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Abstract

New advanced braze alloys for the fast epitaxial repair
of cracks in components made of single crystalline nickel
based superalloys have been developed. Recent experi-
ments with nickel-manganese based systems have demon-
strated that these alloys provide a fast epitaxial solidifi-
cation even of wide gaps in the range of 300µm, due to
the high solubility of manganese in nickel. Furthermore,
silicon was found as a suitable additional melting point
depressing element which allows to restrict the amount of
manganese. Now these braze alloys have been enhanced
in order to obtain better high temperature stability as
well as appropriate corrosion behavior. The melting be-
havior of the new braze alloys was simulated by Ther-
moCalc, whereby special focus was on a high γ’ solvus
temperature combined with a beneficial melting behavior.
The enhanced alloy Ni-25Mn-5Cr-3Al-3Ti was found to
be suitable for fast epitaxial solidification. Several braz-
ing experiments were carried out. Since a microstructure
similar to that of the base material is aspired, subsequent
to the brazing cycle different heat treatments were ap-
plied. A heat treatment consisting of a solution anneal-
ing followed by a precipitation hardening, produced a mi-
crostructure which was very similar to that within the
base material.

Introduction

Nowadays, turbine components in aircraft engines as well
as in stationary gas turbines are frequently made of nickel
based superalloys, since these materials provide a good
high temperature durability [1–6]. However, due to the
high costs of superalloy components repair of damaged
components instead of complete exchange is of special
economical interest. The most common damages are
cracks. However, weldability of cracks in components
from nickel based superalloys is limited since the coef-

ficients of thermal expansion of the γ and γ’ phase are
very different resulting in internal stresses [7]. Therefore,
the most common technology of filling cracks is the repair
by high temperature diffusion brazing [3, 4, 6, 7]. This
repair technology is characterized by the use of a braze
alloy, similar to the base material, which is enhanced by a
fast diffusing melting point depressant like boron and/or
silicon inducing solidification by diffusion into the base
material [3, 7–11]. Due to the high stresses in turbine
components, the primary purpose of healing is to produce
a single crystalline microstructure within the brazed gap
which means that an epitaxial solidification is achieved.

Epitaxial solidification of braze joints has been demon-
strated within several publications. The most serious
problem of the current technologies are the very long hold
times that are necessary, since the solidification is diffu-
sion controlled [4, 12–16]. However, silicon and boron
have a very low solubility in the nickel matrix, hence, a
complete diffusion out of the braze gap is essential for
isothermal solidification. If the particular solubility is ex-
ceeded during solidification, brittle borides and silicides
precipitate which lead to nucleation sites for equiaxed
grains. The solidification then terminates with an eutec-
tic reaction, resulting in a polycrystalline microstructure
with brittle phases in the center of the braze gap.

In [16] an ideal brazing temperature was found which is
a compromise between high diffusivity at increased tem-
peratures and remelting of the substrate surface which is
less pronounced at lower temperatures. A coherence be-
tween hold time at the ideal temperature (1423K) and
epitaxial solidified gap width was deduced from several
brazing experiments with boron containing braze alloys.
Based on the results of [16], for 300µm wide gaps a hold
time of about 50 h can be predicted.

In contrast, nickel-manganese based braze alloys devel-
oped within recent work, allow a complete epitaxial solid-
ification of gaps of the same width within 10min which is
300 times faster (Fig. 1 (a)) [17]. The advantage of these
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Figure 1: Ternary system Ni-25Mn-2Si: Light microscope
image of the brazed gap (300µm), prepared with V2A
etchant [17]

new systems is the complete miscibility down to relatively
low temperatures. Therefore, solidification is not diffu-
sion controlled but temperature driven. Since manganese
as melting point depressant is not as effective as boron
or silicon, high amounts of manganese are necessary to
provide a suitable melting interval. To limit the fraction
of manganese, small amounts of silicon were added as
second melting point depressant, whereby detraction of
the epitaxial solidification could be observed. All brazed
samples were examined by means of light and scanning
electron microscopy, particularly EBSD analysis (Fig. 2).
Misorientation measurements confirmed complete epitax-
ial solidification, a misorientation of 8° has not been ex-
ceeded. Altogether, one binary and two ternary alloys
such as Ni-36.7Mn, Ni-20Mn-2Si and Ni-25Mn-2Si (frac-
tions in wt.-%), were found to be suitable for wide gap
brazing of single crystalline nickel based superalloys.

(a) SEM image: Parallel gap,
300µm

(b) 〈001〉 pole figure

Figure 2: Ni-20Mn-2Si, EBSD analysis: SEM image with
corresponding 〈001〉 pole figure

With regard to an appropriate high temperature sta-
bility as well as a sufficient oxidation and corrosion be-
havior, aluminium and chromium are very important el-
ements acting as γ solid solution hardeners, oxide film
formers (Al2O3, Cr2O3) and γ’ formers (Al) [18]. Thus,
the binary and ternary nickel-manganese based systems

were enhanced by these two elements. Furthermore, ti-
tanium was found as suitable substitutional element for
Si. Thermodynamic simulations were carried out to find
compositions with a beneficial melting behavior, i. e., a
liquidus temperature in the range of 1273K as well as a
solidius temperature of about 1473K. Several heat treat-
ments were conducted in order to produce a microstruc-
ture with a γ/γ’ morphology which is similar to that
within the base material. Additionally, microhardness
measurements were carried out within the gaps brazed
with the enhanced system compared to those gaps brazed
with the ternary system Ni-20Mn-2Si.

Thermodynamic Simulations

In this work thermodynamic simulations were conducted
by means of ThermoCalc, Version TCR and the database
TTNi7, particularly developed for nickel based superal-
loys. Quasi binary phase diagrams based on the ternary
Ni-25Mn-2Si were calculated (Fig. 3): Firstly Cr and Al
were added, afterwards, Si was replaced by Ti. The plot-
ted phase boundaries mark the appearance and disap-
pearance of the phases which form with decreasing tem-
peratures. For example: The liquidus line is labeled by
the precipitation of the γ phase (in case of high amounts
of Al, the first solid phase is NiAl, Fig. 3 (a)). The solidus
line is marked by the disappearance of the liquid phase
(L). Following the simulations, in all silicon containing
systems the G-Phase precipitated during cooling. This
phase could also be observed within the ternary Ni-Mn-
Si systems and was identified as a cubic intermetallic
Ni16Si7Mn6 [17, 19]. However, this phase could not be
detected by means of light microscopy and SEM within
the brazed gaps, therefore, either the prediction of the G-
Phase in the simulations is not correct, or its precipitation
morphology is very fine.

The quasi binary phase diagrams show that Al as well
as Cr do not significantly influence the melting interval.
As Al exceeds 4wt.-%, the formation of the NiAl phase
whose precipitation results in lower amounts of γ’, is pre-
dicted. Additionally, the melting interval is widened by
the addition of Al which leads to lower solidus temper-
atures. Thus, the Al fraction was restricted to 3wt.-%
(Fig. 3 (a)). The addition of Cr to the ternary Ni-Mn-Si
system causes that the γ’ precipitation is shifted to lower
temperatures (Fig. 3 (b)). Therefore, with regard to a
good high temperature durability requiring high amounts
of γ’, high fractions of Cr are not useful. In (Fig. 3 (c))
3wt.-% of Al were fixed, whereby the amount of Cr was
varied between 0 and 10wt.-%. As Al stabilizes γ’, the
corresponding solvus line is shifted to higher tempera-

252



008

009

0001

0011

0021

0031

0041

0051

0061

0 2 4 6 8 01
Al  /wt.-%

γ '

NiAl
γ

γ

G-PhaseL

Te
m

pe
ra

tu
re

  /
K

(a) Ni-25Mn-2Si: Tempera-
ture versus fraction of Al

006
007
008
009
0001
0011
0021
0031
0041
0051
0061

0 5 01 51

L

γ '

G-Phase

γ

Te
m

pe
ra

tu
re

  /
K

Cr  /wt.-%

γ

(b) Ni-25Mn-2Si: Tempera-
ture versus fraction of Cr

008

009

0001

0011

0021

0031

0041

0051

0061

0 2 4 6 8 01

 
 
 
 
 
 

γ '

G-Phase

γ

L

Te
m

pe
ra

tu
re

  /
K

γ

Cr  /wt.-%

(c) Ni-25Mn-2Si-3Al: Temper-
ature versus fraction of Cr

008

009

0001

0011

0021

0031

0041

0051

0061

0 1 2 3 4 5

 
 
 
 
 

NiAl

γ
L

Te
m

pe
ra

tu
re

  /
K

Ti  /wt.-%

γ '

γ

(d) Ni-25Mn-5Cr-3Al: Tem-
perature versus fraction of Ti

Figure 3: Quasi binary phase diagrams based on the
ternary Ni-25Mn-2Si system; addition of Cr, Al and re-
placement of Si by Ti, simulated with ThermoCalc, Ver-
sion TCR

tures. In order to avoid the formation of NiAl and, fur-
thermore, to obtain a high amount of γ’, the Al and Cr
fraction were fixed at 3wt.-% and 5wt.-%, respectively.
However, since Al as well as Cr stabilize the G-phase
(Figs. 3 (a), (b)), the addition of both elements results in
very high precipitation temperatures of the intermetallic.
It is formed previous to γ’ and thus, reduces the amount
of γ’. Therefore, as second melting point depressant Ti
was selected instead of Si (Fig. 3 (d)), since Ti has several
further advanteageous effects: The melting interval is nar-
rowed, γ’ is stabilized and, furthermore, the wettability
is improved [17].

As result from the thermodynamic simulations the alloy
Ni-25Mn-5Cr-3Al-3Ti was selected for the brazing exper-
iments, due to its beneficial melting behavior and high γ’
precipitation temperature. The corresponding calculated
phase transformation temperatures are listed in Tab. 1.
Previous to the experiments a kinetic simulation was car-
ried out to examine the completely diffusion controlled
solidification compared to complete equilibrium assumed
one.

Experiments

Brazing Experiments

Brazing experiments were conducted with the help of par-
allel gap samples (Fig. 4) which were fabricated from a
single crystalline nickel based superalloy with the fol-
lowing composition (in wt.-%): Ni-7.5Co-7.0Cr-1.5Mo-
5.0W-6.5Ta-6.2Al-3.0Re. The samples were prepared
from 1.9mm thick sheets using a cutting machine with
a 300µm thick blade. Since crack formation within tur-
bine components normally occurs perpendicular to the
〈001〉 direction of the single crystal, the cutting direction
is also perpendicular to 〈001〉.

◄

◄ 0.3 ◄

◄ 0.25

Figure 4: Geometry of the braze gap specimens: Parallel
gap, 300µm

For producing the selected alloy a vacuum arc furnace
was used, whereby a small lens with a weight of about
10 g was melted. Afterwards, calorimetric analysis (Net-
zschDSC 404C Pegasus©) was conducted to measure the
liquidus and solidus temperatures as well as the γ’ precip-
itation temperature (Tab. 1). The heating curve, which
was used for evaluation, is depicted in Fig. 5. Three peaks
can be observed. According to DIN51005, as solidus and
liquidus temperatures the intersection of tangents at the
rising and falling slopes (peak No. 3) with the extrapo-
lated base line were read off. As γ’ precipitation temper-
ature the falling edge of the second peak was regarded
to allow a compatibility with the thermodynamic simu-
lations in which γ’ is the second precipitating phase. In
the calorimetric measurements this temperature is char-
acterized by a completed phase transformation, therefore,
the corresponding falling edge of the DSC curve has to be
taken into account. For the first peak no corresponding
phase formation was calculated by the simulations. Fur-
ther research has to be undertaken to reveal the corre-
sponding phase transformation occuring within this tem-
perature range.

The results from the DSC measurements are listed
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in Tab. 1 in comparison to the calculated temperatures.
Moreover, the deviation between calorimetric measure-
ment and simulation is specified. It can be seen, that
all calculated temperatures, particularly the γ’ precipi-
tation temperature, are very low. This is in agreement
to simulations calculated for the binary and ternary Ni-
Mn based systems [17]. Probably, the high amount of
manganese causes this relatively high deviation, since a
database which was specially developed for nickel based
superalloys, has been used. However, Mn as alloying ele-
ment in these alloys is very unusual.
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Figure 5: DSC heating curve for the selected braze alloy

Table 1: Solidus, liquidus and γ’ precipitation temper-
atures as well as melting interval (in K) of the selected
braze alloy (Ni25Mn-5Cr-3Al-3Ti), simulated with Ther-
moCalc, Version TCR and measured by DSC; in the third
column the deviations are listed

DSC TCR ∆DSC,TCR

TL 1462 1418 44
TS 1392 1375 17
∆TSL 70 43 27
Tγ′ 1330 1219 111

Subsequent to DSC measurements several brazing ex-
periments were conducted. The melted braze alloy lens
was cut into thin bars and, after cleaning, applied on the
ultrasonically cleaned parallel gap samples. Afterwards,
three different brazing cycles were carried out in a vacuum
furnace (Fig. 6). In each cycle the first step was heating to
1273K with a temperature gradient of 10K/min. After a
hold time of 10min for homogenization the samples were
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Figure 6: Different brazing cycles

Table 2: Characterizing temperatures (brazing tempera-
ture TB, final temperature TF, time tBF between TB and
TF and heat treatment of the three selected brazing cycles

TB /K TF /K tBF /h Heat treatment

1 1483 1273 5 -
2 1473 1153 1 2 h at 1153K
3 1483 1153 1 1 h at 1353K,

2 h at 1123K

heated with 30K/min to brazing temperature TB which
was hold for 30min. Brazing temperature was chosen
20K above the liquidus temperature (DSC: 1462K) pro-
viding complete melting to avoid nucleation sites for stray
grains. The further temperatures characterizing the three
brazing cycles, are listed in Tab. 2. TB of the first cycle
was 1483K, whereby for cycles 2 and 3 TB was reduced
by 10K to 1473K to avoid γ’ coarsening in the base ma-
terial. The time tBF between the brazing temperature
TB and the final temperature TF which denotes the end
of the brazing cycle, varied between 5 h and 1 h. With
exception of the first cycle, subsequent to the particular
brazing cycle different heat treatments were applied in
order to produce a γ/γ’ morphology similar that of the
base material: During the second cycle a precipitation
hardening at 1153K was conducted, within the third cy-
cle a solution annealing was followed by a precipitation
hardening.
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Results

For light microscopic analysis all brazed samples were
ground and polished, afterwards two etchants were used
for preparation: V2A etchant (200ml distilled water,
200ml hydrochlorid acid (37%), 20ml nitric acid (65%),
0.6ml Vogel-Sparbeize (proprietary product of Buehler
company)) for the visualization of grain boundaries, and
molybdenum acid etchant (100ml distilled water, 3 g
molybdenum acid, 100ml hydrochloric acid (37%), 20ml
nitric acid (65%)) for the analysis of the γ/γ’ microstruc-
ture. The results are depicted in Figs. 7-9. Within the

(a) Complete gap, V2A etchant (b) Complete gap, molybdenum
acid etchant

(c) Bonding zone, molybdenum
acid etchant

(d) Braze gap center, molybde-
num acid etchant

Figure 7: Cycle 1: Light microscope images of the brazed
gaps prepared with V2A and molybdenum acid etchant

braze gaps prepared with V2A etchant, no grain bound-
aries are visible (Figs. 7 (a), 8 (a), 9 (a)). Therefore,
it is concluded that complete epitaxial solidification was
achieved using the enhanced alloy system Ni-25Mn-5Cr-
3Al-3Ti. However, due to the three different brazing cy-
cles varying braze results were produced. In the second
and the third brazing cycle a faster cooling was applied,
hence, a dendritic growth can be observed (Figs. 8 (b), 9
(b)). In the center of the gap brazed according to cycle 2,
a second phase has precipitated, whereby a preferential
direction diagonal to the 〈001〉 direction can be observed
(Figs. 8 (a), (d)).

The preparation with molybdenum acid etchant visu-
alizes the γ/γ’ microstructure. However, the etching be-

(a) Complete gap, V2A etchant (b) Complete gap, molybdenum
acid etchant

(c) Bonding zone, molybdenum
acid etchant

(d) Braze gap center, molybde-
num acid etchant

Figure 8: Cycle 2: Light microscope images of the brazed
gaps prepared with V2A and molybdenum acid etchant

(a) Complete gap, V2A etchant (b) Complete gap, molybdenum
acid etchant

(c) Bonding zone, molybdenum
acid etchant

(d) Braze gap center, molybde-
num acid etchant

Figure 9: Cycle 3: Light microscope images of the brazed
gaps prepared with V2A and molybdenum acid etchant

havior is different from that of commercial nickel based
superalloys: Usually, the γ’ phase is dissolved out of the
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Figure 10: Base material after brazing according to cycle
3, prepared with molybdenum acid etchant

γ matrix, in this case, in the light microscope pictures the
γ’ precipitations appear as bright phase, the surrounding
γ matrix appears dark. Probably, the different compo-
sitions of the two phases within the braze alloy cause a
different etching behavior.

Obviously, the γ/γ’ microstructure produced by the
first cycle is relatively coarse, however, the γ’ precipita-
tions become smaller in the center of the braze gap. Fur-
thermore, within the gaps brazed according to the first
cycle, long ’pearl cord like’ γ’ precipitations are visible
whose quantity decrease within the gaps brazed accord-
ing to the other cycles. Moreover, the microstructure is
finer within those gaps.

In addition to the analysis by means of light mi-
croscopy, scanning electron microscopy (SEM) combined
with energy dispersive X-ray spectroscopy (EDX) was
carried out; on the one hand, in order to allow a closer
look on the microstructure, on the other hand, to ver-
ify the bright precipitations as γ’ phase (Fig. 11). The
analyzed samples were also prepared with molybdenum
acid etchant; in all figures the braze gap orientation is
the same as in Fig. 12-14.

Within the gap brazed according to the first cycle,
a bidisperse structure is visible which consists of large
round and small plate-shaped precipitations within a dark
appearing matrix (Fig. 11 (a), (b)). EDX ana-lysis which
was examined on the large bright phases as well as on
the dark areas, revealed that the bright precipitations
are Al-, Ti- and Ni-rich, whereby within the dark ma-
trix higher amounts of Cr and Mn were detected. With
regard to the typical distribution coefficients of those ele-
ments within nickel based superalloys [18], it is concluded
that the bright precipitations correspond to the γ’ phase,
whereby the dark areas are the γ matrix. The exact iden-
tification of the bright plate-shaped phases has not yet
been successful due to their fine precipitation morphol-

(a) Cycle 1: gap center (b) Cycle 1: Gap center

(c) Cycle 2: Gap center (d) Cycle 2: Gap center

(e) Cycle 3: Gap center (f) Cycle 3: Gap boundary
(base material right)

Figure 11: SEM images of the brazed gaps prepared with
molybdenum acid etchant

ogy. The gap brazed according to the second cycle shows
a finer γ/γ’ morphology (Fig. 11 (c), (d)). In this case,
the fine bright plates within the γ matrix are also visi-
ble, however, their amount seems to be lower compared
to the first cycle. In Fig. 11 (e), a very fine morphology
was achieved by the solution annealing and the following
precipitation hardening. Compared to the base material
where a mean γ’ diameter of about 0.7µm was measured
(Fig. 10), the γ’ precipitations in this case are finer (about
0.25µm). Moreover, the amount of γ’ seems to be higher
than within the other gaps, however, the γ’ precipitations
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become larger within the boundary zone of the braze gap
(Fig. 11 (f)).

In order to detect the crystallographic orientation dis-
tribution within the brazed gaps, electron backscatter
diffraction (EBSD) analysis was carried out. All EBSD
results were visualized by orientation maps, misorienta-
tion profiles and pole figures (Figs. 12-14). For the orien-
tation maps the inverse pole figure coloring (IPF) was
used, whereby the reference direction was the sample
x-axis. The corresponding color legend is depicted in
Fig. 15. The misorientation profiles were measured per-
pendicular to the gap, labeled by a black line. All profiles
were plotted relative to the first point which was chosen in
each case on the left boundary within the base material.

As pole figures the 〈001〉 direction was plotted which
means that the break-through points of the 〈001〉 direc-
tions are projected onto the equatorial plane of a pro-
jection globe. In case of a single crystalline orientation,
three discrete projection points have to be visible in the
pole figure; polycrystalline materials produce statistically
distributed points. In this case, the primary orientation
〈001〉 is parallel to the x-axis, the gap is perpendicular to
this, therefore, all projection points should lie on the axes
of the pole figure coordinate system. However, since the
secondary orientations are not fixed, the position of the
corresponding break-through points can be distributed
over the whole y-z-plane; in the 〈001〉 pole figures no exact
y-position is fixed.

The misorientation profiles show that the maximum
misorientation measured relative to the first point is in
the range of 5° (Fig. 14 (d)). Small orientation differences
are also visible in the IPF coloring within the orientation
maps. Large angle grain boundaries with an orientation
difference exceeding 10° [16] are marked by black lines.
However, no real grain boundaries are visible within the
IPF maps (in Fig 12 (b), a carbide has been detected). All
pole figures show three discrete projection areas. With
exception of Fig. 13(c), each pole figure shows a small
rotation of the projection points. Obviously, small ori-
entation deviations of the 〈001〉 from the sample x-axis
direction are at hand. However, for the analysis of epi-
taxial solidification the exact sample orientation is not
essential. Altogether, it is concluded from the results of
EBSD analysis that complete epitaxial solidification by
use of the enhanced alloy system was successful in any
brazing cycle.

Discussion

In conventional transient liquid phase bonding (TLP)
technologies usually boron and/or silicon are used as

(a) SEM-image (b) orientation map, IPF color-
ing

(c) 〈001〉 pole figure

 0

 0.5

 1

 1.5

 2

 2.5

 3

 0  100  200  300  400  500  600

M
iso

rie
nt

at
io

n 
 /

de
g

Distance  /μm

(d) misorientation profile, relative
to first point

Figure 12: Cycle 1

(a) SEM-image (b) orientation map, IPF color-
ing

(c) 〈001〉 pole figure
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Figure 13: Cycle 2

melting point depressants [7, 16]. Elements such as phos-
phorus, hafnium and zirconium are also possible to lower
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(a) SEM-image (b) orientation map, IPF color-
ing

(c) 〈001〉 pole figure
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Figure 14: Cycle 3

Figure 15: Inverse pole figure legend

the melting point in nickel based materials, however, the
use of these elements is of lesser extent [16]. It is ob-
served that an epitaxial bridging of braze gaps in single
crystalline alloys can be achieved within long hold times
in the range of several hours in combination with high
temperatures. The braze microstructure in the gap is
similar to that of the base material consisting of γ’ cubes
in a γ matrix [7, 18]. Furthermore, a homogenization be-
tween filler and surrounding base material takes place. A
concentration of the melting point depressant below the
solubility boundary is assured.

Because of its high diffusivity in nickel, shortest braz-
ing times are achieved with boron containing filler alloys.
However, due to its poor solubility, insufficient hold times
lead to brittle secondary phases, serving as nucleation
sites for stray grains. In case of incomplete epitaxial
growth solidification is finished by an eutectic reaction

resulting in a multiphase and polycrystalline microstruc-
ture. High temperatures and long hold times cause a
coarsening of the base material with the result of deterio-
rating mechanical properties, specially the stress rupture
behavior is influenced [7, 18]. Altogether, the problem of
conventional TLP is, that either the base material looses
its mechanical properties or insufficient hold times involve
weak polycrystalline braze gaps [7].

In [17] Ni-Mn filler systems were developed which per-
mit solidification times being 100 times shorter than con-
ventional TLP technologies. This gives the possibility of
brazing even larger gaps in economically justifiable times.
This is primarily caused by the high solubility of man-
ganese in the solid γ phase and the low segregation ten-
dency to the liquid phase. In contrast to the eutectic Ni-B
system the Ni-Mn system is azeotropic. In the first case,
an incomplete diffusion of boron causes a solidification
ending with the final eutectic reaction. In the second case,
single phase solidification occurs even in case of very fast
quenching, no secondary phase can precipitate. For this
reason, epitaxial solidification can be accomplished within
very short times without nucleation of stray grains. How-
ever, the binary and ternary Ni-Mn systems developed in
[17], contain neither any γ’ formers nor elements provid-
ing a beneficial corrosion behavior. Therefore, in order
to produce a γ/γ’ microstructure similar to that of the
base material, in this work Cr and Al were added. The
second melting point depressant was replaced by Ti, since
Ti increases the wettability of the braze alloy and shifts
the γ’ solution to higher temperatures.

As first step, thermodynamic simulations were con-
ducted which revealed that the amount of Al has to be
restricted in order to avoid the formation of NiAl which
results in lower amounts of γ’. With regard to Cr, it was
found that the addition of Cr causes lower γ’ precipitation
temperatures. However, Cr is necessary as Cr2O3 former
and, therefore, as corrosion protecting element. As com-
promise 5wt.-% were selected; in order to compensate
the lower γ’ precipitation temperature, 3wt.% of Ti were
added. As result of the simulations, an alloy consisting
of Ni-25Mn-5Cr-3Al-3Ti, was chosen as system for the
following brazing experiments. The subsequent kinetic
simulation confirmed that the system is suitable for epi-
taxial solidification: No secondary phases were predicted
during solidification.

Within the experiments three different brazing cycles
were applied resulting in different microstructures. The
first cycle which consists of a 5 h lasting ramp between the
brazing temperature and the final temperature without
any heat treatment, produced a coarse γ’ morphology. In
addition to the γ and γ’ phase, a third one is visible which
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precipitated as small plates parallel and perpendicular to
the gap orientation. It is assumed that these fine precip-
itations are also part of the γ’ phase, since it is similar
to a typical bidisperse microstructure which can be ob-
served within γ’ hardened nickel based superalloys: After
cooling below the γ’ solvus temperature, relatively high
amounts of γ’ are formed [18]: On the one hand, coarse
particles, on the other hand very fine precipitations which
are called ’Cooling-γ’ ’. Within the microstructure which
is visible in Fig. 11 (b), the coarse particles were identified
as γ’. Since the fine precipitations show a similar etch-
ing behavior, it is assumed, that they belong to the same
phase.

In [18] it is described that the microstructure which
is formed during cooling below the γ’ solvus tempera-
ture, can be improved by an age hardening, typically at
1123K for 16 to 24 h. Within the second brazing cycle,
an age hardening at 1153K (177K below the γ’ solvus
temperature) for 2 h was attached. In case of γ’ hard-
ened superalloys, usually this heat treatment results in a
bidisperse microstructure: The fine primary γ’ growths,
furthermore, new nuclei are formed. Small secondary γ’
as well as coarser primary γ’ precipitations are at hand.
In Fig. 11 (d) this effect can also be observed. The num-
ber of the fine plates has decreased significantly, small
round precipitations are visible which are assumed to be
secondary γ’. Due to the faster cooling, the primary
γ’ precipitations are smaller than within the gap corre-
sponding to the first cycle. Probably, during a longer age
hardening the plate-shaped precipitations would dissolute
completely; only large round primary and small round
secondary precipitations would remain. Within the gap
brazed according to the second cycle, a further phase is
visible which forms diagonal to the gap direction (Fig. 8
(a), (d), 11 (c)). Within the etched sample analyzed by
means of SEM, this phase has also be dissolved, thus, for
identification another preparation has to be fabricated.

In case of the third brazing cycle, a heat treatment
which is typical for the superalloy CMSX-4 was attached:
Solution annealing at 1353K for 1 h, followed by a pre-
cipitation hardening for 2 h at 1123K [18]. With regard
to the phase transformation temperatures measured by
DSC, it is expected that the effect which is caused by this
heat treatment within the braze alloy is similar to that
in the base material although the hold times are very
short. Indeed, the microstructure within the braze gap
shows the typical morphology containing a high amount
of cubic-shaped γ’ within a γ matrix (Fig. 11 (e)). The
mean γ’ diameter is in the range of 0.25µm and, there-
fore, smaller than in the base material. Since too fine
γ’ precipitations usually cause a low creep strength [18],

a coarser γ/γ’ microstructure has to be adjusted. This
can be achieved by higher temperatures during precipita-
tion hardening [20]: Due to the faster diffusion at higher
temperatures, a faster growth of the γ’ nuclei is provided.

The second and the third brazing cycle induced den-
dritic solidification because the cooling rate was increased
compared to the first cycle (Figs. 8 (a), 9 (a)). It is con-
cluded that a change from planar to dendritic solidifica-
tion front took place, as it occurs during single crystalline
fabrication (Bridgman process) during sufficiently high
supercooling [18, 21]. In case of a dendritic structure, a
complete solution annealing is difficult: Because of con-
centration differences between the dendrite arms and the
interdendritic regions, varying amounts of γ’ precipitate.
The Ti-concentration within the dendrites is lower than
in-between, a lower γ’ fraction is precipitated which re-
sults in a lower γ’ solvus temperature. At the same time,
the solidus temperature within the interdendritic regions
is lower, due to the higher amount of Ti. Therefore, a full
solution annealing is not possible, since incipient melting
within the interdendritic regions occurs [18]. With regard
to the third cycle, the differences of the γ/γ’ microstruc-
ture within the dendrites and the interdendritic regions
still has to analyzed more accurately. However, since no
primary γ’ is visible within the gap, it is concluded that
the solution annealing at 1353K caused a complete γ’
solution. The concentration differences seem to be rel-
atively small, hence, the dendritic and interdendritic γ’
solvus temperature and the liquidus temperature do not
differ very much.

In addition to the precipitation morphology discussed
above, in all three cycles, some γ’ precipitations form
long cord-shaped precipitations. Although this is less pro-
nounced for the third cycle, their formation still has to be
examined and, where applicable, avoided by further heat
treatments.

All three cycles produced an epitaxially solidified braze
gap. The aim to produce a microstructure similar to that
of the base material, has almost been achieved. Further
mechanical experiments will be conducted in near future
to examine the high temperature stability of the brazed
gaps. However, obviously the epitaxial solidification by
use of Ni-Mn based systems seems to be relatively sta-
ble. The enhancement by Cr and Al did not influence
the epitaxial growth, therefore, it is expected, that the
change of the composition or the addition of further ele-
ments, if necessary, will not be a problem with regard to
the developed brazing technology.
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Conclusions

The epitaxial high temperature brazing of 300µm wide
gaps within very short brazing times, using an Ni-Mn
based alloy system which was enhanced by Cr, Al and
Ti, was demonstrated. The following conclusions can be
drawn:

1. The Ni-Mn based braze alloys which were identified
as suitable systems for the fast epitaxial high tem-
perature brazing of single crystalline nickel based su-
peralloys [17], were enhanced by Cr and Al; Si as
second melting point depressant was replaced by Ti.
In order to provide an appropriate high temperature
stability and a beneficial corrosion behavior, Cr and
Al were added as γ solution hardeners, oxide film
formers (Al2O3, Cr2O3) as well as γ’ formers (Al).
Ti was used to provide a good wettability combined
with a γ’ stabilizing effect.

2. By use of the enhanced system Ni-25Mn-5Cr-3Al-
3Ti (in wt.-%) a complete epitaxial solidification was
achieved by various brazing cycles. The process is
robust towards changes in temperatures control.

3. The solidification of the enhanced system is also not
diffusion controlled, hence, fast cooling is possible,
the necessary brazing are not longer than in case of
the binary ans ternary Ni-Mn based systems.

4. A solution annealing followed by a precipitation
hardening subsequent to the brazing cycle produced
a microstructure similar to that of the base material:
A high amount of cubic γ’ within the γ matrix.
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