
Microsegregation In Autogenous Hastelloy X Welds 

Analysis of solute segregation at fusion-zone subgrain 
and grain boundaries indicates that only sulfides and 
carbides are detrimental to hot-cracking resistance 

BY W. F. S A V A G E A N D B. M. K R A N T Z 

ABSTRACT. A previously -reported investi
gation1 at RPI developed and utilized a 
testing technique by means of which the 
hot-cracking sensitivity of sheet metal 
composite weld specimens may be evalu
ated. Bead-on-plate specimens were com
prised of the microsegregation pattern 
characteristic of both the fusion-zone and 
heat-affected-zone. Accordingly, the aug
mented strain levels required to cause 
weld metal cracking at elevated tempera
tures were sufficient to evaluate both the 
relative cracking resistance of four labo
ratory heats of Hastelloy X and the 
effect on fusion-zone hot-cracking due to 
various residual S, Si, and Mn contents. 

Optical microscopy revealed that mi
crocracking was exclusively located at re
gions exhibiting segregation of solute. 
The presence of both etching effects and 
micron-size particles at subgrain- and 
grain-boundaries indirectly confirmed the 
hypothesis that the fusion-zone microseg
regation resulted from the solidification 
process. Heat-affected zone microsegre
gation was believed to result from two 
phenomena: the solid-state reaction be
tween the austenitic matrix and the nu
merous base-metal carbides, and the 
grain-coarsening process occurring imme
diately adjacent to the nominal fusion-
zone boundary. 

The present investigation involved 
studies of both the chemistry and the 
nature of the compounds located within 
these two regions displaying solute segre
gation. These studies were carried out by 
means of electron microprobe analyses of 
both fusion-zone subgrain-boundaries and 
microconstituents, and heat-affected zone 
carbides and carbide-matrix reaction prod-
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ucts. To further elucidate the morpholo
gy of these microconstituents, specimen-
current images with the electron micro
probe were utilized. In addition, a com
prehensive analysis of Debye-Scherrer 
powder patterns prepared from residues 
of electrolytically-dissolved weld metal 
provided the identification of a variety of 
fusion-zone compounds. 

The specimen-current images of the 
weld metal microstructures confirmed the 
presence of solute-segregation at fusion-
zone subgrain and grain boundaries. 
However, the thickness of each type of 
boundary as evidenced on the plane of 
polish was less than the resolution limit 
of the microprobe analyser; hence no 
direct identification of the solute species 
located at these boundaries was possible. 
The presence of several different types of 
compounds at sub-boundary triple points 
was conclusively indicated in several spec
imen-current image micrographs. 

Analysis by means of the electron 
microprobe revealed these regions to be 
enriched significantly in Mo, S, and Si; 
moderately enriched in Cr and Mn; and 
depleted in Ni, Fe, and Co. The com
pounds detected by X-ray diffraction an
alysis of the weld metal residues included 
six sulfides, three carbides, two nitrides, 
and three miscellaneous constituents. 
Consideration of their respective physi
cal properties and observed metallurgical 
behavior revealed that only the sulfides 
and carbides were detrimental to the hot-
cracking resistance. 

By means of specimen-current image 
microscopy, distinct regions of the heat-
affecteed zone were observed to be en
riched significantly in Cr, S and Si, al
though these regions were not detectable 
utilizing conventional optical techniques. 
These observations provided clear evi
dence of the heterogeneous distribution 
of solute and also the inadequacy of the 
usual metallographic techniques to detect 
all areas exhibiting microsegregation. 
Microprobe analysis of both the M«C-
carbides and the grain-boundary constitu
ents formed from the reaction of these 
carbides and the matrix revealed enrich
ment in Mo, W, S, and Si generally, and 
a depletion in Ni, Fe, and Co when com
pared to the matrix analysis. 

A literature survey of many investiga

tions studying the problem of solute 
segregation resulting from solidification 
and the identification of segregated solute 
species in both iron-and nickel-base al
loys is also included. 

Introduction 
A previous paper1 has presented 

the results of a study of hot-cracking 
in Hastelloy X, a nickel-base superal
loy. Developed during this earlier in
vestigation was a novel testing 
procedure with which the hot-
cracking propensity of four laboratory 
heats differing only in their respective 
S, Si, and Mn contents was deter
mined. Briefly, this testing procedure 
consisted of a modified hot-ductility 
test utilizing a composi te test speci
men containing a longitudinal bead-
on-plate gas tungsten-arc weld con
taining no added filler metal. The 
transverse cross section of the speci
men was thus comprised of a full-
penetrat ion, autogenous fusion-zone 
bounded on both sides by actual weld 
heat-affected zones. Each specimen 
was then subjected to a synthetic weld 
fhermal cycle and to predetermined 
levels of augmented strain at various 
preselected sub-solidus temperatures . 
In this manner , the effects of S, Si, 
and Mn on the hot-cracking resistance 
of the four laboratory heats of 
Hastelloy X was deduced by observ
ing the levels of augmented strain 
required to induce fusion-zone micro
cracking. It was found that S signifi
cantly lowered the resistance to hot 
cracking when increased from 0.008 
to 0.021 w t - % , and that both Si and 
Mn appeared to have beneficial effects 
when increased from 0.25 to 0 . 4 6 % 
and from 0.31 to 0 . 9 3 % , respectively. 

Metal lographic studies performed 
dur ing the previous study conclusively 
demonstrated that hot-microcracking 
occurred exclusively in both the fu
sion-zone and heat-affected zone at 
highly localized regions exhibiting ex-
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tensive microsegregation of solute. 
The segregation present in the weld 
metal was believed to result from the 
solidification process. On the other 
hand, that in the heat-affected zone 
apparently resulted from a series of 
complex solid-state reactions between 
the original matrix carbides and the 
austenitic matrix. 

Several types of mechanisms 
causing solute segregation were tenta
tively identified. It was for the explicit 
purpose of identifying the nature of 
the segregating species and establish
ing their individual influence on hot-
cracking that the latter portion of this 
investigation was undertaken. The fol
lowing provides a review of the litera
ture published through 1965 pertain
ing to solute segregation occurring in 
castings and both weld fusion-zone 
and weld heat-affected zone micro-
structures. 

Solute Segregation 
Solute Segregation Resulting from 
Solidification 

Some investigators2' 3 have at
tempted an analytical treatment of 
solute segregation during solidifica
tion. However, their studies have con
sidered only the simple case of a 
slowly moving planar solid-liquid in
terface in high-purity alloys, rather 
than the rapid growth rates and com
plex alloy systems encountered in 
practical welding processes. Wein-
berg4 observed in a study of solute 
segregation in high purity Sn and Pb 
alloys that the ratio of the average 
solute concentration in the solidified 
dendrite to the average solute concen
tration in the remaining liquid was 
approximately 0.6% for nominal con
centrations of several solute elements 
to a maximum of 1000 ppm. There
fore, the solidification process appar
ently resulted in approximately a 
600% increase in solute concentration 
in the liquid phase. 

The segregation ratio (defined as 
ratio of maximum to minimum solute 
concentration) was measured in a 
study5 of solute distribution in 0.4C-
Ni-Cr steel castings. With the aid of 
an electron microprobe, a minimum 
solute concentration was observed at 
the center of dendrite stalks and a 
maximum at the interdendritic 
regions, resulting in segregation ratios 
of Mn and Cr of 1.6 and 1.2 respec
tively. Other investigators0 have eval
uated the segregation ratio of Mn in 
2-ton ingots of a low carbon Ni-Cr-
Mo steel to be approximately 1.02 to 
1.4. 

Other work in the study of segrega
tion in castings has evolved around the 
identification of the segregating spe
cies. In the iron-base superalloy A286 

(1.95 Ti-0.25 Al-1.21 Mn-1.66 Mo-
14.75 Cr-25 Ni-Bal. Fe) , the 
"freckle" segregate frequently ob
served in consumable-electrode cast
ings has been shown7-0 to result 
from the normal segregation of Ti, Si, 
and Mo. In fact the "freckles" have 
been eliminated7 by maintaining the 
Si content below 0.10%. In as-cast 
samples of SM-200 (9Cr-12.5W-lCb-
2 Ti-5 Al-lOCo-Bal. Ni ) , Gregg and 
Piearcey10 have identified a grain-
boundary constituent to be the Ni-Ni3 

Al eutectic. In addition, Beattie and 
Ver Snyder11 have shown that the 
MfiC carbide is present as a grain-
boundary phase in the as-cast struc
ture of alloy M252 containing 0.14 C, 
1.09 Si, 1.22 Mn, 19.08 Cr, 10.04 Co, 
10.69 Mo, 1.98 Ti, 0.35 Al, 3.39 Fe, 
and the balance Ni. 

Many investigators have theorized 
or directly identified the specific ele
ments partitioned to grain-boundaries 
or cell boundaries during weld metal 
solidification. Sulfur, for example, has 
been universally believed12-22 to pro
mote hot-cracking in both Fe- and Ni-
base alloys by the formation of low-
melting interdendritic sulfides. 

The presence of Si has also been 
generally regarded9' 12- 15- » . 23"27 

to be detrimental to the hot-cracking 
resistance of weld metal in both Fe-
and Ni-base alloys. However, in a 
statistical study of individual ele
ments, Hoerl and Moore10 considered 
Si to have only a minor effect on the 
cracking sensitivity of Type 347 stain
less steel weld metal. In addition, Roz
et18 has shown that, in an 15 Cr-35 
Ni alloy, superior room temperature 
ductility is associated with an opti
mum silicon content. The influence of 
silicon in promoting cracking is un
known, but is thought to result from 
the formation of low-melting silicides, 
silicates, or eutectics. 

The effect of Mn in weld metal has 
been generally acknowledged10' 10 to 
be beneficial by combining with S to 
form a relatively stable MnS. Other
wise it is believed that lower-melting 
sulfides form tending to promote hot-
cracking. Zirconium often present as a 
residual deoxidant, has been report
ed13 '21-28 to cause a detrimental in
crease in the incidence of hot-cracking. 
It has been hypothesized that low-melt
ing zirconium compounds may form 
which promote cracking with zirconi
um contents varying from 0.25-
0.75%. Studies29 have shown Zr to 
promote surface liquation when un
welded specimens of Hastelloy X are 
rapidly heated, an observation suggest
ing its crack-promoting tendency. 

The presence of oxygen is also be
lieved to promote weld metal crack
ing, although no mechanism has been 

proposed. However, it is probable that 
the presence of oxygen has a synergis-
tic influence15- 30"32 on the contribu
tion of other elements to hot-
cracking. 

In a comprehensive study of solute 
segregation in a modified SAE 4340 
weld metal, Randall et al.17 observed 
the composition of the interdendritic 
regions to be increased relative to the 
matrix as follows: S increased 
200-1700%, P increased 15-74%, Si 
increased 22 to 100%, Fe decreased 
9-30% and Mo, Ni, and Cr essentially 
unchanged. For the Ni-base superalloy 
Udimet 700, Owczarski33 reports en
richment of Ti, Mo, and Al within 
interdendritic areas and depletion of 
Cr, Co, and Ni. The detection of 
sigma phase and MC-carbides in grain 
boundaries also is indicative of solute 
segregation at these regions. 

In a microprobe study of Type 310 
stainless steel tensile specimens melted 
and cooled in such a manner as to 
synthesize the thermal history of weld 
metal, Cordea et al.34 reported a 
small increase of Cr and depletion of 
both Ni and Fe at dendrite bound
aries. 

Other evidence of positive solute 
segregation during solidification is 
offered by the experimental observa
tion of intergranular compounds 
formed as a result of solute segrega
tion. These compounds are postulated 
to be either sulfides,13' 14 car
bides,35-3" or other complex com
pounds.34_3S Other intermetallic 
compounds indicative of the presence 
of segregation at dendritic boundaries 
have been identified in steel weld met
als, including: MnSi03 , shown to be 
present at dendrite boundaries of a 
0.5C-1.17 Mn steel,30 CrTC:t and 
MnS, identified on intergranular frac
ture surfaces of a steel containing 
0.13C-4.0N.-1 38Cr-0.49Mn-BaI. Fe,40 

and Fe4Cb-Sis, observed in a 19Cr-
3Ni-Cb stainless steel weld metal.25 

Carbides have been dominant con
stituents observed in the weld metal of 
Ni-base alloys. The M0C-type carbide 
has been suggested41 as a likely possi
bility and has been identified along 
with CbC and Cr7Ca in the weld 
metal of Alloy-N155. Slaughter et 
al42 indicate that carbides are also 
present at interdendritic areas in Has
telloy B welds, but no definite identifi
cation was reported. Other com
pounds detected include Ti(C, N) and 
CbC, identified in Inconel weld met
al,43 and both Cr7C :! and Fe2Ti, 
detected in Inco 718 weld metal.44 In 
short, the great variety of complex 
compounds observed at the dendritic 
boundaries in weld metal is indicative 
that significant solute segregation 
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must occur during the solidification of 
a weld. 

Solute Segregation in Unmelted Base 
Metal 

The chemistry of grain-boundaries 
in both metals and nonmetals and 
their effect on bulk properties is the 
subject of a review paper by West-
brook.45 Among the many techniques 
reported by Westbrook for the detec
tion of grain-boundary segregation are 
chemical analysis of intergranular 
fractures, tracer analysis using radi
oactive solute elements, and micro
hardness testing. Differences in the 
characteristic response to etching so
lutions sensitive to the presence of 
specific elements may also be used to 
detect areas of local inhomogeneity. 

An interesting phenomenon of 
grain-boundary segregation observed 
in weld heat-affected zones1-40 is 
that of "ghost" grain-boundaries.47' 48 

The most common interpretation 
has been the inability of certain ele
ments, originally segregated at grain-
boundaries, to diffuse fast enough to 
follow the movement of the migrating 
grain-boundaries. Thus, a solute net
work remains outlining the prior 
grain-boundary network. 

Along with the observation of vari
ations in the mechanical and chemical 
properties of grain-boundaries, several 
investigators have succeeded in identi
fying the segregated solute species. 
Masubuchi and Martin40 observed 
positive segregation of both Si and S 
extending a distance 3-4 grain diame
ters from the fusion-zone into the 
heat-affected zone boundaries of HY-
80 steel weldments. In a medium car
bon steel, Boniszewski and Baker30 

studied the dissolution behavior of 
MnS in heat-affected-zone boundaries. 
Exposure to temperatures greater 
than 1250° C (2282° F) caused dis
solution of the MnS. In the same 
study the authors report the tentative 
identification of CaS at heat-affected 
zone grain-boundaries. Further study 
of the behavior of MnS by Bram-
mar50 has shown that MnS reprecipi-
tates in a fern-shaped (dendritic) 
fashion after liquation and that grain-
boundary sulfides may also contain Cr 
and Fe as part of the metallic radical. 
In addition, FeP was also observed to 
b ; precipitated within heat-affected 
zone grain-boundaries. 

In a study of grain-boundary sulfide 
chemistry, Brammar and Hon-
eycombe51 report that Cr-rich sulfides 
form in preference to MnS in a high-
purity experimental Fe-base alloy con
taining 0.16S-0.24Mn-1.64Cr. The ad
dition of 0.4% Ni caused no change 
in sulfide composition. These results 
were confirmed by electron micro

probe examination of the sulfides. 
Confirmation of these results is re

ported by Kiessling and Lange,52 who 
indicate that the solubility of Cr in 
MnS at 950° C (1742° F) and 1250° 
C (2282° F) is 70 atomic-% of the 
metal atoms. On the other hand, the 
corresponding solubility of Mn in 
Cr7S« is much smaller. In response to 
the above discussion52 Brammar and 
Honeycombe53 indicate that the me
tallic components of the sulfides ob
served are mainly Cr with traces of Fe 
and Mn if the Cr/Mn ratio exceeds 
12. On the other hand, if this ratio 
does not exceed 7, Mn becomes the 
major metallic component of the 
sulfide. 

The studies reported above have 
been confirmed and extended by con
tinued investigation by Kiessling and 
Westerman of the chemistry of MnS-
type sulfides.54 These authors report 
that 65% of the Mn atoms are re
placed by Fe or Cr atoms at 1150° C 
(2072° F) at the solubility limit thus 
corroborating the previous data as 
noted above. The entire series of the 
first period transition metals display 
varied degrees of solid solubility in 
(Mn, Me) S-type sulfides, e.g., Co and 
Ni replace 28 and 12% of the metal 
atoms, respectively. Thus a complex 
pattern of metal sulfides may well 
exist and in fact do exist in varied 
proportions in the same alloy. 

In a study of austenitic welds, To-
ropov55 suggested the presence of 
grain-boundary carbides as a result of 
micro-hardness data and metallo
graphic observation. He also postulated 
that Fe8C may have a significant solu
bility for S and thus form a ternary 
Fe-Fe:iC-FeS eutectic. Another 
study50 of austenitic Fe-base alloys 
has led to the proposal that the cause 
of grain-boundary liquation in low 
C-high Cb Type 347 stainless steel is a 
eutectic mixture of Cb carbides and 
nitrides with minor amounts of Mn, 
Si, and Fe also present. A heat-
affected zone eutectic constituent in 
the Ni-Mo alloy, Hastelloy N, was 
positively identified57 to be an MeC-
type carbide. 

Underlying the concern regarding 
the existence of heat-affected zone 
microsegregation is the logical as
sumption that these solute-rich regions 
behave like a separate alloy system in 
response to the welding process. In 
support of this belief is a study by 
Stickler and Vinckier58 who report 
that the (Fe, Cr)23C, ; carbide precipi
tating in the grain-boundaries of Type 
302 stainless steel does not nucleate 
from the matrix, but rather grows 
from within the grain-boundary as a 
series of large thin dendrites. 

The importance of intergranular 

constituents is also shown in the work 
of Smith and Spencer50 who indicate 
that the grain growth of pure Ni 
saturated with NiS is a surface-
diffusion-controlled process. Addition
al evidence is offered in the work of 
Cordea et al.34 who indicate that an 
increase in grain size in Inconel as 
a result of exposure to elevated tem
perature is accompanied by a simul
taneous loss in hot-ductility. 

A novel cracking mechanism, pro
posed at RPI and first investigated 
by Dudley,00 predicts the formation of 
a liquid film at sub-solidus tempera
tures as a result of the nonequilibrium 
conditions prevailing in the weld heat-
affected zone. Dudley showed that 
carbides in Type 347 stainless steel do 
undergo a liquation reaction at tem
peratures below the normal solidus 
during rapid heating and cooling, but 
was unable to demonstrate con
clusively that a eutectic reaction 
with the surrounding matrix occurred. 

A subsequent investigation by 
Aronson01 of the same phenomenon 
in a 1 % carbon high-carbon steel 
showed that the Fe-C eutectic could 
form in the presence of graphite at 
temperatures below the solidus of the 
matrix. However, Fe-Fe3C eutectic 
melting was not produced by rapid 
heating of the same alloy when all of 
the carbon was in the combined form. 
Presumably this is a result of the 
thermodynamic instability of the ce-
mentite phase above the A t tempera
ture. However, Owczarski et al.62 and 
Sullivan03 extensively studied this 
phenomenon, termed "constitutional 
liquation", in the heat-affected zone of 
Udimet 700 and other superalloys. In 
doing so, they observed a lamellar 
liquation product believed to be the 
reaction product of MC-type carbides 
and the matrix to produce melting at 
a temperature well below the expected 
solidus for the nominal composition of 
the alloy. This latter work has recently 
been summarized64 in a paper re
defining the weld-heat-affected zone to 
account for the various nonequilibri
um processes occurring. 

Subsequent to the completion of the 
present investigation, Savage and 
Pepe05 studied the kinetics of forma
tion and dissolution of liquid-like 
grain-boundary constituents in an 
18-Ni maraging steel. Extensive met
allographic work conclusively showed 
that these constituents were formed 
by the partial decomposition of TiS 
compounds in accordance with the 
constitutional-liquation hypothesis. 

Material 
The four heats of Hastelloy X 

studied during this phase of the inves
tigation were induction-melted under 
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argon, teemed into a transfer ladle, 
and poured into graphite molds using 
additions of an exothermic compound 
to prevent piping during the solidifica
tion process. The ingots were subse
quently forged and hot-rolled at 2150° 
F to V 1 6 in. sheet. 

Table 1 contains the complete 
chemical analysis for each of the four 
heats studied. Each heat was assigned 
a two-letter code symbol, and for 
convenience the major distinguishing 
features of each heat are summarized 
below: 

1. Heat MG—low S (0 .008%), 
moderate Si (0 .46%), low Mn 
(0 .31%). 

2. Heat MJ—low S (0.008%), low 
Si (0 .29%), high Mn (0 .86%). 

3. Heat MK—high S (0.021%), 
low Si (0 .29%), high Mn (0 .93%). 

4. Heat ML—low S (0 .011%), low 
Si (0 .25%), low Mn (0 .31%). 

Experimental Procedure 
Identification of Heat-Affected Zone and 
Weld-Metal Constituents 

A previous paper1 by the present 
authors presented metallographic evi
dence defining the intimate relation
ship between hot-cracking and solute-
segregation. They also presented the 
results of the hot-cracking test evaluat
ing the effect on hot-cracking due to 
varied concentrations of three selected 
alloy elements. Consideration of these 
results indicated a strong need both to 
identify the solute elements segregated 
in the weld-metal and the heat-
affected zone, and to establish their 
state of combination since the local
ized properties of the grain- and 

subgrain-boundary constituents un
doubtedly govern the resistance to 
hot-cracking. Accordingly, a combina
tion of electron microprobe X-ray 
diffraction and X-ray fluorescence an
alyses of weld-metal residues was per
formed to establish the chemical iden
tity of the solute-rich regions. 

The following electron microprobe 
analyses were performed by personnel 
of the Union Carbide Corporation, 
Mining and Metals Division, Niagara 
Falls, N.Y. on three selected com
posite weld specimens: 

1. A determination of the composi
tion of the microconstituents observed 
at the fusion-zone subgrain-boundaries 
in a sample of heat ML strained 16% 
at 2150° F. 

2. A comparison of the extent of so
lute segregation within heats MK 
(high sulfur, low silicon, high man
ganese) and ML (low sulfur, low 
silicon, low manganese). 

3. An investigation of the grain-
boundary microconstituents observed 
in the heat-affected zone of a speci
men of heat MK strained 14% at 
2150° F. 

4. An investigation of the heat-
affected zone carbides and the reac
tion between these carbides and the 
surrounding matrix. 

After marking pertinent polished 
and etched metallographic specimens 
with microhardness indentions to fa
cilitate location of specific regions 
during the microprobe analysis, the 
samples were repolished with 0.03/* 
Linde B powder to remove all vestiges 
of the etching operation. The speci
mens were then cut to fit the specimen 
holder of the Associated Electronic 

Table 1—Compos 

Rensselaer 
code 

Stellite 
heat No. 

S 
Si 
Mn 
Cr 
W 
Fe 
C 
Co 
Mo 
P 
Zr 
Pb 
Cu 
H2 

0, 
N, 
Ni 

.ition of Hastelloy X Heats Studied, 

MG 

63-317 

0.008 
0.46 
0.31 

22.25 
0.48 

17.80 
0.11 
1.38 
8.79 

LAP 
0.13 
0.001 
0.03 
6 ppm 

50 ppm 
772 ppm 
48.05 

MJ 

63-315 

0.008 
0.29 
0.86 

21.42 
0.44 

18.78 
0.10 
1.38 
8.72 

LAP 
0.13 
0.001 
0.04 

6 ppm 
66 ppm 

770 ppm 
48.42 

MK 

63-319 

0.021 
0.29 
0.93 

22.21 
0.47 

18.16 
0.10 
1.36 
8.80 

LAP 
0.09 
0.001 
0.03 
7 ppm 

55 ppm 
906 ppm 
47.17 

Wt-%-

ML 

63-313 

0.011 
0.25 
0.31 

21.88 
0.42 

17.96 
0.11 
1.48 
8.80 

LAP 
0.15 
0.001 
0.05 
4 ppm 

50 ppm 
454 ppm 

Balance 
(48.46)' 

Range of 50 
production heats 

0.007- 0.021 
0.55 - 0.90 
0.40 - 0.55 

21.25 - 22.40 
0.50 - 0.90 

18.00 - 19.00 
0.05 - 0.15 
0.75 - 1.60 
8.70 - 9.20 
0.015- 0.025 
0.043- 0.11 
Unknown 
0.03 - 0.05 
N.A.b 

N.A.b 

300 -400 ppm 
Balance 

(49.69 - 45.0)' 

Industries Microprobe, mounted in a 
Woods Metal casting, and repolished 
prior to analysis. 

The analyses of the concentrations 
of S, Si, and Mn in several cases were 
obtained by means of pulse counts, 
i.e., by recording the number of pulses 
of fluorescent radiation produced by 
each element during a fixed time in
terval. The chief problem encountered 
was the error involved in counting low 
pulse rates against a background of 
comparable magnitude. The most 
probable error in counting N pulses in 
a given time against a background of 
Nb counts is given by the following 
expression:66 

67 (TV + NQ 
N- Nb 

percent 

a The analyses and normal composition range of production heats were suppl ied by the 
Stellite Division (Kokomo, Indiana), presently a division of the Cabot Corporation. 

b N.A.—not available. 
c Obtained by subtract ion. 

where: E = most probable percentage 
error, TV = counts detected in a fixed 
time interval, and N\, = background 
counts detected during the same time 
interval. 

The above equation may be applied 
as follows: Assume that 50 counts are 
detected and the existing background 
recorded is 4 counts over the same 
interval of time. The most probable 
error is therefore 67 (54/46) = 
10.17% or 5.85 counts. Then the 
probability is 0.5 that the observed 
count of 50 lies within the range Nt 

± 5.85 counts where Nt is the true 
number of counts. 

The most probable error is thus a 
measure of the precision of measure
ment. This value was then converted 
to weight percentage and presented 
for each analysis deduced by this pulse 
counting technique. The results should 
therefore be interpreted in light of the 
above argument. 

Electrolytic Separation of Weld-Metal 
Microconstituents 

The microconstituents observed in 
the weld metal of the four materials 
were separated for subsequent X-ray 
analysis by electrolytically dissolving 
the weld metal in a 20% aqueous solu
tion orthophosphoric acid (H 3 P0 4 ) 
found by other investigators87 to be 
satisfactory for separation of minor 
constituents in nickel-base alloys. 
The base metal had been previously 
machined from as-welded composite 
test specimens leaving strips consisting 
only of weld-metal for dissolution 
These strips were then ground on a 
60X wet grinding belt, washed in 
water, pickled in aqua regia, rewashed 
in distilled water, and dried in re
agent-grade ethyl alcohol to minimize 
the presence of any surface oxides or 
contaminants. 

The strips were then connected to 
the positive terminal of a variable-
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voltage d-c power supply and im
mersed in the acid electrolyte, using a 
stainless steel sheet as a cathode. The 
all-weld metal specimen was then dis
solved at a potential of 4-6 volts d-c, 
using an initial current density of 
0.5-1.0 amp/in2. When the specimen 
was completely dissolved, the electro
lyte solution was decanted, the residue 
was centrifuged, then washed with 
distilled water and dried with ethanol. 

X-Ray Analysis of Weld Metal Residue 

The residues electrolytically sepa
rated from the weld metal were ana
lyzed quanitatively using a 57.3 mm 
dia. Straumanis-type DebyeScherrer 
powder camera. Glass fibers (0.0025 
in. diameter) were coated with a 
thin layer of "Lubriseal" grease and 
then carefully rolled in the residue 
to form an extremely small-diameter 
cylindrical powder specimen. These 
specimens were critically centered in 
the camera specimen holder and ro
tated continuously throughout a 15 hr 
exposure using Ni-filtered CuKa radia
tion obtained from a Cu target tube 
operated at 35 kv and 15 ma. The 
grease used to coat the fibers was 
knownlis to display low intensity dif
fraction lines corresponding to "d" 
spacings of 4.10 A (weak) and 3.75 A 
(very, very weak). These lines were 
universally observed and were disre
garded in analysis of the films ob
tained from the weld metal residues. 

Film measurements were made 
with the aid of a commercially avail
able00 transparent scale calibrated in 
"d" spacings for the specific camera 
radius and radiation used. A test dif
fraction pattern obtained from 20 /x 
pure annealed tungsten powder was 
analyzed using the same X-ray tech
niques to verify the accuracy of the 
transparent scale and the procedure 
being used. The intensities of detected 
lines relative to the most intense were 
estimated visually in order to permit 
application of the Hanawalt identifica
tion procedure. 

In general, procedure involves match
ing both the observed "d" spacings and 
the relative intensities of each diffrac
tion line with similar data catalogued 
in the ASTM Powder Data File. All of 
the intense lines of a given compound 
must be detected in the proper order 
of intensity for a positive identifica
tion, since there can be no interfer
ence or cancellation of diffracted radi
ation. Since diffraction from a mixture 
is an additive process and each of the 
phases present produces its individual 
diffraction pattern independently of 
all others present, the analysis of a 
mixture of phases is much more diffi
cult than analysis of a single phase. 

This results from the fact that when 
two or more phases possess families of 
planes with the same "d" spacing the 
diffraction lines superimpose and the 
resulting line intensity is equal to the 
sum of the intensity of the radiation 
diffracted by each contributing phase. 
Thus, unless all possible superpositions 
are considered, the observed relative 
intensities may differ significantly 
from the catalogued relative intensi
ties and make positive identification of 
the phases impossible. A trial-and-
error method of solution to such a 
problem is discussed below. 

The procedure used in analyzing the 
powder patterns will be illustrated 
with the aid of the data in Table 2, 
which presents a portion of the actual 
data obtained from the weld metal 
residue of heat MG. 

Presented in the two left-hand 
columns of Table 2 are several experi
mentally observed "d" spacings and 
their relative intensities as estimated 
on a scale increasing from 0 to 100. 
The data in the columns headed by 
the three compounds, '(M0C, ZrN, 
and NioSi) contain several "d" spac
ings and in subscript notation the cat
alogued intensity of each line relative 
to a rating of 100 for the strongest 
line of the particular compound. Thus 
the data available for the MBC car
bide observed in Hastelloy X indicate 
that the most intense diffraction line 
obtainable from a sample of only 
M(;C carbide corresponds to a "d" 
spacing of 2.10 A, and is accordingly 
assigned a relative intensity of 100. 
Included in a complete pattern of this 
compound are additional lines corre
sponding to "d" spacings of 2.23, 2.51, 
and 2.74 A, displaying relative in
tensities of 80, 20, and 10, respective-

iy-
Similar series of lines with charac

teristic relative intensities are cata
logued for each compound present and 
must contribute to the overall diffrac
tion pattern. Such data, obtained from 
the ASTM Powder Data File, are also 
presented in Table 2 for both ZrN and 
Ni2Si. For a diffraction sample con
taining these compounds the previous
ly discussed superposition of lines can 
be expected at "d" values of 2.73, 
2.27, and 2.10 A. 

As a starting point, the visually-
assigned relative intensities are consid
ered as absolute units of intensity. The 
apparent line intensity of each line 
was then compared with the cata
logued line intensities for each possible 
compound with a corresponding "d" 
value. If the relative intensities of the 
observed lines for a particular com
pound did not agree with the cata
logued values for the corresponding 
lines, it was necessary to assume that 

superposition was contributing to 
the intensity of one or more lines. 

For example, five lines on the pat
tern correspond to the position of the 
3.31, 2.86, 2.73, 2.28 and 2.12 A "rf" 
spacings for Ni2Si, but the apparent 
intensities failed to agree with the 
catalogued values. Thus, the intensity 
ratio I'l.m-J 1-2.12 should have been 
approximately equal to 1 if Ni2Si 
were solely responsible. However, the 
observed ratio I2.scJh.iz — 5/100 
= 1/20. Thus, it was obvious that 
superposition of a line from another 
more prevalent compound must have 
reinforced the 2.12 A line. From Ta
ble 2, it can be seen that the 2.10 A 
line for M0C is a likely candidate. By 
the same reasoning the observed rela
tive intensity of 40 exhibited by the 
2.27 A line could not be explained by 
the presence of either MfiC or Ni2Si. 
Note that MnC exhibits no line for 
this "d" spacing, while the observed 
I2 2s/^2.86 ratio of 40/5 = 8 could 
not be justified by the catalogued val
ue of 100/60 = 1.6. Thus it was 
necessary to assume the presence of 
ZrN with a strong line corresponding 
to 2.24 A. By such trial-and-error 
reasoning, it was possible with the aid 
of the ASTM Powder Data File and a 
knowledge of the elements present 
to identify a combination of com
pounds which would tenatatively ex
plain all but two of the 50 lines 
present in each diffraction pattern. 

The next problem was to assign an 
approximate "contribution factor" for 
each of the tentatively identified com
pounds in an effort to rationalize the 
observed ratios of line intensities. 
Again, this was done by trial-and-
error and the product of the cata
logued relative intensity and the con
tribution factors finally chosen is indi
cated in the form of a superscript at 
the right of each value of "d" spacing. 
Thus, for example, consider the case 
of the apparent relative intensities of 
the lines corresponding to "d" spac
ings of 2.27 and 2.62 A with 
I2.2i/h.c2 = 40/30 = 1.33. By 
assuming contribution factors of 0.8, 
0.3, and 0.05 for M6C, ZrN and 
Ni2Si respectively, and multiplying by 
the corresponding catalogued intensi
ties, the intensity contribution of each 
compound to the observed pattern 
could be evaluated. Thus, for the 2.62 
line, the ZrN contribution would be 
0.3(100) = 30 while M0C and Ni,Si 
contribute nothing. This figure for the 
"expected" intensity compares with 
the assigned value of 30. Similarly, for 
the 2.27 line the ZrN contribution 
would be 0.3(100) = 30, that of the 
Ni2Si would be 0.05(100) = 5, while 
the M6C contributes nothing. The ex
pected intensity of 30 -f- 5 = 35 
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compares reasonably well with the 
observed value of 40, and would pre
dict I2.2tfI2.n2 = 35/30 ss 1.16 as 
compared with the observed 1.33. 

This trial-and-error procedure was 
continued until the observed intensity 
ratios were justified within reasonable 
limits by the calculated values of the 
"expected" intensities. 

The technique used in solving the 
diffraction patterns utilized the Mat
thews Co-ordinate Index, jointly pub
lished by ASTM and Jonker Business 
Machines, Inc. This index allows rapid 
screening of approximately 7700 in
organic compounds by utilizing a tech
nique imposing certain conditions 
which must be satisfied by all possible 
solutions. For example, imposing both 
the "Positive Sulfur" and the "Nega
tive Halogen" requirements automati
cally demands the presence of S and 
absence of any halogen element in the 
compounds identified. 

Utilizing the results of the reported 
compositions of the four heats 
studied, electron microprobe analyses, 
and subsequent X-ray fluorescence an
alysis, the conditions listed below were 
imposed upon the searching system: 

1. All compounds with any of their 
eight most intense lines corresponding 
to a "d" spacing greater than 7.00 A 
were assumed to be absent. 

2. All hydrates were assumed to be 
absent. 

3. All of the following elements 
were assumed to be absent (grouped 
in accordance with Mathews Index): 

(a) Au, Tc, Pt, Ir, Ru, Rh, Os, Pd, 
Cu, Ag, Re. 

(b) B, Al, Ga, In, TI. 
(c) Be, Mg. 

(d) F, CI, Br, I. 
(e) Li, Cs, Rb, K, Na 
(0 Rare Earths, Sc. 
(g) V, Nb, Ta. 
(h) Zn, Cd, Hg. 
(i) Miscellaneous elements. 

The results obtained are, of course, 
limited to the accuracy of these re
strictions, and the availability of a 
complete accurate catalogue of all 
possible compounds. 

As a further check of the chemical 
species present, X-ray fluorescence an
alysis was performed using the entire 
sample of each weld metal residue to 
obtain a qualitative chemical analysis. 
This study was carried out by person
nel of the Analytical Services Labora
tory, Silicone Products Dept., General 
Electric Company, Waterford, N. Y. 

The residues were mixed with a 
small quantity of Testor's Household 
Cement, smeared into a thin layer on 
a Teflon specimen block, and mounted 
within the helium-filled specimen 
holder. Tungsten radiation at 50 kvp 
and 54 ma was used to cause fluores
cence of the sample, although Cr radi
ation was also used to establish the 
unambiguous presence of W in the 
sample. Prior to analyzing the res
idues, a blank scan was made of both 
the cement and Teflon specimen sup
port to eliminate the possibility of 
erroneous indications contributed by 
the chemistry of these two items. 

Results and Discussion 
Electron-Microprobe Analysis of Fusion-
Zone Microconstituents 

Figure 1 shows a specimen current 
image micrograph, taken at XI250, of 
the fusion-zone microstructure of a 
specimen from heat ML. The original 

Table 2—Sample 

Observed 
diffraction 

line relative 
intensity11 

5 

5 

5 

30 

15 

40 

70 

100 

Diffraction Data Observed with Weld Metal Residue of Heat MG 

d,A 

3.29 

2.81 

2.73 

2.62 

2.50 

2.27 

2.23 

2.10 

MeC-type 
carbideb 

2.74 (8) 
10 

2.51 (16) 
20 

2.23 (64) 
80 

2.10 (80) 
100 

ZrN 
2-0956' 

2.64 (30) 
100 

2.29 (30) 
100 

Ni,S 
3-094: 

3.31 

2.86 

2.73 

2.28 

2.12 

!<• 
(4) 
80 
(3) 
60 
(4) 

(5) 
100 

(3) 
60 

Calculated 
"expected" 

intensity 

4 

3 

12 

30 

16 

35 

64 

83 

composite weld specimen was subject
ed to 16% strain at a testing tempera
ture of 2150° F. The horizontal line 
A-A in Fig. 2 represents the locus of 
the microprobe traverses used in an
alyzing the individual microconstitu
ents, and was selected such that the 
electron beam would intercept a typi
cal subgrain-boundary and microcon-
stituent located within such a bound
ary. 

In general, a localized increase in 
the density of such an image recorded 
by monitoring the specimen current 
during the sweep of the electron beam 
is indicative of a localized increase in 
the concentration of atomic specie of 
higher atomic number. This increase 
in density results from the fact that 
the absorption of electrons increases 
in efficiency with decrease in the atom
ic number of the element bombard
ed by the electron beam. Thus, 
regions rich in elements of high atom
ic number such as Cr, Mn, Fe, Co, 
Ni, Zr, Mo and W would tend to be 
darker in a specimen current image 
than regions rich in elements such as 
S, P, and Si with low atomic numbers. 
Of course, the reverse is true in an 
image produced by recording electron 
back-scatter. For ease of identifica
tion, the significant regions along the 
traverse are numbered in the schemat
ic drawing comprising Fig. 2. 

Table 3 summarizes the results of 
the microprobe analysis of the regions 
identified in Fig. 2 and shown in Fig. 
1. The analytical data for Ni, Fe, Mo 
and Co were obtained from X-ray line 
scans, while those for Cr, S, Si and 
Mn were obtained by pulse counting 

• Intensities estimated visually. 
b Refers to reference 41. 
0 Refers to card number in ASTM Powder Data File. 

Fig. 1—Specimen current image of spec
imen of heat ML strained 16% at 2150° 
F. As-polished. X1250 (reduced 29% on 
reproduction) 

* 2 a 7\ q 
Fig. 2—Schematic drawing of regions in 
Fig. 1, analyzed by electron microprobe 
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techniques for the selected areas. 
Where pulse-counting techniques were 
employed to arrive at concentrations, 
an estimate of the 50% confidence 
level is indicated, based upon the cal
culated values of the precision of meas
urement of the corresponding pulse 
counts. 

The left-hand vertical column in 
Table 3 lists the nominal alloy com
position and provides the best estimate 
of the composition of the cellular-
dendritic matrix. Compare these data 
with the data shown in column 2 for 
the microconstituent identified as 
areas 1 and 2 in Fig. 2. Note that 
regions 1 and 2 were significantly 
depleted in Ni, Fe, Co and enriched in 
Cr, Mo, S, Si and Mn, with Mo and Si 
showing the most pronounced segre
gation. The positive segregation of S is 
definitely significant, while that of Mn 
is somewhat less so. 

Since no point count was made for 
Cr in this constituent, the estimated Cr 
content shown was obtained from a 
material balance calculation. Despite 
this oversight, the positive segregation 
of Cr is believed to be significant. 

The microprobe analysis of region 3 
in Fig. 2 is summarized in column 3 of 
Table 3. Comparison of these data 
with those for the matrix (column 1) 
reveals that this grey area in Fig. 1 
was slightly depleted in Ni, Fe, and 
Co. Of the remaining elements, Mo 
was most strongly segregated in this 
region, while Cr and Si were enriched 
to a slight degree. However, neither 
the S nor the Mn content of region 3 
differed significantly from that of the 
matrix. 

Region 4, the light spherical parti
cle surrounded by region 3 was so 
located that the scans for Ni, Fe and 
Co apparently failed to intersect this 
constituent and no analyses of these 
elements was obtained. Again, Mo, Si 
and S appear to be segregated in this 
region, with Mo the most strongly 
segregated and Si the least. The Cr 

Table 3—Results of Electron Microprobe Analysis of Fusion-Zone Microconstituents 
in a Specimen of Heat ML, Wt-% 

Nominal composition 
cell matrix 

Ni 48.56 
Cr 21.88 ± 0.1" 
Fe 17.96 
Mo 8.80 
Co 1.48 
S 0.011 ± 0.003' 
Si 0.25 ± 0.03" 
Mn 0.31 ± 0.008" 

Regions 1 and 2 
spherical 
particles 

38 
31b 

14 
15 
1.0 

0.021 ± 0.003' 
0.58 ± 0.04' 
0.34 ± 0.006" 

Region 3 
grey 

constituent 

44 
24.4 ± 0 . 1 

14 
17.6 
1.0 

0.013 ± 0.003" 
0.34 ± 0.03" 
0.32 ± 0.006' 

Region 4 
light 

particle 

N.A.» 
25.1 ±0.1>> 

N.A." 
12 
N.A." 

0.032 ± 0.001' 
0.43 ± 0.04" 
0.34 ± 0.003" 

Region 5 
dark 

constituent 

33 
34b 

16 
16 
1.0 

N.A.« 
N.A." 
N.A." 

a N.A. indicates analyses are not available. 
b Further comment to be found in text. 
c dt indicates 50% confidence level. 

concentration shown for this region 
should be considered as a minimum 
value since it was obtained from a 
point count taken at the mutual inter
face between regions 3 and 4. The 
true value of the Cr concentration 
must therefore be greater than the 
reported value of 25 .1% which rep
resents a weighted average of the Cr 
content of regions 3 and 4. 

The composition of region 5 in Fig. 
2 is summarized in column 5 of Table 
3. Comparison of these data with 
the nominal analysis of the alloy 
presented in column 1 indicates that 
this dark constituent is strongly de
pleted in its Ni content and slightly 
depleted in its content of both Fe and 
Co. Although no data for the S, Si, 
and Mn contents are available, this 
constituent is significantly enriched in 
both Mo and Cr. As was the case in 
regions 1 and 2, the concentration of 
Cr was deduced from a material bal
ance calculation, and is believed indic
ative of the strong segregation of Cr. 

Comparison of Fusion-Zone Microcon
stituents in Heats MK and ML 

Figure 3 is a specimen current 
image taken at X750 of the fusion-
zone microstructure in a sample of 
heat MK previously subjected to 14% 
strain at 2150° F. Figure 4 is a 
schematic drawing of this region with 
the areas of interest identified by 
number. Figure 5 is an optical micro
graph of the same region taken at 
X750 showing the structure as re
vealed by electrolytic etching with 
10% oxalic acid. The concentrations 

o 
Fig. 3—Specimen current image of speci
men of heat MK strained 14% at 2150° 
F. As-polished. X750 (reduced 28% on 
reproduction) 

* 

2 d 

of S, Si, and Mn detected by pulse 
counting at each selected location are 
presented in Table 4 together with the 
estimated 50% confidence level. Table 
4 permits comparison of these data 
with similar data previously presented 
for comparable microconstituents in 
heat ML in Table 3. 

Examination of these data reveals 
that similar segregation behavior oc
curs with respect to the partition of S, 
Si, and Mn in the fusion-zones of both 
heats MK and ML. Comparison of 
the data for both region 2 (white 
particles in Fig. 3) and region 3 (the 
dark constituent) with the nominal 
analyses of each element reveals that 
both constituents are markedly en
riched in Mn as compared with the 
matrix. It should be noted that the 
nominal solute content strongly influ
ences the magnitude of solute concen
tration observed in the various 
regions. 

In all but one instance heat MK, 
with the higher nominal S, Si, and Mn 
contents, exhibited a higher concen
tration of these elements within the 
two microconstituents than did heat 
ML. Thus, the concentration of the 
minor elements S, Si, and Mn in the 
microconstituents present in the fu-

i 
1 
f 

Fig. 4—Schematic drawing of regions in 
Fig. 3, analyzed by electron microprobe 

Fig. 5—Photomicrograph of area shown 
in Fig. 3, 10% oxalic acid electrolytic 
etch. X750 (reduced 31% on reproduc
tion 
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Table 4—Comparison of Minor Element Chemistry of Fusion-Zone 
Microconstituents in Heats MK and ML (Data on Heat ML were previously 
presented in Table 3) 

Element 

S 

Si 

Mn 

Heat 

MK 
ML 
MK 
ML 
MK 
ML 

Region 1 
cell matrix" 

0.021 ± 0.003 
0.011 ± 0.003 
0.29 ± 0.04 
0.25 ± 0.03 
0.93 ± 0.02 
0.31 ± 0.003 

Region 2 
white particle 

0.086 ± 0.010 
0.032 ± 0.001 
0.49 ± 0.04 
0.43 ± 0.04 
1.14 ± 0.02 
0.34 ± 0.003 

Region 3 
dark constituent 

0.044 ± 0.006 
0.021 ± 0.003 
0.47 ± 0.04 
0.58 ± 0.04 
1.06 ± 0.02 
0.34 ± 0.003 

Region 4 
sub-boundary 

triple point 

0.023 ± 0.04 
N.A. 

0.34 ± 0.02 
N.A. 

0.99 ± 0.03 
N.A. 

1 Assumed to be the nominal, analysis of each element. 

: "JT 
c3 

•KkJ 
Fig. 6—Specimen current image of a 
specimen of heat MK strained at 14% 
at 2150° F. As-polished. X750 (reduced 
23% on reproduction) 

sion-zone appears to increase roughly 
in proportion to the nominal amount 
of these elements. Since localized en
richment of S by a factor ranging from 
2 to 4 was observed together with Si 
enrichment by a factor approaching 
2, it is reasonable to expect that the 
melting temperature of these regions 
is significantly depressed with respect 
to that of the matrix. The extremely 
low hot-cracking resistance exhibited 
by heat MK during the testing portion 
of this investigation may, therefore, be 
attributed to the higher nominal com
position of these minor elements. 

An attempt was made to determine 
the degree of solute segregation at a 
sub-boundary triple point in the fu
sion-zone of heat MK. The data ob
tained are reported in column 4 of 

Fig. 7—Schematic drawing of regions in 
Fig. 6, analyzed by electron microprobe 

Table 4 and do not indicate the 
presence of a significant degree of 
segregation. However it should be em
phasized that in the absence of a 
distinct additional microconstituent, 
the width of such boundaries is below 
the theoretical resolving power of the 
microprobe. Therefore, considerable 
segregation could be present within 
the nominal width of the boundary 
without being detectable. In fact, the 
pronounced darkening of the subgrain 
boundaries in the specimen current 
image (Fig. 3) is evidence that such 
segregation actually exists. 

Analysis of Selected Unidentified Heat-
Affected Zone Microconstituents in 
Heat MK 

Figure 6 is a specimen current 
image taken at X750 of the heat-
affected zone microstructure of a sam
ple of heat MK subjected to 14% 
strain at 2150° F. This particular 
region containing a microcrack was 
identified for analysis by the series of 
microhardness indentations visible as 
white trapezoidal shapes. Figure 7 is a 

Table 5—Results of Electron Microprobe Analysis of Selected Unidentified 
Heat-Affected Zone Microconstituents in Heat MK, Wt-% 

Element 

Ni 
Cr 
Fe 
Mo 
Co 
W 
Si 
Mn 

Area 1 
matrix" 

47.17 
22.21 
18.16 
8.80 
1.36 
0.47 
0.29 
0.93 

Area 2 
small constituent 

28.5 
30 
14.5 
23 
0.42 
0.95 

0.53 ± 0.02 
0.67 

Area 3 
large constituent 

32.4 
24 
12.6 
30 (average) 
0.42 
0.95 

0.71 ± 0.03 
0.67 

Indicates matrix composit ion to be the nominal analysis. 

schematic drawing of the region 
shown in Fig. 6 with the areas of 
interest identified by number. 

Table 5 summarizes the analytical 
results obtained with the electron 
beam microprobe. Of the eight ele
ments investigated, Mo is enriched by 
a factor ranging from 2.6 in area 2 to 
3.3 in area 3 when compared with the 
nominal composition of the matrix. 
The level of Si increased by a factor 
of 1.8 in area 2 and 2.4 in area 3, thus 
experiencing the next most severe 
segregation. Of the other elements 
experiencing positive segregation, W 
was observed to have an enrichment 
factor of 2, while the Cr level was 
only slightly increased compared with 
the nominal composition. 

The concentration of Ni, Fe, Co 
and Mn was reduced below the matrix 
composition in the two regions exam
ined. The concentration of Co in both 
cases was approximately 1/3 of that 
found in the matrix, while that of Ni, 
Mn and Fe varied from 60 to 70% of 
the matrix concentration. 

Analysis of Heat-Affected Zone Micro-
constituents (Previously Identified' by 
Metallographic Techniques) 

Figure 8 shows a specimen current 
image taken at XI750 of the spherical 
r/L,—M(1C carbides and the eutectic 
constituent formed by interaction of 
(he rj, — M,|C carbides with the matrix 
in the heat-affected zone of an as-
welded specimen of heat MK. This 
region is also shown in an optical 
photomicrograph in Fig. 9. The dif
ference observed in the appearance of 
the microconstituents as shown in 
Figs. 8 and 9 are believed to result 
from intermediate polishing and etch
ing operations. 

The areas analyzed with the micro
probe are identified by number in Fig. 
8. Table 6 summarizes the results of 
the analyses conducted of these areas 
with the electron beam microprobe. 
The small, roughly spherical carbides 
in Fig. 9 are typically represented by 
areas identified as 1 in Fig. 8 and the 
analytical data are summarized in 
column 2. Note that the Mo content 
of this constituent is nearly 3.2 times 
that of the matrix. This is consistent 
with the identification of this phase as 
an M„C carbide.70"72 The silicon 
content in this area was found to be 
roughly twice that of the matrix while 
the remaining elements were observed 
to be depleted, except for S whose 
composition was unchanged. The 
concentration of Ni and Fe was re
duced to 55-60% of the matrix level, 
while that of Mn was reduced to 
about 7 5 % , and that of Cr approx
imated 90% of the nominal value. 

Region 2, the white region in the 
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Fig. 8—Specimen current image of heat-
affected zone microconstituents in as-
welded specimen of heat MK. As-pol
ished. X1750 (reduced 28% on reproduc
tion) 

specimen current image, exhibited an 
increase in Cr, Mo and S by a factor 
of 2 compared with the matrix compo
sition. The Mn was increased by 30% 
in this area, while the Ni and Fe were 
decreased to approximately 60% of 
their respective concentrations ob
served in the matrix. Although con
ventional optical microscopy did not 
detect the existence of this region rich 
in S, Cr, Mo, and Mn, the results in 
Table 6 are consistent with the work 
of other investigators.52 

The average concentration in 
region 3. the eutectic constituent 
formed by the reaction between the 
ijj—M,.,C carbides and the matrix, dis
cussed previously, is summarized in 
column 4 of Table 6. The Mo and Si 
contents of region 3 proved to be 2.5 
and 2 times, respectively, the nominal 
content of the matrix. 

Of the remaining elements. S 
showed no detectable segregation, 
while the Mn, Fe, Ni and Cr contents 
were less than the nominal level of 
these elements in the matrix. 

X-Ray Analysis of Weld Metal Residues 
Table 7 summarizes the compounds 

detected in the weld metal residues of 
the four heats studied. The 14 phases 
observed include 2 nitrides. 3 car
bides, 6 sulfides, 2 intermetallic com
pounds, and a Ni-Fe solid solution. 

The number of lines found in the 
four powder patterns ranged from 

41-54 of which an average of 32 were 
located in the transmission region. 
Since the ASTM Powder Data Files 
for many compounds are incomplete 
for the back-reflection region, the 
identification of the compounds was 
based primarily upon the transmission 
lines. However, all existent back-
reflection lines were checked once a 
compound was identified to ensure 
that no inconsistencies were present. 
In each powder pattern, all but one 
transmission line corresponding to a 
"d" spacing of 1.125 A in Heat MJ 
and to 2.33 A in heats MG, MK, and 
ML were accounted for by the com
pounds identified. In each pattern an 
average of 5 back-reflection lines 
could not be identified as a result of 
insufficient data for the back-
reflection region of many compounds. 

The X-ray fluorescence analysis of 
the weld metal residues obtained from 
all four heats confirmed the presence 
of all the major alloy elements (Ni, 
Cr. Fe, Mo. Co and W) and both Zr 
and Si. However, S and Mn were not 
detected probably as a result of the 
low atomic number in the case of S 
and the relatively small mass present 
in the case of Mn. Since no elements 
were detected by the fluorescence 
analyses that were not present in the 
list of compounds identified by X-ray 
diffraction, the fluorescence analysis 
provided indirect support of the X-
ray diffraction results. 

Relationship Between Hot-Cracking and 
Microstructural Features 

The following sections summarize 
the role of individual microstructural 
features identified in the four heats of 
Hastelloy X studied on the formation 
of hot-cracks and microfissures. Tn 
general, phases or combinations of 
phases exhibiting a melting point or 
melting temperature range below that 
of the matrix phase are postulated to 
serve as sites for the nucleation of 
hot-cracks by the shrinkage strains 
associated with welding. Accordingly, 
each distinctive microstructural 
feature, whether identified by metallo
graphic or X-ray techniques, will be 
considered separately and its possible 
role in hot-crackina assessed. 

0- ' > 
'.'<:••. 
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Fig. 9—Photomicrograph of area shown 
in Fig. 8. 10% oxalic acid electrolytic 
etch. X1500 (reduced 50% on reproduc
tion) 

Nitrides. Both ZrN and Cr2N were 
positively identified from the diffrac
tion patterns of the weld metal res
idues. ZrN was identified from the 
residue of all four heats studied, and 
this finding is in agreement with the 
results of metallographic studies previ
ously discussed.' However, since this 
compound is reported to have a melt
ing temperature of 2950° C (5342° 
F ) , its presence is not considered to 
be detrimental from the standpoint of 
hot-cracking or microfissuring. This is 
further supported by the metallograph
ic studies which showed no detecta
ble reaction between ZrN and the sur
rounding matrix either in the fusion-
zone or the weld heat-affected zone. 
Furthermore, no evidence of micro
cracking associated with ZrN particles 
was observed in any of the test speci
mens examined metallographically. 

The second nitride identified was of 
the form Cr2N. Although this com
pound was not identified in the previ
ous metallographic studies, its exist
ence may be rationalized in terms of 
its high thermodynamic stability.73"75 

This nitride was found in all heats 
except the low-nitrogen Heat ML 
which contained 454 ppm as con-

Table 7—Summary of Phases Detected 
by X-Ray Diffraction Analysis of 
Weld Metal Residues 

Nitrides 

ZrN 

Sulfides 

Co:1S, 

Table 6—Results of Electron M 
Identified Heat-Affected Zone 

Element 

Ni 
Cr 
Fe 

Mo 
S 
Si 
Mn 

Nomina l 
analysis 

47.17 
22.21 
18.16 
8.80 
0.021 
0.29 
0.93 

icroprobe Analysis 
Mi icroconstituents 

Region 1 
spher icaL-

carb ides 

26 
20 
11 
28 
0.021 
0.6 
0.7 

of Metallographically-
in Heat MK, Wt 

Region 2 
wh i te area 

26 
41 
11 
17 
0.042 
0.29 
1.2 

• % 

lar 
Region 3 

ge eutect ic 
s t ruc ture 

37 
20 
14 
22 
0.021 
0.6 
0.6 

Carbides 
M„C 
M.:,Ce 

(Cr, Fe)7C:, 

CrTS, 
Fex_,S, 
M„S 
M„S2 
Misce'laneous 
C O T W K 

NhSi 
(Ni , Fe) 

sol id so lut ion 

;| A single, unidentif ied transmission line 
corresponding to a " d " spacing of 2.33A 
was observed in the patterns of heats MG, 
MK. and ML; and a l ine, 1.125A remained 
Linidentified in the pattern of heat MJ. 
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trasted with an average of 816 ppm in 
heats MG, MJ, and MK (refer to 
Table 1). Although no definite data 
on the melting temperature of Cr2N 
were found, the available thermody
namic data suggest that its melting 
temperature would be sufficiently high 
to preclude either melting or reaction 
with the surrounding matrix at the 
temperatures encountered in welding. 
Consequently, Cr2N is not believed to 
contribute to the formation of hot-
cracks or microfissures in Hastelloy 
X. 

Carbides. The most abundant car
bide identified in the residue was of 
the form M6C. Although both the lit
erature and the previous metallograph
ic studies1 indicate the existence of 
two distinct forms, i)1— and ij2—M(iC, 
the X-ray techniques employed were 
not sophisticated enough to resolve 
the small difference in the lattice 
parameter distinguishing these two 
forms. Thus, the metallographic tech
niques proved to be more suitable for 
differentiating 77, from TJ2—M(!C than 
the X-ray diffraction techniques em
ployed. 

The metallographic studies indi
cated that the TJ2 carbide was stable 
with respect to the matrix to a slightly 
higher temperature than the TJ,—M„C 
carbide. In fact, the TJ1—MBC may be 
seen to experience a form of constitu
tional liquation by reacting with the 
surrounding matrix at a temperature 
previously estimated1 to be 2250° F. 
The typical eutectic produced by this 
reaction tended to produce isolated 
pools of liquid surrounding the origi
nal location of the carbide, and grain-
boundary penetration was observed to 
emanate from these regions. Although 
no metallographic evidence of micro
cracks associated with the reaction of 
this carbide has been presented, exam
ples of microcrack initiation were fre
quently observed metallographically 
during the conduct of the testing por
tion1 of this program. 

The more stable T;2—MfiC carbide 
was observed to experience a reaction 
with the surrounding matrix at a 
slightly higher temperature, approx
imating 2300° F. The reaction prod
uct of the 1)0 carbide and the matrix 
failed to develop the characteristic 
metallographic appearance of a eutec
tic constituent, but the pronounced 
tendency for this reaction product to 
penetrate adjacent grain-boundaries 
for a considerable distance supports 
the postulate that a liquid product 
formed. Evidence of hot-cracking as
sociated with products of the reaction 
between ij2 carbide and the matrix 
was also commonly observed. 

The X-ray diffraction studies of 
weld-metal residues demonstrated the 

existence of both M2 3C0 and (Cr, 
Fe) 7C a . Although neither of these 
carbides was positively identified met
allographically, it is probable that the 
smaller unidentified grain-boundary 
carbides found in the base metal of 
this alloy1 consist of one or both of 
the above carbides. In the absence of 
positive metallographic identification, 
it was impossible to establish the tem
perature and type of reaction between 
either of these carbides and the ma
trix. However, it seems likely that 
matrix-carbide reactions similar to 
those observed for both M(iC-type 
carbides must occur in some charac
teristic temperature range. If, as re
ported in the literature,58- 76 the 
M23C6 and (Cr, Fe) 7 C s are preferen
tially located along grain-boundaries, 
these carbides could contribute a sig
nificant influence on the initiation and 
propagation of hot-cracks. 

In general, the alloy carbides de
tected in Hastelloy X can contribute 
to the initiation of hot-cracks by react
ing with the surrounding matrix to 
form a low-melting constituent which 
readily penetrates the grain-
boundaries of the weld fusion-zone 
and weld heat-affected zone. Further
more, it should be emphasized that the 
distribution of the carbides in the 
base-metal has an extremely impor
tant influence on their contribution to 
hot-cracking. In general, where alloy 
segregation, residual from the ingot 
phase, causes extensive segregation of 
carbides in banded patterns, the 
propensity for hot-cracking is greatly 
increased in the neighborhood of the 
carbide bands. This observation is 
clearly supported by metallographic 
examination of numerous test speci
mens. 

Sulfides. The six sulfides identified 
from X-ray diffraction analysis in
clude Co3S4, Cr,S(;, Cr7S,s, MoS2, 
MnS, and Fex ,SX. Although none of 
these sulfides could be positively iden
tified from metallographic examina
tion, present in all photomicrographs 
were additional unidentified constitu
ents, some of which are undoubtedly 
sulfides from this group. All six of the 
above sulfides were found to be 
present in the residue of the high-S 
heat, MK, with a nominal S content 
of 0.021%. The remaining three heats 
with nominal S contents from 0.008 to 
0.011 % generally showed only 3 or 4 
of the above six sulfides in their re
spective weld metal residues. 

With regard to the role of sulfides, 
it is recognized that sulfides in general 
either exhibit low-melting tempera
tures or form in combination with 
other elements low-melting eutectic 
constituents. An extensive search of 
the literature failed to reveal data on 

the melting temperatures of all of the 
sulfides. However, MoS2 is reported77 

to have a melting temperature ot 
1185° C (2164° F) which corre
sponds closely to the temperature 
range at which hot-cracking was ob
served in the testing program. The 
melting point of MnS is reported as78 

1600° C ± 10° (2912° F) which is 
well above the melting range of Has
telloy X. However, eutectics between 
MnS and other elements present ex
hibit melting temperatures ranging up
ward from that of the Fe-Mn-S eutec
tic of 1000° C (1832° F ) . 

Thus, the synergistic effect of the 
many components can materially alter 
the melting temperature of any of the 
sulfides present. Therefore, melting 
point data for the pure compounds 
would be of little significance anyway. 
It must be concluded that the 
presence of sulfides can contribute to 
the formation of hot cracks by provid
ing a mechanism for localized depres
sion of the melting temperature. 
Again, the distribution of the sulfides 
is extremely important in determining 
their contribution to the initiation and 
propagation of hot-cracks. 

It is universally reported in the 
literature that sulfides and S-rich con
stituents are preferentially located 
along grain-boundaries where hot-
crack initiation and propagation is 
observed. Thus, the hot-cracking 
propensity of an alloy can be related 
to the amount of sulfide present as it 
influences the continuity of the result
ing low-melting grain-boundary con
stituent. This observation is supported 
by the higher cracking propensity of 
the high-S Heat MK as compared 
with the low-S Heat MJ with approx
imately the same level of other residu
als. 

Miscellaneous Microconstituents 
Three additional microconstituents 

were identified by X-ray diffraction 
analysis. Of these, an intermetallic 
Co7W,., was positively identified, but 
examination of the Co-W constitu
tional diagram7"- 78 reveals the sol
idus temperature in this range of com
position to be 1465° C (2669° F ) . 
Thus it must be concluded that 
Co7W(i would not contribute to the 
proposed mechanism of hot-cracking, 
being solid to temperatures above the 
melting temperature range of Hastel
loy X. 

The second. Ni2Si, also positively 
identifi :d, is reported to have a melt
ing temperature of 1319° C (2400° 
F) . 7 8 Thus, in the absence of syner
gistic effects, this compound also 
would not be expected to contribute 
to the formation of hot-cracks. The 
composition of the third constituent, a 
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Ni-Fe solid solution is not tabulated in 
the ASTM Data File; however, the 
minimum value of the liquidus occurs 
at 1436° C (2617° F ) 7 8 and there
fore the melting temperature of any 
Ni-Fe solid solution can not be lower 
in the absence of synergistic effects. 

Microsegregation 

Unfortunately, the current resolu
tion capability of the electron beam 
microprobe analyzer under ideal con
ditions is approximately one order of 
magnitude too low to permit quantita
tive analysis of the microsegregation 
associated with welding. In the weld 
fusion-zone the solidification mecha
nisms prevalent produce a network of 
solute-rich solidification subgrain-
boundaries separated by distances 
averaging 10 microns. That these 
boundaries are solute-enriched can be 
clearly demonstrated both by conven
tional metallographic techniques and 
by specimen current image microsco
py. Note that in Fig. 5 an optical 
photomicrograph, the etchant clearly 
reveals the location of the solidifica
tion subgrain-boundaries even in the 
absence of second-phases by a differ
ential attack. Note also that in two 
typical specimen current images of the 
fusion-zone (refer to Figs. 1 and 37) 
the image density differs significantly 
along these subgrain boundaries, 
clearly establishing the existence of a 
compositional difference. However, all 
attempts to establish the magnitude of 
these compositional differences quan
titatively, even by pulse-counting 
techniques, failed due to the magni
tude of the effective volume fluoresced 
compared with the actual width of the 
solute-rich boundary. Thus, the micro
probe analysis obtained by centering 
the beam on a typical subgrain- or 
grain-boundary represents a weighted 
average for a volume of which the 
actual solute-rich boundary is a negli
gibly small fraction. 

Consequently, indirect qualitative 
methods, such as the utilization of 
selective etchants, provide the only 
sensitive means for detecting such mi
crosegregation. However, in every in
stance in this and other investigations1-
79, so hot cracks have been shown to 
initiate and propagate in these solute-
rich regions under the influence of 
mechanical strain. 

Therefore, it appears that the 
formation of hot-cracks can result 
both from the action of shrinkage 
strains upon localized low-melting 
regions whether produced by mi
crosegregation during solidification, 
the presence of unfavorably dis
tributed low-melting phases, or reac
tions between specific microconstitu
ents and the surrounding matrix. In 

any case, the presence of macro- and/ 
or microsegregation in the original 
base metals must be considered as 
having a detrimental influence on the 
propensity for hot-cracking. Thus, it 
must be recognized that if a small-
scale laboratory test for hot-cracking 
is to provide a satisfactory evaluation 
of weldability, the macro- and mi
crosegregation present in the laborato
ry specimens must be truly representa
tive of that present in the overall base 
metal as used in practice. 

Conclusions 

1. The following conclusions pertain 
to the electron microprobe analyses of 
the weld fusion-zone: 

(a) Specimen current images clearly 
indicated the presence of solute 
segregation within subgrain-
boundaries whose dimensions 
were less than the resolution limit 
of the microprobe analyzer. 

(b) The presence of subgrain- and 
grain-boundary micro-constituents 
confirmed that significant segre
gation of solute occurs during the 
solidification of a weld. 

(c) The differing appearance of three 
microconstituents shown in the 
electron-image micrographs of fu
sion-zone structures indicated the 
existence of several different types 
of compounds present inthe fusion-
zones of both heats MK and ML. 

(d) Relative to the matrix analysis 
(assumed to be representative of 
the nominal) the subgrain- and 
grain-boundary microconstituents 
were highly enriched in Mo, S, 
and Si; only slightly enriched in 
both Cr and Mn; and signifi
cantly depleted in Ni, Fe, and Co. 

(e) The concentrations of S, Si, and 
Mn, when observed in comparable 
microconstituents found in both 
heats MK and ML, were shown to 
be higher in heat MK (0.021 S— 
0.29 Si—0.93 Mn) than in heat 
ML (0.011 S—0.25 Si—0.31 Mn). 

2. The following conclusions per
tain to the electron microprobe analysis 
of heat-affected zone microconstituents: 

(a) Regions, not detectable by con
ventional optical microscopy, were 
observed by specimen current-
image techniques and were shown 
to be enriched significantly in Cr, 
S, Si, Mn, and Mo. 

(b) Both the rji- and r?2M6C carbides 
exhibited significantly higher con
centrations of Mo, S, and Si; a 
slightly depleted concentration of 
Mn, and considerably lower con
tents of Cr, Ni, and Fe when 
compared to those in the matrix. 

(c) Grain-boundary constituents, met
allographically observed but un
identified, were strongly enriched 
in Mo, W, S, and Si; slightly en

riched in Cr; and significantly 
depleted in Ni, Fe, Co, and Mn. 

3. The following conclusions pertain 
to the compounds identified in the weld 
metal residues and their respective 
importance to hot-cracking in Hastelloy 
X: 

(a) Fourteen phases were detected in 
the weld metal residues, includ
ing two nitrides (ZrN, Cr2N); 
three carbides (M6C, M23C6, (Cr, 
Fe),C3); six sulfides (Co3S4, Cr5S6, 
Cr7S8, Fe^ iS j , MnS, MoS2), and 
three miscellaneous constituents 
(Co7W6, Ni2Si, Ni-Fe solid solu
tion). 

(b) Because of their high melting tem
perature ranges, the ZrN, Cr2N, 
Co7W6, Ni2Si, and (Ni, Fe) phases 
present were considered to have 
no influence on hot-cracking in 
Hastelloy X without synergistic 
effects. 

(c) The carbide phases were observed 
to provide easy nucleation sites 
for hot-cracks by the mechanism 
of constitutional liquation. 

(d) The sulfide phases are considered 
detrimental to the hot-cracking 
resistance of Hastelloy X, and are 
believed to be the cause of the 
poor hot-cracking behavior shown 
by the S-rich heat MK. 
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