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ABSTRACT

The primary objective in this work was to
investigate the diffusion layer growth and compound
formation sequence of titanium-carbon steel tri-metal
composite sheets fabricated. Those results give a
useful insight into the effects of different processing
temperatures on the interface evolution at the Ti/Ni
interface in hot-roll diffusion-bonded Ti/Ni/ steel
joints, and observations of microstructure and
thermodynamic calculations revealed some interesting
results. During the diffusion process, NisTi and NiTi2
begin nucleation at nearly the same time; therefore, the
thickness of the two layers was very similar. Finally,
Ti and Ni diffuse to the interface between the NiTi
and NisTi compound layers to form NiTi. As the
thickness of the NiTi layer increases, part of Ni3Ti is
consumed; leading to a reduction in its thickness, it can
be attributed to the lower reaction Gibbs free energies
and surface energy increments of NisTi and NiTiz. The
a + B Ti phases additionally exist as discrete needle-
shaped particles in the matrix of NisTi phase, while 8-
Ti phases exist as discrete islands in the matrix of
NiTi, phase. The presence of Ni in the interfacial zone
adjacent to the Ti substrate stabilizes B-Ti phase, leads
to the formation of needle-shaped o + B-Ti phase.

INTRODUCTION

The light weight, high strength-to-weight ratio,
high toughness, high creep resistance and excellent
corrosion resistance of titanium (Ti) alloys have led to
their extensive use in the aerospace,
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In many applications, it is necessary to bond the Ti
with some other metal or alloy in order to achieve the
desired functional performance [3] and the potential
they provide. However, Ti is extremely reactive at
high temperatures, and hence the bonding process
represents a significant challenge since the Ti readily
reacts with oxygen and / or nitrogen in the atmosphere
[4,5]. To improve the practical applicability of Ti-steel
sheet (SS) bonded joints, it is necessary to increase
their plasticity by reducing the volume fraction of
intermetallic compounds (IMCs) using some form of
solid-state connection method or selecting a suitable
interlayer material. The use of hot-roll diffusion
bonding to form dissimilar joints has attracted
significant attention in the recent literature [6-10]. The
hot rolling process provides an effective means of
joining similar or dissimilar materials without gross
microscopic  distortion [11,12]. However, the
interfacial strength of such diffusion bonding
specimen is heavily dependent on their microstructural
evolution during the bonding process. The evolution
process is dependent in turn on the temperature at
which rolling is performed. Therefore, it is essential to
confirm the quantitative relationships among the
diffusion-controlled reaction properties, rolling
temperature, and hot deformation behavior of the
constituent materials in the hot-rolling process.
However, the literature contains relatively little
information on the effects of the processing
temperature on the interfacial microstructural
evolution (i.e., diffusion layer growth and compound
formation sequence) of hot-roll diffusion bonded
joints with interlayer. Accordingly, the present study
sets out to investigate the effects of the diffusion
temperature on the interfacial microstructural
evolution of Ti-SS composite sheets containing a
nickel interlayer fabricated by the hot-roll diffusion
bonding process at temperatures of 800, 850 and
900°C, respectively. The joints produced under the
different bonding temperatures are characterized both
experimentally and through thermodynamic analyses
based on the Gibbs free energy of reaction and
interface energy theory. The results give a useful

-587-



theoretical insight into the effects of the processing
temperature on the interface evolution at the Ti/Ni
interface in hot-roll diffusion-bonded Ti/Ni/SS joints
and are thus expected to provide a valuable source of
reference for the fabrication of such joints in
engineering and other fields.

EXPERIMENTAL PROCEDURE

The hot-roll diffusion bonding trials were
performed using pure Ti and carbon steel plates with
dimensions of 150 mm x 100 mm x 16.2 mm, in
fabricating the joints for the two plates were separated
by a pure Ni (99.95%) interlayer (note that prior to the
bonding process, the Ti and carbon steel plates were
cleaned with emery paper and then scratch brushed
with pure Ti and carbon steel circumferential brushes,
respectively, in order to remove the oxidization layers.
The edges of the two plates were then mechanically
cleaned with abrasive paper. Finally, the plates were
placed in an acetone-containing vessel and degreased
ultrasonically for 20 minutes. Test specimens were
assembled by inserting the Ni foil between the two
plate). The specimens were placed in a furnace for 600
s (i.e., pre-heated ) at 450°C, and then multi pass
continuous hot rolling process was applied using a
rolling mill and then roll-bonded to achieve a final
thickness reduction of approximately 45% (i.e., tri-
metal composite (Ti-Ni-steel) sheets from an initial
thickness of 16.2mm to a final thickness of
approximately 11.34 mm) at 800°C, 850°C or 950°C
in 5 passes, that the rolling reductions of
approximately 5%, 15%, 25%, 35% and 45% were
obtained with the rolling speed of 0.2 m/s. The roll
bonding was performed on a laboratory rolling mill
with rolls of 170 mm in diameter and 300 mm in width
without lubrication at a rolling speed of 0.2 m/s. The
rolling process was conducted in an inert atmosphere
(high purity argon gas (99.99%)) to inhibit oxidation
of the rolled interface (see Fig. 1).
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Fig. 1. Schematic illustration showing structure of
hot-roll diffusion bonded joints.

pure titaniom
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Following the rolling process, the specimens
were allowed to cool naturally to room temperature in
the furnace and were then annealed at 550°C in a
muffle furnace for 3hr ( i.e., in an inert
atmosphere(high purity purity nitrogen gas (99.999%))
to reduce the stress concentration. The specimens were
etched in 3% Nital solution and Kroll's solution for 45
s to reveal the cross-sectional microstructure. The
interfacial regions of the joints were analyzed using a
scanning electron microscope (SEM, JEOL JSM-
5410). In addition, the chemical compositions and
element distributions were examined using energy
dispersive X-ray spectrometry (EDS).

RESULTS AND DISCUSSION

Fig. 2(a) to (c) present SEM cross-sectional
images of the tri-metal composite (Ti-Ni-steel)
samples diffusion bonded at temperatures of 800, 850
and 900°C, respectively. For all three samples, the
diffusion interface between the carbon steel plate and
the Ni interlayer shows some defects, discontinuities,
and voids. In the sample diffusion bonded at 800°C,
the interfacial region between the Ti plate and the Ni
interlayer also shows obvious defects (i.e.,
discontinuities and voids). However, these defects are
less evident in the samples processed at higher
temperatures of 850 and 900°C, respectively. The
SEM images in Fig. 2 confirm that a higher bonding
diffusion temperature results in a greater diffusion
layer thickness. At a lower bonding temperature
(800°C, Fig. 2(a)), the compound layers have the form
of isolated phases and are present in only relatively
small amounts. However, as the bonding temperature
increases, the number of compound layers increases
and discrete reaction layers are formed (see Figs. 2(b)
and 2(c)). In particular, the pure Ti-Ni interlayer
interface region contains a NiTi, compound layer (i.e.,
dark-gray region) adjacent to the Ti plate and a Ni3Ti
compound layer (i.e., gray-white region) adjacent to
the Ni interlayer. The two compound layers are
separated by a NiTi compound layer (i.e., gray region)
(see Fig. 2(c), for example). This finding is reasonable
since the use of a Ni interlayer harmonizes the rolling
temperature, and consequently increases the strain
value of the Ti-Ni diffusion interface. The higher
strain value at the Ti-Ni diffusion interface increases
the dislocation density and stored energy in the Ni
interlayer [13] and therefore increases the diffusion
layer thickness width of the Ti-Ni interface. Moreover,
according to the dislocation hypothesis [13],
dislocations at free surfaces undergoing plastic
deformation break the oxide layers and produce stairs
at the atomic scale, which increase the involvement of
the diffusion bonded joint parts. In addition, the Ni-
carbon steel interface is thus free from any reaction
products for bonding temperatures of 800~900°C.
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bonded joints with Ni interlayer processed at temperatures of: (a) 800°C, (b) 850°C and (c) 900°C.

According to [14-16] reports, the formation
process for the NiTi; and NisTi phases can be
elaborated as follows. Under the effects of the elevated
bonding temperature, a NiTi compound layer is
rapidly formed during the initial stage of the bonding
process due to the relatively low diffusion speeds of Ti
and Ni, respectively. However, due to the strong
affinity of the Ti-Ni atom pairs (i.e., a relatively high
degree of negative mixing enthalpy of the principal
elements in the alloy system), the Ni atoms diffuse
very quickly toward the Ti layer (i.e., 5-Ti) [17]. As
the diffusion of Ni atoms proceeds, /3 -Ti phase
begins to form as a result of isothermal transformation,
ie, a + B-Ti — J-Ti, in accordance with the
Ti-Ni binary phase diagram [18]. As the holding time
increases, the inward diffusion of Ni atoms also
increases. Moreover, the « -Ti phase transforms to
NiTi>, compound through the isothermal reaction /-
Ti — NiTiz owing to the similarity in the crystal
structures and compositions of NiTi and NiTiy,
respectively. The B-Ti phase and disordered o-Ti
phase dissolve a greater amount of Ni than the ordered
NiTi, compound. As a result, excess dissolved Ni is
expelled from the NiTi, phase. The segregated Ni
atoms combine with the Ni atoms diffused from the Ti
substrate to form Ni3Ti compound. Thus, a continuous
NiTi, compound with almost no Ni is formed adjacent
to the TiNi3 compound. The NisTi phase has a higher
chemical affinity than the NiTi, phase, and hence a
difference in the chemical potential is produced
between them. Consequently, NiTi; compound
precipitates are formed in the « -Ti matrix in
accordance with the eutectoid reaction S5-Ti — «-
Ti + NiTi, during the cooling process [18-20]. A close
inspection of Figs. 2(b) and 2(c) reveals the presence
of a + [B-Tiphases in the form of discrete needle-
shaped particles in the matrix of the Ni3Ti compound
and B-Ti phases in the form of discrete islands in the
matrix of the NiTi, phase in the compound reaction
layers. This can be attributed to a relatively high
degree of negative mixing enthalpy between Ni-Ti,
which leads to the formation and subsequent
segregation of atom pairs within the matrix.

The images presented in Fig. 2 show that NiTiy,

NiTi and Ni3Ti compounds are formed in the bonded
joints as the result of an inter-diffusion of the Ti and
Ni elements during the bonding process. The
associated chemical reactions can be formulated as
follows:

2Tis) + Nis) = NiTiz, (D)
Ties) + Nigs) = NiTij, 2)
Ties) + 3Nigs) = NisTi, 3)

where s represents the solid state. Based on classical
nucleation theory, the nucleation of a new phase
involves changes of the Gibbs free energies of reaction
(AGfY) and interfacial energies (y), respectively. When
the element substances become compound phases as a
result of heat treatment, welding, hot-roll bonding, and
so on, AGf is always negative. Furthermore, a larger
absolute value of AGf infers that the associated
reaction more readily occurs.

AGap(T)=Gap (T)-X|Veil Gei (T), 4)
where v_&i is the stoichiometric coefficient. The Gibbs
free energies of the generated compounds GAB(T) and
reactive elements G_¢&i (T) in Eq. (4) can be calculated
as follows [21]:

G(T) = H(T) — TS(T), (5)

H(T) = H(298.15) + fm 15 Cp1(MAT +

6
Ay, + [ 12Cp(T)AT + AHy, + ©
S(T) = H(298 15) + [t DT 4 -

AHTl T, CpZ(T) AHTZ
g e T4 g
1 T T

where H(T) and S(T) are the enthalpy and entropy of
the elements or compounds, respectively; and Cp is the
heat capacity. Cp is a function of the temperature and
can be described by the following polynomial
expression over a relatively wide range of
temperatures:

Co=a+bx1073T +cx 10°T~2 +d x g
10772, ®)
where a, b, ¢ and d are constants obtained from the

thermochemical data of pure substances (1) [21].

The calculated values of AGy obtained from Egs.
(5)~(8) for the present NiTip, NiTi and NisTi
compounds are listed in Table 1. It is clear that the AGy
values of the three compounds are very different and
the AGy values of NisTi and NiTi, are smaller than that
of NiTi. Overall, the results indicate that reactions (1)
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and (3) occur more readily than reaction (2). In other
words, the formation sequence of the intermediate
phases is confirmed to be NisTi, NiTi, and TiNi.
Although AG: allows for the immediate
assessment of the stability of a substance, it is
insufficient to categorically determine the formation
sequence of the compound phases. Therefore, the
interfacial energy, which plays a decisive role in the
early stage of nucleation is introduced here as an
alternative evaluation measure. In particular, a
compound phase with a smaller interfacial energy
increment is assumed to nucleate more readily. In
general, the calculation of the interfacial energy
increment involves the surface energies of the new
compound phases (yag) and initial substances (y;, i =
A or B), the interfacial energy of the initial A/B
interface (yo_g), and the interfacial energy of the new
interface A/AB or B/AB (Ya_ag Or Yg-ag)- (Note
that in the present research, AB may be NisTi, NiTiy,
or NiTi.). The surface energy of the substances can be
given empirically as [22]
va(Ty) = (vaVa )T_ +bAT1
(V )T T1
where V=0 is the surface energy of Aat T =0 K,
which can be estimated by the enthalpy for
evaporation of one mole of atoms divided by the
atomic surface of one mole of atoms; ba is a material
constant for Ti or Ni (note that b = - 0.47 x 107 J/K,
bni = - 0.73 x 107 J/K) [23], and Va is the molar

volume of Ti or Ni. Meanwhile, the surface energy of
the compounds can be calculated as [23,24]

interface
SAHpin B
Cs : (10)

©)

Ya = CYa + C3vs—C3
C0V3

where C3 and C§ are the volume fractions of A and
B, respectively; and AHPterface s the enthalpy
change upon solution of one mole of A in B, as
described earlier in relation to Egs. (1) and (2). In
addition, Co is a constant depending on the shape of
the Wigner-Seitz cell of the A atoms and can be taken
on average as ~ 4.5 x 108 [25]. The interfacial energy
between a solid phase A and solid phase B (i.e., Ya_g)
contains two contributions, namely ym‘sma“h and
yinterfacera3 26]. In other words, the energy of the A-

B interface is given as
Ya_p = lesmatch +ymterface —

(YA+YB) + AHA“f,fg“e' (12)
C0V3
where y'pismateh s related to the strain induced by the
lattice mismatch at the interface and yinterface s
related to the chemical interaction between A and B.
Similarly, ya_ag and yg_4z can be defined
respectively as
interface

1 (YA+YAB) + CRAHA inB

3

Ya-aB = ' (12)

Co VA3
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terf:
(YA+YAB) + CBAAHllanufZace

3 2

YB-aAB = ! (13)
cov

The interfacial energy increment of NisTi, NiTi,
and NiTi are listed in Table 1, as computed by Egs. (2)
and (3) and Egs. (9)~(13). Overall, the results show
that the NisTi phase has the smallest interfacial energy
increment of the three compounds. Hence, it is inferred
that NisTi has the highest possibility of nucleating first.
However, as reported in [27], the formation sequence
of the second compound phase also depends on x°'i,
where x@t is the critical thickness of the first
compound phase in the diffusion system. In the Ti-Ni
system, two main possibilities exist for the formation
mechanism if the supply of A (Ti or Ni) and B (Ni or
Ti) is limited, namely (1) x¢ (the thickness of the

reaction layers) < x®when A or B is consumed: the
second compound phase nucleates and grows while

the first compound phase shrinks; or (2) xf = x°it
before A or B is consumed: the second compound
phase nucleates and grows, and the first compound
phase continues to grow as well [27]. The present
experimental results for Table 2 shown that the Ni/Ti
possible formation sequences of the three compounds,
the first possible phase formation sequence is as
interfacial film considered in the present study, with
athickness of approximately 50 pum, belongs to the
second case. That is, before A or B is consumed, the
thickness of the first compound phase xs is higher than
the critical thickness and the second compound phase
thus forms as the first compound phase continues to
grow. According to the interfacial energy theory
results presented above, NisTi appears first in the
diffusion process. In other words, the second
compound phase could be either NiTi; or NiTi.
However, according to xt theory, the NiTi compound
can only be nucleated after NisTi and NiTi, have been
formed since its nucleation and growth are both
dependent on the prior formation of NisTi and NiTi;
layers. In other words, NisTi and NiTi, nucleate first
and are then followed by NiTi. Such a result Fig. 3
shows the two alternative possible formation
sequences of the three compounds, the first possible
phase formation sequence is as follows: NisTi —
NiTi; —NiTi, as the interfacialevolution of I — 1l
— Il — V shown Fig. 3(a). (Note that | and Il
represent the original Ti/Ni interface and the interface
with only NisTi formed, respectively, while 111 denotes
the interface with NiTi, formed between NisTi and Ti,
and V denotes the interface with all three compounds).
Meanwhile, the second possible formation sequence is:
I — IV — V, in which the IV interface is different
from the 111 interface. In particular, IV shown Fig. 3(b)
that the interface with NisTi and NiTi, forms almost
simultaneously and is then followed by the formation
of NiTi. Based on the above results, we speculate that
the order of compound formation at the Ti/Ni interface
was as follows: I — IV — V. Our main reason for this
assertion is the fact that the thicknesses of NisTi and
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Table 1 Calculated Gibbs free energies (AGs) and interface energies for NiTi, NiTi> and NisTi compounds in Ti-Ni

diffusion interface.

Unit: Kl mol

NiTi NiTiz NisTi
{ﬁ:‘:(h} «-118.3 = 7300 = (3160
AGy {ﬁ;ﬁ;} -117.2 - 7243 - 6151
(]j!ll;]j.th} = | 16.0 = 7142 = (4.1
Lnit: mJ/m*
NiTi NiTiz NiaTi
Surface enregy (Y, .5, 2219.69 228921 217632
Interface envegy (Y an) 380,63 489,23 168, 54
Interface enregy (vy;_ap) 243.31 122.63 44318
Increasing interface energy 74332 T2E.A1 72521
Remarks ¥ Ti-M1} = - 104.25 ¥ = 2001.9 wTi) = 2048.2

Table 2 Thicknesses of NiTi and remnant NiTi layers in samples processed at temperatures of 800, 850 and 900°C.

S00FC Taotal 8500
Mil 5.8 Mil
NiTi 56 149
Remnant MiTi - - Remnant

layers  nimi; 3.5

NisTi

.\-illl Ia.:r'l‘.‘rﬁ ‘;II.Ti: 53

Unit: pum
Taotal Q00 Total
12.2 Nila 291
63 243 NipTi g4 43
Remnant NiTi - -
layers  niTi, 6.8

NiTiz were nearly identical, despite differences in
processing conditions (See Table 2)

It appears that NisTi and NiTi, formed at almost
the same time, rather than NisTi forming before NiTi.
We also observed that a + B Ti phases exist as discrete
needle-shaped particles in the matrix of the NisTi,
whereas B-Ti phases exist as discrete islands in the
matrix of the NiTi,. Note that these results help to
clarify many reports dealing with Ti/Ni interfaces, by
settling the debate as to the order in which NisTi, NiTiz,
and NiTi form. Overall, both sets of results indicate an
inter-diffusion of the two elements (Ti and Ni). The
gradual increase in the Ti concentration from the Ti
side to the Ni side of the Ti-Ni joint provides further
evidence of diffusion in the bonding process.
According to the elemental concentration profiles (see
Fig. 4), this interfacial region of the joint consists

mainly of Ti with a small amount of Ni, due to the
gradual increase in the Ti concentration from the Ti
side to the Ni side of the Ti-Ni joint provides further
evidence of diffusion in the bonding process.
According to the elemental concentration profiles, this
interfacial region of the joint consists mainly of Ti with
a small amount of Ni. The Ti and Ni concentration
profiles both exhibit smooth and continuous variations.
Therefore, it is inferred that Ti solid solution (Ti s.5)
alloyed with Ni is formed at the Ti-Ni interface (see
Fig. 4(a)). The joints bonded at 850 and 900°C,
respectively, are composed of carbon
steel/Ni/NiTi/remnant NiTi layers/Ti s.s/pure Ti, as
can be seen in Figs. 4(b) and (c). We believe that this
insight would be used as a valuable reference in
expanding the use of Ti/Ni joints in construction or
other fields.
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Fig. 4. Elemental concentration profiles of interfacial regions of pure Ti and carbon steel hot-roll diffusion bonded
joints with Ni interlayer processed at temperatures of: (a) 800°C, (b) 850°C and (c) 900°C

have been bonded with a Ni interlayer at processing

CONCLUSIONS temperatures of 800, 850 and 900°C, respectively,

using a hot-roll solid-state diffusion bonding technique.

. . The compound joints were found to contain NiTiz,
Commercially-pure Ti and carbon steel plates P J 2
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NiTi and NisTi compounds at the Ti-Ni diffusion
interface. The two alternative possible formation
sequences of the three compounds were investigated
by thermodynamic analysis. The results showed the
formation sequence to be NisTi — NiTi; — NiTi
for the first possible phase formation. In other words,
NisTi was formed at the beginning of the diffusion
reaction process on the Ni side and was subsequently
followed by the formation of NiTi2 on the Ti side.

Meanwhile, the second possible formation sequence is:

NisTi — NisTi + NiTiz — NiTi. In particular, the
second possible formation that the interface with
Ni3Ti and NiTi2 forms almost simultaneously and is
then followed by the formation of NiTi, can be
attributed to the lower reaction Gibbs free energies and
surface energy increments of NisTi and NiTiy.
However, the surface energy increments of NisTi and
NiT- are very similar. Consequently, it is also possible
that NisTi and NiTi, nucleate first and NiTi then
nucleates in the Ti-Ni diffusion int. Overall, both sets
of results indicate an inter-diffusion of the two
elements (Ti and Ni). The gradual increase in the Ti
concentration from the Ti side to the Ni side of the Ti-
Ni joint provides further evidence of diffusion in the
bonding process. o + B Ti phases additionally exist as
discrete needle-shaped particles in the matrix of the
NisTi phase, while B-Ti phases exist as discrete islands
in the matrix of the NiTi, phase. The atomic migration
of chemical species across the bond line increases with
an increasing bonding temperature. The presence of Ni
in the interfacial zone adjacent to the Ti substrate
stabilizes the B-Ti phase, leads to the formation of
needle-shaped o + B-Ti phase, and acts as a diffusion
barrier which prevents the migration of Ti atoms to the
carbon steel substrate.
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