
JOURNAL OF MATERIALS SCIENCE 31 (1996) 345-349 

A microstructural investigation of NiAI/Ni-Si-B/NiAI 
transient liquid phase bonds 

W. F. GALE, S. V. OREL 
Materials Research and Education Center, Auburn University, Auburn, AL 36849, USA 

Microstructural development during transient liquid-phase bonding of cast polycrystalline 
near-stoichiometric NiAI (B2 compound, p-phase) was investigated using cross-sectional 
transmission electron microscopy. Bonds made using Ni-4.5 wt% Si-3.2 wt% B (AWS 
designation BNi-3) interlayers in the form of melt-spun foils were studied. Microstructural 
changes in the joint region and surrounding substrates were examined as a function of 
holding time at temperatures of 1065 and 1150°C. The transformation of the substrate 
I~-phase to L10-type martensite due to aluminium transfer to the joint has been discussed, 
and the formation of L12 type (7' structure) layers at the joint-substrate interfaces considered. 
The nature of the isothermal solidification process has also been discussed and the changes, 
with holding time at the bonding temperature, in the character of the residual eutectic 
examined. The formation of M23X6-type borides within both the joint and surrounding 
substrates was also considered. 

1. Introduction 
The B2-type intermetallic compound NiA1 (13-phase) 
has attracted considerable interest as a candidate 
material for high-temperature structural applications 
(e.g. [1-3] ). However, joining technologies appropri- 
ate to NiA1 will be required if this intermetallic is 
to achieve its full potential as a structural material 
[4]. Transient liquid-phase (TLP) bonding (e.g. ES, 6]) 
is compatible with the strong alumina-forming tend- 
ency and poor low-temperature ductility/toughness 
of NiA1. 

TLP bonding of NiA1 has formed the subject of 
a number of recent investigations (e.g. [7, 8]). These 
studies have considered the use of interlayer materials 
(such as pure nickel) that are suited to NiA1 NiA1 
joining, rather than joining of NiA1 to lower melting- 
point materials such as conventional nickel-base 
alloys. The present work represents part of an invest- 
igation of the joining of NiA1 to nickel-base alloys 
using Ni-4.5wt % Si 3.2wt % B interlayers (AWS 
designation BNi-3). The BNi-3 interlayers have a rela- 
tively low liquidus temperature of 1040°C [9] and 
Ni-Si-B-based materials are suitable for joining of 
nickel-base alloys El0]. 

The present paper reports microstructural develop- 
ment in NiAI-NiA1 bonds made with the BNi-3 inter- 
layer. The intention of the work was to provide 
a microstructural reference that can be used to aid 
understanding of microstructural development in rela- 
tively complex NiA1-Ni-base alloy joints. The paper 
considers both evolution of joint microstructures and 
the influence of the TLP bonding process on the 
surrounding NiA1 substrate material. 

2. Experimental procedure 
TLP bonds were prepared between near stoichiomet- 
ric cast NiA1 (Ni-48 at %A1) substrates with a grain 
size of around 150 gm. Prior to bonding, the substrate 
materials were homogenized at a temperature of 
1300°C for 50h. The TLP bonds employed 51 gm 
thick melt-spun interlayers of a Ni-4.5wt % Si- 
3.2wt % B alloy (AWS designation BNi-3). Bonding 
was conducted utilizing holding periods ranging be- 
tween 0 (heating only) and 72 h at temperatures of 
1065 and 1150°C under a 10 .4 mbar vacuum. Fur- 
ther details of bonding procedures may be found else- 
where [11]. 

Microstructural observations were made on cross- 
sectional samples using light microscopy (LM), scan- 
ning electron microscopy (SEM), and transmission 
electron microscopy (TEM) together with SEM- and 
TEM-based energy dispersive X-ray spectroscopy 
(EDS). Samples for LM and SEM were prepared 
by electrolytic etching at 3 V in a solution consisting 
of 30 vol % acetic acid, 30 vol % lactic acid, 20 vol % 
hydrochloric acid, 10 vol % nitric acid and 10 vol % 
distilled water. SEM examination was conducted 
using a JEOL 840 instrument operated at an acceler- 
ating voltage of 20 kV. TEM specimens were prepared 
by ion milling using argon ions generated using dual 
guns operating at 5 kV with gun currents of 500 pA 
per gun and gun-specimen angles of 15 °. TEM 
was conducted using a JEOL 1200 EX microscope 
operated at an accelerating voltage of 120 kV. SEM- 
and TEM-based EDS employed a Tracor-Northern 
5500 analyser attached to the JEOL 1200 EX and 
840 instruments. 
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3. Results and discussion 
Similar results were generally obtained with the 1065 
and 1150 °C bonding temperatures. In the discussion 
below, attention is concentrated on the 1065 °C bond- 
ing temperature and differences with the 1150°C 
bonding temperature are considered when present. 

In the absence of a substrate material [12], the 
BNi-3 foil examined in the present investigation 
solidifies to form a ?(Al-type phase, nominally nickel) 
plus Ni3B (cementite structured phase) eutectic mix- 
ture. Frequently, the y-phase component of the eutec- 
tic will contain NisSi (an L12-type phase that is iso- 
structural with Ni3A1) precipitates with a cuboidal 
morphology. These Ni3Si precipitates form a 
cube-cube orientation relationship to the ?-phase. 
Proeutectic y can be observed in some resolidified 
BNi-3 foils. 

In the present investigation, the resolidified liquid 
present in NiA1/BNi-3/NiA1 bonds given short hold- 
ing-times (e.g. 0-3 min) at a bonding temperature of 
1065 °C resembled that formed in the absence of a sub- 
strate. In these short holding-time bonds, the main 
effect of the presence of the NiA1 substrates was found 
to be the formation of a layer of ?' (L12-type phase) at 
the interface between each substrate and the resolidi- 
fled interlayer (the location of the 7' layers is shown 
schematically in Fig. 1). These 7' layers were found to 
be rich in both aluminium (originating from the sub- 
strates) and silicon (originating from the interlayer). 
The y' layers were found to consist of Nig(A1, Si) rather 
than distinct Ni3A1 and Ni3Si phases. 

The ?' layers were polycrystalline and consisted of 
columnar grains with boundaries oriented roughly 
perpendicular to the faying surfaces. The length of 
these columnar grains was typically around 2-5 gm. 
In general, the short axes of the columnar grains 
extended right across the ?' layer (which had a width 
of around 1 ~tm). The size of the columnar grains was 
far smaller than that of the NiA1 substrates (typically 
around 150 ~tm) and no orientation relationship was 
noted between the 7' layers and the substrate 13-phase. 
Isothermal solidification usually proceeds by epitaxial 
growth of the solid phase from the substrates into the 
joint. Furthermore, 13/?' orientation relationships of 
the Kurdjumov-Sachs type are observed in direction- 
ally solidified bulk intermetallics [13, 14]. Hence, the 

Figure 1 Schematic drawing showing the location of ?' and other 
mierostructural features present during the early stages of bonding. 
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absence of a 13/7' orientation relationship in the TLP 
bonds considered in the present investigation would 
seem to be more consistent with precipitation of the y' 
on cooling, rather than during isothermal solidification. 

In samples subjected to prolonged holding (e.g. 2 h 
and above) at a bonding temperature of 1065 °C the 
formation of ?' layers at the joint-substrate interfaces 
was no longer observed. The absence of the ?' layer 
correlated with the entry of sufficient aluminium into 
the joint to result in the formation of the 13-phase 
within the joint (as discussed below). 

Aluminium diffusion into the (initially aluminium- 
free) joint correlated with the formation of an alumi- 
nium-depleted zone in the NiA1 substrates immediate- 
ly adjacent to the joint (see [15] for detailed composi- 
tional profiles). In samples subjected to intermediate 
holding times, this aluminium depletion was sufficient 
to result in martensitic transformation of the substrate 
[3-phase. Llo-type martensitic layers with widths of 
around 5-10 gm were observed within the NiA1 sub- 
strates of bonds prepared using 2 h holding at 1065 °C. 
In contrast, martensite formation was not observed in 
samples subjected to either shorter or longer holding 
times (due respectively to a low extent of aluminium 
transfer from the substrate to the joint and removal of 
the aluminium-depleted zone by diffusion of alumi- 
nium from the bulk NiA1 substrates). In bonds pre- 
pared at 1150°C, aluminium transfer from the bulk 
substrates to the joint region was sufficiently rapid to 
prevent the formation of marked aluminium depleted 
zones. Hence, the formation of martensitic layers, 
within the ingrowing ]3-phase, was not observed in 
samples bonded at 1150°C. 

Aluminium diffusion from the NiA1 substrates into 
the joint was found to modify substantially the charac- 
ter of the eutectic formed in joints cooled back to 
room temperature before the completion of isother- 
mal solidification. At the nickel-rich end of the Ni-B 
binary system, the equilibrium boride phase is NiaB 
(e.g. [16]). However, an M23X6-type equilibrium 
phase with a nominal composition NizoA13B6 appears 
within the Ni-A1-B ternary system [17]. These cha- 
nges in equilibrium boride phase were mirrored in the 
NiA1/Ni-Si-B/NiA1 bonds. Similarly, as the alumi- 
nium content of the joint region increased with hold- 
ing time at the bonding temperature, a tendency was 
observed for the replacement of the ?-constituent of 
the eutectic by aluminium-rich phases. Thus, the fol- 
lowing sequence of eutectic microstructures was ob- 
served in samples cooled back to room temperature: 

1. a lamellar mixture of ? and Ni3B (Fig. 2), also 
some regions comprised of ? spheres contained within 
Ni3B blocks (initial condition); 

2. spherical ? and Ni3B in a matrix of M23X6, plus 
some regions consisting of angular Ni3B in M23X6 
(sample held for 20 min at 1065 °C); 

3. spherical Llo martensite deposits in an M23X6 
matrix (Figs 3 and 4; samples held for 120 min at 
1065 °C or 20 min at 1150°C); 

4. spherical [3-phase within an M23X6 matrix (sam- 
ples held for longer than 120 min at 1065 °C). 

In contrast, no evidence was found for the forma- 
tion of L12-type phases within the eutectic. 



Figure 2 Secondary electron image showing the 7 + Ni3B eutectic 
formed during the early stages of bonding (sample held for 20 rain at 
~o65 °c). 

Figure 4 Bright-field micrograph showing spheroidal Llo marten- 
site (produced by transformation of the [3-phase constituent of the 
eutectic) surrounded by M23X6 at the centre-line of a bond held for 
2 h at 1065 °C. 

Figure 3 Selected-area diffraction pattern (beam direction [1 1 0]M23x6 ) 
identifying M23X 6 borides at the centre-line of a bond held for 
20 min at 1150 °C. 

Isothermal solidification of the NiA1/Ni-Si-B/NiA1 
bonds proceeded by the epitaxial growth, into the 
joint, of the substrate [3-phase. Thus, the grain size of 
the ingrowing [3-phase was similar to that in the bulk 
NiA1 substrates. However, a tendency was observed 
for the formation of sub-grains within the ingrown 
[3-phase grains (as is shown schematically in Fig. 5). 
These subgrains were visible throughout the ingrown 
[3-phase. Nonetheless, it is unclear as to whether the 
exact point of first appearance of the sub-grains was 
at, or immediately behind, the growing [3-phase front. 
Typically the sub-grains had diameters of around 
10 gm or less and were separated by low-angle bound- 
aries generally with misorientations of less than 3 °. 

Markham [-18] has observed premature recrystal- 
lization of oxide dispersion strengthened (ODS) 
nickel-base alloy substrates surrounding boron-con- 
taining TLP  bonds. Markham suggested that, given 
that the boron atom is larger than the available inter- 
stitial sites in y-Ni, the boron flux emanating from the 
TLP  bonds stores sufficient strain energy in the y- 
phase to promote recrystallization. By analogy, a pos- 
sible explanation for the formation of the low-angle 
boundaries observed in the present work is boron- 
induced recovery of the [3-phase. However, it should 
be noted that the ODS materials investigated by Mar- 
kham were heavily cold-worked and hence had a large 

Figure 5 Schematic drawing showing the formation of low-angle 
[3-~3 boundaries within the ingrowing [3-phase and other features 
present during the later stages of bonding. 

initial driving force for recrystallization. In contrast, 
such a driving force was not present in the bonds 
investigated in the present work, which were isother- 
mally resolidified by epitaxial growth of p-phase from 
annealed NiA1 substrates. Thus, the origins of the 
apparent occurrence of a recovery-like process within 
the joint region of the NiA1-NiA1 bonds require fur- 
ther investigation. 

The holding time required to complete isothermal 
solidification of the NiA1/Ni-Si-B/NiA1 bonds varied 
markedly with lateral position in the joint. This varia- 
bility in isothermal solidification time correlated with 
the occurrence of a cellular mode of isothermal solidi- 
fication and, more particularly, with collection of 
liquid at [3 [3 boundaries of the ingrowing solid. The 
resulting formation of a non-planar isothermal solidi- 
fication front was of the greatest significance (with 
respect to the time taken to complete isothermal sol- 
idification) when the retarded regions of the solidifi- 
cation fronts growing from the two substrates hap- 
pened to coincide. In these coincident regions, isother- 
mal solidification was only completed after 72 h hold- 
ing at 1065 °C whereas the remainder of the joint was 
isothermally solidified after 21 h holding at 1065 °C. 

Precipitation of borides was observed within the 
[3-phase matrix of bo th  the isothermally resolidified 
portion of the joints and the substrates. Although the 
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extent of boride precipitation increased with holding 
time at the bonding temperature of 1065 or 1150°C, 
the character of the borides was similar under all 
conditions examined. The borides were found to be 
M2aX6-type phases (for which M was mostly nickel 
with traces of aluminium, and X may be presumed to 
represent boron). Regardless of the location of the 
M23X6 precipitation (i.e. within the eutectic, ingrown 
]3-phase or the substrates) the following orientation 
relationship was invariably observed between the 
13 and Mz3X6 phases: 

[001]~ [1 10]M23X6 

(1 00)~ (i 1 1)M=3X~ 

When M23X6 precipitated intragranularly, a poly- 
gonal morphology was typically observed. In general, 
the polygonal M23X 6 precipitates had diameters in 
the range 50-200 nm. M23X6 also precipitated on 13-[3 
boundaries (both low- and high-angle) with an angu- 
lar morphology. Commonly, these grain-boundary 
precipitates extended about 1 I-tm along the boundary 
and around 100 400nm into one of the adjacent 
(sub-) grains. 

In Ni/Ni Si-B/Ni joints, Gale and Wallach pre- 
viously provided experimental evidence for the forma- 
tion of NiaB- and M23X6-type borides at the bonding 
temperature after complete melting of the filler [19]. 
Direct evidence for the formation of Ni3B at the bond- 
ing temperature was obtained by correlation of hot- 
stage X-ray diffraction with room-temperature TEM. 
The volume fraction of M 2 3 X  6 was  insufficiently large 
to permit detection of this phase by X-ray diffraction. 
Instead (as is described below), indirect evidence was 
obtained for the formation of M z 3 X  6 at the bonding 
temperature. 

Extensive pinning of substrate (3,-phase) grain 
boundaries by M 2 3 X  6 was  observed following bond- 
ing in the Ni/Ni-Si-B/Ni system, thus implying that 
M 2 3 X  6 precipitates were present during a period of 
significant 3, grain growth. 

Thermal exposure during the heating and cooling 
stages was minimized by using high heating and cool- 
ing rates. Thus, conditions compatible with the occur- 
rence of grain growth were only present during hold- 
ing at the bonding temperature. Furthermore, the 
depth of the 3, grain-boundary pinning increased with 
holding time at the bonding temperature. Hence, the 
observation of pinning of the 3, grain boundaries by 
M z 3 X  6 indicates that this boride phase was present at 
the bonding temperature. Given that M 2 3 X  6 was  not 
detected in samples heated to the bonding temper- 
ature and immediately cooled back to room-temper- 
ature, M 2 3 X  6 could not have been formed during 
heating to the bonding temperature. Thus, the M 2 3 X  6 

would appear to have precipitated at the bonding 
t e m p e r a t u r e .  M z 3 X  6 precipitated in this fashion was 
confined to the nickel substrates and did not appear 
within the proeutectic 3,-Ni phase (the origins of this 
situation have been discussed in detail elsewhere 
[19]). 

In the present investigation of NiA1/Ni-Si-B/NiA1 
bonds, significant growth in the [3-phase grain size was 
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Figure 6 Secondary electron image showing residual eutectic and 
substrate borides in a bond held for 21 h at 1065 °C. 

observed after bonding. For example, after 21 h hold- 
ing at a bonding temperature of 1065 °C, the grain size 
in the substrate 13-phase had risen to about 200 l.tm, 
compared to around 150 I.tm before bonding. None- 
theless, despite the extensive presence of M23Xe on 
[3-grain boundaries in NiA1/Ni-Si-B/Ni bonds cooled 
back to room temperature, no evidence was found for 
pinning of the [3 grain boundaries by M z 3 X  6. Further- 
more, the extent of M23X6 precipitation in the [3-phase 
decreased in a uniform fashion with increasing dis- 
tance from the joint centre line. Hence, for example, in 
Fig. 6, no discontinuity is visible in the distribution of 
Ma3X6 corresponding to the interface between the 
substrate and ingrowing [3-phase. Thus, unlike 
Ni/Ni-Si-B/Ni joints, the distribution of M23X6 in 
NiA1/Ni-Si-B/NiA1 bonds is consistent with that ex- 
pected from the precipitation of M 2 3 X  6 o n  cooling to 
room temperature (for which boride precipitation 
should decrease in a uniform fashion with increasing 
distance from the boron source at the joint centre-line). 

4. Conclusions 
An investigation has been undertaken of microstruc- 
tural development in transient liquid-phase bonds in 
the NiA1/BNi-3/NiA1 system. This investigation has 
led to the following conclusions. 

1. A layer of Llz-type 3", containing both alumi- 
nium and silicon, was formed at the interface between 
the initially aluminium-free eutectic and the Ni-48 
at % A1 [3-phase substrates. The 3,' layer was not ori- 
entation related to either the substrate [3-phase or 
constituents of the eutectic and appeared to have 
precipitated during cooling from the bonding temper- 
ature. Aluminium diffusion from the bulk substrates 
to the joint during bonding prevented the formation of 
the 3" layer in isothermally resolidified samples. 

2. Depletion of aluminium from the NiA1 substra- 
tes by diffusion into the joint led to the formation 
of Llo-type martensite in the 13-phase surrounding 
the eutectic. An aluminium-depleted region, in which 
L10 martensite formation occurred, was only observed 
after intermediate bonding times (e.g. 2 h at 1065 °C) 
and not after longer or shorter holding periods. 

3. Transfer of aluminium from the bulk substrates 
resulted in changes, with holding time at the bonding 



temperature, in the nature of the eutectic produced on 
cooling. The following sequence of eutectic micro- 
structures was observed with increasing holding time 
at the bonding temperature: (1) 7-Ni plus Ni3B, (2) 
7-Ni with Ni3B and M23X6, (3) Llo martensite plus 
M23X6, and (4) 13-phase with M2aX6. 

4. Isothermal solidification of the NiA1/Ni-Si B/ 
NiA1 joints occurred by the epitaxial growth of nickel- 
rich 13-phase into the joint. However, a tendency was 
observed for the formation of sub-grains within the 
epitaxially ingrown [3-phase. 

5. M23X6 precipitation was observed both within 
the substrate [3-phase surrounding the joints and in 
the isothermally resolidified portion of the bonds. The 
observed distribution of M23X6 was consistent with 
precipitation of this phase on cooling from the bond- 
ing temperature. 
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