
Re-Heat Cracking in High Nickel Alloy Heat-Affected Zones 
Metallographic evidence suggests precipitation is the 
controlling factor in postweld heat treatment cracking 
BY D. M c K E O W N 

ABSTRACT. Postweld heat treatment (re
heat) cracking of high nickel alloys has 
been studied by mechanical testing and 
metallography. The susceptibility of 
various alloys was determined with a test 
based on constant load rupture. The 
microstructural changes occurring dur
ing aging have been related tentatively 
to the cracking problem as its exists in 
British commercial alloys. 

The conclusion reached was that 
cracking occurred after precipitation of 
the hardening phase, 7', and apparently 
before grain boundary carbide precipita
tion became an important factor. The 
susceptibility test offers a possible quan
titative basis for comparing materials 
although some development of the tech
nique might be required to give a corre
lation with practice. 

Introduction 
The need for creep and oxidation 

resistant materials for high tempera
ture service in gas turbine engines and 
power generation plant has been met 
to a large extent by development of 
age-hardening nickel alloys. The fabri
cation of such components depends to 
a very large extent on welding but, 
unfortunately, metallurgical problems 
may be met when welding high nickel 
alloys. One of the most serious prob
lems is that of postweld heat treat
ment (re-heat) cracking. In order to 
develop maximum mechanical proper
ties it is necessary to heat treat 
weldments in these materials to induce 
precipitation of the intermetallic y 
phase (a complex phase isomorphous 
with Ni 3Al) and during this process 
many alloys are susceptible to inter
granular cracking. This is usually con
sidered to be a heat-affected zone 
problem, since choice of a ductile 
filler-metal can avoid weld metal 
cracking problems. The mechanism of 
this postweld heat treatment cracking 
is not clearly understood. 

Many features of aging weldments 
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have been claimed as of prime impor
tance to the problem. Reviews by 
Blum et al.1 and Prager and Shira2 

give an indication of the number of 
variables which may be concerned. 
The low ductility observed during fail
ure has been attributed to: 

1. y precipitation, combined with 
denudation of grain boundaries.2 

2. Intergranular carbide precipita
tion lowering grain boundary 
strength.3 

3. An inherent low ductility at the 
aging temperature (ductility dip).4 

4. Metallurgical changes induced 
during welding (partial melting).5 

5. Intragranular strain aging.5 

6. Impurity elements segregating at 
grain boundaries.1 

7. Oxygen contamination.6 

There is also speculation as to 
whether the cracking occurs primarily 
in the heat-affected zone because of 
an inherent susceptibility or because of 
strain is concentrated in this region. 

Although considerable knowledge 
of the avoidance of the problem in 
practice has been built up, the basic 
mechanism remains a matter of con
troversy. The major objective of this 
investigation was therefore to estab
lish the mechanism of cracking in 
order to provide a basis for avoiding 
the problem both in existing alloys 
and in the design of future materials. 

To accomplish this objective, it was 
necessary to study the effects of varia
bles on the susceptibility of materials. 
A reliable laboratory susceptibility 
test was therefore required. There is 
also a practical need for such a test 
since the alternative of proof testing a 
completed component (for instance, a 
gas turbine engine) is an extremely 
expensive and time-consuming oper
ation. Even then it is a "go/no go" 
test and no measure of the safety 
margin between acceptable per
formance and failure can be made. 
However, it is apparent that, although 
much effort has been expended on the 
quantification of restrained patch 
welds, notched constant load rup

ture,3 and creep relaxation5 tests, no 
entirely satisfactory test for suscepti
bility to postweld heat treatment 
cracking exists. The most successful 
test has been a circular patch test 
welded and heat treated under re
straint.6-8 

While considerable data have been 
produced by this test, it is far from an 
ideal test for susceptibility. It is of 
questionable reproducibility and 
discrimination and measures only a 
crack/ no crack criterion under set 
(indeterminate) conditions. Mechani
cal tests are quantitative and discrim-
nating but have previously been diffi
cult to relate to practice. The mechani
cal testing procedure devised in this 
investigation employs simple linear 
elastic fracture mechanics analyses to 
measure a basic material property— 
the resistance to crack propagation. 
As this approach has been proved in 
brittle fracture and stress corrosion, it 
is reasoned that it should provide 
meaningful data of direct applicability 
to practice. 

The Susceptibility Test 
Constant load rupture (CLR) test

ing at elevated temperature has been 
used in this investigation to assess 
susceptibility to postweld heat treat
ment cracking. This should give a 
comparative assessment and show any 
latent susceptibility. In practice, dur
ing heat treatment of a weldment, 
stresses can relax. In order to show 
the practical significance of the labo
ratory test results, an extension of the 
technique to stress relaxation testing is 
required. However, as the prime ob
jective of this investigation was to 
determine the mechanism of cracking, 
CL Rtesting proved sufficient to give a 
quantitative comparison of materials. 

The development of the technique 
into a viable type test is being under
taken by the Welding Institute, and 
results for many high temperature 
materials will be published in due 
course. 

Specimens are pre-treated to simu-
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Fig. 1—Cut-away drawing of constant 
notched specimen held in controlled 

late any practical situation, e.g., heat-
affected zone thermally cycled, aged, 
strained etc., before notching and fa
tigue cracking to form the starter 
notch required in fracture mechanics 
testing. Constant load rupture testing 
is then carried out by heating the 
specimen rapidly to temperature in a 
controlled atmosphere furnace and 
applying a load. A cut-away view of 
the apparatus is shown in Fig. 1. The 
stress intensity applied to the root of 
the notch is calculated (see Appen
dix) and plotted against time to fail
ure. As the stress intensity is de
creased, time to failure increases until 

load rupture apparatus showing pre-
atmosphere furnace 

a value is reached at which failure 
does not occur. The results may also 
be plotted as critical defect size vs. 
time to failure so that materials of 
different tensile strengths may be 
compared. 

Experimental Investigation 
Parameters Studied 

It may be seen that the test can be 
used to assess the relative susceptibili
ties of various areas of weldment by 
selection of the thermal cycle given to 
specimens before testing, and that 
such parameters as heat treatment 
temperature and environment may be 

readily studied. For the purposes of an 
investigation into the mechanism of 
cracking, however, it was necessary to 
select a limited number of variables. 

Two materials of similar matrix 
composition (Ni, 20% Cr, 15-20% 
Co, 6% Mo) but with different 
amounts of hardener (A having 2% 
Ti + V 2 % Al, B having 2% Ti + 
2% Al) were compared. A third ma
terial, C (Ni 20% Cr matrix with 
2V 4 % Ti + 1% Al) was also used 
in the initial trials of the CLR test. 
The specifications and analyses of ma
terials are given in Table 1. The mate
rials were received as annealed and 
were thermally cycled to 1200° C 
(2192° F) (1150° C (2102° F) for 
material C) to simulate a heat-
affected zone thermal cycle. The effect 
of a subsequent 5% room tempera
ture deformation (to simulate the re
straint in a heat-affected zone) was 
studied by CLR testing specimens with 
and without prior strain. A single 
temperature (750° C) , 1382° F ) , 
typical of postweld heat treatment for 
these materials, was selected for the 
tests in this investigation, and all test
ing was in an argon atmosphere. 

CLR Results 

Details of the fracture mechanics 
principles are given in the Appendix 
and the graphs of initial applied stress 
intensity (KQi) vs. time to failure for 
the three materials are presented in 
Fig. 2. Each of these curves represents 
the crack/no crack boundary for the 
particular materials. If, during an ac
tual heat treatment, the stress relaxes 
slowly and the heat treatment time is 
sufficiently long for the stress vs. time 
plot to cross this CLR curve (Fig. 
3a), cracking can be expected. If the 
stress relaxation curve is sufficiently 
steep to miss this CLR curve (Fig. 
3b), then it can be supposed that no 
cracking would take place. This is, 
however, a simple model which ig
nores any strain-induced precipitation. 
Part of the investigation was to dis
cover the role of strain-induced pre-

Table 1—Specifications and An 

Material 

A 
(Nimonic 
C263) 

B 
(Nimonic 
PK33) 

C 
(Nimonic 
80A) 

Nominal 
composition 

Analysis of 
material 
used 

Specification 
(DTD 5057) 

Analyses of 
materials 
used 

Specification 
(DTD 736A) 

Ni 

Bal 

Bal 

— 
— 

Bal 

alyses of Materials, % 

C 

0.30 

0.03 

0.07 
max. 
0.04 
0.05 

0.10 
max. 

Si 

0.25 

0.05 
max. 

— 
— 

1.0 
max. 

Cu 

0.20 
max. 

0.2 
max. 

— 
— 

0.2 
max. 

Fe 

0.75 
max. 

1.0 
max. 

— 
— 

3.0 
max. 

Mn 

0.40 

0.5 
max. 

— 
— 

1.0 
max. 

Cr 

20.0 

19.45 

16.0-
20.0 
18.64 
19.08 

18.0-
21.0 

Ti 

2.15 

1.95 

1.5-
3.0 
2.03 
2.00 

1.8-
2.7 

Al 

0.45 

0.47 

1.7-
2.5 
2.33 
2.17 

1.0-
1.8 

Co 

20.0 

20.0 

12.0-
16.0 
14.5 
14.5 

2.0 
max. 

Mo 

5.9 

5.0-
9.0 
— 
— 

— 

B 

0.001 
max. 

0.005 
max. 

— 
— 

0.008 
max. 

Zr 

0.02 
max. 

0.06 
max. 

— 
— 

— 

S 

0.007 
max. 
0.002 

0.015 
max. 
0.002 
0.002 

0.015 
max. 
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Fig. 2—Constant load rupture results expressed as 
initial stress intensity vs. time to failure for materials A 
(Ni-Cr-Co + 2J^% Ti, Al), B (Ni-Cr-Co + 4% Ti, Al) and C 
(Ni-Cr + Z\i% Ti, Al) aged at 750° C 
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Fig. 3—Schematic representation of relation between constant load 
rupture graph and stress relaxation in an actual weldment. Left (a)— 
a failure situation; right (b)—no failure 

eter, a « (See Appendix). The 

cipitation and is described below. 
Stress relaxation testing is also in hand 
to verify this model. 

In order to compare materials, a 
c ommon basis is required. This basis is 
provided by the defect tolerance param-

operative stress in practical situations 
will be the yield strength, ay, of heat-
affected zone (annealed) material at the 
temperature in question. Use has been 
made of manufacturer's data for ele
vated temperature proof stress in cal
culating a' as i. ~£i . This parameter 

•TL. o-v J 
is plotted against time to failure in Fig. 
4 and these curves offer a quantitative 
comparison between the three materials. 
The most significant feature of Fig. 4 is 
that, as the hardener content of the 
alloy increases (A to C to B), so the 
time to failure at any given defect size 
decreases, i.e., the susceptibility to 
cracking increases. It may also be seen 
that the lower limit of defect tolerance, 

below which failure does not occur 
within the time limits of testing, de
creases similarly. 

These inferences drawn from CLR 
testing are consistent with practical 
experience in these materials. Al
though at present the correlation is 
only tentative, it is suggested that this 
testing technique offers a unique ad
vantage in prediction of practical sig
nificance of data obtained in a labora
tory test. 

Metallography of CLR Fracture Faces 
to Determine the Failure Mode 

The scanning electron microscope 
has been used to great advantage to 
study the fracture faces of CLR speci
mens. Figure 5 shows a typical failure 
and the wholly intergranular nature of 
the cracking may be clearly seen. This 
correlates well with cracking observed 
in the HAZ of actual weldments (Fig. 
6a, b) . The more detailed view of a 
CLR fracture face presented in Fig. 7 
shows that the surface (i.e., grain 

10-* E 

boundaries) is free of gross precipita
tion. The isolated angular precipitate, 
assumed to be titanium carbonitride 
from its morphology, does not appear 
to have influenced the failure. Ductile 
dimpling around precipitate particles, 
evidence of a void coalescence type of 
mechanism, is not apparant. Two-
stage carbon replicas of the surface 
examined in a transmission electron 
microscope, confirmed that dimpling 
was not predominant. 

Observations made by optical and 
scanning electron microscopy were 
consistent with a grain boundary slid
ing mechanism leading to triple point 
cracks. Such a mechanism would be 
expected to operate on grain bound
aries free of precipitation. Further 
experiments to determine the role of 
the various precipitating phases in 
postweld heat treatment cracking 
were therefore undertaken. 

Aging Reactions 

Two series of specimens—one as-
annealed and a second strained 5% at 
room temperature after annealing— 
from each of materials A and B were 
heat treated at 750° C (1382° F) for 
various times. Hardness determina
tions on polished sections of the speci
mens after quenching were made with 

Time to failure, hr 

Fig. 4—Constant load rupture results expressed as a defect tolerance 
parameter vs. time to failure for materials A, B and C aged at 750° C 

Ik 
Fig. 5—Scanning electron micrograph of 
failure in material 8 which has a high 
susceptibility to cracking showing inter
granular nature. X270 (reduced 35% on 
reproduction) 
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Fig. 6—Crack fo rmed in heat-af fected 
zone of mater ia l B (Ni-Cr-Co + 4 % T i , Al) 
patch weld wh ich has been aged for 4 hr 
at 750° C, re-welded and aged for a 
fu r the r 4 hr at 750° C. Top (a)—plan 
v iew; bo t tom (b)—detai l of (a) showing 
in tergranular nature of c rack ing and 
prec ip i ta t ion on s l ip l ines, (a)—XlO (re
duced 32% on rep roduc t i on ; (b)—X200 
( reduced 48% on reproduct ion) 

Fig. 7.—Scanning electron mic rograph 
show t i t an ium carbon i t r ide prec ip i ta te 
at gra in boundary on f rac tu re face of 
mater ia l B. X1500 ( reduced 43% on re
product ion) 

a diamond pyramid indentor. 
The results are presented as aging 

curves in Fig. 8. It is apparent that 
both materials, whether pre-strained 
or not, reach a peak hardness in ap
proximately 30 min. It may also be 
seen that the increase in hardness of 
the strained specimens over the as-
annealed is constant throughout the 
early stages of aging. Material B (2% 
Ti -f 2% Al) ages more rapidly and 
reaches a higher peak hardness than 
does material A (2% Ti -f- V 2 % 
Al) having started from the same 
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* 280 
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I I I T T ^ 
A — A A As mill annealed 
v - - v A After 5'/. room temperature deformation 
o—o B As milt annealed 
• — a B After 5'/. room temperature deformation 

AR As received 

180 

AR 0 
Time at 750'C, min 

Fig. 8—Aging curves at 750° C for the two Ni-Cr-Co al loys A (2y2% T i , Al) and 
6 (4% T i , Al) w i th and w i thou t 5% pr ior de fo rmat ion 

hardness before aging. 
Thin foil electron microscopy has 

shown the presence of y' precipitation 
within the grains of material B aged 
for 4 min. at 750° C. The initial 
stages of carbide precipitation have 
not yet been accurately observed in 
these materials, but contrast effects 
thought to show fine y' precipitation 
always precede any observation of 
carbide precipitation. Massive grain 
boundary precipitation is apparent 
only after a number of hours aging at 
750° C and precipitation of carbide 
within grains on dislocations can be 
induced by over-aging. An example of 
precipitation on dislocations in materi
al C after aging in the CLR test for 17 
hr at 750° C is shown in Fig. 9. 

The observation of considerable 
hardening taking place before carbide 
precipitation is observed is consistent 
with the work of Eiselstein9 who 
found y' precipitation in a niobium 
(columbium) hardened Ni-Cr-Fe al
loy. He found an increase in hardness 
from 4R, to 10R„ in 3 min. at 750° C 
after mill annealing (presumed to be 
1040° C (1904° F) from other in
formation in the paper). Grain 
boundary carbide films were not 
formed in similar material until 4—8 
hr at 750° C. Barker10 in discussion 
of Eiselstein's paper shows that the 
niobium-containing material ages con
siderably more slowly than a some
what similar Ni-Cr-Mo alloy which 
relies on aluminum and titanium for 
hardening. This, he claims, is due to 
differences in y' composition. Bet-
teridge11 shows aging curves of a y' 
hardened Ni-Cr alloy in which in
creased carbon content only affects 
the hardness after 5 hr at 800° C. 

Fig. 9—Electron m ic rog raph of t h i n fo i l 
of mater ia l C (Ni-Cr + 3J4% T i , Al) 
showing prec ip i ta t ion on d is locat ions . 
X40.000 ( reduced 57% on reproduc t ion ) 

(1472° F) 
It is therefore suggested that the 

rapid increase in hardness observed 
for material B after short heat-
treatment times is due to y' precipita
tion. 

A Hypothesis of Postweld Heat 
Treatment Cracking 

The following list summarizes rele
vant observations made during this 
investigation: 

1. When tested at 750° C (1382° 
F) in CLR, times to failure are usual
ly < 1 hr except at stress intensities 
very close to the lower limit K1HTCC 

2. Scanning electron microscopy on 
fracture faces of CLR specimens 
shows that the intergranular crack 
follows very clean grain boundaries. 
Only rarely are random titanium car
bonitride precipitates seen. Other car
bide precipitation has not been seen. 

3. Optical and electron metallogra
phy has shown the presence of mas
sive grain boundary carbide precipita
tion and decoration of dislocations 
within the grain by carbide after aging 
for several hours at 750° C. At short 
aging times, typical of y' precipitation, 
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such phenomena have not been ob
served. 

4. Aging curves at 750° C show a 
very rapid increase in hardness to a 
peak at approximately 30 min. The 
increase in hardness caused by room 
temperature plastic strain is not inten
sified by aging. 

5. Material B ages considerably 
more rapidly than A, a nonsusceptible 
material of similar matrix composition 
but lower aluminum + titanium con
tents. It also reaches a higher peak 
after 30 min at 750° C than does A. 

It is, therefore, hypothesized that 
failure in CLR in the susceptible ma
terial B is by a grain boundary triple-
point crack formation mechanism. 
This is induced by the rapid stiffening 
of grain interiors by y' precipitation 
hindering stress relief by dislocation 
movement. Thus grain boundary slid
ing becomes the favored deformation 
mode at a temperature below that of 
easy grain boundary migration. Strain 
concentrates by grain boundary sliding 
at triple point regions which, having 
limited ductility, crack. This mecha
nism is independent of grain boundary 
precipitation. 

Furthermore, there is metallogra
phic evidence that CLR testing is 
reflecting the material behaviour in 
postweld heat treatment cracking. It is 
therefore suggested that postweld heat 
treatment cracking is caused by this 
same mechanism. No evidence has 
been found to connect carbide forma
tion with cracking. 

Further work to test this hypothe
sis, in which initial heat treatment is 
varied, is in progress and will form the 
basis of a Ph.D. dissertation. The re
sults are expected to be published in 
the near future. 

Conclusions 
1. A testing method applying frac

ture mechanics to CLR testing affords 
a useful quantitative comparative test 
for susceptibility to postweld heat 
treatment cracking. Furthermore the 
technique may be readily developed to 
relate directly to practice. 

2. Material B is considerably more 
susceptible to postweld heat treatment 
cracking than material C which is in 
turn more susceptible than material 
A. This trend is consistent with prec-
tice. 

3. Metallographic evidence suggests 
that y' precipitation is the controlling 
factor in postweld heat treatment 
cracking in the alloys studied. 
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Appendix: Fracture Mechanics 
Approach 

Fracture mechanics is used to meas
ure the resistance of a material to 
crack propagation and has been used 
with considerable success in the fields 
of brittle fracture A1 and stress cor
rosion cracking. A2 Two approaches 
are normally used; one deals with the 
general yielding situation and the 
other with the particular case of plane 
strain where no gross plastic deforma
tion occurs. It is this latter technique, 
calbd linear elastic fracture mechan
ics, which is of most use in the study 
of heat treatment cracking. 

In order to evaluate the resistance 
to crack propagation of any material, 
the initiation stage of crack formation 
is removed by using pre-cracked speci
mens. Pre-cracking is usually achieved 
by fatigue as this requires only low 
stresses for initiation and growth is 
readily controlled. This pre-existing 
defect acts as a stress concentrator 

and failure on test (be it a tensile, 
stress corrosion or creep test) will 
initiate from its tip. (It is assumed 
that, if failure is intergranular, the 
initiation from the transgranular fa-
tique crack is easy and that a genuine 
study of propagation is being made. 
During this investigation detailed ex
amination of the transition was made 
in the scanning electron microscope 
and no reason to doubt this assump
tion was found.) 

The concentration of stress at the 
tip of the starter crack is measured 
by a "stress intensity factor" K which 
is dependent on the crack length and 
applied stress. The exact relationship 
depends on the stressing mode and the 
type of specimen. Brown and Srawley 
43 give the formula for a single edge 
notched specimen in tension as: 

Kt BW 

where: Y is a constant depending on 
a/W; P is load; a is crack length; and 
B and W are specimen dimensions. 

The suffix, \, on K refers to the crack 
opening mode; 1 indicating that the 
crack faces move directly apart with no 
bending or twisting, i.e., that no plastic 
deformation occurs and that the speci
men is in plane strain. If the failure mode 
is not known, the suffix Q is used. 

In a tensile test with pre-cracked 
specimens and plane strain conditions, 
elastic elongation occurs until a mo
ment of instability when the crack propa
gates rapidly and the specimen breaks. 
This value of stress intensity is termed 
Kic- This value, like tensile strength, 
will vary with material condition and 
temperature of testing. To be accurate 
in elevated temperature work, the 
temperature should also be stated e.g., 
Kic (750) represents the Kc value at 
750° C (Celsius is preferred to Kelvin 
to avoid confusion with the letter K). 

Heat treatment cracking is being 
studied by use of constant load rupture 
(CLR) testing. The initial applied stress 
intensity Kn, is lower than KiC but 
under CLR conditions crack growth 
occurs until a critical value K\HTC is 
reached at which fact fracture occurs; 
decreasing Ku increases the time to 
failure until a critical value of Ku is 
found at which crack growth does not 
occur in infinite time. This value is 
termed KiHTcc-

It is not always possible to decide 
whether plane strain conditions are 
operative before a test is started, but 
empirical formulaeA3 have been devised 
which will test the validity of plane 
strain calculations: 

m B , a ^W-a 
< 2 7 5 a n d Z 5 a n d " T 5 -

oy is yield stress 
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In the investigation described in the 
paper not all the specimens failed under 
plane strain, hence the reference to 
stress intensities as KQ values. These 
results are, however, accurate for the 
one thickness tested and conservative 
for thinner material. They may there
fore still be used for quantitative com
parison. 

One of the major advantages of the 
linear elastic fracture mechanics ap
proach is that, with a knowledge of 
operative stresses, critical defect sizes 
in real structures can be calculated 
from laboratory test results. The general 
formula is: 

C 
( ' ) ' 

calculated as: 

where C is a constant and o is the 
applied stress. 

The constant C = 1/x for the most 
severe case of an infinitely sharp crack 
in an infinitely wide plate. Most practi
cal cases will tolerate slightly larger 
defects than predicted by this formula. 
The residual stress operative in the 
heat-affected zone of a weld during 
postweld heat treatment will be the 
yield strength at the ageing temperature, 
<jy (not accounting for any physical 
stress raisers) and so defect sizes were 

a = — 
7T 

Ko 

This parameter can be used as a 
susceptibility index to compare ma
terials. 
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Technical Note: Fatigue Crack Propagation 
in Zircaloy-2 Weld IVletal 
BY D. A. F E R R I L L 

During the course of an investigation 
into the mechanical behavior of Zir
caloy weld metal, the fatigue crack 
propagation characteristics of the ma
terial were studied. This study was 
undertaken to gain insight into the 
growth characteristics of defects under 
cyclic loadings, since in service, this 
material would inevitably contain 
sources for crack initiation, such as 
structural discontinuties and weld 
defects. 

The weld metal used in the investiga
tion was obtained from full-scale labo
ratory mock-ups of typical weldments. 
The materials were welded in an evacu
ated and back-filled dry box using the 
gas tungsten-arc process; helium was 
used as the shielding gas. The as-welded 
material was chemically analyzed, and 
the results are shown in Table 1. 

The weld metal studied was com
posed of large columnar beta grains 
that, on cooling, had transformed into 
colonies of lenticular alpha-prime (a')* 
grains. The material, having undergone 
melting and solidification, as well as 
the beta-alpha transformation upon 
cooling, exhibited a structure of typical 
Widmanstatten patterns. Figure 1 shows 
the weld metal microstructure. As seen 
in Fig. 1, the transformed alpha mor
phology consists of both massive-

D. A. F E R R I L L is Mater ia ls Engineer , 
Knolls Atomic P o w e r Labora to ry . General 
Electr ic Co.. Sehenectady, N. Y. 

* Alpha-prime (a') is the nomenclature given to 
the acicular structure that results from rapid 
cooling of zirconium alloys from a temperature 
in the beta-phase region >1790° F (975° C) to a 
temperature in the alpha-phase region <1517°F 
(825" C). ~ 

Table 1—Weld Metal Chemical Analysis 

N2 

H2 

02 

Fe 
Cr 
Ni 
Sn 

15 ppm 
15 ppm 

1295 ppm 
1370 ppm 
965 ppm 
550 ppm 

1.42 wt-% 

grain and platelet regions. 
The massive-grain regions are sheath

like, surrounding the prior beta grain 
boundaries. The platelet region, in 
the centers of the prior beta grains, was 
characterized by the a' grain size. The 
equivalent ASTM grain size (11.5) of 
these grains was determined by Mil
liard's1 intercept density technique under 
polarized light from contrast variations 
between individual platelet colonies. 

The fatigue specimens were fabri
cated from all-weld metal sections. 
The specimens were machined as fiat 

Fig. 1—Weld metal microstructure. 
Polarized light. XlOO (reduced 42% on 
reproduction) 

plates and subjected to cyclic bendin 
as cantilever beams under constan 
deflection loading. The test sections 
were of constant thickness (—0.100 
in.) with the width linearly tapered so 
that the nominal longitudinal bending 
stress (Mc/I) did not vary over the 
length of the test section. Because of 
these conditions, the constant-deflection 
cycling was essentially constant-strain 
cycling, at least while the fatigue cracks 
were too small to significantly change 
the force-deflection characteristics of 
the specimen. The characteristics of 
this type of specimen have been des
cribed in more detail by Mowbray.2 

The type of notch configuration 
employed in this fatigue investigation 
was a 0.014 in. diameter hole drilled 
through the specimen thickness in the 
center of the specimen at a point 
midway along the tapered gage length. 
This notch and specimen geometry 
produced a theoretical elastic bending 
stress concentration factor, K,, of 2.80.3 

The reason for selecting this type of 
notch configuration and size was to 
ensure that the nominal surface strain 
field at the notch section could be 
defined. Making the hole size small 
compared with the test-section width 
permitted one to assume that the 
nominal strain in all areas except 
those immediately adjacent to the 
defect prior to cracking was the same as 
that measured by strain gages mounted 
at a location removed a diameter or 
more from the hole. The fatigue testing 
was conducted in air at 600° F on a 
Krouse-type 150 lb constant-deflection 

(Continued on page 230-s) 
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