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The Effect of Columnar Microstructure on the 
Toughness of Carbon Steel Braze Joints 

Uniting carbon steel base metals with a columnar structure effectively provides 
impact toughness to brazed joints over a wide range of temperatures 

BY H. O H M U R A , T. Y O S H I D A A N D K. KAWASHIRI 

ABSTRACT. The effect on the Charpy U-
notch impact toughness of a 0.17C 
steel/1.04C steel joint united by the 
columnar Fe-1 0~6Cu-0.8C alloy phase 
was investigated. This phase comes from 
the dissolution and deposit of the 1.04C 
base metal. The joint was brazed with 
AWS BCu-1 in a temperature range of 
198 to 873 K (-1 03° to 1112°F). The im
pact toughness of this jo int was also 
compared to other joints brazed with 
BAu-1 to -4, BNi-2, BAg8, and Cu-5Ni 
alloy filler metals. 

When brazing with BCu-1 filler metal, 
the columnar structure exhibited a re
markable effect on the impact toughness 
of the joint in the range between 373 
and 673 K (21 2° and 752°F). At 673 K, 
its impact toughness reached a maxi
mum value of 49 J (36 ft-lb). This is - 7 0 % 
of joints brazed with BAu-2 and BAu-4, 
which have excellent toughness but no 
columnar structure. 

On the other hand, in the case of BAu-
1, both base metals were also united by 
the columnar Fe-6~5Cu-2~1 Au-0.8C 
alloy because of less Au content com
pared to BAu-2, so that the impact tough
ness of the joint was higher above 673 
K than that for BAu-2 . As for the BNi-2 
and BAg-8 brazements, which have no 
columnar structure, the impact tough
ness was low throughout the whole tem
perature range. 
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By using Cu-5Ni filler metal and BAu-
3 instead of BCu-1 and BAu-1, the com
positions of the columnar phases be
came Fe-12~16Cu-7~15Ni-0.6C and 
Fe-7Cu-38Ni-2~1Au-0.8C, respectively. 
However, alloying the columnar phase 
wi th Ni did not increase the impact 
toughness of the brazed joints. 

Consequently, the columnar mi
crostructure is recommended to fabrica
tors wishing to obtain high-toughness C 
steel joints using economical brazing 
filler metals. 

Introduction 

In brazing the dissimilar C steels with 
the Cu fil ler metal, the low-C steel dis
solves in the molten Cu and the dissolved 
low-C iron is deposited as a columnar 
Fe-Cu-C alloy from the high-C steel at a 
constant brazing temperature without a 
temperature gradient (Ref. 1). The au
thors named this phenomenon "dissolu-
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tion and deposit of base metal" (Ref. 2), 
and clarified the mechanism by brazing 
various dissimilar materials (Refs. 3-7). 

When both base metals were united 
by the columnar phase, the shear 
strength and the Charpy U-notch impact 
toughness of the dissimilar C steel joints 
wi th a 35-u.m (0.001 4-in.) joint clear
ance increased markedly from 392 to 
598 MPa (57 to 87 ksi) (Ref. 1) and from 
2 to 1 3 J (1 to 1 0 ft-lb) (Ref. 8), respec
tively. This joint was referred to as the 
"high-impact strength (toughness) brazed 
joint" (Ref. 8). In general, the strength in 
dynamic load for the brazed joints is 
more vital than that in static load. There
fore, the aim of this study was to inves
tigate the effect of columnar microstruc
ture on the impact toughness of the 
above joints in the range 1 98 to 873 K 
(-103° to 111 2°F). For comparison, the 
impact toughness of the other dissimilar 
C steel joints brazed with the Au, Ag, Ni, 
and Cu-Ni alloy f i l ler metals was also 
examined. Moreover, the deposit mech
anism of the columnar phases is dis
cussed with reference to their metal
lurgy. 

Experimental Procedure 

A braze specimen assembly for the 
impact tests is shown schematically in 
Fig. 1. The base metals are 1 0 X 1 0 X 
27.5-mm (0.4 X 0.4 X 1.1-in.) square 
rods of low-C steel (0.1 7C) and high-C 
steel (1.04C). The butt jo int has one 
chamfered side in order to make a pool 
of molten filler metal to fi l l the joint by 
capil lary action during heating. Filler 
metals used are listed in Table 1. The 
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Table 1—Compositions (wt-%), Brazing Temperature and Foil Thickness of Filler Metals Used 

AWS Designation 

BCu-1 
BAu-1 
BAu-2 
BAu-3 
BAu-4 
BNi-2 
BAg-8 

— 

Compositions 

99.99Cu 
Cu-38Au 
Au-20Cu 
Cu-35Au-3Ni 
Au-18Ni 
Ni-7Cr-4.5Si-3B-3Fe 
Ag-28Cu 
Cu-5Ni 

Brazing Temperature 

1398K/2057°F 
1328K/1931°F 
1233K/1760°F 
1348K/1967°F 
1268K/1823°F 
1313K/1904°F 
1123K/1562°F 
1418K/2093°F 

Foil Thickness 

0.1 mm 
0.1 mm 
0.1 mm 
0.1 mm 
0.1 mm 
0.05 mm X 2 
0.04 mm X 3 
0.1 mm 

shape of fil ler metals shown in Fig. 1 is 
necessary to prevent falling and slipping 
during heating. A tungsten (W) wire of 
35-| im (0.0014-in.) diameter was 
adapted for use as joint spacers in order 
to clarify the effect of microstructure on 
the impact toughness of the brazed joint. 
Here, each of the fi l ler metals BAu-2, 
BNi-2 and BAg-8, which have somewhat 
poor wettability, was inserted between 
the base metals in place of the W spacer. 

The brazing operation was conducted 
in vacuum (0.1 3 Pa, 1 0 3 torr), and the 
holding time at each brazing tempera
ture was 540 s. After brazing, the sur
faces of each specimen were smoothed, 
and then a U-notch was machined in 
the center of the chamfered side (Ref. 8) 
using a U-notch cutter made of high
speed T4 tool steel. Prior to machining, 
all similar high-C steel and dissimilar-C 
steel joints, except for the BAg-8 speci
men whose hardness after brazing was 
relatively low (e.g., RC 25) because of 
its lower brazing temperature, were an
nealed at 1 093 K (1 508°F) for 2.4 ks in 
an Ar atmosphere to reduce the hard
ness of the high-C steel base metal 
(Ref.8). If the annealing treatment was 
not applied, it was difficult to machine 
the U-notch precisely due to its high-
hardness (particularly for the dissimilar 

joints, because of the great difference in 
hardness between the base metals). 
Since the annealed temperature was 
below each brazing temperature, little 
change in the columnar microstructures 
should be produced by the annealing. 

Impact tests were carried out in a tem
perature range of 1 98 to 873 K wi th a 
294 J (21 7 ft-lb) Charpy impact tester per 
JIS (Japanese Industrial Standards). Also, 
various similar and dissimilar joints, 
wh ich adequately combined 0.01 C, 
0.11C, 0.47C, 0.85C, 1.39C, 1.92C steel 
and graphite, with a 50-|j.m (0.002-in.) 
clearance brazed with filler metals BCu-
1, BAu-1, BAu-3 and Cu-5Ni alloy were 
made (Ref. 1) for metallographic exami
nations. The etchant used was 2% nital. 

Electron probe microanalysis (EPMA) 
was performed on a polished cross-sec
tion: voltage, 20 kV; current, 1.9 nA.The 
concentration of Fe, Cu, Au and Ni was 
obtained by comparing the intensity of 
the characteristic radiation emitted from 
each of the elements in the specimen to 
that emitted from each of the pure ele
ments after making quantitative correc
tion for multicomponent system (Ref. 9) 
by utilizing the table of correction coef
ficient (Ref. 10). The concentration of 
element C was calculated by using a cal
ibration curve. 

Filler metal 

Base metal 

Fig. 1 — Schematic assembly of braze specimen for impact test. 

Results and Discussion 

Impact Toughness of Carbon Steel Joints 
Brazed with BCu-1 

Low-Temperature Behavior 

Figure 2 shows the microstructural 
cross-section of similar and dissimilar C 
steel joints. These samples have a joint 
clearance of 35-u.m (0.0014-in.), and 
they were brazed with BCu-1 at 1 398 K 
(2057°F) for 540 s. In the similar low-C 
and high-C steel joints (Fig. 2A, 2C), 
there is no characteristic microstructure 
in the braze area. As Savage, et al. (Ref. 
11), predicted, the carbon content did 
not exert a strong influence on the braze 
interfaces. In the dissimilar C steel joint 
(Fig. 2B), on the other hand, both base 
metals are united by the columnar 
phase, which is the result of dissolution 
and deposit by the 1.04C base metal 
(Ref. 2). From EPMA analyses, it was de
termined that this columnar phase con
sisted of Fe-10~6Cu-0.8C alloy, as illus
trated in Fig. 3. This microstructure is al
most the same as lamellar pearlite — 
Fig. 4. 

Figure 5 shows the results of Charpy 
U-notch impact tests below room tem
perature (293 K/68°F) for the above-
mentioned similar and dissimilar C steel 
joints. The impact toughness of the sim
ilar low-C and high-C steel joints below 
room temperature was only 2 J (1 ft-lb) 
in the mean value. Both of the similar 
joints always failed through the copper 
layer regardless of test temperature. 

On the other hand, the impact tough
ness of the dissimilar joint, which has 
the columnar microstructure, was re
markably high (12 J, 9 ft-lb) at room tem
perature compared to those of the simi
lar joints. The fracture of the dissimilar 
joints occurred mainly in the low-C steel 
base metal — Fig. 6A. As the test tem
perature decreased, the impact tough
ness of the dissimilar jo int decreased 
from 1 2 to 3 J (9 to 2 ft-lb), but its frac
ture still occurred in the low-C steel even 
at 198 K — Fig. 6B. So this decline in 
toughness could be attributed to the de
crease in toughness of the low-C steel 
base metal itself, as indicated in Fig. 7 
where both low-C and high-C steels hav
ing no joint, were heated at 1398 K 
(2057°F) for 240 s (the high-C steel only 
was annealed at 1093 K, 1508°F for 2.4 
ks). This condit ion is similar to the 
brazed specimens prior to U-notch ma
chining. 

High-Temperature Behavior 

Figure 8 shows the results of the im
pact tests conducted in the range of 198 
to 873 K for the same joints as in Fig. 2. 
Though the impact toughness of both of 
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F/g. 2 — Difference in microstructures between similar low-C and high-C steel joints (A and C) and dissimilar C steel joint (B) with a joint clear
ance of35-p.m for impact test, brazed with BCu-1 at 1398 K (2057°F) for 540 s. 

the s imi la r j o in ts increased w i t h the i n 
creas ing test t empera tu re , and reached 
the m a x i m u m of 1 4 J (1 0 f t- lb) at 673 K 
(752°F) for the l o w - C steel and 4 J (3 ft-
lb) at 773 K (932°F) for the h igh-C steel, 
respect ively, the f racture pattern of both 
jo in ts (i.e., the Cu layer fa i lure) d i d not 
change up to 873 K. 

O n the con t r a r y , as the t empe ra tu re 
inc reased, the i m p a c t toughness of the 
d i ss im i l a r j o i n t i nc reased m a r k e d l y t o 
28 J (21 f t - lb) at 373 K (212°F) , and at
ta ined the m a x i m u m of 49 J (36 ft-lb) at 
673 K, bu t at the test t e m p e r a t u r e 723 
K (842°F) , a sudden d r o p in i m p a c t 
toughness occu r red . This is at t r ibuted to 
the change in the f rac tu re pat tern f rom 
the l o w - C steel (Fig. 9A) to the b razed 
area — Fig. 9 B . Th is reveals tha t the 
s t rength o f the c o l u m n a r phase, w h i c h 
uni tes the base meta ls , weakens above 
723 K. Thus, it can be expected that the 
impac t toughness of the brazed jo in t w i l l 
not d rop above 723 K if it is possible to 
strengthen the co lumnar phase by a l loy
ing w i t h e l emen ts such as Cr, C o , N i , 
and A u . 

Impact Toughness of the BAu, BNi and BAg 
Brazements 

F igure 1 0 s h o w s t h e resul ts o f t he i m 
pact tests for the diss imi lar C steel jo ints 
brazed w i t h f i l ler metals B A u - 1 , BAu-2 , 
B A u - 4 , B N i - 2 and BAg-8 b e t w e e n 198 
and 873 K. The mean va lue of the BCu-

o.mcst 

Fig. 4 — Enlarged microstructure of the 
columnar phase in the dissimilar C steel joint 
brazed with BCu-1. 

Fe 
Cu 

V v A y t - ^ " ^ 

8 pm 

Fig. 3 — Microstructure and EPMA line analysis of the dissimilar C steel joint with a joint 
clearance of 50 \im, brazed with BCu-1 at 1398 K (2057°F) for 240 s. 
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Test t e m p e r a t u r e , K 

300 

Fig. 5 — Relation between test temperature and Charpy U-notch impact toughness of the simi
lar and the dissimilar C steel joints brazed with BCu-1. 
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Fig. 6 — Cross-sections of impact-ruptured dissimilar C steel joints brazed with BCu-1. Test temperature: A — 293 K (68°F); 198 K {-103°F). 

Fig. 7 — Relation be
tween test 

temperature and im
pact toughness of low-

C and high-C steel 
base metals. 

240 

200 400 600 800 
Test tempera ture , K 

1000 

Fig. 8 — Relation 
between test temper

ature and impact 
toughness of simi
lar and dissimilar C 

steel joints brazed 
with BCu-1. 

o 0.17<,/.Cst.-0.177.Cst. 
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F/g. 9 — Cross-sections of impact-ruptured dissimilar C steel joints brazed with BCu-1. Test temperature: A — 673 K (752°F); B — 723 K {842°F). 

1 joints in Fig. 8 is also exhibited. Each 
of the shown values, except for BCu-1, 
is based on the evaluation of four to six 
samples. The microstructures of those 
impact test pieces are shown in Fig. 11. 

In the BNi-2 and BAg-8 joints, it can 
be observed in Fig. 11 D and 1 1 E that 
there is no columnar structure, i.e., no 
occurrence of the dissolution and de
posit. Since the W spacer is not used, 
the braze layers in these joints are some
what thinner than those made with the 
BAu filler metals. This probably affected 
the fracture mode of the joints, e.g., most 
of the BNi-2 and BAg-8 joints failed at 
the fil ler metal/ base metal interfaces 
(Fig. 12) regardless of test temperature, 
so that the highest values of the impact 
toughness were 3 J (2 ft-lb) at 873 K for 
BNi-2, and 2 J (1 ft-lb) at 773 K for BAg-
8, respectively. 

Similarly, although the dissolution 
and deposit does not occur in the BAu-
2 (Fig. 11 B) and BAu-4 (Fig. 11 C), the 
impact toughness of both joints above 
473 K (392 °F) is considerably higher 
than that for the BCu-1 joint. This might 
be due to the superior toughness of both 
BAu-2 and BAu-4 fil ler metals, since 
both joints still failed in the low-C steel 
base metal above 723 K, except for the 
BAu-2 joint at 873 K, which often failed 
in the braze — Fig. 13. Therefore, these 
results indicate that the columnar mi 
crostructure of the brazed joints should 
not be essential for high-impact tough
ness. 

From Fig. 10, however, it is apparent 
that at 673 K the impact toughness of 
the BCu-1 joint is - 7 0 % of those joints 
brazed with BAu-2 and BAu-4. Since 
BCu is much cheaper than BAu, the for
mation of columnar structure is benefi
cial for obtaining high-toughness joints. 
This can be seen in Fig. 11A where the 
base metals brazed with BAu-1 are 
united by the columnar phase similar to 
those brazed wi th BCu-1. This phase 

consists of Fe-6~5Cu-2~1Au-0.8C alloy 
as illustrated in Fig. 14. Since the impact 
toughness of the BAu-1 joint is higher 
than that of the BAu-2 above 673 K, the 
columnar structure might also be effec
tive for joint toughness with BAu fi l ler 
metal. 

When adding Au to BCu-1 for the 
0.11 C steel/0.85C steel joint with a 50-
\xm (0.002-in.) joint clearance, the dis
solution and deposit is gradually re
stricted as Au increases to 70% (Ref. 1 2), 
and completely disappears with 80% Au 
{i.e., BAu-2). The composit ion of the 
columnar phase can reasonably be ex
pected to vary with the amount of Au 
added, i.e., the Au content in the phase 
increases whi le the Cu content de
creases, as illustrated in Figs. 3 and 14. 

120 

As for Ag, the addition of 10% Ag to 
BCu-1 causes a remarkable restriction 
in dissolution and deposit, and the 
columnar phase disappears with the ad
dition of 40% Ag. Also, the Cu content 
in the columnar phase decreases as the 
Ag content increases, but Ag content re
mains almost constant, i.e., only 0.2% 
(Ref. 12). 

Alloying the Columnar Phase with Nickel 

From the above results, it is reason
able to expect that the effect of colum
nar microstructure at elevated tempera
ture would be increased if the columnar 
phase was alloyed with Ni, which nor
mally improves the heat resistance of the 
ferritic metal. 
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Fig. 10 — Comparison of impact toughness for the dissimilar C steel joints brazed with BCu-1 
at 1398 K (2057 °F), BAu-1 at 1328 K (1931°F), BAu-2 at 1233 K(1760°F), BAu-4 at 1268 K 
(1823°F), BNi-2at 1313 K (1904° F) and BAg-8 at 1123 K (1562° F) for 540 s. 
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Fig. 11 — Microstruc
tures of the dissimilar 
C steel joints brazed 

with A — BAu-1; B — 
BAu-2; C — BAu-4; D 
— BNi-2; E — BAg-8. 

t^ 

F/g. 7 2 — Cross-sec
tions of impact-

ruptured dissimilar C 
steel joints brazed 

with A — BNi-2; B — 
BAg-8. Each was 

tested at 293 K(68°F). 
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Fig. 13 — Cross-sections of impact-ruptured dissimilar C steel joints brazed with A — BAu-1; B • 
(1112°F). 
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BAu-2; C — BAu-4. All tested at 873 K 
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Figure 1 5 shows the results of the im
pact tests in the same temperature range 
as previous works for the dissimilar C 
steel joints brazed with Cu-5Ni fil ler 
metal (Fig. 1 6A) and BAu-3 filler metal 
(Fig. 1 6B). Also, data for BCu-1 and BAu-
1 joints in Fig. 10 are shown so to clar
ify the difference in toughness between 
Cu-5Ni and BCu-1 or BAu-3 and BAu-
1. 

Although the brazing temperature 
was raised by the addition of Ni to BCu-
1 or BAu-1, the deposited columnar 
phase contained Ni : Fe-12~16Cu-
7-1 5Ni-0.6C for Cu-5Ni filler (Fig. 1 7); 
Fe-7Cu-3~8Ni-2~1Au-0.8C for BAu-3 
(Fig. 1 8). In spite of al loying wi th N i , 
however, the impact toughness of both 
joints was lower than or nearly equal to 
that of the BCu-1 or BAu-1. In the Cu-
5Ni joint, about 30% drop in toughness 
at 673 K compared to the BCu-1 is due 
to the occurrence of braze failure. This 
toughness decline is perhaps caused by 
the decrease of C content in the colum
nar phase from 0.8 to 0.6%, since the 
carbon is the most important element to 
strengthen ferritic metal. The other rea
son to consider may be that the addition 
of Ni to BCu-1 seriously affects the 
growth rate of the columnar phase, i.e., 
the dissolution and deposit is rapidly re
stricted with increasing N i , as well as 
Ag, in molten Cu, as already reported 
for the Fe-BCu-Mo or -W joint (Ref. 3). 

Deposit Mechanism of 
Columnar Phase 

Dissolution of Carbon Steels 
in Molten Copper 

Figure 19 shows the effect of holding 
time on the quantity of Fe dissolved in 

Fig. 16 — (Below) Microstructures of the 
dissimilar C steel joints with a joint 
clearance of 35-\im brazed with Cu-5Ni 
filler metal. A —at 1418 K (2093°F); B — 
BAu-3 at 1348 K (1967 °F). Brazing time: 
540 s. 

Fe 

Cu 

Au 

Fig. 14 — Microstructure and EPMA line analysis of the dissimilar C steel joint with a clear
ance of 50 pum and brazed with BAu-1 at 1328 K (1931°F) for 240 s. 
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Fig. 15 — Effect of adding Ni to BCu-1 or BAu-1 filler metal on impact toughness of the dis
similar C steel joints. 
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Fig. 17 — Microstructure and EPMA line analysis of the dissimilar C steel joint with a joint 
clearance of 50 \x.m, brazed with Cu-5Ni filler metal at 1418 K (2093°F> for 240 s. 

molten Cu for the similar 0.11 C steel 
joints. The joints have a 50-u.m (0.002 
in.) joint clearance and were brazed at 
1 398 K (2057°F). The data were derived 
from EPMA quantitative analysis. At 
1 398 K, the amount of Fe in molten Cu 
is approximately 3.5%. This is nearly 
equal to that of the Fe-Cu phase diagram 
(Ref. 1 3), and therefore, the time to at
tain equilibrium is within 60 s, as Bredzs 
and Schwartzbart (Ref. 14) reported in 
their investigation, the saturation of 
molten Cu filler metal with Fe base metal 
occurred in less than 2 s at 1366 K 
(2000°F). 

Figure 20 shows the effect of C con
tent on the quantity of Fe dissolved in 
molten Cu for various similar C steel 
joints, brazed at 1398 K (2057°F) for 240 
s. The amount of Fe in Cu decreased 
from 3.5 to 2.9% as the C content of the 
steel increased from 0.01 to 1.92%, i.e., 
the higher the C content, the smaller the 
amount of C steel dissolved in molten 
Cu at equilibrium. 

Brazing of Carbon Steels to Graphite 
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Fig. 18 — Microstructure and EPMA line analysis of the dissimilar C steel joint with a joint 
clearance of 50 \im, brazed with BAu-3 at 1348 K (1967°F) for 240 s. 

Figure 21 shows the microstructures 
of various C steels/graphite joints with a 
50-u.m (0.002-in.) clearance, brazed 
with BCu-1 at 1 398 K (2057°F) for 240 
s. Since the graphite base metal in the 
case of 1.39C and 1.92C steels has 
peeled during cutt ing, the synthetic 
resin, including a copper powder for 
electric conductivi ty, is seen on the 
graphite side in the photographs. Natu
rally, it is impossible to braze graphite 
to graphite with BCu. In Fig. 21 , it is ob
vious that all carbon steels dissolve in 
molten Cu, and the columnar phases 
come from the graphite braze interfaces. 
These columnar phases are almost the 
same as those of the dissimilar C steel 
joints, as shown in Figs. 3 and 4. The 
composit ion is in the fo l lowing range: 
Fe-9~6Cu-1.4~1.6C. 

Figure 22 shows the area of the 
columnar phases, shown in Fig. 2 1 , per 
a 100-|im (0. 004-in.) length of the braze 
interface, as measured by a picture an
alyzer. In Fig. 22, it is clear that the 
growth of columnar phase is faster, as 
the difference of C content between the 
base metals is greater. In the combina
tion of 1.92C steel and graphite (Fig. 
21 D), however, the amount of deposited 
columnar phase is extremely small, even 
though there is still a large difference in 
C content (approximately 98%) between 
the base metals. 

Figure 23 shows the microstructures 
of the 0. 01 C and 1.39C steel/1.92C 
steel joints with a 50-u.m (0.002-in.) 
clearance, brazed with BCu-1 at 1398 
K (2057°F) for 240 s. Comparing the 
0.01 C steel/1.92C steel joint (Fig. 23A) 
to the 0.01 C steel/graphite joint (Fig. 
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Fig. 19 — Effect of holding time on the dissolution of steel in 
molten Cu for the similar 0. 11C steel joint with a joint clearance 
of 50 \im, brazed with BCu-1 at 1398 K (2057 °F). 

Fig. 20 — fffecf of C content on the dissolution of steel in molten 
Cu for the similar C steel joints with a joint clearance of 50\xm, 
brazed with BCu-1 at 1398 K (2057°F) for 240 s. 

Fig. 21 — Microstructures of various C steel/graphite joints with a joint clearance of 50-\i.m, brazed with BCu-1 at 1398 K (2057°F) for 
240 s. 
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Fig. 22 — Relation between area of columnar phase and difference of C content in C 
steel/graphite joints, shown in Fig. 21. 

21 A), and the 1.39C steel/1.92C steel 
joint (Fig. 23B) to the 1.39C 
steel/graphite joint (Fig. 21C), the disso
lution and deposit configurations are 
quite similar. This suggests that the 
1,92C steel could play the same role as 
graphite in the formation of the colum
nar phase in dissimilar brazing. 

Space Model of Fe-Cu-C Phase Diagram 

According to the Fe-C, Fe-Cu and Cu-
C phase diagrams (Ref. 1 3), it is possi
ble to draw a space model of the Fe-Cu-
C ternary phase diagram, as illustrated 
in Fig. 24: L1, Fe-rich liquid; L2, Cu-rich 
liquid; a, yand 8 solid solutions of Fe; e 
solid solution of Cu. In Fig. 24, the sym
bol H (93.3Fe, 4.2C, 2. 5Cu) (Ref. 13) is 
the monotectic four-phase point (1423 
K, 2102°F)(Ref. 13): 

L,(H)^. yFe(G) + C(J) + L2(l) 

Also, the symbol O is the peritectic four-
phase point (1 367 K, 2001 °F) (Ref. 1 3) 

L, (0) + yFe(P)^>e(Q) + C(R) 

Therefore, the isothermal section at 
the brazing temperature (BT: 1398 K) 
becomes the plane a-b-c-d-e-f-g, and 
Fig. 25 is its surface of projection where 
a = 9Cu, b = 3.5Fe and f = 2C. At the 
brazing temperature (BT), the equi l ib
rium quantity of Fe dissolved in molten 
Cu is 3.5%, and the Fe-C solid solution 
(yFe) is able to contain C up to 2%. On 
the other hand, the solubil i ty of C in 
molten Cu is about 0. 0001 % (Ref. 1 5), 
and Cdoes not form a solid solution with 
Cu. 

Since the Fe-C solid solution (yFe) has 
a face-centered cubic structure, the 
primit ive unit cell consists of four Fe 
atoms, and the C atom exists in an in-

Fig. 23 — Microstructures of various dissimilar C steel joints with a joint clearance of 50 \xm, brazed with BCu-1 at 1398 K {2057°F) for 240 s. 
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terstitial position. Therefore, the C con
tent of 2% (i.e., 9 at.-%) nearly corre
sponds to the ratio of one C atom per 
two and a half unit cells. Also, the 1398 
K brazing temperature is only 40.5 K 
(72.9°F) above the 1 357.5 K (1984.1 °F) 
melting point of Cu. In general, a liquid 
metal tends to retain the characteristics 
of the solid structure in the neighbor
hood of its melting point (Ref. 1 6). Thus, 
it can be assumed that, because the 
molten Cu retains characteristics of its 
solid structure (f.c.c. structure) at the 
brazing temperature, an interstitial solid 
solution yFe does not enter into molten 
Cu as a disjoined atom, but as a massive 
cluster (Ref. 1 7) involving the carbon 
atom, due to a strong interaction be
tween atoms (Ref. 1 8). 

Consider the Cu brazing of iron (Fe) 
and graphite (C) as shown in Fig. 25. 
When the molten Cu flows into the nar
row joint clearance between the Fe and 
graphite base metals at 1398 K (2057 
°F), the following occurs: 

1) At the Fe braze interface, the 
solidus moves from Fe to a by the pen
etration of Cu into the Fe base metal, 
and the liquidus moves from Cu to b by 
the dissolution of Fe in molten Cu. Si
multaneously, at the graphite braze in
terface, the solidus and the liquidus be
come e and d, respectively. 

2) As illustrated schematically in Fig. 
26, after t, time, the Fe cluster in molten 
Cu diffuses to the graphite braze inter
face and touches it because of the nar
row joint clearance. On touching, the 
Fe cluster combines wi th the C of the 
graphite base metal to form the Fe-C 
cluster — that is, the bonding force of 
Fe-C would be significantly larger than 
that of Fe-Cu in molten Cu. 

3) After t2 time, the supply of Fe clus
ter to the graphite braze interface con
tinues through the molten Cu, and the 
concentration of the Fe-C cluster rapidly 
increases and finally reaches its equilib
rium quantity, i.e., the liquidus of the 
graphite braze interface moves from d 
to c along the d-c curve. Thus, the 
solidus-liquidus of both braze interfaces 
become a-b and e-c, respectively. 

4) After t3 time, however, the conver
sion of Fe cluster into Fe-C cluster at the 
graphite braze interface proceeds be
cause of the large bonding force of Fe-
C, so that the concentration of Fe-C clus
ter exceeds its equilibrium quantity. This 
can be regarded as an occurrence of 
constitutional supercooling. Therefore, 
the excess Fe-C cluster is deposited as a 
columnar Fe-Cu-C alloy phase, and as 
a result, the solidus of the graphite braze 
interface becomes g. 

5) After the deposit of the columnar 
phase, though the solidus-liquidus of the 
graphite braze interface becomes g-c, 
the Fe cluster in molten Cu continues to 

4000 

1811 

1667 

1185 

Fig. 24 — Space model of Fe-Cu-C phase diagram. BT: brazing temperature. 

draw with C (which has been supplied 
from the graphite base metal by its fast 
diffusion) of the solid phase g, and 
changes to the Fe-C cluster so that the 
condition of a constitutional supercool
ing is held continually. Thus, the deposit 
of the solid phase g proceeds even at a 
constant brazing temperature. 

Therefore, it can be assumed that the 
dissolution and deposit takes place 
under the stationary process [i.e., 
nonequi l ibr ium state) on the whole, 
though each solidus-liquidous at both 
braze interfaces is in equilibrium. 

Supposing h = IC in Fig. 25, the 

solidus-liquidus of the 1C steel braze in
terface is i-j. Therefore, in the combina
tion of Fe and 1 C steel, the solidus-liq
uidus becomes a-b at the Fe braze inter
face and i-j at the 1C steel braze inter
face. Similarly, in the case of the 1C 
steel/2C steel joint, the solidus-liquidus 
at both braze interfaces are i-j and g-c, 
respectively. So, in all combinations of 
the dissimilar C steels, the mechanism 
of the dissolution and deposit is like that 
of the Fe/graphite joint mentioned 
above, i.e., its driving force is the con
version of the lower carbon Fe-C clus
ter dissolved in molten Cu from the 
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Fig. 25 — Isothermal section through space model in Fig. 24 at brazing temperature (BT). 

lower C steel base metal into the higher 
carbon Fe-C cluster at the higher C steel 
base metal braze interface. As the C con
tent of the higher C steel increases, the 
solidus of the higher C steel braze inter
face approaches g along-the a-g curve. 
This results in the increase in C content 
of the deposited columnar phase. Fur
ther, in the 2C steel/graphite joint the 
solidus-liquidus of the 2C steel braze in
terface, g-c, is also in equil ibrium with 
e so that the high-carbon Fe-C cluster 
could not combine C at the graphite in
terface. This means that the dissolution 
and deposit does not take place. Thus, 
it seems certain from Figs. 23A and 23B 
compared to Figs. 21A and 21C that the 

solidus-liquidus of the 1.92C steel braze 
interface is almost equivalent to g-c in 
Fig. 25. 

When a C steel dissolves in molten 
Cu, the Fe-C cluster probably contains 
C nearly equal to the original C content 
of the steel. Therefore, as the difference 
of C content between both the dissimi
lar carbon steel base metals increases, 
the bonding force of the Fe-C cluster, 
dissolved from the lower C steel base 
metal, to carbon in the higher C steel 
base metal increases. This may result in 
the increase in the growth rate of the 
columnar phase, as illustrated in Fig. 22. 

As already reported (Ref. 1), the 
growth of the columnar phase is signifi-

Fe Cu Graphite 

cantly affected by the distance between 
the dissimilar carbon steel base metals 
in spite of the rapid saturation of Fe in 
molten Cu. This suggests that the Fe clus
ter in molten Cu would be gradually dis
jointed during its diffusion because a 
simple Fe could not combine with C. 
The restraint of the dissolution and de
posit by the addition of Au, Ag and Ni 
to BCu filler metal, as mentioned above, 
is assumed as follows: According to Fe-
Au or Fe-Ni phase diagram (Ref. 1 3), the 
Fe cluster is alloyed with Au or Ni to 
form the Fe-Au or Fe-Ni cluster whose 
bonding force to C is small. On the other 
hand, Ag acts strongly to disjoint the Fe 
cluster, as estimated from the Fe-Ag 
phase diagram (Ref. 19), where it is 
shown that the mutual solubil i ty of Ag 
and Fe is very low in both solid and liq
uid. 

Conclusions 

The effect of columnar microstruc
ture on the impact toughness of a 0.1 7C 
steel/ 1.04C steel braze joint was inves
tigated in a temperature range of 198 to 
873 K (-103° to 111 2°F). The following 
conclusions were drawn: 

1) In the brazing with AWS BCu-1, 
uniting the base metals with the colum
nar Fe-10~6Cu-0.8C alloy phase (which 
comes from the 1.04C steel base metal 
due to the dissolution and deposit) is re
markably effective in producing Charpy 
U-notch impact toughness of the joint 
between 373 and 673 K (212° and 
752°F). Particularly at 673 K, the impact 
toughness reaches a maximum value of 
49 J (36 ft-lb). This is 70% of the joints 
brazed with BAu-2 and BAu-4,which 
have no columnar structure. 

2) As for BAu-1, the base metals are 
also united by a columnar Fe-6~5Cu-
2-1 Au-0.8C alloy phase, giving an im
pact toughness to the joint higher than 
that for BAu-2 above 673 K. 

3) When using Cu-5Ni filler metal and 

Fig. 26 — Schematic model of dissolution and deposit of base metal in Cu brazing to Fe and graphite. 
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BAu-3 instead of BCu-1 and B A u - 1 , the 
c o m p o s i t i o n s o f the c o l u m n a r phases 
become Fe -12 -1 6Cu-7~1 5 N i - 0 . 6 C and 
F e - 7 C u - 3 ~ 8 N i - 2 ~ 1 A u - 0 . 8 C , respec
t i ve ly . H o w e v e r , a l l o y i n g the c o l u m n a r 
phase w i t h N i does not result in an i n 
crease in impac t toughness of the brazed 
jo in ts . 
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