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L. A. James
ABSTRACT

The microstructural features that influenced the
room and elevated temperature fatigue-crack growth
behavior of as-welded, conventional heat-treated,
and modified heat-treated Alloy 718 GTA weldments
were studied. Electron fractographic examination
of fatigue fracture surfaces revealed that opera-
tive fatigue mechanisms were dependent on micro-
structure, temperature and stress intensity factor.
All specimens exhibited three basic fracture surface
appearances at temperatures up to 538°C: crystal-
lographic faceting at low stress intensity range
(AK) levels, striation formation at intermediate
values, and dimples coupled with striations in the
highest AK regime. At 649°C, the heat-treated welds
exhibited extensive intergranular eracking.

Laves and § particles in the conventional heat-treated
material nucleated microvoids ahead of the advancing
erack front and caused an overall acceleration in erack
growth rates at intermediate and high MK levels.

The modified heat treatment vemoved many of these
particles from the weld zone, thereby improving its
fatigue resistance. The dramatically improved fatigue
properties exhibited by the as-welded material was
attributed to compressive residual stresses introduced
by the welding process.






IT.

I1I.

Iv.

VI,

CONTENTS

Abstract

Figures

INTRODUCTION

EXPERIMENTAL PROCEDURE

RESULTS

A. MICROSTRUCTURE

B. FRACTURE SURFACE MORPHOLOGY
DISCUSSION

CONCLUSIONS

REFERENCES

21
33
35



Figure

10
1

12

13

14

15

16

FIGURES

Microstructure of Alloy 718 GTA Weldment
Electron Fractographs of As-Welded Materials

Metallographic-Fractographic Profiles at Low Growth
Rates

Metallographic Profile of a Secondary Fatigue Crack
at Low Growth Rates in As-Welded Material

Metallographic-Fractographic Interface in As-Welded
Material

Fractographs of the Conventional Heat-Treated Weld
at Low Growth Rates

Electron Fractographs of the Conventional Weld

Electron Fractographs of Modified Weld at Low AK
Levels

Fracture Surface Morphologies for the Modified Weld
Typical Fracture Surface Appearance at 649°C

Comparison of Striation Spacings and Macroscopic
Crack Growth Rates at Room Temperature

Comparison of Striation Spacings and Macroscopic
Crack Growth Rates at 538°C

Typical Longitudinal Residual Stress Distribution

in a Weld Compact Specimen and the Resulting Clamping

Moment
Notching of Specimen Blanks

Front-Face Displacement in the As-Welded Specimen
Blank After it was Notched

Front-Face Displacements in the Specimen Blank that
was Annealed at 954°C

vi

10

12

13
14

16
17
19

22

23

26

28

29

30



EFFECT OF HEAT TREATMENT UPON THE FATIGUE-CRACK GROWTH BEHAVIOR
OF ALLOY 718 WELDMENTS - PART II: MICROSCOPIC BEHAVIOQR

I.  INTRODUCTION

In a companion paper,(]) the fatigue behavior of Alloy 718 GTA welds in the
as-welded, conventional and modified heat-treated conditions was character-
ized using linear-elastic fracture mechanics concepts. Crack growth rates
in the welds were generally found to be higher than in the wrought super-
alloy, particularly at the higher stress intensity factor range (AK) levels.
The fatigue behavior for the two heat-treated welds was similar at low
values of AK, but at the higher AK levels the conventional heat treatment
resulted in somewhat higher crack growth rates. The as-welded material
exhibited a dramatic improvement in fatigue resistance under Tow AK condi-
tions. At the higher AK values, however, crack growth rates in the as-
welded material approached those for the heat-treated welds.

Alloy 718 welds are metallurgically complex and involve precipitation of
several metastable phases. As a result, the different microstructures
resulting from the heat treatments could account for the differences in
macroscopic fatigue behavior reported in Reference 1. This portion of the
investigation was undertaken to characterize the microstructure and fatigue
fracture surface morphology of the welds and to relate heat-treatment
variations in crack growth rates to operative fatigue mechanisms and key
microstructural features.






II.  EXPERIMENTAL PROCEDURE

Light microscopy techniques were used to characterize the microstructures
of the Alloy 718 GTA weldments in the as-welded, conventional, and modi-
fied conditions.* Metallographic specimens were prepared by standard
metallographic procedures and electrolytically etched in an oxalic acid
solution to reveal the general microstructure.

Fracture surface micromorphologies for the GTA weldments were characterized
by fractographic examination of appropriate test specimens on both trans-
mission and scanning electron microscopes. Standard two-stage carbon
replicas, shadowed parallel to the crack growth direction, were prepared
from appropriate fracture surfaces for TEM examination. These replicas
were cut into small strips approximately 2 to 3 mm wide. Extreme care was
taken in measuring the distance from the crack origin to each strip in an
effort to relate the features found on the fracture surface to a corres-
ponding growth rate and AK level.

To relate fracture surface appearance to key microstructural features,
selected areas of the fracture surfaces were electropolished such that the
fracture surface topography and underlying microstructure could be studied
simu1taneous1y.(2) This technique utilized a protective lacquer applied

to portions of the fracture surface that were to remain intact during electro-
polishing. Exposed surfaces were electropoiished in the following electro-
lyte: 25-gr Cr0z, 7-ml water and 130-ml acetic acid. When electropolishing
was complete, specimens were cleaned ultrasonically in acetone to remove

the protective lacquer from the unexposed fracture surface. Examination of
the interfacial region between the original fracture surface and the electro-
polished region revealed both the fracture surface topography and the under-
lying microstructural features.

*See Reference 1 for heat-treatments, weld identifications, monotonic and
cyclic properties, and chemical composition.






ITI.  RESULTS

A.  MICROSTRUCTURE

The microstructure of the as-welded Alloy 718 weld zone, shown in Figure
la, reveals the presence of a white phase in the interdendritic regions,
identified by its shape and color as Laves phase. Formation of this topo-
logically close-packed (TCP) phase occurs during the solidification process
in microsegregated regions enriched in Nb content. These Laves particles
tend to act as Tocalized crack initiation sites, and are believed to be
responsible for the low ductility and impact toughness properties exhibited
by heat-treated Alloy 718 weldments and castings.(3'5) In the as-welded
condition, however, the fracture-resistant matrix arrested microcracks
initiated by the Laves phase, and resulted in high ductility and toughness

1eve]s.(6)

The typical microstructure of conventional Alloy 718 weldments (Figure 1b)
exhibited a significant amount of blocky Laves phase in the interdendritic
regions. The inability of the conventional 954°C postweld solution anneal
to homogenize the dendritic structure in the weld zone was expected; in

(3,7-9) temperatures in excess of 1038°C were

previous investigations,
required to dissolve the Laves phase. The dark regions surrounding the Nb-
rich Laves phase consisted of needle-like § precipitates, an ordered orthor-
hombic NizNb phase, which formed during the 954°C solution anneal. The
nucleation of § needles from Laves particles is also consistent with
previous observations in Alloy 718 castings, where the Nb-rich TCP phase

acted as a source for § precipitation.(4’5’]o)

The modified heat treatment with a 1093°C solution anneal drastically
reduced the amount of Laves phase in the weld microstructure (Figure lc),
which is consistent with observations made at the Idaho National Engineering

(8,9) The higher temperature anneal resulted in partial dis-

Laboratory.
solution of the Laves phase, since only relatively small particles remained

within the weld zone following the modified treatment.



(c)

FIGURE 1. Microstructure of Alloy 718 GTA Weldment.
(a) As-Welded.

(b) Conventional Heat Treatment.
(c) Modified Heat Treatment.

(Neg. 8005394-3)



B.  FRACTURE SURFACE MORPHOLOGY

Typical fracture surfaces in the as-welded material tested at temperatures
up to and including 538°C exhibited three basic fatigue markings (Figure

2): a faceted or cleavage-like appearance, striations, and dimples. Opera-
tive fatigue mechanisms were found to be dependent on the prevailing stress
intensity factor, but relatively independent of test temperature. At AK
Tevels below 35 MPavm, fracture surfaces took on a cleavage-like appearance
(Figure 2a), associated with crystallographic fracture along planar defor-
mation bands. Superimposed on these facets were a series of parallel
markings that are believed to be slip offsets. Similar fracture surface

(11)

morphologies were reported in Alloy 718 base metal.

There is a conspicuous absence of Laves particles on the crystallographic
facets (Figure 2a), even though particle density in the underlying micro-
structure is very high, as indicated by the metallographic-fractographic
interfacial region shown in Figure 3a. Figure 4 illustrates the tendency
for cracks to avoid the second phase, which accounts for the facets being
devoid of Laves particles. The tendency for the fatigue crack to circum-
navigate the Laves phase suggests that the overall crack growth behavior at
low growth rates is controlled by the fatigue resistance of the matrix.

The presence of Laves particles does not appear to influence crack growth
rates at low AK levels.

Occasionally, fatigue cracks intersected a few Laves particles, and the
resulting fracture surface appearance is shown in Figure 2b. The precipi-
tates fractured, but they did not initiate dimples. Apparently local
stresses ahead of the crack were high enough to fracture the brittle second
phase, but insufficient to cause growth of microvoids. Figure 2b also
reveals that the crystallographic facets terminate and subsequently must
reinitiate when the advancing crack intersects the Laves particles. Perhaps
the additional energy required to reinitiate facets causes the overall
tendency for the fatigue crack to avoid these particles.



FIGURE 2.

Electron Fractographs of As-Welded Materials.

(a) Slip Offsets Superimposed on Crystallographic Facets.
(b) Termination of Facets at Laves Particles.

(c) Rows of Dimples and W-Shaped Striations.

(d) Dimples and Fatigue Striations.

(Neg. 8102955-2)




(b)

FIGURE 3. Metallographic-Fractographic Profiles at Low Growth Rates.
(a) As-Welded Condition.
(b) Conventional Condition.



-

FIGURE 4. Metallographic Profile of a Secondary Fatigue Crack at Low
Growth Rates in As-Welded Material.
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At intermediate growth rate (5 x 1073 to 1 x 1073 mm/cycle), the fracture
surface was stratified into consecutive rows of dimples and striations,
shown in Figure 2c. The dimples were initiated by Laves particles aligned
along the interdendritic regions of the fusion zone. This is illustrated
in the metallographic-fractographic interface in Figure 5, where the rows
of precipitates in the underlying microstructure (upper region) are aligned
with the dimples on the fracture surface. Under the higher AK levels, the
local stresses are sufficient to cause microvoid coalescence ahead of the
advancing fatigue crack. The regions between the rows of dimples are then
linked together by striation formation. It is seen that the shape of the
striations conforms to the microvoid contours from which they eminate,
thereby resulting in the W-shaped striations shown in Figure 2c. At crack
growth rates above 1073 mm/cycle, dimples dominated the fracture surface
(Figure 2d), and striation formation was confirmed to the small regions between
the microvoids.

The conventional heat-treated welds exhibited fracture surface morphologies
very similar to those in the as-welded materiai. At growth rates below

5 x 10-%> mm/cycle, slip offsets were superimposed on the crystallographic
facets, as shown in Figure 6a. The straightness and regularity of the slip
offsets is displayed in Figure 6b. Relatively few second phase particles
were observed on the fracture surface, here again indicating that the
fatigue resistance of the weld matrix controls the overall cyclic response
at low AK Tevels.

Under slightly higher aK conditions, approximately 20 to 25 MPavin, a fracture
mechanism transition from faceted growth to striation formation occurred.

The faceted appearance became rather nondescript, suggesting that plastic
deformation was no longer confined to narrow bands of slip planes, and
evidence of Laves and § precipitates on the fracture surface became more
abundant. The higher AK levels coupled with the transition from planar

slip to wavy slip increased the local strains imposed on the second phase
particles causing them to fail and subsequently interact with the advancing
crack front. In Figure 7a, the aligned interdendritic precipitates are

11



FIGURE 5. Metallographic-Fractographic Interface in As-Welded Material.
Rows of Laves Particles in the Underlying Microstructure Aligned
with Dimples on the Fracture. Note the W-Shaped Striations in
the Background.

12



FIGURE 6. Fractographs of the Conventional Heat-Treated Weld at Low Growth
Rates.

(a) Faceted Growth Mechanism.
(b) Slip Offsets.

13




FIGURE 8. Electron Fractographs of Modified Weld at Low AK Levels.
(a) Crystallographic Facets.
(b) Slip Offsets on Facets.

16



seen to initiate rows of dimples. The regions between the dimples exhibited

fine striations and coarse fatigue fissures,(lz)

generally associated with
small secondary cracks emanating from striations. In many regions, the
overall shape of the microvoids caused formation of the W-shaped fissures

and striations shown in Figure 7b.

At progressively higher aK levels (25 to 35 MPavm), the fracture surface
consisted of alternating rows of dimples and well-defined striations
(Figure 7c). In the conventional weld, individual dimples were much smaller
and rather poorly defined in comparison to the as-welded material. Forma-
tion of the small, ill-defined dimples was attributed to the many microvoid
nucleation sites provided by the Laves and § precipitates coupled with the
high-strength matrix that suppressed plastic deformation around the failed
interdendritic particles. At aK Tevels above 35 MPavm, additional evidence
of microvoid coalescence was observed as illustrated in Figure 7d. The
high stress intensity levels caused failure of particles at greater dis-
tances from the overall crack plane. As a result, many more microvoids
formed, and the fracture plane was microscopically rougher than it was at
Tower AK levels.

At the low and intermediate AK levels, the modified heat-treated welds
exhibited fracture morphologies very similar to those observed in the
conventional material. Below 19 MPavm, corresponding to growth rate below
3 x 10~5 mm/cycle, slip offsets were observed on well-defined cleavage-like
facets, shown in Figure 8. Under progressively higher AK conditions, up

to 22 MPavm, a transition from faceted growth to striation formation was
detected. The entire fracture surface was covered with fatigue fissures,
displayed in Figure 9a, with many fine striations lying between these
secondary cracks. Figure 9b illustrates the typical weli-defined fatigue
striations that dominated the fracture surface at aAK Tevels above 22 MPavm.

The primary difference in fracture surface morphologies between the modified

and conventional welds was the low density of microvoid coalescence in the
former. This was expected because the modified treatment recuced the number

15



FIGURE 8. Electron Fractographs of Modified Weld at Low AK Levels.
(a) Crystallographic Facets.
(b) Slip Offsets on Facets.

16




FIGURE 9. Fracture Surface Morphologies for the Modified Weld.

(a

(b
(c
(d

)
)
)
)

Fatigue Fissures.

Striations.

Fatigue Striations Remaining Relatively Unaffected by the
Presence of Dimples.

Striation Morphology Affected Slightly by Microvoids.

(Neg. 8102955-4)
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of nucleation sites by eliminating the § phase and partially dissolving

the Laves particles from the fusion zone. The few dimples found on the
fracture surfaces (Figure 9c) did not appear to influence the microscopic
fatigue behavior, since the orientation of adjacent striations was not
altered significantly by their presence. At the highest growth rates,
dimple rupture was more prominent (Figure 9d), but the density of dimples
was still much Tower than it was in the as-weld and conventional weldments.
Striation morphology was affected slightly by these microvoids, indicating
that the few remaining Laves particles exerted some influence on the overall
fatigue response in the very high AK regime.

At temperatures up to and including 538°C, cracks propagated in a trans-
granular mode, and the operative fatigue mechanisms were found to be inde-
pendent of test temperature. At 649°C, however, fracture surfaces exhibited
extensive intergranular failure, as shown in Figure 10. In the conventional
condition, some evidence of dimple rupture was observed, but the intergranular
mechanism was dominant. The fracture surface of the modified heat-treated
weld was completely intergranular.

18



FIGURE 10. Typical Fracture Surface Appearance at 649°C.
(a) Conventional Weld Exhibiting Intergranular Failure with
Some Evidence of Microvoid Coalescence.
(b) Modified Weld Displaying Only Intergranular Cracking.

19
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IV.  DISCUSSION

In this section, microscopic aspects of the fatigue behavior are correlated
with macroscopic crack growth rates to explain the different responses
exhibited by the as-welded, conventional and modified weldments. Striation
spacing measurements provide quantitative information on microscopic growth
behavior, so emphasis was placed on comparing striation spacings and macro-
scopic growth rates at 24 and 538°C where striation formation was dominant
over a wide range of AK levels. These results are plotted on Figures 11 and

12 and compared with an empirical relationship proposed by Bates and Clark:(]3)

2
Striation Spacing = 6(%5)

where E is Young's modulus.

Considering first the cyclic response of the heat-treated welds, striation
spacings were in agreement with the Bates and Clark prediction at room
temperature, but fell slightly above the empirical relationship at 538°C.
For a given striation spacing at this temperature, the Bates and Clark
equation overestimates AK by approximately 20 to 40 percent. Figures 11
and 12 also reveal that microscopic growth rates in the modified weld were
in agreement with macroscopic rates. In the conventional condition,
striation spacings fell below the macroscopic curve with the discrepency
increasing at the higher AK levels. Furthermore, striation spacing measure-
ments for both heat treatments were essentially the same. Since microscopic
growth rates for the conventional and modified welds were very similar,

the difference in macroscopic growth rates at the higher AK levels was
attributed to enhanced crack extension by the dimple rupture mechanism in
the conventional weld. Hence, the Laves and § p?g§ic]es, which nucleate
conditions, result in the inferior fracture toughness and fatique responses
displayed by the conventional welds.

microvoids in the weld zone under both monotonic and cyclic loading

21
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At AK levels below 20 MPavm, the two heat treatments exhibited similar
macroscopic growth rates. Since second phase particles did not interact
with the advancing crack in this AK regime, the overall cyclic behavior for
both the conventional and modified welds was controlled by the fatigue
resistance of the similarly aged weld matrices (aging temperatures for

both heat treatments were the same; only the solution annealing temperatures
differed). Accordingly, both materials exhibited identical faceted growth
mechanisms and comparable crack growth rates.

At 649°C the similar fatigue behavior exhibited by the conventional and
modified welds, as shown in Figure 7 of Reference 1, is consistent with
both heat treatments displaying intergranular fracture mechanisms. More-
over, the wrought metal also failed by an intergranular mechanism at this
temperature, and its cyclic response was essentially the same as that of
the welds.

The dramatic improvement in fatigue-crack propagation behavior for the as-
welded condition was attributed to compressive residual stresses rather
than metallurgical variables. Although the aged and unaged welds have
rather different microstructures, these differences did not appear to
explain the observed improvement in fatigue behavior. For example, metal-
lurgical variables that could affect crack growth rates are the stacking
fault energy and precipitate morphology of the weld matrix. In the as-
welded condition, it can be argued that the absence of y" (body-centered-
tetragonal NijNb) precipitates increases the Nb concentration in the matrix.

This in turn lowers the stacking fault energy(]4)

in comparison to its aged
counterpart, and lower stacking fault energies have generally been asso-

(]52 At 649°C, however, considerable
16)

ciated with superior fatigue resistance.
precipitation of v" occurs within one hour. The as-welded material,
therefore, develops a microstructure and stacking fault energy comparable
to those of the heat-treated welds early in the 649°C fatigue test. But
crack growth rates at this temperature remain very low (Figure 7b in
Reference 1), thereby indicating that stacking fault energy arguements can-
not account for the improved fatigue behavior displayed by as-welded

material.

24



Another possibility is that the Laves particles in the as-welded condition
tend to impede the advancing fatigue crack at the Tow AK values. However,
fatigue cracks in conventional welds also avoided second phase particles,

but here no retardation of crack growth resuited. Consequently, it seems

unlikely that such a retardation mechanism would operate in the as-welded

condition.

The fact that the same fatigue mechanisms operate in the aged and unaged
welds at comparable growth rates, but at rather different AK Tevels,
suggests that the effective stress intensity range in the as-welded
specimens may be very different from the applied stress intensity range.
This idea is supported by the observation that Laves particles in the as-
welded material remain intact at aK levels between 25 and 35 MPavm, whereas
in the conventional weld these particles failed and nucleated dimples at AK
values above 20 MPavm. These findings suggest that in the as-welded condi-
tion, compressive residual stresses introduced by the welding process
significantly reduced the actual AK and Kmax values as the crack tip. It
has been shown(]7']9) that such residual stresses can exert a profound
influence on crack growth rates.

The typical residual stress distribution in the longitudinal welding direc-
tion, shown in Figure 13, is tensile in the center of the weldment, and is

balanced by compressive stresses in the base plates. Bucci(]g)

proposed
that this stress state sets up a clamping moment around the starter notch,
which puts the crack tip in residual compression, as shown in Figure 13.
This internal compressive force must be overcome by the applied load, there-
by decreasing the cyclic stress intensity range effective in propagating the

crack.

To determine if the clamping moment was present in the Alloy 718 weld, notches
were machined into two specimen blanks, and the resulting front-face dis-
placements were monitored at specific locations, in accordance with the pro-

(19)

cedure outlined by Bucci. One specimen was tested in the as-welded

condition; the second was annealed at 954°C. Displacements were measured

25
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at various locations on the front face after specimens were notched to
depths of 13, 25 and 38 mm (Figure 14). The results are reported in Figures
15 and 16. In the as-welded condition, all displacements were toward the
center of the weld indicating that clamping forces were definitely present.
As the notch was progressively lengthened to simulate crack extension, the
displacements continued to increase. Hence, significant residual stresses
were present, at least at the shorter crack lengths simulated here.

Figure 15 also reveals that marks close to the center line moved more than
those further away. This suggests that transverse internal stresses were
also present and subsequently relieved by the introduction of the notch.

These transverse forces can also influence crack growth rates. However,

since transverse stresses are generally much lower than longitudinal stresses,
it is believed that the internal clamping forces dominate. Finally, dis-
placements near the top surface (crown) were slightly less than at the bottom,
suggesting that there was a slight residual stress gradient through the
thickness. Front-face displacements for the specimen annealed at 954°C prior
to notching were found to be a factor of 5 smaller, as illustrated in Figure
16. Therefore, the solution anneals employed in the post-weld heat treat-
ments removed the majority of internal forces.

It is concluded that the superior fatigue resistance of the as-welded
material at low AK levels results from the presence of compressive residual
stresses. In the higher AK regions, the as-welded crack growth rates
approached those exhibited by the heat-treated welds for two reasons: the
effects of the internal forces were overwhelmed by the Targe AK levels and
the residual stresses were relieved at the longer crack lengths.

Figures 11 and 12 reveal that striation spacing measurements in the as-
welded material were in agreement with macroscopic growth rates, but they
deviated from the empirical Bates and Clark equation. The microscopic and
macroscopic responses, however, do not represent the true material behavior
because the internal forces altered the actual stress intensity at the crack
tip. Since the operative fatigue mechanisms in the as-welded and
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FIGURE 14. Notching of Specimen Blanks.
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FIGURE 15. Front-Face Displacement in the As-Welded Specimen Blank After
it was Notched. Displacement Given in um. Notch Depths Were:
(a) 13 mm; (b) 35 mm; and (c) 38 mm.

(Neg. 8102771-2)




FIGURE 16.

DOE Richland, WA

Front-Face Displacements in the Specimen Blank that was

Annealed at 954°C. Displacements are given in um. Notch
Depths Were:

(a) 13 mm; (b) 35 mm; and (c) 38 mm.
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conventional welds were very similar at equivalent growth rates, their true
fatigue responses in the absence of residual stresses are probably very
similar. In fact, at the higher AK levels where residual stress effects are
minimal, as-welded and conventional heat-treated welds exhibited comparable
crack growth rates (Figures 8 and 9 of Reference 1).

In summary, the presence of residual stresses in the as-welded condition

had a dramatic influence on the microscopic and macroscopic fatigue behavior.
As noted in the companion paper,(]) the residual stress distribution is
affected by welding variables and component geometry. Therefore, the as-
welded cyclic data reported in this and the companion papers are not true
material properties; they only represent the fatigue response of a specific

weldment.
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V. CONCLUSIONS

Electron fractographic techniques were used to relate heat-treatment varia-
tions in the room and elevated temperature fatigue-crack growth behavior
of Alloy 718 GTA weldments to operative fatigue mechanisms and key micro-
structural features. In general, fatigue fracture surface morphologies

for the as-welded, conventional, and modified welds were found to be depen-
dent on microstructure, temperature and effective stress intensity range

as summarized below:

® The as-welded, conventional and modified welds all exhibited three
basic fatigue mechanisms at temperatures up to 538°C: a cleavage-like
faceted appearance at low crack growth rates, striation formation at
intermediate rates, and microvoid coalescence coupled with coarse
striations at very high growth rates. The major difference in fracture
surface morphology was more pronounced dimple rupture in the as-welded
and conventional weldments under intermediate and high AK conditions.

e Both the conventional and modified welds exhibited identical cleavage-
like faceted growth mechanisms at low AK levels, which accounts for
the similar crack growth rates displayed by the two heat treatments.
In this regime, the second phase Laves and § particles in the conven-
tional material did not interact with the advancing crack. Therefore,
the overall fatigue properties for both heat treatments were controlled
by the fatigue resistance of the similarly aged matrices.

e Under progressively higher AK conditions, the inferior fatigue response
exhibited by the conventional weld was attributed to Laves and § par-
ticles nucleating extensive microvoid coalescence ahead of the advancing
crack front. The largest difference in growth rates for the heat-treated
welds occurred at high AK values where dimple rupture became the dominant
fatigue mechanism in the conventional weld. \
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e At 649°C, the heat-treated Alloy 718 welds exhibited extensive inter-
granular failure and comparable crack growth rates.

¢ The dramatically improved fatigue resistance in the as-welded condi-
tion resulted from compressive residual stresses, which significantly
reduced the effective AK and Kmax values at the crack tip. Residual
stresses also account for the aged and unaged welds exhibiting similar
fracture surface morphologies under equivalent growth rates, but at
very different AK Tevels. In the very high AK regime where residual
stresses are much less important, crack growth rates in the as-welded
and conventional welds were essentially the same.

e Since residual stresses have a profound effect on fatigue behavior,
the microscopic and macroscopic crack propagation rates for the as-
welded material reported in this and the companion paper are not true
material properties.

e The high temperature solution anneal employed in the conventional and

modified post-weld heat treatment relieved residual stresses within
the weldment.
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