312.6
MPa, 239.2 MPa, and 3.3 pct, respectively). It is also
noticeable that at a higher temperature, the voids’ size
increases as compared with a lower bonding tempera-
ture, which also affects the bond strength.
The room temperature mechanical properties of the

PHSS/NiA/TiA diffusion-bonded joints with the change
in bonding temperature are shown in Figure 14. It can

Fig. 9—EDS elemental line profile of PHSS|NiA|TiA diffusion-bonded joints processed for 60 min at the NiA-TiA interface at (a) 1073 K
(800 �C), (b) 1123 K (850 �C), (c) 1148 K (875 �C). (The black horizontal line corresponds to the vertical arrow as shown in Figure 8, showing
bond interface).

Table V. EDS chemical analysis of the reaction layers formed at NiA-TiA diffusion interface of PHSS/NiA/TiA diffusion–bonded

joints (wt pct)

Phases Fe Ni Ti V Al Cr

NiTi2 0.9–1.1 ± 0.1 23.5–29.4 ± 0.26 68.1–74.5 ± 0.61 1.2–1.3 ± 0.1 1.5–1.7 ± 0.11 –
NiTi 2.5–3.5 ± 0.12 46.3–47.2 ± 0.31 45.4–46.5 ± 0.26 0.6–0.8 ± 0.06 1.1–1.3 ± 0.09 0.5–1.1 ± 0.09
Ni3Ti 3.5–4.2 ± 0.11 69.5–72.2 ± 0.34 23.2–25.1 ± 0.26 – 0.5–0.7 ± 0.06 1.1–1.4 ± 0.05

2206—VOLUME 44A, MAY 2013 METALLURGICAL AND MATERIALS TRANSACTIONS A



be seen that bond strength and elongation increase with
the increase in bonding temperature up to 1148 K
(875 �C) and gradually fall with the increase in the
bonding temperature. The bond strength increases with
the increase in the bonding temperature due to the
plastic collapse of the mating surface asperities leading
to intimate contact, which overcompensates the embrit-
tlement phenomena due to the intermetallic phases. So,
bond strength increases. Maximum tensile strength of
~523.6 MPa, shear strength of ~389.6 MPa, and elon-
gation of 6.3 pct have been achieved at 1148 K (875 �C)
due to increased contact area between the mating
surfaces, and it also promotes the inter-diffusion of
alloying elements.
At 1173 K (900 �C) and above bonding temperature,

the bond strength and elongation gradually decrease
because the nickel alloy interlayer cannot block the
diffusion of stainless steel to the TiA side and TiA to the
PHSS side. So, Fe-Ti and Fe-Cr-Ti base intermetallics
phase and phase mixture were formed at the PHSS-NiA

Fig. 12—X-ray diffraction patterns of the shear fracture surfaces of PHSS/NiA/TiA diffusion-bonded joints processed for 60 min at different
temperatures at (a) PHSS side, (b) TiA side.

Fig. 11—X-ray diffraction patterns of the shear fracture surfaces of PHSS/TiA diffusion-bonded joints processed for 60 min at different tempera-
tures at (a) PHSS side, (b) TiA side.

Fig. 10—Width of intermetallics formed at the NiA-TiA interface of
PHSS|NiA|TiA diffusion-bonded joints.
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interface and the composite mixture of NiTi2 + Fe2Ti
and b-Ti phase has covered the full nickel alloy
interlayer. At these temperatures, the micro-voids have
been observed in the SEM images (marked by the arrow
in Figure 5(d) and (e)); hence, the discontinuities after

processing temperature of 1173 K (900 �C) presumably
play a vital role in lowering the bond strength.
The maximum tensile strength of ~477 MPa and shear

strength of ~356.9 MPa along with ~4.2 pct elongation
were achieved for PHSS/TiAdiffusion-bonded jointwhen

Fig. 15—Fracture surfaces of PHSS|TiA diffusion-bonded joints at TiA side processed at (a) 1073 K (800 �C), (b) 1123 K (850 �C), (c) 1198 K
(925 �C).

Fig. 13—Mechanical properties of the PHSS|TiA diffusion-bonded
joints processed for 60 min.

Fig. 14—Mechanical properties of the PHSS|NiA|TiA diffusion-bon-
ded joints processed for 60 min.
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processed at 1173 K (900 �C). However, when NiA was
used as an interlayer in the same materials, the bond
tensile and shear strengths increase to ~523.6 MPa and
~389.6 MPa, respectively, along with 6.2 pct elongation
when bonding was processed at 1148 K (875 �C). The
strength of the joints using the nickel alloy interlayer is
higher as compared to that of the joints without interlayer
due to the formation of Fe-Ti and Fe-Cr-Ti base
intermetallics at their interface. It is observed that Fe-Ti
and Fe-Cr-Ti base intermetallics are more brittle as
compared to Ni-Ti base intermetallics. He et al.[22]

reported that Fe-Ti and Fe-Cr-Ti base intermetallics are
more pernicious thanNi-Ti intermetallics in deteriorating
the bond quality of the bonded joints.

C. Fracture Morphology of the Bonded Samples

The fracture morphology of the PHSS/TiA bonded
assemblies is shown in Figure 15. At lower bonding
temperatures, the fracture surfaces are basically feature-
less (Figure 15(a)). The dark area indicates the presence
of voids and these irregular-shaped voids are generated
presumably due to the insufficient elemental diffusion
and lack of coalescence of the mating surfaces and
encouraging the failure under load. The dark voids
reduce with the increase in bonding temperature

(Figure 15(b)). However, for higher bonding tempera-
ture, the fracture surface (Figure 15(c)) clearly indicates
the brittle nature of the transition joint by the presence
of cleavage planes with different alignments. The shaded
and bright regions have been noticed in the fracture
surface. Both the shaded matrix and the bright line
contain Ti (51.6 to 56.3 wt pct), Fe (36.7 to 40.2 wt pct),
Cr (2.9 to 3.9 wt pct), Ni(2.1 to 2.6 wt pct), Al(0.07 to
0.09 wt pct), V(~0.02 to 0.03 wt pct), and Cu(bal.). The
comparison of composition from Table III indicates
that this area is presumably the FeTi+ b-Ti phase
mixture. So, the fracture in the directly bonded sample
took place at the TiA side along the gauge length.
The fracture morphology of the PHSS-NiA-TiA

bonded assemblies is shown in Figure 16. The fracture
surface for a lower bonding temperature (Figure 16(a)
and (b)) is basically featureless. The voids are present, as
observed in the case of direct diffusion-bonded joints.
Fracture surfaces for a higher bonding temperature
(Figure 16(c) and (d)) clearly indicate the brittle nature
of the transition joints by the presence of the cleavage
planes with different alignments. The river pattern
differs from grain to grain and the size of grain of river
patterns increases with the increase in the bonding
temperature. The shaded matrix and bright lines of the
river pattern have been noticed in the fracture. The

Fig. 16—Fracture surfaces of PHSS|NiA|TiA diffusion-bonded joints at TiA side processed at (a) 1098 K (825 �C), (b) 1148 K (875 �C),
(c) 1173 K (900 �C), (d) 1198 K (925 �C).
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shaded and bright regions are the NiTi2 phase with
compositions given in Table V. However, at 1173 K
(900 �C) and above bonding temperature, these shaded
and bright areas are NiTi2 + Fe2Ti phase mixture. So,
the fracture in the indirectly bonded sample took place
at the NiA-TiA side along the gauge length.

D. Microhardness Analysis of the Bonded Joints

The microhardness measurement at the bond interface
of the PHSS-TiA bonded joints at various temperatures
are shown inFigure 17(a). It can be seen that the hardness
of the interface is higher than that of the basematerial due
to the presence of intermetallic phases at the bond
interface. The microhardness values of the bond interface
increase with the increase in bonding temperature due to
the increase in volume fraction of brittle intermetallics at
the interface.[16,32] The maximum hardness value of
~1260 ± 20 HVhas been obtained at the interface region.

At the PHSS-NiA-TiA bonded joints, the micro-
hardness measurement of the interfaces is shown in

Figure 17(b) and (c). At the PHSS-NiA interface
(Figure 17(b)), the hardness value exhibited marginal
change with respect to that of the base materials, when
bonding was processed up to 1148 K (875 �C). How-
ever, at 1173 K (900 �C) and above, microhardness
values increase due to the presence of brittle interme-
tallics at the above interface. The higher microhardness
value is ~1150 ± 24 HV at 1223 K (950 �C) at the same
interface. However, at the NiA-TiA interface (Fig-
ure 17(c)), the high hardness in comparison with base
metals is due to the formation of Ni-Ti-based interme-
tallics and hardness values increase with increasing
bonding temperature. The maximum hardness value
reaches ~682 ± 14 HV at the interface.

IV. CONCLUSIONS

The microstructural evolution and mechanical prop-
erties of the diffusion-bonded joints of Ti alloy and 17-4
PHSS with and without NiA interlayer were evaluated

Fig. 17—Microhardness along the bond interfaces of (a) PHSS|TiA joints, (b) PHSS|NiA|TiA joints of PHSS-NiA interface, (c) PHSS|NiA|TiA
joints of NiA-TiA interface.
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in this study. The important conclusions from the
present investigation may be summarized as given
below:

1. In the direct diffusion-bonded joints between PHSS
and TiA, the layerwise v, FeTi+ b-Ti phase mix-
ture were observed at the bond interface when the
joint was processed up to 1173 K (900 �C); how-
ever, at 1198 K (925 �C) and above bonding tem-
peratures, the layerwise a-Fe+ v, v, FeTi+ k,
FeTi+ b-Ti phase mixture were observed.

2. When the 150 lm nickel alloy was used as an inter-
layer, the diffusion of Fe to TiA and Ti, V, Al to
PHSS was completely restricted when bonding was
carried out up to 1148 K (875 �C). However, at
higher joining temperature, nickel alloy interlayer
cannot block the diffusion of TiA to PHSS and
r phase, v phase, and k+Fe2Ti phases were
formed at the PHSS-NiA interface. Layerwise
Ni3Ti, NiTi, and NiTi2 phases were formed and
the irregular-shaped particles of Fe5Cr35Ni40Ti15
have been observed within the Ni3Ti layer at the
NiA-TiA interface up to 1148 K (875 �C) bonding
temperature. However, their presence has not been
observed at 1173 K (900 �C) and above bonding
temperatures. Between NiA and TiA, b-Ti exists as
discrete islands in the matrix of NiTi2+Fe2Ti at
the same bonding temperatures.

3. The maximum tensile strength of ~477 MPa and
shear strength of ~356.9 MPa along with ~4.2 pct
elongation were achieved for diffusion-bonded
joints without interlayer when processed at 1173 K
(900 �C). However, when NiA was used as an inter-
layer in the same materials, the bond tensile and
shear strengths increase to ~523.6 MPa and
~389.6 MPa, respectively, along with 6.2 pct elonga-
tion when bonding was processed at 1148 K
(875 �C).
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