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Abstract

This study performed experiments and thermodynamic calculations to elucidate the effects of diffusion temperature
on interfacial evolution and mechanical properties of pure titanium and carbon steel (i.e., steel) sheets bonded via a
new type of multi-pass continuous hot-roll diffusion with nickel interlayer. The interfacial evolution results revealed
that this new type of multi-pass continuous hot-roll diffusion treatment showed a very good adherence due to its
metallurgy bonding, because it made a remarked improve to between compound and intermetallic compounds
relationship. Secondly, in mechanical properties results revealed that the highest shear strength (~470 MPa) was
obtained at a processing temperature of 850°C. The highest peel strength (~21 N/mm) was obtained in the sample
processed at 900°C. Bonding temperatures above and below these levels reduced the bond strength respectively due
to poor atom diffusion and excessive compound formation, resulting in joint failure at the Ti-Ni interface. Extensive
cleavage planes with various alignments were observed on the fracture surfaces in these cases. Overall, a hot-rolling
temperature of 850°C was found to provide the optimal tradeoff between interfacial bonding strength and ductility.
This work provided an economical and convenient solution for broadening the engineering application of interface
between sheets of pure titanium and steel.

1. Introduction

The light weight, high strength-to-weight ratio, high toughness, high creep resistance, and excellent corrosion
resistance of titanium (Ti) and its alloys have led to their extensive use in the aerospace, chemical, marine, nuclear
and medical industries [1, 2]. In many applications, it is necessary to bond Ti with some other metal or alloy in order
to achieve the desired functional performance [3]. 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]. Nonetheless, bi-metallic joints containing Ti are extremely attractive due to their superior
mechanical properties and potential to reduce the amount of materials needed to realize the joint; thereby reducing
the cost. Many methods are available for joining Ti to steel, including welding [6—8], brazing [9-11] and soldering [12,
13]. However, these methods have several drawbacks, including a large difference in the thermal expansion
coefficients of Ti and steel, respectively, which may cause significant distortion, and the rapid formation of
intermetallic layers in the interfacial region [11]. The intermetallic layers typically consist of FeTi and Fe,Ti phases;
both of which have high hardness and brittleness, and therefore reduce the strength of the joint [14-16].

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 for the Ti alloy and stainless steel so as to form a solid solution between
them during the bonding process. The use of hot-roll diffusion bonding to form dissimilar joints has attracted
significant attention in the recent literature [17-19]. Hot-roll bonding provides an effective means of joining similar or
dissimilar materials without gross microscopic distortion or large dimensional tolerances [20, 21]. Furthermore,
virtually no phase transformation or microstructural change occurs during the bonding process, and the inherent
mechanical properties and behaviors of both metals are preserved [22]. In addition, the diffusion bonding process
minimizes structural in-homogeneities due to the negligible effect of the temperature gradient, and yields significant
cost and weight savings compared to traditional joining techniques [23]. Finally, the bonding time is very short, and
thus the volume fraction of IMCs formed at the bonding interface is greatly reduced. Many studies have shown that
the inclusion of an aluminum (Al) [24-26], copper (Cu) [28, 29], nickel (Ni) [22], or silver (Ag) [23] interlayer increases
the strength of hot-roll diffusion-bonded Fe-Ti joints [17—-19, 30] and suppresses the formation of IMCs [29-34].
However, even though a small improvement in the bonding strength is achieved, the bonding strength at the joints is
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still limited by the formation of brittle IMCs at either the Ti/interlayer or the interlayer/SS interface. Thus, it is
essential to eliminate, or at least suppress, the formation of these IMCs. In this regard, Ni is one of the most effective
intermediate materials for the diffusion bonding of Ti-SS since, according to the Ni-Fe and Ni-Cr binary phase
diagrams, Ni does not form IMCs with any of the main elements of SS [35]. In addition, even though TiNi-TiNi, and
TiNi-TiNi; compounds may be formed at the Ti-Ni interface, previous studies [36, 37] have shown that these phases
are not as brittle as many other Ti-based intermetallic phases. Moreover, they coexist within the matrix
(microstructure or interface), and have good toughness, thereby improving the bonding strength.

Hot rolling is an effective means of fabricating metallic composite sheets consisting of pure titanium and carbon
steel with a nickel interlayer. Many studies have shown that hot rolling has the advantages of high efficiency, a low
cost and an improved product quality due to its effects in improving the distribution of the intermediate material,
increasing the relative density, and refining the grains and precipitates [4, 6, 7, 38]. However, if the volume fraction of
the intermediate material is too high (i.e., hard brittle metals), the edge of the composite rolled sheet may be cracked
[39, 40]. Therefore, hot rolling is more suitable for the processing of low volume fraction intermediate materials (i.e.,
ductile metals). Nonetheless, the combination of hot-rolling and diffusion bonding enables the fabrication of metallic
composite sheets consisting of Ti-SS and a nickel interlayer with an excellent bonding strength.

As described above, the bonding strength of Ti-SS composite sheets can be improved by the introduction of two or
more reinforcing phases. However, the interfacial strength of such tri-metal systems (i.e., the tri-metal composite
sheet) 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, the rolling temperature, and the hot deformation
behavior of the constituent materials in the hot-rolling process. However, the literature provides relatively little
information pertaining to the effects of processing temperature on the microstructure and mechanical properties of
hot-roll diffusion-bonded joints fabricated using interlayers. This study performed experiments and thermodynamic
calculations to elucidate the effects of diffusion temperature on microstructural evolution at the interfaces, including
phase transformation, the growth of the diffusion layers, and the sequence of compound formation. Thermodynamic
calculations focused on the Gibbs free energy and interface energy to predict the sequential phase formation at the
interfaces. In the current study, we investigated the microstructural evolution and metallurgical reactions that
occurred in joining Ti and carbon steel (i.e., steel) via hot-roll diffusion bonding with a nickel interlayer at
temperatures of 800, 850, and 900°C, respectively. Our findings related to the influence of diffusion temperature on
interface evolution provide important theoretical insights and practical guidance for the development of components
in medical devices, actuators, and gas turbine engines.

2. Experimental Procedure
2.1. Base metal

The hot-roll diffusion-bonding trials were performed using pure Ti and carbon steel plates (All Metal Sales Inc.
Cleveland, OH) with dimensions of 150 mm x 100 mm x 2 mm. The chemical compositions of the two plates were as
follows: 0.08C-0.120-0.013H-0.05N-0.15Si-bal Ti (wt%) and 0.12C-0.50Mn-0.38Si-0.034P-0.035S-bal Fe (Wt%),
respectively. In fabricating the joints, the polished surfaces of the two plates were separated by an interlayer of pure
Ni foil (purity >99.95 at.%) was as follows: 0.01C-0.001Sn-0.00180-0.0005Mn-0.01Si-0.001Cr-0.001Fe-0.01Si-
0.015Ti-0.0005C0-0.0015V-bal Ni (at.%) with the thickness of 800 ~ 850 um and the surface roughness Ra of 0.036
pm.

Page 3/23



2.2. Hot-roll diffusion-bonding process

Prior to bonding, the Ti and carbon steel plates were cleaned using emery paper and then respectively scratch-
brushed using circumferential brushes of pure Ti and carbon steel (i.e., steel) to remove the oxidization layers. The
edges of the two plates were then mechanically cleaned using abrasive paper. Finally, the plates were placed in an
acetone-containing vessel to undergo degreasing under ultrasonic agitation for 20 minutes. Test specimens were
assembled by inserting Ni foil between the two plates. The specimens were then placed in a furnace at 450°C for 600
s (preheating), before they underwent hot rolling using a rolling mill to form sheets of the tri-metal composite (i.e., Ti-
Ni-steel). Specifically, the sheets were fixed in place under 3 ~ 5 MPa uniaxial load (applied along the longitudinal
direction of the specimens), whereupon roll-bonding was multi-pass continuous hot rolling process with the aim of
reducing the thickness of the sheets respectively by 5%, 15%, 25%, 30%, and 45% (from an initial thickness of 16.2
mm to a final thickness of 11.34 mm). Note that the tri-metal composite sheets underwent annealing at 400°C for 5
min between passes, each of which was performed at rolling speed of 0.2 m/s. Annealing was meant to remove work
hardening caused by the rolling process and improve deformability in order to prevent severe edge cracking. Note
also that three sets of samples were fabricated at rolling temperatures of 800°C, 850°C, or 950°C under an inert
atmosphere (high-purity argon gas; 99.99%) to inhibit oxidation. Rolling was performed using 100-mm rollers with a
maximum capacity of 20 tons (see Fig. 1) and the roll-mills were lubricated using industrial oil. After the final rolling,
the specimens were left in the furnace to cool naturally to room temperature and then annealed at 550°C in a muffle
furnace for 3 hrin an inert atmosphere (high-purity nitrogen gas; 99.999%).

2.3. Microstructural characterization

Following the bonding trials, the samples were sectioned using an abrasive cutting tool to form specimens with a size
of 20 mm x 13.75 mm x 3.15 mm. The specimens were etched using 3% Nital solution and Kroll's solution (92 ml
H,0 +2 ml HF + 6 ml HCI) for 45 s to reveal the cross-sectional microstructure. The interfacial regions of the joint
were analyzed using an optical microscope (OM, Olympus GX-51) and scanning electron microscope (SEM, JEOL
JSM-5410). In addition, the chemical compositions and element distributions were examined using energy dispersive
X-ray spectrometry (EDS). Finally, the phase structures of the IMCs were identified by X-ray diffraction (XRD, Rigaku,
Japan) using Cu K, radiation with an operating voltage and current of 30 kV and 20 mA, respectively.

2.4 Mechanical properties
2.4.1 Shear strength tests

Shear tests were performed in accordance with the ASTM-D 1002-10 standard [41] (see Fig. 2(a)) using a Universal
Testing Machine (UTM; Santan STM-50) with a 5 kN load cell. The tests were performed at room temperature using a
cross-head speed of 0.1 mm/min. The bond strength was calculated as the load at fracture (N) divided by the
interfacial area of the joint (mm?) and was recorded in megapascals (MPa). For each specimen, the shear strength
was reported as the average value obtained over five separate tests. The fracture surfaces of the tested samples were
examined by SEM and XRD.

2.4.2 Peel strength tests

In accordance with the ASTM-D 1876-01 standard [42] peeling test (see Fig. 2(b)) specimens with gauge dimensions
of 25 mm (width) by 100 mm (length) were machined from the bonded specimens in a direction vertical to the Ni
interlayer. Tensile tests were performed at room temperature using a UTM (Hounsfield H50KS) with a constant force
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of 50 kg and a crosshead speed of 20 mm/min. After each test, the break-off force was plotted against the peeling
distance. The average peel strength was then evaluated as

Average peel strength = average load/bond width (N/mm)

For each specimen, the peel strength was reported as the average value obtained over five separate tests.

3. Results And Discussion
3.1 Interfacial microstructural evolution

For diffusion bonded joints such as those prepared in the present study, the interfacial microstructure, diffusion layer
thickness, and phase composition of the reaction zone are all critically dependent on the bonding temperature.
Figures 3(a) ~ 3(c) present SEM cross-sectional images of the 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 (discontinuities and voids).
However, these defects are less evident in the samples processed at higher temperatures of 850 and 900°C,
respectively. In addition, the Table 1 shows the thicknesses of the NiTi and remnant NiTi layers of the bonded joints
formed at different temperatures. It is seen that the thickness of the NiTi layer increases with an increasing
temperature. The SEM images (see. Figures 3) confirm that a higher holding diffusion temperature increases the
diffusion layer thickness. This finding is reasonable, since the use of a Ni interlayer harmonizes the rolling amount,
rolling temperature, and consequently increases the strain value of the Ti-Ni diffusion interface. Note that the
application of roll-bonding only once seldom results in a perfect bond without fractures or defects. This can be
attributed primarily to the large amount of stress produced when the materials are subjected to the initial
compression of the rollers. We therefore performed rolling multiple times at various bonding temperatures to reduce
stress. This also helped to increase the dislocation density and stored energy in the Ni interlayer [43] as well as
increase the thickness of the diffusion layer at the Ti-Ni interface. Moreover, according to the dislocation hypothesis
[43, 44], 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. The phenomena are discussed later
in relation to the microstructural observations.

Table 1
Thicknesses of NiTi and remnant NiTi layers in samples processed at temperatures of 800, 850 and 900°C.

Unit: pm
800°C 850°C 900°C
NiTi 5.8 NiTi 12.2 NiTi 29.1
Remnant NigTi 5.6 Remnant NigTi 6.3 Remnant NigTi 8.4
NiTi NiTi NiTi
layers NiTi, 3.5 layers NiTi, 5.8 layers NiTi, 6.8

As shown in Fig. 3, all three of the samples displayed compound layers (i.e., phases) at the interface between the
carbon steel plate and the Ni interlayer. Microstructural analysis of these specimens revealed that the Ni/Ti/steel
interfaces were well-differentiated. Table 2 lists the EDS analysis results showing the atomic percentages of Ti and Ni
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in the various diffusion specimens bonded at temperatures of 800, 850, and 900°C. In other words, only limited
element diffusion occurs at the Ni- Ni-steel interface, even at the highest temperature of 900°C. However, the
compound layers are apparent in the interfacial region between the Ti plate and the Ni interlayer in every case. At a
lower bonding temperature (800°C, Fig. 3(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
also increases, and discrete reaction layers are formed (see Figs. 3(b) and 3(c)). In particular, on the basis of the
difference in contrast, the pure Ti-Ni interlayer interface region contains a NiTi, compound layer (i.e., dark-gray region)
next to the Ti plate and a Ni;Ti 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. 3(c), for example). According to
[45, 46], the formation process for the Ni;Ti, NiTi, and NiTi, phases can be elaborated as follows. Under the effects of
the elevated bonding temperature, a Ni;Ti 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.

Table 2

EDS analysis results for chemical compositions (at%) of compound layers formed in pure
Ti and carbon steel hot-roll diffusion bonded joints with Ni interlayer processed at different

temperatures.
Unit: at% Unit: at% Unit: at%
Ni Ti Ni Ti Ni Ti
800°C NiTi 49 51 850°C NiTi 49 51 900°C NiTi 51 49
NigTi 76 24 NigTi 76 24 NigTi 74 26
NiTi, 33 67 NiTi, 33 67 NiTi, 32 68

The strong affinity of Ti-Ni atom pairs (i.e., the high negative mixing enthalpy of the principal elements in the alloy
system) caused the Ni atoms to diffuse quickly into the Ti (i.e., B-Ti) (D =3 x 102 m? s~ 'at 900°C) [47]. Isothermal
transformation under the effects of Ni atom diffusion led to the formation of B-Ti phase in accordance with the Ti-Ni
binary phase diagram [48]. As the holding time increased, the inward diffusion of Ni atoms also increased. The a-Ti
phase transformed into NiTi, through an isothermal reaction of B-Ti — NiTi, due to similarities in the crystal

structure and composition of NiTi and NiTi,. The B-Ti phase and disordered a-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 combined with the Ni atoms diffused from the Ti substrate to form Ni3Ti. NiTi, with almost no
Ni continuously formed adjacent to the Ni;Ti compound, likely due to the diffusion of Ti atoms toward the NiTi at
high temperatures. This balanced the diffusion of Ni in the opposite direction, which limited the formation of NiTi,.
The shorter diffusion distance of Ti should be limited to multi-layers with a short period, as shown in Table 1. The
chemical affinity of Ni3Ti phase is greater than that of NiTi, phase, manifesting as a difference in chemical potential.

Consequently, NiTi, compound precipitates are formed in the a-Ti matrix in accordance with the eutectoid reaction £3-
Ti — a-Ti+ NiTi, during the cooling process [48, 49]. A close inspection of Figs. 3(b) and (c) reveals the presence of a-
Ti phase + B-Ti phase in the form of discrete needle-shaped particles in the matrix of the NizTi 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 the high negative mixing enthalpy of Ni-Ti, which led to the formation and subsequent segregation of
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atom pairs within the matrix (NiTi: - 40 kJ/mol, NiTi,: - 33 kJ/mol, and NizTi: - 53 kdJ/mol) [50-52]. Under these
conditions, the probability of compound formation was as follows: Ni;Ti — NiTi, — NiTi.

In NiTi, NiTi, and Ni3Ti compounds form as a result of inter-diffusion of the Ti and Ni elements during the bonding
process. The associated chemical reaction equation can be stated as follows:

N+ Ti(8) = NITi oo R(1)

Ni(S) + 2Ti(8) = NiTip voovrvoorroverrnn R(2)
3Ni(S) + Ti(S) = NigTi oo R(3)
TiNi+ Ti(8) = NiTiy oo R (4)
TiNi + 2Ni(S) = NigTi ccccovrvvveroen R (5)
NiTip + Ni(S) = NiTip coorrooorrocerrne R (6)
NigTi+2Ti(8) = NigTi oovroorrrverrnne R (7)
NiTi, + 3Ni(s) = NiTi + NigTi ..ooo..oc. R (8)
NigTi+3Ti(s) = NiTip + NiTi oo R (9)

Based on the Table of Thermodynamic Properties in [53], we calculated the change in Gibbs free energy (AG) involved
in the various reactions at the Ti-Ni diffusion interface under various temperatures. As shown in Table 3, we then
estimated the likelihood of each reaction occurring based on the AGrelated to the formation of the compound phases
described in reaction Egs. (1)~(9).

Table 3

Temperature dependence of standard Gibbs free energy in reactions occurring at Ti-Ni diffusion interface
at various temperatures [54].

AG 1 2 3 4 5 6 7 8 9

5500c 14140 -17.355 35975 3214 -21.835 -10.926 6.446 32761 -9.661
goooc 14001 17125 35031 -3.183 -21.246 -10.837 5621 -31.123 -9.435
es0oc  -13.804 -16.963 -36.172 -3.159 -22.368 -10.645 -5240 -33.013 -8.398
7000c 13661 -16.794 36250 -3.133 22588 -10.529 4735 -33.117 -7.867
7500¢c 13517 -16.622 -36.324 3105 -22.807 -10.412 -4227 -33219 -7.332
gogoc 13324 -16.465 -36.863 3012 23023 -10.772 -3.362 -34351 -6.993

gsooc -13.061  -16.232 -37.154 -2962 -23.452 -10.541 -3.320 -34.415 -6.521

gog°ec -12.865 -15821 -37.834 2953 23932 -10.332 -3.246 -34.861 6.21

Page 7/23



Figure 4 shows the AG as a function of temperature in the nine reaction processes described above. AG was less
than zero in all three of the reactions over a temperature range of 550—-900°C (i.e.,773 K-1173 K). The second law of
thermodynamics stipulates that the probability of a compound forming via spontaneous reaction is closely related to
its AG [54]. Thus, AG also determines the sequence of compound formation in any given reaction. Figure 4 and
Table 3 illustrate the fluctuations in AG as a function of temperature in all of the reactions that occurred at the Ti/Ni
interface. Note that all of the compounds associated with NizTi, NiTi,, and NiTi formed within a temperature range of
550-770°C (i.e., 773 K-1043K) [54, 55]. From this, we can infer that the NizTi compound (reaction 3 (i.e, R(3)) has a
lower AG (more negative) than those of NiTi (R(1)) and NiTi, (R(2)). Based on the principle of minimum energy, Ni3Ti
forms before NiTi, and NiTi. Thus, from the perspective of AG only (i.e., disregarding the impact of all other factors),
we derive the following sequence for the formation of Ti-Ni compounds: NizTi > NiTi, >NiTi. Our inference that the
NizTi compound preferentially formed at the Ti/Ni interface during the diffusion-bonding process implies that phase
formation was also related to molecular kinetics under non-equilibrium conditions. As shown in Table 3, the AG in
R(3) decreased (i.e., became more negative) with an increase in temperature, whereas the AG in R(1) and R(2)
increased. We can see in Fig. 4 that in the second diffusion stage at 800-900°C (i.e., 1073 K-1173 K), R(5) and R(8)
took precedence over all other reactions except R(1), R(2), and R(3), resulting in a rapid increase in the amount of
NizTi compound. Subsequent long-range atomic diffusion initiated other reactions, such as the reaction of Ni;Ti with
Ti to form stable compounds of NiTi and NiTi,. Eventually, all of the pure Ti, Ni, and Ni;Ti were consumed. Note that
the Ni3Ti and NiTi, compounds formed before NiTi, due to their higher AG (i.e., more negative) and less pronounced
increase in surface energy [55]. We were unable to determine the sequences of Ni;Ti and NiTi, formation, due to
similar surface energy values [56].

It is noted that this inference is consistent with that of previous studies [57-62], which also reported the preferential
formation of Ni;Ti compound. The formation of a high-volume fraction of NiTi, compound implies that a large
quantity of Ni is depleted during the diffusion bonding process. Therefore, the capabilities of the different diffusion
temperatures in dissolving the NiTi, compound are limited, if the fundamental mechanism accounting for the severe
Ni loss is not uncovered. However, the serious loss of Ti content in the diffusion process implies that it is impossible
to attain a full NiTi compound. In addition, some irregular-shaped voids can be seen in Figs. 3(a)~(c) arising from the
higher diffusion coefficient of Ni compared to that of Ti, which results in an imbalance in the mass flow across the
interface. The volume fraction of these voids reduces with an increasing bonding temperature, which suggests that a
higher temperature enhances the thermal excitation of the atoms and hence facilitates an improved inter-diffusion
and reaction process across the interface [63—68]. It is noted that the present observations are consistent with those
of previous studies for diffusion couples of Ti-Ni and microduplex stainless steel-Ti alloy processed at temperatures
in the range of 700 ~ 850°C, respectively [68, 69].

It is also important to consider the atomic ratio of Ti and Ni when seeking to elucidate the formation of Ni3Ti, NiTi,
and NiTi, compounds at the Ti-Ni diffusion interface at various temperatures. Including the Gibbs free energy of
mixing (AG,,;,) in the binary (transition) metal-metal system helped to explain why homogeneous NiTi formed when
the atomic ratio of Nito Ti was 1:1. AG,,;, refers to changes in the energy of the system under the effects of diffusion
[70]. Diffusion for a sufficient duration permits the formation of mixed phases B, _,A, at the interface of the two
original phases A (Ti) and B (Ni), where variable x indicates the atomic percentage of the corresponding element.
Note that AG,,;, is a function of x and temperature of T. Mixing enthalpy can be estimated using the method outlined

in [71] and is taken as configurational entropy. Thus, AG,;, can be calculated as follows [70, 72]:

AG(x T) = xFa(x) AHASE® _ TAS
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where AHKligeéface indicates the change in enthalpy resulting from the dissolution of IM of AinBand AS_ ¢

indicates the change in configurational entropy. F%(X) is the degree to which A atoms are surrounded by B atoms,

which can be accurately estimated as follows [70]

2

. (1-xVB
F%(X) = Cg(®) = — 2
VA+ (1-xVB

where C%(X) indicates the volume fraction of B. V, and V; refer to the molar volumes of pure crystalline solids (i.e.,

V4 =10.6 cm® /mol, Vy; = 6.5 cm3 /mol [73, 74]).

The A HIMYITaCea0d A S ¢ in the binary crystal system are defined as follows [73, 75]:

con

2

, 2pf\ VA R
AHE % = T 1l- (Qi‘—@ﬁk )2 - 5l
n& + nB
3
AS onf = — R[xIn(x) + (1£x)In1(11x)]
4

1 1
where n, and ng are the electron density parameters (i.e., n& = 1.47, n8 = 1.75) [73] used to describe phenomena

occurring at an interface at the atomic scale. Parameters d): and @1’3" are used to describe ionic bonds in metals

(i.e., CDA|< = 3.65, q>§j = 5.20) [73, 74]). Q, R, and P are constants with the following values: Q/R (9.4), R/P (1.9), and P
(12.35).

The above equations were used to calculate AG,,;, and the results are shown in Fig. 5 in terms of variations in AG;,
as a function of the atom percentage of Ti in Ni;_,Ti,. We can see that when the atom percentage of Ti was fixed,
there was a decrease in the AG,,;, of Ti-Ni diffusion with an increase in temperature. When x was increased from 0.2
to 0.7, the value of AG,y;, first decreased and then increased. The lowest AG,,;, value was obtained when the value of
x was roughly 0.5, which indicates the point at which NiTi formation occurred (0.48-0.51). However, the formation of
Ni;Ti and NiTi is easy to understand from the perspective of metallurgical characteristics or thermodynamics. We
speculate that the respective AGmix values of Ni3Ti and NiTi during Ti-Ni diffusion decreased with an increase in
temperature; i.e., moving toward dynamic thermal equilibrium. Ni;Ti generation (near the Ni side) was followed by
NiTi, (near the pure Ti side). This was followed by the formation of NiTi at the interface between the two. During the
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initial formation of Ni;Ti, NiTi,, and NiTi, diffusion was still ongoing. This is particularly true of the Ti (rapid
diffusion), which resulted in the steady growth of NiTi. The unsteady growth of NiTi, was the result of Ti diffusion
toward the NiTi and pure Ti sides. Note that the NiTi, region in phase images was extremely narrow. Nonetheless, the
formation of NiTi, cannot be used to analyze the mutual influence between NiTi, and Ni5Ti or between NiTi, and
NiTi. Further analysis is required.

3.2 Mechanical properties
3.2.1 Interfacial hot-roll diffusion-bonded joint quality
3.2.1.1 Shear strength of hot-roll diffusion-bonded joints

The shear strength is an important index for evaluating the interfacial bonding quality of hot-roll clad composites.
Figure 6 shows the interfacial shear strengths of the present hot-rolled joints processed at temperatures of 800°C,
850°C and 900°C, respectively. For a rolling temperature of 800°C, the shear strength is equal to approximately 343
MPa. However, the shear strength increases to a maximum value of 470 MPa in the sample processed at a rolling
temperature of 850°C. This value is markedly higher than the values reported in previous studies [76]. This can be
explained by the increase in the thickness of the NiTi layer and the fact that the B-Ti phase exists as discrete needle-
shaped particles in the matrix of the NigTi phase, whereas a-Ti phase exist as discrete islands. The atomic migration
of chemical species across the bond line increased with an increase in bonding temperature. The presence of Ni in
the interfacial zone adjacent to the Ti substrate stabilized the B-Ti phase, which led to the formation of a plastic zone
capable of bridging cracks and thereby maintaining the integrity of the interfacial microstructure. Furthermore, a
lower bonding temperature suppressed the migration of atoms from the pure Ti substrate toward the carbon steel
substrate (and vice versa). As a result, an incomplete coalescence of the mating surfaces occurs [15, 77]. However, at
higher rolling temperatures, the shear strength is significantly improved as a result of both a greater inter-diffusion of
elements from the Ti and carbon steel substrates and the temperature-induced plastic collapse of the mating surface
asperities, which results in a more intimate contact of the two surfaces and an enhanced bonding outcome as a
result. Interestingly, however, the shear strength reduces to approximately 386 MPa as the bonding temperature is
further increased to 900°C. The reduction in the shear strength implies that, at a high bonding temperature, the Ni
interlayer fails to completely block the diffusion of carbon atoms to the Ti side. Consequently, compound phase
reaction layers with a relatively large thickness are produced in the interfacial region between the Ti substrate and the
Ni interlayer (see Fig. 3). As the rolling process proceeded, compound phase particles tended to disintegrate under the
effects of embrittlement. The resulting formation of irregular micro-voids led to a significant reduction in shear
strength, thereby demonstrating that shear strength depends heavily on the microstructure at the interface.

3.2.1.2 Fracture morphology of hot-roll diffusion-bonded joints

The fracture surfaces of the hot-roll diffusion-bonded joints were observed via SEM, as shown in Fig. 7. (Note that for
each sample, fracture occurred at the Ti side due to the formation of compound phases.) The dark region in Fig. 7(a)
confirms the presence of micro-voids due to the minimal diffusion of intermetallic elements at 800°C. These micro-
voids reduce the contact area between the mating surfaces, and therefore degrade the shear strength of the joint. For
the sample bonded at a higher temperature of 850°C, a larger number of intermetallic phases are formed in the
interfacial region. The facture surface shows evidence of a ductile behavior (see Fig. 7(b)), and hence it is inferred
that these intermetallic phases enhance the bonding strength of the joint without any embrittlement effect. However,
for the sample bonded at 900°C (see Fig. 7(c)), the fracture surface contains multiple cleavage planes with different
alignments. In other words, the thick compound phase reaction layers impart a brittleness to the interfacial region and
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cause the joint to fail accordingly. In addition, the river pattern differs from grain to grain and the size of the river
patterns increases with an increasing bonding temperature.

Figure 8 shows the X-ray diffraction patterns of the three fracture surfaces in Fig. 7. For the specimen processed at
800°C, the diffusion zone contains NiTi,, NiTi, Ni3Ti, a-Ti and B-Ti phases (see Fig. 8(a)). However, at 850°C, the
diffusion zone consists mainly of NiTi,, a-Ti and B-Ti (see Fig. 8(b)). Finally, for the sample processed at 900°C, the
diffusion zone consists predominantly of NiTi,, a-Ti and B-Ti phases. Notably, titanium carbide (TiC) is not observed
in the diffusion zones of any of the samples. Hence, it is inferred that the Ni interlayer serves as an effective barrier in
preventing the diffusion of Ti atoms from the Ti plate to the carbon steel side. The SEM images in Fig. 3 show the
presence of a-Ti and B-Ti phases in the Ti-Ni interface region of all three samples. However, a-Ti and B-Ti phases are
not evident in the corresponding X-ray diffraction patterns since the bonded samples fracture through the NiTi, and -
Ti regions, and the X-ray diffraction depth is insufficiently large to perform sub-surface detection. However, NiTi,
phase is evident in the XRD patterns of the joints processed at temperatures of 850°C and 900°C, which confirms the
migration of Ti elements from the pure Ti plate toward the carbon steel substrate at higher temperatures.

3.2.2 Peel strength of hot-roll diffusion-bonded joints

The interfacial bonding strength is one of the most important mechanical characteristics of clad composites. In the
present study, the interfacial bonding strength was evaluated by means of ASTM-D 1876-01 standard [42]. The
corresponding results are shown in Fig. 9 for both the mean peel strength of each sample (see Fig. 9(a)) and the
variation of the peel strength with the peeling displacement. The samples processed at temperatures of 800°C and
850°C have peel strengths of 10 N/mm and 18 N/mm, respectively. However, the peel strength increases to 21 N/mm
in the sample processed at 900°C. In other words, the average peel strength increases by approximately 110% as the
bonding temperature is increased from 800°C to 900°C.

Several factors affect the interfacial bonding strength of hot-roll diffusion-bonded joints, including the formation of
compound phases, cracking, and the extent of elemental diffusion. Intermetallics generally have a complex crystal
structure and are brittle due to their ionic and covalent bonding [78]. When Intermetallics are present in the interfacial
regions of joints such as those prepared in the present study, they serve as inclusions and prompt crack. Crack is
followed by a region of stable crack propagation and later, fast-fracture. Furthermore, defects in the interfacial region
act as stress concentrators, which increase the local stress intensity and promote crack nucleation [68]. However, as
the rolling temperature increases, a greater number of atoms gain the activation energy required to undergo diffusion.
Consequently, the peel strength increases, as shown in Fig. 9(a). However, a higher temperature also increases the
rate of atomic diffusion of Ni atoms toward the pure Ti plate. This in turn increases the size and number of the
compound phases formed in the interfacial region, which increases the local stress and prompts crack nucleation
and growth. As a result, the ductility reduces, as shown in Fig. 9(b).

Overall, the present results show that the interfacial bonding ability is related to the formation and distribution of
compound phases between the Ti and Ni layers in the hot-roll diffusion-bonded joints. Moreover, for the present
samples, a hot-rolling temperature of 850°C results in the optimal tradeoff between the interfacial bonding strength
and the ductility.

4. Conclusions

We applied a hot-roll solid-state diffusion-bonding technique to join commercially-pure Ti plates to carbon steel
substrates with a Ni interlayer (i.e., the tri-metal composite) at processing temperatures of 800, 850, and 900°C,
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respectively. The experimental results support the following conclusions:

1. Inter-diffusion between the Ni interlayer and pure Ti substrate resulted in the formation of layers of NiTi,, NiTi,
and Ni3Ti phase at the Ti-Ni interface. Note that the formation sequence of the three inter-metallic compounds
was as follows: 1) NigTi formed first; 2) NiTi, formed when the Ni;Ti layer reached a certain thickness; and 3) Ti
and Ni diffused into the NiTi, and NizTi layers to form NiTi. As the thickness of the NiTi layer increased, a portion
of the Ni;Ti layer was consumed. This can be attributed to the fact that the nucleation of Ni;Ti and NiTi,
occurred prior to that of NiTi, due to their lower Gibbs free energy. B-Ti phases additionally exist as discrete
needle-shaped particles in the matrix of the Ni;Ti phase, while a-Ti phase exist as discrete islands. 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 a-Ti phase, and acts as a diffusion barrier which prevents the migration of Ti atoms to the carbon steel
substrate. The Ni-carbon steel interface is thus free from any reaction products for the considered bonding
temperatures of 800 ~ 900°C.

2. The maximum shear strength (~470 MPa) is obtained in the sample processed at 850°C due to a better
coalescence of the mating surfaces and an improved diffusion of the atomic species. For a lower bonding
temperature of 800°C, the shear strength is reduced due to a more limited plastic deformation of the mating
surface asperities. By contrast, for a higher bonding temperature of 900°C, the shear strength is degraded due to
the formation of brittle TiNi; type micro-intermetallic layers.

3. The peel strength increases with an increasing bonding temperature and has a value of 21 N/mm in the sample
processed at 900°C. The enhanced peel strength at higher temperatures can be attributed to an increase in the
intermetallic compounds and a greater composition homogeneity in the diffusion zone between the pure Ti and
carbon steel plates and Ni interlayer. Overall, the results suggest that the failure behavior of the joints is directly
related to the formation and distribution of compound phases at the bond interface.
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Schematic illustration showing structure of hot-roll diffusion-bonded joints.
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Figure 2

Schematic illustration showing (a) shear strength tests and (b) peel strength tests of hot-roll diffusion-bonded joints.

Ni interlayer

Figure 3

Backscattered electron (BE) images of cross-sectional 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.
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Gibbs free energy curve for each reaction at Ti-Ni diffusion interface as a function of temperature [54].
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Figure 6

Interfacial shear strengths of Ti and carbon steel hot-roll diffusion-bonded joints with Ni interlayer processed at
temperatures of 800°C, 850°C and 900°C.

Figure 7

SEM fractographs (Ti side) of 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.

Page 21/23



- NiTi2 A NiTi > NisTi A
:I (a) B-Ti o-Ti M Ni
o
"
—
z
£ A = -
p—
A A N

20 30 40 50 60 70 80
—_ »  NiTiz A NiTi > NisTi A
:_ .
E Ni
s
A
= -
=
= || ! I
)

20 30 40 50 60 70 80
- NiTi2 A NiTi > NisTi A
= (C) . . .
= B-Ti o-Ti Il Ni
s
—

7
=
¥
R
-
]

Figure 8

XRD patterns of fracture surface of Ti and carbon steel hot-roll diffusion-bonded joints with Ni interlay er processed
at temperatures of (a) 800°C, (b) 850°C, and (c) 900°C.
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Figure 9

Interfacial bonding strength of Ti and carbon steel hot-roll diffusion-bonded joints with Ni interlayer: (a) average
interfacial bonding strength, and (b) interfacial bonding strength as function of peeling displacement.
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