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ABSTRACT

UNSS32750 super duplex stainless steel andAISI 304 stainless steelwere transient

liquid phase (TLP) bonded using BNi-2 at a bonding temperature of 1050 �C and

for two bonding times of 10 and 45 min. After TLP bonding, the samples were

subjected to either furnace-cooling or water-cooling regimes. The optical micro-

scope, scanning electron microscope, and energy-dispersive X-ray analysis were

employed to investigate the microstructural characteristics of joints, as well as

basemetals.Moreover, themechanical properties of the TLP bondswere assessed

using microhardness and shear strength examinations. The results showed that

the joints fabricated at a bonding timeof 10 min exhibited isothermal solidification

zone, non-isothermal solidification zone, anddiffusion-affected zone,whereas the

samples held for 45 min showed a complete isothermal solidification. The only

phase in the isothermal solidification zone was c-Ni solid solution. However, the

non-isothermal solidification zone of the water-cooled bond consisted of Ni-rich

boride compounds and a c-Ni solid solution, while Ni-rich and Cr-rich eutectic

constituents, as well as Ni3Si precipitates, existed in the bonding zone of the

furnace-cooled sample. Microstructural analysis showed the formation of the r-
sigma phase in the microstructure of the furnace-cooled super duplex stainless

steel, which was the primary reason for the increase in the hardness values of the

alloy to around 415Hv. Thewater-cooled samples, in contrast, did not contain the

r-sigma phase and showed notably lower hardness values (approximately 320

Hv). The non-isothermal solidification zones and diffusion-affected zones of

super duplex stainless steels exhibited the highest hardness levels of nearly 525

and 450 Hv, respectively. This work has demonstrated that the joints containing

the complete isothermal solidification possessed the highest shear strength,

around 380 MPa.
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GRAPHICAL ABSTRACT

Introduction

AISI 304 stainless steel (SS) alloy is one of the most

widely used groups of stainless steel alloys [1, 2].

However, despite its versatility and ubiquity, its

applications may be limited due to its susceptibility

to stress corrosion cracking caused by the alloy’s high

austenite content [3].

To enhance the resistance of stainless steels to

stress corrosion cracking, (super) duplex stainless

steel alloys have been developed. These advanced

alloys combine the outstanding toughness and

strength of austenitic stainless steels with the excel-

lent resistance to stress corrosion cracking of ferritic

stainless steels [3]. Better still, due to their lower

amount of nickel, their costs tend to be less fluctuat-

ing than austenitic stainless steels and nickel-based

alloys [4–6]. UNS S32750 super duplex stainless steel

(SDSS) characteristically has a ferrite-to-austenite

ratio of 1:1 [7]. This alloy has been rivaling austenitic

stainless steels and even nickel-based alloys in many

industries, such as the pulp and paper industry [8],

where high levels of strength, toughness, and corro-

sion resistance are required [3, 9].

Dissimilar welding of stainless steel alloys is vital

and inevitable not only to lower the final costs of

materials and equipment but also to boost the sus-

tainability and adjustability of structures, although it

could be challenging. For example, owing to its high

alloying elements contents, UNS S32750 SDSS is

likely to be difficult to weld via the conventional

fusion welding techniques since such processes tend

to imbalance the proper ferrite/austenite ratio of the

alloy and result in the precipitation of destructive

secondary compounds in the weldments [10–12].

However, the formation of secondary precipitates,

particularly the r-phase, deteriorates the properties
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of duplex stainless steels and thus must be avoided

[13]. Furthermore, chromium carbides are bound to

precipitate in the heat-affected zone of austenitic

stainless steels if improper fusion welding is used

[14].

Transient liquid phase (TLP) bonding has recently

been examined by researchers to obtain similar or

dissimilar sound joints between various types of

stainless steels and other alloys [15–17]. Being a solid-

state process, TLP bonding lies between the brazing

and diffusion bonding process and offers an ideal

combination of features of these two. Compared with

the brazed joints, the TLP bonds tend to be noticeably

stronger; and unlike diffusion bonding, the TLP

process requires a lower amount of pressure and less

meticulous surface preparation [18]. Moreover, the

TLP bonding process entirely relies on using an

interlayer containing certain types of elements (B, Si,

and P, for example), which are widely referred to as

melting point depressant (MPD) elements. The

bonding temperature at which the process is per-

formed must be within a range between the melting

point of the interlayer and those of base materials

[19]. It is helpful to note that a TLP joint can charac-

teristically be divided into isothermal solidification

zone (ISZ), non-isothermal solidification zone

(NSZ)—otherwise known as athermal solidification

zone (ASZ), and diffusion-affected zone (DAZ).

Several researchers have studied the TLP bonding

to create similar or dissimilar bonds between stain-

less steels and other alloys. Ghaderi et al. [20] TLP

bonded Inconel 718 alloy to ultrafine/nanostructured

AISI 304L stainless steel at 1050 �C for 5, 15, and

60 min using a BNi-2 interlayer. They observed that

eutectic phases in the specimens bonded for 5 and

15 min and concluded that these compounds had

adverse effects on the mechanical properties of the

joints. Moreover, the isothermal solidification process

was fully completed in 1 h. In this condition, the

joints were about 1.5 times as strong as the sample

held for 5 min. The TLP joints between SAF 2507

SDSS and AISI 420 martensitic stainless steel bonded

by BNi-2, at 1050 �C, and for different bonding times

up to 60 min, were investigated by Jafari et al. [21].

According to their results, the isothermal solidifica-

tion process completion was obtained for the samples

kept for 60 min at the bonding temperature, and the

strength of the joints had a close relationship with the

ISZ size. Abdolvand et al. [22] evaluated the prop-

erties of TLP joints of UNS S32750 SDSS and AISI 304

stainless steel by means of a BNi-2 amorphous foil at

1050 �C. In this study, diffusion of boron mainly

controlled the bonding process. Also, a complete ISZ

was obtained at 0.75 h. The impaired mechanical

properties of joints bonded for less than this time

were linked to the eutectic compounds present

within the bonding zones of the joints.

The TLP process offers considerable advantages

over the fusion welding methods primarily because

base materials are subjected to relatively lower tem-

peratures and thus do not melt during this process

[18]. Nonetheless, they are still set to be heat-treated

at high temperatures for long periods, to the detri-

ment of their microstructural and mechanical prop-

erties, which can be exacerbated if improper heating,

cooling, and holding cycles are employed. For

instance, slow cooling rates are highly likely to cause

the precipitation of detrimental compounds, such as

the r phase, in super duplex stainless steel alloys [23]

or abnormal grain growth in austenitic stainless steels

[24].

Mosallaee et al. [25] used a Ni–P interlayer to yield

similar TLP bonds between 2205 duplex stainless

steel alloy. The bonding process was carried out at

1150 �C for 60 and 240 min, followed by two subse-

quent cooling cycles: furnace cooling and water

cooling. They reported that the r phase precipitation

happened in the furnace-cooled duplex stainless

steel, deteriorating the corrosion properties of the

joints. However, a water-cooling cycle helped in

preventing this phenomenon. Chiu et al. [11] vacuum

brazed 2205 duplex stainless steel in different cooling

conditions. According to their findings, the r phase

precipitated in the base metals at cooling rates lower

than 0.25 �C/s. They highlighted that the fracture of

the slow-cooled brazed bonds occurred at base met-

als due to the extensive r phase precipitation in that

area. Moreover, the TLP process can trigger grain

growth in base metals. Mirzaei et al. [26] used an

MBF-20 interlayer to TLP join 304L stainless steel at

1070 �C for 3 to 45 min and noticed that as the

bonding time rose, a considerable grain growth

occurred in base metals grains, except for the grains

of DAZs that were pinned by precipitates.

It appears that the possible effects of the cooling

rate on the properties of TLP joints and base materials

have been underemphasized in the relevant literature

and that a limited number of articles are dedicated to

investigating this key factor. Thus, the central focus

of the present paper was dedicated to the evaluation
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of the impacts of two discrete cooling regimes on the

microstructure and mechanical properties of the

dissimilar TLP bonds of UNS S32750 super duplex

and AISI 304 austenitic stainless steel alloys. As well

as that, to propose a suitable bonding cycle for

obtaining a sound and sturdy joint with minimal

impact on the properties of the base metals, the

potential effects of the cooling cycles on the proper-

ties of base metals were also studied.

Experimental procedure

In this research, commercial UNS S32750 SDSS and

AISI 304 SS sheets (received in hot-rolled and

annealed condition) and a BNi-2 foil with a thickness

of 50 lm were chosen as the base materials and the

interlayer, respectively. The interlayer was selected

based on our previous work [22], as well as previous

research [18, 27, 28]. The chemical composition of all

materials used in this study is summarized in Table 1.

The preparation procedure was as follows: the base

alloys were initially cut into samples with dimen-

sions of 40 9 10 mm, and then their faying surfaces

were ground using SiC grinding paper. The cleaning

and degreasing processes of the interlayer and base

metals were performed within an ultrasonic acetone

bath, and then the interlayer was placed and fixed

between the parent metals. The bonding process was

carried out at a constant temperature of 1050 �C and

two bonding times of 10 and 45 min, which were

chosen based on our previous study [22], and were

selected to study the effect of cooling rate on both

NSZ and ISZ.

To assess how different cooling conditions affect

the properties of the TLP bonded samples, we selec-

ted two different cooling schedules: (1) a slow cooling

process within the furnace (with a cooling rate of

approximately 0.1 �C s-1) and (2) a rapid water-

cooling process (with an estimated cooling rate of

200 �C s-1). After the bonding process, the prepara-

tion of the samples for microstructural investigations

was performed through the conventional metallo-

graphic method, and then the cross section of each

joint was electro-etched in 10% HNO3 aqueous

solution at 1 V for 10 s. A similar etching condition

was used for AISI 304 SS, while UNS S32750 SDSS

alloy was electrically etched in a solution containing

40 gr NaOH ? 100 gr distilled water, at 5 V, and for

20 s. This solution is recommended for etching

duplex stainless steels and for revealing undesirable

intermetallic phases, in particular the r phase, in

them [29].

The optical microscope (OM), scanning electron

microscope (SEM), and energy-dispersive X-ray

spectroscopy (EDS) analysis were used to study the

microstructure and estimate the chemical composi-

tion of the specimens. The size of DAZs of each

sample was measured using the ImageJ software to

understand how the size of different zones varies

with the bonding temperature and cooling rate, and

an average of ten measurements was reported for

each zone. The microhardness measurements were

taken for each joint with a load of 10 gr applied for

30 s. Additionally, shear strength testing via a fixture,

schematically illustrated in Fig. 1, was carried out to

evaluate the mechanical performance of the TLP

joints and base metals. It should be noted that the

samples were coded based on their bonding condi-

tions (Table 2).

Results and discussion

Microstructural evaluation of base metals

The microstructures of AISI 304 SS and UNS S32750

SDSS are shown in Fig. 2. The as-received

microstructure of AISI 304 SS consists of the equiaxed

grains of austenite with a grain size of 29 ± 5 lm.

The microstructure of UNS S32750 SDSS contains the

d-ferrite phase (blue phases) and the c-austenite
phase (light brown phases) with a ferrite-to-austenite

ratio of 50:50.

Table 1 Chemical

composition of the materials

and the filler metal

Chemical composition of the materials (wt%)

Fe Ni Cr B Si Mo C N Mn P S Cu

UNS S32750 Bal 6.98 26.85 – 1.00 4.76 0.03 0.30 0.56 0.02 0.01 0.97

AISI 304 Bal 8.00 18.50 – 0.75 – 0.07 0.10 2.00 0.04 0.03 –

BNi-2 3.00 Bal 7.00 3.20 4.50 – 0.06 – – – – –
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Effect of cooling cycles
on the microstructure of the bonds

Figure 3 displays the microstructures of water-cooled

joints. In addition, the optical images of T-10-F and

T-45-F samples, as well as the SEM micrograph of

T-10-F, are provided in Fig. 4.

The bonding area of T-10-W (Fig. 3a) can

microstructurally be divided into three separate

parts: isothermally solidified zone (ISZ), non-

isothermally solidified zone (NSZ), and diffusion-af-

fected zone (DAZ).

Table 3 compares the EDS results of all regions

marked in Figs. 3 and 4. The ISZ of T-10-W is com-

prised of a single c-Ni solid solution phase (zone A in

Fig. 3). It has been demonstrated that the diffusion of

MPD elements governs the formation of ISZ [30]. The

formation of ISZ occurred as follows: at 1050 �C, the
interactions between the molten interlayer and parent

alloys, alongside the MPD elements diffusion, chan-

ged the chemical composition of the melt, causing its

liquidus temperature to rise. Consequently, the liquid

phase started to solidify isothermally. It has been

reported that the c-Ni phase of ISZ forms through

heterogeneous nucleation on the base metal surfaces

(at a constant temperature) and then grows via an

epitaxial growth mechanism [31]. The EDS analysis of

ISZ provides evidence that the surfaces of the parent

metals dissolved into the interlayer during the

bonding process. According to Table 3, higher iron

and chromium contents exist in ISZ when compared

to the original amounts of these elements in the

interlayer. Moreover, traces of molybdenum, which

did not initially exist in the interlayer composition,

were detected in the c-Ni solid solution of ISZ. The

formation of diffusion-affected zones (DAZs) also

confirms that boron diffused into the base metals.

DAZs and their chemical compositions will be dis-

cussed later in this paper.

As mentioned, isothermal solidification is a diffu-

sion-controlled process [31]. This means holding time

should be sufficient to obtain a complete isothermal

solidification. Otherwise, the remaining liquid phase

transforms into intermetallic compounds during the

cooling stage. The bonding zone of T-10-W consists of

NSZ (Fig. 3a) that indicates a 10-min bonding time

was insufficient for all the melt to solidify isother-

mally. The same explanation can be provided for the

T-10-F sample whose NSZ was demonstrated in our

previous study [22] to be compromised of Ni-rich

borides (zone E in Fig. 4) and Cr-rich borides (zone F

in Fig. 4). Tiny Ni3Si precipitates were also detected

in the c-Ni phase of the NSZ (zone G in Fig. 4). Fig-

ure 4d displays a magnified image of Ni3Si precipi-

tates as well.

Nevertheless, it is interesting to note that the

microstructure of the NSZ of the water-cooled spec-

imen (T-10-W) and that of the furnace-cooled TLP (T-

10-F) bond are markedly different. According to

Fig. 3, the NSZ of T-10-W exhibits a cellular structure

containing tiny constituents, whereas the NSZ of

T-10-F displays the formation of some large and

bulky compounds (Fig. 4). Based on the EDS results

of the areas shown in Fig. 3, it can be deduced that a

c-Ni solid solution phase (zone B: light dendritic

regions) and Ni-rich boride compounds (zone C:

dark, blocky, and dendritic regions) exist in the NSZ

of T-10-W. Once the rapid water-cooling cycle star-

ted, the c-Ni nuclei formed and then grew on the

melt/ISZ interface. However, the growth of these

nuclei was hindered due to the high cooling rate in

water, which explains why the c-Ni solid solution

particles in the NSZ of the T-10-W sample are smaller

in size when compared to their furnace-cooled

counterparts. It should be noted that while EDS

analysis fails to detect boron in the phases formed in

NSZ, it can be used to confirm the formation of bor-

ide compounds in this region. The following explains

the rationale behind this assumption: the Ni–B phase

diagram indicates that boron has almost no solubility

Figure 1 Schematic diagram of the fixture used to measure shear

strength.

Table 2 Bonding conditions and codes of joints

Sample Temperature (�C) Time (min) Cooling environment

T-10-W 1050 10 Water

T-45-W 1050 45 Water

T-10-F 1050 10 Furnace

T-45-F 1050 45 Furnace

J Mater Sci (2022) 57:4383–4398 4387



in nickel [32], meaning that during the growth of the

c-Ni phase in the NSZ, the rejection of boron into the

liquid phase occurred and increased the boron con-

tent of the remaining melt. Accordingly, the remain-

ing molten phase solidified, and the micron-sized Ni-

rich borides and c-nickel solid solution formed. Fur-

thermore, the insignificant amount of silicon in the

NSZ compounds of T-10-W (approximately 1.5 wt%)

is insufficient for silicide phases to precipitate, which

indicates that only boride phases could form within

the NSZ of T-10-W and that there was no possibility

for the formation of silicide compounds. Moreover, it

was concluded that silicon has dissolved in the c-
nickel solid solution (and not boride compounds)

since it has no solubility in borides either [33].

Unlike the NSZ of the furnace-cooled sample (T-10-

F), no Cr-rich boride was detected in the NSZ of the

water-cooled bond (T-10-W). The absence of Cr-rich

borides in the water-cooled bond was attributed to

the rapid solidification process used for this

Figure 2 Optical micrographs of a AISI 304 stainless steel and b UNS S32750 super duplex stainless steel. The c and d denote austenite

and ferrite phases, respectively.

Figure 3 a, b Microstructures of the T-10-W and T-45-W, respectively; c, d SEM images of the bonding zone of T-10-W.
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specimen. It has been well documented that the for-

mation of Cr-rich boride compounds occurs as the

result of the growth of Ni-rich borides and the sub-

sequent rejection of chromium into the remaining

melt [22, 27, 30]. By comparing the size of the Ni-rich

borides in the NSZ of T-10-W and T-10-F TLP bonds,

it is then inferred that the rapid solidification asso-

ciated with the water-cooling regime impeded the

growth of the Ni-rich borides, as well as the rejection

of chromium. Therefore, it is reasonable to conclude

that the Cr-rich borides did not form in the NSZ of

the T-10-W joint.

Another important difference between the NSZs of

T-10-W and T-10-F (Figs. 3d, 4d, respectively) is the

absence of Ni3Si precipitates in the former. It has

been reported that during the slow cooling process,

such as furnace cooling, Ni3Si deposition occurs in

the c-Ni matrix through a solid-state phase transfor-

mation due to the difference between the solubility of

silicon in nickel at high bonding temperature (around

8 wt% at 1050 �C) and room temperature (approxi-

mately 4 wt%) [32]. The microstructural analysis of

the T-10-W sample confirms that the Ni3Si was absent

in the water-cooled bond. Furthermore, the EDS

Figure 4 a, b Optical micrographs of the T-10-F and T-45-F, respectively. c, d SEM images of the bonding zone of T-10-F. A magnified

SEM image of the area G is presented in the top-right corner of (d).

Table 3 Chemical

composition of various areas

marked in Figs. 3 and 4

Zone Element (wt%) Proposed phases

Ni Cr Si Fe Mo

Water-cooled A 70.6 8.73 2.52 14.04 4.11 c-Ni solid solution (in ISZ)

B 68.21 10.85 6.21 12.73 2 c-Ni solid solution (in NSZ)

C 84.56 6.35 1.49 6.1 1.5 Ni-rich boride

Furnace-cooled D 74.14 10.05 8.37 3.33 4.11 c-Ni solid solution (in ISZ)

E 86.69 5.59 2.21 5.51 – Ni-rich boride compounds

F 11.00 75.33 1.73 4.03 7.91 Cr-rich boride compounds

G 78.59 5.31 3.75 8.87 3.48 Ni3Si precipitate
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results of zone B in Fig. 3 suggest that the silicon

content of the c-Ni phase of the NSZ of T-10-W (6.21

wt%) is comparatively higher than the room tem-

perature solubility of silicon in nickel (4 wt%). Con-

sidering no Ni3Si precipitated in this region, it can be

readily concluded that the c-Ni solid solution phase

in the NSZ of T-10-W is supersaturated.

The primary objective of performing the TLP

bonding process is to reach a eutectic-free joint. In

this work, the isothermal solidification completion

was attained at a holding time of 45 min. The

microstructures of fully isothermally solidified bonds

in T-45-W and T-45-F samples are presented in

Figs. 3b and 4b, respectively. The ISZs of both joints

have a similar microstructure and chemical compo-

sition. This similarity is linked to the nature of the

isothermal solidification phenomenon itself, meaning

that it is not affected by changing the cooling rate at

all. The c-Ni solid phase is the only phase found in

the ISZs of both bonds (Table 3).

Moreover, the completion of isothermal solidifica-

tion is accompanied by the precipitation of some

micro-constituents in the areas adjacent to the inter-

layer/base material interface [17]. These regions are

named diffusion-affected zone (DAZ) and can impair

the mechanical properties of TLP bonds due to con-

taining detrimental, brittle, and hard precipitations

[34, 35].

As it was mentioned, the DAZs in TLP bonds are

believed to be the direct result of the diffusion of

MPD elements (boron and silicon in this study) into

parent materials at a constant bonding temperature.

This is confirmed since the intermetallic constituents

are also present in the DAZs of the water-cooled

samples (T-10-W and T-45-W). In a previous study,

we have already demonstrated that in the furnace-

cooled samples, Cr–Fe-rich borides and carb-borides

formed in the DAZ of AISI 304 SS, whereas the DAZ

of UNS S32750 SDSS consisted of borides of various

elements (Ni, Fe, Cr, and Mo) and boron nitride [22].

Figure 5 displays the FE-SEM microstructures of

the DAZ of the T-45-W sample, and Table 4 sum-

marizes the EDS results of the regions marked in

Fig. 5. High chromium and iron contents in zone H

and high amounts of chromium, iron, and nickel in

zone I suggest that Cr–Fe-rich borides and Cr–Fe–Ni-

rich borides formed in these regions, respectively.

Further, the considerable amounts of chromium and

molybdenum in zone J confirm the presence of Cr–

Mo-rich boride compounds.

The high proportion of boron, nitrogen, chromium,

and iron in zone K indicates that there are Cr–Fe-rich

borides and boron nitrides in this zone. It should be

noted that UNS S32750 SDSS contains nitrogen,

which is a strong boride-forming element [28].

Therefore, the formation of boron nitride in the DAZ

of SDSS can be explained based on this thermody-

namic fact that boron nitride has lower Gibbs free

energy than other carbides and nitrides [28]. How-

ever, the formation of nitride compounds is highly

likely to be limited due to the low amount of nitrogen

of UNS S32750 SDSS.

As shown in Fig. 5b, the DAZ of AISI 304 SS of the

T-45-W sample consists of different types of com-

pounds with blocky and needle-like morphologies.

As per the EDS analysis in Table 4, Cr–Fe-rich borides

and Cr–Fe-rich carbo-borides formed in the DAZ of

AISI 304 SS. A relatively high carbon content in AISI

304 SS (0.07 wt%), as well as the diffusion of boron

into AISI 304 SS, promoted the formation of carbo-

boride compounds in the AISI 304 SS side. It needs to

be considered that when boron diffuses into the AISI

304 SS base metal, the solubility of carbon in the alloy

will drop, which can result in the formation of the

carbo- or carbo-boride compounds [36].

The bar chart in Fig. 6 compares the average size of

the DAZs of all bonded samples. In both water-

cooled and furnace-cooled joints, the size of DAZ of

AISI 304 is markedly larger than that observed for the

UNS S32750 SDSS. This disparity is because boron

diffuses at a higher rate in AISI 304 SS than it does in

UNS S32750 SDSS [22]. Moreover, the width of DAZ

is inextricably linked to the length of the bonding

time since longer holding times allow higher

amounts of boron to travel in the farther areas within

the base metals. This, in effect, results in the forma-

tion of more boride-based compounds in wider areas

of the base metals, hence the larger DAZs. According

to Fig. 6, the difference between the sizes of the DAZs

of SDSS in all joints is negligible, even though the

DAZs of the AISI 304 SS of the furnace-cooled joints

are wider. This difference is attributed to the slow

cooling rate of the furnace-cooling regime. As

explained, at the holding temperature, isothermal

solidification and diffusion of alloying elements in

the parent alloys simultaneously began and then

proceeded. However, while the former ceased once

the cooling process started, the latter uninterruptedly

continued in the furnace-cooling sample; as a result,
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more participates, i.e., a wider DAZ, formed in the

base metals.

Effect of cooling conditions on the base
materials

One of the main problems of the TLP process is that

the base metals can be negatively affected during the

heating or cooling cycles. Therefore, after the TLP

process, the microstructures of the base metals were

investigated. Figure 7a, b shows the microstructure

of UNS S32750 SDSS of the TLP samples cooled in the

furnace. As can be seen, the slow furnace-cooling

treatment (cooling rate: approximately 0.1 �C s-1)

has disturbed the austenite-ferrite balance and has

pronouncedly changed the microstructure of UNS

S32750 SDSS, in which only the d–delta ferrite and c–
gamma austenite phases existed initially (Fig. 2b).

The d–delta ferrite and c–gamma austenite phases

(light blue and light brown regions, respectively) can

be seen in the microstructure of duplex super stain-

less steel of all TLP joints (Fig. 7). However, it seems

that a markedly lower proportion of ferrite exists in

the furnace-cooled SDSS base metals when compared

to their water-cooled counterparts, while a new dark

brown/tan phase can be observed in the SDSS of the

T-45-F TLP joint (Fig. 7a, b). The volume fraction of

ferrite in the furnace-cooled SDSS is approximately

8%, notably lower than the alloy’s original ferrite

content (50%). This indicates that secondary

Figure 5 FE-SEM microstructures of a diffusion-affected zone of UNS S32750 super duplex stainless steel and b diffusion-affected zone

of AISI 304 stainless steel of the T-45-W joint.

Table 4 Chemical composition of the regions marked in Fig. 5

Zone Element (wt%) Proposed phases

B Ni Cr Si Fe Mo C N

H 21.26 17.15 28.46 0.24 27.24 2.19 – 3.46 Cr–Fe-rich borides

I 16.96 25.02 25.26 0.42 26.34 1.4 – 4.6 Fe–Cr–Ni-rich borides

J 40.89 4.54 25.64 0.98 8.39 19.56 – – Cr–Mo-rich borides

K 19.06 7.05 28.15 0.2 27.24 1.9 – 16.4 Cr–Fe-rich borides and boron nitride

L 25.47 12.84 25.43 0.31 15.33 0.88 19.74 – Cr-Fe-rich borides/carbo-borides

M 22.59 1.37 28.96 0.15 20.41 – 26.52 – Cr–Fe-rich borides/carbo-borides
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intermetallic phases, such as the r -phase and v
phase, have precipitated within the furnace-cooled

alloys [7, 23].

Figure 8 illustrates the equilibrium phase fraction

for UNS S32750 SDSS as a function of temperature

[37] and the calculated continuous-cooling-transfor-

mation (CCT) diagram of this alloy [13]. At a holding

Figure 6 Width of diffusion-

affected zones (DAZ) of

different TLP joints. W and F

denote water-cooled and

furnace-cooled regimes,

respectively.

Figure 7 Microstructures of a, b furnace-cooled and c, d water-cooled UNS S32750 super duplex stainless steel. The c, d, r, and c2
symbols denote the austenite, ferrite, sigma, and secondary austenite phases, respectively.
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temperature of 1050 �C, the d phase fraction should

be approximately 40% (Fig. 8a), which is near to the

initial ferrite content of the alloy. However, at the

temperature range below the bonding temperature

(\ 1000 �C), the phase balance will be disturbed, and

the secondary phases will precipitate in the d-ferrite
phase. Among these phases, the r phase is the most

notorious due to its highly deleterious effects on the

corrosion resistance and mechanical properties of

super duplex stainless steel alloys [13]. It has been

reported that this phase precipitates along the d/c
interphase boundaries and through the d ? r ? c
eutectoid phase transformation [38]. Furthermore, its

formation is likely to trigger the precipitation of the

secondary austenite phase (c2) as it causes the

depletion of the d-ferrite phase from the ferrite sta-

bilizer elements (such as chromium and molybde-

num). This eventually destabilizes the ferrite phase

and facilitates the ferrite transformation into the c2
phase. The c2 too is prone to corrosion due to its

inadequate chromium and molybdenum contents

[39].

• The CCT diagram (Fig. 8b) suggests that the

critical cooling rate for the formation of 1% r
phase in UNS S32750 SDSS is approximately

0.4 �C s-1, meaning the r phase (as the most

stable secondary phase in the temperature range

of 650–950 �C (Fig. 8a) [13]) was bound to form in

the furnace-cooled SDSS. The SEM microstructure

of the furnace-cooled SDSS is given in Fig. 9, and

the EDS results of the identified phases are listed

in Table 4. While the Ni-rich austenite phase

appears slightly lighter than the d-ferrite phase

[(Cr, Mo)-rich phase], the r phase [(Cr, Mo)-rich

phase] is strikingly lighter than both ferrite and

austenite phases. As it has been previously

reported in the literature, two different morpholo-

gies of the r phase can be identified in Fig. 9: the

blocky r phase, which precipitates at the d/c
phases interfaces, and the skeleton-like r phase,

which forms within the d-ferrite grains [39]. As

shown in Fig. 9, the c2 islands, which look darker

than other phases, can also be observed in the

adjacent areas of the skeleton-like r phase. This

observation confirms that the aforementioned

eutectoid phase transformation occurred during

the furnace cooling (Table 5).

In contrast, the SDSS of the water-cooled joint (T-

45-W) contained 41 ± 5% d-ferrite phase without

apparent secondary phase precipitation. Such a fer-

rite content in UNS S32750 SDSS is sufficient and

desirable to reach excellent mechanical performance

and corrosion resistance [7].

Figure 10 shows the optical microstructures of AISI

304 SS of the T-45-F and T-45-W TLP bonded speci-

mens. Grain growth is the most important issue that

has occurred in the AISI 304 SS side. The average

grain sizes of the furnace-cooled and water-cooled

AISI 304 SS alloys are 42 ± 4 and 35 ± 3 lm,

respectively. Due to its more prolonged exposure to

high temperatures, the furnace-cooled sample has a

greater grain size than the water-cooled one. Also,

some indications of abnormal grain growth, such as

the convex grain boundaries and markedly large

grains ([ 60 lm) [24], can be observed in the

Figure 8 a Thermodynamic calculation of equilibrium phase fraction for UNS S32750 super duplex stainless steel versus temperature

[37], and b the continuous-cooling-transformation (CCT) diagram of the alloy [13].
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microstructure of both furnace-cooled and water-

cooled AISI 304 SSs.

Mechanical evaluation

Figure 11 presents the microhardness profiles of the

samples. The maximum hardness value is approxi-

mately 525 Hv and was measured in the centers

(NSZs) of T-10-W and T-10-F joints, although the

former’s hardness was slightly higher. The high

hardness of the NSZs is attributed to the presence of

eutectic compounds, which tend to be hard and

brittle, in these zones. However, a rise in the holding

time caused the hardness figures of these regions to

plunge. This phenomenon is linked to the total dis-

appearance of the NSZ from these areas –– i.e., the

completion of the isothermal solidification. The fig-

ures for the samples containing complete ISZs (T-45-

W and T-45-F) are similar, approximately 300 Hv.

A noticeable reduction in hardness occurs by

moving away from the base metals/interlayer inter-

face toward the base materials. This is because the

boron diffusion, i.e., the formation of boride com-

pounds, will dwindle from the base metals/inter-

layer interface to the inner regions within the base

metals. The second highest hardness figure is around

450 Hv, roughly 1.5 as high as the hardness of the

DAZ on the AISI 304 SS side (approximately 315 Hv),

and was recorded in the DAZs of UNS S32750 SDSSs

of all TLP joints. The precipitation of the hard and

brittle borides in DAZs is responsible for the high

hardness values of these regions. It is worth noting

that despite the changes made in the cooling rate, the

hardness of ISZ and DAZ remained somewhat

unchanged primarily because these regions formed at

a constant temperature and thus were not affected by

a different cooling process.

According to Fig. 11, the SDSSs in the water-cooled

samples have a hardness of 320 ± 4 Hv, which is

significantly lower than the hardness of their furnace-

cooled counterparts (415 ± 5 Hv). This marked dif-

ference between the hardness of the furnace-cooled

and water-cooled SDSSs reinforces the formation and

presence of the hard secondary phases, particularly

the r phase, in the furnace-cooled SDSSs. The water-

Figure 9 SEM image of the furnace-cooled UNS S32750 super

duplex stainless steel of the T-45-F joint. The c, d, r, and c2
symbols denote austenite, ferrite, sigma, and secondary austenite

phases, respectively.

Table 5 Chemical composition of the phases marked in Fig. 9

Element Fe Cr Mo Ni Si

d Bal 24.025 6.64 4.86 1.55

c Bal 18.97 3.37 10.61 1.34

r Bal 26.2 8.41 3.86 1.52

c2 Bal 20.42 5.64 9.89 1.29

Figure 10 Optical microstructures of a the furnace-cooled and b the water-cooled AISI 304 stainless steels.

4394 J Mater Sci (2022) 57:4383–4398



cooled sample bonded at 1050 �C for 45 min (T-45-W)

exhibited the most uniform hardness profile among

all TLP joints; however, it did show some inconsis-

tency in its hardness profile caused by the high

hardness values of DAZs.

The impacts of the cooling regimes on the

mechanical properties of the bonds were studied

using shear testing. Figure 12 illustrates the results of

the shear tests for joints and base metals. As seen, the

shear strength of the TLP bonds notably varies

according to the holding time. The joint held at

1050 �C for 10 min with a furnace-cooling (T-10-F)

shows the lowest shear strength figure (301 MPa),

whereas the joint produced in the similar bonding

conditions but with a subsequent water cooling (T-

10-W) exhibits slightly better performance and a

strength of 332 MPa.

The formation of the brittle intermetallic com-

pounds in the NSZs of both T-10-W and T-10-F

samples accounts for their poor mechanical proper-

ties. These compounds are proven to act as potential

places for crack initiation and can significantly

reduce the strength of the TLP bonds [40]. Moreover,

a notable improvement in the strength of TLP joints

was achieved once the holding time increased to

45 min. Both T-45-W and T-45-F joints possess a shear

strength of approximately 380 MPa, which represents

around eight-tenth of the strength of the SDSS base

metal. The increased shear strength of these two is

primarily due to the complete removal of NSZ and

the isothermal solidification completion.

Conclusion

Dissimilar transient liquid phase (TLP) bonding of

UNS S32750 super duplex stainless steel/BNi-2/AISI

304 stainless steel was conducted at 1050 �C for 10

and 45 min. Once bonding was finished, the joints

underwent either furnace-cooling or water-cooling

treatments to study how different cooling rates affect

the joints’ microstructure and mechanical properties.

The followings are several conclusions drawn from

the present study:

1. In both furnace-cooled and water-cooled TLP

joints, a holding time of 45 min was sufficient for

the isothermal solidification to complete.

2. The joints held for 10 min consisted of three

regions: isothermal solidification zone (ISZ), non-

isothermal solidification zone (NSZ), and diffu-

sion-affected zone (DAZ).

3. Regardless of their holding times and cooling

conditions, all joints contained ISZ, whose only

phase was the c-Ni solid solution, and DAZs,

which mainly consisted of Fr–Cr–Ni–Mo-rich

borides.

4. Large Ni-rich and Cr-rich eutectic phases and

Ni3Si solid participates were detected in the NSZ

of the furnace-cooled joint, whereas the NSZ of

the water-cooled sample contained only minute

Ni-rich boride compounds and a c-Ni solid

solution phase.

Figure 11 Hardness profiles

of the TLP bonds fabricated at

1050 �C.
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5. Super duplex stainless steel of the furnace-cooled

samples was comprised of c-austenite, d-ferrite,
and r-sigma phases. On the other hand, c-
austenite and d-ferrite phases with an approxi-

mately 1:1 ratio existed in the water-cooled ones.

6. The average hardness of NSZ was approximately

525 Hv, whereas the hardness of ISZ was 300 Hv.

In all bonds, the DAZs of super duplex stainless

steel showed a greater hardness (450 Hv) than

those of austenitic stainless steel (315 Hv). In the

furnace-cooled samples, the hardness of super

duplex stainless steel was considerably high,

nearly 415 Hv, due to the r-sigma phase being

present in the microstructure. The hardness of the

super duplex stainless steels of the water-cooled

samples was equal and as high as that of the ISZs.

The joint bonded for 45 min with a subsequent

water-cooling regime showed the most homoge-

nous hardness profile.

7. With increasing time, the shear strength figures of

the TLP bonds improved, irrespective of their

cooling conditions. The samples bonded for

45 min possessed the highest shear strength

(approximately 380 MPa), having had complete

isothermal solidification zones.

8. To attain a sound joint between these alloys using

a BNi-2 interlayer and to minimize the possible

deterioration of the properties of alloys, it is

proposed that TLP bonding be performed at

1050 �C, for 45 min, and with subsequent water-

cooling treatment.
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