
Microsegregation in 70Cu-30Ni Weld Metal 

Principles of solidification mechanics are outlined and 
applied to a study of cupro-nickel welds 

BY W. F. SAVAGE, E. F. NIPPES AND T. W. MILLER 

ABSTRACT. The fusion zones of gas 
tungsten-arc welds made in a 70Cu-
30Ni alloy were studied to determine 
the nature and extent of major and 
impurity solute segregation. Metallo
graphic techniques revealed that cel
lular, cellular-dendrit ic, and equi
axed dendritic growth modes were 
p roduced dur ing sol id i f icat ion of 
welds. A weld exhibiting the cellular 
and the cellular-dendrit ic substruc
tures was subjected to electron beam 
mic roprobe analysis. Quant i tat ive 
values of variations in solute concen
trations from cell centers to cell boun
daries were determined by point-
count e lectron beam mic roprobe 
analysis. 

The point -count e lectron beam 
microprobe analysis of metal which 
backfil led into cracks produced at the 
surface of welded R.P.I. Varestraint 
specimens revealed the existence of a 
solute concentration transient spike 
during solidification of 70Cu-30Ni 
welds. In addit ion, this technique per
mitted an approximate calculation of 
the distribution coefficient, k, for the 
various solutes in this alloy. 

Introduction 

Since fusion welding processes 
produce a welded joint by creating a 
moving pool of molten metal which 
solidifies within the joint by epitaxial 
nucleation and growth f rom existing 
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solid interfaces, the problems in
volved are similar to those encoun
tered in any casting process. Specif
ically, segregation, which invariably 
results during solidification on both a 
macroscopic and microscopic scale, 
causes localized variations in both the 
solidification temperature and the 
mechanical properties of the joint. 

For a simple single phase binary 
alloy within the solidification temper
ature range, the intersection of a tem
perature isotherm with the l iquidus 
defines the composit ion of the liquid 
phase, C L , while the intersection with 
the solidus defines the composit ion of 
the solid phase, C s . For any temper

ature at which solid and liquid phases 
coexist, the ratio, C S / C L , is defined as 
the distribution coefficient, k. De
pending upon the solvent-solute com
bination, k can assume values either 
greater or less than 1.0. In general, if 
the solute tends to lower the melting 
temperature range, the liquid phase is 
enriched in solute and k assumes 
values less than 1.0. 

Chalmers (Ref. 1) discusses the se
quence of redistribution of solute dur
ing the solidification of a single phase 
binary alloy under conditions per
mitting: 

1. Redistribution of solute in the 
liquid phase by diffusion only. 
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Fig. 1 —Schematic showing transient phenomena during initial solidification 
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COMPOSITION, % 3 

Fig. 2 — Schematic explanation of the 
origin ol constitutional supercooling 
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Fig. 3 — Effect of growth rate and temper
ature gradient on constitutional super
cooling 

2. No diffusion of solute in the solid 
phase. 

Although these conditions were in
tended to represent a mathematical 
boundary limitation only, it can be 
shown that with the rapid rate of sol id
ification and the fast cooling rates 
associated with fusion welds these re
strictions are in essence satisfied. 

Figure 1 summarizes the changes 
in solute distribution attending pro
gressive solidification under these re
strictions. Note that the first solid to 
form exhibits the composit ion kC0 

where k equals the distribution coef
ficient and Co equals the nominal 
composit ion of the alloy. Thus, for 
k<1.0 the excess solute rejected by 
the first solid to form increases the 
concentration of solute in the adja
cent liquid (see Fig. 1a). On the other 
hand, for k>1.0, the liquid at the 
solid-l iquid interface is depleted of 
solute in order to produce the first 
solid which is solute enriched (see 
Fig. 1b). 

At some later time when the solid-
liquid interface has advanced to the 
location identified at Ot 2 in Figs. 1c 
and 1d, a dynamic equil ibrium is es
tablished such that solid of composi
tion Co is forming continuously from 
the adjacent liquid of composit ion 
C0/k. Thus for k<1.0. the adjacent 
liquid is enriched in solute, while for 
k> 1.0 the adjacent liquid is depleted 
in solute. 

The dashed curve in Figs. 1c and 
1d indicates the gradual nature of the 
change in solute concentration of the 
liquid during the initial stages of solid
i f icat ion. Note that this curve is 
related to the solid curve in that C L , 
the dashed curve, is always equal to 
C s / k where C s is given by the solid 
curve to the left of O t 2. 

The change in solute concentra
tion in the solid bears an exponential 
relationship (Ref. 1) to the solidifica
tion distance, X, and exhibits a "char
acteristic distance," 

X, D/(kR) Eq. 1 

where: 
k = distribution coefficient. 
R = growth rate at solid-l iquid in

terface. 
D = diffusion coefficient of the 

solute in the l iquid. (The values for 
most liquid metals are the same 
within a factor of ten. A representa
tive value is 5 X 10~5cm2/s). 

Once the concentration of the liquid 
reaches C0/k, the initial transient 
period ends, and solid of composi
t ion, Co, forms cont inuously until 
some perturbation of the dynamically 
stable concentration gradient in the 
liquid occurs. During the steady-state 
solidification which follows the initial 
transient period, the solute distr ibu
tion in the liquid bears an exponential 
relationship to the distance, X', f rom 
the instantaneous solid-l iquid inter
face. This concentration gradient ex
hibits a "characteristic distance," 

D/R Eq. 2 

where: 
D and R are the same as that shown 

for Eq. 1. 
Because exponential relationships 

are involved, the "characteristic dis
tance" can be visualized as rep
resenting the value of the indepen
dent variable at which a transient 
change would be complete if the 
process of change were to continue at 
its initial rate. In general the change 
would be 63.2% complete at a point 
located one "characteristic distance" 
from the interface, 95% at three times 
the "character ist ic d is tance" and 
within 1 % of the final value at five 
times the "characteristic distance." 

Thus, since X c = D/(kR) and X'c = 
D/R, it is obvious that X c = X ' c /k . 
Therefore for k<1.0, X c > X' c while 
for k>1.0, X c <X'C , as indicated 

schematically in Figs. 1c and 1d by 
the shapes of the curves. 

In addition to the necessity of redis
tributing the solute in the manner de
scr ibed above, the sol id i f icat ion 
process is also influenced by the 
necessity of dissipating the latent heat 
of fusion liberated at the advancing 
solid-liquid interface. In the case of a 
pure metal solidifying in the pres
ence of a pos i t i ve t e m p e r a t u r e 
gradient in the liquid, the rate of re
moval of the latent heat from the inter
face by conduction to the cooler adja
cent solid controls the rate of growth. 

However, it was suggested by Rut
ter and Chalmers (Ref. 1) that the 
depression of the effective liquidus by 
the variation in solute concentration 
ahead of the moving solid-l iquid inter
face could result in producing a layer 
of supercooled liquid even in the 
presence of a positive temperature 
gradient. This condition was termed 
"constitutional supercool ing" and is 
explained schematically in Fig. 2. 

Note that this figure is prepared for 
the case where k<1 .0 . Thus the 
solute-enriched liquid to the right of 
the S-L interface at the top causes the 
observed depression of the effective 
liquidus shown by the solid curve at 
bottom left. Note that the amount of 
depression of the liquidus can be 
determined from the schematic of the 
relevant portion of the binary consti
tutional diagram shown at bottom 
right in Fig. 2. A typical temperature 
gradient is also shown as a dashed 
line in the lower left portion. Note that 
the actual temperature (solid curve) 
lies below the effective liquidus tem
perature (dashed curve) from the S-L 
interface to a point Y located in the 
liquid phase. Thus, the liquid in this 
region is said to exhibit "consti tu
tional supercooling." 

Figure 3 shows the effect of the 
growth rate and the thermal gradient 
in the liquid on the extent of "consti
tutional supercooling." The shape of 
the effective liquidus temperature 
curves in Fig. 3 is derived from the 
curve of the steady-state solute con
centration spike, which in turn is re
lated to the characteristic distance 
(Eq. 2). Note from Eq. 2 that a high 
growth rate. R, would result in a 
smaller value of characteristic dis
tance, X'c, and thus produce both a 
steeper concentration spike and a 
steeper effective l iquidus depres
sion. The converse is also true in that 
slow growth rates produce a shal
lower liquidus depression. Note also 
in Fig. 3 that steeper temperature gra
dients lessen the distance over which 
constitutional supercooling occurs in 
the liquid. 

Tiller and Rutter (Ref. 3) hypoth
esized that solidification microstruc
tures are a function of the thermal 
gradient, G, in the liquid and the 
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growth rate, R, of the solid forming 
from the l iquid. Figure 4 shows in 
schematic form how the resultant 
solidification microstructures were 
postulated to depend upon G, R, and -
the nominal composit ion, C0. Note 
that the terms G and R are combined 
in a single parameter G/RV2. 

In fusion welds in face-centered 
cubic alloys the solid forms by epitax
ial nucleation on the unmelted base 
metal grains followed by growth along 
the <100> preferred growth direc
tions (Ref. 4). In general, growth with
in each epitaxially nucleated region 
proceeds along that < 1 0 0 > pre
ferred growth direction which has the 
largest component parallel to the 
temperature gradient in the l iquid. 
Figures 5 through 9 (Ref. 5) show in 
schematic form the various types of 
solidification modes as well as their 
growth orientation and epitaxy. 

Figure 5 shows schematically both 
the planar growth mode and the rela
tionship to the thermal gradient and 
effective liquidus necessary to pro
duce a planar growth mode. Such a 
solidification mode results whenever 
the actual temperature in the liquid 
exceeds the effective liquidus at all 
points as a result of a steep temper
ature gradient, a slow growth rate, or 
a combination of both. This condition 
eliminates all constitutional super
cooling in the liquid and thus the 
growth rate is controlled by the rate of 
dissipation of the latent heat of fusion 
to the cooler solid. 

Figure 6 shows schematically both 
the cellular mode and the conditions 
necessary to produce it. The relative 
positions of the actual thermal gra
dient in the liquid and the effective 
liquidus are such that constitutional 
supercooling is present but is re
stricted to a short distance ahead of 
the liquid-solid interface. In general, 
this distance of constitutional super
cooling is small compared with the 
average diameter of the grains which 
serve as substrates for epitaxial nu
cleation. This condition results in an 
instability of the liquid within a short 
distance (2 to 25 microns) of the inter
face. 

Any accidental protuberances pen
etrating this region could then dis
sipate latent heat to the surrounding 
constitutionally supercooled liquid 
until either recalescence caused the 
actual temperature to rise to the 
effective liquidus or the redistr ibu
tion of solute associated with the 
growth lowered the effective liquidus 
in the immediate vicinity of the inter
face sufficiently to eliminate any con
stitutional supercooling. Thus, the 
rate of growth of a protuberance on 
the interface may be controlled by 
either the rate of liberation of latent 
heat to the supercooled liquid or the 
modification of the solute concentra-
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Fig. 4 — Schematic summary of factors 
controlling growth mode during solid
ification 

tion of the liquid or a combination of 
both. 

For the case of solutes with k<1.0, 
note that as the protuberance pen
etrates the liquid, the liquid in con
tact with the tip becomes progres
sively richer in solute thus raising 
the solute content of the solid fo rm
ing at the tip. At the same time, the 
solute rejected laterally by trans
verse growth near the base of the pro
tuberance is added to a liquid already 
highly enriched with solute thus fur
ther depressing the liquidus near the 
base of the protuberance and re
str ict ing the extent of t ransverse 
growth. 

Therefore the protuberance tends 
to assume a convex surface, and, 
while solute redistribution can be both 
parallel to and transverse to the direc
tion of penetration at the tip, only 
transverse flow of solute is possible 
near the base. Consequently, the so
lute concentration of the solid form
ing near the base of the protuber
ance is higher than that of the solid 
forming near the tip. Furthermore, the 
retardation of growth at the base of a 
chance protuberance tends to pro
duce a convexity in the interface at a 
distance slightly removed from the 
base. This in turn tends to promote 
more protuberances clustered about 
the first until each grain on the entire 
interface is covered by a family of 
similarly oriented cells of roughly 
hexagonal cross section. Growth then 
proceeds in the easy growth direction 
possessing the largest component of 
the t e m p e r a t u r e g r a d i e n t , and 
produces a bundle of nested, pencil-
shaped cells whose boundaries are 
solute enriched. 

The argument is equally valid for 
the case of solutes with k>1.0 except 
that in such cases the direction of 
solute flow at the interface is re
versed and the cell walls become de
pleted of solute. 

DISTANCE FROM S-L INTERFACE 

Fig. 5 — Schematic showing the appear
ance of solid-liquid interface during planar 
growth mode of solidification 
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Fig. 6 — Schematic showing the appear
ance of solid-liquid interface during cellu
lar growth mode of solidification 

Figure 7 shows schematically the 
cellular-dendritic mode and the con
ditions which produce it. For a given 
growth rate, the thermal gradient pro
duc ing ce l l u l a r -dend r i t i c g row th 
would not be as steep as that asso
ciated with cellular growth. Hence, 
with cellular-dendritic solidification, 
the distance a protuberance pen
etrates into the liquid is greater than 
with cellular solidification but is still 
small compared to the average grain 
size. 

Since the protuberance is envel
oped in supercooled liquid, branched 
growth can develop along co-ordi
nate <100> directions normal to the 
<100> direction paralleling the long 
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Fig. 7 — Schematic showing appearance 
ot solid-liquid interface during cellular-
dendritic mode of solidification 
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SCHEMATIC SHOWING APPEARANCE OF 
SOLID-LIQUID INTERFACE DURING 
COLUMNAR DENDRITIC MODE 
OF SOLIDIFICATION 
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Fig. 8 — Schematic showing appearance 
of solid-liquid interface during columnar-
dendritic mode of solidification 

axis of the protuberance. If the extent 
of the constitutional supercooling is 
sufficiently great, secondary and ter
tiary branching may also occur. The 
resulting networks of branched 
growth expand into the supercooled 
liquid until impingement occurs and 
the adjacent liquid is compartmen
talized within networks of rectangular 
prisms bordered by platelets of solid 
paralleling the major growth di
rection. 

As with cellular growth, each grain 
which serves as a substrate for 
epitaxial nucleation will develop a 
number of subgrains spaced at com
paratively regular intervals. However, 

SCHEMATIC SHOWING THE 

APPEARANCE OF THE 
S O L I D - L I Q U I D INTERFACE 

FOR AN ISOLATED EQUIAXED 

DENDRITE GROWING IN 

A LIQUID METAL 

LIQUIDUS 

ACTUAL TEMPERATURE 

LOCATION 

Fig. 9 — Schematic showing the appear
ance ot the solid-liquid interface for an iso
lated equiaxed dendrite in a liquid metal 

Fig. 10 — Photomicrograph of partially 
melted region ot specimen V-2 near the 
top surface of the weld showing two large 
backfilled cracks. X250, reduced 42%; 
etchant described in Table 4 

unlike cellular growth where cross 
branching does not occur, cellular-
dendritic growth by definition in
volves branched growth with varying 
degrees of complexity. 

Figure 8 shows schematically the 
columnar-dendritic mode and the rel
ative extent of constitutional super
cooling required. For a given growth 
rate the temperature gradient pro
ducing columnar-dendritic solidifica
tion is comparatively shallow and pro
duces constitutional supercooling 
over a distance which is large com
pared with the diameter of the grains 
which serve as a substrate for epitax
ial nucleation. Thus a protuberance 

can grow into the supercooled liquid 
for a distance greater than the 
average diameter of the solidifying 
grains and by simultaneous cross-
branching cut off any other chance 
protuberances from propagating. 
Thus each solid grain is formed by 
branched growth from a single central 
stalk epitaxially nucleated from a 
single substrate grain. 

Figure 9 shows schematically an 
equiaxed growth substructure. Much 
controversy exists over the nucle
ation mechanism for the equiaxed 
growth mode but the solid undoubt
edly grows, once nucleated, by com
plex cross branching within a super
cooled region of liquid as shown 
schematically in Fig. 9. 

Returning to Fig. 4, it should be 
noted that for a given composition, C0, 
it is theoretically possible to control 
the mode of solidification by control
ling the temperature gradient in the 
liquid, G, and the growth rate, R. 

Welding variables affect both the 
thermal gradient, G, and growth rate, 
R, and therefore the solidification 
mode (Ref. 6). This in turn should 
affect the hot cracking tendencies of 
welded material, since the solidifica
tion mode or substructure can be 
postulated to influence the severity of 
the solute segregation produced. In 
general, the solute content at a par
ticular location determines the effec
tive solidus temperature at that loca
tion. In the presence of thermally in
duced strains, the regions with the 
lowest effective solidus are pos
tulated to be the most likely locations 
for initiating hot cracking. Thus, loca
tions exhibiting solute segregation 
which lowers the effective solidus are 
the most probable sites for hot crack
ing to occur. 

Object 

The objectives of this investigation 
were: 
1. To produce and observe a wide 

variety of solidification micro-
structures in fusion welds made in 
a 70Cu-30Ni alloy. 

2. To determine the extent of solute 
segregation of the major alloying 
elements and the impurity ele
ments present in the fusion zone of 
a weld made in a 70Cu-30Ni alloy. 

3. To determine the extent of solute 
enrichment of the liquid adjacent 
to the advancing solid-liquid in
terface of a weld made in a 70Cu-
30Ni alloy. 

Materials and Procedure 
Exploratory Welds 

A series of autogenous gas tung
sten-arc (GTA) exploratory welds 
were made with a wide range of weld
ing parameters on cold rolled 70Cu-
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30Ni of 1/8 in. (0.32 cm) and 1/16 in. 
(0.16 cm) thickness from Heat No. 
26881. The analysis of this heat is 
summarized in Table 1. Unfortunate
ly, no processing data are available, 
other than the fact that the material 
was finished to size by cold rolling. 

Table 2 summarizes the welding 
conditions for the series of explora
tory GTA welds made for this inves
tigation. The welding was performed 
in a sealed atmosphere chamber 
maintained under a slight positive 
pressure of pure argon by a con
trolled leak. The primary source of 
argon during welding was the torch 
gas. Duplicate welds approximately 
4.5 in. (11.4 cm) long were suitably 
spaced on 1.5 X 5 in. (3.8 X 12.7 cm) 
specimens using the condit ions sum
marized in Table 2. The specimens 
were clamped on a massive 3 in. (7.5 
cm) thick water cooled aluminum 
platen using 1/8 in. (0.3 cm) thick 
steel shims to elevate the undersur
face of the spec imen above the 
platen. Copper hold-down bars ap
proximately 1 / 4 X 1 X 5 in. (0.6 X 2.5 
x 12.5 cm), located parallel to and 
equidistant from the longitudinal cen
terline of the weld, were employed 
both to restrain the weld from buck
ling and to provide an additional 
heat sink. 

These welds were photographed in 
the as-welded condit ion at 7X, and 
were then sectioned in three mutual
ly perpendicu lar d i rect ions, pre
pared metallographically, etched with 
modified Marble's reagent, and pho
tographed at 50X. The metal lograph
ic sections were taken: 
1. Transverse to the welding direc

tion 
2. Parallel to the top surface near the 

as-welded surface 
3. Perpendicular to the top surface 

and parallel to the welding direc
tion at the centerline of the weld. 

One of these specimens (Da 40, trans
verse) was prepared for electron 
beam microprobe analysis. 

Varestraint Testing 

The 70Cu-30Ni material was 
welded and strained in the R.P.I. 
Varestraint (Ref. 9,10) apparatus. 
Specimens were machined from 1/2 
in. (1.27 cm) cold rolled stock of Heat 
#26881 to a final dimension of 2 X 12 
in. (5.1 X 30.5 cm). One surface was 
machined to 0.46± 0.01 in. (1.17± 
0.025 cm) to provide a suitable weld
ing surface. Following cleaning with 
acetone and wiping dry, the spec
imens were welded with the auto
genous GTA process and were sub
jected to a 4% augmented strain. 
Table 3 summarizes the test proce
dure and welding condit ions em
ployed. 

The specimens were sect ioned 

metallographically both parallel to the 
surface of the weld and along a plane 
perpendicular to the surface and 
transverse to the welding direction. 
The resulting samples were polished 
and etched with the etchant de
scribed in Table 4. One of these spec
imens (V-2 parallel to the surface) was 
subsequently prepared for electron 
beam microprobe analysis. 

Electron Beam Microprobe Analysis 

After suitable areas for microanal-
ysis had been identified from photo
micrographs of Specimen V-2, the 
specimen was repolished with 0.05 
micron Al203 and lightly re-etched. 
The areas of interest were then relo
cated using the photomicrographs as 
guides and identified by suitably lo
cated microhardness indentations. 

The electron beam mic roprobe 
analys is was p e r f o r m e d by A d 
vanced Metals Research Corp. (AMR) 
at Burl ington, Mass. The intensity of 

the back-scattered characteristic ra
diation excited by a 1 micron diam 
stationary beam was measured by 
point-count techniques. With the aid 
of suitable standards and calibration 

Table 1 — Composition of 70Cu-30Ni 
Alloy Anaconda American Brass Heat No. 
26881<"> 
Element Weight percent 

Copper 68.96 
Nickel 29.62 (by difference) 
Zinc <0.10 (<0.005(b>) 
Iron 0.52 
Manganese 0.87 
Phosphorous 0.008 
Lead <0.005 (<0.02,b>) 
Carbon 0.019 
Bismuth <0.003 

(a) Analysis by Anaconda American Brass. No data on 
fabrication were available, other than that the mate
rial was finished by cold rolling to 3 sizes: 1/2. 1/8 
and 1/16 in. thicknesses. 

(b) Electron beam microprobe analysis supplied by Ad
vanced Metals Research Corp. 

Table 2 — Welding Conditions and Identification Code for Exploratory Welds Made on 
70Cu-30Ni Alloy 

Electrode 
Electrode tip 
Electrode ext. 
Arc length 
Arc voltage 
Torch gas 

Weld geometry 

Current 
Code 

Thickness (in.) 
Code 

Travel 
speed 

5 
10 
20 
40 

— EWTh-2, centerless ground, 1/8 in. diam 
— Conical, ground to 90 deg included angle 
— 1.75 in. from collet 
— 0.060 in. from cold workpiece 
— 8.5 ± 0.5 V 
— 35 cfh argon (in argon-filled 

sealed-atmosphere chamber) 
— See text 

50 A 
A 

1/16 
a 

100A 
B 

1/16 
a 

1/8 
b 

150A 
C 

1/16 
a 

1/8 
b 

200 A 
D 

1/16 1/8 
a b 

Aa5«a) 

Aa10 
— (c) 

— 

Ba5 
Ba10 
Ba20 
Ba40 

Bb5 
Bb10 

— 
— 

X ( b ) 

Ca10 
Ca20 
Ca40 

Cb5 
Cb10 
Cb20 
Cb40 

X 
X 

Da20 
Da40(d» 

Db5 
Db10 
Db20 
Db40 

(a) Aa5, etc. specimen codes for welds made 
(b) X indicates complete melt-through 
(c) — indicates no weld bead was produced 
(d) specimen Da40 was used for electron beam microprobe analysis 

Table 3 — Welding conditions of Varestraint Specimen V-2 Used for Electron Beam 
Microprobe Analysis 

Electrode 
Electrode tip 
Electrode ext. 
Arc length 
Arc voltage 
Torch gas 
Specimen size 
Weld current 
Travel speed 
Augmented strain 

— EWTh-2, centerless ground, 1/8 in. diam 
— Conical, ground to 90 deg included angle 
— 1.75 in. from collet 
— 3/16 in. from cold workpiece 
— 1 0 ± 0 . 5 V 
— 35 cfh argon 
— 2 X 12 X 0.46 in. 
— 200 A 
— 2.5 ipm 
— 4 percent 
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curves available at AMR. the point-
count data were converted to weight 
% values for Ni, Mn, Fe, Zn, P, and Pb. 

Results and Discussion 

Microsegregation, which results 
from solidification whenever melting 
occurs, can occur in two distinct re
gions in autogenous welds. The first 
reg ion , in wh ich there is 100% 
melting, is the fusion zone which is 
bounded by the locus of the effective 
l iquidus temperature of the weld 
material. The second region is the 
partially melted region. In this paper, 
only fusion zone segregation will be 
discussed. 

Solute Segregation in the Liquid Phase 
at the Solid-Liquid Interface 

During Varestraint testing of the 
70Cu-30Ni material, it was noticed 
that many of the cracks produced ap

peared to be back filled with liquid 
metal. This backfill ing was present in 
cracks produced both in the fusion 
zone and in the base metal adjacent 
to the fusion line, and should, there
fore, involve liquid metal exhibiting a 
steady-state solute gradient. 

Figure 10 is a photomicrograph of 
such a back filled crack which ex
tends into the unmelted base metal of 
the welded Varestraint Specimen V-2 
(strained 4%). Figure 11 contains an 
enlarged pho tomic rograph of the 
back filled crack of Fig. 10 with the 
location and size of the spots excited 
during electron beam microprobe 
analysis plotted to scale. Plots of 
solute concentrations obtained from 
microanalyzer point-counts for Ni, 
Mn, Fe, P, Zn and Pb also appear in 
Fig. 11. 

There is a drastic concentration 
change for all the solutes shown in 
Fig. 11 within the apparent boun-
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0 52K 
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Fig. 11 Plots of composition vs location for six elements across crack in Varestraint 
V-7 

daries of the crack. Referring to Fig. 
12, the Cu-Ni phase diagram (Ref. 
11), the solid being formed should 
contain 30% Ni and the adjacent 
liquid should contain 13.5% Ni for 
steady-state conditions. The actual Ni 
content of the sol id i f ied material 
within the crack ranged from 12.7 to 
15.6%. Although the exact value of the 
distribution coefficient for Ni is not 
known for this polycomponent sys
tem, the agreement of the experi
mental data with the behavior pre
dicted from the binary diagram is 
gratifying. 

Thus, it appears that the Ni-de-
pleted liquid at the moving solid inter
face flowed into the crack when it 
opened at the time of the application 
of the augmented strain. This back 
filling is represented schematically in 
Fig. 13, where the variation in solute 
concentration in the liquid and the 
direction of flow of liquid are super
imposed. 

The concentrations of the other sol
utes within the crack in Fig. 11 cannot 
be predic ted quant i tat ively f rom 
binary phase d iagrams, because 
these solutes are minor components 
in a polycomponent system. 

Recall that under steady-state con
ditions, the composit ion of the solid, 
C s , and that of the l iquid, C L , at the in
terface obey the relationship: C s = 
kC L . It is thus possible to calculate the 
approximate distribution coefficient 
for Ni in the nominal 70Cu-30Ni alloy 
by the two methods indicated below: 
1. Based on the electron beam mi

croprobe data discussed above: 
k = C S /C L = 30/15.6 to 30/12.7 
= 1.92 to 2.36 

2. Based upon the published binary 
Cu-Ni diagram (Ref. 11): 
k = 30/13.5 = 2.22. 

Note that the distribution coeffi
cient calculated for Ni using the elec
tron beam microprobe data brackets 
the value calculated from the binary 

Table 4 — Etching Reagent Employed for 
Metallography of Electron Beam Micro
probe Analysis 

Stock Solution 

Quantity 

1900 ml 
40 gr 
15ml 
50 ml 

7.5 gr 

Component 

H30 
Cr03 

HN03conc. 
H;SO, cone. 

NH4CI 

Directions 

Dilute with alcohol. 1 part stock to 3 parts 
alcohol (C2H5OH). 

Etch by immersion, agitate. 
Use immediately, very short lived. 

specimen 
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diagram. Thus the technique of sam
pling the material entrapped in the 
cracks produced in Varestraint test 
specimens appears to provide an 
effective method of determining the 
distribution coefficient, k, of solutes in 
a material. 

The distribution coefficients for the 
impurity solutes in 70Cu-30Ni, cal
culated f rom the experimental data 
summarized in Fig, 11, are summar
ized in Table 5. Note that the values of 
the calculated d is t r ibut ion coeff i 
cients agree with theory in that solutes 
which depress the liquidus show k 
values less than 1.0 and conversely, 
those which elevate the liquidus show 
k values greater than 1.0. 

Figure 14 is a photomicrograph of a 
back filled crack in the fusion zone of 
Specimen V-2. The concentrations of 
Ni, Mn, Fe, and P in this crack com
pare favorably with those of the back 
filled crack in the base metal shown in 
Fig. 11. However, the concentrations 
of Zn and Pb in Fig. 14 do not show as 
satisfactory a correlation with Fig. 11. 
This is not surprising since the pre
cision and sensitivity of the electron 
beam microprobe analyzer for these 
two elements are approximately the 
same as their total concentrations. 

From the observed composit ion of 
the material in the back filled cracks 
in welds made in 70Cu-30Ni it is obvi
ous that: 
1. A steady-state solute concentra

tion gradient does exist ahead of 
the solid-l iquid interface of a weld. 

2. The solidification of weld metal in
volves the same mechanisms as 
those proposed to explain the 
solidification of massive castings. 

Solute Segregation in the Weld Metal 

The exploratory welds and the 
Varestraint specimens provided con
siderable metallographic evidence 
that segregation was produced during 
solidification of the welds. Specimen 
V-2 exhibited structures characteris
tic of both cellular and cellular-den
dritic modes of solidification. 

Specimen Db20 (Fig. 15) appears 
to have experienced a cellular-den
dritic growth mode with extensive 
branching. The structure shown in 
Fig. 15 represents the extreme of 
branched growth for the exploratory 
welds which solidified by the cellular-
dendritic mode. 

In general, all exploratory welds ex
hibited substructures characteristic of 
either cellular or cellular-dendrit ic 
modes. Many of the welds exhibited 
long central stalks with branching but 
in all such cases, several similarly or i 
ented central stalks appeared to com
prise a single grain. However, with a 
true columnar-dendrit ic mode, each 
individual grain solidifies by branch
ing and crossbranching from a single 

Table 5 — Summary of Calculations of Distribution Coefficients, k, for Solutes Analyzed 
by Electron Beam Microprobe 

Solute 
element 

Nickel 
Manganese 
Iron 
Phosphorous 
Zinc 
Lead 

k = 

Nominal 
composit ion, 

C s , wt. % 

30 
0.87 
0.52 
0.008 

< 0.005 
<0.02 

= cs/cL 

Composit ion in 
backfil led crack 

C L , wt. % 

12.7 to 15.6 
1.94 

0 .10 to0 . l 4 
0.028 to 0.030 

0.066 
0.18 

2.4 to 1.9 
0.45 

5.2 to 3.7 
0.29 to 0.27 

<0.08 
<0.11 
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Fig. 13 — Schematic showing liquid metal 
backfilling into cracks produced in Vare
straint specimens with concentration tran
sient spike for nickel superimposed 

central stalk. Therefore, it must be 
concluded that most of the explora
tory welds solidified by a cellular-den
dritic growth mode, and that the ob
served var iat ion in the extent of 
branched growth undoubtedly re
sulted from variations in the temper
ature gradient in the liquid during 
solidification. 

Specimen Ca 20 (Fig. 16) shows a 
band of equiaxed grains along its 
centerline. This full penetration weld 
was characterized by an extremely 
long weld puddle. Thus, two oppos
ing solid-liquid interfaces advanced 
toward each other in a transverse 
direction during solidification until the 
solute gradients ahead of these mov
ing interfaces met near the longitudi-
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Fig. 14 — Compositions at various loca
tions near a crack in fusion zone of Vare
straint sample V-2 

nal centerline of the weld. This pro
duced a region of high solute content 
near the centerline of the weld, which, 
when coupled with the flat thermal 
gradient present at the center of the 
weld, could explain the existence of 
the equiaxed-dendrit ic grains. 

The electron beam microprobe was 
employed to determine quantitatively 
the amount of solute segregation 
present in the cellular-dendritic solid
ification substructure of Specimen 
V-2. Figures 14 and 17 show the re
gions of Specimen V-2 that were 
analyzed. 

The electron beam mic roprobe 
analysis data indicate that the Ni con
tent varies from 25.2 to 26.6% in the 
cell walls and from 36.6 to 38.7% near 
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Fig. 15 — Photomicrographs of specimen Db 20 showing cel
lular-dendritic substructures. X50, reduced 42%; etched with 
modified marble's reagent 

Fig. 16 — Photomicrographs ot specimen Ca 20 showing 
equiaxed-dendritic substructure near weld centerline. X50, re
duced 42%; etched with modified marble's reagent 
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Fig. 17 — Compositions at various loca
tions in fusion zone of Varestraint sample 
V-2 

the centerline of the cells. Based on 
these data and the Cu-Ni binary 
diagram, the corresponding l iquidus-
solidus ranges should be 2228-2102 F 
(1220-1150 C) for the cell walls and 
2318-2192 F (1270-1200 C) for the 
cell centers. 

However, it should be emphasized 
that the point-count data represent 
the average compos i t ion of a 3 
micron diam hemispherical volume, 
because this is the approximate vol
ume excited by a 1 micron diam elec
tron beam operating at 30 KV on a cu-
pronickel alloy. Since the average 
dimension of the cells in this sample 
was of the order of 10 microns, it fol
lows that the actual width of the re
gions at the cell boundaries experi

encing maximum segregation must 
have been considerably less than 3 
microns. Thus the ce l l -boundary 
composit ions reported in Figs. 14 and 
17 represent weighted averages of 
the concentrations in the cell boun
dary and the adjacent matrix. 

Accordingly, it must be recognized 
that the reported composit ions for Ni 
and Fe, which have values of k>1.0 
are greater than the actual levels in 
the cell walls. Conversely, the re
ported concentrations for Mn, P, Zn 
and Pb, with values of k<1.0, are less 
than the actual concentration of these 
elements in the cell walls. Unfor
tunately no quantitative estimate of 
the magnitude of this error is pos
sible, but it is likely to be significant. 
Thus the di f ference between the 
effective solidus of the material in the 
cell wall and in the cell matrix is un
doubtedly greater than the 90 F 
(50 C) value calculated f rom the elec
tron beam microprobe analysis data. 

All of the hot cracks observed in the 
fusion zones of the Varestraint spec
imens were located at grain boun
daries, where cells of different or ien
tation met, rather than at the sub-
grain boundaries between similarly 
oriented cells within individual grains. 
The grain boundaries are undoubt
edly regions of higher segregation 
than cell boundaries since the cells in 
adjacent grains impinge upon one an
other at the grain boundaries. This 
tends to entrap liquid and produce a 
localized variation in solute. (Such an 
impingement at a grain boundary was 
shown schematically for the cellular 
mode in Fig. 8.) 

This, in turn, means that the effec
tive solidus of the grain boundaries 
should be well below that of the 
matrix, and thus mechanical strains 
imposed near the sol idus of the 
matrix should cause hot cracking to 

occur along the still l iquid boun
daries. Therefore, a detailed electron 
beam microprobe analysis of both 
cell boundar ies and major grain 
boundaries should show different de
grees of segregation at these two 
types of boundaries and might pro
vide a more concrete explanation of 
the type of boundary most sensitive to 
hot cracking. 

Conclusions 
1. Welds made in 70Cu-30Ni ex

hibit extensive solute segregation in 
the fusion zone. 

2. A steady-state solute concen
tration gradient exists ahead of the 
solid-liquid interface during solidif ica
tion of welds made in 70Cu-30Ni. 

3. It appears to be possible to 
measure the approximate distr ibu
tion coefficient for solutes in an alloy 
system by the technique of electron 
beam microprobe analysis of the 
material which "backfi l ls" the cracks 
produced during Varestraint testing 
of welds. 

4. Based upon this technique the 
following approximate distribution 
coefficients were obtained for five 
solutes known to be present in the 
70Cu-30Ni alloy: 

Approximate 
distribution 
coefficient 

( k = C s / C L ) : Element 

Ni 
Mn 
Fe 
P 
Zn 
Pb 

1.9-2.4 
0.45 

3.7-5.2 
0.27-0.29 

0.08 
0.11 

5. Cellular, cellular-dendrit ic and 
equiaxed solidification substructures 
can be produced in welds made in 
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70Cu-30Ni by appropriate combina
tions of welding conditions and mate
rial thickness. 

6. For the cel lular and slightly 
branched cellular-dendritic growth 
modes, electron beam microprobe 
analysis data show a variation in Ni 
content of 13%, ranging f rom 25% at 
cell boundaries to 38% at the cell 
centers. However, for reasons dis
cussed in this report, it is almost cer
tain that the reported concentration in 
the cell walls is significantly higher 
than the actual concentration. 

7. Hot cracks in the fusion zone of 
welds made in 70Cu-30Ni occur more 
often at grain boundaries than at the 
subgrain boundaries between adja
cent cells within individual grains. 
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Joining of Metal-Matrix Fiber-Reinforced Composite Materials 

by G. E. Metzger 

The metal-matrix fiber-reinforced composites, their fabrication methods, properties, and some of 
the applications are described. Virtually all composite applications have been for demonstration or 
test structures, and most of these have been in the aerospace industry. The available literature on 
composite joining has been summarized and evaluated, mainly on joining as a secondary fabrica
tion process; not for primary fabrication of the base material. 

The joining processes, discussed include diffusion welding, fusion welding, resistance welding, 
brazing, soldering, mechanical fasteners, and adhesive bonding. Materials joined include Al/B, 
Al/graphite, Al/stainless steel, Al/Be, Ti/B, Ti/W, and Ti/graphite composites, although most 
work by far has been with Al/B materials. 

The greatest effort has been expended on brazing, resistance welding, and mechanical fasteners, 
with considerable work also on soldering. The tensile strength joint efficiency of joints by these pro
cesses shows a marked decrease as the base material tensile strength increases. For brazing and 
resistance welding, the joint efficiency is about 60% for low strength composites of 600 MPa tensile 
strength and about 30% for the highest strength composites of 1400 MPa. The corresponding joint 
efficiencies for mechanical fasteners are about 40 and 20%. 

Efficient joining of high-strength composites by diffusion welding, with the exception of titanium-
matrix and ductile-fiber composites, or by adhesive bonding, appears to be of low probability. The 
great difficulty of fusion welding composites has resulted in a minimum of work by these processes, 
but their potential is believed to be good. 
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