
Laser Beam Welded Nickel Aluminum Bronze 
(Cu-9Al-4Fe-4Ni) 

Laser beam welding is effective in producing narrow heat-affected zones 
in nickel-aluminum-bronze material 

BY K. PETROLONIS 

ABSTRACT. Three-eighths-inch (0.953-
cm) thick plates of wrought nickel alu
minum bronze (Cu-9AI-4Fe-4Ni) were 
autogenously laser beam welded in a 
butt-joint configuration using varying 
process parameters. The parameters that 
were varied include incident laser power 
and welding speed. 

Macrophotography, light micro
scopy, scanning electron microscopy 
(SEM), and microhardness profiles have 
been employed to characterize the mi
crostructures that develop in the laser 
beam weldments and heat-affected 
zones of a nickel aluminum bronze 
(NAB). The investigation has also docu
mented the microstructural characteris
tics of the base plate prior to welding. 

The weld metal is primarily marten
sitic but does contain proeutectoid Wid
manstatten a (the copper-rich FCC solid 
solution). In general, the structure of the 
weld zone is equiaxed, although colum
nar grains are observed in the vicinity of 
the fusion line. Mixed proeutectoid a 
and martensite develop in the heat af
fected zone (HAZ) and are strongly in
fluenced by the microstructure of the 
base plate. Finally, the base plate of the 
wrought NAB plates is composed of al
ternating bands of proeutectoid a which 
contains Kiv particles, and the eutectoid 
mixture of a + KJJJ. The secondary phases, 
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referred to as K ^ and Kiv are based on 
NiAl and Fe3AI, respectively. 

Finally, some preliminary results on 
continuous cooling studies from the sin
gle phase (3 region have shown that 
proeutectoid a is the active nucleus for 
the eutectoidal reaction. 

Introduction 

Nickel aluminum bronzes (NABs) 
have been in use for many years in ma
rine applications. This material, accord
ing to Culpan and Foley (1982), is im
portant because it exhibits a strength and 
corrosion resistance similar to that of 
medium carbon steel. Other valuable 
properties include: 1) low magnetic per
meability, 2) low coefficient of friction, 
3) resistance to softening at elevated tem
peratures, and 4) nonsparking nature 
(Culpan and Foley, 1982). 

One problem that does occur, partic
ularly in the HAZ of the arc weldments 
of NAB, is selective phase corrosion 
(Lorimer, etal., 1986). Selective phase 
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corrosion is a specific form of dealloy-
ing, the process whereby one constituent 
of an alloy is preferentially removed, 
leaving behind an altered residual struc
ture (Fontana, 1 986). Since this selective 
phase corrosion tends to occur in or near 
the HAZ, laser beam welding of the NAB 
material is being studied to optimize 
welding parameters and reduce the 
width of the HAZ. Laser beam welding 
was chosen for such a project because 
of the low heat inputs and rapid cooling 
rates associated with it. These charac
teristics alone would help to reduce the 
width of the HAZ. The ultimate aim of 
this project is to optimize the laser weld
ing parameters of NAB to achieve a nar
row HAZ, full penetration of the plate, 
and to maintain the mechanical proper
ties of the material through microstruc
tural control. Details of the selective 
phase corrosion of the laser welded NAB 
are presented elsewhere (Bell, 1993). 

Experimental 

Hot-rolled, NAB plates with the mea
sured composition as shown in Table 1 
were autogenously laser beam welded 
with a 14-kW continuous wave carbon 
dioxide laser. Details of the phase trans
formations that occur in hot-rolled NAB 
samples are provided elsewhere (Petrolo-
nis, 1993 and Bell, 1993). 

Fourteen bars (30.48 X 5.08 X 0.953 
cm/1 2 X 2 X 'A in.) of the above compo
sition were obtained. Pairs of bars were 
placed side-by-side and a sacrificial-cast, 
NAB backing strip (reinforcing strip) was 
tacked along the "butting" line. The back
ing strip was needed because the NAB 
tends to "drop through" during the weld-
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Table 1—Alloy Composition (wt%) 

Al Fe Ni 

9.20 3.76 4.50 

Mn 

1.35 

Si 

0.04 

Pb 

0.01 

Cu 

balance 

Table 2—Summary of the weld parameters 

Pass# 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

Laser Power 
(kW) 

10.6 
11.7 
11.7 
10.8 
14.1 
14.1 
13.1 
13.1 
13.1 
13.1 
13.3 
13.6 
13.3 
13.3 

Welding Speed 
(cm/min) 

50.8 
50.8 
50.8 
50.8 

101.6 
101.6 
76.2 
76.2 

101.6 
127 
127 
152.4 
152.4 
177.8 

ing process due to its l o w viscosi ty. The 
bars we re then w e l d e d together using a 
1 4 - k W C 0 2 laser. T w o near 1 5 - cm (6-
in.) we lds were made on each of the f ix-
tu red bars ; thus , a to ta l of f ou r teen d i f 
ferent we lds w e r e made for subsequent 
analyses. The inc iden t laser powe r was 
var ied b e t w e e n 10.6 and 14.1 k W (see 
Table 2). The we ld i ng speed ranged f rom 
5 0 to 1 78 c m / m i n (20 to 70 in . /m in ) . A t 
th is p o i n t , it shou ld be no ted that fu l l 
penetrat ion of the plate was ach ieved in 
over half of the we lds , and a representa
t ive examp le is given in Fig. 1 . 

Heat Input 
(kj/cm) 

12.52 
13.82 
13.82 
12.76 
8.33 
8.33 

10.31 
10.31 
7.74 
6.19 
6.28 
5.35 
5.24 
4.49 

Light Microscopy 

S tandard m e t a l l o g r a p h i c analys is 
was p e r f o r m e d . The w e l d s w e r e sec
t i o n e d n o r m a l to the w e l d d i r e c t i o n 
using an au tomated , wa te r - coo led , abra
s ive cu t - o f f w h e e l . The samples w e r e 
then m o u n t e d in Struer 's Epoxy a n d 
g round us ing progressively f iner gr i t s i l 
i con ca rb ide papers (80, 2 4 0 , 3 2 0 , 4 0 0 , 
and 600) using standard meta l lograph ic 
pract ices. Po l i sh ing o f the samples was 
then pe r f o rmed us ing 600 -g r i t a l u m i n a 
powder . The samples were etched in e i -

Fig. 1 — Macrograph of a laser beam weld
ment, 12.52 kj/cm. Etchant: Ammonium per-
sulfate. (Wrought NAB plate.) 

ther 10 g a m m o n i u m persu l fa te in 9 0 
mL of d i s t i l l ed wa te r or a m i x t u r e c o n 
ta in ing equal vo lumes o f a m m o n i u m hy
d rox ide , hydrogen perox ide and d is t i l led 
water . 

Scanning Electron Microscopy (SEM) 

The samples we re removed f r o m the 
m o u n t so that the m o u n t w o u l d no t 
charge under the ac t ion o f the e lec t ron 
beam. 

The samples that were etched in a m -
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Fig. 2 — A — Plot of fusion zone width vs. heat input; B — plot of the HAZ width at 50% penetration vs. heat input. 
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Fig. 4 — Low-magnification SEM micrograph of the fusion 
line (heat input = 12.52 kj/cm). Etchant: Ammonium hydrox
ide solution. 
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Fig. 3 — Vertical section of the Cu-AI-5%Ni-5%Fe phase diagram 
(Cook, etal., 1951-52). 

Fig. 5 — SEM micrograph showing microstructural banding 
and representative phases of the wrought base plate. Etchant: 
Ammonium hydroxide solution. 

monium persulfate yielded little contrast 
in the SEM, so the samples were repol-
ished using 600-grit alumina powder 
and etched in the ammonium hydrox
ide, hydrogen peroxide, distilled water 
solution. To further enhance the con
trast in the SEM, the samples were pur
posely overetched in this solution. In ad
dition to this, a line of silver paint, from 
the metal to the sample holder, was used 
to prevent the sample from charging. 

Microhardness 

Sample preparation for microhard
ness included repolishing the surfaces 
with 600-grit alumina powder and re-
etching in the ammonium hydroxide, 
hydrogen peroxide, distilled water solu
t ion. This was performed to eliminate 
variations in the hardness data due to 
the presence of any oxide layer which 
might have formed during storage in air, 
after laser beam welding. Hardness mea
surements were taken every 0.5 mm, 
using a load of 100 grams and the 
Vicker's hardness indentor. 

Results and Discussion 

Macroanalysis of the Weldments 

A typical macrograph of a laser weld
ment in the wrought material is shown 
in Fig. 1. Figure 1 also shows that a 
banded microstructure is maintained 
from the base plate up to the fusion line, 
although the phases present in the base 
plate and HAZ are dissimilar. A plot of 
maximum weld pool width as a function 
of heat input is shown in Fig. 2A, and a 
plot of the HAZ width at 50% penetra

tion is presented in Fig. 2B. As might be 
expected, the width of both the weld pool 
and HAZ increase with increasing heat 
input. The linear fit was employed since 
it is well known that for the low power 
associated with laser beam welding, a 
linear relationship is expected (Lancaster, 
1980). Also note that the width of the 
heat-affected zones generated in the laser 
weldments are quite narrow compared 
with those associated with gas metal arc 
welding, which are approximately 4 to 
5 times the size of the HAZs associated 
with laser beam welding. 

=0 

Ejjiecioida+Kjjj 

Proeutectoid tx 

Fig. 6 — Schematic 
illustrating microstruc
tural banding and the 
phases which are pre
sent in the wrought 
base plate. 
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Fig. 7 — SEM micrograph of 
the HAZ near to the fusion 

line illustrating the presence 
of martensite, as well as 

bands of proeutectoid a (heat 
input, 12.52 kj/cm). Etchant: 

Ammonium hydroxide 
solution. 

Microstructural Analysis of the Weldments 

To aid in the discussion, a vertical 
section of the Cu-Al-5%Ni-5%Fe phase 
diagram is presented in Fig. 3. Accord
ing to this diagram, the phases expected 
to be present at equil ibrium are proeu
tectoid oc and the eutectoidal mixture of 
a + K (Cook, ef al., 1951-52). However, 
due to the fact that this is a quaternary 
system, other phases wil l be present, and 
the eutectoidal K phase wi l l be desig
nated as Kjij (the designation is used to 
provide consistency wi th earlier work 
of, e.g., Hasan, etal., (1987)). 

Base Metal and Heat-Affected Zone 

Figure 4 is a low magnification SEM 
image of the weld metal, HAZ, and the 
base plate regions. The banding, as stated 
above with respect to Fig. 2, is particu
larly evident and exists up to the fusion 
line. Figure 5 illustrates the microstruc
ture present in the base plate well re
moved from the weld metal. Here, the 
microstructure is banded and consists of 
alternating regions of proeutectoid a and 
the eutectoidal mixture of a + K^, (e. g., 
see the schematic diagram of Fig. 6). 
There is also a precipitate evident on the 
a grain boundaries and within the oc-ma-

trix which is the Kiv phase (Bell, etal., 
1991). At this point, it can be noted that 
the image presented in Fig. 5 bears a re
markable resemblance to manganese-
bearing hypoeutectoid steels which yield 
a banded ferrite/pearlite microstructure 
after hot-roll ing and slow cooling from 
the austenite region (Thompson and 
Howell,1992). 

Progressing from the base metal to 
the HAZ, a phase transformation occurs. 
In the HAZ nearest to the weld zone, all 
of the bands of the eutectoidal mixture 
a+ Kjij, together with a large fraction of 
the proeutectoid a bands have trans
formed to P upon heating and subse
quently to martensite upon cool ing. 
Hence, the microstructure consists pri
marily of martensite bands together with 
predominantly proeutectoid a bands 
(see Fig. 7). In the HAZ further from the 
weld, martensite is still formed, though 
to a lesser degree due to the decreasing 
peak temperature and temperature gra
dient from the weld center (see Figure 
8). Notice also that the proeutectoid a 
bands are thicker, progressing farther 
into the base plate away from the weld 
center, which implies that the marten
site formed farther from the fusion line 
corresponds primari ly to the a + K ^ 
bands which were present prior to weld

ing. In addition to the HAZ constituents, 
martensite appears within the proeutec
toid a as thin plates or rods (Hasan, ef 
al., 1987). 

Weld Metal 

In the weld metal the microstructure 
adjacent to the fusion line was observed 
to exhibit a change in morphology from 
an equiaxed grain structure at the weld 
center (Fig. 9) to a columnar structure 
adjacent to the fusion line (see Fig. 10). 
Examination of a longitudinal section of 
the weld confirmed the existence of an 
equiaxed grain structure toward the cen
ter of the weld. It is observed that the 
weld metal microstructure exists primar
ily as Widmanstatten proeutectoid a and 
martensite (see Figs. 9 and 10). The Wid
manstatten a forms an interlocked struc
ture with the martensite between the 
rods of a. Structural identification of the 
martensite has been performed by, e. g., 
Hasan, ef al., 1982, 1 987. Another ob
servation was that the welds produced 
at lower heat inputs exhibited a finer dis
persion of Widmanstatten a (see Fig. 
11 A-C). 

Microhardness 

The microhardness values obtained 
for three welds are presented in Fig. 1 2 
A-C. Each of these welds was run at a 
different heat input, as illustrated in 
Table 2. The highest hardness at the 
weld center (approximately 300 Vicker's 
hardness number (VHN)) is directly re
lated to the presence of the maximum 
volume fraction of martensite at this lo
cation. As distance from zero (0) mm in
creases to both the left and right, the ma
terial generally appears to be less hard 
(approximately 150-250 VHN). Note, 
arrows in Fig. 1 2A-C indicate the ap
proximate location of the fusion line. 
Notice also that each of the hardness 
plots exhibit tall stray peaks. These peaks 

Fig. 8 — A — SEM microgrpah of the HAZ away from the fusion line showing the presence of martensite and bands and proeu
tectoid a (heat input, 12.52 kj/cm). Etchant: Ammonium hydroxide solution; B — SEM micrograph of the HAZ away from the fu
sion line showing the wider bands of proeutectoid a and less martensite (heat input, 12.52 kj/cm). Etchant: Ammonium hydrox
ide solution. 
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Fig. 9 — Light 
micrograph of 
the weld metal 
at the center of 
the weld zone 
(heat input, 
12.52 kj/cm). 
Etchant: 
Ammonium 
hydroxide 
solution. 
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Fig. W — SEM 
micrograph, 
showing colum
nar growth near 
the fusion line 
(heat input, 
12.52 kj/cm). 
Etchant: 
Ammonium 
hydroxide 
solution. 
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F/g. 7 7 — A — Light micrograph of the weld produced at a heat input of 12.52 kj/cm; B — light micrograph of the weld produced at a heat 
input of 8.33 kj/cm; C— light micrograph of the weld produced at a heat input of 4.49 kj/cm. Etchant: Ammonium hydroxide solution. 
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Fig. 12 — Vicker's hardness profile for the weld produced at a heat input of A — 72.52 kj/cm, B — 8.33 kj/cm, and C — 4.49 kj/cm. (0 mm sig
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Fig. 13 —Light 
micrograph of the 

furnace cooled NAB 
material. Etchant: 

Ammonium hydroxide 
solution. 
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correspond respectively to the marten
site found in the HAZ. 

A Preliminary Study of Continuously 
Cooled NAB Material 

In an effort to understand the phase 
transformations that occur in this mate
rial in further detail, it was decided to at
tempt to transform the material com
pletely to the P phase, followed by con
tinuous cooling which would give rise 
to the a phase, together with the various 
K phases. It was found that a heat treat
ment of 120 min at 1 000°C ±2° yielded 
1 00% p. This is consistent with earlier 
work by, e. g., Jahanafrooz, ef al., 1983. 
Quenching in ice-water produced 
martensite together with Widmanstatten 
proeutectoid a. Air cooling produced 
proeutectoid a together with the eutec
toidal mixture of a + K|jj. Furnace cool
ing produced the same constituents but 
on a coarser scale. Figure 1 3 is a light 
micrograph of the furnace cooled mate
rial. As can be seen, there is no grain 
boundary between the proeutectoid a 
and the eutectoidal a, i.e., they are of 
the same orientation. This implies that 
the proeutectoid a initiated the eutec
toid reaction and may be termed the ac
tive nucleus for the eutectoidal mixture 

Of 05+ Kjij. 

Conclusions 

In summary, laser beam welding is 
very effective in producing narrow heat 
affected zones in the NAB material. The 

objective of attaining full penetration of 
the plate was accomplished in 54% of 
the weldments. Further experimenta
t ion, including a more intensive study 
concerning the effects of the laser beam 
welding parameters on this material, is 
necessary to consistently obtain fu l l -
penetration weldments. 

This study also verified that mi
crostructural banding is present in the 
base plate and exists through the HAZ 
to the fusion line. The base plate con
tains alternating bands of the copper-
rich solid solution, i.e., proeutectoid a, 
and the eutectoid mixture of a + KJJJ. Kiv 

is also present in the base plate, both 
wi th in the proeutectoid oc grains and 
along the proeutectoid oc grain bound
aries. It was also evident that a large frac
tion of proeutectoid a and the eutectoid 
mixture a + K^, transforms to martensite 
in the HAZ. Columnar grains of the weld 
metal (consisting of Widmanstatten 
proeutectoid a and martensite) exist ad
jacent to the fusion l ine; however, the 
grains attained an equiaxed morphol
ogy as the centerline of the weld metal 
is approached. The phases present at the 
weld center are primarily Widmanstat
ten proeutectoid a and martensite. 
Welds produced at lower heat inputs ex
hibited a finer microstructure in the weld 
metal when compared with those which 
were produced at higher heat inputs. 

The microhardness data revealed that 
the weld metal and HAZ were hard rel
ative to the base plate. The stray peaks, 
as mentioned above, are a result of a 
measurement being recorded on the 

martensite found in the HAZ. 
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