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ABSTRACT. The weld metal microstruc
ture development and solidification crack
ing behavior of Alloy 625 gas tungsten arc 
(GTA) welds as a function of composition 
has been determined. A three-factor, two-
level, factorially-designed set of alloys in
volving the elements C, Si and Nb was ex
amined. Differential thermal analysis (DTA) 
of these alloys indicated that Nb, and to a 
lesser extent C and Si, increased the melt
ing/solidification temperature range. The 
DTA revealed that terminal solidification 
constituents were formed in the Nb-bear-
ing alloys, the presence of which was 
confirmed by optical and electron micros
copy techniques and identified as 7 /MC-
(NbC) carbide, 7/Laves and 7/M 6C car
bide eutectic-type constituents. Addition 
of carbon to the Nb-bearing alloys was 
observed to promote the formation of 
the 7 /MQNbC) carbide constituent and Si 
was observed to promote increased for
mation of the 7/Laves constituent. Re
gression analysis of Varestraint hot-crack 
testing data revealed that additions of C or 
Si to Alloy 625 increased the susceptibility 
of the alloy to hot cracking. Niobium-free 
alloys were observed to have a very low 
tendency toward solidification hot crack
ing, but even among these alloys, C and Si 
additions were detrimental. It was con
cluded that the increased solidification 
temperature range and formation of Nb-
rich eutectic constituents were primarily 
responsible for the increased susceptibility 
of Nb-bearing alloys to solidification crack-

Introduction 

Alloy 625 (58 minimum Ni-20-23 Cr, 8-
10 Mo, 3.15-4.15 Nb+Ta-5 maximum Fe-
0.5 maximum Mn, 0.5 maximum Si, 0.10 
maximum C wt-%) has been a commonly 
used nickel-based alloy for over two de-
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cades. Although originally developed as a 
turbine alloy (Ref. 1), its combination of 
good oxidation and corrosion resistance 
and moderate mechanical strength have 
made it a successful alloy in many other 
applications. Among these are cladding 
and surfacing for marine environments 
(Refs. 2, 3) and for wear resistance as 
hardfacing for tool and die steels (Ref. 4). 

Alloy 625 is not without its problems, 
though. Recent studies (Refs. 5, 6), have 
indicated that this alloy can be susceptible 
to hot cracking. Patterson and Milewski 
(Ref. 5) noted that hot cracked surfaces in 
arc welds made between Alloy 625 and 
304L stainless steel were enriched in S, Nb, 
P and C, and that eutectic-like structures 
were present in the microstructures of 
these welds. Cieslak, et al. (Ref. 7), found 
that dissimilar metal CO2 laser beam welds 
between Inconel Alloy 625 and 304 stain
less steel made at slow travel speed (10 
in./min) contained a Nb-rich Laves phase. 
Although in comparison to many other 
nickel alloys (Refs. 8, 9), Alloy 625 has a 
good reputation for resistance to hot 
cracking, it appears from the literature not 
to be totally immune from the problem. 

A review of the literature reveals no 
published study that correlates the solidi
fication microstructure with weldability in 
Alloy 625 as a function of chemical com
position. In addition, no published report 
describes the sequences of solidification 
events leading to the development of the 
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observed microstructure in Alloy 625, The 
purpose of this work, then, is twofold. 
First, the welding metallurgy of Alloy 625 
is described in some detail. That is, the ev
olution of weld metal microstructure upon 
cooling from the liquidus is explained. 
Second, a correlation is established be
tween alloy chemistry and both solidifica
tion microstructure and weldability (hot-
cracking susceptibility). These results may 
provide for intelligent alloy optimization 
schemes for Alloy 625 and similar materi
als from a weldability perspective. 

Experimental Procedure 

The alloy design decision for this exper
iment was driven by the desire to estab
lish the fundamental solidification and hot-
cracking mechanisms in this alloy system. 
The effect of tramp elements (S, P, B, etc.) 
on the solidification and weldability be
havior of nickel-based alloys has been well 
established. It was concluded that study
ing these elements would not add much 
new insight. They were eliminated from 
this study by being held at constant low 
levels. Also, it had been observed earlier 
(Ref. 10) that the solidification microstruc
ture in Alloy 625 and similar alloys could 
contain minor constituents composed of 
Laves phase and MC carbide. Both of 
these phases were Nb-rich and Laves had 
been shown (Ref. 11) to be stabilized by 
Si alloying additions. Based upon these 
two factors, C, Si and Nb were chosen as 
the composition variables for this experi
ment. 

A three-factor, two-level factorial series 
of alloys was designed around these ele
ments. The aim low level for C, 0.005 wt-
%, was effectively the limit of industrial 
processing capabilities. The high level for 
C was set at what would likely be ex
pected in a high C commercial heat of Al
loy 625, 0.035 wt-%. The low level for Si 
was set as none intentionally added. The 
high level aim was 0.35 wt-%. The low 
level for Nb was set as none intentionally 
added. The high level aim was 3.5 wt-%. 
The levels for Nb would clearly indicate 
the difference between Nb-bearing and 
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Table 1 -

Element 

C 
Mn 
P 
5 
Si 
Cr 
Mo 
Ti 
Nb 
Fe 
Ni 

-Alloy Compositions 

1 

0.006 
0.02 
0.005 
0.002 
0.03 

22.10 
9.54 
0.06 
0.01 
2.56 
bal 

2 

0.031 
0.02 
0.005 
0.002 
0.03 

21.95 
9.61 
0.06 
0.01 
2.55 
bal 

(wt-%) 

3 

0.006 
0.02 
0.005 
0.002 
0.35 

21.63 
9.60 
0.06 
0.02 
2.18 
bal 

Alloy Number 

4 

0.036 
0.03 
0.005 
0.003 
0.39 

21.57 
9.63 
0.06 
0.02 
2.59 
bal 

5 

0.009 
0.03 
0.006 
0.003 
0.03 

21.81 
9.81 
0.06 
3.61 
2.30 
bal 

6 

0.038 
0.03 
0.006 
0.003 
0.03 

21.83 
9.81 
0.06 
3.60 
2.31 
bal 

7 

0.008 
0.03 
0.006 
0.004 
0.38 

21.65 
9.68 
0.06 
3.57 
2.26 
bal 

8 

0.035 
0.03 
0.006 
0.003 
0.46 

21.68 
9.67 
0.06 
3.53 
2.29 
bal 

Nb-free alloys. The alloys were double 
vacuum melted at the Sandia National 
Laboratories melting and solidification fa
cility. Initial melting was done in a vacuum 
induction furnace from virgin raw materi
als. Electrodes weighing approximately 
150 Ib (68.2 kg) were poured in vacuum. 
These electrodes were then vacuum arc 
remelted to 6-in. (152-mm) diameter in
gots in preparation for hot working. Table 
1 lists the compositions of the eight alloys 
studied. 

Hot working of the ingots began with 
extrusion at 1175°C (2147°F) down to a 
3-in. (76-mm) diameter bar. These bars 
were then flattened at 1175°C to approx
imately 0.6-in. plates. From these plates, 
specimens were taken for differential ther
mal analysis (DTA). The plates were fur
ther reduced by hot rolling (1175°C) to a 
thickness of approximately 0.18 in. (4.6 
mm). Further reduction was done at room 
temperature to a thickness of approxi-
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mately 0.12 in. (3 mm). These sheets were 
given a final anneal at 1010°C (1850°F) 
and water quenched. A cold straightening 
pass ( < 1 % cold work) was then made to 
prepare the sheets for machining into 
Varestraint test specimens. 

The autogenous gas tungsten arc (GTA) 
Varestraint test was used to quantify the 
susceptibility of these alloys to fusion zone 
hot cracking. The GTA welding parame
ters used were 100 A, (direct current, 
electrode negative at a travel speed of 8 
in./min. The machine voltage was ra 12 V 
and argon was used as the shielding gas. 
These conditions produced welds that 
were approximately 0.20 in. wide at the 
top surface. The test specimens measured 
ra 6.5 X ra 1 X ra 0.12 in. (165 X 25 X 
3 mm). All tests were performed at a strain 
level of ra 2.5% to simulate high restraint 
welding conditions. Replicate testing (4 to 
5 tests per alloy) was employed to de
velop acceptable statistics. The order of 
testing was randomized to eliminate sys
tematic error. Maximum crack length 
(MCL) was the quantitative measure of 
hot-cracking susceptibility used in this 
study. 

Differential thermal analysis (DTA) test-
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Fig. 1-DTA thermogram (20' C/min) for Alloy 
5. 

TEMPERATURE (C) 

Fig. 2-DTA thermogram (20° C/min) for Alloy 
6. 

ing was done on a Netsch thermal ana
lyzer STA 429. Samples were machined 
from blocks taken from the hot-worked 
plates that had been subsequently an
nealed in vacuum at 1200°C (2192°F) for 
4 h and water quenched. The samples 
weighed ra 0.8 g. All tests were con
ducted in a helium environment with pure 
W used as the reference material. To cal
ibrate the system, pure Ni was found to 
melt within 2°C (3.6°F) of the established 
literature value. The experiments involved 
heating and cooling the Nb-bearing alloys 
(Alloys 5-8) through the melting/solidifi
cation temperature range as fast as was 
possible (20°C/min —36°F/min) with the 
available equipment. The purpose of these 
experiments was to identify any terminal 
solidification reactions that were occur
ring in these alloys. 

Varestraint test and DTA specimens 
were examined metallographically. After 
polishing through 0.05 <^m alumina, they 
were electroetched (1-2 V) with 10% 
chromic acid for times necessary to reveal 
the structures of interest. Carbon-coated 
metallographic specimens were examined 
in the Hitachi 500 scanning electron mi
croscope (SEM). Areas of interest were 
also analyzed with a Cameca MBX elec
tron microprobe. In all cases, specimens 
were repolished flat and carbon coated 
prior to microprobe analysis. Point count 
analyses and profiles were carried out un
der the operating conditions of 15 kV and 
a beam current of ra 20 nA. K„ x-ray lines 
were used for analysis of all elements ex
cept Mo and Nb where L„ x-ray lines were 
used. The raw counting data were con
verted to weight percentages with a <£(p,Z) 
correction algorithm (Ref. 12). 

High-resolution analyses of weld metal 
microstructures were performed using 
transmission electron microscopy (TEM) 
and analytical electron microscopy (AEM). 
Both thin foils and extraction replicas were 
examined. Specimens were examined in 
both a JEOL 200CX operating at 200 kV 
and a JEOL 100CX operating at 120 kV and 
equipped with a Tracor Northern EDS de
tector/spectrometer. Selected-area elec
tron diffraction was used to identify the 
crystal structures of the various phases 
examined. 

X-ray spectra collected in the AEM were 
reduced to weight percentages with the 
Cliff-Lorimer standardless-ratio technique 
(Ref. 13) with a data reduction program 
developed by Romig (Ref. 14). The Cliff-
Lorimer k-factors were obtained experi
mentally for all elements analyzed except 
Si, where a suitable standard material was 
not available. In the case of Si, a calculated 
(Ref. 14) k-factor was used. Ka x-ray lines 
were used for the analysis of all elements. 
An absorption correction was not needed 
as the thin foil condition was never vio
lated (Ref. 15). The AEM compositional 
data were obtained for the elements Ni, 
Fe, Cr, Nb, Mo and Si. 
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Results 

The DTA thermograms obtained from 
Alloys 5-8 are shown in Figs. 1-4. The al
loys containing C at the high level (6, 8) 
show an event prior to matrix melting, 
which is likely the dissolution of Nb car
bide. The high-temperature annealing (4 h 
at 1200°C) was insufficient to dissolve 
these stable carbides. Figure 5 shows the 
Nb carbides present in the microstructure 
of Alloy 6 prior to DTA testing. The solid
ification behavior of Alloys 5-8 can be 
seen by examination of the individual 
thermograms. Alloys 5 and 6 show two 
exothermic events, while Alloys 7 and 8 
show three exothermic events. 

The results of Varestraint test experi
ments are shown in Fig. 6. As can be 
readily seen, the hot-cracking susceptibil
ity under these test conditions is greater 
for the Nb-bearing alloys (5-8) than for the 
Nb-free alloys (1-4). 

The microstructures observed in the 
GTA weld metals could be easily discrim
inated on the basis of Nb content. Alloys 
1-4 had microstructures that were essen
tially single phase and will not be further 
discussed in this paper. Alloys 5-8 had mi
crostructures that contained minor inter
dendritic constituents in addition to the 
dendritic matrix. As a general observation, 
Alloy 5 had the smallest minor constituent 
population and Alloy 8 had the greatest 
amount of minor constituent. No attempt 
was made to further quantify this obser
vation in the weld metal. It had been 
shown earlier (Ref. 16) that the DTA sam
ples had between 0.3% (Alloy 5) and 1.3% 
(Alloy 7) by volume of minor constituent. 
The SEM examination of Varestraint test 
samples from Alloys 5-8 revealed that 
these interdendritic constituents were as
sociated with the formation of fusion 
zone hot cracks. As a representative ex
ample of these observations, Fig. 7 (A, B) 
shows the microstructure associated with 
a fusion zone hot crack in Alloy 7. 

Identification of these phases was ac
complished by performing selected-area 
electron diffraction on thin foils and ex
traction replicas made from the Vare
straint test samples. The primary micro-
constituents observed were a Laves phase 
(hexagonal, a ra 0.476 nm, c ra 0.713 nm) 
and MC carbide (cubic, a ra 0.441 nm). 
The observations made in examination of 
the thin foils were consistent with the SEM 
examination of the Varestraint test sam
ples relative to minor constituent popula
tion. That is, Alloy 5 had a much lower 
volume fraction of minor constituent than 
did Alloys 6-8. In addition to the Laves and 
MC carbide phases observed, Alloy 7 
(high Nb, Si) was found to contain a 
coarsely lamellar M6C carbide (diamond 
cubic, a =a 1.12 nm) constituent on its ex
traction replica. Two morphologies of MC 
were observed, a dendritic or "Chinese-
script" morphology and a smaller blocky 
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Fig. 3 —DTA thermogram (20 ° C/min) for Alloy 
7. 

morphology. 
It was qualitatively observed (Ref. 16) 

that the predominant microconstituent in 
Alloys 5 and 7 was Laves, whereas for Al
loys 6 and 8, it was MC carbide. In the case 
of Alloy 8, large quantities of both MC 
carbide and Laves were observed. Figures 
8A and 8B are representative TEM micro
graphs from Varestraint specimens show
ing MC carbide (Alloy 6) and Laves phase 
(Alloy 7), respectively. Table 2 summarizes 
the phases identified during the TEM anal
yses. 

Two types of elemental segregation 
were observed in the GTA weld metals. 
The first was the discontinuous composi
tion changes associated with the micro-
constituents observed. The second was 
the periodic pattern of dendritic segrega
tion associated with the solidification pro
cess. Using AEM techniques, as described 
above, the compositions of the various 
phases in the weld metals of Alloys 5-8 
were determined. These are listed in Ta
ble 3. In the cases of the carbide phases, 
a composition was calculated based upon 
ideal stoichiometry (MC or M6C). As can 
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Fig. 4 —DTA thermogram (20° C/min) for Alloy 

be seen, all of the microconstituents are 
enriched in Nb and depleted in Ni relative 
to the nominal compositions. 

The periodic dendritic segregation pat
tern representative of the GTA welds 
made on the Nb-bearing alloys is shown in 
Fig. 9 (Alloy 7). What is observed is the 
enrichment of Ni and Fe in dendrite core 
(DC) regions and the segregation of Nb, 
Mo and Si to interdendritic (ID) regions. 
There is very little dendritic segregation of 
Cr observed in this or any of the other al
loys. Carbon could not be analyzed by this 
technique because of its low concentra
tion. The interdendritic constituents asso
ciated with hot cracks in Alloys 5-8 were 
also chemically analyzed with the electron 
microprobe. The results of these analyses 
are given in Table 4. All constituents are 
enriched in both Nb and Mo relative to the 
nominal alloy compositions and the con
stituents observed in the high-Si heats (7 
8) are enriched in Si. 

Table 2—Phases Observed in the TEM 

Alloy No. 

5 (Nb) 

6 (Nb, C) 
7 (Nb, Si) 

8 (Nb, C, Si) 

Thin Foil 

Laves(a) 

Small MC (NbC) carbides at 
7/Laves interface 

Dendritic MC (NbC)(a) 

Laves,a) 

Small MC (NbC) carbides at 
7/Laves interface 

Dendritic MC (NbC)(a) 

Laves in vicinity of MC (NbC) 
Small MC (NbC) carbides at 

7/Laves interface 

Extraction Replica 

Dendritic MC (NbC)(a> 
Blocky MC 
Laves 
Dendritic MC (NbC)<a) 

Impressions where Laves 
etched away'a* 

Small MC (NbC) carbides at 
prior 7/Laves interface 

Small dendritic MC (NbC) 
Coarsely lamellar MeC 
Dendritic MC (NbC)(a) 

Impressions where Laves 
etched away 

Small MC (NbC) carbides at 
prior 7/Laves interface 

(a) Predominant structure observed. 
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Table 3—Phase Compositions (wt-%) 

Alloy No. 

5(Nb) 

6 (Nb, C) 

7 (Nb, Si) 

8 (Nb, C, Si) 

Phase 

Laves 

Dendritic 
MC<b> 

Blocky 
MC<b> 

Dendritic 
MC<b> 

Laves 

Dendritic 
MC<b' 

Lamellar 
MfjCP 

Blocky 
MC<b> 

Laves 

Dendritic 
Mdb> 

Blocky 
MCW 

Thin Foil/ 
Extraction 

T.F. 

Extr. 

Extr. 

Extr. 

T.F. 

Extr. 

Extr. 

Extr. 

T.F. 

Extr. 

Extr. 

from AEM Analysis 

C 

12.1 

11.6 

11.9 

12.4 

2.8 

12.3 

12.2 

12.2 

Ni 

45.6 
(0.2)<a> 
3.3 

(0.1) 
0.1 

(0.1) 
2.1 

(0.1) 
48.2 
(0.2) 
2.5 

(0.1) 
31.6 
(0.2) 
3.5 

(0.1) 
46.7 
(0.2) 
4.5 

(0.1) 
4.1 

(0.1) 

Fe 

1.4 
(0.1) 
0.3 
(0.1) 
0.0 

0.1 
(0.1) 
1.0 

(0.1) 
0.3 

(0.1) 
0.5 

(0.1) 
0.0 

0.9 
(0.1) 
0.4 

(0.1) 
0.4 

(0.1) 

Cr 

15.6 
(0.6) 
4.1 

(0.2) 
1.3 

(0.1) 
4.1 

(0.2) 
13.9 
(0.5) 
8.6 

(0.4) 
14.6 
(0.6) 
7.4 
(0.4) 
13.6 
(0.5) 
5.2 

(0.2) 
5.1 

(0.3) 

Nb 

19.2 
(0.3) 
73.4 
(1.2) 
82.6 
(1.1) 
65.5 
(0.8) 
18.2 
(0.3) 
69.7 
(1.1) 
31.0 
(0.5) 
68.5 
(1.1) 
16.8 
(0.2) 
60.0 
(0.8) 

65.0 
(1.2) 

Mo 

18.2 
(0.3) 
7.2 

(0.3) 
4.4 

(0.1) 
16.3 
(0.2) 
17.6 
(0.2) 
6.5 

(0.2) 
18.7 
(0.3) 
8.2 

(0.3) 
19.8 
(0.3) 
17.7 
(0.3) 
13.2 
(0.4) 

Si 

<0.1 

0.0 

0.0 

0.0 

1.2 
(0.1) 
0.0 

0.9 
(0.1) 
0.0 

2.2 
(0.1) 
0.0 

0.0 

(a) Absolute error, wt-%. 
(b) Calculated assuming ideal MC stoichiometry. 
(c) Calculated assuming ideal MeC stoichiometry. 

Table 4 -

Alloy No 

5 

6 

7 

8 

-Compositions of Constituents Associated with Hot Cracks 

Nb 

17.45<a' 
(1.64)<b> 
17.42 
(1.63) 
15.49 
(0.61) 
15.21 
(0.64) 

Si 

0.07 
(0.04) 
0.08 

(0.03) 
1.53 

(0.10) 
1.75 

(0.33) 

Ni 

48.18 
(1.98) 
48.17 
(2.00) 
51.86 
(0.75) 
50.21 
(1.10) 

Mo 

15.32 
(2.11) 
15.32 
(2.07) 
13.67 
(0.53) 
15.10 
(1.03) 

Cr 

17.32 
(0.46) 
17.31 
(0.49) 
15.78 
(0.32) 
16.11 
(0.64) 

Fe 

1.48 
(0.10) 
1.47 

(0.10) 
1.43 

(0.04) 
1.44 

(0.12) 

(a) All values in weight percent. 
(b) Standard deviation from multiple measurements. 

Discussion 

Microstructural Evolution during 
Solidification 

The development of microstructure in 
weldments is intimately related to the 
segregation of alloying elements during 
solidification. Terminal solidification con
stituents form when the solid solubility for 
particular elements in the growing cells or 
dendrites is exceeded. In cellular or den
dritic growth these phenomena lead to 
the distribution of alloying elements in ac
cordance with the thermodynamic (phase 
diagram) requirements of the system. An 
alloying element having distribution coef
ficient (k) less than unity will be depleted 
at the dendrite cores and enriched in 
interdendritic regions. 

In the case of Alloy 625, C, Si and Nb 
have distribution coefficients less than 
unity (Ref. 16). The partitioning of these 
elements to interdendritic regions (Fig. 9) 
during solidification results in the forma
tion of the terminal eutectic-like constitu

ents as the solid solubility of the y matrix 
dendrites is exceeded. The DTA thermo
grams show the events that occur during 
the melting and solidification of Alloys 5-
8. The interpretation of these data have 
been reported recently by Cieslak, et al. 
(Ref. 16), and will only be summarized 
briefly here. The liquidus temperatures for 
Alloys 5-8 are (Ref. 16) 1377°, 1372°, 
1367° and 1363°C (2511°, 2502°, 2493° 
and 2485°F), respectively. Indications rep
resenting the formation of the 7/Laves 
constituent in Alloys 5, 7 and 8 occur at 
1150°, 1148° and 1158°C (2102°, 2098° 
and 2116°F), respectively. Indications rep
resenting the formation of the 7 /MC 
(NbC) constituent in Alloys 6 and 8 occur 
at1246°C(22750F)and1231°C(2248oF), 
respectively. The indication representing 
the formation of the 7/M 6C constituent in 
Alloy 7 occurs at 1206°C (2203°F). 

The results of the electron microprobe 
analyses of alloying element segregation 
patterns both within dendrites and inter
dendritic constituents clearly indicate that 

Fig. 5 — Niobium carbides in Alloy 6 after 4 h at 
1200°C and subsequent water quenching. 

the segregation of Nb is the controlling 
factor in the development of solidification 
microstructure in these alloys. The Nb 
concentration in these constituents (7 / 
MC (NbC), 7/Laves and 7/M6C) is many 
times greater than the bulk alloy concen
tration. Silicon also partitions quite strongly 
to the interdendritic constituents in Alloys 
7 and 8. Individual phases could not be 
discerned by these analyses. 

The results of the TEM analysis (Table 3) 
of the weld metals from Alloys 5-8 reveal 
the effects of C and Si alloying additions 
on Alloy 625 microstructure. In the ab
sence of intentional C or Si additions (Al
loy 5), Laves is the predominant structure 
observed during thin-foil analysis. The 
amount of this constituent, though, is 
quite small, consistent with the DTA ther
mogram (Fig. 1) signal for this event at a 
level just above background. When C is 
added (0.038 wt-%, Alloy 6) to Alloy 625, 
only MC (NbC) carbide is observed (at the 
expense of Laves) in both thin foils and 
extraction replicas. In this alloy, formation 
of the 7/Laves constituent is apparently 
precluded by alloying with this level of C. 
(The presence of a small amount of 7 / 
Laves constituent in this alloy, not detect
able by either DTA or TEM techniques, 
cannot be unequivocally discounted.) 
When Si is added (0.38 wt-%, Alloy 7) to 
Alloy 625, Laves is again the predominant 
phase observed in the microstructure, but 
now in an amount far greater than that 
observed in Alloy 5. In addition, M&C car
bide is also observed. Table 3 shows that 
the MsC carbide is enriched in Nb, Mo and 
Si. It has been shown previously that Si 
promotes the formation of Mo-rich M6C 
carbides both as a y/MrJZ eutectic-type 
constituent (Ref. 17) and in the solid state 
(Ref. 18) in austenitic Fe and Ni alloys. 
Laves phase is also enriched in Si. It is in
teresting to note that while Laves phase is 
structurally of the type A2B, no Ni2Nb 
phase has been found to exist. A ternary 
Laves phase of the form Ni3SiNb2 has been 
observed by Bardos, etal. (Ref. 19), clearly 
indicating the stabilizing influence of Si on 
Laves. When both C and Si are added to 
Alloy 625 (0.035 wt-% C, 0.46 wt-% Si, Al
loy 8), both MC (NbC) carbide and Laves 
are observed in both thin foils and extrac-
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tions consistent with the two minor peaks 
on the DTA thermogram —Fig. 4. Again, 
the Laves is found to be enriched in Si — 
Table 3. With Si present in the alloy, the 
7/Laves constituent is not precluded from 
forming even though C is also intentionally 
alloyed. A more detailed description of 
the evolution of the solidification micro-
structure in these alloys has been given 
recently by Cieslak, et al. (Ref. 16). 

The microstructural modification in 
these alloys as a function of the minor el
ements C and Si is remarkable but not 
without precedence. Nakao, et al. (Ref. 
20), studied the effects on microstructure 
caused by alloying IN-519 (Fe-24Cr-24Ni-
3Nb wt-%) with C and Si. At low C levels 
(0.02-0.03 wt-%), 7/Laves was the only 
solidification constituent observed in weld 
metal. As C content was increased (>0.2 
wt-%) the 7/Laves constituent was re
placed by 7 /MC (NbC) constituent in a 
manner analogous to that observed in the 
present study. The 7 /MC constituent so
lidified at a higher temperature than the 
7/Laves constituent, also consistent with 
the results of the present work on Alloy 
625. 

In summary, the evolution of solidifica
tion microstructure in Alloy 625 fusion 
welds is dominated by the segregation of 
Nb. The particular interdendritic constitu
ents observed (e.g., 7/Laves and 7/MC) 
in a given heat of Alloy 625 are influenced 
by the concentration of the elements C 
and Si. These constituents are not ob
served when Nb is not present. 

Weldability Analysis 

In the early development of analysis of 
Varestraint test data, Savage and Lundin 
(Ref. 21) interpreted maximum crack 
length as a measure of the hot-cracking 
temperature range. More recently, a sim
ilar approach has been adopted by Mat
suda and coworkers (Ref. 22) in their 
interpretation of trans-Varestraint test 
data. Their brittleness temperature range 
(BTR) parameter is obtained from the 
maximum crack length achieved at high 
levels of applied strain during trans-Vare
straint testing. From a metallurgical view
point, they suggested that the BTR could 
be correlated to the existence of a two-
phase, liquid-plus-solid structure in an al
loy. The lower limit of the BTR could ex
tend down to the terminal solidification 
reaction of a nonequilibrium eutectic-type 
constituent. 

The general correlation between weld
ability and solidification behavior can be 
traced back to early investigators (Refs. 
23, 24) who concluded that alloys having 
wider solidification temperature ranges 
would be more crack susceptible than al
loys having narrow solidification temper
ature ranges. The first to quantify this un
derstanding was Borland (Ref. 24), who 
attempted to determine the hot-cracking 
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results for Alloys 1-8. 

Fig. 8— A — TEM micrograph of MC carbide 
morphology in Alloy 6 Varestraint test speci
men; B— TEM micrograph of Laves morphol
ogy in Alloy 7 Varestraint test specimen. 

Fig. 7—A —SEM image of microstructure asso
ciated with hot cracks in Alloy 7; B —higher 
magnification SEM image showing constituent 
morphology in greater detail. 
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Fig. 9 — Microprobe profile 
showing dendritic segregation 
pattern in Alloy 7. A— Ni, Cr; 

B-Mo. Nb; C-Fe. Si. DC 
indicates a dendrite core position. 
and ID an interdendritic position. 
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susceptibility of binary alloy systems from 
their equilibrium phase diagrams. Alloys 
that had extensive temperature separa
tion between their liquidus and solidus 
were likely to be hot-crack sensitive. Us
ing available binary phase diagrams, Bor
land developed a quantitative descriptor 
of the effect of a given alloying element 
on the equilibrium melting/solidification 
temperature range. He called this param
eter the relative potency factor (Ref. 24) 
(RPF). It is defined as follows: 

RPF = m L (1 -k ) /k (1) 

where mL is the liquidus slope and k is the 

Table 5—Equilibrium Melting Temperature 
Range 

Alloy No. 

1 
2(C) 
3 (Si) 
4 (C, Si) 
5 (Nb) 
6 (Nb, C) 
7 (Nb, Si) 
8 (Nb. C, Si) 

u I eq 

26.5 (0.6)|a: 

33.7 (1.5) 
29.0(1.6) 
43.3 (1.3) 
55.3 (2.4) 
72.8 (3.2) 
68.3 (2.5) 
76.3 (0.6) 

(a) Values are averages ot multiple tests; values in parentheses 
are standard deviations; all values in 3 C 

equilibrium distribution coefficient. The 
units of the RPF are :C/wt-%. When the 
RPF is multiplied by the nominal alloy con
centration, the equilibrium melting/solidi
fication temperature range, ATeq, results. 

For the present alloys, the equilibrium 
melting temperature ranges, ATeq, have 
been determined previously by Cieslak, et 
al. (Ref. 16). These data are listed in Table 
5 and reveal that the Nb-bearing alloys 
(5-8) have a larger melting temperature 
range than the Nb-free alloys (1-4). (A 
melting temperature range for commer
cial Alloy 625 has been reported as e= 
60°C /108°F- Ref. 25.) In particular, Alloy 
1, the base alloy of the experiment, has an 
average ATeq of only 26.5°C (48°F), in 
comparison to Alloy 5 (which contains the 
high level of Nb), which has a ATeq of 
55.3°C (100°F). A functional relationship 
between ATeq and alloy composition was 
obtained (Ref. 16) by performing regres
sion analysis on the data in Table 5, and is 
given below. 

ATeq (
CC) = 20.9 + 405.5 (wt-% C) + 

20.3 (wt-% Si) + 9.4 (wt-% Nb) (2) 

The coefficient of correlation (R2) for this 
relationship is 0.98 and the standard error 
is 3.0°C (5.4°F). 

From these observations and perspec

tives, then, the hot-cracking response of 
the eight alloys examined here can begin 
to be understood. It is clear from examin
ing Fig. 6 that the Nb-bearing alloys (5-8) 
are more susceptible to fusion zone hot 
cracking than are the Nb-free alloys (1-4). 
It is also clear that the least crack-sensitive 
alloy is Alloy 1, which has the lowest con
centration of C, Si and Nb of any of the 
alloys examined. The results of regression 
analysis, given below, performed on the 
data shown in Fig. 6 reveal in more detail 
the functional relationship between the 
variable alloying elements (C, Si, Nb) and 
the MCL obtained during Varestraint test
ing. 

MCL (in.) = 0.001 + 0.347 (wt-% C) + 

0.037 (wt-% Si) + 0.007 (wt-% Nb) (3) 

The coefficient of correlation (R2) for this 
relationship is 0.89 and the standard error 
is 0.006 in. (0.15 mm). A more complete 
description of the cracking behavior re
sults when the interactive terms are in
cluded in the regression equation, as given 
below. 

MCL (in.) = 0.008 + 0.235 (wt-% C) + 
0.013 (wt-% Si) + 0.004 (wt-% Nb) 

-F 0.068 (wt-% Nb) (wt-% C) 
+ 0.011 (wt-% Nb) (wt-% Si) 

(4) 
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The coefficient of correlation (R2) for this 
relationship is 0.95 and the standard error 
is 0.004 in. (0.10 mm), a reduction of 50% 
from the standard error in Equation 3. 
Several implications may be drawn from 
Equations 3 and 4. The first is that additions 
of C, Si or Nb will increase the MCL, 
resulting in increased susceptibility to hot 
cracking. The second is that there are in
teractive effects between Nb and C and 
Nb and Si, both of which have the effect 
of increasing susceptibility to hot cracking. 
Finally, the largest effects are due solely to 
the presence of the individual alloying el
ements with interactive effects playing a 
lesser role. Although regression analysis 
does not explicitly create metallurgical in
terpretation, it does provide insight into 
potential chemical interactions, which 
manifest themselves as process-affecting 
metallurgical reactions. In the present case, 
interactions involving Nb and C (i.e., 
7 /MC [NbC]) and Nb and Si (i.e., 7/Laves 
and 7/M6C) are suggested. 

The TEM investigation revealed that all 
Nb-bearing alloys contained minor con
stituents, which could be referenced to 
the DTA thermograms shown in Figs. 1-4. 
Alloys 5, 7 and 8 contained Laves phase 
(Laves was the predominant microconstit
uent in Alloys 5 and 7) and all three had 
DTA indications at «a 1150°C. Alloys 6 
and 8 contained MC (NbC) carbide as the 
predominant microconstituent and these 
two alloys had DTA indications at « 
1240°C (2264°F). Alloy 7 contained M6C 
carbide having a lamellar morphology and 
a smaller indication on its DTA thermo
gram at 1206°C (2203°F). 

With the DTA thermograms described 
as such, a direct classical interpretation of 
the weldability behavior based upon so
lidification temperature range might not 
seem unreasonable. Unfortunately, the 
data are not cooperative. Figure 10 shows 
the relationship between the solidification 

temperature range (ATs) and MCL data for 
the Nb-bearing materials, Alloys 5-8. ATS 

is defined as the temperature difference 
between the liquidus (taken from the on-
heating data) and the temperature at 
which lowest melting point eutectic-type 
constituent forms. Even without perform
ing a statistical analysis of these data, it is 
clear by observation that there is no 
strong functional correlation between 
these two quantities. From the AT$ data 
alone, it might be predicted that Alloy 6 
would have the least susceptibility to hot 
cracking among the Nb-bearing alloys, but 
the MCL data does not bear this out. The 
lack of correlation between MCL and ATs 
data also suggests that other factors are 
influencing the cracking phenomena. 

Solidification cracking theory, as con
solidated by Borland (Ref. 24), recognizes 
that several phenomena contribute to the 
hot cracking susceptibility of an alloy. In 
addition to solidification temperature 
range, the distribution and amount of ter
minal solidification liquid is important. The 
distribution of these liquids is primarily de
termined by their surface tensions. Liquids 
that have low surface tensions will have a 
tendency to spread out thinly and wet in
terdendritic and solidification grain bound
aries. Terminal solidification liquids having' 
a relatively large surface tension will have 
a tendency to spherodize locally, promot
ing solid bridging between adjacent den
drites or grains. Propagation of hot cracks 
along these boundaries will require frac
ture of these solid bridges, and thus will be 
less likely to occur from an energetics 
perspective. Implicit in this statement is the 
suggestion that cracking may terminate at 
a temperature above the terminal solid —• 
liquid reaction temperature, even when 
high levels of strain are applied, if the dis
tribution of liquid is not appropriate for 
crack advancement. 

For a given alloy and specific eutectic 

constituent, hot cracking susceptibility in
creases with the amount of eutectic (Ref. 
24) present up to a point where the phe
nomenon of eutectic healing begins. Eu
tectic healing occurs when there is a large 
enough amount of eutectic constituent 
present to effectively backfill or heal in
cipient hot cracks as they form. Many 
braze and solder alloys implicitly use the 
phenomenon of eutectic healing and thus 
are virtually immune from the problem of 
hot cracking during solidification. The 
amount of constituent necessary to fully 
affect eutectic healing is alloy dependent, 
but Clyne and Davies (Ref. 26) suggest 
that at least 10 vol-% is required. This value 
is supported by the work of Arata and 
coworkers (Ref. 27). They examined the 
effect of C additions on the weldability of 
310 stainless steel. An alloy containing 
0.43 wt-% C was found to contain 7 vol-
% of the 7/M7C3 eutectic constituent. 
Trans-Varestraint tests revealed extensive 
hot cracking. An alloy containing 0.53 wt-
% C was found to contain 11.5 vol-% of 
the 7/M7C3 eutectic constituent and ex
hibited only limited hot cracking. Metallo
graphic analysis confirmed that eutectic 
healing was occurring. 

In the present case, the amount of eu
tectic-type constituents in the various al
loys can be suggested, at least semiquan-
titatively, from the DTA thermograms. Al
loy 5, which experienced the least amount 
of hot cracking among the Nb-bearing al
loys, clearly solidified with the least amount 
of eutectic constituent, which helps to ex
plain at least in part its superior weldabil
ity. Among Alloys 6-8, more eutectic-type 
solidification is evident from their DTA 
thermograms. A rough estimate of the 
amount of constituents present can be 
made by integrating the areas under the 
peaks on the DTA thermograms corre
sponding to the eutectic-type reactions 
and ratioing them with the areas under the 
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matrix solidification peaks. The implicit as
sumption is that the volumetric enthalpies 
of solidification of the various constituents 
are similar, allowing for a ratio of areas to 
be equivalent to a ratio of volume frac
tions. For Alloys 6-8, this ratio is « 3-5%. 
For Alloy 1 it is less than 1%. All of these 
values are less than the critical value given 
by Clyne and Davies (Ref. 26), suggesting 
that the condition for full eutectic healing 
is not reached. Metallography confirms 
this conclusion in that the region of back
filling observed in the Varestraint speci
mens was extremely limited. 

Although the solidification temperature 
range, AT$ did not correlate well in this in
stance with the MCL data, an interesting 
correlation was observed between the 
MCL data and the equilibrium melting 
temperature range, ATeq, data given in 
Table 5. It must be remembered that ATeq 

is a phase diagram quantity. A plot of MCL 
as a function of ATeq for the eight alloys 
examined is presented in Fig. 11. A rea
sonable functional relationship between 
these two quantities can be obtained, as 
given below the ATeq in °C. 

MCL (in.) = 8.7 X 10"4 (ATeq)-0.015 (5) 

The coefficient of correlation, R2, for this 
expression is 0.86. This result confirms that 
to a large extent, the cracking behavior of 
this set of alloys under these experimental 
conditions is largely in response to the 
presence of the primary alloying variables, 
C, Si and Nb (see also Equations 2, 3). In 
particular, the presence of Nb at this con
centration level is primarily responsible for 
the increase in ATeq and thereby funda
mentally diminishes the hot cracking resis
tance of these alloys in a manner consis
tent with that proposed by Borland (Ref. 
24). 

While the conclusions of this investiga
tion can be generally applied, it must be 
remembered that the alloys used in this 
investigation were produced within a cer
tain region of composition space in order 
to make the experimental matrix tractable. 
Extrapolation of the regression relations 
outside of the database for quantitative 
prediction is not recommended. Clearly, 
the presence of other alloying elements, 
such as boron, could have a large negative 
impact on the weldability of commercial 
alloys, while additions of Mn (as in Alloys 
82 and 182) may help to improve weld
ability. For example, it has recently been 
suggested (Refs. 28, 29) that the role of 
boron in promoting hot cracking in nickel-
based alloys is by acting as a surfactant for 
eutectic liquid films. From a slightly differ
ent perspective, the manner in which C, Si 
and Nb affect hot cracking may also 
involve influences on more subtle materi
als properties besides melting tempera
ture range, such as solid/solid and solid/ 
liquid surface tensions, properties which 
determine the distribution of liquids in the 

solidifying welds. It is clear that a better 
understanding of how chemistry influ
ences these materials properties is neces
sary. Without these understandings, a 
completely self-consistent interpretation 
of collected hot cracking and solidification 
data is not possible, as was manifested by 
the inability to correlate MCL with ATs 
data in a satisfactory manner in this work. 
From an engineering perspective, though, 
it is clear that the addition of reactive 
alloying elements (Nb, C, Si), which cause 
an increase in the melting/solidification 
temperature range and the formation of 
lower melting temperature eutectic-type 
constituents, leads to alloys having funda
mentally diminished hot cracking resis
tance. 

Conclusions 

Among the alloys examined in this study, 
those containing intentionally alloyed Nb 
had terminal eutectic-type constituents 
involving MC (NbC) carbide, Laves phase 
and M6C carbide. These alloys had a 
wider melting/solidification temperature 
range and diminished hot cracking resis
tance compared to alloys having essen
tially the same composition but not con
taining Nb. Among the Nb-bearing alloys, 
additions of C and Si were observed to 
both increase the amount of eutectic-type 
constituent present and to increase the 
susceptibility to hot cracking. Among the 
Nb-free alloys, C and Si additions in
creased both the melting/solidification 
temperature range and the susceptibility 
to hot cracking. A correlation was estab
lished between hot cracking susceptibility 
(MCL) and melting temperature range, 
ATeq. From this correlation, it may also be 
inferred that within the composition range 
of Alloy 625, low-Nb-content heats will be 
less susceptible to hot cracking than high-
Nb-content heats. Carbon alloying addi
tions to the Nb-bearing alloys promoted 
the formation of the 7 /MC (NbC) constit
uent at the expense of the 7/Laves con
stituent. Silicon promoted increased for
mation of the 7/Laves constituent with or 
without the presence of C and promoted 
the formation of a 7/M6C constituent at 
low carbon levels. 
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