
Structure of Low-Phosphorus Alloyed 
Nickel-Chromium-Sil icon Brazed 

Stainless Steel Joints 

Three low-phosphorus nickel-base filler metals are studied with respect to 
the influence of brazing temperatures on microhardness of the 

Ni-solid solution, hard phases in the brazing seam, and strength properties 

BY E. LUGSCHEIDER, K. KLOHN AND W. BURCHARD 

Introduction 

Quite recently, boron-free nickel 
base filler metals wi th small amounts 
of phosphorus (compared to standard
ized phosphorus-containing filler met
als) were developed for use, especially 
in nuclear industries.1 These filler met
als can be brazed at temperatures sim
ilar to those of low melting boron-
containing nickel-base filler metals. By 
varying brazing parameters such as 
process atmosphere, clearance, condi
tion of brazing surface, or brazing time 
and temperature, the structure in the 
high temperature brazed joint wi l l be 
considerably influenced and, wi th 
that, its quality or strength properties. 

The study discussed in this paper 
demonstrates the influence of differ
ent brazing temperatures and brazing 
times wherein all other brazing 
parameters were constant. The investi
gations were made at base metal-filler 
metal combinations between three 
types of filler metals wi th one base 
metal. These filler and base metals are 
characterized in Tables 1 and 2. Table 2 
shows the 0.2% yield strength R„, and 
the ultimate tensile strength Rra at time 
of supply and after heat treatment 
during the brazing cycle. The AWS 
single-lap shear test specimen was 
used for strength determinations.-
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Experimental W o r k 

The brazing experiments were done 
in an electric resistance heated vac
uum furnace at a vacuum better than 
1.3 X 10-2 Pa (10-4 torr). The brazing 
temperatures were in the range be
tween 1303 K or 1030 °C (10886 °F) and 
1463 K or 1190 °C (2174 °F) at which 
the lowest brazing temperature de
pended on the type of filler metal 
used. In between this range brazing 
temperature steps from 10 K to 40 K 
were done. Two different t ime-tem
perature brazing cycles (one with a 
short brazing t ime and heat treatment 
and one wi th a long brazing t ime 

without heat treatment) were selected 
as shown in Figs. 1 and 2. 

Figure 1 represents a time-tempera
ture cycle with a brazing time of 10 
minutes (min) (for example, at a 
brazing temperature of 1463 K or 1190 
°C (2174 °F) and an immediately fo l 
lowing heat treatment at 1323 K or 
1050 °C (1922 °F) for all different braz
ing temperatures. On the other hand, 
Fig. 2 represents a time-temperature 
cycle with a brazing time of 60 min, 
(for example, at a brazing temperature 
of 1323 K or 1050 °C (1922 °F)) without 
a fol lowing heat treatment. 

All brazing charges were heated to a 
soaking temperature of 1173 K or 900 

Table 1-Filler Metal Characteristics 

Filler metal 

BNi-26.3Cr-5.1Si-3P 

Nominal composit ion, 
wt-% 

26.3Cr, 5.1Si, 3P, bal. Ni 

Terr 

Solidus 

1225 K 
952°C 

1744°F 

pe rature 

Liquidus 

1428 K 
1155°C 
2111°F 

BNi-14.8Cr-8Si-3P-3Fe 

BNi-20.3Cr-11.5Si-0.5P 

14.8Cr, 8Si, 3P, 3Fe, bal. Ni 

20.3Cr, 11.5Si, 0.5P, bal. Ni 

1269 K 
966 °C 

1825°F 

1317 K 
1044°C 
1911°F 

1331 K 
1058°C 
1936°F 

1333 K 
1060°C 
1940°F 

Table 2—AISI 321 Stainless Steel Base Metal Strength Characteristics 

Time of supply 

After brazing 

l\ 

268 N 
38.9 k 

214 N 
31 ksi 

pO 

X 

ii 

X 

2 

mm-'-' 

mm - 2 

628 N X mm-
91.1 ksi 

575 N x mrrr 
83.4 ksi 
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f) and held there for about 
;. After that t ime temperature 

• tp .'.: brazing temperature were 
, ft wi th the maximum heat-

e furnace to avoid liqua-
azed charges cooled in 

i to 1273 K or 1000 °C 

(1832 °F) and from that temperature by 
inert gas sweeping. 

The filler metals were used as pow
ders and placed at the samples w i th 
out cement. A joint clearance of 25 /tm 
(C.002 in.) was selected for all samples. 
The c earance was adjusted exactly by 

Fig. 4—SEM photomicrograph of a joint 
brazed at 1433 K or 1160 °C (2120 °F) I 10 
min. Heat treatment-1323 K or 1050 °C 
(1922 °F) I 60 min; base metal-AISI 321; 
filler metal-BNi-20.3Cr-l1,5Si-0.5P; ion 
etching 

foils of the same material as the base 
metal. A special fixture was used to get 
an exact parallel joint clearance for 
tack welding and to adjust the overlap 
distance. Samples for structure investi
gations were worked out of the brazed 
AWS single-lap shear test specimen 
blank by electrical discharge machin
ing. 

Structure of Brazed Joints 

Investigations by SEM with EDS and EPMA 
Methods 

To gain knowledge about the struc
ture of the brazing seam of brazed 
joints, investigations by SEM wi th EDS 
and EPMA methods were made. The 
results given by the energy dispersive 
spectrometer investigations showed 
the different concentrations of the 
interesting elements in the brazing 
seam. However these results, pointed 
out at different samples brazed wi th 
different filler metals and brazing tem
peratures, could not be mpared 
quantitatively. Therefore, electron 
probe microanalysis had to be used to 
get an indication of how the elements 
are distributed in the brazing seam. 

Two different metals in combination 
with one base metal and two different 
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Fig. 5—SEM photomicrograph of a joint 
brazed at 1343 K or 1070 °C (1958 °F) I 10 
min. Heat treatment-1323 K or 1050 °C 
(7922 °F) I 60 min; base metal-AISI 321; 
filler metal-BNi-20.3Cr-11.5Si-0.5P; ion 
etching 

Fig. 6—SEM photomicrograph of a joint 
brazed at 1403 K or 1130 °C (2066 °F) I 10 
min. Heat treatment-1323 K or 1050 °C 
(1922 °F) I 60 min; base metal-AISI 321; 
filler metal-BNi-14.8Cr-8Si-3P-3Fe; ion 
etching 

Fig. 7—SEM photomicrograph of a joint 
brazed at 1323 K or 1050 °C (1922 °F) I 10 
min. Heat treatment-1323 K or 1050 °C 
(1922 °F) I 60 min; base metal-AISI 321; 
filler metal-BNi-14.8Cr-8Si-3P-3Fe; ion 
etching 

temperatures according to t ime-tem
perature cycle in Fig. 1 were selected. 
The filler metals were the very low 
phosphorus-containing BNi-20.3Cr-
1 I.5Si-0.5P and the higher phosphorus-
containing BNi-14.8Cr-8Si-3P-3Fe. 
Brazing temperatures were 1343 K or 
1070 °C (1958 °F) and 1433 K or 1160 
°C (2120 °F) for the first enumerated 
and 1323 K or 1050 °C (1922 °F) and 
1403 K or 1130 °C (2066 °F) for the 
second filler metal. The analyses 
shown in Fig. 3 are taken by EPMA line 
scan along the ways from the base 
metal through the brazing seam to the 
base metal denoted in Figs. 4-7. 

The line scans taken at joints brazed 
with the low phosphorus-containing 
filler metal BNi-20.3Cr-11.5 Si-0.5P (Fig. 
3, left part), indicate that the hard 
phases consist of silicides and phos
phides. The silicides are mainly nickel-
silicides. Even if the chromium and 
iron graphs show through in areas of 
the hard phases, it can be expected, 

because of the mutual solubility of 
nickel-chromium and iron silicides, 
that the brittle nickel silicides consist 
also of certain amounts of chromium 
and iron. Phosphorus appears mainly 
as nickel phosphide. As in nickel phos
phides, nickel can be substituted par
tially or completely by metals like 
chromium or iron; accordingly, it can 
be expected that the determined nick
el phosphides consist in smaller 
amounts of chromium and iron, too. 

The hard phases in joints brazed 
with the higher phosphorus-contain
ing filler metal BNi-14.8Cr-8Si-3P-3Fe 
are of quite different constitution 
compared to hard phases in the 
brazing seam of joints brazed with the 
very low phosphorus-containing filler 
metal. The line scans (Fig. 3, right part) 
show, that the hard phases consist of 
silicides and phosphides as wel l . Sili
cides are predominating nickel sili
cides containing certain amounts of 
chromium and iron as mentioned 

above. But the phosphorus appears 
here mainly as chromium phosphide 
as opposed to nickel phosphide in the 
previously discussed filler metal-base 
metal combination. Since the chromi
um phosphides indicate similar substi
tution possibilities as for nickel phos
phides, it is probable again that the 
chromium phosphides contain nickel 
and iron as wel l , i.e., meaning a com
posite phosphide. 

Microhardness and Amount of Hard 
Phases 

Microhardness tests of the hard 
phases and of the nickel solid solution 
in the brazing seam were made at 
three filler metal-base metal combina
tions brazed at different brazing tem
peratures, with time-temperature cy
cles analogous to Fig. 1 and Fig. 2. 
Investigations on microhardness of the 
hard phases gave results of H v 0.05 up 
to more than about 1200. But micro-

450 1473 

i 

1832 1900 2000 2100 "F 2192 

brazing temperature —— 

Fig. 8—Microhardness H v 0.05 of the nickel solid solution; base 
metal-AISI 321; filler metal-BNi-20.3Cr-l1.5Si-0.5P. Open symbols 
represent btazing cycle analogous to Fig. 1; filled symbols are 
analogous to Fig. 2 

450 'W3 
I 

1832 1900 2000 2100 °F 2192 

brazing temperature - * -

Fig. 9—Percentile of hard phases in the brazing seam; base met
al-AISI 321; filler metal-BNi-20.3Cr-1 l.5Si-0.5P. Open symbols 
represent brazing cycle analogous to Fig. I; filled symbols are 
analogous to Fig. 2 
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HV0.05 

1832 igoo 2000 2100 °F 2192 
brazing temperature —*-

Fig. 10— Microhardness Hv 0.05 of the nickel solid solution; base 
metal-AISI 321; filler metal-BNi-14.8Cr-8Si-3P-3Fe. Open symbols 
represent brazing cycle analogous to Fig. 1; filled symbols are 
analogous to Fig. 2. Open symbols are for brazing temperatures of 
1303 K or 1030 °C (1886 °F) and 1313 K or 1040 °C (1904 °F) Heat 
treatment—at brazing temperature I 60 min 

c 350 

I HV0.05 

1900 2000 2100 °F 2192 

brazing temperature —— 

Fig. 11—Microhardness Hv 0.05 of the nickel solid solution; base 
metal-AISI 321; fillet metal-BNi-26.3Cr-5.1Si-3P. Open symbols 
represent brazing cycle analogous to Fig. 1; filled symbols are 
analogous to Fig. 2. Open symbols are for brazing temperature of 
1313 K or 1040 °C (1904 °F): heat treatment-at brazing temperature 
I 60 min 

hardness tests of the nickel solid solu
tion demonstrated a brazing tempera
ture and time dependence. 

For a joint brazed wi th the low 
phosphorus-containing filler metal 
BNi-20.3Cr-1i.5Si-0.5P, the microhard
ness H v 0.05 of the nickel solid solu
tion in dependence of the brazing 
temperature is outl ined in Fig. 8. It can 
be seen that approximately at brazing 
temperatures of 1403 K or 1130 °C 
(2066 °F) for 60 min (according to the 
brazing cycle of Fig. 2) the microhard
ness H v 0.05 wi l l reach about 200 and 
wil l not change any more by increas
ing the brazing temperature. 

The characteristic microhardness of 

the nickel solid solution for samples 
brazed analogous to the brazing cycle 
in Fig. 1 shows higher microhard-
nesses. This demonstrates that the 
short brazing time with the heat treat-
Ment discussed below leads to a lower 
silicon diffusion; this documents the 
higher percentile of hard phases in the 
brazing seam as wel l . 

Figure 9 represents the percentile of 
hard phases in the brazing seam 
dependent on the brazing time and 
brazing cycle analogies of Fig. 1 or Fig. 
2. With increasing brazing tempera
ture, the percentile of hard phases 
decreases. Running the brazing cycle 
analogy of Fig. 2, the hard phases 

disappear almost approximately at a 
brazing temperature of 1403 K or 1130 
°C (2066 °F). This is the same brazing 
temperature at which the microhard
ness of the nickel solid solution 
became constant. It means that, at this 
brazing temperature and time, the 
state of equil ibrium at low tempera
tures, i.e., room temperature, is reach
ed; this was permitted by the solid 
solution. 

The decomposition of phosphides 
by diffusion seems to run parallel w i th 
the silicide diffusion. The low temper
ature-dependent decreasing of phos
phides in the brazing seam affects the 
characteristic of Fig. 9 very litt le, since 

1832 1900 2000 2100 °F 
brazing temperature 

2192 

Fig. 12—Percentile of hard phases in the brazing seam; base 
metal-AISI 321; filler metal-BNi-14.8Cr-8Si-3P-3Fe. Open symbols 
represent brazing cycle analogous to Fig. 1; filled symbols are 
analogous to Fig. 2. Open symbols are for brazing temperatures of 
1303 K or 1030 °C (1886 °F) and 1313 K or 1040 °C (1904 °F): heat 
treatment—at brazing temperature I 60 min 

1832 1900 2000 2100 °F 2192 
brazing temperature —— 

Fig 13—Percentile of hard phases in the brazing seam; base 
metal-AISI 321; fillet metal-BNi-26.3Cr-5.1Si-3P. Open symbols 
represent brazing cycle analogous to Fig. 1; filled symhols are 
analogous to Fig. 2. Open symbols are for brazing temperature of 
1313 K or 1040 °C (1904 °F); heat treatment-at brazing temperature 
I 60 min 
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the changing of the considerable high
er amount of silicides is predominat
ing. The brazing temperature depen 

dent microhardness of the nickel solid 
solution is likewise affected by silicon 
which is soluble in great quantit ies' in 

contrast to phosphorus.4 

W i t h the higher phosphorus-con
taining filler metals BNi-14.8Cr-8Si-3P-
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Fig. 14—AWS single-lap standard method: base metal-AISI 321; 
filler melal-BNi-20.3Cr-11.5Si-0.5P; vacuum < 1.33 X 10-- Pa (10* 
torr); brazing temperature-1433 K or 1160 °C (2120 °F); brazing 
time-10 min; heat treatment-1323 K or 1050 °C (7922 °F) I 60 min; 
clearance—25 fim (0.001 in.). Open symbols represent failure in 
filler metal; filled symbols represent failure in base metal 
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Fig. 16—AWS single-lap standard method: base metal—AISI 321; 
filler metal-BNi-14.8Cr-8Si-3P-3Fe; vacuum < 7.33 x 7 0 - Pa (10-* 
torr); brazing ternperature-1403 K or 1130 °C (2066 °F), brazing 
time-10 min; heat treatment-1323 K or 1050 "C (1922 °F) I 60 min; 
clearance 25 \im (0.001 in.). Open symbols represent failure in filler 
metal; filled symbols represent failure in base metal 
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Fig. 18—AWS single-lap standard method: base metal-AISI 321; 
filler metal-BNi-26.3Cr-5.1Si-3P; vacuum < 1.33 x 10- Pa (10-' 
torr); brazing temperature-1463 K or 1190 °C (2174 °F); brazing 
time-10 min; heat treatment-1323 K or 1050 °C (1922 °F) I 60 min; 
clearance—25 p,m (0.001 in.). Open symbols represent failure in 
filler metal; filled symbols represent failure in base metal 

120 

KSI 

'00 

sc 

,0 

20 

800 
N 

mm2 

600 

400 

2U0 

n 

I 

V 

A/§k 

i 

1 

A 

1 

1 

| 

1 

1 

Rm AISI 321 

A 

A 

Rp02 AISI 321 

i 

-

* 

0 1 2 3 4 5 6 
overlap distance, ratio of overlap to thickness —— 

Fig. 15—AWS single-lap standard method: base metal-AISI 321; 
filler metal-BNi-20.3Cr-11.5Si-0.5p; vacuum < 1.33 x 10- Pa (10-' 
torr); brazing temperature-1343 K or 1070 °C (1958 °F); brazing 
time-10 min; heat treatment-1323 K or 1050 °C (1922 °F) I 60 min; 
clearance-25 irm (0.001 in.). Open symbols represent failure in 
filler metal; filled symbols represent failure in base metal 
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Fig. 17—AWS single-lap standard method: base metal-AISI 321; 
filler metal-BNi-14.8Cr-8Si-3P-3Fe; vacuum < 7.33 x 7 0 - Pa (10 4 

torr,); brazing tempetature-1323 K or 1050 °C (1922 °F); brazing 
time-10 min; heat tteatment-1323 K or 1050 °C (1922 °F) I 60 min; 
clearance 25 [im (0.001 in.). Open symbols represent failure in filler 
metal; filled symbols represent failure in base metal 
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Fig. 19—AWS single-lap standard method: base metal-AISI 321; 
filler metal-BNi-26.3Cr-5.1Si-3P; vacuum < 7.33 x 70 - Pa (10 ' 
torr); brazing temperature-1363 K or 1090 °C (1994 °F); brazing 
time-10 min, heat treatment-1323 K or 7050 °C (7922 °F) I 60 mm; 
clearance—25 jim (0.001 in.). Open symbols represent failure in 
fillet metal; filled symbols tepresent failute in base metal. 
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3Fe and BNi-26.3Cr-5.1Si-3P, brazed 
joints result in microhardnesses of the 
nickel solid solution as represented in 
Figs. 10 and 11. Both filler metals have 
the same phosphorus content. They 
demonstrate similar characteristic 
curves as represented wi th the low 
phosphorus-containing filler metal in 
Fig. 8. Accordingly, in these cases the 
microhardness of the nickel solid solu
tion is not affected by the amount of 
phosphorus in the filler metal because 
of the very low and nearly tempera
ture-independent solubility of phos
phorus in the nickel solid solution.4 

The same boundary value of micro
hardness appears approximately at the 
same brazing temperature. 

Figures 12 and 13 represent the per
centile of hard phases in the brazing 
seam of joints brazed wi th the filler 
metals BNi-14.8Cr-8Si-3P-3Fe and BNi-
26.3Cr-5.1Si-3P. These curves are quite 
different from those in Fig. 9, because 
they demonstrate that the percentile 
of hard phases in the brazing seam is 
not necessarily decreasing with in
creasing brazing temperature. To inter
pret this phenomenon properly, the 
silicide and the phosphide decomposi
tion should be discussed separately. 

Silicon has a higher diffusion rate 
than phosphorus because of its higher 
solubility in the nickel solid solution. 
The decomposition of silicides is f in
ished in these cases approximately at 
1403 K or 1130 °C (2066 °F). The per
centile of hard phases caused by sili
cides should steadily decrease wi th 
increasing brazing temperatures. The 
percentile increases of hard phases in 
the brazing seam from brazing temper
atures of approximately 1333 K or 1060 
°C(1940°F) to 1403 K or 1130 °C (2066 
°F) may be explained by stabilizing of 
different kinds of phosphides with dif
ferent volume at which the phosphide 
hard phase volume increases. 

In this brazing-temperature range, 
the phosphide hard-phase volume 
increases at a rate greater than the 
diffusion condit ioned decrease. At 
brazing temperatures above 1403 K or 
1130 °C (2066 °F) the percentile of 
hard phases in the brazing seam 
decreases, again because of decompo
sition of phosphides by diffusion. 

Independently of the content of phos
phorus in the filler metals (0.5 and 3 
wt-%, respectively) the amount of hard 
phases in relation to phosphides can 
characteristically be influenced by dif
ferent diffusion rates of phosphides. 
Supposing the chromium phosphide 
diffusion is lower than the nickel phos
phide diffusion, the different character
istics of the graphs in Fig. 9 and Fig. 12, 
respectively, could be interpreted as in 
Fig. 13. All results pertaining to the 
microhardness of the nickel solid solu
tion and the percentile of hard phases in 
the brazing seam show the great 
influence of the brazing time at differ
ent brazing temperatures. 

Strength Properties of Brazed 
Joints 

The AWS single-lap standard meth
od was used to investigate the 
influence of the brazing temperature 
on the strength properties of brazed 
joints. Two significantly different 
brazing temperatures relating to the 
percentile of hard phases in the braz
ing seam indicated that the strength 
properties are affected by the brittle 
hard phases. 

Results of strength tests of joints 
brazed wi th the low phosphorus-con
taining filler metal BNi-20.3Cr-11.5Si-
0.5P at temperatures of 1433 K or 1160 
°C (2120 °F) and 1343 K or 1070 °C 
(1958 °F) are shown in Figs. 14 and 15. 
The higher brazing temperature leads 
to slightly better results. Wi th this filler 
metal, the great difference in the 
amount of hard phases in the brazing 
seam does not seem to have much 
influence on strength properties as 
does occur with the higher phospho
rus-containing filler metals. 

Figures 16 and 17 represent results of 
strength tests wi th the filler metal BNi-
14.8Cr-8Si-3P-3Fe, and Figs. 18 and 19 
depict results obtained wi th the filler 
metal BNi-26.3Cr-5.1Si-3P. The brazing 
temperatures are in temperature 
ranges of extreme high and low per
centile of hard phases in the brazing 
seam. Independently of this, the filler 
metal BNi-14.8Cr-8Si-3P-3Fe shows 
better results; it is obvious that the 

strength properties are controlled by 
the amount of hard phases. 

Conclusion 

Investigations on structure of brazed 
joints in AISI Type 321 stainless steel 
wi th three low-phosphorus alloyed 
nickel-base filler metals demonstrated 
the influence of the brazing tempera
ture on the microhardness of the nick
el solid solution, the amount of hard 
phases in the brazing seam, and the 
strength properties. Because of high 
solid solubility of silicon, the micro
hardness of the nickel solid solution is 
mainly influenced by the diffusion rate 
of silicon. The very low solid solubility 
of phosphorus in the nickel solid solu
tion does not affect its microhardness 
to nearly the same extent. 

The amount of brittle hard phases in 
the brazing seam is not dependent 
only on the brazing temperature and 
time. This means that higher brazing 
temperatures do not result always in 
smaller amounts of hard phases in the 
brazing seam. The different diffusion 
phenomena in different base metal-
filler metal combinations show that 
even lower brazing temperatures lead 
to smaller amounts of hard phases in 
the brazing seam and with that, to 
better strength properties of brazed 
joints. Therefore, it fol lows that every 
base metal-filler metal combination 
should be investigated with regard to 
its time-temperature cycle during 
brazing. 
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