
Electron Microanalysis of Backfilled 
Hot Cracks in Inconel 600 

Method appears useful for studying interactions 
between elements in complex alloys 

BY W. F. SAVAGE A N D D. W. D ICKINSON 

ABSTRACT. Hot cracks present in gas 
tungsten-arc (GTA) spot welds made 
in specially prepared samples of In
conel 600 were investigated to deter
mine the effect of six minor alloying 
elements on the propensity for hot 
cracks to repair themselves by back

fi l l ing of molten metal from the adja
cent liquid spot. 

The samples were prepared by add
ing controlled amounts of six minor 
alloying elements (S, P, Si, Mn , Ti, Al) 
to the basic Inconel ternary. These 
elements were added in all possible 
combinations making 64 alloys of 

slightly different minor element 
composition, all of which were wi th in 
commercial specifications. A GTA 
spot weld was then made in four repli
cates of each alloy, and a tensile 
stress was applied using the R.P.I. 
Tig-a-ma-jig apparatus to induce hot-
cracking in each sample. 

Fig. 1 — Schematic 
representation of 

changes in 
solute distribution 

accompanying 
progressive solidification 

W. F. SA VAGE is Director of Welding Re
search and D. W. DICKINSON is a Grad
uate Fellow in Materials, Rensselaer Poly
technic Institute, Troy, N. Y. 

Paper presented at the AWS Annual 
Meeting held in San Francisco. April 26-
29, 1971. 

kZ IO 

(ASSUMED 0.5) 

c. 
® 

"-SOLID 
•LIQUID-

DISTANCE FROM S-L INTERFACE 

u t 2 DISTANCE 

kC„ 

f 

k i I.O 

(ASSUMED 2.0) 

- S O L I D V ^ 

c. 

V 

Tr DISTANCE FROM S-L INTERFACE 

kC„ 

t 
ffi 
85 

I 
*,w 

® 

c 
° t | ° t 2 DISTANCE 

W E L D I N G R E S E A R C H S U P P L E M E N T ! 555 -s 



DISTANCE FROM 
S - L INTERFACE 

COMPOSITION (%B) 

Fig. 2 — Schematic representation of the 
effect of the solute segregation on the 
liquidus and solidus temperatures 

Hot cracks were observed on top 
surfaces and on transverse surfaces 
along the centerl ine of the spot using 
conventional meta l log raphy and 
scanning electron microscopy for evi
dence of hot-crack repair due to liquid 
metal backfil l ing. Where evidence of 
backfilling was observed, the com
position of backfilled material was 
determined using a technique of point 
count electron beam microanalysis. 
This technique allows the determina
t ion of alloy composition in very small 
areas, and is therefore ideal for the 
observation of backfilled material 
concentration. It was also used to 
indicate the amount of segregation 
around the original hot crack. 

The composition of this backfilled 
material was correlated wi th the over
all composition of the alloy, as deter
mined by wet analysis, and w i th the 
segregation of the minor alloying ele
ments wi th in the weld. It was found 
that the presence of certain minor 
alloying elements such as sulfur and 
manganese enhance back f i l l i ng . 
However, it appears that complex 
minor alloy element interactions 
occur, such as were previously ob
served in hot cracking studies. 

The backfilled cracks also offered 
the opportunity for determining the 
effective distribution coefficients (k = 
CS /CL) for the alloying elements 
present in this Inconel system. The 
segregated liquid metal immediately 
adjacent to the solid-liquid interface 
is responsible for backfil l ing the 
cracks. Thus, the backfilled cracks 
provide a built-in sample of the segre
gated liquid composition suitable for 
microprobe analysis. The composi
tion of the solidified material in the 

backfilled cracks is taken as the 
composition of the segregated liquid 
at the solid-liquid interface. 

In t roduct ion 
In the last ten years, there has 

been considerable interest in the 
mechanisms of hot-cracking during 
welding and in the effects of alloying 
elements and welding parameters on 
this cracking. In the process of study
ing weldabil ity w i th the aid of the 
Varestraint test,1*2 numerous ex
amples have been observed of partial 
healing of hot-cracks by the f low of 
liquid metal from the weld pool into 
the newly formed crack. This process, 
which has been termed "backf i l l ing," 
is important f rom both practical and 
theoretical viewpoints. However, the 
factors influencing the backfill ing of 
newly formed hot cracks has received 
but little attention. The requisites for 
backfilling of hot cracks include: 

1. As the crack forms and propa
gates, it must maintain an inter
face w i th the molten weld pool 
long enough for backfill ing to 
occur. 

2. The crack surfaces must remain 
uncontaminated by oxides or other 
compounds long enough for the liq
uid metal to wet the newly formed 
surfaces and be drawn into the 
crack by capillary action. 

3. The viscosity of the liquid metal 
at the interface between the weld 
pool and the crack must be low 
enough to permit capillary action 
to backfill the crack. 

4. The effective so l i d i f i ca t i on 

temperature of the liquid metal in
volved in backfill ing must be less 
than the instantaneous tempera
ture at the interface between the 
crack and the weld pool. 

The Tig-a-ma-jig test3 used in this 
investigation employs a suddenly ap
plied augmented strain to induce hot 
cracking around the molten pool of a 
GTA spot weld. With rare exceptions, 
the hot cracks nucleate at the solid-
liquid interface and grow radially out
ward. Thus the first requisite is met in 
almost every alloy system studied to 
date. 

The rapidity wi th which the aug
mented strain is applied causes rapid 
crack growth and helps to reduce the 
time available for contamination of 
the crack surfaces. Although cracks 
intersecting the specimen surface do 
tend to oxidize and backfil l ing is thus 
inhibited, it is usually possible to lo
cate sub-surface cracks showing little 
or no evidence of surface contamina
tion. Thus the second requisite is 
satisfied. 

Capillary action is a function of a 
number of factors such as viscosity, 
surface tension, and fluidity of the 
liquid, wh ich in themselves are 
compos i t i on sens i t i ve . Sa l te r 4 , 
White5 , VanVlack6 and Borland7 have 
observed the variations in surface 
tension in numerous alloy systems to 
which additions of minor elements 
were made. Romanov8 has observed 
that alloying elements may also have 
some effect on viscosity. Thus, it is ap
parent that the third requisite is a 
function of the alloy system and the 
alloying elements present. 

Perhaps the most important effect 

T I G SPOT WELD 

Fig. 3 — Schematic representation of backfilled hot cracks 

556-s | N O V E M B E R 1 9 7 2 
I 



Fig. 4 — Schematic representation 
of specimen geometry 

of alloying additions, however, is the 
lowering of the effective liquidus 
temperature due to the tendency for 
segregation of the minor elements in 
the vicinity of an advancing solid-l iq
uid interface. 

During the solidification of an alloy 
it is necessary to redistribute solute 
between the solid and the liquid 
phases at the advancing interface. 
According to Chalmers9, for the gen
eral case of solidification where there 
is no diffusion in the solid, and no me
chanical mixing occurring in the l iq
uid in the region adjacent to the solid-
liquid interface, the solute is redis
tributed in the liquid ahead of the 
interface by diffusion until a steady-
state distribution is reached. There
after, if the conditions of solidification 
remain constant, the steady-state 
distribution of solute is merely swept 
ahead of the advancing solid-liquid 
interface. Figure 1 summarizes this 
redistribution of solute during the in
itial stages of solidification in sche
matic form. Note that the first solid to 
form has a composition KC . The 
distribution coefficient, k, is the ratio 
of the composition, Cs, of the solid in 
equilibrium wi th an adjacent liquid of 
composition, CL, k = CS /CL ) , and C0 is 
the nominal composition of the alloy. 
Therefore, for solutes wi th k<1 .0 the 
first solid to form rejects solute to the 
adjacent liquid (Fig. 1a.). This process 
continues as solidification proceeds 
until a dynamically stable "solute 
spike" is established in the liquid at 
the solid-liquid interface as indicated 
in Fig. 1c. On the other hand, wi th 
k >1 .0 , the liquid ahead of the inter
face is depleted in solute by the neces
sity for solute enrichment in the f irst 
solid to form (Fig. 1b). As solidifica

tion proceeds a dynamically stable 
solute-depleted region develops at 
the solid-liquid interface as indicated 
in Fig. 1d. The dashed curve in both 
Figs. 1c and 1d shows the change in 
the composition of the liquid, CL, at 
the solid-liquid interface as the so
lidification front moves from Ot, to 
O t 2 . The solid curve shows the 
change in the composition of the 
solid at the moving solid-liquid in
terface during the same interval. 
Note that the two curves are related 
at all points by the definit ion of dis
tribution coefficient of the solute, i.e. 
C s = kCL. According to theory, the 
solidification distance Ot, to Ot 2 re
quired to establish dynamic equi
librium is approximately 5D/kR 
where D = the diffusion coefficient 
for the solute in the liquid ~ 
1 0 F c m 2 / s e c , R = the growth rate 
which is a function of the welding 
velocity, and k = the distribution 
coefficient. Typically, this distance 
can be calculated to be of the order of 
1 0 ' 6 t o 1 0 - 3 c m ( « 4 * 1 0 - 6 t o 4 x 1 0 4 

in.). 

Figure 2 indicates the effect of the 
solute segregation on the liquidus 
temperature. A typical solute spike for 
alloys wi th k<1.0 is shown in the up
per diagram. The effect of the 
composition gradient shown on the 
ef fect ive sol idus and l iqu idus 
temperatures can be seen from the 
constitutional diagram at the lower 
right. Note that the ordinate in the up
per diagram and the abscissa in the 
lower right diagram both represent 
composition and are drawn to the 
same scale. 

The variations in both the effective 
solidus and the effective liquidus 
temperatures wi th increasing dis
tance from the solid-liquid interface 
are shown in the lower portion of the 
figure. Note that the temperature 
scale on the ordinate corresponds to 
that on the constitutional diagram at 
the right, wh i le the distance scale on 
the abscissa corresponds to that on 
the upper diagram. Thus, one can 
project information freely from one 
diagram to another. The distance 
from the solid-liquid interface to the 
point where the liquid concentrations 
falls to C0 is theoretically of the order 
of 5D/R where D and R are as de
fined above. Thus, the "solute spike" 
would extend only some 10 5 to 10~2 

cm ( 4 * 10 -6 to 4 * 10 -3 in.) from the 
solid-liquid interface in a typical weld. 

Since the liquid which backfills a 
hot crack comes from this segregated 
region which exhibits lower effective 
liquidus and solidus temperatures, 
backfilling can occur until penetration 
reaches a point where the instantane
ous temperature of the crack-walls 
drops sufficiently to freeze the segre
gated liquid. 

The actual composition of this back

fil led material is of interest for two 
reasons. First of all, a comparison of 
the elements present in the backfilled 
material w i th those present in ma
terial which does not exhibit back
fi l l ing gives an indication of the influ
ence of individual alloying elements 
on the backfilling process. 

Secondly, since the backfilled ma
terial comes from the segregated liq
uid immediately ahead of the solid-l iq
uid interface, as indicated in Fig. 3, a 
knowledge of the composition of the 
backfilled material provides quantita
tive or at least semi-quantitative data 
on the nature of the segregation 
accompanying solidif ication. Thus, 
each back-filled crack serves as an in
ternal sampling "conta iner" in which 
a volume of the segregated liquid is 
collected, frozen and stored for subse
quent analysis. Miller1 has used this 
method of sampling to determine 
distribution coefficients for a com
mercial Cu-Ni alloy w i th the aid of the 
electron-beam microprobe analyzer. 

Object ive 

The objectives of this investigation 
were: 

1. To determine experimentally the 
effect of six common minor alloy ele
ments in Inconel 600 on the 
propensity for backfil l ing of hot 
cracks wi th liquid weld metal. 

2. To determine the effective 
distribution coefficients of the in
dividual elements in the liquid weld 
metal. 

Materials and Apparatus 
Preparation of the Basic 
Ternary Alloy 

The basic Inconel 600 ternary ma
terial was prepared at Oak Ridge Na
tional Laboratory by mixing high 
purity (99.9 %) iron, chromium, and 

Table 1 — Composition Limits for In
conel 600 and Actual Composition of 
the Basic Ternary Alloy 

Element 

Nickel + cobalt 
Carbon 
Manganese 
Iron 
Sulfur 
Silicon 
Copper 
Chromium 
Phosphorus 
Titanium 
Aluminum 

Min.% 

72 

— 
— 

6.00 
— 
— 
— 

14.00 
— 
— 
— 

Max.% 

— 
0.15 
1.00 

10.00 
0.015 
0.50 
0.50 

17.00 
0.015 
0.50b 
0.50b 

Actual 

74.1 
0.002 
0.064 

10.0 
0.004 
0.06 
0.014 

14.7 
3 0.001 

0.02 
0.03 

(a) From Handbook of HuntingtonAlloy,4thEd. Jan, 1968 
(b) Arbitrarily chosen maxima for the alloys produced in 

this experiment — not specified in commercial spec
ification. 
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Table 2 — GTA Welding Conditions Used in Inconel Sample Preparation <a' 

Welding current 
Welding voltage 
Arc gap 

Electrode 

Travel speed 

Oscillation 

Passes 

Backing plate 

Hold-down 

Torch gas 

Power supply 

100 amp, dcsp 
10 volts 
3/32 in., measured cold 

1/8 in., thoriated tungsten, 
ground to 90 deg conical tip 

0.9 ipm 

Sinusoidal, amplitude = 0.5 in., 
frequency = 26/min 

Three, consecutive, back and forth 

Aluminum, water cooled 

None 

40 cfh argon, ionization 
grade (99.999% minimum) 

3-phase rectifier 

(a) All 
sure. 

GTA remelting was performed in a laboratory dry box filled with high purity argon under a slight positive pres-

Table 3—Standard Conditions for Tig-a-ma-jig Testing of Inconel 

Arc current 

Arc time 

Arc voltage 

Arc length 

Electrode 

Shielding gas 

Post-arc time delay 

Unload-recycle time 

Loading air pressure 

Power supply 

90 amp, dcsp, ± 5% 

30 Seconds 

11 Volts + 5% 

1/4 in., measured cold 

1/8 in., W-2% TH02, ground to 
90 deg conical tip 

25 cfh argon, prepurified 
grade (99.998% Min.) 

None 

1 minute 

40 psi 

3-phase rectifier 

nickel powders in the proper propor
t ions corresponding to the basic In
conel composition (approximately 
77Ni-8Fe-15Cr). The powders were 
consolidated into rods 4 in. in diam 
and 24 in. long by induction melt ing 
and graphite mold casting. These 
rods were then vacuum consumable 
arc melted into three 6 in. molds. The 
three ingots were hot-extruded and 
cold-reduced 20% to a f inal plate 
thickness of V4 in. (71 plates 6 by 6 by 
Vi in.). 

The composition of these plates 
was kept as close as possible to the 
pure iron-chrome-nickel ternary. The 
actual composition of the "pure ter
nary al loy" plates is given in Table I 
together wi th the composit ion l imits 
for Inconel 600. 

Preparation of the Modified 
600 Alloy Samples 

In order to study the effect of minor 
alloying elements normally present in 

Inconel 600 on backfi l l ing, it was 
necessary to prepare specimens con
taining controlled amounts of the 
minor alloying additions. Six minor 
elements (S, P, Si, Mn , Ti, Al) were 
chosen for this investigation. These 
elements were added to the base ma
terial of the "pure" Inconel ternary in 
all possible combinations (i.e. each 
element alone, then each element 
w i th one another, etc.), by a process 
described below, making 64 different 
alloy pads altogether. The aim level 
for each element corresponded to the 
maximum values listed in Table I. 

It has been determined that con
siderable mixing of the liquid takes 
place wi th in the central portion of the 
fusion zone during a GTA weld, and 
for this reason, it is possible to in
corporate a controlled impurity ele
ment into a pure ternary alloy base 
plate using a GTA bead-on-plate 
welding technique.3 Therefore the 
composition of a small portion of the 
basic 6 by 6 in. ternary alloy base 

plate was modified by utilizing the fo l 
lowing procedure: 

1) A powder compact containing a 
controlled amount of the minor al
loying elements was inserted into 
a groove machined along the 
centerl ine of the 6 by 6 in. ternary 
alloy plates. 
2) The compacts w e r e t h e n 
melted and mixed into the ternary 
alloy plates w i th three GTA wide 
weave passes (transverse si
nusoidal oscillation w i th a Vi in. 
peak to peak amplitude) in a con
trolled atmosphere dry box. The 
high purity argon of the dry box 
minimized atmospheric contami
nation, and since the alloying was 
performed wi th in the Inconel ter
nary plate itself, there was no 
chance of " m o l d " contaminat ion. 

This procedure produced a weld 
pad approximately % in. wide by Va in. 
deep w i th modified composition 
along the centerl ine of the 6 by 6 by 
Vi in. plates as il lustrated in Fig. 4 . 
The aim composition of each such 
pad was predetermined by consider
ing the ratio of the volume of the pow
der compact to the average volume of 
plate melted by the oscillating arc. 
The volume melted was determined 
from prel iminary experiments. The 
minor alloy concentration of each 
compact was selected to provide a 
f inal pad composition in agreement 
wi th the aim composit ion. The actual 
composition in the pad for each sam
ple was subsequently determined by 
wet analysis from a section located at 
the position marked " A " on Fig. 4. 
The welding variables used for the 
pad preparation were maintained 
constant, and compacts and plates 
were selected at random for pad 
preparation to reduce any systematic 
errors. The welding conditions used 
for the pad preparation are sum
marized in Table 2. 

The powder inserts were prepared 
from high purity iron, chromium, nick
el, t i tanium, aluminum, s i l i c o n , 
manganese, nickel-phosphide, and 
iron-sulfide powders. The powders 
were cold pressed at 22.5 tons / in . 2 

using a stearic acid-carbon tetra-
chloride lubricant. The green com
pacts were sintered for one hour at 
1000 C in dry hydrogen and then 
finally machined to size. 

After melting the inserts into the 
base plates, the plates were straight
ened, surface ground, and cut into 
five 1 bv 6 by Vi in. specimens as 
shown in Fig. 4. Two 1 3 / 3 2 in. holes 
were dril led in each specimen to per
mit testing in the R.P.I. Tig-a-ma-j ig3 

apparatus. Finally, the top and bottom 
surfaces of each sample were fly cut 
to remove any surface oxide and to 
provide a uniform sample thickness 
of 0 .250+ 0.010 in. 
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Table 4 — Alloying Additions Resulting 
in Alloys Which Exhibited Backfilling of 
Hot Cracks 

s 
Mn 
Mn, 
Mn, 
Mn, 
Mn, 
Mn, 
Mn, 
Mn, 
Mn, 

S 
Ti 
Al 
S, Ti 
S, Al 
P, Si 
Si, S, Al 
S, P, Ti, Al 

Exper imenta l Procedure 

The test samples (five replicates of 
each of 64 different nominal composi
tions) were thoroughly cleaned wi th 
acetone and were tested in the Tig-a-
ma-jig apparatus. A GTA spot weld 
was made in the center of each alloy 
weave pad, and an augmented strain 
was applied a few mill iseconds after 
arc cut-off to induce hot cracking be
fore the weld pool solidified com
pletely. The testing condit ions em
ployed are summarized in Table 3. 

The samples were polished, etched 
and examined for evidence of backfi l l
ing of hot cracks both on the top sur
faces, and on transverse cross-sec
tions of the GTA spot weld. Both 
conventional me ta l l og raphy and 
scanning electron microscopy were 
employed for this purpose. 

Where evidence of backfil l ing was 
observed, the actual composit ion of 
the backfilled material was deter
mined using the electron microprobe 
analysis technique described below, 
and compared wi th the average 
compos i t i on ob ta ined by w e t 
analysis. First, the samples were re
polished and lightly re-etched. The 
etching was so light that the structure 
could be resolved optically only wi th 
the aid of interference contrast 
microscopy. This procedure has been 
found to minimize the effect of sur
face contours on electron beam 
micro-analysis10, whi le stil l per
mitt ing areas of interest to be located. 
A point-count traverse was then 
made across each area of interest. At 
each location on the traverse, three 
sixty-second point-counts were made 
for each characteristic wavelength of 
interest. The beam was then indexed 
two microns and a new set of point 
counts obtained. This process was re
peated at two micron intervals until 
the traverse of the backfilled crack 
was completed. 

The 2-micron spacing was chosen 
as the closest spacing which could be 
used without overlap of the excited 
volumes. This is based on the fact 
that the volume from which the 

composition is determined is believed 
to be a hemisphere10 of approximate
ly 2-micron diameter. The effective 
distribution coefficients for several of 
the alloying elements k = C S / C L were 
determined from the data obtained by 
this technique. 

Results and Discussion 

The Effect of Minor Elements 
on Backfilling 

Of the 64 different compositions in 
the full factorial experiment, only the 
ten alloys produced by the additions 
listed in Table 4 exhibited backfil l ing. 
It is apparent from this table that 
backfill ing was never observed 
unless either manganese or sulfur, or 
both were present. It has been sug
gested that sulfur lowers the freezing 
temperature3*7 in iron and nickel 
base alloys and thus enables the l iq
uid phase to penetrate the cracks to a 
greater depth. Manganese, in con
centrations greater than 2% and at 
low superheat temperatures (2650-
2800 F) is considered to increase the 
fluidity of the liquid phase11 thus 
facil i tating the intrusion of small 
capillaries such as are present in the 
form of hot cracks. 

It is also interesting to note that 
either t i tanium or aluminum or a com
bination of both were present in six of 
the ten alloys exhibiting backfil l ing. 
Silicon was present in two alloys 
exh ib i t i ng back f i l l i ng as w a s 
phosphorus. 

I1VV»VVVV\K :•• » V 

a 

Analysis of the Backfilled Material 

The actual composition of the back
fi l l material in selected samples 
where backfill ing was observed was 
determined using the electron beam 
microprobe point-count analysis pro
cedure. Two types of cracks were 
among those selected for analysis. 
The first type was located at the root 
of the GTA spot weld and extended 
into the underlying unmodified basic 
ternary alloy. The second type ex
tended from the GTA spot weld into 
the modified composit ion repre
sented by the weave bead. Figures 5 
and 6 show typical backfilled cracks 
of the first and second types re
spectively. These photomicrographs 
were taken w i th a Nomarski phase 
interference contrast device in order 
to accentuate the solidification sub
structure on lightly etched surfaces. 
Note the absence of any evidence of 
solidification substructure or micro-
segregation in the region penetrated 
by the backfilled crack in Fig. 5. On 
the other hand, evidence of the 
solidification substructure and micro-
segregation associated w i th the orig
inal weave bead is clearly visible 
around the backfilled crack in Fig. 6. 

The analysis of the backfilled ma
terial was performed using a MAC 
electron microprobe wh ich utilizes 
three single crystal X-ray spectrom
eters together wi th suitable pulse 
height analyzers for determining the 
intensities of the characteristic X-
rays excited by the focused electron 

a 

Fig. 5 — Cross-sectional view showing a Fig. 6 — Cross-sectional view showing a 
typical backfilled crack extending into the typical backfilled crack extending into the 
base metal: (a) 250X; (b) 925X weave bead: (a) 250X; (b) 925X 
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beam. Both the net peak intensities 
and the background intensities taken 
on the sample were compared w i th 
intensities from standards consisting 
of pure iron, nickel, manganese, and 
iron sulfide. The resulting intensity 
ratios were converted to concentra
tions in weight percent wi th the aid of 
a computer correction program avail
able at R.P.I. 

The precision of the data is based 
on the counting statistics used which 
take into consideration the signal to 
background ratio, the background 
level measured, the number of 
observations, the stability of the elec
tronics, the sample preparation, and 
the reproducibility of focus of the 
instrument.12 Therefore, the preci
sion is a function of both instrument 
and sample variables. For the Fe, Ni 
and Mn levels present in the crack, 
the precision of the data was always 
considerably smaller than the varia
tions in composition observed across 
the cracks. For the S, however, the 
precision is of the same order of 
magnitude as the observed variation 
and therefore only qualitative results 
can be obtained for the sulfur. 

The absolute accuracy,12 on the 
other hand, is dependent upon the 
purity, homogeneity, and cleanliness 
of the standards, and upon counting 
system errors, including detector 
dead-time error, and peak shifts. Be
cause of these problems, the ac
curacy of measurements of low 
concentrations based upon intensity 
ratios involving pure standards is con
siderably reduced. Therefore, it is ad
visable to employ standards wi th a 
composition similar to that of the 
sample wherever possible in order to 
achieve greater absolute accuracy. 
Unfortunately, this was not possible 
during this investigation since such 
standards are not yet available in the 
laboratory. However, it is estimated 
that the absolute accuracy is wi th in 5 
to 10% of the reported values. 

Figures 7 through 10 summarize 
the variations in n ickel , i r on , 
manganese and sulfur as revealed by 
point-count traverses across four 
back-filled cracks. Figures 7 and 8 
represent traverses of two cracks 
found in a specimen w i th manganese 
and sulfur additions to the weave 
bead. Thus the nominal composition 
of the weld pool from wh ich the back
fil l was derived should be the same. 
The data in Fig. 7 were obtained from 
a crack located in the weave bead. 
The data shown in Fig. 8 were ob
tained from a crack located beneath 
the weld pad along a grain boundary 
in the basic ternary. 

The data shown in Figs. 9 and 10 
were obtained from two cracks in a 
specimen wi th a weld pad containing 
manganese and t i tanium additions. 
Figure 9 summarizes the composi-

65 
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Fig. 7 — Variation in composition across a 
backfilled crack in the weave bead 

tional variations in a crack located in 
the weld pad, whi le the crack in
volved in Fig. 10 was located in the 
underlying ternary alloy. However, 
the source of backfill material must 
have been the same in both cases. 

Note that in every instance the 
back-fill material is depleted in iron, 
thus indicating that the effective 
distribution coefficient for iron is 
greater than 1.0. On the other hand, 
enrichment in manganese and sulfur 
is obvious in each instance, indicat
ing that the effective distribution 
coefficient of these elements is less 
than 1.0. 
The approximate location of the 

boundaries of the cracks is shown by 
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Fig. 8 — Variation in composition across a 
backfilled crack in the base metal 

the dashed vertical lines in Figs. 7-
10, and the approximate nominal 
composition of the weld pool f rom 
which the backfill material originated 
is shown by the dashed horizontal 
lines. In Figs. 8 and 10, where the 
crack was located in the basic ter
nary, the composition of the material 
bounding the crack is, of course, of a 
different composition from either the 
weld pool or the backfill material. 

If one assumes that the average 
composition of the liquid involved in 
the back-fil l ing operation corre
sponds to the peak of the dynamically 
stable "solute spike,"* it is possible 
to calculate an "ef fect ive" distr ibu
t ion coefficient. From theoretical 

Table 5 — Determination of the 
Effective Distribution Coefficient for 
Nickel. Iron and Manganese 

Element 

Ni 
Fe 
Mn 

Ni 
Fe 
Mn 

Nominal Average 
composit ion composit ion 
weld pad C0 backfill C 0 / k 

% % 
Alloy Containing M n and S Addit ions 

72.5 71.5 
7.5 6.75 
3.3 3.95 

Alloy Containing M n and Ti Addit ions 

72.2 6 8 9 
6.8 6.1 
1.9 3.0 

Effective 
Distr ibution 
Coefficient 

1.01 
1.11 
0.84 

1.05 
1.11 
0.63 
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ents for alloying elements in complex 
alloys can be determined from the 
nominal composition of the weld pool 
and the average composition of the 
material in the backfilled crack. 

4. The e f fec t ive d i s t r i bu t i on 
coefficient for iron was found to be 
approximately 1.1 in two alloys corre
sponding to Inconel 600. 

5. The e f fec t ive d i s t r i bu t i on 
coefficient for manganese was found 
to depend upon the composit ion, be
ing 0.84 for an alloy containing man
ganese and sulfur additions, and 0.63 
for a similar alloy w i th manganese 
and t i tanium additions. 

Acknowledgments 

The authors wish to express their grat i
tude to the American Society for Testing 
and Materials for the f inancial support 
which made this program possible, and to 
Oak Ridge National Laboratories for 
supplying the material used in th is 
investigation. 

Fig. 9 — Variation in composition across a 
backfilled crack in the weave bead 

Fig. 10 — Variation in composition across 
a backfilled crack in the base metal 

cons ide ra t i ons , once dynamic 
equilibrium is achieved, solid with the 
same nominal composition, C0, as 
that of the bulk liquid should be in 
contact w i th liquid of composition, 
Cf /k* Thus, if one determines the 
average composition of the backfill 
material and sets this equal to Co/k, 
and the nominal composition of the 
weld pad, C0, the effective value of k 
can be calculated by dividing Co by 
C 0 /k . 

Table 5 summarizes the average 
composition of the backfill material, 
the nominal composition of the back
fil l material, the nominal composition 
of the pad, and the effective distribu
t ion coefficients for Ni, Fe, and M n * * 
for the two alloys involved in Figs. 7 
and 9. 

Note that the effective distribution 
coefficient for nickel is very nearly 
equal to 1.0 and that for iron is 
approximately 1.1 for both alloys 
studied. However the value of the 
effective distribution coefficient for 
manganese was 0.84 in the alloy 

* This assumption is obviously not rigor
ously correct since a vanishingly small vol
ume of the liquid in advance of the moving 
interface is of this composit ion. However, 
it is not possible to calculate the true value 
of the average composition so this ap
proximation is made. 
** Unfortunately the data for sulfur could 
not be obtained w i th sufficient precision to 
permit a meaningful calculation. 

containing manganese and sulfur 
and dropped to 0.63 for the alloy con
taining manganese and t i tanium. 

Although the effective distribution 
coefficient for sulfur could not be cal
culated it obviously is extremely small 
(Note the extremely high peaks ob
served in the cracks). 

No effort was made to calculate the 
distribution from the data shown in 
Figs. 8 and 10, but it should be noted 
that the peak concentrations are in 
reasonable agreement w i th the data 
in Figs. 7 and 9. 

Conclusions 

This report is prel iminary in nature, 
being based on an incomplete analy
sis of only two alloys. However, it ap
pears that the method may prove use
ful for the quantitative assessment of 
interactions between elements in 
complex alloys. 

The fol lowing conclusions were 
drawn from this investigation: 

1. The presence of certain minor 
alloying elements in a nickel base al
loy appears to enhance the backfilling 
of hot-cracks which contact the weld 
pool w i th molten weld metal. 

2. The backfilled cracks serve as 
sampling reservoirs to capture and 
hold a sample of liquid from the vi
cinity of a moving solid-liquid inter
face for subsequent electron beam 
microprobe analysis. 

3. Effective distribution coeffici-
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By the Pressure Vessel Research Committee 

A suitable group to carry out the research p lanning for PVRC was created 
when the PVRC Program Evaluat ion Committee (now designated the Evaluat ion 
and P lann ing Committee) was formed in 1961. This group was originally charged 
with the responsibility of evaluat ing the research work done by PVRC and 
others, and to prepare a "PVRC Interpretive Report of Pressure Vessel Research" 
to make the results directly useable to the designer and Code-making bodies. Dur
ing the review and evaluation of available information, voids in the s tate of 
knowledge and the need for further research became apparent . Although these 
items were mentioned in the report, they needed to be organized into a consistent 
plan. Thus, the 18 research topics submitted to PVRC by ASME in 1959 were com
bined with the research problems uncovered by the PVRC Interpretive Report 
and published as the "PVRC Long-Range Plan for Pressure-Vessel Research" in 
WRC Bulletin 116, September 1966. 

The PVRC "long-range p lan" was distributed as widely as possible for review 
and comment. Since then, a number of additional problem areas have been sug
gested by the ASME BPVC as well as by other organizat ions and by individuals 
within PVRC. Therefore, to keep the long-range plan timely and up to date, the 
Evaluation and P lann ing Committee agreed t ha t it should be re-issued every 
three years. In accordance with this decision, the Second Edition of the long-
range plan was issued in September 1969, in WRC Bulletin 144, and the Third Edi
tion in September 1972, in WRC Bulletin 176. Some of the problems in the Second 
Edition were dropped and a number of new problems were added in the Third 
Edition. 

The list of "PVRC Research Problems" is comprised of 42 research topics, 
divided into three groups relat ing to the three divisions of PVRC, i.e., Materials , 
Design and Fabrication. Each project is outlined briefly in a project description 
giving the: (a) Title; (b) Sta tement of Problem and Objectives; (c) Current Sta tus ; 
and (d) Action Proposed. 

The price of WRC Bulletin 176 is $3.00 per copy. Orders for single copies should 
be sent to the American Welding Society, 2501 N.W. 7th Street, Miami, Fla. 33125. 
Orders for bulk lots, 10 or more copies, should be sent to the Welding Research 
Council, 345 East 47th Street. New York, N.Y. 10017. 
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