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The Influence of Brazing Conditions on the 
Impact Strength of High-Temperature 

Brazed Joints 

Deformation behavior is strongly influenced by 
operating temperature 

BY E. LUGSCHEIDER AND H. KRAPPITZ 

ABSTRACT. Notch impact bending tests 
and supplementary investigations on six 
representative, high-temperature, braz
ing combinations show the relationship 
between the operating temperature and 
the ductility properties, as well as the 
correlation between the brazed joint 
microstructure and fracture behavior. A 
strong dependence of the toughness 
qualities on temperature was established. 
The origin of fracture formation and 
propagation mechanisms could further 
be interpreted as a result of microstruc
tural inhomogeneities. 

It became apparent that a prerequisite 
for ductile joint behavior is freedom from 
related hard phase bands in the brazed 
joint and a matching of elastic/plastic 
behavior in the brazed joint and base 
material. It thus follows that not only is 
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the optimal structural development 
required for a joint capable of deforma
tion, but also the elastic/plastic behavior 
of the whole system of filler metal and 
base metal must be considered. This 
leads to the demand for brazing alloys 
whose brazed joints match the proper
ties of the base materials with regard to 
the elastic moduli, plastic deformation 
behavior and increased strength fea
tures. 

Introduction 

The application of high-temperature 
brazed joints in both highly specialized 
and conventional industrial areas fre
quently requires not only high strength in 
static load, but also ductile behavior, to 
achieve high strength in dynamic load. 
Precious metal alloys, as well as nickel 
based alloys, are commonly used as filler 
metals. 

While the strength and ductility charac
teristics of the brazing alloys containing 
precious metals cannot generally be 
faulted, their high cost means that they 
are sometimes rejected in favor of nickel 

based brazing alloys when the application 
allows. In order to improve the flow 
behavior and to lower the melting tem
perature of the base element nickel, 
boron, silicon or phosphorus is added. 
The resulting formation of extremely hard 
phases, i.e., borides and silicides, may 
have an adverse effect on the ductility of 
the joint. 

Through recent systematic optimiza
tion of various high-temperature brazing 
combinations (Refs. 1-3), it is possible to 
obtain joints which are generally free of 
embrittling secondary phases when the 
optimized brazing variables (brazing time, 
temperature, gap width) are observed. 
Having established the strength proper
ties of these brazed joints, the next step 
in this study was to investigate their 
ductility behavior. 

Experimental Work 

Filler and Base Metals 

To investigate the ductility characteris
tics of high-temperature brazed joints, 
representative alloys were chosen from 
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Table 1—Chemical Composition and Characteristic Temperatures of the Investigated Filler 
Metals 

Brazing 
Alloy 

Au 
Chemical Composition 

Cr Fe Si B Ni 
% % % % % 

BNi-2 
BNi-5 
Au-6 20.5 

7 
19 
5.6 

3.0 4.5 3.1 rest 
10 rest 

2.3 3.4 2.3 rest 

Solid 
Temperature 
°C (°F) 

970 (1778) 
1080(1976) 
947 (1737) 

Liquid 
Temperature 
°C (°F) 

1000 (1832) 
1135 (2075) 
969 (1776) 

0.004 

0.003 

0.002-

0.001 -> 

100 

urn 

8 0 ^ 

1010 1040 
(1850) (1904) 

1065 1095 
11949) (2008) 

1120 
(2048) 

1150 
(2102) 

brazing temperature/ °C (°F) 

Fig. 1 — Dependence of maximum brazing joint clearance on brazing temperature and holding time 
for the BNi-2/lnconel 625 brazing system 
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Fig. 2—Structures of the examined brazed joints made with the brazing and heat treatment 
conditions shown in Table 2 

the groups of boron-containing, boron-
free and low-precious-metal-content 
nickel base filler metals, respectively. 
Thus, the AWS standardized filler metals 
BNi-2 and BNi-5 and the nonstandardized, 
gold-containing filler metal Au-6 (Ref. 4) 
were used. Table 1 shows the chemical 
composition of the investigated filler met
als and their characteristic temperatures. 
The filler metals were applied in powder 
form without a binder. 

For the base metal, austenitic stainless 
steel AISI 347 and Inconel 625 material 
were chosen. The niobium-stabilized AISI 
347 stainless steel is used for numerous 
parts in the building of chemical appara
tus, as well as in the food industry. The 
nickel base alloy Inconel 625, due to its 
high resistance to oxidizing and reducing 
medium, is widely used in the area of 
chemical process technology and in the 
aerospace and space industries. 

Brazing Conditions 

The dependence between microstruc
ture and brazing conditions of brazed 
joints was shown by the metallographic 
evaluation of specimens as described by 
Ref. 5. From the geometry of a wedge-
shaped joint clearance, the influence of 
root opening width on the formation of 
hard phases was established. These spec
imens were brazed at various tempera
tures and holding times. The metallurgical 
behavior of the brazed joint was ascer
tained from an evaluation of the speci
mens by metallographic methods, and by 
combining the individual evaluations into 
a filler metal/base metal characteristic. 
Figure 1 shows an example of a filler 
metal/base metal characteristic with 
regard to the brazing combination of 
Inconel 625 and BNi-2. At brazing joint 
clearances wider than the determined 
maximum brazing joint clearance, brittle 
phases occur. The maximum brazing joint 
clearance depends on brazing tempera
ture and holding time. In a similar way, 
the dependence of the maximum brazing 
joint clearance on the heat treatment 
applied can be shown. 

To obtain joints free of bands of con
nected hard phases, brazing cycles were 
found (Table 2) from an evaluation of 
filler metal/base metal characteristics. 
Brazing specimens were produced using 
optimum brazing variables obtained in 
this evaluation. Brazing was carried out in 
a resistance heated vacuum furnace at a 
pressure of 1.3 X 1CT4 mbar 
(9.75 X 10"5 torr). 

Brazed Joint Structures 

To examine the structure and phase 
composition of the joints, microsections 
were evaluated. Figure 2 shows typical 
structures of the examined brazed joints. 
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The transition zones of joints brazed with 
BNi-2 and Au-6 show boride precipita
tions, the intensity of which depends on 
the boron content of the filler metal and 
on the conditions of diffusion of this 
element in the base metal. 

Due to the lack of miscibility in the solid 
state of the nickel/gold system, a solid 
solution rich in gold appears in the nickel 
solid solution of the gold-containing 
brazed joint. This can be seen as a darker 
area in the brazed joint —Figs. 2B, E. The 
microhardness of this phase is in the same 
scale as that of the nickel solid solution. 

The joints of the austenitic base metal 
brazed with BNi-5 (Fig. 2C), however, 
show a light microscopic homogeneous 
structure in the brazed zone. Crystals 
grew out of the base metal into the 
brazed zone. With the established braz
ing conditions, a structure free of embrit
tling hard phases formed. 

The structure of the nickel base alloy 
Inconel 625, brazed with the filler metal 
BNi-5, has a completely different appear
ance. The grain boundaries of the brazed 
seam are covered throughout with sili
cides, resulting in brittle behavior of the 
joint —Fig. 2F. At the observed brazing 
temperatures and holding times, it was 
not possible to completely eliminate the 
silicides. 

The brazed zone may have a metallur
gical notch effect on the joint. This 
causes, depending on different elastic 
and plastic properties, a more or less 
acute, multi-axial state of stress, which 
has an embrittling effect (Ref. 6). 

As one method of estimating the notch 
effect of the brazed zone, hardness pat
terns were measured through the brazed 
joint as shown in Fig. 3. The microhard
ness was measured according to Vickers 
scale at a load of 0.5 N (HV 0.05). The 
boron-containing filler metals, BNi-2 and 
Au-6, showed an obvious increase in 
hardness in the transition zone, due to 
the inter- and transcristalline boride pre
cipitations. The hardness of these zones 
reach 1.8 times the hardness of the base 
metal. 

Brazed joints of the combination BNi-
5/AISl 347 show regular hardness results 
through the joint. As well as the homoge
neous structure, the small differences in 
hardness results indicate matching elastic 
and plastic behavior on the part of the 
elements making up the brazing combi
nation. 

The hardness measured in the brazed 
joints of BNi-5 and Inconel 625 also 
shows few differences, although the sili
cides occurring at the grain boundaries 
are, in this systematic graph, not taken 
into account because of their small size 
and irregular distribution through the 
cross-section of the brazed joint. Their 
hardness amounts to approximately 800 
HV 0.05, as determined by further mea-

Table 2—Brazing Cycles 

Base Brazing 
Material Alloy 

AISI 347 BNi-2 
BNi-5 
Au-6 

Inconel 625 BNi-2 
BNi-5 
Au-6 

Resulting from the Filler Metal/Base Metal Characteristics 

Brazing Holding 
Temperature Time, 
°C (°F) min 

1065 (1949) 10 
1190(2174) 10 
1020 (1868) 60 
1065 (1949) 10 
1150(2102) 10 
1060 (1940) 60 

Heat Treatment 
Temperature 
°C (°F) 

1000 (1832) 
1100(2012) 

-
1000 (1832) 
1100(2012) 

-

Duration of 
Heat Treatment, 

mm 

60 
60 

-
60 
60 

-
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Fig. 3 — Hardness patterns of the brazed joints examined 
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Fig. 5-Notch impact work/temperature graph for joints brazed with 
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surement of specimens of this brazing 
combination. 

In the joints BNi-5 and Inconel 625, the 
high hardness values of the base metal 
after completion of the brazing cycle are 
notable. This increase in hardness, that 
was always found in specimens which 
were brazed at high temperature, may 
be due to a beginning precipitation of the 
gamma-prime-phase Ni3Nb when passing 
through the 640°C (1183°F) range during 
the cooling of the furnace. In addition to 
the formation of silicides, the increase in 
hardness of the base metal has a negative 
effect on the ductility of the joint. 

The ductility properties were judged 
with the help of notch bend impact tests 
in connection with fractographic analysis 
of the fracture surfaces, as well as an 
examination of microtensile tests (using 
special tensile test equipment) in a scan
ning electron microscope. 

Notch Bend Impact Tests 

Influence of the Test Temperature 

Notch bend impact tests were con
ducted using a semicircular notch (DVM 
specimen). This type of notch had been 

found in earlier investigations (Ref. 7) to 
be the most suitable in evaluating the 
ductility of brazed joints. 

The dependence of ductility properties 
on the test temperature was established 
by notch impact energy/temperature 
graphs-Figs. 4-6. Each of the shown 
values is based on the evaluation of three 
to five samples. The notch impact test 
pieces which had a brazing clearance of 
25 nm (approx. 0.001 in.) were tested in a 
temperature range of -196°C (-320°F) 
to +600°C (1112°F) using an impact 
testing machine with a maximum working 
capacity of 300 ) (221 ft-lb). 

Samples of the two investigated base 
metals showed completely different 
behavior. While the toughness of the 
joints in austenitic stainless steel AISI 347 
has a strong dependence on the test 
temperature, this dependence was less 
severe in joints of the base metal Inconel 
625, and particularly in the Au-6/lnconel 
625 brazements. In the range between 
- 7 9 ° C (-110°F) and +600°C (1112°F), 
impact energy increased with the increas
ing temperature. With lower test temper
atures, a further decrease of notch 
impact energy was established. 

Joints made with the combination BNi-
5/lnconel 625 were brittle at all tested 
temperatures, therefore, the notch 
impact energy/temperature graph is not 
given. The silicides seen in the metallo-
graphical sample of the joint (Fig. 2F) lead 
to a notch impact energy of approxi
mately 3 ) (2.2 ft-lb) throughout the 
whole temperature range, thereby indi
cating the dominant influence of hard 
phases on the embrittlement of the 
joint. 

Joints of the base metal AISI 347 
brazed with BNi-5 which show a struc
ture free of hard phases have high values 
of notch impact energy in the entire 
temperature range. The temperature 
dependence of the test results was clear
ly revealed — Fig. 4. With test tempera
tures above room temperature, the joints 
are very ductile. The measured values 
reach the notch impact energy of 
unbrazed metal specimens, which range 
from 180 to 230 J (133 to 170 ft-lb). Test 
temperatures above 450°C (842°F) show 
a slight decrease of notch impact energy. 
This may be attributed to a decline in the 
deformation resistance of the base mate
rial as the temperature increased. Below 
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room temperature, the notch impact 
energy graph shows an obvious 
decrease. The fracture surface of tested 
specimens, however, even at these low 
temperatures, shows a considerably 
deformed honeycombed microstructure. 
An embrittlement of the nickel solid solu
tion caused by the temperature could not 
be found as expected, considering the 
cubic face centered lattice structure. The 
reduction in the notch impact energy at 
low testing temperatures is to be attrib
uted to the reciprocal influence of braz
ing joint and base material and the there
by intensified multi-axial state of stress. 
Considering the notch impact work of 
more than 30 J (22 ft-lb), the fracture 
behavior of the joint, even at low tem
peratures, cannot be designated as brit
tle. 

Samples of the combination BNi-2/AISI 
347 generally show lower toughness than 
the corresponding joints brazed with BNi-
5 —Fig. 5. A strong dependence of the 
testing results on the temperature can 
also be seen in this brazing combination. 
While the joint considerably deforms at 
high temperatures and some samples 
were drawn through the support of the 
pendulum impact tester without fractur
ing, extremely low tempertures cause a 
macroscopic, brittle-appearing failure of 
the joint with poor deformation. Micro
scopic, ductile areas can be seen on the 
fracture surface. Fracture primarily occurs 
in the zone of the inter- and transcrystal
line boride precipitations. 

Joints of the nickel base alloy Inconel 
625 brazed with the filler metal BNi-2 
show considerably less temperature 
dependence than the above-mentioned 
brazing combination. While at room and 
lower temperatures, the values are 
almost equal for both base metals, and 
the toughness of the joint at high temper
atures is far below that of the steel. 

Similar results are found in the brazing 
combinations AISI 347/Au-6 and Inconel 
625/Au-6 —Fig. 6. It can be seen that the 
gold content makes no contribution to 
the ductility of the joint. The transition 
zone of the boride precipitations, where 
fracture primarily occurs, is hardly affect
ed by the precious metal content. 

With regard to the precious metal 
content, it is worth mentioning that the 
low scatter exhibited by the values shows 
very small differences in the joint proper
ties. These results were also found for the 
notch impact and tensile test specimens, 
where the tensile strength of brazed butt 
joints reaches that of the base metal. 

The dependence of notch impact 
energy on the brazing joint clearance was 
established at constant temperature. The 
joints of all investigated brazing combina
tions showed broadly similar behavior. 
This is shown for the brazing combination 
Inconel 625/Au-6 —Fig. 7. The notch 

;v v\ : \ 

deformed joint of 

tensile test specimen 

AISI 347/BN1-5 

fracture surface of 

a joint 

AISI 347/BN.-5 

" " " 

deformed joint of 

tensile test specimen 

AISI 34?/Au-6 

fracture surface of 

a joint 

AISI 347/AU-6 

Fig. 8 — Deformed joints and fracture surfaces of brazed specimens 

impact energy reaches the highest values 
at a brazing joint clearance of 12 /im 
(approx. 0.0005 in.). With increasing 
brazing joint clearance, the notch impact 
energy clearly decreases. Above the 
maximum joint clearance, at which a 
closed band of brittle phases occurs, low 
values are realized, indicating very brittle 
behavior. These results were confirmed 
in previous research (Refs. 8, 9). 

With the least joint clearances, the 
wetting and flowing behavior of the filler 
metal must be taken into account. At 
brazing joint clearances of 12 /nm (0.0005 
in.) and iess, large areas of wetting failure 
frequently occurred, which lead to less 
strength in the joint. Such a small joint 
clearance can seldom be achieved in 
production. At a more readily achievable 
brazing joint clearance of 25 nm (approx. 
0.001 in.) and more, wetting failure sel
dom occurred. 

Micro-Tensile Tests 

The failure of brazed joints is largely 
influenced by the properties of the base 
metal and the braze, as well as by the 
type of load (static, dynamic, impact) and 
the resulting mechanisms of crack forma
tion and propagation. In order to estab
lish the deformation behavior of the 
brazed joints of the tested combinations, 
they were observed under load. For this 
purpose, adapted tensile test equipment 

attached to a scanning electron micro
scope was used. Butt joint brazed flat 
tensile test specimens, which were previ
ously polished and etched to develop the 
microstructure, were used as samples. 

Investigations show that in joints which 
contain a closed band of hard phases, a 
brittle failure of the joint already occurs at 
light load, as is the case in the brazing 
combination BNi-5/lnconel 625. 

The micro-cracks which developed in 
the hard phases during the preparation of 
the samples spread spontaneously, and 
the work necessary for crack propaga
tion was low. This influence of hard 
phases, however, is already known and 
has been described by various authors. 

Another influence on the fracture 
behavior of high-temperature brazed 
joints was found in brazed samples which 
were free of hard phases. Here, the 
elastic and plastic deformation properties 
are of essential importance. As the 
brazed zone and the base metal show 
matching elastic and plastic behavior, a 
strong microscopic and macroscopic 
deformation of the joint was observed. 
Figure 8 (top) shows an example of a 
brazed joint of the filler metal/base metal 
combination BNi-5/AISI 347. Both the 
grains in the brazed zone and those of 
the base metal stretched considerably. 
Due to the high plastic deformation, the 
surface of the previously polished speci
men formed a considerable relief. The 
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fracture in this sample occurred approxi
mately 15 mm (0.6 in.) next to the brazed 
zone in the base metal. Fractures 
occurred in the brazed zone in further 
tests with this brazing combination. The 
fracture surface of these samples shows 
an acute, deformed, honeycombed 
structure that indicates high plastic defor
mation in advance of fracture. 

Isolated hard phases in the brazed 
zone do not cause embrittlement of the 
joint. Cracks, which already occur at light 
ioad, in these phases are stopped at the 
interfacial zone of the nickel solid solution 
by high plastic deformation. The originally 
sharp base of the crack widens in the 
matrix and forms a large notch radius. In 
this way the concentration of stress at the 
base of a notch is reduced, and further 
propagation of the crack is obstructed. 

The joints brazed with boron-contain
ing filler metals show preferential forma
tion and propagation of cracks in the 
zone of the inter- and transcrystalline 
precipitations —Fig. 8 (bottom). Cracks 
are formed in these areas at low defor
mation due to their hardness. These 
zones, however, do not cover large 
closed areas but are formed by discrete 
precipitated boride needles. Crack prop
agation is obstructed at the phase-
boundaries between boride needles and 
base metal by plastic deformation of the 
base metal, which causes a more ductile 
behavior of these zones, compared with 
that of the hard phases. 

Tested samples of these combinations 
show a finely structured fracture surface 
due to the boride precipitations. Besides 
ductile zones in the fracture surface, 
cracks can be found. Typical for the 
fracture surfaces of the tested boron-
containing filler metals is the develop
ment of cracks on two levels, corre

sponding to the transition zone, which 
may be seen with the naked eye. 

The influence of the braze interface 
structure on the ductility properties of 
joints brazed with Au-6 was investigated 
in the brazing combination AISI 347/ 
Au-6. The formation of cracks caused by 
phased detachment of the interface of 
the dual phase crystal structure was not 
established. The deformation behavior of 
nickel-rich and gold-rich solid solutions is 
matched. Fracture occurs in the boride 
precipitations of the transition zone. 

With regard to the interpretation of 
the above results, it should be noted that 
the mechanisms of fracture formation 
and propagation which are explained 
were found in a tensile test under static 
load. Although the obstruction of con
traction across the joint produced a 
microscopic multi-axial state of stress, 
macroscopically, a uni-axial state of stress 
occurs. The deformation behavior of 
these joints, therefore, cannot be trans
ferred to complex parts. This investiga
tion, however, gives information on the 
formation and propagation of cracks. 

Influence of the Brazing Cycle 

Besides the above-mentioned influ
ence of the cooling conditions on the 
material properties of precipitation-hard
ening alloys, the heat treatment applied 
by the brazing cycle leads to rapid grain 
growth in the base metal above a maxi
mum temperature. With the tested base 
metals AISI 347 and Inconel 625, this rapid 
grain growth starts at temperatures 
above 1060°C (1940°F)-Fig. 9. In partic
ular, the high temperatures needed to 
braze BNi-5 lead to coarse grain growth 
in both base metals. The ASTM average 
grain size increased from 8, in their deliv

ered state, to grain size 3, after comple
tion of a brazing cycle. In this investiga
tion, the time the base metals are 
exposed to the brazing temperatures is 
of less significance than temperatures 
themselves. Tests show, however, little 
influence of the grain size on the ductility 
properties of austenitic materials. 

Conclusions 

The investigations conducted showed 
that a systematic optimization of the 
brazing variables leads to joints which are 
free of embrittling hard phases. This is an 
essential condition in order to achieve 
ductile behavior of brazed joints. The 
absence of embrittling hard phases leads 
to joints which can withstand high plastic 
deformation if the elastic and plastic 
properties of the brazed joint and base 
metal are well matched. This leads to the 
demand for filler metals whose mechani
cal properties in the joint are well 
matched to those of the base metals. The 
development of precipitation-hardening 
filler metals to join high-strength steels 
could be considered. The specific influ
ence of the brazing process, for example, 
the control of cooling conditions, as sug
gested in Ref. 10, could also contribute to 
this. 

Samples of joints with mechanically 
matched filler metal/base metal combi
nations tested at various temperatures 
showed a strong dependence of the 
deformation behavior on the test tem
perature. The temperature dependence 
of impact energy was low when the 
different behavior of the base metal/filler 
metal leads to the obstruction of contrac
tion across the joint, causing embrittle
ment. 

By in situ observations of brazed butt 
joint tensile test specimens under load, 
the failure procedure of brazed joints 
with various microstructures could be 
determined. Different mechanisms of fail
ure occurred, depending on various 
brazing combinations. 

Considering the mechanisms of frac
ture in high-temperature brazed joints, an 
assessment of the notch impact test can 
be made. As high values of notch impact 
energy are obtained, the proof of ductile 
behavior of the joints is furnished. How
ever, when the values of notch impact 
energy achieved are low, it may not be 
attributed to brittle behavior of the joint. 
For an assessment of the ductility behav
ior, further investigations are required. 
For additional information, the fracture 
surface of tested specimens may be eval
uated. In combination with a metallo-
graphical examination, it can be eval
uated if the brittle-appearing behavior in 
notch impact tests are caused by hard 
phases or brazing defects or by a mis
match of the elastic and plastic deforma-
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tion behavior of the brazed joint and the 
base metal. In this case, the joint may 
show microscopic ductile behavior. An 
assessment of the ductility then requires 
further investigations, for example, frac
ture mechanic evaluations. 
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