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Effects of boron addition on a melt-spun 
Ni-base superalloy 
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Melt spinning of a nickel-base superalloy containing various amounts of boron up to 
3.0 wt % has been carried out to explore the potential of extended boride alloyability 
through rapid solidification. More specifically, the melt-spinning castability, ribbon- 
solidification microstructure and heat-treatment precipitation were studied as a function 
of boron concentration by using analytical electron microscopy and a number of 
other techniques. Special attention was given to the boride structure, chemistry and 
thermal stability. The microstructural observations were then correlated to the ribbon 
bend ductility tested in as-cast and annealed conditions. On the basis of the present 
results, future investigation of superalloys using the rapid solidification process and the 
boride alloying concept is discussed. 

1. Introduction 
Fine boride particles are capable of strengthening 
nickel-base superalloys [1, 2]. The degree of boride 
alloying has however been very limited, since boron 
tends to segregate during solidification and form 
blocky borides at cell or grain boundaries. Large 
boride particles not only lose the strengthening 
potency but frequently cause strain localization 
and consequently suboptimal mechanical proper- 
ties. Boron redistribution during solidification thus 
imposes practical restrictions to the extent of 
boride alloyability. 

Solidification at a high cooling rate, on the other 
hand, refines microstructure and reduces the 
latitude as well as the magnitude of boron segre- 
gation. Rapid solidification can therefore produce 
fine boride particles (albeit still in interdendritic 
and grain boundary regions) and in effect increase 
the boride-alloying tolerance. More drastic 
extensions of the boride-alloying domain can be 
achieved when the cooling rate is sufficiently high 
(>104Ksec  -1) to produce metastable phases 
without boron segregation. In nickel-base alloys, 
both a homogeneous solid solution phase super- 
saturated with up to 4at% boron [3] and an 
amorphous phase containing more than 10at% 
boron [4, 5] have been reported. Unique properties 

might be developed if abundant boride particles, 
with favourable size scale, distribution and stability, 
could be precipitated by heat treatments [6-8] .  

The present paper reports on our preliminary 
investigation of boride dispersion in nickel-base 
superalloys using the rapid solidification, melt- 
spinning process [9-11].  In particular, a high- 
strength superalloy was chosen as the base com- 
position, into which various amounts of boron 
were added to change the solidification and 
precipitation behaviour. The formation, distri- 
bution and thermal stability of the boride phase 
were investigated by using transmission electron 
microscopy. These microstructural results were 
then correlated to the ribbon-bend ductility in 
the as-cast and annealed states. A specific aim of 
the present investigation was to demonstrate the 
capability as well as the limitation of the rapid 
solidification processing in the development of 
superalloys modified by boron. 

2. Experimental details 
The base superalloy studied has a nominal com- 
position as in Table I. The gamma-prime fraction 
is about 30% and the concentrations of the prime 
carbide- and boride-forming elements are typical 
of most superalloys. Ribbons of the base alloy and 
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TABLE I Nominal composition of the base superaUoy 
studied (wt %) 

Ni Co Cr A1 Ti Nb W Re C B 

balance 14.0 17.0 1.75 3.5 0.65 8.0 2.0 0.02 0.01 

its variations with boron levels of 0.75, 1.45 and 
3.0wt% were fabricated by the melt-spinning 
technique in ambient air. The casting conditions 
were typically 2 x 104 Pa for the ejection pressure, 
1420~ for the melt temperature at ejection, 
0.38mm for the crucible-to-wheel gap, 0.64mm 
for the nozzle breadth, and 15 m sec -1 for the 
wheel surface speed. The melting temperature of 
the base composition listed in Table I is about 
1350~ The ribbons obtained were approxi- 
mately 1.25cm wide and 40#m thick. The 
ribbon cross-sections were studied by optical 
metallography, the ribbon bottom-surface top- 
ography by microscopy using the Normarsky- 
interference contrast, and the ribbon top surface 
by scanning electron microscopy (SEM). These 
observations yielded information about the 
solidification structure and the ribbon-wheel 
contact characteristics. Transmission electron 
microscopy (TEM) examinations of the ribbon 
microstructures were made on samples electro- 
lytically thinned in a solution of 20% perchloric 
acid in methanol. Differential scanning calorimetry 
(DSC) and X-ray diffraction (XRD) were per- 
formed on the ribbons to determine the ribbon 
structure and phase stability as influenced by 
boron content. Boride particles, after being 
extracted from ribbons in the solution of 5% 
Br2 or 7% HC1 in methanol, were studied by X-ray 
diffraction and energy-dispersive X-ray spec- 
trometry (EDS) to determine their structure and 
chemistry. Finally, the ribbon ductility was tested 
by bending [12]. 

3. Results and discussion 
3.1. Ribbon formability 
The base superalloy under study was in general dif- 
ficult to cast into a clean ribbon in air. Unaccept- 
able oxidation of the ribbon surfaces frequently 
occurred, particularly at the beginning of each 
casting run when the casting-wheel surface was 
relatively cold. The ribbon oxidation seemed to 
result from the sticking distance of the ribbon on 
the casting surface not being long enough to 
provide adequate secondary cooling. According to 
our observations, a ribbon of the base composition 

tended to separate from the wheel surface red-hot, 
probably above 800 ~ C, and get oxidized while 
flying in ambient air. An addition of 0.75wt% 
boron did not increase the ribbon castability 
significantly. Additions of boron greater than 
1.0wt % to the base alloy, however, improved the 
air castability so drastically that little oxidation of 
the ribbons occurred. The ribbon-to-wheel sticking 
distance was observed to increase when the boron 
additions were greater than 1.0wt%, but the 
contact patterns [13] on the wheel-side surfaces 
of the ribbons fail to show any evidence of 
improved metal-wheel contact (Fig. 1). In fact, 
the base-alloy ribbon shows near-perfect contact 
with the wheel in regions between extended air 
pockets (Fig. l a) while the ribbon of the alloy 
containing 3.0wt% boron shows uniform but 
poor contact with the wheel (Fig. Ib). 

According to the above contact-patter n study, 
the beneficial effect of boron on the ribbon cast- 
ability cannot be totally attributed to its 
modification of the liquid-metal fluidity or surface 
tension, which might influence the melt-wheel 
contact characteristics. Nor can the improved 
ribbon castabflity be considered as a result of 
reduction in oxidation at the underside of the melt 
puddle as mentioned in [10], since boron cannot 
be expected to prevent oxidation. Instead, it should 
be largely attributed to boron's effect on the 
thermal properties of the melt and the thermo- 
dynamics and kinetics of the solidification process. 
More specifically, boron te0ds to decrease the 
melting temperature of the alloy. Also, when the 
boron addition is sufficiently hlgh, an amorphous 
phase will form in a second-order transition which 
involves no latent heat [14]. Both of the above 
should make the ribbon solidification and cooling 
easy and prevent ribbon oxidation. 

3.2. Ribbon solidification microstructures 
The solidification structure developed in ribbons 
can most conveniently be studied on the ribbon 
top surface where liquid metal is "decanted" 
when the solidified layer is spun away from the 
melt puddle. Fig. 2 compares the ribbon top- 
surface structure as influenced }~y the boron 
content. For the base alloy, which contains 
only a trace amount of boron, the surface 
dendrites are about 1/an in length, and only a 
few ternary branches are visible (Fig. 2a). Although 
the ribbon surface appears to have the (100) tex- 
ture, judging from the branching symmetry, the 
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Figure I The melt-to-wheel con- 
tact patterns observed on the 
wheel-side surfaces of the air- 
cast ribbons of (a) the base 
superalloy and (b) the base 
alloy plus 3.0 wt % boron. The 
castings were in the horizontal 
direction. 

(100)  dendritic crystals tend to have rotation 
mismatches with neighbours. A detailed study 
[11] has shown that the dendrites are, in fact, 
formed by independent nucleations and that 
every dendrite constitutes a separate grain. When 
the boron content is increased to 0.75 wt %, the 
(100)  dendritic structure is still maintained 
(Fig. 2b). The dendrites are about 2 gm in length, 
and they tend to be more intricately branched, 
having a ternary branch spacing of  ~ 0.2~tm as 
compared with ~ 0.5 ~m in the low-boron ribbon. 
Furthermore, some neighb0uring dendrites of  
similar orientation seem (o group together, forming 
large grains surrounded by the heavily segregated 
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boundaries. The enlarged grains as outlined by the 
dark boundaries in Fig. 2b are about 5/~m in 
diameter. When boron is further increased to 
beyond 1.0 wt %, the dendritic structure no longer 
exists (Fig. 2c). Instead, the ribbon becomes 
essentially structureless, decorated only by some 
unidentified surface striations. 

A comparison of  the ribbon cross-sectional 
structure dramatizes the effect of  boron on the 
ribbon solidification (Fig. 3). As shown in Fig. 3a, 
a segregated crystalline structure develops when 
B < l . O w t % .  Here, the solidification crystals 
nucleated at the wheel-side surface and at first 
grew unidirectionally toward the ribbon top 



Figure 2 The "decanted" solidification structure on the 
top surfaces of superalloy ribbons having boron concen- 
trations of (a) 0.01 wt%, (b) 0.75wt% and (c) 3.0wt %. 

surface in a cellular morphology, before a transition 
to the branched dendritic morphology beyond the 
centre of the ribbon thickness. Small additions of 
boron refine the structural size-scale. When 
the boron content is increased to the range 
B > 1.0 wt %, a planar-front solidification must 
occur, since the resultant ribbon structure is 
uniform without obvious segregation (Fig. 3b). 

The microstructures of the superalloy ribbons 
containing various amounts of boron were furthex 
investigated at high magnifications by transmission 
electron microscopy. For B<~l.0wt%, boride 
particles precipitate essentially in the interdendritic 
regions (Figs. 4a and b). Apparently, boron has 
segregated during the solidification process. The 
size, as well as the quantity, of the borides increases 
with increasing boron content, the boride diameter 
being ~ 0.01 gm in the base-alloy ribbon (Fig. 4a) 
and ~ 0.1/~m in the ribbon containing 0.75 wt % 
boron (Fig. 4b). Figs. 4a and b also show the 
refinement of the dendritic structure as observed 
in Figs. 2a and b. The "u precipitates were not 
resolved with the magnifications used, even though 
the superlattice diffraction spots are detected. The 

~,' precipitates are thus estimated to be less than 
5 nm. For B > 1.0wt %, the as-cast ribbons show a 
homogeneous structure containing small precipi- 
tates of less than 20rim (Fig. 4c). Electron dif- 
fraction studies further show that the precipitates 
are nickel-base solid solution particles embedded 
in an amorphous matrix. This corroborates the 
X-ray diffraction result of Fig. 5 that there are 
diffraction peaks of a crystalline nickel phase over- 
lapping with the broadened diffraction background 
due to the presence of an amorphous phase. Boron 
is believed to be entrapped during the nonequilib- 
rium plane-front solidification, which results in the 
amorphous phase without boride precipitation. 

The above results on the rapidly solidified 
microstructures show no evidence of entrapment 
of boron in a metastable solid solution phase as 
reported in the binary Ni-B case [3]. Even for the 
base composition studied, having boron of 
0.01wt% (Table I), boride particles formed in 
melt-spun ribbons (Fig. 4a). Perhaps this is because 
of the presence of constituents such as chromium, 
titanium and tungsten which promote the forma- 
tion of boride, When boron content was increased 
beyond 1.0wt %, an amorphous phase was pro- 
duced (Fig. 4c), in agreement with the results on 
the Ni-B system [4] and the more complex Ni- 
and Fe-base alloys [6, 7]. It is worth while noting 
here that the observed formation of an amorphous 
phase above the 1.0 wt % boron level is accompanied 
by a change in the ribbon castability described in 
Section 3.1. As discussed previously, the transition 
of solidification structure at 1.0 wt % boron is not 
completely due to the improvement in solidification 
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Figure 3 The cross-section micro- 
graphs of superalloy ribbons 
containing (a) 0.01 wt% and (b) 
3.0 wt % of boron. The wheel- 
side surface is shown at bottom. 

heat transfer as implied by the prolonged ribbon- 
to-wheel sticking. Instead, a sufficient amount of 
boron such as 1.0wt% might affect the solidifi- 
cation kinetics profoundly so that the crystalline 
arrangement of atoms to occur at the solid- 
liquid interface is avoided in the rapid solidification 
process [15]. Boron has been well known for its 
promotion of amorphous phases [4, 16]. 

3.3. Annealed  micros t ruc tu re  
The ribbon of the base alloy with 0.75 wt % boron 
addition was annealed at 760~ for 24h. The 
resultant structure as in Fig. 6 shows a uniform 
distribution of coherent 7' precipitation about 
0.03 pm in diameter. Compared with Fig. 4b, the 
intercellular boride particles remain about 0.1 prn 
in diameter without significant coarsening. Neither 
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the cell size nor the Cell morphology is affected 
by this low-temperature anneal. When the ribbon 
is annealed at 900~ for 1 h, the resulting 7' 
precipitates are about 0.5/~m in diameter, and 
the boride particles coarsen to about 0.2pm in 
diameter, agglomerating to the cell-boundary 
triple points. Coarsening of the cell structure 
seems to just begin, perhaps made easy by the 
redistribution of the cell-boundary boride particles. 

The differential scanning calorimetry study 
revealed two low-temperature reactions (at 

460 ~ C and ~ 600 ~ C) in those ribbons contain- 
ing B >  1.0wt% (Fig. 7). The specific reaction 
temperatures vary slightly with boron con- 
centration, but both reactions are absent in ribbons 
containing B < 1.0 wt %. After annealing at 
460 ~ C for 1 h, the ribbon with 3.0wt % boron 



Figure 4 TEM microstructures in superalloy ribbons 
containing (a) 0.01 wt %, (b) 0.75 wt %, and (c) 1.45 wt % 
of boron. 

exhibits a microstructure similar to Fig. 4c. How- 
ever, it generates electron diffraction rings addit- 
ional to those from the nickel solution particles, 
indicating the possible precipitation of  borides 
from the as-cast amorphous matrix. Annealing 

the ribbon at 600~ for 1 h precipitates no 
additional new phase. The nickel and boride 
particles enlarge slightly to about 20 nm, and the 
matrix phase remains homogeneous with no 
development of  grain structure. Annealing at 
900~ for 1 h produces a microcrystalline struc- 
ture having uniform grains approximately 0.2 pm 
in diameter (Fig. 8). There is no obvious precipi- 
tation of  3" phase within grains. Boride particles 
of  about 0.1 #m precipitate at the grain boundary 
triple points. This equiaxed microstructure 
stabilized by boride is similar to that observed in 
devitrified nickel- and iron-base alloys [6, 7]. The 
energy dispersive spectra of  the boride particles 
show high chromium plus less amounts of  tungsten, 
nickel, cobalt and titanium. This element distri- 
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Figure 5 An X-ray diffraction pattern 
showing the coexistence of a crystal- 
line phase (diffraction peaks) and an 
amorphous phase (the broadened dif 
fraction background) in the as-casl 
superalloy ribbon containing 1.45 wl % 
boron. 
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Figure 6 Microstructure in the 
superaUoy ribbon containing 
0.75 wt % boron, annealed at 
760 ~ C for 24 h. 

bution was confirmed by EDS after chemical 
extraction of the boride phase. A Guinier X-ray 
diffraction pattern was also obtained from the 
extracted boride powder. The diffraction lines 
tend to be too diffuse for a precise phase identifi- 
cation, but they seem to suggest the M23B6 boride. 

Why no ordered 7' precipitation is observable 
in the annealed high-boron ribbons(Fig. 8) is not 
completely understood. The 7'-forming elements 
such as aluminium and titanium may participate 
in the boride formation so that their concentrations 
in the bulk are reduced to within their solid- 
solution limits. The boride chemistry analyses, 
however, showed only a small amount of titanium 
and little of aluminium. Alternatively, the 3' 

phase may coarsen to the size of the microcrystal- 
line grains. Our microchemistry and electron- 
diffraction results were not sufficient to substan- 
tiate the latter hypothesis. 

3 . 4 .  R i b b o n  d u c t i l i t y  

The ribbon ductility can be conveniently tested by 
bending to fracture. The fracture strain, e, is given 
by e = h/(D + h), where h is the ribbon thickness 
and D is the bend diameter at which the ribbon 
fractures [12]. The test results (Table II) show 
that the ductility of the as-cast ribbons decreases 
with increasing boron content up to B = 1.45 wt %. 
A further increase in boron to B = 3 . 0 w t %  
improves the ductility, presumably due to the 
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Figure 7 The differential scanning calor- 
imetry curves for superalloy ribbons 
containing various levels of boron. 



Figure8 Microstructure in the super- 
alloy ribbon containing 3.0 wt % boron, 
annealed at 900 ~ C for 1 h. 

resultant increase in the amount of  the amorphous 
phase [4, 17]. After annealing at 900~ for 1 h, 
the ribbon of  0 .75wt % boron becomes ductile. 
Ribbons o f  higher boron concentrations, however, 
become further embrittled after the same anneal. 

The above bend-test results on the devitrified 
ribbons are contrary to those of  [6, 7, 18], which 
showed some ductility improvements when an 
amorphous structure containing less than 2 w t %  
boron was transformed to a microcrystalline 
structure. The specific reason for the discrepancy 
is uncertain. Both the geometry and the size scale 
of  the grains after the devitrification anneal as 
shown in Fig. 8 are quite similar to other studies 
[6; 7]. The aluminium added in the present alloy 
to form the ordered gamma-prime phase cannot 

TABLE II Ribbon bend-fracture strain 

Composition Strain to Strain to 
bend-fracture, bend-fracture, 
as cast 900 ~ C for 1 h 

Base superalloy 1 * 
+ 0.75 wt % boron 0.03 
+ 1.45 wt % boron 0.01 
+ 3.0 wt % boron 0.04 

1" 
0.004 
0.006 

*Bent 180 degrees without fracture. 

be expected to embrittle the rNbon, unless it 
forms oxides on the ribbon surfaces. Finally, the 
boride phase found in the present study seems to 
be of  the Ma3B 6 type, which was reported to be a 
brittle phase [19]. On the other hand, the 
formation of  the M3B2 boride which is known for 
its ductilizing and strengthening effects [1, 2] was 
reported in [7]. At this time, we feel the control 
of  the boride phase is important to the ribbon 
ductility. 

4. Conclusions 
Boron additions to a Ni-base superalloy have 
been investigated with regard to their effects on 
ribbon castability as well as on ribbon structure 
and ductility, as-cast and annealed. In all aspects 
investigated, drastic modifications attributable to 
the boron addition are observed, particularly when 
B > 1.0 wt %. More specifically, boron improves 
the ribbon cooling, and when B > 1 wt % then a 
continuous ribbon can be readily cast in air with- 
out excess surface oxidation. Boron also refines 
the dendritic structure and changes the solidifi- 
cation kinetics, and when B >  l w t %  then a 
mixture of microcrystalline and amorphous phases 
can be obtained. TEM studies further show that 
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the high-boron ribbons contain small particles, 
< 2 0 n m  in diameter, of Ni-base solidi-solution 
embedded in an amorphous matrix. Annealing the 
ribbons at 600~ for 1 h precipitates uniform 
borides smaller than 10nm. Annealing at 900~ 
for 1 h produces 0.2/am microcrystalline cells, 
which are decorated with cell-boundary precipi- 
tation of 0.1/am borides. Also, after the 900~ 
anneal, the brittle ribbons of B > 1.0 wt % become 
further embrittled, giving bend fracture strains less 
than 0.01. The ribbon of 0.75wt% boron might 
become ductile after the same anneal, but the 
boride phase as well as the grain size tends to 
coarsen. The boride phase found is of the M23B 6 

type. Future study of  the boride-dispersed super- 
alloys by rapid solidification will be directed to 
the formation o f  a stable boride in alloys con- 
taining less than ~bom 0.5 wt % boron. 
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